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a b s t r a c t

Polytetrafluoroethylene (PTFE) filled with certain alumina additives has wear rates over four orders of
magnitude lower than unfilled PTFE. The mechanisms for this wear reduction have remained a mystery.
In this work, we use a combination of techniques to show that porous, nanostructured alumina micro-
fillers (not nanofillers) are critical for this wear reduction. The microscale alumina particles break during
sliding into nanoscale fragments. X-ray microtomography, transmission electron microscopy and infrared
spectroscopy reveal nanoscale alumina fragments accumulated in the tribofilms. Tribochemically gen-
erated carboxylate endgroups bond to metal species in the transfer film and to alumina fragments in the
surface of the polymer composite. These mechanically reinforced tribofilms create robust sliding surfaces
and lead to a dramatic reduction in wear.

& 2015 The Authors and E.I. DuPont de Nemours and Company. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

The wear and frictional dissipation mechanisms of polytetra-
fluoroethylene (PTFE) have been of scientific and practical interest
for over half a century since the accidental discovery of PTFE
polymer and its remarkably low coefficient of friction [1–4]. One
disadvantage of using unfilled PTFE for tribological applications is
its high wear rate [1–4]. Usually PTFE is compounded with various
fillers to improve its wear performance. Many different additives
(e.g., glass fibers, various microparticles, carbon fibers, other poly-
mers) reduce its wear rate by one or more orders of magnitude
[5–7], while the PTFE matrix provides a low friction coefficient. A
dramatic reduction in wear of PTFE composites has been achieved
by mixing granular PTFE 7C with 1–5 vol% alumina, to produce
wear rates of 1�10�7 mm3/(N m) or lower [5–24]. The first paper
documenting this ultralow wear behavior in PTFE/alumina com-
posites evaluated the wear of PTFE filled with three different alu-
mina fillers, distinguished by the manufacturer designated particle
sizes of “44 nm”, “80 nm” (Alumina C in Table 1) and “500 nm”

(Alumina A in Table 1) [17,19–24]. Alumina C achieved steady state
emours and Company. Published b
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wear rates around 8�10�7 mm3/(N m), which is 100 times lower
than the other composites. The authors observed no correlation
betweenwear and particle size, but in a later paper determined that
the 44 nm particles were spherical delta–gamma phase alumina,
while the other particles were alpha-phase [23]. McElwain et al. and
Blanchet et al. later reported that the wear rate of PTFE with
2.9 vol% (�5 wt%) alpha-phase alumina nanoparticles was two
orders of magnitude lower than with “microparticles” [19,21]
(Fig. 1). In this reference the authors were relying on the supplier
designated particle size.

In the early development of PTFE/alumina composites for tri-
bological applications, this remarkable reduction in wear promp-
ted many studies of the mysterious mechanisms responsible for
the ultralow wear behavior. These mechanisms are complex and
result from several interrelated phenomena. It has been hypo-
thesized by several groups that the addition of inorganic particles
somehow interrupts or inhibits the subsurface crack propagation
of PTFE, which normally produces large fluffy wear debris [19].
There is also a hypothesis that successful additives change the
crystalline nature of the PTFE in favor of a tougher crystal form,
although so far there is no definitive evidence for such a
mechanism [6,25]. Another proposal was that the “banded struc-
ture” of PTFE (as observed in TEM micrographs) was disrupted and
y Elsevier Ltd. All rights reserved.
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Table 1
Summary of all alpha-phase alumina materials used in this work and in previous literature. The order in the table is based on the median or d50 particle size from light
scattering. The vendor specified particle size is included for comparison. Wear rate reported is the steady state wear rate for DuPont PTFE 7C filled with 5 wt% alumina filler
measured on the linear reciprocating tribometer at 6.25 MPa and 50.8 mm/s (see Section 2).

Alumina type Vendor reported
particle size

BET method Static light
scattering

Tribological properties

Shorthand
notation

Source (nm) Surface area
(m2/g)

Particle size
(nm)

Median particle
size (nm)

Wear rate�10�6

(mm3/N m)
Friction
coefficient

Alumina A Alfa Aesar #44573 350–490 7.4 206 267 26.000 0.18
Alumina B Almatis # A 16 SG 500 9.5 160 375 0.140 0.21
Alumina C Alfa Aesar #44652 60–80 8.2 183 781 0.089 0.22
Alumina D Alfa Aesar #44653 27–43 20.1 76 1311 0.350 0.18
Alumina E Nanostructured and Amor-

phous Materials 1015WW
27–43 41.4 39 3950 0.057 0.20

Fig. 1. Wear rate (mm3/(N m)) as a function of supplier-designated particle size.
The present study describes a more accurate determination of particle size, but the
figure gives an historical context. Blue data points are from the present study, and
red from the previous literature [21]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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accounted for some of the changes in wear performance [8,26]. To
date, there is no compelling evidence for any of these proposed
mechanisms, despite their persistence in the literature. We now
have evidence that tribochemical reactions occur during the initial
wear process and lead to the formation of a thin robust transfer
film and running film. This unique tribochemistry, in combination
with the appropriate alumina filler, leads to the exceptionally low
wear rates. In this paper, we show that the special alpha-phase
alumina that leads to ultralow wear is actually composed of por-
ous 1–10 mm agglomerates that break up during the initial stages
of wear and react with the tribochemical species formed from the
broken PTFE chains.
2. Materials and sample preparation

2.1. Alumina powders

Several alumina powders were purchased for use as filler
material in granular Teflons PTFE 7C in this study. The selected
powders include samples from the same suppliers as previously
reported in the PTFE/alumina composite literature, as well one
new particle source (Alumina B).

Alumina A: Alfa Aesar alpha-phase alumina powder (Stock
#42573, 99.95%) with a supplier-specified approximate particle
size of 0.35–0.49 mm (no method given, and previously referred to
as 0.5 mm α-alumina [19,23]). Published wear measurements on a
“microcomposite” of this material in PTFE gave wear rates about
10 times lower than unfilled PTFE [19,21]. This material was ver-
ified to contain alpha-phase alumina (corundum) with a crystallite
size of 4100 nm by powder X-ray diffraction.
Alumina B: Almatis calcined alpha-phase alumina powder
(grade A 16 SG, 99.8%) with a supplier-specified typical d50 par-
ticle size of 0.5 mm (Cilas laser particles sizer). This powder was
selected because it was in the size range of interest for ultralow
wear additives to PTFE.

Alumina C: Alfa Aesar alpha-phase alumina powder (Stock
#44652, 99%) with a supplier-specified approximate particle size
of 60 nm (no method given), discussed in detail by Burris and
Sawyer [19,21,23]. This powder was selected because it has been
reported to produce ultralow wear PTFE composites [17]. This
material was verified to contain alpha-phase alumina (corundum)
with a crystallite size of 4100 nm by powder X-ray diffraction.

Alumina D: Alfa Aesar alpha-phase alumina powder (Stock
#44653, 99%) with a supplier-specified approximate particle size
of 27–43 nm (no method given). This powder was selected
because it has been reported to produce ultralow wear PTFE
composites [17,19–24,27–34]. This material was verified to contain
alpha-phase alumina (corundum) with a crystallite size of
4100 nm by powder X-ray diffraction.

Alumina E: Nanostructured and Amorphous Materials, Inc.
alpha-phase alumina powder (Stock #1015WW, 99.5%) with a
supplier-specified approximate particle size of 27–43 nm (no
method given). This powder was selected because it has been
reported to produce ultralow wear PTFE composites
[29,30,35,36,53]. The manufacturer states this material is mostly
alpha-phase with 5–10% gamma. Interestingly, this filler was not
added to PTFE composites until much later than Alumina C and D.
Aluminas A, C and D are no longer commercially available, so this
material was selected as an alternative solely on the supplier-
designated particle size, based on the belief that nanoparticles
were necessary for achieving ultralow wear rates [17,19–21,23].

2.2. Composite preparation

PTFE/alumina composites used to generate the wear data in
Table 1 were made using DuPont Teflons PTFE 7C resin (�35 mm
particle size) and the various alumina powders dispersed at
5.0 wt% (�2.9 vol%) relative to PTFE 7C. The two solid materials
were sonicated in isopropyl alcohol. After solvent removal, the
powdered samples were consolidated into billets using a hydraulic
press, and sintered at 380 °C. Molded samples were machined and
sanded to an average roughness of 100 nm.

The PTFE/alumina composite used in Fig. 6 was made using
DuPont Teflons PTFE 7C resin (�35 mm particle size) and Alumina
B dispersed at 7.0 wt% relative to PTFE 7C. The two solid materials
were mixed in a jacket-cooled (�70 °C) Waring blender, con-
solidated into a billet using a hydraulic press, and sintered at
380 °C. The molded sample was then cut with a water-jet into a
10 mm�10 mm�6 mm wear test sample.
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2.3. Countersamples

The PTFE composites used in Table 1 were slid against 304
stainless steel rectangular flat plates (38 mm�25 mm�3.7 mm).
The metal samples were finished with a lapping process which
resulted in an average roughness of approximately 150 nm. These
countersamples were similar to those used in previous studies of
PTFE composites [19]. A new metal countersample was used for
each wear test experiment, and was first washed with soap and
water, rinsed with methanol, wiped with a low-lint laboratory
wipe and allowed to dry for �20 min prior to wear testing.
3. Experimental methods

3.1. Alumina characterization

3.1.1. Particle size by static light scattering (SLS)
Dispersions of each sample were prepared as follows: 0.1 g of

each aluminum oxide was added to 50 mL of twice deionized water
(Millipore, MilliQ Plus) with 0.4 g/L tetrapotassium pyrophosphate
(TKPP) into a clean 100 mL Nalgenes high density polyethylene
(HDPE) bottle. The sample was vortexed for 1 min and then trans-
ferred to a jacketed 100 mL glass beaker connected to a circulation
bath set to 5 °C. The samples were magnetically stirred and soni-
cated in the jacketed beaker for a total process time of ten minutes
using a 20 kHz QSonica, LLC. (Newtown, CT) Q700 sonication sys-
tem equipped with a ½ in. sapphire tipped probe. The beaker
sonication settings were adjusted to deliver 61 W to water follow-
ing the procedure of Taurozzi et al. [37]. Sonication proceeded in
two minute intervals with one minute pauses between processing
to prevent excessive temperature deviations.

Particle size distribution measurements were conducted on a
Microtrac Inc. (Montgomeryville, PA) �100 laser diffraction
instrument equipped with an automated small volume recircu-
lator module (ASVR). Samples were analyzed after sonication in
0.4 g/L TKPP in filtered deionized water. All samples were analyzed
using a refractive index of 1.7 for alumina utilizing the assump-
tions for a transparent and irregular material. A refractive index of
water (1.33) was used for the fluid phase. Instrument operability
was verified by utilizing a titanium dioxide standard reference
material (SRM 8988; NIST, Gaithersburg, MD) as a control. The
average of three analyses is reported.

3.1.2. Alumina surface area by Brunauer, Emmett and Teller method
(BET)

Nitrogen adsorption/desorption measurements were per-
formed at �195.9 °C on a Micromeriticss ASAP model 2400/2405
porosimeter. Samples were degassed at 150 °C overnight prior to
data collection. Surface area measurements utilized a five-point
adsorption isotherm collected over 0.05–0.20 P/P0 and analyzed
via the BET method [38]. P is the pressure of the gas above the
sample (generally at liquid nitrogen temperature); P0 is the ideal
gas pressure at the temperature of the sample being measured
(typically around 760 Torr).

3.1.3. Particle size/shape by scanning electron microscopy (SEM)
The samples were first added to ethanol at approximately

0.01 wt%, and then bath sonicated for 20 min. Immediately after-
wards, 2 drops of the solution were placed onto an highly ordered
pyrolytic graphite (HOPG) surface and the solvent was allowed to
evaporate under ambient conditions. The samples were then
imaged using an FEI Quanta 600F operating at an accelerating
voltage of 8.5 keV and pressure of 0.5–0.8 Torr (depending on
sample) to reduce charging and drifting. Images were collected
with an acquisition time of 93 s for normal images of 1024�943
pixels, and 372 s for high resolution images of 2048�1887 pixels.
High resolution images were further processed by image analysis
to determine size of the alumina particles.

Additional sample preparation was done using the same par-
ticle suspension used in the Static Light Scattering experiments
described above. The suspension was spin coated onto single
crystalline silicon wafers or HOPG graphite for Scanning Electron
Microscopy determination of the particle size and shape. The
imaging was the same as described above.

3.2. Tribology experiments

A linear reciprocating tribometer was used for all wear experi-
ments in Table 1 [7]. The polymer sample (6.3�6.3�12.7 mm3) was
mounted to a six-channel load cell which measured the normal and
tangential forces. The polished 6.3�6.3 mm2 face of the polymer
sample was pressed against the steel countersample in a flat-on-flat
configuration. Normal load of �250 N was applied to the �40 mm2

interface to yield a nominal contact pressure of �6.25 MPa. The load
was applied and controlled by a pneumatic cylinder and thruster. The
countersample 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. These tribological sliding conditions were chosen to be
the same as previous studies [7,39,40] to simplify comparisons
between studies.

Wear of the polymer was monitored using two methods. The
wear displacement of the pin was monitored during sliding with a
linear variable differential transformer (LVDT); this measurement
captures both deformation of the polymer pin (elastic, plastic and
creep) as well as linear wear of the polymer sample. The second
and more sensitive wear measurement is achieved by intermittent
mass measurements of the polymer using a Mettler Toledo scale
with a resolution of 10 mg. A wear volume of the polymer, Vlost, was
calculated using the change in mass, mlost, and the density of the
composite. Wear rates are calculated by dividing the volume lost
during sliding, in mm3, by the normal force, FN, times the sliding
distance, d, in meters, resulting in a wear rate, k, in units of mm3/
(N m), as shown in (Eq. (1) and Fig. 1) [7,17,20,23,41–43].

An interesting characteristic of these ultra-low wear polymers
is that the initial wear rates range from 10�5 to 10�6 mm3/(N m),
but as the experiment progresses the wear rate drops steadily to as
low as 5�10�8 mm3/(N m) or sometimes lower. Steady-state
wear rates are calculated from near the end of the wear experi-
ment and are reported in Table 1. Associated uncertainties were
calculated using a Monte Carlo technique [39,40,43,44]; uncer-
tainties in wear rates are typically lower than the variation of the
wear rates and are often smaller than the data points shown on
the plots.

k¼ Vlost

FNd
¼ mlost

ρFNd
ð1Þ

A separate test configuration was used to measure wear rate
and friction coefficients as a function of pressure and velocity, and
to determine the P�V values where catastrophic failure occurred
(failure denoted by rapid increase in wear measured by thickness
or height loss change). The TS-01D Tribo-Spectrometer™ (Tribis
Engineering, Shelby Twp., MI, USA) used a 4140 stainless steel disk
(35.5 cm in diameter, 2.9 cm thick, hardened to Rc 40–45 and
Blanchard polished to RMS roughness of 80–100 nm) and a flat
10�10�6 mm3 polymer composite sample in a unidirectional
rotary flat-on-flat configuration with a wear track radius of
105 mm. The pressure and velocity were independently varied in a
matrix to determine the wear rates and friction coefficients at
various stages, and eventually the P and V at which the part failed.
Experiments typically started at low P�V (P¼1.0 MPa, V¼0.66 m/
s as break-in conditions to ensure conformal contact) and
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proceeded to higher P�V values in increments until the amount of
sample wear or creep exceeded a certain user specified limit. In
the experiment described herein, a PTFE 7C/7.0 wt% Alumina B
sample was tested up to a P�V at which the sample failed
(P¼10 MPa, V¼0.66 m/s). Failure for this sample involved a large
increase in wear rate along with a multi-millimeter sized piece of
the polymer running surface being stripped away. The worn test
specimen subsequently provided a convenient sample to probe the
tribochemical reactions with ATR-IR in regions with well-
developed running film and a nearby area with the same proces-
sing and tribological history with no visible running film (see
Fig. 6).

3.3. Polymer wear surface characterization

3.3.1. X-ray microtomography
X-ray microtomography (XMT) data were collected using a

Skyscan 1172 microtomograph. Specimens were prepared by cut-
ting a 1.5�1.5�10 mm3 stick from a wear tested sample using a
diamond wafering saw, such that the wear surface was one of the
long faces. Adhesive tape was applied to the face opposite the
wear surface to facilitate identification of the wear surface in the
reconstructed X-ray images. The prepared specimens were
mounted and imaged individually, with the long axis vertical and
aligned with the axis of sample rotation. Flat-field-corrected,
median-filtered radiographs were obtained with a tungsten anode
source operated at 40 keV and 250 mA with no soft X-ray filtering.
Five frame averaged images were obtained over a 180° range of
sample rotation with a 0.3° step between images, with an image
pixel size of 0.74 mm for an effective image resolution of about
1 mm. Reconstruction of an image stack from the radiographs was
performed using NRecon software with ring artifact correction set
at 10, Gaussian filtering of 3, and postalignment adjusted to
minimize image artifacts. Data were reconstructed in a region of
interest that included the wear surface and the space just above it,
but excluded any cut surfaces resulting from sample preparation.
Three dimensional images were rendered using Volume Graphics,
VGStudio Max 2.2.5.76503. False color and opacity were mapped
based on voxel values as appropriate to obtain images showing
either polymer and inorganic filler, or filler only. The rendering
software also provided size distribution information on filler
aggregates larger than the resolution limit.

3.3.2. ATR-IR
The surface of the worn polymer composite was analyzed by

attenuated total reflectance infrared (ATR-IR) using a Golden Gate
(Specac) horizontal diamond ATR unit. Spectra were collected with
pressure applied from the overhead clamping device, and cor-
rected for the ATR effect (depth of penetration versus wave-
number) to closely resemble transmission spectra.

3.3.3. SEM of the running film
The running film and some of the bulk material was first

removed from the polymer composite by careful cutting with a
razor blade. The specimen was adhered to a standard 12.5 mm
aluminum stub with double-sided carbon tape, then coated with
2 nm of osmium using a Filgen OPC80T Osmium Plasma Coater.
The images were produced using a JEOL 7600F high resolution
SEM at 5 keV at high vacuum. Images were collected with an
acquisition time of 112 s at a resolution of 1280�1024 pixels.

For the cross section of the running film, the aforementioned
sample and razor blade were immersed in liquid nitrogen. Both
were removed, and the sample was immediately cut. The cross
section surface was then adhered to a standard 12.5 mm alumi-
num stub with double-sided carbon tape and coated with 2 nm of
osmium. The sample was also imaged using the aforementioned
JEOL 7600F high resolution SEM at the same conditions.

3.3.4. TEM of the running film
The running film plus some of the bulk material was embedded

in a two-part epoxy, Buehler EpoxiCures 2, at a 10:1 epoxy:
hardener ratio. The sample was then cut into ethanol using a
diamond knife in a Leica Cryo-Ultramicrotome set at 50 nm slices
and �90 °C. The samples were then floated on water at room
temperature and collected on holey carbon Cu grids. They were
then imaged in a JEOL 2000FX TEM operating at 200 keV using a
Gatan Orius CCD camera with a 4 s exposure time.

3.4. Transfer film topography characterization

Stylus profilometry (KLA Tencor P16) with a 2 mm radius probe
and 1 mg load was used to map transfer film topography. Fifty
10 mm line scans were acquired over a 150 mm section in the
central region of the transfer film. A section of the bare stainless
steel surface on each side of the transfer film was used to flatten
the profiles. The average thickness was calculated from the dif-
ference between the baseline and the center of the 2�10 mm2

section described above.
4. Results and discussion

4.1. Wear of various alumina filled PTFE composites

All of the alpha-phase alumina samples used in this study and
in the previous literature are included in Table 1. They are arran-
ged in order of their median particle size (d50) as measured by
static light scattering. The measured steady state wear rates (linear
reciprocating test) at a pressure of 6.25 MPa and a velocity of
50.8 mm/s are also included in the table. Fig. 1 compares the
current wear rate results with previous literature values [21] as a
function of vendor supplied particle size. Present results for PTFE
filled with Alumina A, C, and D agree with the prior study. A
seemingly anomalous data point arises from the PTFE composite
filled with Alumina B, which exhibits the ultralow wear rate of
1.4�10�7 mm3/(N m), even though the vendor-reported particle
size is identical to that reported for Alumina A (around 500 nm). In
order to reconcile these data, a much more detailed investigation
into the nature of these particles was required.

4.2. Particle size analysis

In previous publications the wear results for composite mate-
rials made with the different alpha phase alumina particles were
plotted as a function of the vendor supplied particle size, showing
what appeared to be a clear boundary between ultralow wear
(o1�10�7 mm3/(N m)) and moderate to poor wear
(41�10�5 mm3/(N m)) with a large transition in wear rate
appearing above about 100 nm in particle size (Fig. 1 [19,21]). The
particle size that was reported in each of these papers was pro-
vided by the vendor (see Table 1) and does not represent the
actual particle size. The vendor does not indicate how they mea-
sure the particle size. We suspect, based on our own BET mea-
surements, that this approximate particle size was based on a
calculation from a BET surface area measurement. BET is the
simplest method for determining particle size because it does not
require sophisticated instrumentation or time-consuming micro-
scopy; but it is often misleading. The calculation of an average
particle size from a BET measurement (Eq. (2) assumes that the
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particles are spherical, dense, and monodisperse.

D nmð Þ ¼ 6000= SA m2=g
� �� ρ g=cm3� �� � ð2Þ

where D is diameter; SA is BET surface area; ρ is density
However, most of the alpha-phase alumina particles used in

these studies are irregular in shape and are porous, thus fail to
satisfy the assumptions for the BET particle size calculation as seen
alumina A
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very different from the actual particle size for Alumina E. The
alumina particles are very lacy or porous with extremely small
pores which contribute to a large surface area and leads to a gross
underestimation of the actual particle size.

It is time consuming and impractical, but not impossible, to
obtain statistical particle size and shape information from a series
of micrographs, but it is much easier to use a technique like static
light scattering which will measure the average particle size and
distribution in a dilute suspension of the particles. The median
particle size from light scattering is included in Table 1 and the
particle size distributions from which the median particle size
were calculated are in Fig. 2e. Alumina E is the largest of the
particles with a median particle size of 3.950 mm, i.e., over 100
times larger than its BET particle size as calculated from our sur-
face area measurement.

The particles in Table 1 are listed in increasing order by median
particle size as determined by static light scattering. The median
sizes range from 0.267 mm for Alumina A to 3.950 mm for Alumina
E. Also included in the table are both the measured BET surface
areas and the calculated particle sizes using Eq. (2). Note the large
difference between the BET calculated particle size and the median
particle size from light scattering. Alumina A has the closest cor-
respondence between the two measurements, which is explained
by the micrographs in Fig. 2a and b. The magnification of Fig. 2a
and c is identical and it is clear that Alumina A particles are much
smaller than Alumina E particles. The inset in Fig. 2b shows what a
350 nm particle (vendor-specified particle size) would look like to
scale. The individual particles of Alumina A are irregular in shape,
but not porous, therefore the surface area measured by BET for
Alumina A is very close to static light scattering median particle
size (Table 1). This agreement between the two techniques sug-
gests that Alumina A particles are fully dense. Alumina E is at the
other extreme with a factor of over 100 between the BET calcu-
lated particle size and the median particle size measured by static
light scattering. The large difference is typical of particles like
those in Fig. 2c and d with large internal and external surface area.

As the median size of the particles in Table 1 increases from
Alumina A to E, the calculated particle size from BET generally
decreases. The particle size distribution in Fig. 2e continuously
shifts to higher particle size consistent with the increase in the
median. For example Alumina A has only a single relatively narrow
peak that extends from 0.1 to a little less than 1 mm and the
median (d50) is 0.267 mm. Alumina B shows three distinct peaks
and the distribution extends out to almost 10 mm. It is possible that
the smaller size peaks in the distribution are primary particles and
the larger ones are the large porous aggregates, but proving it
would require additional detailed analysis that is beyond the scope
of this paper.

The combination of light scattering, BET surface area mea-
surement, and extensive microscopic examination of the particles
with SEM and TEM shows that the surface area and porosity are
increasing from top to bottom of the table. It is often suggested
that one of the special characteristics of nanoparticles is the large
surface area (catalytic activity for example depends on surface
area). However, in this case the internal porosity is not accessible
by the PTFE polymer chains in the bulk of the part. This polymer
has a very high molecular weight (20 million) and the PTFE chains
themselves are unreactive, until tribological contact occurs. Despite
the high surface area of some of the alumina particles there is no
evidence of interaction with the polymer and no reinforcement or
unexpected change in mechanical properties detected in the bulk
of the part. Chemical bonding of PTFE chain ends and reinforce-
ment only occurs after the tribochemical changes in the running
film surface formed in the early stages of wear [30].
4.3. Tribofilm analysis

In almost all of the exceptionally low wear rate (o10�7 mm3/
(N m)) samples (Alumina particles B, C, D, E) tested against a 304
stainless steel countersurface, both contact surfaces eventually
developed a distinctly bronze-colored polymeric tribofilm easily
seen by the naked eye. For the unfilled fluoropolymer control
samples (K�4�10�4 mm3/(N m)) and other filled composites
that exhibited poorer wear performance (Alumina A,
K�2.6�10�5 mm3/(N m)), the transfer film (sliding-induced
deposited polymeric tribofilm on the surface of the steel) was
often patchy and translucent, and easily pushed aside by the
moving test specimen. The fluoropolymer sample wear surface in
these cases maintained its original color, and often showed
deformation caused by excessive creep.

The polymeric transfer film from alumina A was constantly
removed from the metal, and dark gray or black wear debris
decorated the edges of the wear path. Stylus profilometry was used
to examine the steel surfaces after the wear experiments. Fig. 3 is a
comparison of the average profile of the steel surface for Aluminas
A (K�2.6�10�5 mm3/(N m)) and E (K�5.7�10�8 mm3/(N m))
over a 10 mm�0.15 mm region in the center of the nominally
6.4 mm wide wear area. Alumina E formed a uniform, robust and
adherent transfer film with an average thickness of 1.07 mm after
over 56,000 m of sliding. Alumina A, in stark contrast, created
20 mm deep gouges in the stainless steel surface, thus producing the
dark gray or black wear debris. The wear experiment for Alumina A
had to be halted after only 5600 m of sliding due to the
excessive wear.

At first glance, the transfer film topography results seemed to
contradict the SLS particle size measurements. Intuition would
suggest that the larger the particle size would be more damaging to
the steel countersamples. However, Alumina A (d50¼0.267 mm)
composites resulted in significant abrasion of the steel counter-
sample, with wear scars much deeper than the average measured
particle size. Alumina E had the largest particle size by static light
scattering (d50¼3.95 mm), yet its composite with PTFE had the
lowest wear rate. This sample produced transfer films that were
significantly thinner than the average alumina particle size. And
still, a recent XPS study revealed a significant (�1–5 at%) alumina
concentration at the surface of the transfer film [30]. Now, if we
consider the new finding that the larger particles are porous, we



Fig. 4. 3D X-ray microtomography of side view of PTFE 7C/5.0 wt% Alumina E composite after completion of the wear experiment. The top portion of the figure shows an
accumulation of alumina in the running film.
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Fig. 5. Transmission Electron Micrograph (TEM) images of the running film of an
Alumina E composite after 56,000 m of sliding. The running film is several
micrometers thick and the alumina near the actual tribosurface is smaller than in
the bulk of the part.
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can hypothesize that the porous particles are friable and break up
due to mechanical stresses at the tribosurface, thus ameliorating the
damage to the metal countersurface and the tribofilm. Hard, inor-
ganic fillers in PTFE have been shown to accumulate at the polymer
wear surface while simultaneously reducing the wear of PTFE and
increasing the wear of the steel surface through abrasion [45].

X-ray microtomography images of the near surface region of
the PTFE/Alumina E polymer composite showed evidence of the
accumulation of smaller alumina particles at the wear interface, as
well as micrometer-sized particles in the bulk (Fig. 4). This
observation further supports the mechanical-stress-induced
reduction of particle size during the wear experiment.

The accumulation of alumina particles within the tribofilms
also presents a new mechanism for mechanical reinforcement of
the polymer wear surface. Pitenis et al. [30] and Harris et al. [53]
reported that the PTFE C–C bonds can be broken by mechanical
stresses during sliding (tribochemistry). The terminal carbon
atoms created by this tribochemical event react with environ-
mental species (O2 and H2O), resulting in perfluorinated carboxylic
acid end groups that can chelate to the surface of metals and metal
oxides [30,53]. The nano-scale alumina fragments that accumulate
within the tribofilms in the present study can bond directly to the
tribochemically-generated Rf–COOH endgroups. More than one
carboxylate-terminated PTFE filament chelated to the same nano-
scale alumina fragment could result in effective crosslinking of the
PTFE near the wear surface. This chemical interaction between
matrix polymer and filler would further improve the toughness
and creep resistance of the composite. This hypotheses is also
consistent with the significant increase in hardness and modulus
of the wear surface of the PTFE/alumina composite with extended
sliding distance as reported by Krick et al. [28].

Additional direct evidence for accumulation of alumina at the
wear surface and for refinement/reduction in size of the alumina
particles in successful ultralow wear composites is shown in the TEM
micrographs in Fig. 5. Five micrometers and further away from the
running film surface, the TEM images are consistent with the X-ray
microtomography results in which both techniques give evidence of
occasional well-distributed microscale filler particles. A distinctly
different region is observed, though, within the top few micrometers
of the worn polymer surface. This near-surface region shows fine
scale features that energy dispersive spectroscopy (EDS) in both the
TEM and SEM indicate are alumina. This observation is consistent
with the microtomography and X-ray photoelectron spectroscopy
results, but the electron micrographs show the scale of the alumina
particles present in the running film.

The dramatic run-in behavior of this PTFE and alumina system
has been well documented [5–24], often reporting initial wear
rates as high as 2�10�5 mm3/N m that transition to wear rates
less than 1�10�7 mm3/N m. This has been tied to the develop-
ment of tribofilms as well as morphological and tribochemical
changes to those tribofilms. The new evidence of alumina
accumulating at the surface of the polymer composite, as mea-
sured by X-ray microtomography (Fig. 4) and TEM (Fig. 5), further
supports the role of run-in in generating a compositionally and
structurally altered wear surface. Krick et al. previously assessed
the development of this “running-film” formed on the wear sur-
face of the polymer and documented that its formation was
directly linked to observed transition in wear rate (dropping
4 orders of magnitude with respect to PTFE 7C). Through
nanoindentation, they also found that the films mechanical
properties (modulus and hardness) increased with sliding. This is
consistent with alumina accumulation and reinforcement of the
wear surface. Remarkably, the accumulated alumina does not
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leave severe scratches in the surface of the steel. This is because of
two primary reasons: a transfer film protects the metal surface
and the alumina that is accumulated on the polymer wear surface
has actually been broken down into nano-scale fragments (Fig. 5),
such that it cannot generate sufficient pressure to penetrate the
film and scratch the steel.

Previous researchers have examined the worn surface of the
PTFE/alumina composite parts with scanning electron microscopy
and described the surface as consisting of “mudflat” cracking
[19,21,22,46]. A note of caution is warranted because this structure
is merely a consequence of electron beam induced damage due to
the high energy electron beams used in the SEM coupled with the
electron poor nature of the fluoropolymer. In fact, a correlation has
been observed between increasing exposure time and worsening
of the “mudflat” cracks [47]. The fibrils that are observed beneath
the surface exposed by the cracks are similar to the fibrillation that
Kitamura et al. observed in stretched PTFE [48]. This suggests that
the running film shrinks under electron beam damage but remains
(typical of ultralow wear sample)
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both an increase in wear rates and friction coefficient, at which point
the experiment was stopped. The wear surface of the composite is
pictured in Fig. 6a, revealing a bronze-colored running film (associated
with lowwear) on the left half, and awhite surface where the running
film had been ripped away on the right half. This sample enabled
simultaneous analysis of a low-wearing region and a region that suf-
fered wear-induced failure.

High resolution X-ray microtomography through both regions
of the part revealed micro scale fillers in the bulk and accumula-
tion of finer scale alumina at the very surface of the bronze-
colored running film (Fig. 6b, note the resolution of micro-
tomography under these conditions is slightly less than 1 mm per
voxel). An ATR-IR spectrum of this bronze-colored running film
(Fig. 6c) showed the normal pair of CF2 peaks at 1206 and
1152 cm�1, as well as two new broad C¼O peaks associated with
tribochemically-generated perfluorinated carboxylate end groups
at �1650 and 1430 cm�1 (Fig. 6c) [30,49]. These carboxylate
endgroups chelate to metals within the tribosystem [30] with the
hypothesized structure shown in Fig. 6c. In agreement with the
buildup of near-surface Al203 observed by microtomography and
SEM is the concomitant increase in absorption in the metal oxide
region; the IR peaks at 2920, 2851, and the broad rise below
1000 cm�1 of the ATR-IR spectrum of region 1 (Fig. 6c) match very
closely the published IR spectrum of Alumina B powder found in
[36]. This significant increase is seen only in region 1 (Fig. 6c), but
not in the failed region 2 (Fig. 6d) of the running film, or in an
unworn surface of the polymer composite (Fig. 6e).

4.4. What makes a particular alumina filler ultralow wear?-A con-
ceptual framework

It has long been a mystery why certain inorganic particles
when blended into PTFE lead to four orders of magnitude
improvement in wear performance over neat PTFE and others lead
to only a modest 1–2 orders of magnitude reduction in wear. The
mechanisms for ultralow wear are complex and in this paper we
focus on the nature of the alumina particles themselves. “Good”
alumina particles are not nano-sized as the vendor-supplied
approximate particle size would lead us to believe. The “best”
alumina particles are 0.3–10 mm in size (as determined by SLS)
with multiple peaks in the particle size distribution. However, if
those particles were micrometers in size and fully dense they
would be very abrasive and destroy the countersurface eliminating
any chance for the formation of a stable transfer film. In fact, dense
alpha-phase alumina particles above 10 mm in size do precisely
that; leading to dark gray or black wear debris and obvious
extreme metal substrate abrasion [19].

To date, the best ultralow wear alumina particles are non-
spherical porous hard agglomerates, or aggregates of smaller
nano-sized particles. Based on the similarity in morphology, we
suspect that they are formed using a sol–gel process to produce
boehmite alumina particles (AlO(OH)) [50]. When the small
boehmite particles are heated to above 1000 °C, they successively
lose water and are converted to alpha-phase alumina, the most
thermodynamically stable phase. Along with the chemical chan-
ges, the surface area drops rapidly from over 300 m2/g for boeh-
mite to less than 50 m2/g for alpha-phase alumina [50–52]. We
believe that the resulting sintered alpha-phase alumina is then
ground back down to produce the micrometer-sized particles
(with nanoparticle-like surface areas) used in the present and
previous studies. The original size of the boehmite particles is
preserved in the structure of the porous aggregates, and results in
the BET surface area measurements are shown in Table 1.

The porous alpha-phase alumina particles retain their multi-
micron size during the formation of the PTFE composites, as
shown in the microtomography and TEM images of the bulk parts.
The shear forces available during the various methods of blending
alumina with polymer are insufficient to break up the aggregates.
However, during the wear experiments, these aggregates are
exposed to the surface of the steel. The mechanical stresses on the
captured alumina particles leads to the fracture and refinement of
the alumina. Four independent analytical methods: TEM, ATR-IR,
X-ray microtomography, and XPS all show the increase in con-
centration of alumina at or near the running film surface. Addi-
tionally, the TEM images suggest that the particles are broken into
smaller, possibly even nano-sized, particles.

In the early stages of the wear process, broken alumina parti-
cles are in intimate contact with the metal countersample, where
they clean the surface and allow chemical bonding of the fluor-
opolymer Rf–COOH chain ends to occur [30]. As sliding continues,
the smaller alumina fragments are less abrasive and do not
severely damage the steel countersurface, thus allowing the for-
mation of the stable polymeric transfer film. Bonding of the car-
boxylic acid ends to the surface of the clean metal aids in the
production of the transfer film, which protects the steel from any
subsequent damage. Bonding of the carboxylic acid ends to the
external surface of the alumina essentially crosslinks and binds the
running film together. This enhancement of mechanical properties
in the near-surface region serves to eliminate the fracture and
creep failure modes of the PTFE composite part under certain P
and V testing conditions. Eventually, when the testing pressure
and/or velocity are increased enough, the composite becomes
unstable and large portions of the running film and transfer film
fail as seen in Fig. 6a and b.

Fully dense particles such as Alumina A cannot break up as
easily during the wear test, and therefore are able to cause sig-
nificant abrasive damage of the metal substrate and transfer films
under the large local contact pressures, leading to orders of
magnitude worse wear rate. There appears to be an optimum in
the combination of particle size and porosity (or friability) which
leads to stable ultralow wear behavior. Non-spherical dense par-
ticles as small as Alumina A (0.267 mm), when dispersed in PTFE,
have been shown to cause metal countersurface damage against
304 stainless steel and yield mediocre wear rates (2.6E�5 mm3/
N m, Table 1). Dense microparticles larger than 10 mm also caused
metal countersurface abrasion and poor wear performance. Only
porous, hard, friable, non-spherical particles in the 0.3–10 mm
particle size range (as measured by SLS) were shown to be ultra-
low wear additives to PTFE. We believe these particles cleaned the
metal surface during the early stages of the wear test, thereby
allowing the tribochemically-created reactive fluoropolymer chain
ends to both bind to the metal countersurface and act as crosslink
sites in the running film to reduce fracture and creep [28]. The
resulting wear couple contained robust and tribochemically-
modified fluoropolymer composite on both sides, which pro-
tected the metal countersurface and the polymer composite part
fromwear damage. It was only in these unique cases that the wear
rates were observed to drop to near zero, thereby enabling the
parts to slide for kilometers with minimal loss of material.
5. Conclusions

The complete mechanism of the 4 order of magnitude wear
reduction observed by filling granular PTFE with certain types of
alumina is still not entirely understood. Our experience with this
material has taught us that it is a complex tribosystem, controlled
by multi-length and force scale physical, mechanical and chemical
interactions that are dependent on sliding environment, history,
material pairing, sliding parameters (velocity, pressure), surface
roughness and other system parameters. While a complete
mechanism is likely more complicated than the presented
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mechanistic observations, in this paper we have shown direct
experimental evidence backed by thorough characterization,
linking multiple mechanistic hypotheses that govern what makes
some fillers produce ultralow wear composites. From direct
experimental observations, we gather conclusions about the
requirements and mechanistic roles of the alumina filler:

Direct observations:

1. Alumina particles for ultralow wear PTFE composites are porous
and micro in size, not nanoparticles like originally presumed.
Previous reports used supplier-designated particle size, which
we have shown are likely based on BET surface area measure-
ments. Complimentary SEM and SLS measurements actually
reveal that these particles are �1 to 10 mm average particle size
with significant porosity. While micro in external particle
dimension, these mesoporous-like filler materials are still
“nano” in surface area, and have nanometer-scaled features.

2. In general, wear rate decreased with increasing BET area to aver-
age particle size ratios for the particles evaluated. This is directly
shown with experimental wear results coupled with detailed
alumina SLS and BET analysis.

3. Ultralow wear alumina composites result in thin, uniform,
robustly-adhered polymeric transfer films while the higher-
wearing composites result in patchy transfer films and significant
metal countersample abrasion. These films are significantly
thinner than the primary alumina particle size. This is sup-
ported directly by transfer film topography and is consistent
with the literature.

4. Alumina accumulates at the sliding interface and is reduced in size
compared to the bulk composite. Microtomography, XPS, TEM
and ATR-IR confirm the increased concentration of sub-
micrometer scale alumina at the wear surface in ultralow
wearing systems.

5. New endgroup chemistry is directly linked with wear reduction.
Tribochemical formation of carboxylic acid endgroups within
the transfer film and running film occur in ultralow wear PTFE/
alumina systems and disappear beyond the pressure-induced
wear limits of the system.

Mechanistic implications (requirements and mechanistic roles
of the filler)

1. Multi-scale fillers necessary for wear reductions. Micrometer-
scaled particles reduce subsurface delamination of PTFE com-
posites in the bulk to near surface region [28,30,53], while
nanometer-scale alumina particle fragments (see mechanistic
implication 2) stabilize and reinforce tribofilms (see mechan-
istic implication 4)

2. Porosity of alumina results in mechanically friable alumina. These
friable particles can be broken into sub-micrometer particles at
the sliding interface through tribologically-induced shear stres-
ses. As the BET surface area to SLS-measured particle diameter
ratio increases, the particle porosity and presumably friability
also increase.

3. Porous particles are at the delicate threshold of abrasiveness. They
are capable of removing surface contaminants and oxides from
the metal countersamples (to enable chelation of polymer
endgroups to metal countersample) while neither abrading the
metal countersample nor removing the transfer film after
450 km sliding distance. The gradual reduction in particle size
in the near-surface region can reduce its effective abrasiveness.

4. Sub-micron scale particle fragments accumulate within the wear
surface (running film) of the polymer composite and in the transfer
film on the steel and serve to mechanically and chemically rein-
force the polymer. Multiple (42) tribochemically-generated
carboxylic acid endgroups in the PTFE can bond to alumina
fragments within the tribofilms and effectively act as crosslinks.
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