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Abstract

For the first time, we demonstrate that PTFE filled with iron—cobalt (FeCo) microparticles is an ultralow wear, magnetic,
multifunctional tribological material. PTFE filled with 5 wt% of equiatomic, pre-alloyed FeCo powder resulted in steady-
state wear rates of 2.8 x 10”7 mm?/Nm, approaching that of PTFE-filled alumina. Comparable wear rates were not observed
for PTFE filled separately with elemental iron (Fe) or cobalt (Co) microparticles. PTFE filled with either Fe or Co micro-
particles exhibited only incremental improvements in steady-state wear behavior when compared to unfilled PTFE (1 order
of magnitude or less improvement). Particle size analysis and morphology indicate that the Fe and Co microparticles are
strongly fused agglomerates (5—20 um) made of smaller primary particles or features, while the FeCo microparticles are
large (~40 um), spherical, dense particles. IR spectroscopy shows that PTFE-FeCo composites form more tribochemical
species than elemental Fe- or Co-filled composites, leading to the observed improvements in wear rate. The FeCo particles
are surprisingly large as a filler for ultralow wear PTFE. From these results, we conclude that the fully dense, metallic,
microscale, and intrinsically brittle FeCo particles may be friable and break down during sliding to reinforce and promote
stable tribofilms, akin to the previously reported alumina particles in ultralow wear PTFE-alumina composites.

Keywords PTFE - Friction - Wear - Ultralow wear - Iron - Cobalt - Iron—cobalt - Magnetic

1 Introduction

Polytetrafluoroethylene (PTFE) is a desirable material for
tribological applications due to its low friction coefficient
(u~0.1), low surface energy, and large temperature opera-
541 Brandon A. Krick tion ranges [1-5]. During sliding, PTFE adheres to the coun-

bkrick@eng.famu.fsu.edu tersurface, creating a “transfer film” that allows for a low
shear-strength interface [6—10]. However, unfilled PTFE
exhibits high wear rates on the order of 10~ mm*/Nm due
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micron-sized particles that can break up due to high-pres-
sure asperity contacts at the sliding interface [15]. Nanoscale
filler fragments have been shown to accumulate at the sliding
interface [15], creating a mechanically harder, chemically
altered, reinforced transfer film and running film [14]. Fur-
thermore, particle size has been shown to be an important
variable as microscale fillers impart larger improvements
in wear rate than their nano counterparts by arresting sub-
surface cracks and preventing delamination [15, 27]. Parti-
cle size needs to be balanced with particle friability, with
studies by Krick et al. showing that highly dense alumina
microparticles with high hardness can inhibit the formation
of the transfer film by abrading the countersurface [15, 28].

Understanding the effects of filler particle size and
mechanical properties on PTFE—alumina composites can
give insight into desirable properties of fillers to create other
ultralow wear PTFE composites. As sliding-induced shear
drives filler particle fragmentation and chain scission of
PTFE polymer chains, tribochemistry at the sliding interface
driven by bonding of carboxylic end groups to the metal-
lic oxides of the filler material results in ultralow wear rate
PTFE-alumina composites [14]. However, the ultralow wear
rates observed in metal-filled PTFE composites suggest that
the presence of metal oxide fillers is not required for ultralow
wear. In recent studies by Ullah et al., PTFE filled with tita-
nium, chromium, and manganese microparticles slid against
brass exhibited ultralow wear rates (2x 107°—2x 10~" mm?/
Nm) [29]. Bronze is the most commonly used metallic filler
in PTFE composites for industrial applications. High weight
percent (40-60%) bronze fillers in PTFE are used in linear
bearing applications and exhibit wear rates of ~3 x 10~’mm?>/
Nm [10, 30-37]. PTFE-bronze has excellent thermal con-
ductivity but low electrical conductivity and has no intrinsic
magnetic properties. Currently, there are no ultralow wear
PTFE composites made with magnetic or electrically con-
ductive filler materials.

Iron—cobalt (FeCo) alloys are electrically conductive and,
depending on the ratio of Fe to Co, have the highest mean
atomic moment, and thus magnetization saturation, of any
commercially available soft magnetic alloy. For example,
Fe-50Co (referred to hereafter as FeCo) has a high satura-
tion induction B,,, = ~ 2.4 T) while retaining high perme-
ability (~8 x 10%) and low coercivity (~ 100 A/m), magnetic
properties that are well suited for a range of electromagnetic
applications, such as motors, transformers, and solenoids
[38—40]. However, FeCo alloys, especially at the near-equia-
tomic composition, are brittle (< 5% strain to fracture in ten-
sion) due to a disorder—order phase transformation, making
them difficult to process in bulk form, and use in mechani-
cally demanding applications unless alloyed with other ele-
ments, like vanadium, chromium, or niobium, among others
[41]. The alloying of other elements with FeCo improves the
mechanical properties but decreases some of the desirable
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magnetic properties. For instance, FeCo alloys with a mod-
est 3% niobium addition can exhibit > 10% lower saturation
magnetization and > 600% higher coercivity compared to
binary FeCo [39]. For tribological fillers, however, brittle
materials can be advantageous in the development of transfer
films through the breakdown and accumulation of the filler
material at the sliding interface. The combination of brittle
material properties with the magnetic and electrical proper-
ties of FeCo presents an interesting multi-faceted tribologi-
cal filler material for PTFE composites. In this manuscript,
Fe, sCo, s microparticles are used to create a PTFE-FeCo
composite. The powders’ particle size and morphology were
analyzed to understand the structure of the powders. Fric-
tion and wear testing were performed to compare the tribo-
logical behavior of PTFE-Fe, PTFE-Co, and PTFE-FeCo.
IR spectroscopy of both the worn and unworn surfaces of
the composites was used to observe potential tribochemical
changes in the tribofilms formed through sliding.

2 Materials and Sample Preparation

Three polymer composite samples were prepared, PTFE
(Chemours Teflon® 7C resin) filled with 5 wt% FeCo, 5 wt%
Fe, and 5 wt% Co. A custom FeCo powder from Sandvik
Osprey Powders consisting of alloyed equiatomic Fe,, sCoy 5
(particle size 45+ 15 um) was used, as well as Fe powder
(Sigma-Aldrich Iron 97%, 325 mesh ~44 um particle size)
and Co powder (Merck Cobalt Powder 99+, 1-5 um parti-
cle size). To create the composite powder mixture, the dry
powder components were combined, and isopropyl alcohol
(IPA) was added in a 5:1 (IPA to powder) ratio by mass. The
solution was initially mixed with a spatula to create a slurry.
To fully disperse the powder in the slurry, the samples were
sonicated using an ultrasonic horn equipped with a micro-tip
(Branson Digital Sonifier SFX550) for three continuously
pulsed 5-min cycles at 40% amplitude with a 1-min rest
between cycles. The sonicated composite powder samples
were placed in a fume hood for approximately 3-5 days to
allow all IPA to evaporate from the sample.

After drying, 10 g of composite powder was placed in a
12.7-mm-diameter 440C stainless steel cylindrical mold and
compressed to 30 MPa using a hydraulic press at room tem-
perature. An unfilled PTFE cylinder was also molded using
the same method. The molded cylinder was then wrapped
in aluminum foil and free sintered in an oven, ramping
from room temperature to 380 °C at 2 °C/min, with a dwell
at 380 °C for 3 h, and cooled at 2 °C/min to room tem-
perature. The free sintered cylinder was machined into a
12.7%6.35%6.35 mm polymer pin. Prior to testing, each pin
was sonicated in methanol for 30 min and allowed to air dry.

The counter sample used in testing consisted of a 304
stainless steel coupon (4.8 mm X 25.4 mm X 38.1 mm) that
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was polished to a mirror finish. Using a scanning white light
optical profilometer, the surface roughness was determined
to be 25 nm R,. Each counter sample was washed using
Alconox soap and water and rinsed with methanol to remove
any surface contamination, and then allowed to air dry.

3 Methods
3.1 Friction and Wear

Wear and friction experiments were performed on a bi-
directional linearly reciprocating tribometer in a flat-on-
flat sample configuration (Fig. 1). A normal load of 250 N
(6.2 MPa) was applied to the polymer composite pin using a
ball-screw-driven stage connected to a laterally constrained
cantilevered flexure. Applied load and resultant friction
force were measured using two decoupled load cells and
active servo-on-load was utilized to maintain constant load-
ing conditions. A ball-screw stage was used to slide the
counter sample below the polymer composite pin at a speed
of 50 mm/s and a stroke length of 25 mm (50 mm/cycle).
Samples underwent sliding for the following cycle intervals:
1k, 4k, 5k, 10k, 10k, 10k, 10k, 50k, 100 k, 100 k, 100 k,
100 k, for a total of 500 k cycles (total distance 25 km). Due
to extremely high wear rates, some samples were only able
to be tested up to 50 k total sliding cycles. Sliding experi-
ments were performed in a controlled environment with a
relative humidity of 30 +1%.

Before testing, each sample was measured with calipers
(Mitutoyo AOS, 0.01 mm resolution) and weighed on a
scale (Mettler Toledo XS205DU, 0.00001 g resolution) to
determine material density. After each cycle interval, sam-
ples were removed from the tribometer and weighed on the
scale. Calculated density (using initial sample dimensions
and weight), and subsequent mass loss were used to calcu-
late volume loss of the sample. The specific wear rate of
the sample (K) was calculated using Eq. 1, where V is the
volume loss of sample, Fy is the applied load, and d is the
sliding distance.

polymer F  running
(pin) ¢ film
c;ﬁé?er- \ transfer film

Fig. 1 Flat-on-flat sample configuration, demonstrating a polymer pin
sliding against a stainless steel counter sample with an applied nor-
mal load FYy, stroke length S, and reciprocating velocity V

V|[mm?]
K[mm’/Nm| = ———— (D
Fy[N]d[m]

Total wear rate (K,,) was calculated using the total lost
volume of the sample and the total sliding distance for the
entire experiment lifetime. Incremental wear rates (Kj,.)
were calculated using the volume loss per test segment
and the distance traveled for that test segment. Steady-
state wear rates (K,,) and associated uncertainties were
calculated through Monte Carlo simulations [42, 43].
All steady-state wear rates reported were calculated in
the regions of linearly increasing volume loss, fitting the
Monte Carlo simulations to the final four points of vol-
ume loss for each sample. Total wear rate demonstrates
the overall performance of the sample while incremental
wear rate shows performance of the sample as a function
of incremental sliding cycles. Steady-state wear rate is
determined when the sample reaches linear volume loss
behavior.

Friction coefficients and their standard deviations were
calculated using methods described in [44]. Friction loops
were generated by dividing the measured friction force by
the applied normal force throughout each sliding cycle
and were used in the calculations for reported friction
coefficient.

3.2 Infrared Spectroscopy

A PerkinElmer Spectrum 100 Fourier Transform Infrared
(FT-IR) Spectrometer with an Attenuated Total Reflec-
tance (ATR) accessory was used to identify the chemi-
cal changes that occurred on the polymer wear surface
(running film, Fig. 1) of tribologically tested PTFE—Fe,
PTFE-Co, and PTFE-FeCo composites. Prior to spectra
collection, the ATR diamond crystal was cleaned with iso-
propyl alcohol followed by a background scan to subtract
unwanted residual peaks from the sample spectrum. Dur-
ing ATR measurements, the polymer sample surface was
placed in contact with the diamond crystal and a normal
force was applied using a manual probe. Spectra collected
consisted of 32 scans with a spectral resolution of 4 cm™".
Baseline subtraction was performed using the PerkinElmer
Spectrum software’s baseline subtraction feature.

A Harrick SplitPea™ ATR microscope interfaced with a
PerkinElmer Spectrum One Fourier transform infrared spec-
trometer utilized in reflectance mode was used to identify
the chemical composition of polymeric transfer films (Fig. 1)
formed on the stainless steel counter sample after sliding.
16 scans with a spectra resolution of 4 cm™! were collected.
The PerkinElmer Spectrum software’s baseline subtraction
feature was used to perform a baseline correction.

@ Springer
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3.3 Particle Size Analysis and Morphology

A Malvern MasterSizer LASER (Light Amplification by
Stimulated Emission of Radiation) diffractor was used to
perform particle size analysis on the Fe, Co, and FeCo
powders. A volume distribution was calculated from the
LASER diffraction pattern of a suspension of particles.
Prior to measurement, ~350 mg of each powder was added
to 20 mL of a non-aqueous carrier solution with a sur-
factant. Samples were pipette mixed to evenly disperse
the particles. Due to the magnetic nature of the particles,
analysis was performed at the highest recirculation speed
to prevent particles from clustering together.

A FEI Helios G4 UC Field Emission Scanning Elec-
tron Microscope (FESEM) was used to image the Fe, Co,
and FeCo filler particles. Powders were deposited on dou-
ble-sided carbon tape. Secondary electron images were
acquired at 3 keV using the Everhart-Thornley detector
(ETD) with a 5 us dwell time.

3.4 Profilometry

Profilometry measurements of the stainless steel substrates
were performed using a Bruker Contour GT optical pro-
filometer. A 10 mm X 2.32 mm region of the transfer film
was scanned using the 5X objective and white light source,
with a pixel size of 3.6 um. Line scans obtained were aver-
aged over the length of the transfer film to determine an
average film profile.

4 Results
4.1 Filler Particle Size and Morphology

The iron (Fe), cobalt (Co), and iron—cobalt (FeCo) pow-
ders were imaged using a scanning electron microscope
(SEM) with a secondary electron detector to visualize
particle size and morphology (Fig. 2a—c). The Fe powder
appears to have large particles of about 10-40 um in size
(Fig. 2b). Upon closer inspection, the particles appear to
have a smaller, irregularly shaped feature size of approxi-
mately 1-2 um; it is possible that this is a strongly fused
agglomerate of smaller particles. The Co powder has
smaller bulk particles in the 5-15 um range (Fig. 2a),
which also appear to have a smaller feature size that are
more spherical in shape and smaller than the Fe parti-
cle features, ranging from 1 pum down to larger nanoscale
particles (order 700 nm). In contrast, the FeCo powder
particles are large, in the 20-50 um range, and are uniform
and spherical (Fig. 2¢). There appear to be very few small

@ Springer

(5-10 pm) features on the surface of the large particles,
and the overall bulk particle shape is uniform.

Laser diffraction results support the particle size and
morphology observed in the SEM images (Fig. 2d, e). Vol-
ume-based (Fig. 2f: i—iii) and number-based (Fig. 2f: iv—vi)
diameter differential distribution (i.e., probability distribu-
tion; Fig. 2d) and cumulative distribution (i.e., cumulative
probability; Fig. 2e) were computed. Both the differential
and cumulative distributions show that based on volume,
the mean, median, and mode particle size are measured to
be larger than the same values calculated based on particle
number (Fig. 2d, e). The shift in the Co and Fe distribu-
tion curves demonstrates that while by volume the median
particle size is~ 8 and 20 pum (respectively), there are a high
number of small diameter, low volume particles present.
This causes the Co and Fe median particle diameter to shift
to 1.2 and 2.4 um (respectively). These number-weighted
values coincide with the primary feature size observed in
SEM. The FeCo powder number-based distribution is also
shifted slightly to smaller particle diameters, but the dis-
tribution shape is remarkably similar to the volume-based
distribution, most likely due to the more uniform particle
shape and size observed in SEM and the lack of many small
particles/features.

The differential volume density distribution of the
Fe powder spans across a wide range of particle sizes
(1-80 um) (Fig. 2d, f). The mean volume-weighted particle
size was calculated to be 24.5 um. Only 10% of the volume
of particles are smaller than 7.80 pm, and less than 0.5% of
the powder volume has particles smaller than 2 um (Fig. 2e:
ii). However, by number, ~50% of the particles fall below
2 um (Fig. 2f: v), a diameter which is similar to the primary
feature size seen in SEM (Fig. 2b). This could indicate that
there are a large number of particles that fall into the cat-
egory of the primary feature size, and that the larger parti-
cles could be hard agglomerates of smaller particles. The
manufacturer reports a mesh size of 325 (44 um), and 93%
of the particles by volume have diameters which are equal to
or less than the value given by the manufacturer. While the
manufacturer reports an accurate mesh value that matches
the measured cumulative distribution by volume (Fig. 2e:
ii), it should be noted that based on a number-weighted dis-
tribution, 90% of the particles are less than 7.57 ym, much
smaller than the reported value (Fig. 2e: v).

The Co powder also has a differential volume density
distribution that spans a broad range of particle sizes,
from 0.6 to 35 um (Fig. 2d). However, the volume den-
sity percentiles are more closely grouped, with a mean
volume-weighted particle size of 9.79 um and 90% of the
powder volume contains particles under 15.9 um in diam-
eter (Fig. 2e, f). Only 10% volume percent of particles fall
below 4 um in diameter. The manufacturer reports particle
sizes in the range of 1-5 um, but the differential volume
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Fig.2 SEM secondary electron images of the three filler pow-
ders: a cobalt (Co), b iron (Fe), and ¢ iron—cobalt (FeCo). Particle
diameter distributions measured by laser diffraction and computed
as volume and number weighted d differential distributions and e
cumulative distributions. Observed SEM primary feature size and

density distribution as well as SEM images indicate that
the volume-weighted average particle size is larger than
the value given by the manufacturer; as such, we hypoth-
esize that the manufacturers use an adsorption method to
approximate particle size by measuring the surface area
and mass of the particles and approximating them as
spherical [15]. The Co powder has a second differential
peak at around 1 um that is less visible in the volume-
weighted distribution but becomes the primary peak in
the number-weighted distribution (Fig. 2f: i, iv). This peak
indicates that ~ 1% of a given volume of powder contains
particles less than 2 um in size, but that~60% of a given
number of particles fall into this category. These small
particle sizes match the primary features that make up the
larger strongly fused agglomerate particles which can be
seen using SEM (Fig. 2a). The separation of the peaks at
1 ym and 5 pym could indicate that the cobalt powder is
made up of mostly strongly fused larger agglomerates and
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O vendor-reported size --- number-based distribution
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vendor-reported particle size are indicated on the distribution curves.
f Legend and particle size statistics, including 10th, 50th, and 90th
percentiles and mean for (i—iii) volume-based diameter distributions
and (iv—vi) number-based diameter distributions. Relative size and
morphology of Co, Fe, and FeCo particles are illustrated

smaller primary particles, with few particles that fall in
between (Fig. 2d: iv).

The FeCo differential volume density distribution
includes particles from 12 to 100 pm (Fig. 2d: iii). The
powder has a mean volume-weighted particle size of 39 um
with 90% of the a given powder volume having a particle
less than 58 pum (Fig. 2e, f: iii). Unlike the Fe and Co pow-
ders, the smallest particle sizes of the FeCo particles are
on the order of 10 pm, with only 10% of the particles by
volume falling below 23.8 pm in size. By number, 90% of
particles are less than 41 um in size, and the mean particle
size is 28.5 um (Fig. 2e, f: vi). This result, along with SEM
imaging of the particles, show that the FeCo powder is com-
prised of micron scale particles that are not agglomerates,
but rather dense uniform spherical particles. An illustration
of the observed particle morphology and volume-weighted
mean particle size is shown in Fig. 2f, where the Fe and
Co agglomerate particles are on average 24.5 and 9.79 um,
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respectively, and are comprised of micron scale primary
features, while the FeCo particles are on average 39 pm in
diameter and are uniform, dense spheres. The FeCo parti-
cle manufacturer reported size is 45 pm (£ 15 pm), which
appears to be larger than the particles observed in the SEM
and the median and mean particle diameter measured with
laser diffraction. However, the reported size and range does
fall within the volume-weighted cumulative distribution.

4.2 Wear and Friction Behavior

The steady-state wear rate of the PTFE 5 wt% Fe sample
was found to be 1.8 x 10~ mm?/Nm with an average friction
coefficient of 0.17 (Fig. 3a, b). PTFE 5 wt% Co achieved
a steady-state wear rate of 7.4 x 107> mm?/Nm, ~2x lower
than the wear rate of 5 wt% Fe, but had a slightly higher
average friction coefficient (1, =0.19). The composite
filled with 5 wt% FeCo achieved a steady-state wear rate
of 2.8 10”7 mm*Nm and an average friction coefficient
of 0.21, the lowest wear rate of all composites tested, and a
100x-1000x reduction in wear compared to the Co and Fe
composites, respectively. The wear rates for all three PTFE
composites are shown in Fig. 3a and tabulated in Table 1.
An inverse relationship between friction coefficient and
wear rate was observed for all samples tested. All composite
samples exhibited lower wear rates when compared to the
unfilled PTFE control.

Steady-state wear was calculated using a four-point fit
through the linear region of volume loss for each sample.
Steady-state friction coefficient u is the average friction
coefficient during the steady-state wear region.

Wear testing of the PTFE-Fe and PTFE-Co samples was
concluded after 50 k sliding cycles (2.5 km distance) due to

(@) 193, 7.8x10" (b)
£ 1.8x10"

T 104 7.4x10° .
E ] 3
3 &
[0 W

g 10°, g
< S
(]

£ 10°] S
Q 7 9
e 28x10 &
»n

£ 107

he]

(]

2 L | L

@ PTFE 5wt% Fe 5wt% Co 5wt.% FeCo

Fig.3 a Steady-state wear rates for unfilled PTFE, and PTFE filled
with 5 wt% Fe, 5 wt% Co, and 5 wt% FeCo. Steady-state wear was
calculated using a four-point Monte-Carlo simulation fit during the
linear region of volume loss for each sample. Error bars represent the
uncertainty of the calculation. It should be noted that the error bars
are not very visible because wear rate uncertainty for each sample is
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Table 1 Steady-state wear K, steady-state friction ug, for unfilled
PTFE and Fe, Co, and FeCo PTFE composites

Material K (mm>/Nm) U

5 wt% Fe 1.8+0.01x10™* 0.17+0.01
5 wt% Co 74+0.09%107 0.19+0.01
5 wt% FeCo 2.840.10x1077 0.21+0.01
Unfilled PTFE 7.8+0.01x107* 0.18+0.01

high wear rates causing excessive volume loss. As shown in
Fig. 4a, the volume loss of the PTFE-Fe sample is linear on
a log-log plot of the sliding distance vs. volume loss. There
was no observable run-in behavior for the PTFE-Fe sample
which achieved steady-state wear in the early stages of test-
ing. The constant wear rate behavior is observed in Fig. 4b
and is shown by an unchanged incremental wear rate of the
PTFE-Fe sample over its entire sliding distance except for
minor fluctuations. The PTFE—-Co sample showed minor
run-in in the first 1 km of sliding, after which the incremen-
tal wear rate of the sample became constant (Fig. 4b) and a
steady-state wear rate (7.4 X 10~ mm?/Nm), ~ 2 x lower than
the PTFE-Fe sample and 10 X lower than the unfilled PTFE
sample was achieved.

Testing of the PTFE-FeCo sample was carried out for
500 k sliding cycles (50 km), 10 x longer than the PTFE-Fe
and PTFE-Co samples. After the first 1 k sliding cycles,
the PTFE-FeCo sample experienced a high amount of
volume loss (~4 mm?) (Fig. 4a), more than PTFE-Fe (~3
mm?®) or PTFE—-Co (~3.2 mm?®). After 1 k sliding cycles,
the incremental volume loss for PTFE-FeCo decreased
and the incremental wear rate of the PTFE-FeCo sample
dropped ~ 100 X over the following 250-500 m of sliding

0.257
0.21
0.20{ 0.18 0.19
—— 0.17 —I—
_I_
0.154
0.104
0.054
04 = ==
PTFE 5wt.% Fe 5wt.% Co 5 wt.% FeCo

one or more orders of magnitude smaller than the measurement itself.
b Average friction coefficient in the steady-state wear region for
unfilled PTFE, and PTFE filled with 5 wt% Fe, 5 wt% Co, and 5 wt%
FeCo. Error bars indicate the standard deviation of the friction coef-
ficient over the averaged region
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(Fig. 4b). After 1.5 km of sliding, PTFE-FeCo reached 0.25
incremental wear rates on the order of 10~ mm?/Nm which
were sustained for the rest of the experiment, achieving a /.—.\./.\'“
—7 3 3
steady-state wea.r rate of 2.8 x 10 mm /Nm. The steady- £0.20; @(#}@ ®®® <¢>®®
state wear behavior after 15 km of sliding can be observed & $
in Fig. 4a, which shows a linear relationship with volume 8 0 bm @ ol o é
loss resulting in a constant incremental wear rate (Fig. 4b). S04 S_QJ/WHJ o
The run-in behavior of the PTFE-FeCo sample can be 2 PTFE
more closely inspected by plotting the volume loss over ggwtof’ (F:e
. wt.% Co
F\d (Fig. 5a an.d b). The total Vo%ufne loss of the PTFE-Fe ool @ l5wt.% FeCo
and PTFE—Co in the first 50 k sliding cycles (2.5 km) was G 0 To? o0 Toe

10-100x higher than that of the PTFE-FeCo sample. The
steady-state wear rates of each sample are denoted by the
lines plotted in Fig. 5a. Due to large differences in total vol-
ume loss between the PTFE-FeCo sample and the PTFE-Fe
and PTFE-Co samples, we plot the volume loss as a function
of Fyd for the PTFE-FeCo sample in Fig. 5b to highlight the
ultralow steady-state wear rate of PTFE-FeCo (2.8 x 1077
mm?>/Nm).

A relationship between sliding distance and fric-
tion coefficient is observed when plotting the friction
coefficient over the sliding distance (Fig. 6). The aver-
age friction coefficient was determined for logarithmi-
cally increasing sliding distances (1 m, 2 m, 5 m, 10 m,

Sliding Distance (m)

Fig. 6 Friction coefficient over the sliding distance of the experiment.
Friction coefficient was determined at each point by averaging the
friction at logarithmically increasing meters of sliding

20 m, 50 m, 100 m, etc.). A transition from a low friction
coefficient (u~0.15-0.16) to higher friction coefficient
(1 ~0.21-0.23) for the PTFE-FeCo sample is observed
around 100 m of sliding and is indicated by a sharp
increase in the coefficient of friction. The increase in the
coefficient of friction appears to coincide with the incre-
mental wear rate of PTFE-FeCo achieving an incremental
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wear rate on the order of 10~ mm?/Nm. The friction coef-
ficients of the PTFE-Fe (u~0.17) and PTFE-Co (u~ 0.20)
samples are lower than the final friction coefficients of the
PTFE-FeCo sample, and only experience minor fluctua-
tions throughout testing.

Optical images (Fig. 7a—c) and profilometry scans
(Fig. 7d) of the transfer films formed by the Fe, Co, and
FeCo-filled PTFE samples show distinct differences in
color, thickness, and uniformity. The PTFE-Fe transfer
film is thick, uniform, and rusty in color. The PTFE-Co
transfer film is patchy, and the pin has caused deep scratch-
ing into the transfer film and metal substrate. The transfer
film of the PTFE-FeCo sample is a combination of the
constituent element transfer films—rusty in color like the
PTFE-Fe transfer film and less uniform like the Co trans-
fer film. The PTFE-FeCo transfer film also shows deposi-
tion of material at the reversals, which does not appear in
the other transfer films.

Fig.7 Transfer films deposited
on 304 SS counter sample for a
PTFE 5 wt% Fe, b PTFE 5 wt%
Co, and ¢ PTFE 5 wt% FeCo. d
Profilometry of transfer films on
counter sample
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4.3 IR Spectra

ATIR spectra of the polymer wear surface of the Fe, Co,
and FeCo filled PTFE polymer pins were collected and nor-
malized to the 1149 cm™' peak, the symmetric stretch of
CF, which is a characteristic peak of PTFE (Fig. 8a). All
three samples showed similar -CF,- peaks at 1204 cm™" and
1149 cm™'. Peaks at 1360 and 1317 cm™" indicate short-
ened PTFE chains and are only present in the Fe and FeCo
samples [20, 45, 46]. Iron oxide is present in both the Fe
and FeCo samples, indicated by the 820 cm™~! peak. The
characteristic cobalt oxide peak at 661 cm™" is only observed
in the Co sample. The peaks at 630 and 640 cm™! can be
attributed to CF, wagging and chain stretching of PTFE,
respectively [47]. While this region looks identical in the Fe
and FeCo samples, the Co sample only shares the 640 cm™!
peak. Peaks at 1660 cm™' and 1430 cm™" indicate the pres-
ence of perfluorinated carboxylates, which are referred to as
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Fig.8 a ATIR spectra of the worn polymer surface of the Fe, Co, and FeCo filled PTFE composites. b Reflectance IR spectra of the polymer

transfer films on the surface of the stainless steel counter sample
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tribochemical species (new chemical species formed during
sliding) [17, 19, 24, 25, 48-50]. The FeCo polymer wear
surface has the highest amount of carboxylates, the Fe poly-
mer wear surface has slightly less, and the Co film has little
carboxylates present in the polymer wear surface.

The chemical composition of the transfer films deposited
on the counter sample during sliding was measured using
reflectance IR at the conclusion of testing. The spectra were
normalized to the 1149 cm™' CF, peak (Fig. 8b). Similar
CF, peaks at 1149 cm™" and 1204 cm™ and shortened PTFE
chains at 1360 and 1317 cm™' were observed in both the
Fe and FeCo transfer films. The Fe and FeCo transfer films
also have high levels of carboxylates present, shown by the
peaks at 1660 cm™! and 1430 cm™!. The Fe transfer film
had higher levels of carboxylates and iron oxides (820 cm™)
present in the transfer films when compared to the FeCo
transfer film. The spectra signal for the Co transfer film was
very weak in comparison to the Fe and FeCo signals, most
likely due to abrasion of the transfer film during sliding. This
signal weakness made the spectra difficult to normalize and
perform baseline subtraction, leading to some error in the
measurement. It is worth noting that the Co transfer film
had peaks in the CF, peak locations as well as a peak near
the 1250 cm™! region. This peak is not frequently observed
experimentally, but is typically associated with very thin
transfer films with aligned PTFE chains and can be found in
PTFE transfer films after a single sliding cycle [19, 45, 51].
This could point to a very thin film of PTFE—Co that is suf-
fering from abrasion, removal, and retransfer during sliding.

5 Discussion

PTFE filled with 5 wt% FeCo microparticles exhibited
a steady-state wear rate of 2.8 X 1077 mm?3/Nm, ~ 100x
lower than PTFE filled with 5 wt% Co (7.4X 10~ mm?/
Nm) and ~ 1000x lower than PTFE filled with 5 wt% Fe
(1.8 10~ mm*/Nm). The ultralow wear rate of PTFE-FeCo
coincides with a well-developed transfer film and robust pol-
ymer wear surface, including the formation of tribochemical
species. The evolution of the sliding interface due to tribo-
chemical changes are observed by the increase in the coef-
ficient of friction (u~0.22) at 100 m of sliding (Fig. 5) and
the subsequent decrease in volume loss and the incremental
wear rate (Fig. 3a and b). This is similar to the transition
in the coefficient of friction and wear rate in ultralow wear
PTFE—-alumina, which has previously been attributed to the
development of transfer films and resulting increases in car-
boxylate accumulation and attractive forces at the interface
[52]. The PTFE-Fe composite shows a minor increase in the
coefficient of friction at 10 m of sliding (Fig. 5) yet does not
experience a change in wear rate which is high (~ 10~ mm?/
Nm) throughout the duration of the test.

IR spectroscopy of the polymer wear surfaces shows
(Fig. 7) that the PTFE-FeCo sample accumulated the most
carboxylates, indicated by the shoulders at 1660 cm™! and
1430 cm™!, and experienced the most PTFE chain shorten-
ing (peaks at 1360 and 1317 cm™'). Shortening of PTFE
chains has been observed in low-wear PTFE composites and
is often paired with the formation of tribochemical species
due to the reactivity of the R—CF, radicals on the chain
ends [7, 13, 19, 20, 24, 25, 46]. Accumulation of carboxy-
lates provides anchor sites to metallic substrates creating
well-adhered transfer films and polymer wear surfaces [13,
15, 19, 25, 26]. Interestingly, tribochemical infrared peaks
are observed in both the FeCo and Fe samples, yet the tri-
bological behavior is vastly different. The transfer films of
the Fe and FeCo samples contained high amounts of car-
boxylates and iron oxide, with the Fe transfer film having
higher levels when compared to the FeCo transfer films.
The presence of carboxylates and PTFE chain scission in
the Fe sample polymer wear surface and transfer film are
indicative of a low-wear sample yet the PTFE-Fe has a
wear rate (1.8 X 10 mm?*/Nm) on the order of virgin PTFE
(~4-7x 10" mm*Nm) [8, 10, 17]. The accumulation of car-
boxylates in a polymer wear surface of a PTFE composite
with a high wear rate can be rationalized by considering
competition between shear-induced carboxylate formation
and wear events which remove interfacial species [53]. A
possible explanation for the observed carboxylate accumula-
tion in high wear PTFE-Fe running and transfer films is due
to the reactive nature of iron causing further degradation of
PTFE polymer chains at the sliding interface in conjunction
with shear-induced degradation and chain scission [54].

A second explanation for the PTFE-Fe behavior stems
from relationships between wear and surface energy [55].
Surface energy gradients between the polymer pin and the
transfer film resulting from iron oxide and carboxylates in
the transfer film drive material transfer from the polymer
pin (i.e., low to high surface energy) [55]. Though gradients
in the surface energy can be beneficial for forming stable
transfer films, large gradients can cause excessive wear. The
high levels of carboxylates found in the transfer films of the
PTFE-Fe sample indicate that there is significant degrada-
tion of PTFE chains and subsequent increases in the films
surface energy as a result. It is possible that the PTFE-Fe
sliding interface has an extremely high surface energy gra-
dient that can result in high material transfer and wear of
the pin. In the case of the PTFE-Co sample, the wear rate
was ~2x lower than the PTFE-Fe sample (7.4 x 10~> mm?/
Nm) yet the PTFE-Co polymer wear surface had the low-
est amount of carboxylates present and had relatively small
1360 and 1317 cm™! PTFE chain shortening peaks. The
signal of the IR spectra in the transfer film was exception-
ally low, with no observable carboxylates indicating that
there was very little material transferred and retained on
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the counter sample. The lack of tribochemical species and
degraded PTFE chains could explain the poor wear rate
which is only slightly better than virgin PTFE.

Microparticle fillers for PTFE composites must meet two
criteria to achieve ultralow wear rates: (1) particles break
up during sliding and accumulate at the sliding interface
promoting the formation of carboxylates and (2) sub-surface
particles need to arrest crack formation and prevent large-
scale delamination events. PTFE filled with iron or cobalt
microparticles appear to lack one of the two criteria required
for ultralow wear, while PTFE-FeCo meets both. Interest-
ingly, the particle morphology and size analysis of the Fe,
Co, and FeCo particles do not correspond to the working
mechanistic hypothesis for other ultralow wear materials
like PTFE—-alumina. In the PTFE—alumina wear system, the
lowest wear particles are microscale particles with nanoscale
primary particles or features, and are porous enough to break
down during sliding [15]. Microscale, dense particles used
as filler materials in PTFE tend to abrade the countersurface
and disrupt transfer film formation [15, 16, 56]. Nanoscale
particles lack the ability to reinforce the bulk polymer, and
do not result in ultralow wear [15]. In the case of the Fe, Co,
and FeCo powders, the particle size and apparent agglom-
erate morphology of the Fe and Co particles (Fig. 2a, b, f)
would indicate that they could significantly reduce the wear
rate of PTFE through reinforcement of the bulk polymer
while also breaking down and accumulating at the sliding
interface to reinforce tribofilms. By the same logic, the large,
dense, micron-scale FeCo particles (Fig. 2c, ) would be
expected to marginally improve the wear rate of PTFE but
ultimately abrade the tribofilms and countersurface. How-
ever, the exact opposite wear behavior is observed when
testing these filler particles.

The unexpected wear behavior of the Fe, Co, and FeCo
microparticles indicates that particle size and morphology
are not always the dominating factor in promoting ultralow
wear. Particle friability and chemical interactions with reac-
tive elements appear to dominate. While Fe promotes the
formation of carboxylates and PTFE chain shortening, the
particles cannot prevent sub-surface cracking and delami-
nation, driving PTFE-Fe to be high wear. It seems that
Fe microparticles can react with PTFE, causing excessive
degradation at the sliding interface. Cobalt microparticles
improved the wear rates of PTFE by reinforcing the bulk pol-
ymer and arresting sub-surface cracking and delamination
events. Hard microscale particles have been shown to incre-
mentally improve the wear rate of PTFE [15, 57]. Limited
improvements in wear rates are a result of hard particles not
breaking into smaller particles that accumulate at the sur-
face during sliding but instead scratching the countersurface
(Fig. 6b) and disrupting the formation of tribofilms [58].
While some alumina fillers are friable due to their porous,
agglomerate nature, the agglomerate Co particles utilized
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in this study do not appear to be friable enough to promote
ultralow wear [58]. Significant abrasion of the counter sam-
ple and transfer film could indicate that the Co particles are
hard agglomerates that have difficulty breaking up during
sliding. Additionally, even if the Co agglomerates are able to
break up during sliding, the primary particles in the Co pow-
der are ~ 1 um in size, and at the smallest ~ 700 nm (Fig. 2a,
d-f). Compared to the primary particles and nanoscale fea-
tures observed in alumina fillers that promote ultralow wear
(~40-80 nm) [15], the Co primary particles are 10-20x
larger, and are still capable of abrading the counter sample
and tribofilms.

We attribute the superior wear performance of the
PTFE-FeCo sample to the same low-wear promoting
mechanisms present in low filler wt% composites like
PTFE—-alumina, but with vastly different particle morphol-
ogy and mechanical properties. Microscale FeCo particles
reinforce the PTFE matrix and prevent sub-surface cracking
and delamination. The inherent brittleness of FeCo alloys
is a benefit for PTFE composites as it allows for the FeCo
particles to break down into smaller particle sizes and accu-
mulate during sliding, despite the dense, microscale state of
the particles. Binary Fe—50Co that is utilized in this study
as a metallic particle filler is characterized by low yield
strength (200-300 MPa) and low strain-to-failure (0-6%) in
tension, depending on the alloy processing thermal history
[39, 59]. Specifically, the mechanical properties are signifi-
cantly influenced by a characteristic phase transformation
at~730 °C in which a chemically disordered bcc lattice tran-
sitions to a chemically ordered B2 structure, impeding dis-
location accommodation mechanisms during plastic defor-
mation [38, 39]. The high temperature of the disorder—order
transition leads to high-atomic mobility, making it difficult
to avoid the ordered phase through conventional processing
and can only be suppressed through rapid quenching from
the high-temperature bcc phase region at rates in excess of
1000 °C/s [60]. In this study, FeCo was utilized as a gas
atomized powder for a filler material and likely possesses
some extent of the high-temperature disordered bcc phase
due to rapid solidification associated with the powder pro-
cessing. Note that cooling and solidification rates in gas
atomization are unknown for the particular FeCo powder
evaluated in this study, but previous literature has suggested
cooling rates between 10% and 108 °C/s for gas atomization
powder processing, which is sufficiently rapid to promote at
least partial, if not full, chemical disorder in FeCo [60, 61].
Nonetheless, the powder filler itself is anticipated to have
very limited ductility. In this study, therefore, the intrinsi-
cally brittle nature of the FeCo alloy is likely enabling the
particles to break down as a result of sliding, subsequently
accumulating in and reinforcing developing tribofilms. With-
out the brittle nature of the FeCo alloy, these filler particles
would be expected to only promote marginal improvements



Tribology Letters (2023) 71:4

Page110f13 4

in the wear of PTFE while also abrading the countersurface
and tribofilms, inhibiting ultralow wear behavior.

6 Conclusions

Iron, cobalt, and iron—cobalt microparticles are investigated
as potential filler candidates for PTFE composites. Ultralow
wear, low friction, magnetic polymer composites are created
by filling PTFE with equiatomic, pre-alloyed FeCo micro-
particles. Particle size analysis and morphology indicate the
Fe and Co microparticles are strongly fused agglomerates
(10-20 pm) made of smaller primary features, while the
FeCo microparticles are large (39 um), spherical, dense par-
ticles. PTFE filled with 5 wt% FeCo achieves a steady-state
wear rate of 2.8 x 10”7 mm?/Nm and friction coefficient of
0.21. However, by comparison, PTFE filled with 5 wt% of
Fe or Co microparticles exhibits wear rates only slightly
lower than unfilled PTFE. PTFE-Co (K ~7.4 x 10 mm?/
Nm) has a~ 10X improvement in wear when compared to
unfilled PTFE, but improvements are limited by Co particles
scratching the countersurface, preventing the development
of robust transfer films. In contrast, PTFE-Fe (K~1.8x 107
mm?/Nm) has a uniform and thick transfer film and rela-
tively high levels of carboxylate accumulation but exhibits
a wear rate on the order of unfilled PTFE. While Fe and
Co microparticle fillers marginally improve the wear rate
of PTFE, the filler particles appear to be too reactive and
lack the necessary particle friability/nanoscale feature size,
respectively. We attribute the ultralow wear behavior of
PTFE—-FeCo to the brittle nature of FeCo, which enables
the microscale, metallic, and fully dense filler particles to
break down during sliding while also reinforcing the bulk
polymer by arresting sub-surface cracking and delamination.
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