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Abstract

Ultralow wear rates and low friction have been observed for carbon fiber reinforced PTFE (CF/PTFE) when sliding against
steel or cast iron in dry gas environments. Although the strong environmental sensitivity of this tribosystem is well known,
the origin of the outstanding tribological performance in dry gas remains unanswered. Some researchers attribute the low
friction and wear to the formation of carbon-rich surfaces in the absence of oxygen and moisture in the environment. However,
low friction between carbon surfaces is generally dependent on moisture. In this paper, extensive analyzes are conducted on
the tribofilms formed on the CF/PTFE surface and the steel counterface after sliding in a high-purity nitrogen environment.
TEM analysis of a cross-section of the tribofilm on the steel surface reveals that the sliding surface consists mainly of iron (1)
fluoride and not carbon, even though a significant amount of carbon was observed near the surface. XPS and TEM analysis
further revealed that the tribofilm formed on the worn composite surface consisted of nanoparticle agglomerates, anchored
to the PTFE matrix and to each other by carbon with turbostratic structure. Turbostratic carbon also formed an ultrathin and
surface-oriented superficial layer on top of the agglomerates. Governing mechanisms of the low friction and wear of the CF/
PTFE—steel tribosystem were investigated by complementary tribotests with pure graphite samples and MD simulations
of the identified surfaces. These indicated that the low friction between the carbon and iron fluoride in the tribofilms is due
to poor adhesion between the distinctly di erent surfaces.
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1 Introduction

Carbon fibers are commonly used to improve the
mechanical, thermal and wear properties of polymers [1].
Typically, carbon fiber reinforcement reduces the wear rate
of polymers with several orders of magnitude and provides
moderate coe cient of friction (0.25-0.4) when sliding
in ambient air [1-3]. In fact, many carbon fiber reinforced
polymers perform similarly at ambient conditions [1],
which could be attributed to the predominant load support
of the fibers due to the preferential wear of the polymer
[4-6].

The properties and microstructure of carbon fibers
vary significantly depending on precursor material,
production process and heat treatment temperatures [7-9].
Generally, carbon fibers are non-graphitic, which means
that the carbon atoms are ordered in two-dimensional
hexagonal networks (graphene layers), but lack the three-
dimensional crystalline long-range order that graphite has
[10]. Nonetheless, parallel stacking of the graphene layers
in the non-graphitic carbon is present but with rotational
and translational misalignment [11]. The dimensions of
the graphene stacks are in the nanoscale, where the height
and layer extension typically increase and the interplanar
distance decrease with higher heat treatment temperature
[12, 13]. If the precursor material is graphitizable, the non-
graphitic carbon will eventually convert to graphite when
heating the material above a certain temperature (typically
2000-3000 K) [8]. The structural arrangement of the
graphene layers of non-graphitic carbons is commonly
called “turbostratic” as proposed by Biscoe and Warren
[14]. It is worth noting that the two terms are often used
interchangeably in literature to describe carbonized
materials with disordered graphene stacks. Both terms
will be used in this paper as well.

Carbon fiber reinforced polymers are especially suitable
in tribological dry gas applications, such as dynamic seals
in hydrogen gas compressors. Drastic improvements in
the tribological performance of carbon fiber reinforced
and carbon filled polymers have been observed by
several authors when operating in dry gas environments
compared to ambient air [15-17]. Sawae et al. reported
coe cient of frictions down to 0.04 for CF/PTFE in dry
hydrogen compared to about 0.3-0.4 in humid air, along
with a reduction of the wear rate with about an order
of magnitude. The improvement was suggested to be
attributed to the self-lubricating properties of the carbon
fibers in dry gas environments. The formation of carbon-
based tribofilms on both the counterface and worn CF/
PTFE surface has been confirmed with Raman after sliding
in high-purity hydrogen environment [15]. Contrarily, no
such carbon tribofilms were found after sliding in ambient
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air. It was hypothesized by the authors that oxygen and
moisture might cause carbon wear particles to oxidize or
agglomerate and thereby prevent them from staying in the
sliding interface and form the tribofilms. Similar findings
have been reported by Oyamada et al. [16], where a low
coe cient of friction (<0.1) was achieved with CF/PEEK
after sliding in a nitrogen environment. They noted an
increased carbon content on the CF/PEEK surface after
sliding in nitrogen, and fine wear particles from the carbon
fibers had been embedded on the surface of the polymer
matrix. The correlation between a dry gas environment
and low friction and wear is consistent with the reported
findings from other studies with polymers reinforced with
carbon fibers and other graphitic and non-graphitic carbon
fillers [17-20].

The general theory is that carbon fibers promote low
friction and wear of polymers in dry gas environments by
decomposition of the fibers in the sliding interface and the
formation of carbon-rich tribofilms on both of the sliding
surfaces. However, it is not clear why these films should
be tribologically beneficial in the first place. Literature
generally claims that moisture is needed to promote low
friction of graphite and non-graphitic carbons when sliding
against itself or steel [21-25]. According to the adsorption
theory, moisture or other active gases are needed to passivate
dangling bonds on the edge sites of graphene sheets in order
to prevent strong adhesion between two graphitic or non-
graphitic surfaces [26-28].

Carbon-based tribofilms generated in dry gas
environments by carbon fiber reinforced polymer composites
have been analyzed by several authors. However, there is a
clear knowledge gap regarding the nature of these type of
tribofilms, as well as mechanisms behind the low friction
and wear. Merely suggestions are given in literature due to
insu cient analysis methods and di culties related to the
complexity of analyzing fluorine and carbon containing thin
films. This paper aims to expand current knowledge through
extensive characterization of the tribofilms formed on a
CF/PTFE surface and a steel counterface in a high-purity
nitrogen environment. Considering the analysis results of
the tribofilms, the friction and wear of graphite in the trace
moisture environment were also investigated to elucidate the
mechanisms behind the low friction and wear of the CF/
PTFE—steel tribosystem.

2 Method
2.1 Materials and Material Preparations
Carbon fiber reinforced PTFE (CF/PTFE) samples with

20/80 wt% concentration were prepared at Nanjing Tech
University. PTFE was supplied from DuPont (7A-J) and the
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Fig.1 Schematic illustration of
the test configuration (a) and
important dimensions of the
counterface and the test pins (b)
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PAN-based carbon fibers from Nanjing Fiberglass Research
and Design Institute. The length and diameter of the carbon
fibers were in the range of 15 to 150 um and 5 to 7 um,
respectively. The CF/PTFE samples had a diameter of 8 mm
and a length of 10 mm. The samples were grinded in the
sample holder against the counterface with an abrasive paper
in between to assure conformity. The specific preparation
details have been described previously [17]. In light of the
results in this paper, see Sect. 3.2, complementary tests were
also conducted with pure graphite samples. A 5 mm graphite
rod with 99.997% purity was supplied by Sigma Aldrich.
The graphite samples required a gentler approach due to
the poor abrasive resistance and were lightly rubbed against
the counterface with a 2000p abrasive paper in between to
assure conformity.

For the counterface, hardened 34CrNiMo6 steel (460
HV30) was selected, which has shown good receptiveness
for transfer film formation from carbon fiber reinforced
PTFE composites and low friction [4]. The counterface
was grinded with figure-eight motions against abrasive
papers to achieve a random texture. The counterface used
against the CF/PTFE sample was finished with 400p for a
surface roughness of about S,=0.1 um. The counterface
used against the graphite sample was grinded to a mirror
finish to minimize abrasion. A mirror finished counterface
(S,=0.01 um) has already been tested against a similar PTFE
composite with no significant di erence in friction and wear
behavior compared to a roughness around S,=0.1 pm [4].

2.2 Experimental Method

Tribotests were conducted in an environmentally controlled
3-pin-on-disc tribometer described in detail in a previous
publication [29]. Essentially, the test configuration consists of
three CF/PTFE pins mounted in a self-aligning test pin holder
with the flat ends in contact with the flat steel counterface disc,
see schematic illustration and critical dimensions in Fig. 1.
The test configuration is enclosed by a climate chamber. The
chamber is connected to a controlled nitrogen supply and the
gas is recirculated from the chamber through an oxygen sen-
sor and a dew point sensor. A moisture trap is also connected
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after the sensors in the recirculation loop to remove excess
moisture. For all tribotests, the climate chamber was purged
and over-filled with nitrogen to a relative pressure of 0.4 bar.
The environment was stabilized before tests were started,
where the moisture content was kept at about 1-2 ppm by
volume and the initial oxygen concentration for each test was
10£5 ppm. The CF/PTFE samples were tested for 200 km of
sliding at a velocity of 0.75 m/s, a nominal contact pressure of
2 MPa and a near-contact temperature of 80 °C. Before initiat-
ing sliding, load and heat were applied and maintained for 2 h
to stabilize the near-contact temperature and to minimize the
e ect of creep. Two shorter repetitions were also conducted
for 100 km of sliding to ensure good repeatability. The com-
plementary tests with graphite samples were run at mild and
severe sliding conditions. The mild condition had a sliding
velocity of 0.2 m/s and a contact pressure of 0.5 MPa and the
severe condition was the same as for the CF/PTFE. The sliding
distance for the graphite tests was 700 m (~ 1 h at mild sliding)
or until wear exceeded 200 um. Wear is measured by an in-situ
capacitance displacement sensor, Fig. 1a, which continuously
measures the displacement of the test pin holder. The specific
wear rate is calculated by linearization of the height loss over a
sliding interval and then convert the resulting linear wear rate,
w [um/km], to specific wear rate, w, [mm3/Nm]. The conver-
sion from linear wear rate to specific wear rate is described by

_ w
- Px 10 @)

Wy

where P is the nominal contact pressure and the conversion
factor 108 is used to convert pm to mm and km to m. Due
to the significant thermal expansion of the CF/PTFE mate-
rial, the wear rate can only be accurately calculated dur-
ing steady-state sliding where the contact temperature and
coe cient of friction are stable. The coe cient of friction
u is calculated by dividing the frictional torque measure-
ment with the applied normal load L and the average sliding
radius r,

T Lxr

1 )
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2.3 Tribofilm Characterization

The tribofilms formed on the steel surface and the CF/
PTFE surface were extensively analyzed using di erent
techniques described below. The tribofilm formed on a
metal counterface after sliding against a polymer composite
is commonly called transfer film due to the transfer of
polymeric material from the composite to the metal surface.
However, for the specific materials and environment studied
in this paper, the authors have reason to believe that the
term tribofilm is more appropriate to describe the film
generated on the steel counterface. This will be further
discussed in Sect. 3.2. To eliminate confusion, the terms
polymer-tribofilm and steel-tribofilm will be used hereafter
to distinguish between the tribofilm formed on the CF/PTFE
surface and the steel counterface, respectively.

Light optical microscopy (LOM) and scanning white light
interferometry (SWLI) were used to inspect the tribofilms at
lower magnifications to analyze surface features and detect
signs of wear. A Zygo NewView 9000 was utilized for the
SWLI measurements, with filtration of the data done in
MountainsMap 9. With the Zygo instrument, an intensity
map is recorded with each topography measurement which
provides an optical visualization of the measured area.
Surfaces were also analyzed at higher magnification using
a Scanning Electron Microscope (SEM), Jeol JSM-1T300.

To facilitate elemental and chemical analysis of the
thin polymer-tribofilm on the CF/PTFE surface, X-ray
photoelectron spectroscopy (XPS) was used (Physical
Electronics Quantera Il Scanning XPS Microprobe).
The probed depth is typically 1-10 nm depending on
the electron density of the material, due to electrons in
the sample absorbing the generated photoelectrons. A
common drawback of this technique is the large spot size
of the analysis, typically larger than 100 um. However,
with the instrument used it is possible to generate analysis
spots smaller than 10 um. To improve the positioning of
the analysis, a Scanning X-ray image (SXI) was used,
generated by the total photoelectron intensity from each
spot as the X-ray is scanned over the surface. Both electrons
and Ar+ ions were used to neutralize the sample, enabling
an insulating sample to be analyzed. Survey spectra of the
polymer-tribofilm were recorded before and after a short
sputtering. The X-ray was generated with 200u50W15kV
(X-ray beam size: 200 um, power: 50 W and e-beam energy:
15 kV) and the acquisition was performed with 224 pass
energy, 50 ms per step and 0.8 eV step size. After the
sputtering, maps were acquired to investigate the variation
of carbon and fluorine over the surface. For the mapping to
be useful, a smaller spot size of about 10 um was used [x-ray
generation 10ul.25W15kV (x-ray beam size: 10 um, power;
1.25 W and e-beam energy: 15 kV)], increasing the lateral
resolution. The acquisition settings were 112 pass energy
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and 100 ms per step. Spectra with high energy resolution
were acquired from the tribofilm at locations with di erent
total photoelectron density. The X-ray generation was the
same as for the mapping, but the acquisition settings were
26 pass energy, 100 ms per step and 0.05 eV step size.
Depth profiles were acquired from the same spots, with a
low sputter e ect. The bond between carbon and fluorine is
sensitive to sputter damage with preferential sputtering of
fluorine being reported [30-32].

To analyze the microstructure and the elemental
composition of the cross-section of tribofilms, Transmission
Electron Microscopy (TEM)/Scanning Transmission
Electron Microscopy (STEM) in combination with
Focused lon Beam (FIB) sample preparation was utilized.
Thin lamellas were extracted from representable areas of
the polymer-tribofilm and the steel-tribofilm with a Zeiss
Crossheam 550 FIB. Before inserting the CF/PTFE sample
in the FIB instrument, the worn surface was covered with
an amorphous carbon coating and a gold/palladium sputter
coating. The latter to reduce charging during area selection
and the former to protect the surface from subsequent
platinum deposition. Before extracting a lamella, a thick
platinum coating was deposited on the extraction region to
protect and support the lamella during further preparation
steps. The steel-tribofilm was protected similarly. However,
since the steel-tribofilm was more conductive, the gold/
palladium coating was not needed. After extracting the
lamellas, they were soldered to a grid and carefully milled
with FIB.

High-resolution TEM/STEM images were taken with
a Thermo Fischer Scientific Titan Themis 200 with an
acceleration voltage of 200 kV. In the STEM mode, four
images were recorded for each scan using bright-field (BF)
imaging, annular bright-field (ABF), annular dark-field
(ADF) and high-angle annular dark-field (HAADF). For
BF and ABF imaging, crystalline and high-mass elements
appear dark, while for ADF and HAADF, they appear
bright. The elemental composition of the steel-tribofilm
was analyzed with the equipped Super-X Energy Dispersive
X-ray Spectroscope (EDS) system.

3 Results and Discussion
3.1 Tribological Test and Surface Analysis

The coe cient of friction and height loss of the primary
test with the CF20/PTFE composite during 200 km of slid-
ing are shown in Fig. 2a. The specific wear rate, calculated
from 20 km of sliding to 200 km, was 1.7 x 1078 mm®Nm
and the coe cient of friction was 0.05 after running-in and
slowly increased during the test to 0.07. The coe cient of
friction and height loss for the two repetitions during 100 km
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Fig.2 Coe cient of friction and height loss of the CF/PTFE com-
posite during sliding against the steel counterface. The primary test
(200 km of sliding) is depicted in a and the two shorter repetitions
(100 km of sliding) are depicted in b. The green shaded regions (50

to 100 km) indicate the data used to calculate the average coe cient
of friction and specific wear rate presented in Table 1 (Color figure
online)

Table 1 Average coe cient

- .o Primary test Repetition 1 Repetition 2 Mean value Standard deviation
of friction and specific wear
rate between 50 and 100 km Coe cientof 0.055 0.052 0.056 0.054 0.002
of sliding for the primary and friction
repeated tests. Mean values and . _ _ _ _ _
standard deviations are also Specific wesar 1.53e—8 1.33e-8 1.23e-8 1.36e—8 1.5e-9
given rate [mm?®/

Nm]

of sliding are shown in Fig. 2b. Although the tribological
behavior during running-in slightly varies, the friction and
wear during steady-state sliding are very similar for all three
tests as shown in Table 1. Note that the positive displace-
ment during the initial sliding for all tests and at around
20 km of sliding for repetition 2 is due to thermal expansion
as a result of frictional heating.

Representative LOM and SEM images of the worn sur-
face of CF/PTFE after sliding against the steel counterface
in dry nitrogen are shown in Fig. 3a and b, respectively. The
optical micrograph, Fig. 3a depicts three distinct features of
the surface: carbon fibers in bright gray, tribofilm in medium
gray and damaged areas in dark gray. Similar features can
be observed in the scanning electron micrograph but in the
reverse grayscale order. Note that the damaged regions are
not visible in the SEM image, which could indicate that
these areas are also covered with similar material as the tri-
bofilm. The tribofilm formed on the steel surface can be
seen in Fig. 13.

3.2 Composition and Microstructure of Tribofilms
A survey spectrum with XPS gives an overview of the com-

position of the polymer-tribofilm, with maximum energy
range but low energy resolution. The results before and

after 10 min of sputtering (Ar*, 1kV1x 1 mm) are shown
in Fig. 4. The results indicate that the polymer-tribofilm
consists of mainly carbon and fluorine, with oxygen only
included before sputtering. A small amount of iron seems
to be present in the tribofilm as well. The information depth
is about 5 nm.

The generated photoelectrons in XPS can be used to
acquire an image showing the total intensity in each analy-
sis spot (Scanning X-ray Image, SXI). In a similar manner,
elemental analysis can be performed in each analysis spot.
To increase the speed of this mapping process, a position-
sensitive detector is used to measure di erent energies cen-
tered over the investigated binding energies, instead of step-
ping the energy. The investigated energies corresponded to
fluorine 1s, oxygen 1s and carbon 1s (686, 531 and 285 eV
respectively). The investigated area was in the center of the
already sputtered area and no oxygen peak appeared. The
total area mapped was 92 x 82 analysis spots with 5 um
spacing (460 x 410 um). The min—max range of fluorine
and carbon indicates that high total photoelectron intensity
is coupled with a higher concentration of fluorine in the
sample, see Fig. 5a—c. The areas with high fluorine concen-
tration can be explained by grooves on the CF/PTFE surface
as indicated by the topography and corresponding intensity
map of a similar region of the surface, Fig. 5d—e.

@ Springer
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Fig. 3 Optical micrograph (a)
and SEM image (b) of worn
CF/PTFE surface. The sliding
direction is indicated with
dashed arrows
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Fig. 4 XPS survey spectrum of the polymer-tribofilm

Depth profiles were acquired from a similar area of the
same sample. The sputter settings were 18 times 10 min
using 1kV1x1 mm. Two spots were chosen for the depth
profiling, from regions with slightly di erent total energy
densities in the SXI. Before starting the depth profiling
the surface was cleaned with 1 min of sputtering. Energy
ranges over fluorine (692-682 eV), oxygen (536-526 eV)
and carbon (293-282 eV) were acquired using high energy
resolution settings. Oxygen was only found in the first
measurement before sputtering and was excluded from the
composition calculations. To compensate for the di er-
ent tendencies to generate photoelectrons, the results were
recalculated using atomic sensitivity factors (fluorine 1 and
carbon 0.196 [33]). The depth profiles are shown in Fig. 6.

Due to the C—F bond being quite sensitive to sputtering
(preferential sputtering of fluorine) [30-32] a low sputter
energy was used. At the beginning of the depth profile, the
two measured spots of the polymer-tribofilm are very similar
with a high carbon content. With sputtering, the carbon
content starts to decrease until reaching a turning point
(20 min for spot 1 and 40 min for spot 2). After the turning
point, there is a slow decrease in fluorine content, which
could be accredited to the preferential sputtering of fluorine.
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Thus, the data after the turning points have limited value. It
appears there is a very thin tribofilm covering the surface,
which is sputtered through quickly. The tribofilm mainly
contains carbon but also a significant amount of fluorine.
The time to sputter through the film, and thus the thickness,
depends on what is beneath it. Spot 1 is covered by a thinner
film and the material beneath has almost a 2:1 relation
between carbon and fluorine. Spot 2 is covered by a roughly
twice as thick tribofilm and the material beneath has almost
a 1:2 relation between carbon and fluorine. The relation
between carbon and fluorine at the turning points indicates
that at spot 2, the PTFE matrix was underneath the tribofilm
and at spot 1, both carbon fiber and PTFE were underneath.
However, the absolute atomic concentration values depend
on which atomic sensitivity factors are used and literature
are not consistent on what factors to use [33-35].
Investigating the binding energies closer further indicates
that the CF/PTFE surface is covered by a very consistent
film. The binding energy peaks of both fluorine 1s and car-
bon 1s appear at the same energies both before the sputtering
and at the respective turning points of the depth profiles, see
Fig. 7. The peak positions indicate both the presence of C-C
bonds (284.5 eV) and C—F bonds (between 288 and 293 eV
depending on the type of bond). The characteristic peaks
for the C—F bonds in PTFE are around 292.5 eV for the C1s
and about 689.5 eV for the F1s [33, 36], which are both at
higher binding energies than the observed C—F related peaks
in Fig. 7. The binding energy of ~687 eV, as observed in
Fig. 7, is commonly reported for the F1s in C—F bonds in
fluorinated carbon materials [37—40]. Generally, lower bind-
ing energy in the C1s in the C—F bonds was also reported
in the cited papers compared to the C—F bonds in PTFE. A
similar trend has been observed in an XPS study of di erent
organofluorines, where the binding energies for C-F bonds
increased with a higher F/C ratio of the compound [41].
Hence, the negative energy shift observed in Fig. 7 for the
C-F bonds strongly suggests tribochemical bonding between
carbon wear particles and heavily defluorinated PTFE. No
positive energy shift could be observed throughout the depth
profiles, which would indicate undamaged PTFE. However,
this is expected due to the preferential sputtering of fluorine.
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Fig.5 Scanning X-ray Image (SXI) (a) of the worn CF/PTFE surface and associated fluorine (b) and carbon (¢) maps. The topography and opti-
cal appearance of a similar region of the surface and at a similar scale are depicted in d and e, respectively (Color figure online)

Scanning transmission electron microscopy (STEM)
image of the cross-section of the steel-tribofilm, Fig. 8,
shows that the surface of the film is super smooth. The maxi-
mum peak-to-valley height (Rmax) is about 10 nm, indicat-
ing that the average roughness (Ra) of the steel-tribofilm
for the analyzed cross-section may be in the range of a few
nanometers or less. This indicates a remarkable reduction

1.0

in local contact stresses, as a result of the increased real
contact area. Surprisingly, the steel-tribofilm, and more
importantly, the surface of the film, mainly consists of a
polycrystalline material. The spacing of the lattice fringes
in Fig. 8d, 0.34 nm and 0.26-0.27 nm, corresponds well
with the d-spacing of the (101) and (110) planes of iron (I1)
fluoride (FeF,) [42, 43]. This is further supported by the
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Fig.6 XPS depth profiles from two di erent spots of the polymer-tribofilm
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Fig.8 a—e STEM bright-field (BF) images of the cross-section of the steel-tribofilm at various magnifications and f EDS map of the region
shown in e. The location of the b—e images are indicated in a. The sliding direction was left to right (Color figure online)
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overlapping iron and fluorine elements in the transfer film in
the EDS map, Fig. 8f. Moreover, the atomic ratio of F/Fe in
the steel-tribofilm was roughly 2. The lattice fringe spacing
of 0.26-0.27 nm could also correspond to the d-spacing of
the (104) plane of iron (I11) fluoride (FeF;) [43, 44]. How-
ever, due to the lack of lattice fringes corresponding to other
planes of the FeF;, such as the d(012) =0.37 nm, it can be
disregarded as a main constituent of the tribofilm. Supple-
mentary SEM—-EDS analysis (see Online Resource 1, Fig.
S1) also suggests that a small amount of chromium fluoride
may be present in the steel-tribofilm.

The finding that the sliding surface of the steel-tribofilm
is mainly iron fluoride goes against previous studies [15, 45],
where the sliding surface of the steel-tribofilm in a similar
environment was believed to consist mainly of carbon. A
significant amount of carbon is indeed present in the steel-
tribofilm, but mainly below the surface as indicated by the
regions with turbostratic structure in Fig. 8b, ¢ and the
subsurface carbon regions in the EDS map Fig. 8e. The
rather random distribution of carbon in the steel-tribofilm
implies that worn carbon fiber particles in the sliding
interface have simply filled voids in the tribofilm. Due to
the continuous generation of iron fluoride in the sliding
interface, the carbon inclusions become covered. Note
that the thick layer of carbon at the top of the EDS map
is the protective carbon layer applied during FIB sample
preparation. The protective layer and the carbon inclusions
could be easily distinguished from one another due to the
di erence in structure.

Other notable observations from the TEM analysis
are the subsurface cracks in the steel-tribofilm found in
several locations, one shown in Fig. 8b, along with grain
deformation of the steel close to the sliding contact.
Moreover, the average film thickness was about 150 nm
for the extracted region, which is close to what has been
estimated with Scanning White-Light Interferometry (SWLI)
previously [4]. Nano-indentations at low contact depths
indicate that tribofilm is relatively hard, with a measured
hardness of roughly 3-5 GPa (see Online Resource 1, Fig.
S2).

The analysis of the “transfer film” formed on the steel
surface, here called steel-tribofilm, strongly indicates that the
film is generated predominantly by tribochemical reactions
between PTFE and the steel surface [46]. Furthermore, no
signal relating to the original polymer has been found on the
surface from FTIR measurement (see Online Resource 1,
Fig. S3). Thus, the use of the term “transfer film” to describe
this film is quite incorrect from its definition [47]. This type
of tribochemically generated film would be better described
as a tribofilm, or more specifically an inorganic tribofilm.

Two lamellas were extracted from the worn CF/PTFE sur-
face to analyze, (1) a cross-section of the tribofilm formed on
the PTFE matrix, Fig. 9a—d, and (2) a cross-section of carbon

fibers on the surface, Fig. 9e—g. Figure 9a shows one of the
polished windows of the lamella extracted from the poly-
mer-tribofilm, where the rectangles depict regions that are
shown in Fig. 9b—d at higher magnification. It was obvious
during the preparation of the lamellas that the PTFE matrix
was preferentially milled away by the ion beam. However, a
relatively large region of the PTFE matrix, with a height of
at least 200 nm, remained below the polymer-tribofilm after
the FIB-milling. The tribofilm formed on the PTFE matrix
is roughly 50 to 100 nm thick and consists of nanoparticle
(NP) agglomerates, Fig. 9b, and turbostratic carbon Fig. 9d.
The latter can be determined by comparison of the structure
and d-spacing of the carbon fiber shown in Fig. 9e. Even
though, slightly higher d-spacings were measured in the
carbon on the tribofilm. The turbostratic carbon was found
both around the agglomerates and inside them. On top of the
agglomerates lies a thin carbon film, about 5 nm thick, that
is preferentially oriented parallel with the sliding surface.
The preferential orientation of the superficial carbon layer
with the sliding surface is commonly associated with low
friction in graphite studies, due to the low surface energy
of the basal planes in comparison with the edge planes [25,
27, 48, 49]. A closer look at the crystalline NPs, Fig. 9d.1
and d.4, indicates that agglomerates contain iron fluoride
NPs, as worn from the steel-tribofilm, and turbostratic car-
bon. The presence of iron fluoride may also be indicated
by the peak around 712 eV in the XPS survey spectrum,
Fig. 4 [50]. Although carbon-rich polymer-tribofilms have
been reported before in dry gas [15, 16, 45], the presence
of a surface-oriented and ultrathin superficial carbon layer
has not. Neither has the presence of NP agglomerates been
reported, which seems to be important for the formation of
the superficial carbon layer. Moreover, the NP agglomer-
ates likely provide structural reinforcement of the polymer-
tribofilm, where the carbon seems to bind the NPs together
and anchor the agglomerates to the PTFE matrix.

A similar tribofilm as on the PTFE matrix can be
observed on the carbon fiber, Fig. 9f, g, where iron fluoride
NPs are embedded on the surface and covered by a thin layer
of surface-oriented carbon. The fast Fourier transform (FFT)
filtered regions in Fig. 9f shows the diagonal orientation of
the bulk CF and how the carbon seemingly grows vertically
between the NPs and then curves around them to finally
orient with the surface. Both the tribofilm between the
carbon fibers and the fibers in contact had very smooth
surfaces, however not as smooth as the steel-tribofilm.

The polymer-tribofilm is strongly adhered to the PTFE
matrix. The low surface energy and the chemical inertness of
PTFE make it unrealistic to attribute the strong adhesion to
van der Waals forces solely. Instead, chemical reactions need
to be considered. As strongly indicated by the vast amount of
iron fluoride in the steel-tribofilm, the defluorination of the
PTFE molecules must take place to a large extent. Density
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Fig.9 TEM and STEM images of the cross-section of the tribofilm
formed on the PTFE matrix (a—d) and on a protruding fiber (e-g).
Marked regions in d, f, g, have been filtered using fast Fourier trans-

function theory (DFT) simulations [51] have also shown that
defluorination is the most probable degradation mechanism
of the PTFE molecule. The high degree of defluorination
of PTFE molecules in the sliding interface results in a vast
amount of carbon radicals in the defluorinated molecules.
These could covalently bond with the turbostratic carbon,
illustrated in Fig. 10, which possibly explains the strong
adhesion between tribofilm and the PTFE matrix. Chain
scission of the PTFE molecule, which is also a likely deg-
radation mechanism of the PTFE [51], could also provide
similar anchoring of the polymer-tribofilm. The creation
of carbon radicals through degradation of the PTFE may
also explain the significant amount of PTFE throughout the
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Thin carbon film preferentially oriented
parallel to surface

form (FFT) to highlight the structure of the carbon and the crystalline
nanoparticles (NPs)

polymer-tribofilm as shown by the XPS analysis. Hypotheti-
cally, wear particles of PTFE and carbon fiber are mixed and
churned in the sliding contact, bonding to each other through
covalent bonds and van der Waals forces. In the process,
nano-sized wear particles from the transfer film (iron fluo-
ride NPs) get mixed in as well. The nanoscale agglomerates
then anchor to the PTFE surface, as described previously.

3.3 Tribological Comparison with Graphite
In an attempt to elucidate the governing mechanism behind

the friction and wear of the tribo-generated surfaces, com-
plementary tribotests were conducted with pure graphite
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Fig. 11 Coe cient of friction (a) and height loss (b) for graphite 0.5 MPa, respectively, for “Mild” conditions and 0.75 m/s and 2 MPa
samples sliding against pre-generated steel-tribofilm and steel coun- for “Severe” conditions (Color figure online)
terface. The sliding velocity and contact pressure were 0.2 m/s and

Fig. 12 Graphite surface before
(a, b) and after (c, d) sliding
against steel-tribofilm in dry
nitrogen. The surface before
sliding has been grinded against
2000p abrasive paper. a and ¢
Was taken with LOM and b and
d with SEM
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Fig. 13 Optical micrographs
of the wear tracks. The sliding
direction is indicated with a
red dashed arrow (Color figure
online)
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pins. The graphite pins were used to simulate the surface-
oriented carbon film found on the very top of the polymer-
tribofilm, as graphite and non-graphitic carbon have shown
similar friction properties [21, 26]. These pins were tested
against the iron fluoride steel-tribofilm and a bare steel sur-
face, in the same environment as for the CF/PTFE pins.
The results from the tribotests with the pure graphite
tribotests are shown in Fig. 11. The test against the steel
counterface showed high friction (0.45) and the wear was
extremely severe at the mild sliding conditions. The wear
limit was achieved after only 10 min of sliding. The friction
and wear against the steel surface correspond well with the
literature for graphite sliding in a dry nitrogen environment
[21, 25, 52, 53]. Contrarily, the coe cient of friction when
sliding against the pre-generated steel-tribofilm was low
(~0.08) at mild sliding, Fig. 11a and very close to the final
coe cient of friction of the CF/PTFE, Fig. 2. Moreover, no
wear could be measured during the hour-long test, Fig. 11b.
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(a) Typical appearance of steel-tribofilm after sliding against CF/PTFE

(¢) Inner edge of wear track after rough sliding of graphite against
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(b) Center of wear track after mild sliding of graphite against
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(f) Close to outer edge of wear track after sliding of graphite against
steel surface

A test was also conducted at severe sliding conditions, same
as for the tests with CF/PTFE. Initially, the coe cient of
friction, Fig. 11a, was similar to the mild test. However, after
about 130 m of sliding the friction started to increase and a
coe cient of friction close to that against the steel surface
was shortly achieved. Simultaneously, a transition to severe
wear occurred.

The graphite surface before and after mild sliding against
the pre-generated steel-tribofilm is shown in Fig. 12.
As depicted in Fig. 12a, b, the initial surface is very dull
and graphite flakes are randomly oriented. After sliding,
Fig. 12c, d, the surface became smooth and shiny, similar
to the polymer-tribofilm, and it appears as if the graphite
flakes have become oriented with the surface. This corre-
lates well with literature, where a smooth graphite surface
with a bright appearance has been linked to the preferential
orientation of crystallites parallel to the surface after slid-
ing at a low friction state [54, 55]. Contrarily, the graphite
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Fig. 14 Molecular model of a FeF, supercell and b carbon fiber structure. The initial simulation configuration ¢ depicts the applied normal stress
(0,,) on the outer layers of the two molecular models (red dashed rectangles) and their relative sliding motion (Color figure online)
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surface became extremely rough after sliding against steel.
Moreover, Raman measurements (see Online Resource 1,
Fig. S4) of the graphite surface after sliding against the iron
fluoride tribofilm showed higher relative intensity of the
D band compared to before sliding. This indicates that the
near-surface became more turbostratic and less graphitic [7],
i.e. more similar to the carbon in the polymer-tribofilm.
The typical appearance of the steel-tribofilm formed
on steel counterface after sliding against the CF/PTFE
can be seen in Fig. 13a. The steel-tribofilm is very thin
and evenly covers the steel surface. Sliding of graphite
against the steel-tribofilm at mild conditions did not
affect the steel-tribofilm significantly. Narrow streaks of
thicker graphite transfer are sparsely distributed around
the center of the wear track, Fig. 13b. Apart from the
streaks of graphite transfer and signs of slight wear, the
pre-generated steel-tribofilm is mainly intact. Optical
micrographs of the wear track after sliding at the more
severe conditions, Fig. 13c, d, indicate that the pre-gen-
erated steel-tribofilm had been worn off. Uncovered steel
can be seen in several regions where the steel-tribofilm
previously covered the counterface. Moreover, the thick
graphite transfer seems to have adhered directly to the
steel surface, i.e. the pre-generated steel-tribofilm was
likely removed prior to the formation of the thick graphite
transfer film. A similar thick graphite film can be seen

60 80 100 120 140 160 180 200 220

Normal Stress (MPa)

in Fig. 13e, f after graphite sliding directly against the
steel surface.

As clearly indicated by the lack of transferred material
in Fig. 13b, the adhesion between graphite and the iron
fluoride tribofilm is very poor in comparison with
graphite against steel, Fig. 13e. Moreover, the friction
between the graphite samples and the transferred graphite
is evidently high in the tested trace moisture environment.
Due to the similar structure of graphite and non-graphitic
(turbostratic) carbon [12, 13, 56, 57] and their similar
tribological behavior [21, 26, 58], it is highly plausible
that the poor adhesion between iron fluoride and carbon
is key to the low friction in the analyzed CF/PTFE—steel
tribosystem.

3.4 Molecular Dynamics Simulation

To fortify the low adhesion theory and to gain further
insights of the interaction between iron (I1) fluoride and
sp2 carbon, molecular dynamics (MD) simulations were
performed. The molecular model and principal simulation
results are briefly reported in this section. For more details,
the readers are refered to the Online Resource 1, Sect. 5.
In the first stage of preparing the molecular model for MD
simulation, an iron (1) fluoride model was built by expand-
ing the FeF, unit cell [59, 60] into a 10 x 10 % 3 supercell,
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Fig. 14a, using VESTA 3.5.0 [61]. To simulate the carbon
surface, a carbon fiber structure was modeled, Fig. 14b, fol-
lowing the method published by Vukovi¢ et al. [62]. Note
that hydrogen termination technique is employed on the edge
carbon atoms (revealed by the red dots in Fig. 14b) to emu-
late the presence of small quantities of hydrogen, nitrogen,
and oxygen in PAN carbon fibers that may persist following
the manufacturing processes [63]. Moreover, it helps main-
tain charge neutrality in the simulation system. This method
is commonly used for graphene in nanoscale simulations and
is deemed a reasonable approximate [62]. The initial simu-
lation setup was configured according to Fig. 14c, where a
normal stress o was applied in the Z direction on the outer
layers of the molecular models and a relative motion was
applied in the X direction with a velocity V to simulate the
shear deformation.

Simulations were carried out using the LAMMPS pack-
age [64] at three distinct steps. Firstly, the temperature was
increased from 25 to 80 °C during 0.1 ns followed by an
equilibration step for 0.1 ns. Lastly, normal stress and a rela-
tive sliding motion was applied and simulated for 1 ns. Four
simulations were performed at di erent normal stresses,
0=2, 20, 100 and 200 MPa, and with a constant shear veloc-
ity of V=0.75 m/s. A first glance of the recorded simulation
at a normal stress of 2 MPa, see Online Resource 2, shows
that sliding takes place between the iron fluoride and the
carbon surfaces. Moreover, the carbon fiber remains its ini-
tial structure to a high degree and no material transfer can
be observed, indicating low wear. The resulting shear stress
as a function of normal stress are shown in Fig. 15, where
the shear stress is derived from the average shear force from
the last 0.2 ns of each simulation. The results reveal a lin-
ear increase in the average shear stress as the normal stress
escalates, albeit with a distinct o set. To determine the fric-
tion coe cient of the system, a linear equation proposed
by Amontons-Coulomb and expanded by Derjaguin [65] is
employed. The linear expression, z,, = uo,, + 7,, incorporates
the Derjaguin intercept (T,), which depends on the adhesion
at the sliding surfaces. By a linear fit of the shear stress data,
the friction coe cient, y, can be accurately derived. In this
regard, the coe cient of friction between carbon fiber and
iron fluoride is determined to be 0.060, which is very close to
the experimental values. The Derjaguin intercept of roughly
38 MPa in Fig. 15 can be compared to values between 25
and 120 MPa for PTFE-PTFE (as approximated from results
published in [66]) and about 500 MPa for phosphate esters
confined between iron surfaces [67]. Moreover, the interac-
tion energy between the carbon fiber and the iron fluoride
was compared with the interaction energy between an identi-
cal carbon fiber model and a conventional surface, namely
magnetite. Results showed that the interaction energy was
more than twice as high for the magnetite compared to the
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iron fluoride. These observations indicate that the adhesion
between the iron fluoride and carbon surfaces are low.

Overall, the simulation results are in close agreement
with the experimental results and fortifies the proposed
theory that the low friction in the CF/PTFE—steel system
is due to low adhesion between the iron (1) fluoride and tur-
bostratic carbon, which are generated on the steel substrate
and the CF/PTFE surface, respectively.

3.5 Mechanistic Discussion

Metal fluorides are known to participate in the formation
of transfer films in PTFE—metal and certain PTFE
composite—metal tribosystems [46, 68-71], including
the specific material and similar environment as studied in
this paper [15, 45]. However, metal fluorides are typically
reported to firmly adhere a transfer film to its counterface,
not to take part in the actual sliding contact [46, 71, 72]. In
recent publications by Sawae et al. [15] and Kojima et al.
[45], the low friction and wear of a similar CF/PTFE—metal
tribosystem operating in dry hydrogen was attributed to the
sliding between a carbon tribofilm and a carbon-rich transfer
film, as indicated by XPS and Raman analysis. However,
low friction has, to the best of the authors' knowledge, not
been reported for carbon-carbon couples in dry nitrogen or
hydrogen environments in a flat-on-flat sliding configuration.
Generally, moisture is needed in inert gas environments
to promote low friction of graphite or other carbons with
sp2 configuration, through passivation of dangling bonds
[23, 26, 27, 73]. One paper has been found reporting low
friction in argon and helium for sliding graphite couple,
however, information about the residual moisture content
is inadequate [74]. Moreover, the same research group did
not observe low friction in dry hydrogen [54]. Opposed to
previous beliefs [15], our work shows that the carbon in
the steel-tribofilm does not seem to provide any lubricious
properties since it is mainly found below the surface. From
the results and discussion in this paper, the authors strongly
suggest that the sliding takes place between two distinctly
di erent surfaces, namely the iron (I1) fluoride on the steel
counterface and the surface-oriented superficial carbon
layer on top of the polymer-tribofilm and the carbon fibers.
From this insight, the authors propose that the principal
mechanism of the low friction of the CF/PTFE—steel
tribosystem in dry gas is simply low adhesion between iron
(1) fluoride and sp2 carbons. This proposition is supported
by observation from the graphite tests as well as the MD
simulations of carbon fiber sliding against iron (I1) fluoride.
In the graphite test, no visible graphite transfer on most of
the pre-generated iron fluoride tribofilm was detected during
low friction sliding. Moreover, the transition from low to
high friction after a period of sliding at severe conditions
could be attributed to failure of the iron fluoride tribofilm
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and the subsequent heavy transfer of graphite to the steel
surface. The worn graphite surface after sliding in low
friction share several similarities as the sliding surface of
the polymer-tribofilm, including turbostratic structures and
oriented superficial layers. Hence, if the sliding was to take
place mainly between two carbon surfaces in the CF/PTFE—
steel tribosystem as suggested by others, the graphite should
reasonably be able to maintain the low friction and wear
state against the pre-generated tribofilm by supplying carbon
to the sliding interface. From the MD simulations, it was
clear that the interaction between the carbon fiber surface
and the iron fluoride surface was weak and the coe cient of
friction of the system was very close to experimental values.

Since the friction behavior can be related to the carbon in
the polymer-tribofilm, the fluorine in the polymer-tribofilm
must have other functions than providing low friction. As
depicted in Fig. 13, the iron fluoride tribofilm shows signs of
wear even at the mild sliding conditions. This indicate that
without the supply of more fluorine, the iron fluoride film
cannot be sustained for longer sliding durations. Hence, the
presence of fluorine in the polymer-tribofilm may be essen-
tial in maintaining the low friction and wear state by contin-
uous replenishment of the iron fluoride film. As previously
discussed, the nanoparticle (NP) agglomerates likely provide
mechanical reinforcement to the polymer-tribofilm, where
the ultrathin surface-oriented carbon layer prevents interac-
tion with the iron fluoride in the steel-tribofilm. Hypotheti-
cally, the iron fluoride in the NP agglomerates may promote
the formation of a robust and ultrathin carbon layer due to
preferential encapsulation of iron fluoride NPs by carbon,
as indicated in [75]. However, further studies are needed to
determine the exact function of the iron fluoride NPs found
in the polymer-tribofilm. A summary of the characterized
tribofilms formed on the CF/PTFE and steel surfaces after

| (mainly iron (I1) fluoride)

Turbostratic carbon inclusions

sliding in dry nitrogen and proposed mechanisms are sche-
matically illustrated in Fig. 16.

The insights provided in this paper of the ultralow wear
and low friction of CF/PTFE sliding against steel in high-
purity nitrogen provides a stronger foundation for researchers
in the field to develop better materials. Finetuning the
composition of the counterface material or adding certain
metallic nanoparticles to the CF/PTFE composite that are
tribochemically compatible with PTFE could likely promote
the formation of even more wear resistant tribofilms.

4 Conclusion

e The two sliding surfaces of a CF/PTFE—steel
tribosystem in dry nitrogen are shown to be vastly
di erent. One is essentially a tribochemically generated
tribofilm of iron (I1) fluoride on the steel counterface.
The other is an ultrathin (~5 nm) surface-oriented
carbon layer with turbostratic structure on the top of
the tribofilm on the CF/PTFE surface. This finding
contradicts suggestions reported in other CF/PTFE
studies in similar environments, where the sliding has
been believed to majorly take place between two carbon-
rich surfaces.

= The carbon-based tribofilm on the CF/PTFE surface
is about 50-100 nm thick and has three main features,
ordered from the surface to the PTFE matrix; (1) the
turbostratic carbon layer preferentially oriented with the
sliding surface, (2) nano-particle agglomerates of iron
fluoride, turbostratic carbon and degraded PTFE, which
likely provides mechanical reinforcement of the tribo-
film, and (3) turbostratic carbon binding the agglomer-
ates together and anchoring the tribofilm to the PTFE
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matrix. The surface oriented carbon layer (1) was also
observed on top of the carbon fibers.

= The iron fluoride-based tribofilm on the steel surface is
about 150 nm thick and has a super smooth surface which
minimizes abrasion of the CF/PTFE surface.

= Tribotests with graphite samples sliding against the
iron fluoride tribofilm, indicate that the low friction of
the CF/PTFE—steel tribosystem in dry nitrogen may
be attributed to the poor adhesion between sp2 carbon
materials and iron fluoride. Unmeasurable wear and
similar coe cient of friction as for the CF/PTFE was
achieved with graphite until the iron fluoride tribofilm
wore o .

= MD simulations of carbon fiber sliding against iron (I1)
fluoride showed weak interaction between the surfaces
and similar coe cient of friction as the CF/PTFE—steel
system. This further supports the proposed mechanism
behind the low friction of the CF/PTFE—steel system.

= The presence of degraded PTFE throughout the cross-
section of the carbon-based tribofilm indicates a
continuous supply of fluorine to the interface. Thus, the
iron fluoride tribofilm can be continuously replenished
and the low friction and ultralow wear state maintained.
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