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Abstract: Lubricating space mechanisms are a challenge. Lubrication must be sustained in different
environments, for a very long period of time, and without any maintenance possible. This study
focuses on the self-lubricating composite used in the double transfer lubrication of ball bearing.
Ball/races contacts are lubricated via the transfer of materials from the cage that is made of the
composite. A dedicated tribometer has been designed for the study. A specificity of the tribometer is
to not fully constrain the composite sample but to let it move, as the cage would do in the bearing.
Four composites (PTFE, MoS2, glass or mineral fibers) where tested in ultrahigh vacuum and humid
air environments. Transfer was achieved with morphologies and composition similar to what is
observed on real bearings. Adhesion measurements performed on composite materials before and
after friction allowed one to explain the differences in tribological behaviors observed (transfer
quality and contact instabilities). Beyond strengthening the composites, fibers are shown to be critical
in trapping mechanically and chemically the transferred material to lubricate and prevent instabilities.
Equilibrium between internal cohesion of transferred material, and adhesion to counterparts must be
satisfied. Mass spectrometry showed that water appears also critical in the establishment of stable
transfer film, even in vacuum.

Keywords: composite; lubrication; friction; wear; adhesion; vacuum; ball bearing

1. Introduction

Lubricating space mechanisms is a difficult task as the mechanisms sees multiple
environments on the ground (UHV, humid air and dry nitrogen) and in space (low Earth
orbit and deep space). Many mechanisms are expected to last multiple years, leading to
very long wear life of the tribological components, up to hundreds of millions of rotations
for a ball bearing [1,2]. In numbers of applications, for example where bearings are
operating in the boundary condition, solid lubrication is preferred to fluid and grease
lubrication [2,3]. Coatings and composites materials are the solutions extensively used,
sometimes in combination [2,3]. This study is focusing on investigating the tribological
behavior of four self-lubricating polymer matrix composite materials, two commercially
available and two under development, used or intended to be used to lubricate ball
bearing. A vast panel of polymer–matrix composites materials have been developed to
lubricate sliding contact [4–11]. Self-lubricating materials are well known to provide low
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friction and low wear in a wide range of sliding speed [7,11–13], temperatures [7,14,15] and
humidity [7,8,16]. Related applications targeted in this study are spacecraft components
whose service temperatures are in a low range within −55 to +50 ◦C [17]. Consequently,
extreme temperatures such as those encountered in cryogenic applications are not of
interest in this study. However, it has been shown that such composites can be successfully
used in such cases [18].

The transfer lubrication (Figure 1d), also called double transfer lubrication, is an
example of “useful wear” because the lubrication is made by a sacrificial cage material.
Indeed, this lubrication process relies on the production of wear particles at the ball/cage
interface by sliding motion [19–25]. Particles are formed during sliding at the ball/cage
contact interface (step 1). The particles, once formed, either fall on the inner race, or form
a cluster at the exit of the contact. Minimal pressure of few MPa is sufficient to ensure
cage wear [4]. Then (step 2), the particles adherent to the ball surface are transported
to the ball/outer race due to the rolling motion of the ball on the race. They enter and
circulate inside the contact to be crushed and compacted. As the ball keeps rolling, some
particles are transferred to the outer race surface and form a layer on the surface, while
others still adhere to the ball surface. At the end of step 2, particles and layers of compacted
particles are formed on both the ball and the outer race. Eventually, at step 3 the same
process takes place at the ball/inner race interface. It should be noted that the particles
that have fallen on the inner race after being formed at the ball/cage interface during step
1 could enter inside the ball/inner race contact at step 3. At the end of step 3, particles
and layers of compacted particles are formed on the inner race. Thus, there is an initial
transfer of lubricating particles from the cage to the ball and a second transfer from the ball
to the races.
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Once the transfer films are formed, the wear rate of the cage must be almost null and
any new particles formed must ensure the renewal of the films. Cage’s wear is critical to
the success of the ball bearing lubrication but it must be kept low to maintain ball to pocket
clearances throughout bearing lifetime [2]. In brief, successfully formulating composites
requires controlling wear particle flows from the cage, their circulation and reuse, and the
mechanisms by which they can form a transfer film and remain adherent to surfaces.

During decades Duroïd 5813 (PTFE matrix, glass fiber and MoS2 particles) has been
widely used as cage composite material. Following the cessation of the Duroïd 5813
manufacturing in the 1990s [3], PGM-HT has been identified by the European Space
Tribology Laboratory (ESTL) and the European Space Agency (ESA) as the best candidate
to replace it as the self-lubricating material for space application, providing some specific
requirements on its fabrication and use [4,26,27]. However, discussions remain on its
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lubrication performances in ball bearings, especially on its capability to transfer material
on both the balls and the races without damaging them to ensure good lubrication [1,28].
To avoid lubrication failure, it has been recommended to coat both the balls and the races
with MoS2 [27]. However, in some cases it is primarily the coating that is lubricating the
contacts and not the composite [29].

Consequently, the uncertainties and limitations of the PGM-HT urge the development
of new material. On the European side, numerous studies at ESTL, Aerospace & Advanced
Composites GmbH (AAC), the French Space Agency (CNES) and ESA mainly investigated
the materials on Pin-On-Disc (POD) or bearing testers [1,26,28,30] and compared the
performances of materials (friction coefficient and wear) depending on the nature of their
constituents using PGM-HT and Duroïd as references. From Pin-On-Disc to bearing a
big gap exists due to the differences in the emulated kinematics. The literature [31–33]
shows that the degrees of freedom of the system applying the contact conditions have a
big impact on the creation and the distribution of the 3rd body inside the contact, which
may lead to the opposite results if the tests are conducted on different tribometers, even if
similar contact conditions are applied. The 3rd body is essentially composed of the particles
detached from the materials initially in contact (called 1st bodies) and circulating inside the
contact [34,35]. Here the 3rd body is eventually becoming the transfer films on both balls
and races, and it carries loads and accommodates velocity at the contact. The 3rd body has
its own mechanical, physical and chemical properties, which make it a different material as
compared to the materials initially in contact.

For this study, a dedicated double transfer test bench (DTTB) [36] to study more
fundamentally the double transfer mechanisms encountered in the dry lubrication of
ball-bearing has been designed and manufactured (Figure 1). This unique setup (further
described in Section 2) fully emulates the cage/ball/race system through a two-contact
configuration. It is able to tackle current limitations of POD, and bearing testers in the study
of transfer lubrication. The aim is to highlight more quantitative criteria to test/validate
and ideally design new materials.

The 2015 ESMATS communication reports the results of the eight composites tested [36],
here the paper focuses on the four main ones with extended morphological and chemical
analysis of surfaces and adhesion measurements to further explain the different tribologi-
cal behaviors. Adhesion is characterized at the nanoscale using atomic force microscope
(AFM), but using cantilevers with stainless steel microbeads fixed in-house on them. Con-
sequently, the adhesion is probed directly with the relevant tribological materials, such an
approach was only used on coating in a previous study [29,37].

Consequently, the DTTB and the associated analysis will help to understand the 3rd
body creation, its circulation inside the contact and ultimately its arrangement to form
the transfer film. In other words, such a unique global understanding approach will help
understand the friction and wear processes governing the double transfer lubrication, and
consequently the associated tribological behavior observed in space mechanisms.

2. Materials and Methods
2.1. Composite Materials

Four composite materials are studied. Among them, 2 reference materials: 1 that
was commercially available (Duroïd 5813) and widely used but whose production ceased
decades ago, and the now recommended composite that is commercially available (PGM-
HT). Table 1 gives detailed information regarding the composites tested. AAC-C1 and
AAC-C9 are the result of a previous study during which several materials were tested on a
common POD test configuration in different environments to identify the most promising
formulation [5]. For those 2 composites, dimensions of both the fibers (in diameter) and the
MoS2 particles lie between those of Duroïd 5813 and PGM-HT. To our knowledge, in AAC-
C1, AAC-C9 and PGM-HT, fibers are dispersed in the matrix with random orientations
in accordance with decades old recommendations [20]. Duroïd 5813 differs in that it
is a bidirectional composite with 2/3 of the fibers oriented in one direction, 1/3 in the
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orthogonal direction, none oriented along the third direction [12]. PGM-HT exist with
different preconditioning and the tested PGM-HT is preconditioned in vacuum at 240 ◦C
for 24 h as recommended by ESA in 2012 [4,27].

Table 1. Composites designation, compositions and mechanical properties. * Measured through X-ray tomography [38].

Composite Supplier Composition Manufacturing
Process

Young’s Modulus
(GPa)

Duroïd 5813 Rogers Corp. (USA)
PTFE matrix

18% MoS2 Ø10 µm *
19% glass fiber Ø3 µm *

Unknown 6.1 [39]

PGM-HT JPM Mississippi (USA)
PTFE matrix

10% MoS2 Ø100 µm *
24% glass fiber Ø20 µm *

Hot compression
molding

preconditioned in
vacuum

1.1 [39]

AAC-C1

Formulation by AAC,
produced by

ENSINGER SINTIMID
GmbH

PTFE matrix
10% MoS2 particles

25% glass fiber Ø13 µm

Hot compression
molding -

AAC-C9

Formulation by AAC,
produced by

ENSINGER SINTIMID
GmbH

PTFE
10% MoS2 particles

15% mineral fiber Ø3 µm

Hot compression
molding -

2.2. Friction Tests
2.2.1. The Double Transfer Test Bench (DTTB)

The double transfer test bench (DTTB) (Figure 1), specifically designed and manufac-
tured for the study, can simulate both cage/ball and ball/race contacts at once. It operates
in a fully equipped environmental chamber. As shown on Figure 1, the bearing is simulated
with 3 samples:

• A barrel shaped roller (Ø 25 mm, roundness Ø 1000 mm) whose motion is only
rotation. A drawing of the specimen is given in Supplementary Materials (SM),

• A plate sample (l = 109 mm, w = 10 mm, t = 14 mm) whose motion is only translation,
• A pad sample (Ø 8 mm) made of the composite to be tested to emulate the cage.

The motion control of the roller and the plate is done via the PID feedback loop in
a master/slave configuration, the master being the ball. It allows performing both pure
rolling and rolling with sliding kinematics. Normal and tangential forces between the
roller and the plate are measured through a XYZ piezoelectric sensor on which the motor
is rigidly fixed. The plate sample is mounted on a structure moving in the x direction. Both
the roller (motor) and the composite pad are mounted on the same bottom plate that moves
vertically to make contact between the roller and the plate, and apply F2. The roller can be
in contact with the composite pad only or with both the composite pad and the plate. The
composite pad is mounted on a sensor measuring the force F1 with a sensitivity of ±0.01 N.
The sensor allows monitoring the variations of the load all along the test. The contact load
F1 between the sample simulating the cage and the ball is applied via two compression
springs. The assembly is guided in the support due to two roller guides. As it is shown
in Figure 1, the assembly is a long-suspended structure that gives the freedom to its end
(basically the surface in contact with the ball) to slightly move around its center position.
Such freedom was chosen as the contact between the ball and the cage in a bearing is far
from being rigidly fixed.

The ball and plate samples are made of AISI440C with a roughness Ra < 0.1 µm. Prior
to experiments, samples are cleaned with respect to a protocol recommended by CNES [40].
Composite samples are machined with respect to the machining process of the real bearing
cages to get a similar surface finish of the socket surface. Finally, no MoS2 coatings are
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deposited on samples in order to study only the capability of the materials to double
transfer on the ball and on the race.

2.2.2. Contact Conditions

The kinematic is an alternative motion. The displacement amplitude of the plate
sample is 75 mm in total, which covers approximately 95% of the roller perimeter. Therefore,
there is no overlapping of the track ends. The linear speed of the ball is 100 mm/s and
representative of space mechanisms’ bearings, such as those used in the STD and Polder [1].
It is also the sliding speed used to preselect the composites C1 and C9 in [30], and to test
other composite compositions [4].

Contact loads are 1.5 N at the contact pad/roller (around 10 MPa of max Hertz
theoretical initial contact pressure) and 125 N at the contact roller/race (0.5 GPa of max
Hertz contact pressure). Experiments are conducted in UHV (10−7 mbar) and in air 50%RH
(relative humidity). Experiments are done in 3 phases of 5000 cycles each to emulate
different working conditions:

• A—Running in with only the roller/composite pad contact to emulate the gentle run
in;

• B—Rolling without sliding with both roller/composite pad and roller/plate contacts;
• C—Rolling with 0.5% sliding with both contacts to emulate severe working conditions.

One cycle gathers both the back and forth motions. All 3 phases are not performed
during each test, which allows one to better study the friction and wear behavior of the
materials in contact. To understand what happens at each step, some materials can see
only phase A or the phases A and B. Experiments containing only phase A allow top
view visualization of the ball. Procurement of materials has been difficult for PGM-HT
and Duroïd 5813 samples with only very limited quantity. Phases A and B allowed for
reproducibility assessment of the tests. Consequently, a video camera was used to study
the friction track on the ball.

2.2.3. Real Time and Post Tribological Tests Analysis

A quadrupole mass spectrometer (QMS 200, Pfeiffer Vacuum) was used to continu-
ously monitor the composition of the vacuum environment and the adsorption/desorption
triggered by friction. Such monitoring allows tracking the degradation of the materials
in contact during a friction test, determining which of the material is mostly stressed,
and detecting if molecules from the vacuum environment are used by the contact [41–45].
Focus is on the masses relevant to the degradation and wear of PTFE, stainless steel and
MoS2 [45–48]. Interest is also given to gaseous species known to affect the tribological
behavior of the different constitutive elements of the composites (water, oxygen, carbon
monoxide and dioxide and nitrogen). Numerous atomic masses are taken into consider-
ation for each gas molecules of interest (Table 2). Molecules are fragmented during the
measurement process. The relative abundance of each fragment as compared to the main
one allows determining which molecule is detected. As can be seen in Table 2 one atomic
mass can be representative of multiple molecules.

For a test in which only phase A was performed, live video of the test was recorded to
monitor the transfer of composite material from the pad to the roller. High-definition video
(1920 × 1200) was recorded due to a Nikon D5000 camera whose shutter is maintained
open to get a continuous live view recording on the computer via USB3 connection.

A post-test morphological and chemical analysis was performed. The Keyence VHX-
2000 digital optical microscope was used to study the morphology of the friction tracks.
Eventually, detailed morphological analyses of the friction tracks were conducted under
scanning electron microscopy (SEM) (FEI Quanta 600) in low partial pressure mode (130 Pa)
to not melt the composite material and avoid charging. Chemical elemental analyses are
also conducted using energy dispersive spectroscopy (EDS) (Oxford Instrument) analysis.
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Table 2. Gas molecules of interest and the associated atomic masses in the gas analysis conducted by mass spectrometry
analysis [49]. It was chosen to present hydrocarbon molecules as CxHy molecules because the resolution of the mass
spectrometer vs. the measurement speed is not high enough to confidently dissociate different hydrocarbons.

Molecules Corresponding Atomic
Masses Molecules Corresponding Atomic

Masses

H2O 18, 17, 16, 1 H2 2, 1
O2 32, 16 F 19
CO 28, 16, 12 HF 20
CO2 44, 28, 22, 16, 12 CF4 70, 69, 45, 31, 19
N2 28, 14 C2F4 100, 81, 69, 50, 31, 29, 19, 12

H2S 34, 33, 32 C2F6 (119), 69, 50, 31, 29, 19
SO2 64, 48, 32, 16 CXHY 46, 45, 44, 43, 42, 41, 39, 31, 30,

29, 28, 27, 26, 19, 16, 15, 12, 1Ar 40, 20

2.3. Adesion Measurements

Adhesion measurements were conducted on an Asylum Research MFP-3D AFM
mounted on active damping system to filter out vibration coming from the building. The
whole AFM + active damping system was installed in an acoustic chamber to isolate it
from the room and associated noise.

Parameters used in the adhesion measurement are presented in Table 3. Measurements
were conducted in humid air (50% RH) at room temperature (25 ◦C). All measurements
were done using the same approach and retract speeds, and dwell time (time during which
the bead stays in contact with the surface at the defined load). Multiple loading forces
were used following a defined loading pattern (Table 3). Loading was repeated 6 times
in row at each load, which led to 6 adhesion force values at each load. Six repetitions
were performed to make sure 5 data points per load could be considered. On each sample,
adhesion forces were measured using the same implemented procedure:

1. High resolution image of the 70 × 70 µm2 region of interest (ROI): Prior to the full
adhesion measurement and to make sure the ROI are gathering the 3 main constitutive
elements of the composites (glass fiber, MoS2 particles and PTFE matrix) and 3rd
body particles (for samples that underwent friction). NanoWorld AG NCHR sharp tip
Si cantilevers (42 N/m stiffness) were used for high-resolution imaging of regions of
interest. Using high resolution images allows for confident surface pattern recognition
after scanning with the Ø 20 µm beads prior adhesion measurement. Images appear
blurrier, which can mislead the localization of the constitutive elements. SEM images
of those ROI are also used to fully grasp their morphologies and link them to adhesion.

2. Mounting of the beaded cantilever and stabilization of the environment. Cantilever
is approached towards the surface, put in contact and then retracted just above the
surface to make sure the system reached both an equilibrium temperature and the
required humidity prior doing measurements.

3. Tapping mode image of the ROI with the beaded cantilever.

Adhesion measurements: 3–6 locations of measurement were selected on each con-
stitutive elements of the composite, which led to 9–18 locations on a single ROI. They
were selected far enough from the borders of each component to avoid disturbances on
the measures. Selected locations were randomly distributed and chosen between all com-
ponents to make sure any transfer of material from one component to the bead could be
detected. Such transfer to the probe might impede the subsequent measures and must be
avoided. Eventually, adhesion measurements were performed twice on the first location, at
the beginning and at the end of the round of measurement, to check if adhesion changed,
which would indicate changes on the bead surface.
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Table 3. Parameters used in the adhesion forces measurement. * Beaded cantilevers with borosilicate
bead are commercially available, AISI 440C bead are glued in-house on tipless cantilevers and are
measured. The closest to 20 µm in diameter was chosen for the study.

Parameter Value

Loading Pattern (µN) 1, 2, 3, 2, 1

Measures at each load 6

Approach speed (µm/s) 1.98

Dwell time (s) 1

Environment Humid air (50% RH)

Temperature Room temperature (25 ◦C)

Beads materials and diameter * Borosilicate (Ø20 µm)
AISI440C (Ø19.5 µm)

Studied composites

C1 after Ion Milling
C1 after friction: center and periphery of the track

PGM-HT after Ion Milling
PGM-HT after friction: center and periphery of the track

Pure PTFE for reference

Composites studied in this section were PGM-HT and AAC-C1 composite pads after
complete test (phases A, B and C) in UHV. C9 and Duroïd 5813 had fibers that were thin
and dispersed everywhere, but that can also be found as bundles (Appendix B Figure A2).
The bead was too large to confidently characterize the adhesion with one single element.
Due to the roughness of the samples, smaller bead made it impossible to image the surface
because the cantilever was repeatedly hitting walls. That led to cantilever breakage or
bead removal.

The objective of the adhesion measurement is to characterize the adhesion between the
composite materials with the sliding/rolling counterparts, and to characterize as much as
possible the adhesion between composite internal components when fragments are created
during friction. The selected materials were AISI440C and borosilicate. Ideally, glass fiber
fragments should have been used but geometries were too erratic, borosilicate composition
was similar to the glass fiber except for the sizing that was not known. However, under
friction, fragments were created and overall exposed bulk fiber surface became greater
than the sizing covered surfaces. Table 4 presents the interfaces whose adhesion was
characterized experimentally during the study.

Table 4. Interface whose adhesion is characterized experimentally during the study.

Composite PTFE Glass Fiber MoS2 3rd Body

PTFE -
√

- -
Glass Fiber

√ √ √ √

MoS2 -
√

- -
3rd body -

√
- -

AISI440C
√ √ √ √

As mentioned previously, adhesion measurement was performed using beaded can-
tilevers. Tipless NANOSENSORSTM TL-NCH cantilevers (42 N/m stiffness) modified
in-house with Ø 20 mm AISI 440C stainless steel beads (Sandvik Osprey Ltd, Halesowen,
UK.) were used for adhesion measurements. The AISI 440C beads were cleaned of contami-
nants using a Bransonic1 M1800H ultrasonic cleaner in acetone and ethanol for 5 min each,
and then dried in an oven (Cole-Parmer1 Model 281A) for 30 min at 45 ± 5 ◦C. They were
glued to the cantilevers using PC-Super Epoxy. To remove any contamination covering the
interacting surface of the bead, the cantilevers were submerged in acetone for 1 min, then
in ethanol for 1 min to wash away the acetone and any other residues.
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Considering the limitation of AFM measurements towards the sample roughness,
adhesion measurements have been done on both original bulk material to have reference
values of adhesion prior to friction, and to compare the results with adhesion measured
after friction. The friction track on the composite pad exhibits an elliptic shape surrounded
by a contour comprised of particles and debris that have been ejected outside the contact.
Adhesion is measured in the center of the ellipse and in the periphery where the center
meets the contour. The reference samples were prepared by ion milling (IM) using a
Hitachi IM400-Plus and Ar gas. Adhesion measurements on the IM prepared samples were
done immediately after milling to minimize surface contamination and related impact on
adhesion forces.

3. Results and Discussion

The results will focus on the variations of the normal load F1 at the contact between
the composite pad and the roller, the mass spectrometry (only for UHV tests), and on the
post-test analyses. F1 is the only force discriminating the different composites as explained
in Appendix A. The significant events such as big particle detachment or circulation inside
the contact can be clearly detected on F1 due to the degrees of freedom intentionally given
to the pad (cf. Figure 2 and Section 3.1.1). Instabilities inside the roller/pad contact are
also observable on F1 due to the activation of a resonance frequency of the system. It is
believed that the combination of suspended assembly and the springs greatly amplifies the
magnitude of displacement, hence allowing detection of those instability events during
the friction life of the contact. Changes in the transfer film properties and composition,
even in two contact configurations, directly affect the behavior of the roller/pad contact.
Consequently, F1 efficiently helps to discriminate the materials and link their behavior to
the composite, the friction tracks, and 3rd body compositions and morphologies. Those are
studied with SEM and EDS after the test. The evaluation of both the transfer capabilities of
materials and the 3rd body morphology is qualitative.

3.1. Tests in UHV Environment
3.1.1. Friction Force

Figure 2 displays the mean friction force F1, and its mean and max values measured
as depicted in Appendix A. AAC-C1 displays the most stable F1 force, except for the
significantly high maximum force during Test2A-F due to the circulation of the 3rd body
particles inside the contact, which pushes the pad backward leading to an increase of the
force magnitude. Such big particle circulation was also detected with Duroïd 5813 (Figure
3a) and PGM-HT. All significant occurrences were in phase A of the tests, which makes
sense as all particles were squeezed when entering the roller/plate contact in phases B
and C. Nonetheless, such big particle circulation was occurring more often with PGM-HT.
PGM-HT was also the composite that exhibited the greatest variations in F1. Such medium
high amplitudes of variations might be the result of 3rd body particles hard enough not
to be completely flattened in the roller/plate contact, and consequently large enough to
be detected by the force measurement. All 3D representations of F1 as a function of cycle
number and track length can be found in SM Figure S2.

Overall, PGM-HT performed the worst and exhibited the highest range of variation
around the mean values. Multiple events of big particle generation happened in phase A
for all tests, which may explain the high variations observed in phases B and C. Duroïd
5813 exhibited a rather stable (low variation) but sporadically noisy behavior. Instabilities
were indeed observed with Duroïd 5813, mostly during Test1B-B, but only during a limited
period of time and over a portion of the track length (Figure 3b and Figure S1). It might
be that a run-in was needed to stabilize the interface and the transfer film on the roller to
bring the F1 back to almost constant without significant fluctuations. AAC-C9 composite
exhibited a very similar behavior to AAC-C1, it was also closer to Duroïd 5813 from F1
variations. Instabilities were almost inexistent with both AAC-C1 and AAC-C9. Except for
Test2 A-F where big particle detachment was detected, variation of F1 around the mean
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value was lower than what was observed for AAC-C9, particularly when stresses increased
at the roller/plate contact (phases B and C). Consequently, under vacuum, the composite
AAC-C1 was the best candidate among the four composites studied here.Lubricants 2021, 9, x FOR PEER REVIEW 9 of 32 
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3.1.2. Mass Spectrometry

Figure 4 displays typical mass spectra obtained during the friction tests and it is
mainly showing the degradation of the composite material. For the sake of clarity, and to
highlight levels of the friction induced desorption, all offsets were removed. Focus is on F
based molecules (HF, CxFy), which can be related to the PTFE matrix of the composite [48],
on both hydrocarbons (CxHy) and CO2 that can be related to MoS2 [45,50], and on H2,
which is a typical desorption product of stainless steel under tribological stress [46,50,51].
H2 desorption can also be related to MoS2 to a lower extent [50,52]. Water desorption
is not shown because it is observed on all composite and without any specific trends in
its variation, except for AAC-C1 in phase A. In the latter case, spectra including water
are presented in SI.5, they show adsorption of water during friction in phase A. In all
other cases, it appeared that the water trapped inside the composite material was being
continuously desorbed during friction. Figure 4 displays mass spectra obtained with
Duroïd 5813 and AAC-C1 composites, mass spectra from PGM-HT and AAC-C9 can be
found in supplementary material SI.4.

Duroïd 5813 and PGM-HT show similar behavior. The desorption of F containing
ions directly demonstrates that they are both consumed/solicited for a defined period of
time during phases A and B. Note that during phase A, PGM-HT degradation, in terms
of desorption, was barely detected (Figure S4). To the contrary, Duroïd was significantly
stressed during the first 1000 cycles in phase A, and during the first 2000 cycles in phase B,
as degradation was detected. A similar trend was observed for PGM-HT in phase B (Figure
S4). However, for PGM-HT, there was a large peak of H2 desorption during the first cycles
of phase B, which may be linked to the stainless steel undergoing significant stress [46,51].
That is a reasonable assumption as the absence of degradation of the composite in phase A
may be related to ineffective transfer, and consequently related to the absence of lubrication
of the roller/plate contact. It also supports well the observation of debris comprised of steel
in ball bearings solely lubricated by PGM-HT [1]. In Phase C, both composites appeared to
be degraded/stressed throughout the entire test duration. This might be related to the need
of a higher quantity of transferred material to properly lubricate the roller/plate contact
that is under the severe rolling + sliding condition.

Composites C1 and C9, on the other hand, demonstrated degradation/stress of the
composite throughout the entire test duration for all phases A, B and C (Figure 4 and Figure
S5). The partial pressure elevation detected in the chamber by the mass spectrometer was
2–3 times lower for C1 as compared to C9. However, the friction induced desorption of C1
was within the same range as compared to Duroïd 5813, while C9 show desorption levels
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close to that observed for PGM-HT. This is somewhat counter intuitive as C1 composition
was closer to PGM-HT and C9 composition was closer to Duroïd. However, AAC-C1
adsorbed water during friction (Figure S5), which may contribute to increased friction
stability due to the creation of carboxylate groups on PTFE to anchor the transfer film on
the steel surface [16].
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Regarding the variations of the CO2 desorption levels, it is interesting to note that
they were following the trends of CxHy and CxFy for Duroïd, and for AAC-C1 but only in
phase C. For AAC-C1 it indeed appeared that there were different sequences in desorption,
such variation could be an image of phases of 3rd body production to create and/or refill
the transfer films to ensure lubrication. Over the 3 phases, CO2 desorption dropped much
faster with Duroïd than with AAC-C1. A similar observation can be made with AAC-C9 as
compared to AAC-C1, while PGM-HT was closer to Duroïd 5813. It can consequently be
assumed that MoS2 is continuously and constantly stressed during friction. CO2 is known
to be a common contaminant of MoS2 [45,53], its desorption under friction can therefore be
linked to MoS2 being stressed. If MoS2 is more stressed, it may consequently create a more
lubricious transfer film, which in turn would explain why F1 was more stable with both
AAC-C1 and AAC-C9 as compared to both Duroïd and PGM-HT (Figure 2), particularly in
phases B and C. This is in line with Khedkar [11] that reports that MoS2 is very effective in
improving wear resistance of composites in the presence of glass fibers as the strengthening
phase. H2 desorption levels were approximately the same for all composite in phases A
and B, except for PGM-HT that was exhibiting a peak during the first 200 cycles. In phase
C, H2 was more desorbed with Duroïd than it was with AAC-C1, AAC-C9 and PGM-HT.
Trends of H2 desorption was mostly following desorption trends of CxHy and CxFy, which
might link it to the composite rather than to the stainless steels, except for PGM-HT at the
beginning of phase B. However, another assumption could be that the steel surface needs
to be activated to enhance the transfer of material to the roller and plate surfaces and allow
lubricious layer build up.

At this stage, post-test analyses of the surfaces are required to state on the wear level
of the material.

3.1.3. Surface Analysis

Tables 5 and 6 show overall images of the contact ellipse on the self-lubricating pad
and the raceway on the flat specimen after a complete test, i.e., after the 3 phases A, B and
C. The roller is not shown because the track had the same appearance and morphology as
the raceway on the plate specimen. Optical images of the roller surface after running phase
A of the test are shown in Figure S4.

Table 5. Optical images of the contact area on the composite pad and detailed SEM images of the surfaces. A—fiber;
b—MoS2 particle; c—PTFE matrix; d: third body. Zoomed in image of the white framed region of Duroïd shows the sharp
transition (dotted line) between the friction track and debris.
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Table 5. Cont.

Duroïd 5813 PGM-HT AAC-C1 AAC-C9

SEM
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The two tables show that double transfer was effective with all materials. However,
the qualitative evaluation of the transfer shows that:

− PGM-HT transferred very little in phase A but produced some large clusters (Figure
S4). It transferred very moderately in phase B as well. In phase C, the transfer was
active but remained relatively low while particle production remained at average.
That agreed well with the MS measurements (Figure S5), which shows no desorption
during phase A, desorption of PTFE and MoS2 related molecules during a short period
of time in phase B, desorption of the same species during all phase C. Note that in
phase B there was a peak of H2 prior to CxFy, HF and CO2 desorption. That could
be related to stainless steel stress and activation of the surface to initiate transfer as
hypothesized earlier. At the end of the three phases, PGM-HT transferred very little
but produced a rather large number of particles, which were mainly ejected near the
contact ellipse on the pad. The layer of transferred 3rd body on the roller and the
plate is comprised of a very thin and almost transparent layer with relatively large but
homogeneously distributed clusters on top of it. Production of large particles forming
clusters agreed well with the variations observed in F1.

− Duroïd, like PGM-HT, transferred very little in phase A (Figure S3). However, it
produced few particles, at least of large size (i.e., detectable on F1 measurement). In
phase B, the transfer and production of particles detectable in the F1 measurement
remained low. It is in phase C that the transfer was significantly activated. That
agreed well with MS measurements, in phase A desorption of PTFE and MoS2 related
molecules is seen during a short period of time. Note that there was no peak of
H2 desorption meaning that the surface needed less activation to initiate particle
detachment and transfer from the composite to the steel surface. In phase B, desorption
was higher and lasted longer, which is in line with better transfer, and desorption
occurred during all phase C. At the end of the three phases, the transfer was correctly
carried out, the transferred material, although forming “patches” (smaller than those
formed with PGM-HT) and smoother areas, was homogeneously distributed. A few
particles can be discerned around the racetrack and in and around the ellipse. The 3rd
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body patches demonstrated elevated parts (SEM images in Table 6) as if it sticks to the
counter surface, which brings them up. A sticky 3rd body could explain instabilities
observed on F1 (Figure S1 and Figure 2) via the stick-slip phenomenon. In total, the
volume of particles appeared to be smaller than that produced by PGM-HT.

− AAC-C1 transferred more than Duroïd in all phases and produced significantly fewer
particles (much less ejection around the contact ellipse and the raceway). It is impor-
tant to note that unlike Duroïd 5813, PGM-HT and AAC-C9, AAC-C1 transferred
significantly in phase A, the transfer film on the roller was visible at naked eyes
(Figure S4). Such observation an agreed well with the MS measurements that shows
equal level desorption of PTFE and MoS2 related molecules over the entire durations
of the three phases A, B and C. H2 was not significantly desorbed, which was in line
with no specific damage of the steel, and that consequently confirmed the capability
of the composite to transfer efficiently low volume of material and provide stable
friction (cf. F1 variations in Figure S1 and Figure 2). The distribution of the material
transferred to the raceway on the plane appeared homogeneous. No elevated parts of
patches were observed, contrary to Duroïd 5813. That could mean lower stickiness,
which was in line with the absence of instabilities in F1. That shows that even during
smooth run-in, lubrication could be effective very quickly.

− AAC-C9 appeared to have transferred more than C1 when the test included all phases
A, B and C. It is interesting to note that C9 transferred very little in phase A, but it
produced a larger volume of particles. This goes against what could be expected
considering the high level of desorption as compared to AAC-C1, which transferred
material in phase A. Consequently, high desorption did not univocally mean high
transfer but only high degradation. In phase B, AAC-C9 transfers moderately, then
it transferred more in phase C. Overall, the transfer capability of AAC-C9 was very
similar to PGM-HT. Nonetheless, at the end of phase C, the transferred material
seemed to have a homogeneous distribution on the raceway but was thicker than
what was observed with the other three composites. The volume of particles ejected
in the vicinity of the contact ellipse on the pad was close to what was observed with
Duroïd 5813.

All four composites considered, a significant volume of 3rd body particles remained
trapped in the contact ellipse where friction takes place. Fibers were playing an important
role in the trapping, especially the large fibers comprising PGM-HT and AAC-C1 com-
posites. Indeed, a layer of powdery 3rd body was surrounding the fiber and appeared to
isolate it from the rest of the matrix. This clustering of particle around the fibers could be
enhanced by the opening of the interface due to delamination resulting from friction [12],
the corner edge phenomenon observed with biphasic composites materials [54]. Both
may lead to breakage of the fibers and the creation of fiber-based particles. Here, fibers
however appear to be strongly bounded to the matrix as fibers are cleaved or abraded
during friction without completely removing them from the matrix. Glass fibers have
indeed been shown to poorly resist abrasion during sliding of PTFE composites as reported
by Khedkar [11]. The layer of particles surrounding the fibers in the contact ellipse may also
act as a “buffer layer” to help accommodate stresses around the fibers and limit abrasion of
the counter surface by the glass fibers. Nonetheless, PGM-HT exhibited a larger amount of
fibers aligned parallel to the sliding direction. Such an alignment has been shown to be
detrimental and increase wear [12], which may explain why PGM-HT had large particle
creation and circulation inside the contact. AAC-C1 also exhibited some fibers aligning
parallel to the sliding direction but the reaction with water might mitigate the risk of wear
due to better PTFE and MoS2 transfer.
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Table 6. Optical images of the friction track on the plate sample and detailed SEM images of the surfaces.

Duroïd 5813 PGM-HT AAC-C1 AAC-C9

O.M
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MoS2 particles initially incorporated in the composite also appeared to be strongly
bounded to the matrix, as only few and small fragments were detected in the 3rd body. The
3rd body in the pad contact ellipse was mostly powdery and was a mixture of PTFE, MoS2
and fiber fragments (glass for PGM-HT, Duroïd 5813, C1 and mineral for C9). In some
places in the contact ellipse, the 3rd body forms a compacted patch of material, but such
patches appeared marginal as compared to the powdery one. However, those compacted
patches exhibited morphology similar to the morphology of the transferred materials on
the roller and the plate.

The 3rd body transferred to the plate mostly exhibited a compacted and ductile
morphology (Table 6). Some particles (powdery 3rd body) could also be detected but
only sporadically, big patches were frequent and around the edge of the friction track.
Those patches were 3–6 times bigger than those encountered in the friction track. Small
particles were seen in the transferred films. They were believed to be fiber and MoS2 small
particles (cf. EDS analysis of 3rd body agglomerate in Figure S5). One specific feature was
observed in the transferred film originating from AAC-C1, it is the stacking of a lamellar
material (Figure 5). Small particles can be seen inside each lamella (Figure 5b), similarly
to what was observed in all transferred films. The EDS analysis demonstrated that the
specific layered material created from AAC-C1 was mostly comprised of PTFE and MoS2
particles as evidenced by C, F and S detection. Cr and Fe were fairly detected, this is
the contribution of the steel substrate to the analysis because the transferred film was
thin and the electrons went through it revealing the steel. Si small detection can be both
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due to the steel contribution and the presence of tiny fiber fragments. Those extremely
small fragments may help strengthen the film and help reduce wear similarly to the Al2O3
nanoparticles from the PTFE/Al2O3 composites [6] and hard fillers [10]. Furthermore, SiO2
has been shown to be a beneficial filler to significantly decrease wear of PTFE, maintain low
friction and help improve adhesion of the transfer film [9]. The presence of tiny fragments
of glass fibers in the transfer film that is mostly comprised of PTFE may hence help explain
the stability of friction and low wear observed.
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Figure 5. SEM images of the uncompacted 3rd body trapped inside scars in the friction track on the
plate (a) and a zoomed-in image showing its layered structure in more detail (b). EDS analysis of the
3rd body, spectrum S2, is conducted over the identified square area. (c) AAC-C1 Test1 after the test,
end of phase C.

It is important to note that 3rd body morphologies, such as those encountered on the
pad, the roller and the plate, were observed on bearings lubricated only by a PGM-HT
cages and that they have been operated in “real” conditions on a bearing test set up [36].

Finally, EDS analyses show that in some cases, traces of Fe iron can be found in
the contact ellipse, especially with PGM-HT. This seems to be in agreement with other
studies [1,20], which state that the size of the fibers can influence/increase the abrasion of
the metal counter surface and consequently the detachment of material from the latter.

3.2. Tests in Air 50%RH Environment

For each material, only one test gathering the three phases A, B and C was carried
out under air due to very limited number of samples. However, the stability of the
friction all over the test duration makes it worth presenting them in this section. All
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3D representations of F1 as a function of cycle number and track length can be found in
supplementary information SI.2.

3.2.1. Friction Force

Contrary to the tests under UHV, the variations in F1 in air 50%RH (Figure 6) exhibit
an extremely low amplitude of variation and the absence of noise, for all composites.
PGMT-HT is much more stable than in the UHV environment. Nonetheless, it shows
big particle circulation inside the contact in phase A, and little noise in phase C. Duroïd
5813 was also very stable and exhibited little noise in phase C similarly to PGM-HT. The
AAC-C9 composite exhibited the most stable behavior out of the three composites. It
shows very high stability and better tribological behavior (F1 force wise) than the Duroïd
5813, PGM-HT and AAC-C1 composites. The AAC-C1 composite exhibited variations that
were similar to those observed for Duroïd 5813 and PGM-HT composites. Its behavior
nonetheless stays close to what was observed in UHV in Figure 2.
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circulation inside the contact.

3.2.2. Surface Analysis

The test consisted of three phases A, B and C. It is difficult to make a clear statement
on the evolution of the transfer during each phase, although regular eye inspection of
the samples was done through a side glass window while the tests were running. The
qualitative evaluation of the transfer presented in the section was therefore done over the
three phases.
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Duroïd 5813 presents the “coarsest” transferred layer. It is made up of “patches/clusters”
of material whose size was significantly larger than what was observed under UHV. Patches’
distribution nevertheless appeared relatively homogeneous. PGM-HT demonstrated simi-
lar morphologies with some big patches. For both PGM-HT and Duroïd 5813, the volume
of particles ejected from the contact on the pad seemed less important than that observed
under UHV. However, the ejected material appeared rather compact.

AAC-C1 presents a transferred layer with a granular aspect, less “smooth” than what
was observed after the tests under UHV. The distribution and size of the patches appeared
similar to what was observed after test in UHV. It was formed of “patches/clusters” of
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AAC-C9 was very similar to AAC-C1. Indeed, it presents a transferred layer with a
granular aspect, less “smoothed” than that observed after the tests under UHV. It is formed
of both large “patches/clusters” of material whose size was smaller than that observed
under air with PGM-HT and Duroïd 5813, and of a small cluster evenly distributed across
the friction track. The small cluster was much smaller than those created by AAC-C1, but
the big ones were bigger than the biggest observed with AAC-C1. The contact ellipse was
fairly homogeneous with a few particles ejected in the vicinity of the contact. However,
the volume of particles ejected seemed less important than that observed under UHV and
seemed to be close to that observed under air for Duroïd 5813. AAC-C9 was exhibiting the
lowest volume of particles.

Overall, Table 7 shows that the transferred material observed on the plate was coarser
than what was observed after test in UHV, for all composite materials. The distribution of
material seemed nevertheless relatively homogeneous. The contact ellipse on the pad was
fairly homogeneous with a few particles ejected in the vicinity of the contact. A smaller
ejection distance of the particle away from the contact was not unique to the composites. It
can be observed for MoS2 lubricated bearing tests between UHV and N2 [55]. Interestingly,
PGM-HT, Duroïd 5813, and AAC-C9 exhibited a lower volume of ejected particles as
compared to the UHV test. AAC-C9 was the composite exhibiting the lowest volume
of particles. AAC-C1 did not exhibit significant changes in term of particle creation and
ejection as compared to UHV tests. Krick [56] observed smaller debris created from PTFE
material sliding in the humid environment as compared to the dry environment. AAC-C1
demonstrated the capability to adsorb residual water from the vacuum chamber. That
may explain the absence of significant changes for AAC-C1, and the changes observed
for the three other composites when tested in UHV and in humid air. The presence of
water consequently appeared favorable to PGM-HT, Duroïd and AAC-C9, and most likely
helps in anchoring the PTFE based transfer film [16]. However, dark field light microscopy
images show some coloration of the 3rd body with brown-orange and yellowish colors,
particularly visible with Duroïd 5813 and PGM-HT. This color could indicate molybdenum
oxide formation. Humidity and molybdenum oxides are known to impede MoS2 to reduce
friction and wear [53,57]. Better anchorage of PTFE may help mitigate the negative impact
of MoS2 oxidation.

Therefore, the differences observed in F1 variations between tests conducted in UHV
and in air for PGM-HT, Duroïd 5813 and AAC-C9 in general are most likely due to
delamination [12] and big particles circulation inside the contact, and the lack of water
that prevent sufficient adhesion of the transfer film to the substrate [16,56]. Nonetheless,
the oxidation possibly related to MoS2 observed in air, particularly visible with Duroïd
5813 and PGM-HT, both of which exhibited noise in phase C, might impede the improved
transfer when significant shear stress is applied to the transfer film. Noise could also
be related to stick-slip and/or material stiffness that may not dampen the vibrations
emanating from the contact.

Considering the quality and distribution of the transfer layer and the stability of F1,
AAC-C9 appeared to be a good candidate and AAC-C1.

3.3. Adhesion Measurement

An adhesion measurement was first carried out on both the bulk and friction track
(from double transfer experiments) of PGM-HT and AAC-C1 composites and thus under
laboratory conditions (laboratory humid air and room temperature). For the most promis-
ing composite AAC-C1, a dedicated study was conducted to evaluate the influence of both
environment and temperature on adhesion.

3.3.1. Adhesion between Bulk Composite Material and AISI440C Bead under
Laboratory Conditions

Elementary components of both composites are easily distinguishable on Figure 7.
Bright areas are MoS2 particles, light grey elliptical areas are fibers, and mixed bright/dark
areas are the “PTFE” matrix, which surround MoS2 and fibers. Those optical observations,
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coupled with SEM using the Z-contrast mode when necessary, were used to help position-
ing the cantilever of the AFM and interpreting AFM images. Such an approach allowed
to clearly associate adhesion measurement with the material of interest, i.e., MoS2, PTFE
and fiber.
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Figure 7. Optical observation of local composition and morphology of bulk of (a) PGM-HT and (b) AAC-C1 after ion milling.

Adhesion forces measured on the different locations and for each normal load were
gathered in Figure 8. Overall, the adhesion force measured was not significantly sensitive
to the applied load except, for the PTFE of the PGM-HT whatever the area considered. If the
reason for such an observation was the softness of PTFE (it was the softest material out of the
three components of the composite) similar behavior would have been observed with AAC-
C1, unless the PTFE stiffness was significantly different between both composites. Stress
concentration at the contact between the bead and the PTFE might induce mechanically
activated reaction with water and create bounding between the bead and the PTFE. Further
investigation was needed to fully understand such behavior.
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(b) AAC-C1.

To compare the general trends of adhesion respectively to each component for both
composites, the mean value and the standard deviation of the pull of force measured
on each and every component were computed and displayed on Figure 9. Fibers from
both composites exhibited similar adhesion to AISI440C steel with an adhesion force
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evaluated around 100 nN. Furthermore, the standard deviation shows that dispersion
in the measurement was very low across both composites (Figures 8 and 9). For MoS2
and PTFE, the opposite trend was observed. Even considering the large dispersion in the
measure (high standard deviation), the adhesion force obtained on the PTFE from the PGM-
HT remained between 3 and 8 times higher than for the one obtained with AAC-C1. Note
that the mean value of PTFE adhesion from the PGM-HT was close to the one measured on
a sample of pure PTFE from the reference sample. Within a smaller range, the opposite
was highlighted for MoS2 where the mean adhesion force was nearly twice as higher for
AAC- C1 than for PGM-HT.
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Consequently, the adhesion between the components of the composites and the
AISI440C steel was in favor of a greater transfer of MoS2 to the contacting surface for
composite AAC-C1, which may participate to the creation of a more tribologically efficient
3rd body layer. The proportion of MoS2 within the 3rd body (presence evidenced in Figure
5, spectrum S1) could indeed be higher and help lubrication in UHV. To the contrary, in air,
it may impede the friction, which would partly explain the highest variability of F1 in air
as compared to UHV (Figures 2 and 6).

3.3.2. Adhesion between Friction Tracks of Composite Material and AISI440C Bead under
Laboratory Conditions

Adhesion measurements have also been done on AAC-C1 and PGM-HT composites
after complete (phases A, B and C) double transfer tests (see Section 2.2.1). Optical micro-
scope images of the friction tracks of both composites are shown on Figure 10. Two distinct
regions are defined: the contact periphery and the contact center. The latter corresponded
to the contact ellipse. Their main difference to differentiate both regions lay in the higher
presence of 3rd body particles at the periphery of the contact than at its center.

Multiple locations were selected in both regions on each composite. However, the bar
graph representations could not help dissociating components. It was chosen to plot the
adhesion force as a function of the indentation depth (Figure 11). Such representation gives
access to a qualitative comparison of the stiffness of the materials where the adhesion force
is measured. The higher the value of indentation depth is, the lower is the stiffness of the
tested material. As MoS2 and fiber were stiffer than the PTFE, it could be expected that
indentation depth helps dissociating materials and that clusters of adhesion forces will be
identified. Note that the 3rd body is a mix of several materials and so its stiffness will be
very variable; its composition cannot be reliably determined through the indentation depth
measurement.
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Finally, the surfaces studied were real friction surfaces. A thin layer of 3rd body
transparent to light might exist on top of each material even if it looks like the pristine one
(especially for fibers or MoS2 particles). A difference might consequently appear on both
indentation depth and adhesion force measured in comparison to the one measured on IM
prepared bulk material. To preserve the contact characteristics, the choice has been made
not to ion mill or clean the friction surface.

Figure 11 shows two distinct distributions between the periphery and the center
regions of the contact for both composites. Note that in the center of the contact, no PTFE
data is presented. The size of the bead and the surface geometry made it impossible to be
certain the PTFE region was confidently characterized.

For PGM-HT, the periphery of the contact was characterized by values of adhesion
forces mostly in the range of 250–450 nN, which corresponded to the range of PTFE related
adhesion forces in the bulk (Figure 9). Interestingly, the PTFE at the periphery exhibited
pull-forces in the higher range of the forces measured on the bulk. Compared to the
center region, the fiber and MoS2 materials appeared soft, the indentation depth went
up to 10 nm and 6 nm respectively while it as in the range of 0–3 nm in the center. That
is in line with PTFE coverage. The 3rd body demonstrated highly dispersed values of
adhesion force with three clusters in the ranges from 200 to 250 nN, around 350 nN and
500 to 600 nN irrespective of the normal force applied for the measures. In the center, the
fibers demonstrated two clusters of adhesion force values, one in the range 200–420 nN
and one in the range 600–670 nN. All other materials were undistinguishable and were
clustered in the 200–350 nN range, which was in the range of PTFE related adhesion forces
in the bulk (Figure 9), but in a much narrower distribution as compared to the periphery.
Indentation depth was also very low and below 5 nm. It seems that in the center of the
contact the material was very stiff. A first set of data shows that MoS2, fibers and the
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3rd body exhibited similar adhesion than PTFE from the bulk, which suggest the center
of the contact is covered with thin PTFE based material. It also has exposed fibers that
exhibited very high adhesion with AISI440C (600–700 nN). The stiff contact may be prone
to enhanced propagation of instabilities with low transfer (thin PTFE layer) as depicted in
previous sections. Moreover, if the relatively high stiffness of the PTFE (as suggested by
the indentation depth) may contribute to excessive damage in the composite, particularly
at the fiber/PTFE interface and promote the creation of large fiber based debris [58]. The
stickiness of the fiber may further contribute to a higher risk of excessive wear of the steel
counterpart or of the composite itself as it may increase the risk of delamination. This is
particularly true when it is colinear to the sliding direction [12]. If the fiber is orthogonal to
the contact, then it might benefit from the adhesion and be further eroded to create small
particles that would enhance the transfer film properties [6,9,10]. In the case of PGM-HT, a
large number of fibers are aligned colinear to the sliding direction. The matrix stiffness,
the stickiness of fiber to steel and the fibers alignment, altogether explain the torque noise
during the bearing test and steel particle presence inside and around the bearing [1], and
the detection of Fe inside the contact ellipse on the pad (cf. Section 3.1.3).
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For C1, the periphery of the contact is characterized by a narrower range of adhesion
forces centered on lower values than for the PGM-HT. The range extended from 80 to 180
nN. Such a range was in good agreement with the values of adhesion forces measured on
PTFE and fibers on the bulk material (Figure 8). MoS2 corresponding values were 3 times
lower as compared to the bulk material, meaning potential coverage by PTFE. Indentation
depth were in good agreement with the materials: PTFE exhibited high indentation depths
that were increasing with increasing normal loads, fibers and MoS2 were exhibiting inden-
tation depth in the range of 2–5 nm, which was in line with a much stiffer material. The
3rd body material lay between MoS2/fiber and PTFE clusters in term of indentation depth,
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which makes sense considering it is a mixture of all three components. The adhesion force
value made it however closer to PTFE, which may indicate a high proportion of PTFE
in it. This is in line with the matrix stiffness compared to PGM-HT, and with the large
proportion of fibers orthogonal to the contact, both inducing lower risk of delamination
and large fiber fragment detachment [12,58]. The center of the contact was very different
and adhesion values could be divided into two groups. The first one was located around
100 nN adhesion force value. In that group fiber, MoS2 and 3rd body were found to exhibit
very close adhesion values. MoS2 and the fiber were clustered with adhesion force values
mostly around 90 nN for MoS2 and 110 nN for the fiber. The indentation depth associated
to both of them as in the range from 3 to 9 nm, which was wider than in the periphery.
The indentation depth was also increasing with increasing normal load. The 3rd body
was mostly distributed along 110 nN adhesion force value but in the range of 5–40 nm
indentation depth irrespective of the normal load. In the first group the material appeared
soft and exhibited adhesion forces in the range representative of the fibers in the bulk
material, which suggests the presence of a PTFE/fiber-based material in the locations
where the measurements were made.

The second group is orthogonal to the first one with mostly low indentation depth
(below 8 nN) but a wide range of adhesion forces from 200 to 580 nN. This group gath-
ered the fiber, MoS2 and the 3rd body. However, it could be subdivided into two other
subgroups. The first subgroup was solely comprised of fiber related data. Fibers were
very stiff (indentation depth below 3 nm) but quite adhesive (200–300 nN adhesion force).
Interestingly, in this subgroup, adhesion forces were mostly within the range represen-
tative of MoS2 with regards to the bulk material (Figure 9). The second subgroup was
comprised of MoS2 and 3rd body related data, it was located in the high range of adhesion
forces (450–550 nN). They dissociated the materials very well. MoS2 related data in the
510–550 nN range with indentation depth running from 2 to 5 nm, both adhesion forces
and indentation depth increased with increasing normal load. The 3rd body related data
was in the 480–550 nN adhesion force range and in the 3–8 nm indentation depth range.
The latter was increasing with the normal load, while the former jumps from 480 to 550 nN
when the normal load increased from 2 to 3 µN. MoS2 and the 3rd body related materials
were stiff and might be covered with PTFE based material (indentation depth increasing
with increasing normal load), however it must be very thin. It might also be a different
compaction level as compared to the less adhesive first group, such as the observed materi-
als on the plate (Figure 5 and Table 6). The high values of adhesion forces can be related
to a possible activation of the surface by friction. In the second group fibers were more
adhesive than on the bulk, which was similar to what was observed with PGM-HT. It is,
however, interesting to note that the most adhesive materials were the 3rd body and the
MoS2, and that the least adhesive was the fiber whose adhesion forces was in the range
of MoS2 values measured on the bulk. That might mean that the activation of surfaces by
friction induced high adhesion of MoS2, which transferred easily to get mixed with PTFE
and fibers, and took over the adhesion behavior. That would consequently reduce further
the risk of detachment of fiber. Which would be in line with the assumption made from
F1 variations and surfaces analysis. In parallel, such high adhesion and transfers helps
create a softer and less adhesive group of materials (1st group) that most likely contain
PTFE considering the high indentation depth. Numbers of data points between the two
groups is almost equal for all material. The lubrication might thus be equally supported
by both groups with enhanced contribution of MoS2 in the creation of the 3rd body and
therefore the lubrication. PTFE may help in the 3rd body creation to soften it and help in
the damping. The small fragment of fiber (the composite hard filler) may help modulating
this behavior by modulating the mechanical properties of the transfer film [6,10]. Finally,
the observed reactivity of AAC-C1 towards water may help the 3rd body to adhere to still
and to stabilize friction and wear [16].
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3.3.3. Adhesion of Borosilicate Beads with Composites Materials before and after Friction

Fibers are suggested to play an important role in the stability of friction and in the
mechanical properties of the 3rd body layer. To get better insight into how significant the
fiber’s contribution in the building up of 3rd body layer is, an adhesion measurement was
conducted using a borosilicate bead. Fiber’s composition appeared very close to borosili-
cate. Figures 12 and 13 show the comparisons between the adhesion forces measured with
both borosilicate and AISI 440C steel beads on both the composites AAC1 and PGM-HT.
Measures were performed on bulk material after ion milling, and after friction. Note that
there were not two groups in the center of the contact contrary to what was observed with
AISI440C steel. Center 1 and Center 2 corresponded to the groups identified in the center
of the contact and displayed on Figure 11.
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As expected, the borosilicate bead was very adhesive to the fiber for C1 and it was
exhibiting very high adhesion as compared to the AISI 440C steel. Overall, the borosilicate
was more adhesive to the PTFE, MoS2 and to the 3rd body, as compared to the AISI 440C
steel. Adhesion to AISI 440C steel was higher than the adhesion to borosilicate for the MoS2
and 3rd body that were located in the center of the friction track. Although significantly
lower than the adhesion to the borosilicate, the adhesion of fiber to AISI 440C steel was
higher in Center 2 than in Center 1. Consequently, the fiber may (1) easily and quickly
retain PTFE and MoS2 particles on its surface, which can form a protective lubricious layer
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to slide against the steel counterparts; and (2) be a binder to build a 3rd body layer with
MoS2 and PTFE. Fibers will, however, not impede the transfer of MoS2 and 3rd body to
the steel counterpart’s surface considering adhesion magnitudes can be very high in the
center of the contact, which is the region where the materials are the most stressed. Such
an observation was also consistent with the composition of the transferred layer that was
shown (cf. Section 3.1.3) to be mostly comprised of PTFE and MoS2 based materials.

Surprisingly, the trend was completely the opposite with PGM-HT. The borosilicate
was not exhibiting high adhesion with the fiber as compared to AISI 440C steel, except
after IM. Magnitude of adhesion was not varying much across the materials after friction,
and across both the periphery and the center of the contact. It is believed that a chemical
component, maybe the sizing of the fiber, may be spread all over the contact by friction
and induce a homogenization of the adhesion behavior towards borosilicate material and
AISI 440C steel materials. The higher adhesion of the fiber to AISI 440C steel as compared
to borosilicate for MoS2 and the 3rd body during friction could impede the creation of a
protective lubricious layer on top of the fiber. Considering that the fibers were stiff and
hard as compared to PTFE and the 3rd body, the contact fiber/AISI 440C (the roller) might
impede the transfer via mechanical removal of the material during friction. This added to
the stiff matrix, and to the alignment of fibers colinear to the sliding direction, would in turn
explain (i) the lower capability of PGM-HT to transfer material to the sliding counterparts
as compared to AAC-C1 and (ii) its higher propensity to generate large debris [12,58]. That
overcomes the fact that the 3rd body created appeared more adhesive to steel than the 3rd
body created from AAC-C1. There was a competition between the fibers and the other
tribological materials towards steel that appeared to be in favor of the fiber, leading to lower
performances. It would also confirm why PGM-HT was more subjected to instabilities, and
maybe Duroïd 5813 too. Noise was indeed detected for PGM-HT (Test 3A-B) and Duroïd
5813 (Test1A-B, Test1B-B, Test3A-B) in UHV (Figure 2), and during tests Test1C-B for both
PGM-HT and Duroïd 5813 in air (Figure 6). Adhesion might be exacerbated in UHV due
to the absence of water molecules that might accumulate on the surfaces and react with
PTFE to anchor it to the steel and form the lubricious transfer film [16]. That would also
explain why instabilities are not significant in humid air. Further detailed analysis would
be necessary to fully understand the mechanisms involved.

Fibers have been shown to play a role of mechanical trap to retain 3rd body particles
within the contact (cf. Section 3.1.3). This section now demonstrated that it can play a role
of “adhesion driven trap” to retain lubricious materials via their adhesion on the fiber’s
surface. Good tribological performances are found to be able to have equilibrium between
both actions.

4. Summary and Conclusions

Four different self-lubricating materials were studied and their capability to lubri-
cate ball bearing for space applications was investigated. Among the four composites,
one was commercially available and fabricated until the mid-1990s (Duroïd 5813), one
was commercially available and recommended for such application (PGM-HT) and the
remaining two were prototype composites (AAC-C1 and AAC-C9) to be investigated as
potential alternative to PGM-HT. PGM-HT indeed demonstrated some limitations and new
composites offering more stable performances are required. All composites were made of
PTFE, MoS2 particles and glass (Duroïd 5813, PGM-HT and AAC-C1) or mineral (AAC-C9)
fibers. A dedicated tribometer that allowed us to simulate the double transfer lubrication
was designed for the study. The decision made to give degrees of freedom to the composite
pad to allow it to move around its central position was decisive in reproducing transfer in
terms of particle and layers morphologies. Such freedom is believed to reproduce the ball
bearing cage’s freedom when it is in contact with the ball during ball bearing use.

A test in UHV and in the air environment allowed one to demonstrate that AAC-C1
could be a good candidate to replace both Duroïd 5813 and PGM-HT. The tribological
behavior was indeed very good (good transfer capability and stable friction). The tribo-
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logical tests coupled with mass spectrometry measurements, and AFM based adhesion
measurements on the bulk materials on the worn and unworn materials showed that the
reasons for AAC-C1 to perform the best as compared to PGM-HT were:

• The mass spectrometry measurement showed that one important element was the
continuous transfer of material all along the test, without damaging or wearing down
too much of the composite. It can be compared to smooth erosion rather than abrasion.

• The low delamination issue due to fiber orientation was mostly orthogonal to the
contact. That led to stronger capabilities of smooth erosion of fiber, which in turn led
to nanoparticle creation that was mixing to the transferred material. That helped to
provide relevant mechanical properties to the transfer film to accommodate velocities,
even during severe rolling plus sliding configuration.

• Lower matrix stiffness, which reduced the risk of volume damage and the creation of
large debris (mostly from fibers), and the possible occurrences of instabilities

• Adsorption of residual water inside the vacuum chamber in phase A, gentle running,
which is believed to lead to better transfer and anchorage of the transferred material.
That can constitute a big advantage during the first months, even the first year of
service in orbit for the satellite. Due to surface and material outgassing, the vacuum
level is low and the atmosphere comprised of a high level of water [59–61]. Such water
can help in producing the proper transfer film.

• High adhesion of MoS2 towards steel and high adhesion of fiber towards PTFE, which
were both in favor of the formation of lubricious transfer film. Fibers played an
important role in trapping the particles inside the contact on the pad surface, to
ultimately create a lubricious material. PGM-HT exhibited primarily high adhesion of
fiber towards steel, which further increased the risk of the abrasion of both steel and
the transferred material.

• Equilibrium between internal cohesion of transferred material, and adhesion to coun-
terparts must be satisfied

To further highlight the underlying physical, chemical and mechanical mechanisms
driving the tribological behaviors of the composites, complementary investigations were
needed. The effect of mineral fibers (AAC-C9 case) as compared to glass fibers could be of
particular interest. The complementary investigations include further adhesion/cohesion
investigation in different environments, the effect of the sizing of the fiber, and numerical
modeling of the contacts to get insight of the tribological behavior by entering virtually
inside the contact.
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and optical microscope images of the roller after Phase A test in UHV, Figure S5: Mass Spectra of
PGM-HT, AAC-C9 composites, and AAC-C1 with water variation, S6: Probable error sources of the
experimental data.
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Appendix A

The significant events such as big particle detachment or circulation inside the contact
(cf. Figures 2 and A1) increases in motor torque noise (related to current consumption)
were strongly amplified in the normal load F1. Consequently, F1 efficiently helped to
discriminate the materials and link their behavior to both the composite and the 3rd body
constitutions, morphology, etc. The motor’s current consumption was indeed approxi-
mately the same for each material, and the tangential force measured at the contact between
the roller and the plate. For the latter, the measured force was extremely low (close to the
lower limit of measuring range) due to the rolling motion. A significant increase implies
high adhesion, if not cold-welding, at the contact, i.e., failure of lubrication.
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