i i By Tay|0r & Francis
Tribology Toyar . Frands Group

Transactions

Tribology Transactions

ISSN: 1040-2004 (Print) 1547-397X (Online) Journal homepage: www.tandfonline.com/journals/utrb20

Graphite Lubrication for Rolling Bearings: A
Multiscale Analysis

Omar Zouina, Andreas Klemenz, Max O. Schmitt, Carina E. Morstein, Arn
Joerger, Arne Bischofberger, Martin Dienwiebel, Michael Moseler & Albert
Albers

To cite this article: Omar Zouina, Andreas Klemenz, Max O. Schmitt, Carina E. Morstein,

Arn Joerger, Arne Bischofberger, Martin Dienwiebel, Michael Moseler & Albert Albers (2025)
Graphite Lubrication for Rolling Bearings: A Multiscale Analysis, Tribology Transactions, 68:5,
1014-1035, DOI: 10.1080/10402004.2025.2537758

To link to this article: https://doi.org/10.1080/10402004.2025.2537758

© 2025 The Author(s). Published with
license by Taylor & Francis Group, LLC.

@ Published online: 18 Sep 2025.

\]
C)/ Submit your article to this journal &

||I| Article views: 592

A
& View related articles &'

(&) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=utrb20


https://www.tandfonline.com/journals/utrb20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10402004.2025.2537758
https://doi.org/10.1080/10402004.2025.2537758
https://www.tandfonline.com/action/authorSubmission?journalCode=utrb20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=utrb20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10402004.2025.2537758?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10402004.2025.2537758?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/10402004.2025.2537758&domain=pdf&date_stamp=18%20Sep%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/10402004.2025.2537758&domain=pdf&date_stamp=18%20Sep%202025
https://www.tandfonline.com/action/journalInformation?journalCode=utrb20

TRIBOLOGY TRANSACTIONS
2025, VOL. 68, NO. 5, 1014-1035
https://doi.org/10.1080/10402004.2025.2537758

Ostle

Society of Tribologists
and Lubrication Engineers

8 OPEN ACCESS ‘ ) Checkforupdates‘

Graphite Lubrication for Rolling Bearings: A Multiscale Analysis

Omar Zouina®®

Martin Dienwiebel®?, Michael Moseler®<®

, Andreas Klemenz®, Max O. Schmitt, Carina E. Morstein?, Arn JoergerS, Arne Bischofberger<,
, and Albert Albers®

®Karlsruhe Institute of Technology (KIT), Institute for Applied Materials-Reliability and Microstructure (IAM-ZM), MicroTribology Center (uTC),
Karlsruhe, Germany; PFraunhofer Institute for Mechanics of Materials (IWM), Freiburg, Germany; “Karlsruhe Institute of Technology (KIT),
Institute of Product Engineering (IPEK), Karlsruhe, Germany; dInstitute of Physics, University of Freiburg, Freiburg, Germany; Freiburg

Materials Research Center, University of Freiburg, Freiburg, Germany

ABSTRACT
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This work demonstrates the potential of graphite as a solid lubricant for rolling bearings, distin-
guishing it from its more common use as an additive in oils and greases. A complete multiscale
overview of the tribological behavior of air-sprayed graphite ranging from technical components
to the atomic scale is provided. Rolling bearing tests confirm the efficacy of graphite in reducing
friction and wear, driven by the formation of a tribofilm. These findings are validated by mini trac-
tion machine (MTM) measurements, while microtribometer experiments highlight the dependency
of lubrication performance on coating thickness and applied loads. Furthermore, it is demon-
strated that the tribofilm undergoes a complex multistage evolution until its failure. Humidity-
controlled experiments demonstrate the significant influence of environmental conditions on tri-
bofilm formation and wear behavior. These findings are validated by quantum chemical simula-
tions. Our findings provide insights into the tribological mechanisms of graphite coatings and
offer a foundation for their future application in industrial settings.
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Introduction

Bearings are critical building blocks in a wide range of
mechanical systems. In operation, their performance is dic-
tated by effective lubrication. In fact, when run unlubricated,
bearings exhibit substantial friction and wear, leading to pre-
mature failure and compromised system reliability. While
conventional liquid lubricants, such as oils and greases, are
widely used to mitigate these issues, their usage is rather sel-
dom under extreme conditions such as high temperatures
and loads, or in vacuum. Although dry bearing systems—
such as those incorporating polymer-based materials—have
been developed to operate without lubrication, they are gen-
erally restricted to applications involving relatively low loads
and moderate operating conditions.

Solid lubricants offer a viable alternative for lubricating
tribological contacts in scenarios where elevated temperatures

are unavoidable. Graphite, a prominent example within this
category, is a well-established lubricant with a long history of
applications in various contexts. (1) Its high temperature sta-
bility, which even allows contact with molten metals, (2)
makes it an ideal candidate for high-temperature applications.
Additionally, graphite exhibits high electrical conductivity, (2)
a property that is frequently exploited in its utilization as elec-
trical contact brushes in generators and electric motors.
However, its application as a lubricant in bearings has been
very limited up to now, (3-6) with only a small number of
graphite-lubricated ball bearings commercially available. In
fact, most studies in the literature focus on graphite as an
additive to oils or greases, rather than examining it as a solid
lubricant on its own. (7,8) Further extension of its application
domain necessitates careful optimization of its operating con-
ditions, which requires a deep understanding of its
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List of Abbreviations

AFM atomic force microscopy

CoF coefficient of friction

DFTB density functional tight binding

EELS electron energy loss spectroscopy

HR-TEM high-resolution transmission electron
microscopy

MD simulations molecular dynamics simulations

Ip intensity of the D peak in a Raman spectrum

Nomenclature

Ig intensity of the G peak in a Raman spectrum
MTM mini traction machine

Prerez maximum Hertzian contact pressure

Rpm rounds per minute

SEM scanning electron microscopy

SRR slide to roll ratio

WLI white-light interferometry

tribological properties. This includes its running-in behavior,
the conditions under which lubrication fails, and the relubri-
cation process following lubricant starvation.

Historically, the lubrication properties of graphite have
often been described on the basis on its nanoscale structure.
Since the discovery of its lamellar structure by Bragg in
1928, it has often been hypothesized that the individual
layers might easily slide against each other under shear,
leading to a reduction in friction. (9) This concept, often
referred to as the “deck-of-cards model,” is frequently
depicted in academic publications. (10-13) However, since
the 1930s, it has been well documented that ambient humid-
ity has a significant impact on the lubrication performance
of graphite. (14). In fact, graphite typically exhibits poor
tribological properties in vacuum (ie., dusting effect (15)).
For instance, commutator brushes undergo accelerated wear
in low-humidity environments, a phenomenon that is par-
ticularly problematic in high-altitude aircraft. (16) This
observation has led to the hypothesis that water molecules
might intercalate between the graphite layers, effectively
increasing the interlayer distance and, consequently, decreas-
ing their interaction and leading to reduced friction. (17)
However, this hypothesis was refuted by x-ray diffraction
experiments. (18,19) Extensive experimental investigations
later demonstrated that graphite exhibits good tribological
properties not only in humid air but also in certain gases.
(20) It was therefore asserted that the friction reduction may
originate from water molecules adsorbed on the graphite
surface. (20) These molecules could be regarded as a reser-
voir for oxygen and hydrogen molecules, which might pas-
sivate dangling bonds at surface defects and edges of
graphite planes, thus reducing friction and wear. (21,22)
Recently, this model underwent substantial expansion. (23)
Atomistic simulations of graphite-graphite contacts demon-
strated cold welding and high friction in dry environments.
For sufficiently high water contents, low friction could be
achieved either by the formation of water films on the surfa-
ces or by spontaneous bond passivation accompanied by the
formation of aromatic structures—stable, planar molecular
arrangements composed of hexagonal carbon rings—at the
sliding interfaces. Transmission electron microscopy (TEM)
analyses of worn surfaces revealed the transition of graphite
into turbostratic carbon close to the sliding interfaces.

To methodically address the multifaceted nature of
graphite lubrication, this study employs a systematic

approach, ranging from a macroscopic evaluation down to
the atomic scale, thus ensuring a multilevel examination of
graphite’s tribological properties. A system-level investiga-
tion is included, namely, axial ball bearing tests, due to their
application relevance and complexity. Optical in situ and
torque measurements were conducted to capture dynamic
processes within the tribological contact under application
oriented conditions, offering critical insights into graphite’s
behavior in the contact zone and its applicability. The criti-
cal tribological contact in ball and roller bearings is a rolling
contact, which inherently includes a sliding component.
Consequently, the question arises of whether models devel-
oped for sliding friction can be transferred to these contacts.
To address this open question and to complement the
system-level studies, model experiments in a mini traction
machine (MTM) were performed, enabling experiments with
defined slide-to-roll ratios (SRRs). Additionally, microtribo-
logical tests and advanced surface analytical tools provide
valuable insights into the system behavior at the nanometer
scale. These experimental investigations are further sup-
ported by atomistic simulations, which offer a deeper under-
standing of the underlying nanoscale processes, hence
shedding light on the lubrication mechanism of graphite.

Materials and methods
Tribological tests of commercial bearings

In order to gain insights into the buildup of the graphite
lubrication layer in the tribological contact zone and the
material flow dynamics during operation, a test bench for
axial ball and roller bearings equipped with a torque sensor
was used. The test bench was adapted and a validation envi-
ronment for an application-oriented investigation of axial
ball and roller bearings was developed and built up based
on the IPEK X-in-the-loop approach. (24) This approach
facilitates the validation of a subsystem within a system-level
context, considering the environment and other interacting
systems, comparable to real-life applications. (25) The
implemented test configuration allows bearing geometries to
vary by 50 to 100mm in diameter and up to 19mm in
height. It is capable of rotating the bearings at up to
4000 rpm (rounds per minute), enabling the study of high-
speed operations while also supporting a maximum
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compressive force of 8 kN, allowing for the investigation of
various axial load conditions.

Figure 1la illustrates the configuration of the rotational test
bench adapted for the investigation of the friction characteris-
tics. The sample holder is driven at defined speeds by an elec-
tric motor while variable axial loads are applied with a
pneumatic cylinder. The resulting torques on the shaft washer
are measured by a torque sensor, enabling the determination
of the frictional characteristics. The experimental setup takes
into account application-oriented operating conditions for the
bearings, thereby ensuring the transferability of the results to
actual industrial scenarios. Figure 1b illustrates the configur-
ation utilized for optical in situ investigation of the lubricant
distribution dynamics. The purpose of this configuration is to
examine the processes occurring within the contact area while
minimizing disruption to its properties. A high-speed camera,
capable of recording 16,000 monochromatic images per

a

Pneumatic
cylinder

second with a resolution of 1 megapixel, is utilized to monitor
the tribological interface. Ensuring optical accessibility of the
contact area is achieved by substituting the shaft washers of
the bearing with a transparent sapphire crystal disk measur-
ing 85 mm in diameter and 5mm in thickness. The disk is
designed with a flat surface and does not feature any grooves
like the regular bearing washer, to avoid light dispersion in
the contact zone. To ensure accurate recording of the graph-
ite distribution, it was necessary to replace the pneumatic
cylinder with a pressure screw to apply axial load on the sys-
tem under investigation. The presence of the pneumatic
cylinder would obstruct the visibility, making it impossible to
observe the tribological contact. To gain access to the hous-
ing washer of the axial ball bearings, it was necessary to
remove three of the bearing balls from the cage. In addition
to the in situ measurements, the surfaces of the samples and
the sapphire glass disk were ex situ evaluated using a light
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Figure 1. Schematic representation of the tribological testing rig: (a) measurement setup for torque determination bearing test setup, (b) lubricant distribution
dynamics adapted from Dewald et al., (26) (c) mini traction machine (MTM) configuration, reproduced from Morstein, (27) and (d) ball-on-flat microtribometer repro-

duced. (23)



microscope and white-light interferometry to examine the
graphite deposition.

This study analyzes axial ball bearings of type 51208 and
axial roller bearings of type 81208. Testing rolling bearings
offers several advantages, such as high pressures in the con-
tact zone between washer and rolling elements, reduced
complexity of loading due to the absence of cyclic forces,
and improved accessibility of specific components for
detailed analysis as a result of disassembly. The relevant data
for the bearings can be found in Table 1.

To introduce graphite into the tribological contact, sev-
eral techniques were employed, according to the test setup.
In contrast to grease and oil, graphite does not enter the
lubrication gap without external assistance due to its low or
nonexistent viscosity. (30) To measure torque, the test setup
illustrated in Fig. la utilizes a graphite dispersion of 40%
graphite and 60% ethanol, supplied to the tribological con-
tact via a small nozzle using a pneumatic relubrication unit.
Compressed air is utilized to disperse a graphite dispersion
between the rolling elements and the lower raceways of the
bearings. This configuration facilitates the initial lubrication
and periodic relubrication of graphite during the measure-
ment process. A flow sensor and adjustments to the relubri-
cation intervals ensure control of the amount of supplied
graphite. The utilization of a dispersion rather than a solid
form of graphite offers the advantage of enhanced mobility,
which facilitates its transportation into the contact area.
After depositing the dispersion in the contact, the ethanol
evaporates, leaving pure solid graphite for lubrication in the
contact zone. Preliminary measurements demonstrated that

Table 1. Specifications of axial ball bearing 51208 (28) and axial roller bearing
81208. (29)

51208
Axial ball bearing

81208
Axial roller bearing

Bearing type

Outer diameter 68 mm

Inner diameter 40 mm

Width 19 mm

Dynamic capacity 44 kN 107 kN

Static capacity 97 kN 265 kN

Picture Aa ﬂ‘m

. \\.,_
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ethanol does not affect the frictional behavior of investigated
bearings. (31)

In contrast to the torque measurements, the bearings
were not relubricated during operation with the ethanol dis-
persion for the optical measurements (test setup in Fig. 1b),
as this would result in the deposition of graphite dispersion
on the transparent sapphire crystal disk, leading to a loss of
its optical transparency. For these measurements, the testing
process consisted of an initial disassembly of the bearings
and application of a graphite dispersion via an airbrush
spray gun. After deposition, the ethanol rapidly evaporated,
resulting in the formation of a black, matte surface (see
Fig. 2). While the cage, rolling elements, and the lower race-
way were coated with graphite, the sapphire crystal disk was
not lubricated before installation, allowing the examination
of the graphite distribution dynamics. The thickness of the
formed layer was measured to be approximately 100 um by
white-light interferometry. Due to the absence of relubrica-
tion during operation, the lubricant’s lifespan is reduced,
and an increase in friction becomes evident more quickly.
The diverse application techniques of graphite may also
exert a subtle influence on the graphite distribution within
the tribological contact itself. All measurements were con-
ducted at room temperature (between 19 and 25 °C).

MTM measurements

To investigate the behavior of graphite coatings in rolling
contacts, experiments were performed using a mini traction
machine (MTM) as schematically illustrated in Fig. lc. A
graphite suspension was applied to commercially available
steel rings using an airbrush spray gun in consecutive
sweeps at a working distance of 15cm. These steel rings
exhibited a roughness representative of industrial surfaces,
with an average surface roughness Sa = 128 nm. The coating
thickness was maintained at 3.5pm, verified by confocal
microscopy. The coated rings were left to dry at ambient
conditions for 2 days to ensure complete solvent evaporation
before testing. The slide to roll ratio (SRR) was adjusted
between 0 and 15% by varying the velocities of the plate
and the rotating counterbody (a 1/-inch 100Cr6 sphere). To
minimize the impact of environmental conditions (ie.,
humidity), the MTM chamber was continuously purged
with dry pressurized air during each experiment, following a
20-min stabilization period. New counterbodies and plates
were used for each test, and every experiment was repeated
at least three times. The initial Hertzian pressure was set to
1 GPa, corresponding to a normal force of 15.6N. A velocity

Figure 2. Photographs of an axial ball bearing (type 51208) before (a) and after (b) spray-coating with a graphite dispersion.
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of 50mm/s was selected as a middle ground between the
microtribometer tests and large-scale commercial bearing
tests.

Microtribological tests

Polished iron plates were coated with graphite using the
same method that was employed for the steel rings in the
MTM  experiments. As reported in Morstein and
Dienwiebel, (32) several coating thicknesses were tested by
varying the volume flow rate and the number of sweeps. To
investigate the influence of ambient humidity, a consistent
coating thickness of 3.5 um was used. Thicknesses were veri-
fied by confocal microscopy, measuring the step height
between the coated and uncoated substrate. The graphite-
coated iron plates were tested in a microtribometer in linear
reciprocating mode (Fig. 1d), following the setup described
in Morstein et al. (23) and Morstein and Dienwiebel. (32)
Experiments were conducted at ~30°C in a pressurized air
atmosphere, using fresh counterbodies for each test. A
100Cr6 steel sphere served as the counterbody, mounted
onto a double-leaf cantilever with spring constants of k; =
4.802N/m and ky = 1.914N/m. Residual glue was removed
from the contact area prior to testing, using acetone and iso-
propanol. Five graphite layer thicknesses (0.2, 3.5, 6, 10, and
17 um) were tested under three normal forces (69, 165, and
402 mN), resulting in Hertzian contact pressures of 500, 750,
and 1008 MPa, respectively. Each test involved 500 recipro-
cating cycles over a 1-mm stroke length at speeds of
0.1 mm/s or 0.5mm/s, with friction and normal forces con-
tinuously recorded. For the humidity study, only 3.5-um-
thick coatings were used, with tests conducted at 50 MPa
and 1GPa (more details can be found in Morstein et al.
(23)). To ensure reproducibility, all experiments were
repeated at least three times with different batches of iron
plates and counterbodies. Tests on uncoated iron plates with
two roughness levels served as references. For tribofilm
monitoring, experiments were limited to a Hertzian contact
pressure of 1GPa. The tests were performed on coated
100Cr6 bearing steel plates that originated from bearing
rings. It should be noted that the steel plates were kept in
their original roughness state (Sa = 178 nm).

Surface characterization

Prior to and after all tribological experiments, confocal
microscopy was employed to examine wear scars, counter-
bodies, and the topography of uncoated specimens. The
resulting topographical data were analyzed wusing the
SensoMap software (based on MountainsMap from
Digitalsurf) to calculate roughness parameters and to per-
form detailed wear scar analyses. The same software was uti-
lized to determine wear volumes.

A higher resolution topography analysis using atomic
force microscopy (AFM) was performed on the unworn
graphite coating and at different stages of the tribological
test to gain insights into the evolution of these coatings and
the tribofilm formation. Images 10um x 10um were

acquired using an AFM in tapping mode. Later, the
obtained AFM surface images were processed using the soft-
ware Gwyddion. It should be noted that all scans were per-
formed perpendicular to the sliding direction.

A qualitative surface analysis was carried out using a
dual-beam scanning electron microscope with a focused ion
beam. A protective platinum layer with a thickness of
approximately 1 um was deposited on the region of interest
prior to ion beam cutting. Cross sections measuring
approximately 30 um in length and 10 um in width were
prepared using Ga focused ion beam (FIB) cutting. These
cross sections were examined using a scanning electron
microscope in secondary electron (SE) mode with an accel-
erating voltage of 2kV and a current of 0.8 nA.

For preparing lamella for investigation in a transition
electron microscope (TEM) the samples were initially coated
with a thin Pt protective layer followed by a thicker Pt layer
for additional protection. An electron-thin lamella was pre-
pared by FIB milling using an FEI dual-beam instrument.
Coarse milling was performed at 30kV with Ga™ ions, while
final polishing of the sample surfaces (~5000 scans per side)
was conducted at 5kV with an ion current of approximately
70pA. TEM investigations were conducted using a FEI
equipped with an imaging filter. For electron energy loss
spectroscopy (EELS) analysis, the carbon K-edge at 284eV
was recorded by acquiring multiple spectra integrated over
the range of 200 to 610eV with a dispersion of 0.2eV per
channel. The full width at half maximum of the zero-loss
peak was analyzed, yielding an energy resolution of approxi-
mately 0.7eV. A typical acquisition time per measurement
was 1 to 3s, with several spectra accumulated for each
region of interest. The collected spectra underwent back-
ground subtraction and deconvolution to correct for mul-
tiple scattering effects caused by variations in sample
thickness. These processing steps were performed using the
DigitalMicrograph software (Gatan).

Nondestructive chemical analysis was performed through
Raman measurements of wear scars using a Raman spec-
trometer with a 632 nm laser and a 100x objective lens.

Atomistic simulations

Modeling on the atomic length scale was carried out by
using density functional tight binding (DFTB) molecular
dynamics. (33) This approach provided an accurate repre-
sentation of chemical interactions at the interface between
water molecules and graphitic surfaces. However, due to its
computational demands, the application of DFTB was lim-
ited to model systems with lateral dimensions of a few
nanometers, which corresponded to systems consisting of a
few hundred atoms. The time evolution of the systems was
simulated by integrating Newton’s equations of motion
using the velocity Verlet algorithm (34) with a timestep of
0.1 ps. Our model systems consisted of an upper and a lower
block of graphite with a contact area of 13.42 x 8.52 A In
order to investigate the influence of water, either dry con-
tacts or systems with 1-32 water molecules in the gap
between the graphite crystals were studied. After an initial



relaxation of the atomic positions, the systems were pressur-
ized by coupling a rigid layer at the top and one at the bot-
tom of the system to a damped barostat. (35) Sliding was
modeled by moving the upper layer against the lower one at
a constant velocity of 100ms™ for a timespan of 300 ps.
Temperature control was ensured by applying a Langevin
thermostat (34) at a temperature of 300K, with the thermo-
stat acting normal to the sliding direction.

Results
Torque measurements

Preliminary torque measurements employing bearings lubri-
cated by graphite dispersions demonstrated insufficient ini-
tial lubrication, which caused poor running-in behavior.
This is reflected in an increased coefficient of friction (CoF)
and strong fluctuations in the torque signal. To address this
issue, a prelubrication procedure was introduced. The bear-
ings were supplied with graphite dispersion via the pneu-
matic relubrication unit for 200 s under a rotational speed of
250rpm and an axial load of 1GPa. This guaranteed an
adequate initial supply of lubricant within the tribological
contact. Further measurements demonstrated that the lubri-
cation effect endured for a limited timespan, typically a few
minutes. Afterward, degradation set in, leading to increased
friction forces. Therefore, additional graphite dispersion was
applied through periodic activation of the pneumatic relu-
brication system during the measurements to maintain suffi-
cient lubrication. The relevant testing parameters are

Table 2. Overview of the different test parameters for bearing testing.
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summarized in Table 2. Several measurements were repeated
under identical conditions for quantitative analysis.

Figure 3 presents the box plots of the measured CoF rela-
tive to the rotational velocities (a), the applied axial loads
(b), the amount of graphite (c), and the relubrication inter-
val (d). (31) The box plots visualize the measured average
CoF values over the total test duration, derived from mul-
tiple test trials (see Table 2 for numbers of tests). No clear
correlation between rotational velocity and the resulting CoF
could be identified. A decline in the median CoF was
observed with increasing applied axial pressure, from
p = 0.006 for 1GPa to p = 0.003 for 2GPa. The figure
indicates that relubrication time and lubricant amount have
a significant influence on the CoF. Longer relubrication
intervals resulted in an increase in the median CoF (from
p = 0.004 for 60s to 0.01 for 300s). Similarly, a
decrease in lubricant volume resulted in elevated CoF values
(0.1ml: p = 0.008 vs. 0.4ml: p = 0.004). In summary, the
experimental findings indicate that for axial ball bearings, a
typical CoF of approximately p 0.005 can be antici-
pated. (31)

To provide a basis for comparison with other conven-
tional lubricants, axial ball bearings of type 51208 and roller

Table 3. Comparison of the measured average CoF for graphite and grease
lubricants for axial ball bearings (type 51208) and axial roller bearings (type
81208) at different applied axial forces of 1GPa, 1.5 GPa, and 2 GPa for 900s.

Lubricant (bearing type) 1GPa 1.5GPa 2GPa
Graphite (51208) 0.014 0.005 0.002
Grease (51208) 0.008 0.004 0.002
Graphite (81208) 0.024 0.012 0.008
Grease (81208) 0.014 0.008 0.006

Rotating Axial loads Amount of Relubrication Experimental Test runs per
Bearing type velocities [rpm] [GPa] Lubricant lubricant [ml] intervals [s] time [min] configuration
51208 250, 375, 500 1,15,2 Graphite dispersion 0.4 60 15 8
51208 375 1 Graphite dispersion 0.1,0.2,04 60 15 7
51208 375 1 Graphite dispersion 0.4 60, 180, 300 15 6
51208, 81208 250 1,152 Graphite dispersion 04 60 15 1
51208, 81208 250 1,152 grease - - 15 1
0.02 0.02
S (a) s |(b)
2 0.015 | 2 0.015 | |
w w
£ - | £ -
= 001 ‘ | = 001]
9 — — 9 L
S I —— © l \ \
£ 0.005; — [ £ 0.005 } [ L
5] | — — 5] l l
Q i i Q ] ‘
o » B = | 8 . 8 : =
n=250 rpm n=375 rpm n=500 rpm p=1 GPa p=1.5 GPa p=2 GPa
0.02 — 0.02
§ ) s |(d)
2 0.015 | 2 0.015|
w w
ks S
= 001} € 001] -
g ] — , 38
o . ¢ . L O l
% 0.005: - [ € 0.005 | | —_— =
Q S ) 3 !
= ~ » . o == : :
vol=0.1 ml vol=0.2 ml vol=0.4 m| 1=60s t=180s t=300s

Figure 3. CoF of a series of test runs on the axial ball bearings as a box plot for varying speeds (a), applied axial loads (b), relubrication volume (c), and relubrica-
tion interval (d). The box plots represent the mean value over the total test duration, derived from multiple trials. Adapted from Joerger et al. (37)



1020 0. ZOUINA ET AL.

bearings of type 81208 were tested. For each bearing two
variants were investigated: one lubricated with graphite dis-
persion and one lubricated with a typical commercially
available thrust bearing grease. The resulting CoF shown in
Table 3 was compared under different load conditions.

At an applied pressure of 1GPa, the CoFs for graphite
lubrication were p = 0.014 (type 51208) and p = 0.024
(type 81208), while under grease lubrication, lower values of
p = 0.008 (type 51208) and p = 0.014 (type 81208) were
recorded. As the pressure increased to 1.5GPa, the CoF
decreased for both lubricants: The graphite-lubricated bear-
ings reached p = 0.005 (type 51208) and p = 0.012 (type
81208), while the grease-lubricated bearings achieved p =
0.004 (type 51208) and p = 0.008 (type 81208). At the high-
est pressure of 2GPa, the CoF values decreased further,
reaching |1 = 0.002 (type 51208) and p = 0.008 (type
81208) for the graphite-lubricated systems, and p = 0.002
(type 51208) and p = 0.006 (type 81208) for grease lubrica-
tion. The findings indicate that both lubricants are equally
effective in reducing friction. While the performance of
graphite did not fully match that of conventional grease,
their CoF values were comparable, especially at higher
pressures.

The findings indicate that graphite possesses the potential
to function as a lubricant, exhibiting evidence of effective
friction reduction. However, the experimental results in Fig.
3 also demonstrate an increasing CoF for extended relubri-
cation periods. To achieve a more comprehensive evaluation,
the surfaces were analyzed using various microscopy techni-
ques to identify the factors contributing to the reduction in
lubrication effectiveness over time. Figure 4 presents digital
microscope images of the bearing raceways for the axial ball
bearing (Fig. 4a) and the axial rolling bearing (Fig. 4b) cap-
tured after testing. These images reveal that both raceways
are partially covered with graphite and show bright shining
spots indicating exposed metal surfaces. It is evident that,
over time, the lubricant is withdrawn from the contact area,
leading to more frequent metal-to-metal contacts. This, in
turn, results in an increase in friction.

In situ investigation of the graphite transport
mechanisms

The torque measurements demonstrated a good lubricating
effect due to the added graphite. However, the increasing

CoF over time indicates a lubricant loss in the tribological
contact zone during operation. (31) To further investigate
the dynamics at the tribological interface, optical in situ
measurements of the graphite distribution and transport
during operation were conducted using the test setup shown
in Fig. 1b.

Given the lower mechanical stability of the sapphire crys-
tal disk compared to the metal shaft washer in the axial
bearing, the experiments were carried out under a reduced
axial pressure of 0.25GPa. In order to further minimize
mechanical stress on the sapphire disk, and in view of the
fact that previous results showed no significant influence of
rotational speed on the CoF (see Fig. 3), the measurements
were performed at a maximum speed of 50 rpm over a time-
span of 300s. These test parameters are also representative
of real-world industrial conditions, such as tunnel ovens,
where the velocity of the bearings rarely exceeds
50 rpm. (36)

Representative images of the interface at various oper-
ation times are presented in Fig. 5. At the onset of the
experiments, the rolling elements and cages of both bearing
types exhibited black, matte, and homogeneous graphite sur-
faces. In certain regions, the underlying metal became visible
as shiny areas, which is attributed to surface flaking. (37)
The axial ball bearings (Fig. 5a) show a point contact
between the ball and the sapphire crystal plate, whereas the
axial roller bearings (Fig. 5d) exhibit a line contact.

After 60s of operation (Fig. 5b and e), the rolling ele-
ments began to develop larger shiny areas due to progressive
removal of graphite. The rolling elements exhibited an
irregular, matte-glossy pattern, with shiny regions represent-
ing exposed metal and matte regions of remaining graphite.
Additionally, the sapphire plate exhibited first traces of
graphite layer formation, which became more pronounced
over time.

After 300s (Fig. 5¢ and f), a transition in the matte—
glossy ratio became evident. Concurrently, a reduced portion
of surfaces appeared to be covered with graphite. The tribo-
logical interaction between the graphite-coated rolling ele-
ments and the sapphire glass disk leads to an increase in
transfer of graphite particles onto the disk surface, resulting
in the formation of a permanent graphite track. The dimen-
sions of the resulting graphite track are dependent on the
rolling element. In the case of a ball bearing, the point of
contact is typically small, resulting in a 2-mm-wide graphite
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Figure 4. Light-microscope images from the raceways of an axial ball bearing 51208 (a) and an axial roller bearing 81208 (b). The raceways exhibit graphite par-

ticles and uncovered metal surface areas.
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Figure 5. High-speed camera images of axial ball bearings (51208, a-c) and axial roller bearings (891208, d—f) during operation seen through a sapphire crystal
disk, showing the graphite distributions on cages and rolling elements (matte black surfaces) at different times: initial state (t=0s, a, d), after 60s (b, e), and after

3005 (c, f).

15 mm

Figure 6. Optical microscopy (a) and white-light interferometry (b) images showing the graphite trail of the axial ball bearing deposited on the sapphire crystal

disk. Adapted from Dewald et al. (26)

track. Conversely, roller bearings exhibit a significantly dif-
ferent behavior due to their linear contact surface, resulting
in an 8-mm-wide graphite track.

The graphite residues on the sapphire crystal disk shift in
response to repetitive rolling contact. Concurrently, the
graphite particles detach from the rolling elements by cohe-
sion, resulting in an irregularly arranged graphite layer. The
highest concentration of graphite is observed at the point of
contact between the rolling elements and the sapphire crys-
tal disk with a gradual decrease toward the outer and inner
boundaries.

A thorough ex situ investigation of the graphite trail on
the sapphire disk of the axial ball bearing was conducted
using optical microscopy and white-light interferometry
(WLI). (26) The results of this investigation are presented in
Fig. 6. The analysis reveals the presence of three distinct
zones within the graphite trail, identified by both optical

microscopy and WLI examination. These zones are desig-
nated as the contact zone, the transition zone, and the outer
zone. The contact zone is characterized by the presence of
compacted graphite particles, exhibiting an irregular struc-
ture of porous graphite alternating with areas of bare sap-
phire. The height variations within this zone are minimal as
the graphite particles have undergone repeated compression
by the rolling elements during operation. The transition
zone is distinguished by a continuous coating of graphite,
which contributes to its whitish-silvery appearance. The
spherical geometry of the rolling elements causes the graph-
ite to shift laterally, resulting in the formation of an irregu-
lar groove with walls that reach a maximum height of
7.5um. In the outer zone, the presence of fine, regularly
porous graphite deposits was identified, resulting in a dotted
pattern visible in the WLI images. The graphite particle
heights in this zone ranged from 1 to 4um, indicating a
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more uniform distribution compared to the inner and tran-
sition zones. It is noteworthy that the particles in this zone
have no impact on the tribological contact. (26)

Overall, the tribological interaction between graphite-
coated rolling elements and the sapphire crystal disk has
been shown to be dynamic, with the formation and redistri-
bution of graphite tracks influenced by contact geometry,
operating time, and particle detachment mechanisms.

Rolling versus sliding: Impact of the slide-to-roll-ratio

With the aim of this work being to investigate thoroughly
the lubrication capabilities in the usecase of a rolling bear-
ing, it is crucial to examine the performance of graphite as a
solid lubricant under rolling motion in highly loaded con-
tacts. This chapter seeks to shed light on the performance of
graphite coatings under these conditions, the influence of
the SRR on friction and wear, and whether a thin carbon
layer forms, along with how its formation is affected by the
sliding percentage.

Figure 7a summarizes the data obtained in experiments
employing four distinct SRRs. Obtained CoFs at the steady-

state ranged between p = 0.06 and 0.12 for all experiments,
which is on par with the results of sliding experiments. As a
general trend, one could observe a decrease in steady-state
friction while increasing the SRR, except for 0% SRR (“pure”
rolling), where lower steady-state friction was reached, but
with a larger scattering than for the other SRR values.
However, a rather abrupt end of the coating lifetime prior
to 20h was observed as friction rose sharply. Multiple
“steps” were observed in the CoF development for all SRRs.
Figure 7b highlights further the averaged lifetime for the
three experimental repetitions over each investigated SRR.
The end of the lifetime was defined as the moment where
the CoF exceeded the previous 10 cycles by 30%. In this set
of experiments, the possible lifetime reached a maximum at
20h. Increasing the SRR resulted in an extended longevity,
and the limited lifetime gave an asymptotic trend around
20h. In fact, in the case of pure rolling (0% SRR), the coat-
ing failed after 12.2h, with an observed large scattering.
When the SRR is increased to 5%, 10%, and 15%, the
recorded lifetime values of 15.6h, 18.2h, and 18.8h are
reported, respectively. The eventual transport of the graphite
outside the vicinity of the wear track (i.e., lubricant
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Figure 7. Evolution of the friction coefficient with different slide to roll ratios (a). The solid lines represent the average of three repetitions. (b) Average lifetime vs.

SRR. Adapted from Morstein. (27)

SRR =0%

Figure 8. Optical microscopy images of the wear tracks obtained after MTM tests with different SRRs, where the marked dots refer to where Raman measurements

were taken. Reproduced from Morstein. (27)
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Figure 9. Raman peak analysis of the wear tracks: (a, ¢) G-band position in base and counterbody, respectively; (b, d) ratio of D over G bands. Reproduced from

Morstein. (27)

starvation) contributed to limiting the longevity of the coat-
ing. (27)

Figure 8 presents optical microscopy images of the wear
tracks at 250 magnification. These images show the forma-
tion of a thin carbon layer, which increased in coverage and
homogeneity with increasing SRR. Raman spectroscopy was
conducted to analyze the chemical composition and nature
of the wear tracks, gather information about their homogen-
eity and coverage, and investigate whether the composition
of the carbon layer varies depending on the position in the
wear track.

The analyzed Raman spectra consisted of iron oxide
peaks that were detected in the lower wavenumber range
from ~400 to 800 cm ™", as well as the typical graphite signa-
ture peaks (D and G bands). In Raman spectroscopy, the
ratio of the D band intensity (Ip) to the G band intensity
(Ig) is a key indicator of structural disorder in carbon mate-
rials; lower Ip/Ig ratios correspond to a higher degree of
graphitization and a more ordered carbon structure, while
higher ratios indicate greater structural defects and disorder.
The G-band position exhibited a shift to lower values as the
SRR was increased; in addition, the intensity ratio between
the D and G bands increased. On the counterbodies, an
influence of the wear track position on the Ip/Ig ratio was
observed. In Fig. 9, the G-band position (a, ¢) and Ip/Ig
ratios (b, d) for all measurement positions are summarized

over the different SRRs. These measurements were con-
ducted for both the ring (a, b) and the corresponding sphere
(c, d). When visualizing the G-band position and the Ip/Ig
intensity ratio for the rings, a clear trend was observed:
When going from the inside of the wear track to the out-
side, the G-band position shifted to lower values for all SRR
> 5%, for example, from 1607 to 1582 cm ™! for 5% SRR
(see Fig. 9). At the same time, the intensity ratio between
the D and G bands increased, for example, from 1.15 to
1.52 for 5% SRR. On the rings, a clear correlation between
the Ip/Ig ratio and the SRR was observed: As the SRR was
increased, the Ip/I ratio grew as well. For the G-band shift,
the influence of the SRR was less pronounced. On the coun-
terbodies, similar to the graphite-coated rings, an influence
of the wear track position on the Ip/Ig ratio was observed
(see Fig. 9d). The G-band position displayed stronger fluctu-
ations on the counterbody than on the rings (Fig. 9¢), hence
no clear trend could be derived. For the SRR influence, no
clear correlation to the G-band position or intensity ratio
was evident on the counterbody. (27,38)

Sliding friction and wear of graphite: A
microtribological overview

As demonstrated in the preceding section, the sliding com-
ponent plays a crucial role in the longevity of lubricating
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graphite coatings in rolling bearings. Consequently, the fric-
tion and wear mechanisms of graphite were investigated on
a microscopic level, focusing on the effects of layer thick-
ness, humidity, and tribofilm formation. Graphite coatings
of various thicknesses were applied onto iron substrates with
different roughness levels and 100Cr6 bearing steel using an
airbrush spray gun. The samples were tested in a ball-on-flat
microtribometer under varying normal loads to assess fric-
tion behavior, wear resistance, and coating lifetime.
Advanced surface characterization techniques, including
confocal microscopy, SEM, FIB, TEM, and EELS, were used
to analyze microstructural changes and wear mechanisms.

Coating thickness influence

Friction was investigated as a function of the graphite coat-
ing thickness in microtribometer experiments. The CoF val-
ues obtained were observed to decrease with increasing
normal load, with the lowest CoF of 0.12 achieved at a layer
thickness of 0.2 yum under a normal force of 402 mN, corre-
sponding to a contact pressure of approximately 1GPa
(Fig. 10). Compared to an unlubricated steel-iron contact,
lubricating the contact reduced the CoF by up to five times,
with the unlubricated CoF ranging between 0.59 and 0.68.
Ruptures occurred as a sudden increase in CoF and
depended heavily on the combination of normal force and

graphite layer thickness, in many cases approaching CoF
values of the unlubricated contact.

The steady-state CoF was determined by averaging over
the last 10 cycles or prior to a rise in CoF caused by a rup-
ture of the graphite layer (Fig. 11). This rise, referred to as
the “lifetime,” depended on the layer thickness and normal
force and was defined as the cycle where the CoF exceeded
the average of the previous 10 cycles by 30%. An increase in
steady-state CoF by up to 3.6 times was observed with
increasing graphite layer thickness for all tested conditions,
with the lowest CoF achieved at the thinnest layer of 0.2 um.
Graphite lubrication also extended the lifetime of the contact
under all conditions, with a maximal lifetime of 500 cycles
achieved for thicker coatings. The lifetime was influenced by
graphite layer thickness, as thicker layers delayed the rupture
of the coating.

The wear coefficients of the graphite layers and the
underlying iron substrates were investigated after the tribo-
logical test. The method used could not distinguish between
wear of the solid lubricant and that of the iron substrate.
For all graphite coating thicknesses, the wear coefficient mir-
rored the trend observed in the CoF, with the highest values
at the lowest normal force and a decreasing tendency as the
load increased. This suggests that higher loads enhance
graphite layer compression, mitigating shear forces and
delamination. An exception was noted for a 6-um graphite
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Figure 10. Average CoF values for varying loads and graphite coating thicknesses. CoF measurements were performed at loads of 69 mN, 165 mN, and 402 mN for
coatings of different thicknesses, followed by tests at a fixed thickness of 3.5 um under the same loading conditions. Adapted from Morstein and Dienwiebel (32)

with permission from Elsevier b.v.
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layer at 165mN (which corresponds to Pye, = 750 MPa),
where the highest wear coefficient was observed, likely due
to increased surface roughness leading to a broader wear
track and greater material transfer. Similarly, at 69 mN (i.e.,
Pher, = 500 MPa), a 3.5-um layer showed a high wear coef-
ficient, potentially due to insufficient contact pressure to
compress the layer and prevent delamination, as seen in
confocal microscopy images. For the steel spheres, wear was
noticeable when material transfer occurred, evidenced by
flattening in the wear calotte. Unlike the coated iron plate,
the sphere exhibited decreasing wear coefficients with
increasing loads, as wear only occurred when the lubricant
was depleted. Thicker graphite layers reduced wear on the
sphere, with no detectable wear scars for 10-um and 17-um
coatings. While thicker layers provide better counterbody
protection, thinner coatings (0.2um and 3.5um) were
selected for further studies due to their lower friction forces,
attributed to reduced puckering; the detailed analysis is
extensively presented in Morstein and Dienwiebel. (32)

Structural evolution of the tribo-transfer film

The formation of a transfer film on the counterbody is an
important aspect of the lubrication process. Atomic force
microscopy (AFM) imaging of the unworn graphite coated
plates after 1, 10, 100, 500, 1000, and 10,000 cycles by means
of microtribometry revealed significant surface roughness
and some porosity (as shown in Fig. 12). After a few cycles,
the coating exhibited noticeable flattening and a reduction
in roughness, becoming relatively smooth after 10 cycles. At
this stage, the substrate began to show signs of exposure,
with remnants of the coating still present but less distinct.
In the final stages of the tribological test, further surface
smoothening was observed, and no traces of the graphite
coating were visible, indicating complete consumption of the
lubricant layer.

Scanning electron microscopy (SEM) images corroborated
the observations from the AFM analysis (Fig. 13). Initially,
the unworn graphite coating displayed a rough and porous
surface. As the test progressed, SEM images showed progres-
sive flattening of the coating, with an apparent reduction in
surface roughness after a few cycles. By the 10th cycle, the
coating appeared relatively smooth. As the tribological test
went further, portions of the substrate becoming exposed,
with a tribofilm right at the center of the wear scar, were

seen. Additionally, a compressed layer of graphite was
observed in the vicinity of the wear scar, where the load is
less concentrated compared to the center. Over time, this
compressed layer was gradually consumed, eventually lead-
ing to its complete disappearance. In the final stages of the
test, SEM images confirmed the absence of the graphite
layer, with the surface showing only a smoothened substrate,
consistent with complete consumption of the lubricant.

SEM images of the cross sections of the coated plates
obtained using FIB gave further insights in agreement with
the observations from the AFM and SEM images (Fig. 14).
Initially, the unworn graphite coating displayed a high por-
osity. After the first cycle, significant flattening and thick-
ness reduction was observed, presumably by film transfer to
the counterbody. By the 10th cycle, the coating appeared to
be thicker and rather flat with very little pores, as well as a
significant reduction of the transfer layer. This phenomenon
of “replenishment” of the triobfilm was perceived at another
time between 100 and 500 cycles. (32) Over time, this com-
pressed layer was gradually reduced, eventually leading to its
complete consumption.

Humidity dependency

Given that the lubrication characteristics of graphite are well
documented to be significantly influenced by ambient
humidity, a microtribometer in an atmosphere with con-
trolled humidity was utilized to examine the sliding friction
of graphite-covered surfaces. The formed tribofilms were
thoroughly examined, providing insights into their compos-
ition, structure, and role in enhancing lubrication and wear
reduction. Earlier published work has closed a gap in the
overall understanding of graphite lubrication. (23) Figure
15a illustrates the evolution of the CoF under varying rela-
tive humidity (rH) levels ranging from relatively dry to fully
immersed. For rH < 30%, the CoF stabilizes at a low value
after a brief running-in period (<80 cycles). At higher
humidities (37% and 45% rH), a stable low-friction phase is
observed after running in, followed by a steep increase in
CoF. The duration of this phase, referred to as 7y, repre-
sents the number of cycles before the CoF exceeds the aver-
age of the prior 10 cycles by 30%. While 7, shows
significant variation between repetitions at higher H (e.g.,
182, 280, and 440 cycles for 37% rH, and 35, 205, and 220
cycles for 45% H), a clear decrease in average 1y, with
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Figure 12. Topographical evolution of the graphite coating during tribological testing, measured via AFM. Scans were performed perpendicular to the sliding direc-
tion, with the color scale indicating surface height (bright = elevated, dark = low).

increasing rH is evident (>500 cycles for rH < 30%, 300
cycles for 37% rH, and 153 cycles for 45% rH). For a sam-
ple, immersed in water prior to the experiment, no stable
low-friction phase was observed. Figure 15b shows the wear
coefficients of the graphite-coated plates as a function of rH,
determined from wear volume measurements using confocal
microscopy. The wear coefficient is highest under dry pres-
surized air (rH < 5%) and at high humidity levels (rH >
45%). In contrast, intermediate rH levels exhibit significantly
lower wear coefficients, which are approximately an order of
magnitude smaller and show minimal variation.
High-resolution transmission electron microscopy (HR-
TEM) analysis revealed that the structural evolution of the
graphite layer under sliding conditions depends on the
applied load. At a Hertzian contact pressure (Pyey,) of
50 MPa, the coating compresses to 180 nm, retaining graph-
itic bands in the bulk while losing its porous structure as a
thin turbostratic carbon (t-C) layer forms at the surface

(Fig. 16b). At Pye, = 1GPa, the layer compresses further
to under 150nm, undergoing a complete transformation
into t-C. Only parallel graphene bundles at the interface
with the iron substrate remain intact. These transformations
occur irrespective of humidity, as demonstrated by experi-
ments conducted at <5%rH. Initially, the graphite layer is
often terminated by multilayer graphene bundles, but after
sliding, these are replaced by t-C structures near the surface,
regardless of the Hertzian pressure. The EELS analysis
unveils shear-induced transformations in the sp>-hybridized
carbon fraction of the graphite layer. Initially, the sp® con-
tent is homogeneous at 97 + 5%, confirming a purely graph-
itic coating. After sliding at Pyer, = 50MPa, the sp2
content decreases significantly, showing a gradient from
73.0% near the surface to 96.5% near the substrate, indicat-
ing partial transformation to t-C. At Py, = 1 GPa, the sp2
content reduces further, with values ranging from 71% at
the sliding interface to 77% near the substrate. These
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Figure 13. Evolution of graphite coating surface during the tribological test through scanning electron microscopy (SEM) in secondary electrons mode.

changes highlight the progressive transformation of graphite
into t-C under increasing shear and contact pressure, with
the gradient persisting across the layer. ()

Atomistic simulations

A comprehensive understanding of the origin of the
observed humidity dependence of the tribological properties
and the structural transition of graphite to turbostratic car-
bon at the sliding interface requires an understanding of the
underlying processes on atomic length scales. We therefore
use tight-binding molecular dynamics simulations of small
model systems of graphite-graphite contacts (Fig. 17). The
graphite blocks are pressed toward each other using normal
pressures ranging from 1 to 5 GPa, and subsequently sheared
laterally at a velocity of 100 ms™'. The humidity dependence
is investigated by systematically varying the number of water
molecules in the initial gap between the surfaces.
Preliminary simulations with the basal planes of graphite
oriented parallel to the sliding interface did not reveal any
chemical reactions. Consequently, an orientation normal to
the interface was chosen.

The introduction of a substantial quantity of water into
the interstitial space resulted in the complete separation of
the upper and lower surfaces, with only minor forces neces-
sary to shear the crystals against each other. Conversely, the
pressing and shearing of dry systems and systems with a
small amount of water between the surfaces resulted in cold

welding of the graphite crystals (Fig. 17b,g). Consequently,
the shearing of these systems necessitated significantly larger
forces (Fig. 17e,j). In some cases, the spontaneous formation
of aromatic structures was observed in the cold-welded sys-
tems, followed by the separation of the upper and lower
parts (Fig. 17¢,d,i). In some cases, this separation was com-
plete (Fig. 17i), while in others, a small number of covalent
bonds remained, connecting the upper and lower surfaces
(Fig. 17d). In either scenario, the occurrence of the aromatic
transition was accompanied by a substantial decrease in the
shear stresses, which were necessary to drive the shearing
motion (Fig. 17e,j). Repeating the simulations with slightly
modified initial conditions revealed that spontaneous passiv-
ation did not occur in all cases. While in one case a separ-
ation of the upper and lower surfaces was observed, the
surfaces could remain in the cold-welded state in another
simulation utilizing the same normal load and water con-
tent. Consequently, a direct relation between water content
and system structure cannot be established. Therefore, the
probabilities of finding the system in the cold-welded, passi-
vated, few-bonds, and water film regimes are reported (Fig.
18). Overall, the system behavior is dominated by the for-
mation of continuous water films for large amounts of water
and by cold welding for small amounts. The transition
between the regime of predominantly cold-welded to pre-
dominantly water film separated crystals was found to be
pressure-dependent, with higher normal pressures resulting
in a larger number of water molecules required to separate
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0.25
n ' ' ' T <5y sse0s J
— 1%
0.20 E
., 3.0E-03 -
= -
£
0.15 a4
L, 2.5E-03 1
e
0:10, 7 E 20E-03-
0.60 16
O 1.5E-03
0.50 1 &
o]
= 040 b g 1.0E-03
0.30 . g
0.20 . 5.0E-04 - [
© e o
0.10 E
0.0E+00 T T T T T —H—
0 10 20 30 40 50 100
Cycle Relative Humidity [%rH]

Figure 15. CoF evolution with relative humidity; the lower panel depicts tests at higher relative humidities are displayed, with shades of orange/red corresponding
to 37% rH and shades of blue corresponding to 45% rH (a). Wear coefficients with relative humidity (% rH) (b). Adapted from Morstein et al., (23) CC by 4.0.

the surfaces (Fig. 18). Spontaneous passivation is found to distribution, material flow mechanisms, and frictional per-
be of minor significance for the overall system behavior. formance during operation. A significant achievement of

this research was the development of suitable experimental

test setups (see Fig. 1), which facilitate precise torque meas-
Discussion urements and optical in situ analysis of the tribological con-
tact during operation. The implemented configurations
enabled the emulation of application oriented operating con-
This study investigated the tribological behavior of graphite ditions, ensuring the transferability of the results to actual
as a lubricant in bearing systems, concentrating on its industrial scenarios. These newly implemented test setups

Torque measurement
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Figure 16. HR-TEM and EELS analysis of the coating prior and after the tribological test. (a) Unworn, (b) 50 MPa at 5% rH, (c) 1GPa at 24% rH. Adapted from

Morstein et al., (23) CC by 4.0.

proved effective in uncovering critical insights into the
dynamic behavior of graphite as a lubricant in roller
bearings.

The torque measurements in Fig. 3 demonstrate the via-
bility of graphite as a solid lubricant for axial ball bearings.
The findings confirm that graphite lubrication effectively
reduces friction in bearings to a typical CoF of approxi-
mately p = 0.005. This finding shows that graphite achieves
slightly higher CoF but is comparable to conventional lubri-
cants such as oils or greases. The comparative analysis of
grease and graphite as lubricants in axial roller bearings cor-
roborates this observation (e.g., Hgraphite 0.005 vs.
Hgrease = 0.003 at 2 GPa). While graphite did not fully match
the performance of conventional grease, CoF values were
comparable, especially at higher pressures. A decrease in the
coefficient of friction with higher applied axial loads is also
evident in Fig. 3, indicating the potential of graphite as a

solid lubricant for high-load applications. The observed
trend can be explained by several factors. One potential
explanation is that, under higher loads, graphite is com-
pressed in the contact zone, forming a more stable lubricat-
ing film that effectively reduces the CoF. Another potential
explanation is that increased loads smooth out surface asper-
ities, leading to a more uniform contact area and reduced
mechanical resistance. A third potential explanation is that
higher pressures minimize micromovements within the con-
tact zone, thereby enhancing the stability of the tribological
interface and further lowering friction. At higher pressures,
the contacting surfaces are pressed together more firmly,
thereby limiting small relative movements between the sur-
faces that would otherwise disrupt the lubricating layer. This
configuration facilitates a more uniform distribution of the
load, thereby ensuring smoother and more consistent sliding
behavior.
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Figure 17. Tight-binding molecular dynamics simulations of the structural evolution of contacting graphite crystals under shear at normal loads of 1GPa and two
different water contents in the initial gap between the surfaces. In the provided example using one water molecule, the crystals initially cold weld (a, b). Upon slid-
ing, an aromatic structure forms (c), accompanied by the formation of a new sliding interface and a substantial decrease in shear stresses t (e). The surfaces remain
connected by a small number of bonds, which frequently form and break. In other cases, such as the example shown in (f-j) with five water molecules in the initial
gap, the separation is complete (i), accompanied by a further reduction in shear stresses (j). (Figure adapted from Morstein et al., (23) CC by 4.0.)
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Figure 18. Average shear stresses for the different structural regimes at varying water content at normal loads of 1 GPa (a) and 5 GPa (b). The colors indicate the
different regimes, while the marker diameters indicate the probability of finding the system in the corresponding state. The color code corresponds to Fig. 17

(adapted from Morstein et al., (23) CC by 4.0).

In addition to the lubricating effect, the torque measure-
ments in Fig. 3 also revealed difficulties in ensuring consist-
ent lubrication performance, particularly over extended time
periods. The CoF increased with extended relubrication
intervals, suggesting that graphite is not consistently avail-
able within the tribological contact zone, resulting in higher
friction forces. It is evident that a transport mechanism is
responsible for extracting the graphite from the critical sur-
faces, resulting in a decrease in graphite-covered surfaces

over time. The presence of larger uncovered metal surfaces
leads to an increase in metal-metal contacts, causing an
increase in friction within the system. This interpretation is
supported by microscopic images depicted in Fig. 4 and in
situ captured images during operation shown in Fig. 5. The
images provide a clear visual representation of the larger
metal surfaces and the loss of graphite from the contact
zone with increasing operational time. Figure 5 reveals that
graphite detachment from the rolling elements occurs due to



cohesion, and that its redistribution on the sapphire crystal
surface forms distinct graphite tracks.

The microscopic images and white-light interferometry
images in Fig. 6 demonstrate that these tracks exhibit three
characteristic zones: the contact, transition, and outer zones.
Each zone possesses unique structural features and material
deposition patterns. The graphite in the contact zone is the
only component that effectively lubricates the tribological
contact. The transition and outer zones contain residual
graphite deposits that do not contribute to the lubrication of
the tribological contact and are considered material losses.
Progressive removal and redistribution of graphite, driven
by contact geometry and operating conditions, results in
increased metal-metal interactions over time, causing an
increase in CoF. These in situ observations were essential in
understanding the mechanisms behind the increasing CoF
and the loss of lubrication effectiveness over time. Our find-
ings underscore the necessity for a reliable relubrication
mechanism within the bearing to ensure the continuous
supply of graphite to the critical surfaces within the tribo-
logical contact, ensuring the effective lubrication of the ball
bearing over its lifetime.

Sliding versus rolling

While bearing tests demonstrated the potential of graphite
as a solid lubricant, as low CoFs were achieved, the limited
lifetime under realistic conditions calls for a more detailed
investigation of the underlying lubrication mechanisms. To
this end, the lubrication behavior of airbrush-applied graph-
ite coatings was systematically analyzed using mini traction
machine (MTM) testing under rolling friction. The primary
aim was to determine whether a thin carbon layer, indicative
of third-body formation, develops even when the sliding
percentage is below 100%, whether differences in its appear-
ance arise with varying SRR, and how friction, lifetime, and
wear are affected by changes in SRR. Our MTM experiments
showed that increasing SRR led to both a lower steady-state
friction coefficient and longer longevity with lower wear.
One possible reason for this could be that the coverage and
homogeneity of the thin carbon layer increase with higher
SRR values, leading to enhanced tribological performance
(as shown in Fig. 7). Digital microscopy images supported
this hypothesis, as the thin carbon layer seemed to grow in
width and thickness at higher SRR. Iridescence observed in
these areas could be due to thin film interference, suggesting
the formation of a thin, carbon-based tribofilm. Raman
analyses revealed that the G-band position and Ip/Ig ratio
were consistent across all SRR values higher than 0%, indi-
cating a consistent chemical composition of the carbon
layer.

The Tuinstra-Koenig relation was used to calculate crys-
tallite sizes for all areas, which ranged between 15.6 and
36.8 nm, indicating a nanocrystalline structure. The crystal
size decreased from the inside to the outside of the wear
track for all samples and SRRs, with a decrease in crystal
size observed when increasing the SRR on the ring. (39,40)
A hypothesis was put forward by Ferrari and Robertson
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suggesting that at a certain crystallite size and amount of
disorder, the Ip/Ig trend is reversed. (38) This hypothesis
needs further testing through the preparation and analyses
of (HR-) TEM lamella over the width of the wear track and
consecutive EELS measurements to determine the cluster
sizes and the sp” content.

Overall, the obtained results provide valuable insights
into the lubrication behavior of graphite coatings under roll-
ing motion and high loads. Further experiments with higher
SRRs up to 100% could be conducted to evaluate whether
the lifetime will increase further with higher SRR or whether
there is an ideal value.

The results showed that relubrication would be needed
for all investigated SRRs. The adhesion of the graphite coat-
ing to the bearing substrate needs to be improved so that
material transport is decreased, but material transfer onto
the rolling bodies will be ensured. Two possible solutions
for this are coating the inner bearing with an adhesion layer,
and mixing the graphite with a binding material such as
clay.

Sliding friction of graphite

Building upon these findings, the following chapter focuses
on the behavior of graphite under pure sliding motion. By
isolating sliding from rolling in tribological testing, the for-
mation and stability of the thin carbon layer can be thor-
oughly analyzed alongside its effects on friction and wear,
hence unveiling the mechanisms of graphite lubrication in
highly loaded contacts.

The observed trends in CoF highlight the influence of
graphite layer thickness and applied load on the tribological
behavior. Contrary to previous studies that identified min-
imal friction at intermediate thicknesses, this study found
that the thinnest layer of 0.2 um yielded the lowest CoF,
potentially due to reduced plowing effects. Increased thick-
ness likely resulted in higher contact area and friction force
due to plowing. The reduction in CoF with higher loads
aligns with Bowden and Tabor’s theory, (13) indicating that
the real surface area did not increase significantly due to the
compressibility of the graphite layer. The slight deviation at
17 um and 165 mN suggests surface roughness variations as
a contributing factor. Furthermore, higher loads compressed
the graphite layer, creating a harder and flatter coating,
which reduced experimental scattering and fluctuations. The
remarkable reduction in friction achieved in this study, even
with simple deposition methods, underscores the potential
of graphite lubrication. However, the limited lifetime of the
lubricant under large shear forces remains a challenge, as
rupture of the graphite layer transitions the system to
boundary lubrication.

The wear coefficients analysis for all graphite coating
thicknesses followed the same trend observed in the CoF,
with the highest values at the lowest normal force and a
decreasing tendency as the load increased. This suggests that
higher loads enhance graphite layer compression, mitigating
shear forces and delamination. An exception was noted for
a 6-um graphite layer at 165mN, where the highest wear
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coefficient was observed, likely due to increased surface
roughness leading to a broader wear track and greater
material transfer. Similarly, at 69 mN, a 3.5-um layer showed
a high wear coefficient, potentially due to insufficient con-
tact pressure to compress the layer and prevent delamin-
ation, as seen in confocal microscopy images. For the steel
sphere, wear was noticeable when material transfer occurred,
evidenced by flattening in the wear calotte. Unlike the
coated iron plate, the sphere exhibited decreasing wear coef-
ficients with increasing loads, as wear only occurred when
the lubricant was depleted. Thicker graphite layers reduced
wear on the sphere, with no detectable wear scars for 10-um
and 17-um coatings. While thicker layers provide better
counterbody protection, thinner coatings (0.2um and
3.5 um) were selected for further studies due to their lower
friction forces, attributed to reduced puckering. A detailed
analysis is extensively presented in Morstein and
Dienwiebel. (32)

The tribofilm formation is undoubtedly a crucial element
in unveiling the underlying mechanism of graphite lubrica-
tion under high mechanical loads. The experimental results
reported in the section “Structural evolution of the tribo-
transfer film” clearly demonstrate that the evolution from a
porous graphite coating into a lubricious thin film occurs in
multiple steps. Initially, a substantial transfer of material to
the counterbody occurs, accompanied by the flattening of
the coating. This process is demonstrated by the height var-
iations observed in the AFM images (Fig. 12) and further
confirmed by the cross-sectional analysis presented in Fig.
14. In the next phase, some of this transferred material
returns to the sliding track (Fig. 14), aiding in growth and
redistribution of the tribofilm (Fig. 13). Over time, the tribo-
film undergoes gradual consumption due to continued slid-
ing and wear. As the process progresses, the steel surface
becomes smoother due to the height reduction of the rough-
ness peaks (Fig. 12), so the roughness valleys of the substrate
are exposed. Our hypothesis suggests that these valleys act
as graphite pockets, harboring remnants of the coating that
can replenish the tribofilm even as it wears away. This
replenishment mechanism temporarily sustains the tribo-
film’s presence and performance. However, in the final
stages, the tribofilm is fully consumed, leaving behind a
smooth, polished steel surface that no longer retains signifi-
cant traces of the original coating. This sequence highlights
the interplay between material transfer, tribofilm regener-
ation, and substrate interaction during the tribological pro-
cess. Our hypothesized mechanism is sketched in Fig. 19.

First few cycles

Load
= Transfer of graphite to the counter body
;—o e —
— EIRTRSEXS .,
Reciprocaling
sliding Flattening of the coating

(decrease of porosity)

The flattened coating and transferred graphite
to the counter body form a thicker film

To further understand the mechanism underpinning the
observed tribological behavior, the nature and composition
of the tribofilm were thoroughly investigated. A key element
influencing graphite’s lubricating properties is humidity. To
address this, humidity-controlled experiments were con-
ducted to explore its role in the nature of this lubricious tri-
bofilm. Advanced analytical techniques, such as TEM and
EELS, were employed to examine the structural and chem-
ical characteristics of the tribofilm under different environ-
mental conditions. These analyses aimed to elucidate the
relationship between humidity, the tribofilm’s chemical
nature, and its effectiveness in maintaining low friction and
wear during sliding. As a matter of fact, the low friction
regime of graphite can only be established in humid envi-
ronments. However, increased humidity is not always bene-
ficial. Favorable lubricating properties are exhibited under
humidity values around 24%, while lower humidities pro-
mote phenomena such as cold welding, therefore yielding
higher CoF values and wear rates. In contrast, at higher
humidities, the predominant phenomenon remains severe
delamination of the coating, with thus higher friction and
wear. The unworn coating and tribofilms obtained at differ-
ent humidity values were thoroughly examined via HR-TEM
and EELS. As shown in Fig. 16, HR-TEM images of the
coating prior to the tribological tests revealed that the coat-
ing is predominantly composed of graphene bundles with
both parallel and perpendicular orientations. EELS analysis
of the carbon K-edge further confirmed that the coating
consists of 97% sp>-hybridized carbon. However, when the
coating subdues tribological loading and sliding, in the pres-
ence of humidity, a transition toward an amorphous layered
carbon, that is, turbostratic carbon, was observed from the
HR-TEM. Furthermore, in the same direction, the EELS
results showed that the coating consists of less then 75%
sp>-hybridized carbon. It was also observed that with higher
loads (from 50 MPa to 1 GPa) a layer of turbostratic carbon
formed. These findings allowed us to extend the existing
adsorption model (20) and close a gap in our understanding
of the underlying mechanism of graphite lubrication. (23)

Atomistic simulations

As the real nanoscale contact area in a tribological contact
can be significantly smaller than the apparent macroscopic
contact area, the nanoscale pressures at contacting asperities
can be substantially higher than the macroscopic pressures.
Graphite, on the other hand, is a rather soft material with a
hardness of ~200Mpa. (41) Consequently, it can be

Mid-experiment

Towards the end
I =1

Only a thin tribofilm is left out
towards the end of the
experiment

—) 1

Tribofilm consumption & roughness reduction
=» replenishment of the observed tribofilm

Total consumption of the
tribofilm at the end of the
experiment

Figure 19. The proposed mechanism of tribofilm formation and evolution in case of an air-sprayed graphite coating.



anticipated that the nanoscale contact pressure in highly
loaded environments, such as rolling bearings, will not
exceed the macroscopic Hertzian pressure, with the excep-
tion of the running-in phase. Our atomistic simulations,
conducted at contact pressures of 1GPa, are expected to
provide a reliable representation of typical experimental
contacts.

In the conducted atomistic simulations, it was determined
that the density of water molecules in the gap between two
contacting graphite surfaces is a parameter that significantly
influences the tribological behavior of the contact. The most
significant effects are cold welding for dry surfaces and
water film formation for larger amounts of water. The spon-
taneous passivation observed in certain simulations appears
to be of minor significance for the overall behavior of
graphite contacts (Fig. 18). It can be estimated that a density
of 12-13nm™> water molecules corresponds to a monolayer
of water between the surfaces, a water content at which cold
welding is effectively suppressed for all normal loads investi-
gated. It is reasonable to expect that a monolayer of water
can form easily through condensation from ambient humid-
ity in normal laboratory air. Consequently, it is anticipated
that the experiments conducted at >45% rH and the tests of
technical rolling bearings are carried out in a regime where
the graphite behavior is predominantly characterized by the
formation of continuous water films, accompanied by the
experimentally observed low friction. However, for relative
humidities below approximately 5%, the water density at the
interface appears to be sufficiently low to enable the systems
to predominantly operate in the cold-welding regime. This
observation is consistent with the increased friction and
wear observed in our experiments (Fig. 15) and with the
rapid dusting wear observed in experiments and electrical
contact brushes. (16,20)

However, the estimated water densities of 12-13nm™
water molecules are close to the transition density between
the cold-welding and the water film regime (Fig. 18).
Therefore, it can be expected that the contacts will occasion-
ally run dry, accompanied by temporary cold welding at the
sliding interfaces. This offers an explanation for the experi-
mentally observed formation of turbostratic carbon at the
interfaces. The transition pressure shifts to higher water
densities with increasing normal loads (Fig. 18), which also
explains the more pronounced t-C formation in high-
pressure experiments (Fig. 16).

With the exception of the temporary cold welding events,
the simulation results obtained in this study are in good
agreement with those of previous works. (20) Consequently,
an extension of the adsorption model for graphite lubrica-
tion by the formation of turbostratic carbon at the sliding
interface has been proposed. (23)

2

Conclusions and outlook

This work has provided detailed fundamental insights into
the behavior of graphite under tribological load and valuable
hints for the construction of graphite-lubricated rolling bear-
ings. In fact, we unveiled the complex mechanisms
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underpinning the behavior of graphite coatings under tribo-
logical conditions, at multiple scales ranging from the large
scale on a system level of a rolling bearing into providing
insight from a molecular point of view. The rolling bearing
tests revealed that graphite coatings effectively lubricate
through the formation of a tribofilm, which plays a crucial
role in reducing friction and wear. This behavior was further
confirmed by MTM measurements, which demonstrated
similar tribofilm formation under controlled conditions,
although graphite transport out of the contact zone limited
the longevity of technological graphite antiwear coatings.
Subsequent microtribometer experiments showed that
graphite lubricates at high loads quite effectively, with lubri-
cation performance strongly dependent on applied loads and
coating thicknesses. These tests also provided detailed
insights into the multiphase evolution of the tribofilm. Our
nanoscale experiments and simulations have brought to light
further insights into the role of humidity on graphite lubri-
city and have explored a previously unknown structural
transition to turbostratic carbon. Although the results offer
valuable insights into the tribological mechanisms of graph-
ite coatings and lay the groundwork for their development
in industrial applications, the necessity of continuous relu-
brication emerges as a critical aspect to ensure prolongated
low friction and wear operation of graphite-lubricated roll-
ing bearings. While pneumatic relubrication using ethanol-
graphite dispersions has proven effective in test bench
experiments, it is not suited for technical applications due to
the high constructional and operational effort and the fire
hazard posed by sprayed ethanol. The utilization of sacrifi-
cial components within the bearings is a preferable alterna-
tive in such contexts. Graphite cages could be an option to
ensure continuous lubricant supply to the tribological con-
tacts. In addition to ensuring continuous relubrication,
measures could be taken to enhance the adhesion of the
coating to the rollers and the raceways, thereby increasing
resistance to transport out of the contact zone. The incorp-
oration of binder materials with carefully chosen mixing
ratios has the potential to enhance the lifetime and acceler-
ate the running-in process.
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