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A B S T R A C T

Graphite can be considered as a suitable solid lubricant in highly loaded contacts and extreme environmental
conditions, where conventional liquid lubricants or greases are of restricted use (e.g. in rolling bearings).
Indeed, graphite as a solid lubricant, has been reported to exhibit good lubricating properties even at high
mechanical loads quite well, though it yielded a limited lifetime. The use of binders, (i.e. resins) stems in a
continuance of the adequate lubricating behaviour, as well as, an improved wear resistance. This work aims
to understand the friction and wear behaviour of solid lubricating coatings consisting of a graphite–phenolic
resin blend. For this investigation various coatings, with three different graphite contents, applied using the
simple airspray method on 100Cr6 bearing steel plates of comparable thicknesses were examined. When tested
on a ball-on-flat reciprocating motion, we find that compared to pure graphite coatings, the lifetime indeed is
significantly enhanced reaching up to 10 000 cycles, whilst keeping a coefficient of friction around 0.1. During
the experiments with the higher graphite content specimen a transfer layer on the counterbody was observed
as well as a thin compressed layer of material. Raman spectroscopy reveals that the observed carbonaceous
tribofilm consists of what could be a rather amorphous graphite-like material which is responsible for the
favourable lubricity.
1. Introduction

Lubricants are used in the majority of employed mechanical systems
to mitigate their contacts, thus, reducing friction and wear. Solid
lubricants, in particular, have been of interest to many tribologists
for their stability and favourable tribological properties in harsh func-
tioning conditions, e.g. high temperatures, loads or in vacuum, where
conventional liquid or grease lubrication can be of seldom use [1,2].
Graphite is notably one of the first used solid lubricants in technical
applications. It can be found in high-temperature grinding [3], in rail
systems [4] and in cryogenic conditions as well [5]. Graphite can
as well be incorporated within sliding bearings alongside metals or
alloys, for instance bronze, but in such application the loads are rather
low [6]. The use of graphite in highly loaded applications such as
rolling bearings remains quite limited.

Ever since the unveiling of its lamellar structure and by Bragg in
1928 [7]. Graphite has been thoroughly, especially at smaller scales,
investigated by numerous researchers using experimental and simula-
tion methods [8,9]. At the nanoscale it has been reported to exhibit
superlubricity, a very low Coefficient of Friction (CoF) of 0.001, due
to the incommensurability of contact between the lattices [10] and
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the contribution of atoms situated at the edges (pinning sites) [11].
Achieving superlubricity on a larger scale was proven to be a challenge,
since on such scales the presence graphite on both sides of the interface
between tribopairs is not obvious, this implicates the necessity of the
formation of a transfer film [12].

On larger scales, graphite tends to exhibit typically a friction co-
efficient between 0.08 and 0.2 in ambient air and around 0.8 in
vacuum. Such distinct frictional behaviour is well established in the
literature. In fact graphite has been proven to show a poor tribolog-
ical behaviour in vacuum due to dusting effect, thus, yielding higher
friction and wear than in ambient atmosphere [13,14]. The humid-
ity dependency of graphite lubrication was supported by experiments
and simulations [15,16]. The aforementioned environmental influenced
was demonstrated by Marchetto et al. to be due to surface passivation
resulting in low shear strength and adhesion [17]. Furthermore at
higher loads, Morstein et al. reported, by means of experiments and
simulations, that at higher loads the presence of humidity triggers a
structural transition towards turbostratic carbon when graphite is used
as a solid lubricant, this finding has filled a gap in the understanding
of the mechanism lying under graphite lubrication [15].
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Table 1
Coating thicknesses.
Percentage Thickness

10Gr 7, 17, 21 μm
20Gr 7, 16.1, 21.6 μm
30Gr 7, 17, 23.2 μm

Aside from the influence of the surrounding environment, several
factors could affect the tribological behaviour of graphite, and its 2D
allotrope graphene. Several studies took interest in the impact of the
physical properties of the lubricant, its thickness or the substrate’s
influence. Li et al. demonstrated using friction force microscopy and
FEM simulations that the thickness of the lubricant impacts friction
when there is a weaker adhesion between the substrate and the lubri-
cant [18]. Morstein et al. reported that air sprayed graphite coatings
can lubricate highly loaded contacts quite well. It was shown that a
lower thickness resulted in lower friction but a more severe wear; on
the other hand, a higher thickness had the opposite effect. Moreover,
they highlighted that the usage of a rougher substrate resulted in
a more benign tribological performance [19]. Similarly, recent work
conducted by Abe et al. investigated the impact of the morphology
and thickness of airspray coatings on their tribological properties and
reported that the friction and wear of such coatings is mainly influ-
enced by their thickness. They also linked the higher coating porosity
to higher wear [20]. Such reported findings demonstrate that using
rather facile coating application techniques can result in favourable
tribological properties. Yet, there is still room for improvement in terms
of wear resistance.

In the quest of extending the lifetime of the advantageous lubricat-
ing properties of graphite, binders were mixed with graphite by several
researchers. Phosphate-based materials were reported in the literature
to exhibit a stable and low CoF at elevated temperatures, however the
yielded wear rates were quite subsequent [21,22]. Different authors
reported that the use of phenolic resin as a binder results in low friction
and wear at a wide range of temperatures. As well as a successful
transfer of graphite to the counter surface confirmed with a Raman
analysis of the opposing tribosurfaces after the tribological test, thus,
ensuring a long-term lubrication [23–26]. Xu et al. have reported that
combining laser surface texturing with the use of graphite–phenolic
resin system can further reduce friction meanwhile ensuring graphite
transfer film to the counter surface in dry conditions [27]. Zheng
et al. have reported that such solid lubricants have superior tribological
properties at room temperature than at cryogenic conditions [28].

In this work, we investigate the friction and wear of air sprayed
graphite–phenolic resin coatings. Different coatings with various thick-
nesses and graphite ratios were tested using a microtribometer. To
assess the lifetime of these coatings, the studied samples were tested
for different number of cycles. Afterwards, techniques such as confocal
microscopy, while-light interferometry, scanning electron microscopy,
and Raman spectroscopy were used to describe qualitatively and quan-
titatively the wear behaviour of such coatings. Based on previous
results, our hypothesis is that the graphite content should strongly
affect friction and wear mechanisms in order to examine the usability
of such solid lubricants for rolling bearing applications.

2. Materials and methods

2.1. Sample preparation

100Cr6 rolling bearing steel rings (INA rolling bearings, Schaeffler,
Germany) were cut into 17 × 6 × 7 mm plates and served as base bodies
for the tribological experiments. The bearings plates were kept in their
original surface state and their measured average roughness was 𝑆𝐴 =
0.178 ± 0.019 μm. The samples were ultrasonically cleaned for 15 min
using acetone followed by isopropanol. Lastly they were dried using
2

Fig. 1. Schematic representation of the microtribometer.

pressurized air to avoid corrosion. The same cleaning protocol was
adopted for the 100Cr6 steel spheres which were used as counterbodies
for the tribological tests.

A graphite–phenolic resin blend suspension (Everlube 629, Everlube
Products, USA) was diluted in methyl ethyl ketone MEK (≥99% purity,
VWR international, USA) in a ratio of 1:3 respectively. In order to
study the impact of different graphite contents on the tribological
behaviour, additional synthetic graphite powder (APS 7-11 μm purity
99%, Thermo scientific, USA) was added into the mixture. The afore-
mentioned graphite powder was added to the diluted suspension at
various volume fractions and these suspensions were then ultrasonically
mixed for an hour. Note that the suspension marked as ‘‘0Gr’’ corre-
sponds to the original suspension delivered from the company (in which
the existence of graphite was stated); hence, the percentages reported
afterwards refer to the additional amount of graphite.

For the solid lubricant coating application onto the bearing steel
plates, the prepared suspensions were applied using an airbrush spray
gun (Harder & Steenbeck Ultra, Harder & Steenbeck GmbH & Co.KG,
Germany). The spraying process was conducted manually at a working
distance of about 15 cm. The steel specimens were covered with
the prepared suspensions by performing multiple sweeps across, this
allowed the preparation of a large range of coating thicknesses. The
coated specimens were subjected to a curing heat treatment of the
graphite–phenolic resin at 150 ± 15 ◦C. Following the curing process, the
coating thickness was determined for all coated specimens. Therefore,
one end of the bare steel plates was covered by a heat-resistant poly-
imide tape with silicon-based adhesive (Scotch 5413, 3M, USA). Thus,
after removing the tape, an interface between the coated and uncoated
parts allowed to determine the step height (i.e. the coating thickness)
using confocal microscopy. Specifications of the tested coating thick-
nesses are given as in Table 1. For simplification reasons, we refer to
these thicknesses as 7, 17 and 21 μm.

2.2. Tribological testing

A home-made ball-on-flat microtribometer was used for the tribo-
logical investigation of the coated steel plates in linear reciprocating
sliding. The microtribometer, as shown in Fig. 1, uses a set of two
capacitive sensors (Micro-epsilon GmbH, Germany) placed in the nor-
mal and tangential directions and two mounted step-motorized stages
ensuring motion in the 𝑧-direction and 𝑥-direction (Attocube Systems
AG, Germany). 2 mm 100Cr6 steel spheres (Grade 10, TIS GmBH,
Germany) were used as counterbodies. Each counterbody was glued
with cyanoacrylate glue (Pattex liquid superglue, Henkel AG & Co.
KGaA, Australia) onto two different self-built double-leaf cantilevers
with spring constants of 𝑘𝑡 = 5.034; 𝑘𝑁 = 2.786mN/μm and 𝑘𝑡 = 5.768;
𝑘 = 1.965mN/μm respectively. No residual glue was in the contact
𝑁
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Fig. 2. Representation of the wear depth measurement method from a surface profile.

area since the spheres were cleaned before the tribological test. It
should be noted that for each experiment, a different batch of materials
was used, on different days. Moreover, three repeats were made to
guarantee that our results were repeatable, except for the 10 000 cycles
tests, each tests was repeated twice at least given the length of each
test. All experiments were conducted at around ≈30◦C and a relative
humidity between 20 and 40% RH.
3

Different thicknesses of the graphite–phenolic resin coatings (as
detailed in Table 1) were tested at a normal force of 𝐹𝑁 = 402mN
resulting in a maximum Hertzian contact pressure of around 1 GPa. In
order to assess the wear behaviour (i.e. the lifetime) of these coatings,
the specimens were tested for 500, 1000 and 10 000 cycles; at a sliding
distance of 1 mm and sliding speed of 0.5 mm.s−1. The normal and
lateral forces were constantly measured throughout the tribological
test. The same experiment was conducted on bare uncoated steel as
a reference.

2.3. Surface characterization

Prior to and after all tribological experiments, confocal microscopy
(Sensofar Pl𝜇, Sensofar, Spain) and white-light interferometry (Bruker
Contour GT-K 3D optical profiler, Bruker, USA) were used to ex-
amine wear scars and counterbodies, as well as the topography of
the uncoated specimens. The obtained topographs were then analysed
using SensoMap (a surface analysis software based on Digitalsurf’s
Montainsmap), to obtain roughness parameters and to conduct further
wear scar analyses.The same software was used to determine the wear
depths, as shown in Fig. 2, by analysing at least three distinct profiles
that ranged through unworn and worn regions of the wear track to
ensure reproducibility and accuracy.

A further, qualitative, analysis of the surfaces was conducted using
a dual beam scanning electron microscope focused ion beam (Helios
NanoLab DualBeam 650, ThermoFischer Scientific, USA). A Platinum
protective layer (≈1 μm) was deposited on the area of interest before
the ion beam cutting. Cross sections of 30 μm in length and ≈10 μm in
width were performed with the Ga FIB. The obtained cross section were
Fig. 3. Coefficient of friction of coated 100Cr6 bearing steel specimens versus a 100Cr6 sphere at different graphite–phenolic resin coatings thicknesses and graphite contents.
(a) CoF of 10% added graphite (10Gr), (b) CoF of 20% (20Gr), (c) CoF of 30% (30Gr), (d) average CoF at the steady state (𝐶 𝑂 𝐹𝑠𝑠) of the overall tested thicknesses and added
graphite contents.
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Fig. 4. Coefficient of friction of coated 100Cr6 bearing steel specimens versus a 100Cr6 sphere at different graphite–phenolic resin coatings of different graphite contents. (a) CoF
at 7 μm, (b) CoF at 17 μm, (c) CoF at 21 μm, (d) average CoF at the steady state (𝐶 𝑂 𝐹 𝑠𝑠) of the overall tested thicknesses and added graphite contents.
examined using a scanning eletron microscope in secondary electrons
(SE) mode at an accelerating voltage of 2 kV and current of 0.8 nA.
Raman measurements of the unworn coatings and wear scars were
performed using a 532 nm pico-Raman spectrometer (PicoRaman M3,
Timegate Instruments, Finland) equipped with a 20x microscope objec-
tive lens (Leica microsystems GmbH, Germany) with the laser power set
at 2.5 mW to avoid any beam-induced damage to the samples.

3. Results

3.1. Friction

Fig. 3 shows the evolution of the friction coefficient over the number
of cycles. Each curve represents the average CoF value of multiple
tests (as mentioned in Section 2), the shaded areas around each curve
represent the standard deviation. In Fig. 3(a) the CoF evolution the
different thicknesses of the 10Gr specimens is represented. It can be
seen that all coating thicknesses exhibit a quite similar trend. Similarly
in Fig. 3(b) and 3(c), similar trends are observed, with lower CoF
values and overall a shorter running-in period with the 20Gr and
30Gr respectively. Thus, it can deduced that the coating thickness has
no direct impact on the frictional behaviour of such solid lubricating
coatings. Furthermore, in Fig. 3(d) we show the mean steady-state
coefficient of friction values over 1000 cycles. The obtained results
4

confirm the lack of a direct correlation between the coating thickness
and the coefficient of friction, meanwhile the graphite content remains
more affecting (i.e. lower CoF values are recorded with higher graphite
contents).

To highlight the aforementioned trend further. Fig. 4 shows the
evolution of the friction coefficient over the number of cycles of the
different graphite contents. Fig. 4(a) shows the CoF evolution of the
different graphite contents at a coating thickness of 7 μm, It can be
seen clearly that the higher graphite content brings better lubricity. In
addition, Fig. 4(b) and 4(c) exhibit a congruent trend, with the 30Gr
coatings showing the most potent lubricity. Fig. 4(d) summarizes the
shown trend, the average steady-state friction coefficient values over
1000 cycles demonstrate that the 10Gr recorded the highest CoF values
and a slight difference is observed between the 20Gr and 30Gr. This
verifies the previously shown results.

In order to assess the lifetime of the studied coatings, longer tri-
bological tests were performed. Each specimen was tested for 10 000
cycles at least twice to ensure repeatability of the obtained results.
Fig. 5 shows the evolution of the friction coefficient over the larger
number of cycles (i.e. 10 000 cycles) of the different graphite contents.
Fig. 5(a) shows the CoF evolution of the different graphite contents at a
coating thickness of 7 μm, Fig. 5(b) and 5(c) represent the evolution of
the friction coefficient over the number of cycles at coating thicknesses
of 17 μm and 21 μm respectively. Overall, the trend observed in the
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Fig. 5. Coefficient of friction of coated 100Cr6 bearing steel specimens versus a 100Cr6
sphere at different graphite–phenolic resin coatings of different graphite contents after
10 000 cycles. (a) CoF at 7 μm, (b) CoF at 17 μm, (c) CoF at 21 μm.

shorter tests is conserved, with the higher graphite content specimens
exhibiting the lowest CoF values without lowering the lifetime within
the tested period.
5

3.2. Wear

Fig. 6 displays an overview of the observed wear behaviour of the
moving tribopairs (i.e. different coatings with various graphite contents
and their respective counterbodies). Fig. 6a shows that with the lower
graphite content the main present phenomenon is a visible compression
of the coating and a more discernible wear of the counterbody. On the
other hand, Fig. 6 shows that with the 20Gr coating, we can observe a
rather small area of compression at the edge of the wear scar, and the
formation of a tribofilm in the middle. In addition, the 30Gr specimens
exhibit a different trend with no apparent compression of the coating,
an overall deeper wear scar and tribofilm formation within the wear
track, We can also see from Fig. 6b and c, that a higher graphite content
promotes forming a transfer film on the counter surfaces.

The average wear depths of the different coatings and their corre-
sponding counterbodies are shown in Fig. 7. After a tribological test
of 500 cycles we can observe in Fig. 7(a) that with a lower graphite
content, the wear is yielded more in the counterbody than in the
coating. On the other hand with the 20Gr and 30Gr coatings, we
observe a tendency of wearing off the graphite–phenolic resin coating
more than the counterbody. Similarly after 1000 cycles, we observed
overall the same trend in Fig. 7(b). Furthermore, we can observe that
when a higher graphite content (20Gr and 30Gr) is used, the wear
depth obtained with the higher coating thicknesses does not increase
more than the recorded values after 500 cycles. Fig. 7(c) shows the
average wear depths of the different coatings and their corresponding
counterbodies after a tribological test of 10 000 cycles. The findings
corroborate what was found in the shorter tests. With higher graphite
contents, the wear is yielded more in the solid lubricant coating than
in the steel sphere. However, similarly to the shorter tribological tests,
with the 10Gr specimens the observed wear was mainly conceded by
the counter surface.

3.3. Surface characterization

Fig. 8 shows the Scanning Electron Microscopy (SEM) images of
the wear tracks of different graphite contents, and their respective
cross sections obtained with FIB, after the tribological test. It is shown
on Fig. 8a that the dominant phenomenon after the tribological test
is coating compression, when a lower graphite content (i.e. 10Gr) is
used. On the other hand, as shown in Fig. 8b and c, with a higher
graphite content, a different phenomenon is perceived. At such graphite
contents, coating delamination and tribofilm formation are promoted.
We also note that with the 20Gr coatings, a coating compression area
is perceived at the edge of the wear scar (Fig. 8b). The FIB cross
section images, as shown in Fig. 8d, e an f, validate the aforementioned
phenomena.

In order to further enrich our understanding of the undergoing
phenomena with such coatings, we performed a Raman analysis on
the unworn coatings as well as post-tribological tests at different cycle
numbers, the results are displayed in Fig. 9. Fig. 9(a) shows that for
the unworn coatings no clear graphitic peaks can be seen, except for
the 30Gr samples where a D-band is rather depictable. The Raman
spectrum of the 20Gr sample has a similar aspect with the presence of
a less intense D-band. On the other hand, the lower graphite containing
coating shows none of the characteristic peaks seen with graphitic
structures. The Raman spectra of the higher graphite contents (i.e. 20Gr
and 30Gr) exhibit more graphitic peaks after the tribological tests (as
shown in Fig. 9(b), 9(c) and 9(d)). However, the presence of a different
chemistry can be perceived that in the 10Gr coatings spectra.
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Fig. 6. Confocal microscopy image of the 100Cr6 steel counterbodies after the tribological test (left), top view 3D representation of the wear tracks and average coloured height
scale bar (right). (a) 10Gr, (b) 10Gr, (c) 30Gr.
4. Discussion

4.1. Friction and wear

The experimental results reported in this paper clearly demonstrate
that, unlike previous results on pure graphite, with such coatings no
thickness dependence could be seen. Indeed, with different graphite
contents, similar evolutions of the friction coefficient were shown in
Fig. 3. In fact, a different trend is observed when pure graphite is used,
since with a higher coating thickness a higher friction is yielded [19].
On the contrary, the graphite content seems to have a stronger impact
on the frictional behaviour, as shown in Fig. 4, a lower graphite content
(i.e. 10Gr) is evidently linked to a higher CoF value throughout the
tested thicknesses with an optimum low friction coefficient recorded
with the 30Gr specimens. This finding is in agreement with the work
reported in [26]. Moreover, the evidence presented in Fig. 5 clearly
demonstrate that graphite–phenolic resin coating can lubricate a highly
loaded contact for an extended period of time (i.e. 10 000 cycles).

As for the yielded wear behaviour, we observed two main distinct
wear modes. With the lower graphite content (10Gr), the wear is mostly
concentrated in the counter surface (shown in Fig. 6a and Fig. 7), this
is due to the absence of a transfer film on the 100Cr6 steel sphere after
the tribological test. In addition, more precisely on the coating side only
compaction is observed within the wear scar, this is clearly shown on
Fig. 6a and 8a. In contrast, when 20% of additional graphite to the
coating (20Gr coating) is used, a different phenomenon is perceived.
Lower wear of the counterbody is seen, thanks to the apparent transfer
film formed during the tribological test (as shown in Fig. 6b). In the
SEM images of the wear track and the FIB cross section images in
Fig. 8b, compression at the vicinity of the wear track is observed; within
the wear some coating delamination as well as a tribofilm. Additionally,
in this tribopair, most of the wear is concentrated in the coating since
6

the formation of a transfer film is more promoted. Such findings are
displayed in the average wear depth presented in Fig. 7. Moreover
when more graphite is added (30Gr), we can perceive that a higher
transfer to the counter surface is yielded (as shown in Fig. 6c). In
addition, more coating delamination is seen and a more discernible
tribofilm can be observed on the SEM images in Fig. 8c. We should
also note that no coating compression was present at the wear track.
Such wear behaviour is more similar to the one observed when pure
graphite is used [19].

4.2. Raman analysis

The Raman analysis presented in Fig. 9 has provided us with further
insights on the underlying tribochemical mechanisms during the tri-
bological tests. In fact it can be depicted clearly that, with the higher
graphite contents (20Gr and 30Gr), the apparition of graphitic peaks
(i.e. D and G bands) as shown in Fig. 9(b), 9(c) and 9(d). Though, it
should be noted that the observed D bands are more intense than their
corresponding G bands, this finding provides evidence that the yielded
tribofilm is not crystalline graphite. In fact, when graphite is analysed
with Raman spectroscopy, the typical D bands exhibit lower intensities
than the G bands [29]. Furthermore, under such high load and humidity
range, a coating delamination coupled with a structural transition
towards forming an amorphous turbostratic carbon tribofilm [15]. It
could be stated that with the current results, that the wear mechanism
with these coatings, when there is a sufficient graphite content in the
contact, we could trigger a similar tribo-induced transition towards
turbostratic carbon. Furthermore, we can see that the formed car-
bonaceous tribofilm stays quite stable even when subdued to longer
tribological tests, since the observed peaks resist adequately (as shown
in Fig. 9(d)). An observable reduction in the signal intensity of the 30Gr
specimens which could be due to a reduction of the tribofilm thickness.



Wear xxx (xxxx) xxxO. Zouina et al.
Fig. 7. Average wear depths in μm of the different coatings and their corresponding
counterbodies after the tribological test. (a) after 500 cycles, (b) after 1000 cycles, (c)
after 10 000 cycles.
7

In contrast when a lower graphite content is present in the coating,
and under the same experimental conditions, no change in the Raman
spectra was seen regardless of the number of sliding cycles (as shown
in Fig. 9).

4.3. The wear mechanism

Based on the presented analyses, the wear mechanism of the studied
airsprayed graphite–phenolic resin coatings can be describe depend-
ing on the graphite content as displayed in Fig. 10. When a lower
graphite content is used, transfer layer formation on the counter sur-
face is not favoured; the wear is subdued mainly by the counterbody
with only a compression to be yielded by the coating. Furthermore
higher graphite ratios seems to bear a contrasting mechanism. In fact,
a reduced wear on the counter surface due to the formation of a
transfer film, a yielded delamination of the coating and a tribofilm
formation took place due to introducing more graphite flakes in the
contact. Moreover a clear tribochemical transformation towards a more
amorphous graphitic structure, potentially turbostratic carbon, seems
to accordingly play a subsequent role in bearing a behaviour resembling
that of pure graphite.

5. Conclusions

In this work, 100Cr6 bearing steel were coated using an airbrush
gun with three different graphite–phenolic resin coatings with distinct
graphite contents. After tribologically testing different thicknesses of
such coatings in a highly loaded contact, a few conclusions can be
derived:

• There is a significant improvement of the lifetime with the use of
a graphite–phenolic resin blend compared to pure graphite, whilst
keeping a comparable frictional behaviour.

• No coating thickness dependence was perceived, thus, the
graphite content remains the prevailing parameter, with 30Gr
exhibiting the lowest CoF values.

• With the lower graphite ratio, the counterbody takes the largest
share of the wear, meanwhile when more graphite is present,
transfer film formation are promoted.

• The tribo-induced chemical transition to a carbonaceous tri-
bofilm, potentially turbostratic carbon, could explain the pure
graphite-like wear behaviour observed in the tested specimens.
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Fig. 8. Scanning Electron Microscopy (SEM) images of wear tracks and their respective cross sections taken after microtribometer experiments of different coatings containing
distinct graphite contents. (a, d) 10Gr, (b, e) 20Gr, (c, f) 30Gr.

Fig. 9. Raman spectra of the different graphite–phenolic resin coatings at different stages of the tribological test. (a) unworn, (b) after 500 cycles, (c) after 1000 cycles, (d) after
10 000 cycles.
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Fig. 10. Schematic representation of the hypothesized wear mechanism.
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