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Abstract

In the present study, a systematic evaluation of the influence of the surface roughness on the lubrication activity
of multiwall carbon nanotubes (MWCNT) and onion-like carbon (OLC) is performed. MWCNT and OLC are
chosen as they both present an spz—hybridization of carbon atoms, show a similar layered atomic structure and
exhibit the potential to roll on top of a surface. However, their morphology (size and aspect ratio) clearly differs,
allowing for a methodical study of these differences on the lubrication effect on systematically varied surface
roughness. Stainless steel platelets with different surface finishing were produced and coated by electrophoretic
deposition with OLC or MWCNT. The frictional behavior is recorded using a ball-on-disc tribometer and the
resulting wear tracks are analyzed by scanning electron microscopy in order to reveal the acting tribological
mechanisms. It is found, that the lubrication mechanism of both types of particles is traced back to a mixture
between a rolling motion on the surfaces and particle degradation, including the formation of nanocrystalline
graphitic layers. This investigation further highlights, that choosing the suitable surface finish for a tribological

application is crucial for achieving beneficial tribological effects of carbon nanoparticle lubricated surfaces.

1 Introduction

The tribological optimization of various technical systems is dictated by the demand for lower energy
consumption and in most cases, is directly linked to an efficient lubrication [1]. Certainly, the most established
way to reduce friction and wear lies in the use of a suitable fluid lubrication medium. However, certain
mechanical systems set the need to replace fluid with solid lubricants, as when the system runs under
unfavorable environmental conditions such as high temperatures or vacuum [2, 3].

In this regard, along with classical solid lubricants (e.g. graphite or MoS,), carbon nanomaterials have
shown to be very promising candidates for these applications [4—7]. This fact is traced back to their intrinsic
physical properties, morphology and low density compared to other materials [8—10]. The focus of this work is

on multi-wall carbon nanotubes (MWCNT) [11] and onion-like carbons (OLC) [12]. MWCNT can be described
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as multi-shell graphitic cylinders with large aspect ratio [11]. OLC show a similar multi-shell graphitic carbon
structure. However, as OLC are fullerene-like nanoparticles with a polyhedral form and a typical diameter of
only 4-10 nm, they are often ascribed to be “zero dimensional” [12, 13].

In case of MWCNTs, several works confirm their ability to reduce friction and wear when used as
protective films [5, 6, 14, 15], solid lubricant [16—18], reinforcement phase in composites [19-21] or lubricant
additive [22-24]. Some studies are based on the assumption that CNTs form a carbonaceous layer on the surface,
which presents similar tribomechanisms to those of graphite [15, 21]. Others explain these beneficial effects with
their ability to efficiently separate the sliding surfaces while acting as roller bearings [7, 16, 25]. In this regard
and depending on the applied contact pressure, a so called “tank-belt” effect has already been simulated and
reported in literature, describing the deformation of rolling CNT between two contacting surfaces under shear
[26, 27]. The deformation of the CNT and rolling movement could lead to delamination and the formation of
flake-like graphitic structures. Further on, the possibility to reduce surface oxidation and thus hindering the
formation of abrasive third bodies in the tribological contact might also influence the observed tribological
behavior [7, 14].

Considering the polyhedral form, low amount of dangling bonds on their surface and also their
potentially high mechanical strength, it is reasonable to assume that OLC might act as ball bearings in a
tribological contact as well [8]. In the case of an nominally perfectly flat surface (silicon wafer), OLC coating
showed a friction coefficient lower than 0.05 and also a wear reduction by 3 to 6 orders of magnitude compared
to a graphite lubrication [28]. In this respect, with the curvature of OLCs being higher compared to MWCNTs, it
is supposed that they show less intermolecular interactions to the surface and thus are able to freely move [29,
30]. This lubrication effect can also be maintained under vacuum conditions [28]. Despite these very promising
statements of OLC as solid lubricant, there is a significant drawback. OLC lubrication decreases significantly
when the normal contact pressure exceeds a certain threshold value [31]. It is also assumed that, depending on
the OLC particle size, they might be trapped within the asperities of a given surface roughness and therefore no
longer provide a lubricating effect [28]. However, this being a very important point, there is no systematic study
comparing the effect of the surface roughness on the lubrication activity of CNP for the same tribological system
yet.

Considering the surface roughness, it often defines the characteristic of a tribological system [32-35].
However, it is often linked to the final application, as this determines how much effort can be put in the design
or processing of a surface. For example, surface roughness is rather low and well defined in
microelecromechanical systems (MEMS) [36], whereas it is usually high in the case of large technical surfaces
of machine elements [35]. With the initial work of Bowden and Tabor, the interaction between asperities of a
rough surface with regard to the influence on the frictional behavior became a much discussed topic [37]. This
interaction could be correlated to adhesion/welding and subsequent releasing (in case that a critical shear stress is
applied), and depends upon several factors such as the electronic structure of the materials, free surface energies,
interlayers and ambient conditions [33, 38]. The friction behaviors of rough surfaces are further influenced by
plastic deformation and consequently, on deformation energies, contact angles between asperities or the
mechanical properties of the contacting materials [38]. Concerning these interactions, it was shown that very
small shear stresses are possible between atomically flat surfaces with non-matching surface corrugations,
allowing for vanishing friction [39, 40]. Several different models tried to explain the interaction of two

contacting surfaces under dry conditions and different scales, starting at molecular level, like for example the



Tomlinson or the Frenkel-Kontorova model [41, 42]. Based on the effects of macroscopic surface roughness on
friction, numerous works successfully manipulated the stochastic surface roughness so as to create specifically
designed surface geometries in order to control the coefficient of friction [14, 43—47]. Generally, adjusting a
specific roughness for a given tribological application can be crucial, as it majorly determines contact mechanics
and thus if a contact situation is elastic or elasto-plastic and if a real contact area is large or small [33].
Accordingly, different contact simulation models rely on surface descriptive parameters, as for example the
Greenwood-Williamson, Jackson-Green or the Persson model [48—50].

However, when it comes to the use of nanoparticles as lubricants, surface roughness also plays an
important role [27, 51, 52]. There are many studies about different kinds of nanoparticles (for example
MWCNT, MoS,, nanodiamonds, OLC, alumina, amongst others) used as lubricant additives [22, 30, 53-58].
Most of them refer to the shape, nanostructure, surface functionalization, concentration or the size of the
particles being the most important characteristics for an efficient lubrication. Considering nanoparticles as solid
lubricant and not as lubricant additive, their shape and size compared to the surface roughness become even
more important, as particles can be trapped, entirely be removed from the direct tribological contact or hindered
in their rolling movement by surface asperities [14, 28]. Nonetheless, simulations or experiments regarding the
solid lubrication activity of inorganic or organic nanoparticles so far concentrate on very low roughness surfaces
like for example Si-wafer [31, 59].

Thus, the present study is motivated by the need to classify the lubrication effect of carbon
nanoparticles (CNP) as solid lubricant for different surface roughness’s. This could be beneficial as a
steppingstone for further research, as the size and morphology of CNPs could be selected in order to fit the
tribological requirements.

For this purpose, a suitable technique must be found in order to coat surfaces with a pre-defined surface
roughness in a reproducible and controllable way. There are different techniques available for carbon
nanoparticle coating of metallic surfaces, including spray [60] and dip coating [61], CVD [62], drop casting [7],
etc. One of the most suitable and straightforward techniques is electrophoretic deposition (EPD) [63]. In contrast
to drop casting or spray coating, EPD provides the advantage of being easily scalable, very homogeneous and
reproducible [14, 63, 64]. Therefore, it is used in the present study.

Concerning the CNP coatings, MWCNT and OLC are chosen since they present similar atomic
arrangement as well as possible lubrication mechanism (rolling mechanism). Their different morphology and
particle size allow for a systematic investigation of the lubrication activity as a function of the initial surface
roughness of a defined tribological system. Thus, stainless steel surfaces with different pre-defined surface
roughness are coated with OLC or MWCNT, respectively. Stainless steel is used as substrate material because of

its technological relevance.

2 Experimental Section
2.1 Materials

Austenitic stainless steel (AISI 316L) platelets (20x20x1 mm’) are used as substrate material for the
tribological experiments. For the coatings, MWCNTSs were purchased at graphene supermarket (diameter 20-85
nm, length 5-15 pm) and OLC were synthesized from detonation nanodiamond powder (purchased from
NaBond Technologies Co., purity > 98%, individual particle diameter 4-8 nm). This is done by annealing at

1750°C for 3 h in graphite crucibles in a vacuum furnace with tungsten heaters (model: 1100-3580-W 1, Thermal



Technology Inc.) applying a heating and cooling rate of 15 °C min'. The chamber pressure is between 10 mPa
and 100 mPa. The synthesized OLC show an individual particle diameter of 4-10 nm and almost full sp> carbon

hybridization as can be seen in prior studies [13, 65].

2.2 Surface preparation and characterization

The stainless steel platelets are ground flat using a fully automated grinding and polishing device
(TegraPol by Struers). The surfaces were then polished up to different end-finishes. Two samples are polished
using 2500 grit sandpaper from Leco corp. (MI, USA), which corresponds to a (8.5 £ 0.5) um particle size.
Furthermore, two samples of each kind are polished using 6 um, 3 pm and 1 pm diamond polishing suspensions,
respectively. Finally, also two samples are polished using a 0.5 um oxide polishing suspension (OPS) to achieve
the lowest surface roughness. In the following, the samples are designated as 8.5 um, 6 pm, 3 pm, 1 um and 0.5
um, respectively. Subsequently, these surfaces are characterized in terms of their resulting surface roughness
(root mean squared roughness, R,,;) using a white light interferometer (WLI, Zygo NewView 7300) equipped
with a 3-D imaging surface structure analyzer. The micrographs were recorded using a 50x objective and
providing a surface height resolution of < 0.1 nm. Each sample is measured 10 times at different spots from
which the mean value and standard deviation is determined. Additionally, SEM micrographs of each surface
were acquired using a FIB/FE-SEM dual beam station (FEI Helios Nanolab) using an acceleration voltage of 5

kV and a current of 1.4 nA.

2.3 EPD process

For the deposition process, the as-prepared platelets were thoroughly cleaned in order to remove
possible contaminants. This was carried out by 10 min of ultrasonication (Sonorex Super RK 514 BH by
Bandelin, 860 W, 35 kHz) respectively in cyclohexane, followed by acetone and finally isopropanol. Afterwards,
the platelets are used as electrodes. A dispersion with a concentration of 0.25 mg'-ml’ CNT or OLC was
prepared using acetone as solvent. In order to disperse the particles, a shear mixer (Ultra-turrax T-25 by IKA)
was used for 5 min followed by ultrasonic treatment of the dispersion for another 20 min [65]. Subsequently,
triethylamine (TEA) was added in order to add negatively charged COO" surface groups [66]. Finally, the
negatively charged CNPs are deposited in a deposition cell at a voltage of 20 V for 10 min, maintaining an
electrode separation of 1.3 cm (anodic deposition). In order to measure the coating thickness, FIB cross-sections

were prepared with focused ion beam machining using 30 kV of bias.

2.4 Tribological Experiments

For the tribological experiments, a ball on disc tribometer (Nanotribometer from CSM Instruments) was
used in a linear reciprocating sliding mode with a stroke length of 600 um. The normal load of 50 mN was
applied using an alumina ball (purchased from Anton Paar GmbH) with a diameter of 6 mm, mounted on a
cantilever with a stiffness of 0.7624 uN pm™ in normal and 1.1447 uN um™ in tangential direction. Alumina is
chosen to avoid any plastic deformation of the counter body. The surface roughness of the ball is not modified
and used as delivered for all experiments. It is measured by WLI for ten different ball surfaces and a mean value
of Ryps= 20 + 6 nm is determined. This is the best surface finish of commercially available alumina balls with a
diameter of 6 mm we could purchase. The number of sliding cycles was set to 500 with a maximum sliding

speed of 1 mm/s. The low load and low amount of sliding cycles are chosen in order to prevent severe wear and



thus not to change the surface roughness of the substrate material significantly during the experiment. Also, by
applying low contact pressures, the particles are not hindered to freely move on the surfaces [31]. Temperature
and relative humidity were kept constant at 20 + 2 °C and 4 + 1 %, respectively. A very low relative humidity is
chosen in order to reduce lubrication effects based on a simple graphitic lubrication, which would need a higher
relative humidity to be effective [67—69]. Three measurements were performed for each type of sample and the
mean value of the coefficient of friction (COF) including standard deviation is plotted against the number of

sliding cycles for each type of sample.

3 Results and discussion
After grinding and polishing the surfaces of the stainless steel platelets, they are analyzed using WLI as
well as SEM. In Fig. 1, the different obtained surfaces are shown and the corresponding R, values including

the standard deviations are given.
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Figure 1: a) R, values of the prepared surfaces including the standard deviation before coating with CNT or OLC,
respectively. The SEM micrographs correspond to b) 8.5 um, ¢) 6 um, d) 3 um, e) 1 um and f) 0.5 um surface finishing.

As expected, a clear decrease in the mean R,,,; value is observed, from 42 nm in case of the preparation
with sandpaper (8.5 pm) down to 3.9 nm for the oxide polishing suspension (0.5 pm). The SEM micrographs
show large scratch-marks and even plastically deformed material in case of the sandpaper preparation (Fig. 1a).
For the higher-grade surface finishing, these scratches are gradually removed until the marks reach the detection
limit of the used techniques (in case of the 0.5 pm polishing suspension) (Fig. 1f). During this surface

preparation process, the samples were moved circularly over the rotating sandpaper or polishing cloth, keeping a



constant pressure. This is done to avoid the formation of anisotropic scratch-marks and results in the formation

of randomly oriented scratch-marks on the steel surfaces.

Comparing these surfaces with the surface of the alumina ball (R, = 20 + 6 nm), the slightly larger
standard deviation compared to the steel surfaces can be explained with 1-2 um sized, randomly appearing nicks
in the alumina surface. However, the surface of each ball was studied by WLI before using it in the tribological

experiment. Surfaces with marked nicks were consequently avoided.

The surfaces of the steel substrates are coated with CNT or OLC. The obtained coatings cover the
surfaces homogeneously, as can be seen in Fig. 2a, b. However, there are clear differences between the two
coatings. OLC form small agglomerates of a few 100 nm in diameter, that are stacked onto the metal surface. In

case of CNT, a dense coating of intertwinned CNT is observed, forming large agglomerates on the surface.

Figure 2: SEM micrographs of a) the CNT coating and b) the OLC coating on the steel surface with a 3 um finishing are
shown. Also, the thickness of the OLC coating is demonstrated by a FIB cross-section in c).

In Fig. 2¢, a FIB cross-section of the OLC coating on a 3 pm polished steel surface is depicted. As
exemplarily shown here, the thicknesses of the deposited coatings were measured. The achieved thicknesses are
3 + 1 um for the OLC coatings and 3 = 2 um for the CNT coatings. The CNT coatings show higher fluctuation
in the coating thickness due to a higher tendency to form agglomerates, which has already been reported in
previous studies [14, 65]. Furthermore, it is noticeable that the coating mainly consists of stacked small particle
agglomerates, including a large quantity of pores in between the individual agglomerates (Fig. 2¢). However,
this is not considered as a debilitating factor for the tribological effects, as the coating will be compressed by the
counterpart contacting the surface. Both types of coatings are not chemically bonded to the steel surface and
show very low adhesion, being physisorption the only interdependency between coating and steel surface. This

is done deliberately in order to allow a systematic study of the lubrication mechanism of the particles without



any chemical influence of the substrate by allowing the particles to move freely over the steel surface.
The different samples were then compared in terms of the temporal evolution of the COF for a

maximum of 500 sliding cycles, which can be seen in Fig. 3.
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Figure 3: Temporal evolution of the dynamic COF as a function of the number of sliding cycles for a) CNT coated surfaces
and b) OLC coated surfaces. The different colors correspond to different initial surfaces roughness as indicated below the
graphs.

The reference COF corresponds to an uncoated steel surface with a finishing of 1 pm (R, =4.2 + 1.1
nm). It is observed, that the COF increases during the first 250 cycles from 0.25 to 0.7, finally reaching steady
state conditions. This behavior is well-known for pure metal surfaces and is extensively discussed in other
works, for example in Blau et al. [70]. It can be explained with an increasing real contact area as a consequence
of the combination of two effects; the wearing off of intrinsic asperities and an increment of the indentation
depth of the ball into the substrate. The rather unstable evolution of the COF is related to the formation and
disintegration of wear particles, which was also already examined in previous studies [14]. The obtained steady-
state reference COF of 0.7 is in agreement with the value reported in the literature [71].

Regarding the CNT coated surfaces (Fig. 3a), a clear reduction of the COF can be observed.
Furthermore, the impact of different surface roughness appears to be negligible as a COF of approximately 0.2 is
sustained for all CNT coated surfaces after 500 sliding cycles. This is explained by the size and morphology of
the CNTs. As the used CNTs present an outer diameter of 20-85 nm and a length of 5-15 pm, they can
effectively separate the two sliding surfaces with Ry values between 3.9 and 42 nm. Although some of the
surface scratches of the samples with higher roughness are larger than 85 nm in width, CNT could still be
dragged out of these areas due to their high aspect ratio and their curved morphology with high flexibility. This
allows CNTs to roll and/or to be degraded to nanocrystalline graphitic flakes and thus to lubricate the contact, as
it was observed by Raman spectroscopy investigations in a previous study [14]. The slight variations in the
frictional behavior of the different surfaces show no clear trend and provide a relatively large standard deviation.
This is related to a varying thickness (3 + 2 pm) of the CNT coating in the different measuring areas.
Considering the applied normal force (50 mN) and the coating thickness range (from a maximum of 5 pm to a

minimum of 1 pm), partially entangled CNT have to be pulled by the alumina ball during the initial sliding



cycles, resulting in a varying tangential force until almost all the CNTs are shifted towards the end of the wear
track. This will be further discussed in the wear track analysis.

Concerning the frictional behavior of the surfaces coated with OLC in Fig. 3b, a clear difference of the
COF as a function of the pre-defined surface finishing is noticeable. For the COF evolution of the 8.5 pm (R =
42 + 7.5 nm) and 6 pm (R = 11.5 = 2.5 nm) samples, only a marginal frictional reduction can be observed
after the first 100 sliding cycles until the end of the measurement. As the roughness of these surfaces are
evidently larger than the diameter of the OLC particles (4 — 10 nm), it seems reasonable to state that the OLCs
are trapped within the surface scratch marks and are being removed from the direct contact zone, as already
reported by Hirata et al. [28]. Still, some of the particles remain in direct tribological contact, contributing to the
slight reduction of the mean value of the COF. However, the high fluctuation of the COF in case of the 8.5 pm
surface finishing is comparable with the behavior of the reference. Therefore, it becomes clear that the acting
tribo-mechanisms of both samples are similar and most likely dominated by the direct contact of the alumina ball
with the steel surface.

By analyzing the higher grade surface finishes (3 pum (Ryns = 7.1 £ 1.5 nm), 1 pm (Ryys = 4.2 £ 1 nm)
and 0.5 pm (Ryps = 3.9 = 0.9 nm)), the COF is gradually decreasing and the standard deviations are clearly
reduced. Considering that the R, values (7.1 nm — 3.9 nm) are now in the range of the particle diameter, a
separation of the two sliding surfaces by OLC is conceivable. This leads to a stabilization of the COF evolution
and thus explains the reduced standard deviation. As discussed in the introduction, the OLC morphology, low
amount of dangling bonds and their high strength make it reasonable to assume that they are acting as rolling
elements, efficiently reducing the friction coefficient. However, the COF of the system is not reaching values
below 0.2, as observed by Hirata et al. [28]. This might be a consequence of the counterpart roughness (Ryys of
20 nm), being able to trap OLC particles within the surface asperities. Nonetheless, an effect on the COF by
surface roughness variation of the substrate material is clearly noticeable.

In order to achieve a better understanding of the acting tribo-mechanisms, the wear-tracks have to be
analyzed in more detail. Fig 4 shows two SEM micrographs of single MWCNT on the steel surface (3 pm

surface finishing) after the tribological experiment with the given sliding direction (S.D.).

Figure 4: SEM micrographs of a) shortened MWCNT, oriented perpendicular to the sliding direction (S.D.) on a 3 um
surface and b) One single damaged, delaminated MWCNT, oriented parallel to the sliding direction (S.D.) on a 3 um
surface.

The SEM micrographs exemplify the dimensions of the scratch-marks of a 3 um sample surface
compared to the used MWCNT. These micrographs support the assumption, that MWCNT cannot be trapped
within the roughness of the prepared surfaces. Considering the structural integrity of the particles, the MWCNT



oriented perpendicular to the sliding direction seem to be unmodified and only slightly shorter than the initial
length of 5-15 um (Fig 4a). This fact supports the assumption of MWCNT are able to roll on the surface. In
contrast to that, the MWCNT which is aligned in parallel to the sliding direction, appears to be fully degraded
and delaminated (Fig 4b). This observation is consistent with Raman spectroscopy studies of previous works,
describing the transition of MWCNT towards nanocrystalline graphite in a tribological contact [14]. The
demonstrated situations represent the extreme possible cases and, as the MWCNT coating consists of randomly
oriented particles, the lubrication mechanism almost certainly consists of a mixture of both cases.

In Fig. 5, the wear tracks of a) the 3 um surface coated with CNT and b) the 3 pm surface coated with
OLC are shown. In both cases, besides the shifted coating towards the end of the wear tracks, no sign of severe

wear of the substrate steel material is observed after 500 sliding cycles.

Figure 5: SEM micrographs of the wear track after the tribological experiment of the 3 um steel substrate coated wit a) CNT
and b) OLC. In both cases, no severe wear of the substrate material is observed. The sliding direction (S.D.) is indicated with
an arrow.

This fact also supports the assumption, that both surfaces are effectively separated by the particles when
their diameter is in the range of the surface roughness. Thus, it can be concluded that the tribological contact is
dominated by the separation of the two surfaces by the carbon nanoparticles and not by a direct interaction of the
substrate steel with the alumina ball. This observation correlates well with the reduction of the COF in Fig. 3 as
energy losses due to plastic deformation or adhesion of the potentially contacting surfaces could be avoided.
Furthermore, the shift of the carbon nanoparticle (CNP) coatings towards the end of the wear track takes place
within the initial sliding cycles and therefore can be correlated with the initially high COF values. Considering
the very low normal load of 50 mN, this is reasonable, as a slightly higher tangential force is needed in order to
shift the agglomerated particle coatings towards the ends of the wear track, resulting in a higher COF.
Particularly for the CNT coated surfaces, this effect is more pronounced as the CNT form an entangled network
on the substrate surface. Thus, mechanically entangled CNT are piled up at the left hand side of the wear track.
Although this shifting of the coating happens within the initial sliding cycles, the lubrication effect is present for
the entire experiment, showing that only few CNPs need to be in direct tribological contact for an efficient
lubrication as most of them are dragged out of the direct contact area.

Fig. 6 presents the wear tracks of the 8.5 um-finished surfaces coated with CNT or OLC, respectively.
It is noticeable, that the direct tribological contact zone in the middle of the SEM micrographs is by far less wide
than the area of the removed coating. This can be explained by two facts. First, if the alumina ball applies

pressure to the surface, only the center and its vicinity is in direct contact to the substrate material. The flanks of
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the alumina ball are only in contact with the coating, which is shifted with the moving ball. Second, as the
particles are agglomerated and entangled, coated areas that were not in direct contact to the alumina ball might
be pulled by moving neighboring particles. Overall, this leads to the observed broad removal of the coating
around the direct tribological contact zone. Furthermore, the wear-track of the CNT coating (Fig. 6a) does not
show any appearance of severe wear of the substrate material with the initially produced scratch-marks of the
surface preparation still being identifiable (Fig. 6¢). However, the formation of a grey layer and filled scratch-
marks indicate the possibility of storing degraded MWCNT. Nevertheless, the lubrication effect of this system is
still active, as can be seen in Fig. 3a. In contrast to that, Fig 6b and d clearly exhibit signs of severe wear as
anisotropic scratch-marks parallel to the sliding direction are formed. This indicates, that OLCs lose their ability
to separate both surfaces, which is in agreement with the evolution of the COF. Furthermore, OLC particles are
trapped within the as-prepared surface scratch-marks, therefore not participating in the direct tribological contact

to any further extent (Fig. 6d). For the 6 pm surfaces, similar observations were made.

Figure 6: SEM micrographs of the wear tracks after the tribological experiment on the 8.5 um surfaces coated with a)
MWCNT and b) OLC. Higher magnification SEM micrographs show the scratch-marks in more detail and are depicted in c)
for CNT and d) for OLC. Severe wear is only observed for the OLC coated surface.

Looking in detail at the wear-tracks of the 3 pum-finished surfaces (Fig 7), differences between both
coatings can be observed again. In case of the CNT-coated sample, the surface is in pristine condition after the
tribological experiment (500 sliding cycles) and no particle trapping is noticed, even with higher magnification.
For the OLC coating, although no severe wear is observed, particles are partially stored in the scratch-marks of
the surface. Thus, the contacting surfaces of ball and substrate can still be separated, but the possible rolling

mechanism of the OLC appears to be strongly hindered, as analyzed in the COF measurement in Fig. 3b.
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Figure 7: SEM micrographs of the wear tracks after the tribological experiment on the 3 um surfaces coated with a)
MWCNT and b) OLC. Higher magnification SEM micrographs show the scratch-marks in more detail and are depicted in c)
for CNT and d) for OLC.

In Fig. 8, a single scratch mark of the OLC wear track in Fig. 7 b and d is shown under high magnification,
marked with red lines. OLC particles are observed between the red lines, which are stored in the scratch mark

thus severely restricting their ability to freely move or roll on the surface.

Figure 8: High magnification SEM micrograph of a scratch mark (marked in red) within the wear track of the 3 um surface
coated with OLC after the experiment. It can be seen, that the scratch mark is filled with trapped OLC particles that cannot
efficiently roll on the surface therefore providing no pronounced lubrication effect.

For the 1 um- and 0.5 um-finished surfaces, no particle trapping is found, neither in case of CNT nor in the OLC
coatings. This explains the decreasing COF in case of the OLC coatings, as less surface scratch-marks can

interfere with the potential rolling mechanism of the particles.
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Figure 9: High magnification SEM micrograph of the wear track after the tribological experiment on the 1 um surface
coated with MWCNT. The surface is representative for the OLC coating as well.

However, by observing at very high magnification in the SEM (Fig 8), grey-shaded areas are detected
in the wear-tracks for both coatings. These areas might result from the degradation of the carbon particles in the
direct tribological contact, thus forming nanocrystalline graphitic layers as already reported by Reinert et al.
[14]. Thus, the lubrication mechanism of both types of particles is traced back to a mixture between a rolling
motion on the surfaces and particle degradation, including the formation of nanocrystalline graphitic layers.
Summarizing, this investigation highlights that choosing the suitable surface finish for a tribological application

is crucial for achieving beneficial tribological effects of CNP lubricated surfaces.

4 Conclusions

In the present study, a systematic evaluation of the influence of surface roughness on the lubrication activity of
MWCNT and OLC has been carried out. It was observed that the friction coefficient of the steel surfaces
(against alumina counterbodies) can be decreased considerably from 0.7 to 0.2 after applying an
electrophoretically deposited OLC or MWCNT coating. The degree of frictional reduction in case of OLC is
increasing with decreasing surface roughness. For a roughness higher than the diameter of the OLC particles (4-
10 nm), only marginal lubrication is observed. This is explained by the particles being trapped within the
initially induced surface scratch-marks, therefore not being able to separate the contacting surfaces. When the
surface roughness is in the range of the OLC particle diameter or below, efficient lubrication is observed. For
MWCNT, no dependence of the lubrication activity on the surface roughness is observed. This is explained by
their larger diameter (20-85 nm) and high aspect ratio (length of 5-15 um), allowing them to be dragged inside
of the direct tribological contact region. The lubrication mechanism of both types of particles is traced back to a
mixture between a rolling motion on the surfaces and particle degradation, including the formation of
nanocrystalline graphitic layers. However, it is assumed, that the lubrication effect for both particles would be
even more pronounced in case of a smoother surface of the ball (R, = 20 £ 6 nm), as it might hinder the
particles in their rolling mechanism. The aforementioned results emphasize that, in order to achieve beneficial
tribological effects of carbon nanoparticle lubricated surfaces, the choice of a suitable surface finish for a

tribological application is of utmost importance.
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