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Abstract
The lubricity of coatings made from different types of carbon nanoparticles such as carbon onions, carbon nanohorns and 
carbon nanotubes is investigated on line-patterned AISI 304 stainless-steel substrates using ball-on-disc tribometry over 
200,000 sliding cycles. Picosecond direct laser interference patterning is used to create line-patterns on the substrate surfaces 
which are subsequently coated by electrophoretic deposition. Friction testing is conducted on as-processed surfaces in linear 
reciprocal mode at a normal load of 100 mN with alumina and 100Cr6 as counter body materials. The resulting wear tracks 
on the substrates as well as wear scars on the counter bodies are characterized by scanning electron microscopy as well as 
energy-dispersive X-ray spectroscopy. Tribometry shows that CNTs have the ability to maintain lubricity against both coun-
ter body materials. CO and CNH coatings sustain their lubricity against 100Cr6 over the full test duration but fail against 
alumina. In contrast to alumina, substantial carbon transfer from the substrate surface to 100Cr6 counter body is observed.

Keywords  Solid lubricant coatings · Carbon nanotubes · Carbon onions · Carbon nanohorns · Long-term lubricity · 
Tribometry

1  Introduction

Graphitic nanocarbons represent a material family that 
includes particles with a variety of different geometries and 
sizes. Carbon nanotubes (CNT) are among its most promi-
nent members with a proven record of providing effective 
solid lubrication as a coating [1–4], reinforcing phase in 
composites [5–8] or lubricant additive [9–11]. Despite dif-
ferent particle morphologies, carbon onions (CO) and car-
bon nanohorns (CNH) have also demonstrated their ability 
to significantly reduce friction [12–14], although their tri-
bological properties have not been as intensively researched.

Due to weak adhesion between carbon nanoparticles and 
metallic substrates, surface texturing is required to prevent 
their removal from the contact during tribological load, as 
demonstrated for CNT coatings on stainless steel by Rein-
ert et al. [3]. When combining textured surfaces with car-
bon nanoparticle coatings, the grooves can act as lubricant 
reservoirs, providing a steady lubricant supply directly into 

the contact. Simultaneously, filled reservoirs absorb gener-
ated wear particles, thus, preventing them from entering the 
contact.

Such surface textures can be manufactured in the form 
of precisely tailored patterns using picosecond direct laser 
interference patterning (ps-DLIP) [15, 16]. During ps-DLIP, 
the interference of two or more pulsed sub beams directly 
on the substrates’ surface induces photothermal processes 
at the interference maxima, resulting in the formation of 
grooves, grids or dimples with periodicities and aspect ratios 
that are adjustable to a certain extent. The texture offered by 
ps-DLIP line-patterns is well suited to carbon nanoparticle 
coatings, as their aspect ratio is well matched to accommo-
date and store considerable amounts of particles.

As-processed surfaces are subsequently coated using 
electrophoretic deposition (EPD), a method for depositing 
dispersed carbon nanoparticles from a solution onto a con-
ductive substrate by applying a sufficiently high voltage. 
EPD is well-established for producing homogeneous coat-
ings made from various sp2-hybridized carbon nanoparticles 
as it combines simplicity, short processing times, applicabil-
ity to complex substrate geometries, upscaling potential and 
cost-effectiveness, while allowing for reproducible deposi-
tion results [3, 12, 17–19].
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A major criterium for any lubrication system is its ability 
to maintain lubricity over significant periods of time against 
different counter body materials without the need for re-sup-
ply. In this context, Schäfer et al. conducted tribometry on 
CNT-coated and cross-patterned austenitic steel substrates 
over 110,000 cycles at a load of 1 N [1]. The cross-pat-
terns had a structural depth of 1 µm and were manufactured 
using femto-second direct laser writing. Experiments were 
conducted on a ball-on-disc tribometer in rotational mode 
using an alumina counter body (6 mm diameter) at 25 °C and 
45% relative humidity. A coefficient of friction (COF) < 0.2 
was maintained for about 45,000 cycles before starting to 
increase considerably.

In this work, coatings made of three different types of car-
bon nanoparticle on line-patterned stainless-steel platelets 
are subjected to ball-on-disc friction testing over 200,000 
cycles (240 m). The objective is to investigate and com-
pare their respective long-term COF developments against 
two technically relevant counter body materials: on the one 
hand, alumina due to its inertness and 100Cr6 as a common 
bearing steel. Based on the results of MacLucas et al., a low 
structural depth of 0.23 µm was chosen for the pattern in 
order to optimize the lubricity of the particle coatings [4].

2 � Experimental Section

2.1 � Materials

CVD-grown multiwall CNTs with a diameter of 30–85 nm 
and a length of 10–15 µm purchased at Graphene Super-
market (USA) were utilized. The COs were synthesized 
by annealing nanodiamonds (NaBond Technologies Co., 
purity > 98%, particle diameter: 4–8 nm) in a vacuum fur-
nace (model 1100–3580-W1, Thermal Technology Inc.) 
at 1750 °C for 3 h at a rate of 10 °C/min [20]. Commer-
cially available dahlia-type CNH with a 60–120 nm cluster 
diameter and a single horn diameter of 2–5 nm (Carbonium 
SRL, Italy) were used. Mirror-polished AISI 304 austenitic 
stainless-steel platelets (20 × 20 mm2, 1 mm thick) purchased 
at Brio Kontrollspiegel GmbH (Germany) were used as sub-
strate material. The platelets were thoroughly cleaned with 
acetone and isopropanol prior to ps-DLIP processing and 
EPD.

2.2 � Picosecond DLIP

A Nd:YAG pulsed laser (Edgewave PX-series InnoSlab) 
integrated into a RDX 500 nano laser system (Pulsar Photon-
ics GmbH, Germany) was used to fabricate line-patterns on 
the AISI 304 platelets. The system operates at a wavelength 
of 532 nm and the samples were processed at 0.5 W. Afore-
said patterns were created with a periodicity (line spacing) 

of 3.5 µm using two interfering sub beams with a pulse dura-
tion of 12 ps. Finally, the patterned surfaces were cleaned 
by ultrasonication in citric acid, acetone and isopropanol for 
15 min each to remove superficial oxide produced during the 
laser-processing.

2.3 � Confocal Laser Scanning Microscopy (CLSM)

An Olympus LEXT OLS4100 confocal laser scanning 
microscope was utilized to measure the structural depth of 
the patterns, coating thicknesses. The microscope was oper-
ated with a 50 × objective (N.A.: 0.95) at a laser wavelength 
of 405 nm and a vertical and lateral resolution of 10 nm and 
120 nm, respectively. The mean height RC was used as a 
measure for the structural depth of the line-patterns over a 
sampling length of 259 µm. To ensure statistical represen-
tation, RC was determined for 10 different profile lines on 
images taken at three different spots on the patterned sam-
ple surfaces. As the coating thickness cannot be determined 
directly on the sample surface due to its patterning, separate 
depositions were made on non-patterned platelets on which 
deposition parameters were optimized to achieve the tar-
get thickness of 4.0–4.5 µm. Subsequently, the optimized 
parameters were applied to the coating of the patterned sur-
faces to ensure comparable film thickness.

2.4 � Dispersion Preparation and Electrophoretic 
Deposition

Each dispersion used for electrophoretic deposition con-
tained 70  ml of isopropanol, 10  ml of trimethylamine 
(ACROS Organics, purity: 99%) and 7 mg of carbon nano-
particle content (0.1 mg/ml solvent). For dispersion, the 
colloids were subjected to shear mixing (Ultra-Turrax IKA 
T25), followed by ultrasonication in a Bandelin Sonorex 
RK514BH (for 10 min each). Subsequently, both the sub-
strate and a comparable platelet representing the counter 
electrode were immersed in the dispersion and arranged 
in parallel. After being connected to a DC voltage supply, 
deposition was conducted at 300 V for 3 min (CNT, CNH) 
and 4.5 min (CO) to ensure comparable coating thickness.

2.5 � Tribometry

A ball-on-disc tribometer (CSM instruments) was used for 
friction testing in linear reciprocal mode with a stroke length 
of 0.6 mm at a load of 100 mN. Sliding direction was trans-
versal to that of the line-pattern and performed at a velocity 
of 1 mm/s. Balls with a diameter of 6 mm from either alu-
mina (Kugel Pompel, GD24) or 100Cr6 steel (Kugel Pompel, 
Kl.3) were deployed as counter bodies which corresponds to 
a Hertzian pressure of 0.31 GPa (100Cr6 vs AISI304) and 
0.36 GPa (alumina vs AISI304), respectively. Testing was 
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carried out at room temperature and 4% relative humidity. 
To attenuate excessive COF oscillation in the graphs, the raw 
data were slightly smoothed using a Savitzky-Golay filter 
(50 p). Each sample was measured thrice to ensure statisti-
cal representation.

2.6 � Wear Track Characterization

A Helios G4 PFIB CXe dual beam work station (Thermo 
Fisher Scientific, USA) with an integrated EDAX detec-
tor for energy-dispersive x-ray spectroscopy (EDS) was 
employed to characterize the resulting wear tracks at an 
acceleration voltage of 5 kV and a beam current of 1.6 nA. 
Chemical mapping was conducted with 8 cumulative frames.

3 � Results and Discussion

3.1 � Surface Characterization

Figure 1 depicts top view CLSM images of the line-pat-
terned AISI 304 stainless steel substrates after ps-DLIP pro-
cessing including representative line profiles. As-processed 
surfaces were subsequently coated with COs (Fig. 1a), CNH 

(Fig. 1b) and CNTs (Fig. 1c). RC was determined based on 
line profiles at different locations to get a representative 
value for the overall structural depth of the respective pat-
tern. As shown by the images, all surfaces are homogene-
ously patterned and have close to identical line profiles as 
well as structural depths.

Figure 2 depicts CO-, CNH- and CNT-coating sections 
on non-patterned steel surfaces as coating thickness can-
not be reliably measured directly on as-processed surfaces. 
In this case, the profile height of the left (blue rectangle) 
and right (red rectangle) coating sections are compared to 
that of an uncoated section in the middle (blue square) on 
non-patterned and mirror-polished substrates to determine 
coating thickness. The exact same EPD parameters used for 
the deposition on non-patterned surfaces were subsequently 
used to coat the patterned surfaces. The mean thicknesses 
of all coatings range between 4.2 and 4.4 µm and are, thus, 
comparable, so that coating thickness can be eliminated as 
an influencing factor.

3.2 � Long‑Term Tribological Testing

Figure 3a shows the coefficient of friction (COF) develop-
ment of the carbon nanoparticle coatings against an alumina 

Fig. 1   Top view confocal laser scanning micrographs of the line-
patterned AISI 304 substrate which were subsequently coated with a 
COs, b CNH and c CNTs. In addition to that, the images show rep-

resentative line profiles and the overall structural depth (RC) of the 
respective pattern (Color figure online)
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counter body over 200,000 cycles. A plain uncoated steel 
surface serves as reference (Ref). Within the initial cycles, 
its COF rises sharply to 0.76, followed by a slight decrease. 
According to Blau, this running-in behaviour can be 
assigned to type b, which is typically observed with non-
lubricated metals [21]. After 40,000 cycles, Ref can be con-
sidered run-in whilst ranging around 0.70, corresponding 
well with comparable literature [3]. The COs show a type 
f behaviour with a subsequent decrease to a COF of 0.22. 
This is followed by an abrupt and sharp increase until enter-
ing steady-state after 78,000 cycles, maintaining a COF of 

0.54 throughout the remaining cycles. The COs’ extreme 
standard deviation is due to inconsistent lubricity as dur-
ing one measurement, lubrication is maintained over the 
full distance whereas the other two failed prematurely. The 
running-in of CNH is characterized by a steep initial decline, 
reaching a COF of 0.17, followed by a steady increase (type 
h). After 30,000 cycles, the rise increases considerably and 
the COF continues to climb throughout the test, not reach-
ing a steady-state at all with a final value of 0.66. The likely 
cause of the observed COF increase is a gradual lubricant 
depletion, setting in after roughly 30,000 cycles, despite the 

Fig. 2   Confocal laser scanning micrographs of the coatings on non-
patterned AISI 304 substrate where the profile height of the marked 
coating sections (blue rectangles on the left and red rectangles on the 

right) is compared to that of the uncoated section (blue square in the 
middle) in order to determine the mean thickness of the CO-, CNH- 
and CNT-coatings (Color figure online)

Fig. 3   COF development of CO-, CNT- and CNH-coatings on laser-patterned stainless-steel surfaces against both a alumina and b 100Cr6 coun-
ter bodies (Color figure online)
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surface patterning. Similar to the COs, the CNTs display a 
distinct type f running-in behaviour with a minimum COF 
of 0.18 after 30,000 cycles. Subsequently, the COF increases 
slightly but steadily over the remaining testing period, reach-
ing a final COF of 0.24. CNTs are the only particle type able 
to maintain lubricity against alumina over the full duration 
of the friction test.

The COF development of the carbon nanoparticle coat-
ings against a 100Cr6 counter body is presented in Fig. 3b. 
Unlike alumina, Ref shows a type a running-in and enters 
steady-stage after approximately 20,000 cycles at 0.73. 
Resembling a type h, the CO coatings’ running-in differs 
from the measurements against alumina also. Consequently, 
the COF shows a slight decline and enters steady-state after 
about 50,000 cycles from which on, it remains around 0.26. 
The CNHs’ running-in strongly resembles that against alu-
mina and can be classified accordingly as type h. In contrast, 
however, after running-in during which a minimum COF of 
0.14 was reached, steady-state is established around 45,000 
completed cycles with the COF ranging between 0.16 and 
0.18 for the residual test duration. The CNTs running-in 
remains unchanged by switching the counter body (type f), 
reaching steady-state lubrication at approximately 45,000 
cycles. After 140,000 cycles, the COF starts to increase 
again, along with the standard deviation, resulting in a final 
value of 0.24.

In summary, CNTs are able to maintain a lower COF than 
the COs for almost 150,000 cycles, after which the stand-
ard deviations begin to overlap. The CNHs’ COF, on the 
other hand, can be considered significantly lower than that 
of the COs over the full testing period. Moreover, CNH rep-
resent the only particle type able to maintain a COF below 
0.20, deemed the threshold for effective solid lubrication by 
Aouadi et al. [22]. In contrast to tribological testing against 
the alumina counter body, all carbon nanoparticle coatings 
were able to sustain lubricity against 100Cr6. It should be 
noted, that sp2 carbon nanoparticles are expected to degrade 
heavily during this type of friction testing as reported spe-
cifically for CNTs [1, 3, 5]. It is, therefore, not entirely cor-
rect to refer to these particles as such after friction testing, 
but rather as a tribofilm derived from the respective particle.

3.3 � Morphological & Chemical Wear Track Analysis

The SEM image in Fig. 4a shows a heavily worn wear track 
on the uncoated AISI 304 substrate after rubbing against 
an alumina counter body (reference) over 40,000 cycles. 
Adhesion with subsequent delamination represent the main 
wear mechanisms, however, adhesion is more dominant as 
indicated by clearly recognizable and characteristic island 
formation throughout the wear track. Bright green areas 
throughout the wear track in the corresponding EDS map 
(Fig. 4b) indicate severe oxidation.

Friction testing against 100Cr6 also leads to heavy wear 
caused by adhesion (Fig. 4c), however, the resulting wear 
track is notably wider than its alumina equivalent depicted 
in Fig. 4a. Since 100Cr6 is softer, permanent deformation is 
dominant, resulting in a larger contact area. The oxygen map 
in Fig. 4d reveals severe and uniform oxidation. Further-
more, the particle pile-up at the bottom right of the track in 
Figs. 4c and d reveals the formation and subsequent removal 
of oxidic wear particles from the contact.

As previously indicated, the COs inconsistent tribological 
behaviour suggests fundamentally different lubrication con-
ditions which is confirmed by Fig. 5a–d. The SE micrograph 
in Fig. 5a shows a fully depleted wear track with pronounced 
island formation, which is characteristic of adhesion as the 
dominant wear mechanism. The corresponding EDS map 
depicted in Fig. 5b verifies complete carbon removal along 
with severe substrate oxidization, extensive wear particle 
formation and their subsequent deposition directly next to 
the wear track. In contrast, Fig. 5c depicts a much narrower 
and less worn track in which the original surface pattern is 
well preserved (inset for higher magnification). Consider-
ing its chemical map (Fig. 5d), remaining tribofilm can be 
identified along the edges of the wear track, where minor 
oxidation has occurred. Of the three CO-coated wear tracks, 
depletion occurred in two cases while lubrication was main-
tained in one case. Figure 5e shows island formation once 
again, therefore, the CNH-coated wear tracks were worn 
in the same way as the reference or depleted CO tracks: 
complete carbon removal resulted in severe oxidation, often 
causing a significant oxide pile-up at the end of the wear 
track (Fig. 5f). Figure 5g shows the CNT-coated wear track 
in the centre of which the remnants of the laser-pattern can 
still be identified and appear to be largely intact (inset for 
higher magnification). In this case, considerable amounts of 
CNT-derived carbon remained in the grooves of the pattern 
and formed large patches, sustaining effective lubrication 
with no apparent oxidation (Fig. 5h). Bulging at the right 
end of the wear track demonstrates good coating cohesion.

Unlike alumina, the CO and CNH coatings are not fully 
removed during friction testing against 100Cr6 (Fig. 6a and 
c). In the case of COs, the filled grooves are distinct and the 
line-pattern is well preserved, whereas on the CNH-coated 
surface, the pattern has been partially worn away (insets for 
higher magnification). Elemental mapping shows relatively 
small amounts of CO-derived tribofilm along the edges of 
the contact area as well as minimum local oxidation at both 
ends of the wear track (Fig. 6b). In CNH-coated wear tracks, 
oxidation is more pronounced and can be classified as minor 
(Fig. 6d). Secondly, the CNH-derived tribofilm is more 
abundant and spread over a larger area outside of the contact. 
The remaining carbon is sufficiently abundant for patches to 
be formed. After rubbing against 100Cr6, the CNT-coated 
wear track looks similar to its alumina equivalent with the 
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substrate pattern still clearly recognizable (Fig. 6e, inset for 
higher magnification). The corresponding EDS map reveals 
significant amounts of carbon, often in the form coherent 
patches on top of the pattern, with no discernible substrate 
oxidation (Fig. 6f).

3.4 � Material Transfer

Figure 7a shows a typical wear scar on the alumina counter 
body after friction testing with failed lubrication. The SEM/
EDS overlay depicted in Fig. 7b, shows adhesion-induced 
iron transfer from the substrate wear track to the alumina 
ball. The thin red film observable in Fig. 7c represents neg-
ligible amounts of carbon likely stemming from atmospheric 
contamination.

After friction testing with successful lubrication, material 
transfer is either minor (Fig. 8a) or non-detectable (Fig. 8c) 
as confirmed by the corresponding carbon maps (Fig. 8b and 
d). Similar to Fig. 7c, the red bands visible in Fig. 8b origi-
nate from atmospheric pollution. In case of effective lubri-
cation, the resulting wear scars on the alumina are typically 
smaller compared to those created by unlubricated friction.

Figure 9a shows EDS mapping of a representative wear 
scar on a 100Cr6 counter body after tribometry against a 
reference surface, leading to severe oxidation, as indicated 
by the bright green areas surrounding the contact. More spe-
cifically, oxidic wear particles were generated and subse-
quently removed from the contact. After testing against CO-, 
CNH- and CNT-coated surfaces (Fig. 9b–d), the resulting 
wear scars are smaller compared to that of the reference and 
oxidation is considerably reduced. The images further dem-
onstrate substantial carbon transfer from the coated substrate 
to the counter body during tribological load. This phenom-
enon is particle-independent and can be explained by the 
formation of covalent bonds between carbon and substrate 
iron as indicated by MacLucas et al. [4] whereas alumina is 
far less reactive.

The results have shown that solely CNTs are able 
to maintain solid lubricity over the full duration of the 
friction test with no detectable oxidation on any of the 
substrates against both counter body materials. We 
believe patch formation to be the principal reason for this 
behaviour as the presence of patches on top of the pat-
tern effectively separates the sliding surfaces. Due to the 

Fig. 4   Scanning electron micrographs of representative uncoated substrates (reference) after rubbing against an a alumina and c 100Cr6 ball for 
40,000 friction cycles. Corresponding EDS maps against b alumina and d 100Cr6. Green stands for oxygen, red for carbon (Color figure online)
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combination of cylindrical morphology and van der Waals 
interactions, CNTs are able to form strong entanglements. 
Consequently, their agglomerates are interconnected while 
embedded in a continuous matrix of CNT coating, thus, 
facilitating the formation of patches with a strong cohe-
sion. Once formed, those patches are difficult to remove 

from the contact as they are likely connected with the 
underlying CNTs in the grooves and thus anchored in the 
pattern as illustrated by Fig. 10. Against 100Cr6, CNH 
are the only coating type able to sustain a mean COF < 0.2 
and, thus, effective solid lubrication according to Aouadi 
et  al. throughout the test [22]. In this case, CNH also 

Fig. 5   Scanning electron micro-
graphs of representative wear 
tracks coated with a CO (depl), 
c CO (lubr), e CNH and g CNT 
after exposure to 200,000 fric-
tion cycles against an alumina 
ball. Corresponding EDS maps 
of b CO (depl), d CO (lubr), f 
CNH and h CNT. Green stands 
for oxygen, red for carbon 
(Color figure online)
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form patches, however, compared to CNT patches, they 
are spread over a larger region which could explain lower 
COF values as the contact area is increased and thus the 
contact pressure is reduced. As the morphology of the 
nanocarbons varies, the character and certain properties 
of their agglomerates change and so do those of the result-
ing coatings. Most importantly, individual CNH and CO 

agglomerates are not interconnected, hence they are more 
easily removed than CNTs. The CNH patches are therefore 
further away from the wear track centre and thus unable to 
achieve complete separation of the sliding surfaces against 
a spherical counter body which explains the occurrence of 
oxidation. EDS analysis of the contact area on the 100Cr6 
balls has shown that whenever lubrication is maintained 

Fig. 6   Scanning electron micrographs of representative wear tracks 
coated with a CO, c CNH and e CNT after exposure to 200,000 fric-
tion cycles against a 100Cr6 ball. Corresponding EDS maps of b CO, 

d CNH and f CNT. Green stands for oxygen, red for carbon (Color 
figure online)
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Fig. 7   a SE micrograph of a representative wear scar on an alumina 
ball after 200,000 friction test cycles with failed lubrication. The 
outline of the wear scar (dotted line) and sliding direction (s.d.) are 

marked in teal. EDS/SEM overlays for b iron (orange) and c carbon 
(red) (Color figure online)

Fig. 8   SE micrographs of representative wear scars on an alumina 
counter body after 200,000 friction test cycles with functioning lubri-
cation resulting either in a minor and b no material transfer. The 

outline of the wear scar (dotted line) and sliding direction (s.d.) are 
marked in teal. c and d show corresponding SEM/EDS overlays with 
red representing carbon (Color figure online)
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4 � Conclusions

During this study, long-term solid lubrication properties of 
CO-, CNH- and CNT-coatings on patterned steel substrates 
were investigated against two technically relevant counter 
body materials. For that purpose, ball-on-disc tribometry 
was used in linear reciprocal mode and the resulting sub-
strate wear tracks as well as counter body wear scars were 
analysed by SEM and EDS. The following three key conclu-
sions can be drawn:

(1)	 CNT coatings are able to provide long-term lubricity 
against alumina and 100Cr6 without detectable sub-
strate oxidation. This can be explained by the formation 
of coherent patches that prevent direct contact of the 
sliding surfaces.

(2)	 All particle types were able to lubricate against 100Cr6 
over 200,000 friction cycles due to considerable carbon 
transfer from the patterned/coated surface to the coun-
ter body.

(3)	 CNH achieved the lowest absolute friction against 
100Cr6 with a steady-state COF around 0.17

Fig. 9   EDS elemental maps showing representative wear scars on the 100Cr6 balls after rubbing against a Ref, b CO, c CNH and d CNT. Green 
stands for oxygen, red for carbon. The sliding direction (s.d.) is marked by a white arrow (Color figure online)

Fig. 10   Schematic cross-section showing CNTs on top of the line-
patterned substrate forming cohesive patches with the CNTs stored in 
the grooves due to counter body pressure during friction testing. As a 
result, surface adhesion is greatly improved as the patch is interlocked 
in the grooves (Color figure online)

over the full testing period, significant amounts of carbon 
are transferred from the coated surface onto the counter 
body. In contrast, very little carbon, if any, is transferred 
when sliding against alumina.
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The results presented in this work highlight the impact of 
particle morphology on the tribological properties of nano-
carbon coatings on patterned steel surfaces, despite their 
physical and chemical similarities.
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