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Abstract
Developing new lubrication concepts greatly contributes to improving the energy efficiency of mechanical systems. Nanopar-
ticles such as those based on carbon allotropes or 2D materials have received widespread attention due to their outstanding 
mechanical and tribological performance. However, these systems are limited by a short wear life. Combining nanoparticle 
coatings with laser surface texturing has been demonstrated to substantially improve their durability due to the reservoir effect 
which prevents immediate particle removal from the contact. In this study, we investigate the high-load (20 N) tribological 
performance of AISI 304 austenitic stainless-steel substrates, which are line-patterned by laser interference patterning and 
subsequently coated with different carbon nanoparticle coatings (carbon nanotubes, carbon onions, carbon nanohorns) against 
alumina and 100Cr6 counter bodies. In addition to that, benchmark testing is performed with conventional solid lubricant 
coatings (graphite, MoS2, WS2). Electrophoretic deposition is used as the main coating technique along with air spraying 
(for WS2). All coatings substantially improve friction compared to the purely laser-patterned reference. Among all coating 
materials, carbon nanotubes demonstrate superior lubricity and the longest wear life against 100Cr6 and alumina counter 
bodies. Detailed characterization of the resulting wear tracks by energy-dispersive X-ray spectroscopy, scanning electron 
microscopy, and confocal laser scanning microscopy provides insights into the friction mechanisms of the various solid 
lubricant particles. Further, material transfer is identified as an important aspect for effective and long-lasting lubrication.

Keywords  Solid lubricant coatings · Carbon nanotubes · Carbon onions · Carbon nanohorns · Conventional solid 
lubricants · High load tribometry

1  Introduction

The development of advanced lubrication systems has been 
an important aspect of modern engineering, as it plays a 
crucial role in improving the efficiency and durability of 
mechanical systems, which directly affects overall energy 
consumption and CO2 emissions [1]. For many applications, 
the typically used liquid lubricants are not suitable due to 
their limited temperature stability or problems related to 

their evaporation or to contamination [2, 3]. Therefore, solid 
lubricants in particular have attracted significant attention 
due to their excellent lubrication properties, high thermal 
stability and resistance to oxidation, evaporation, and cor-
rosion. Typical solid lubricants are based on polymers (e.g., 
PTFE [4]), soft metals (e.g., gold [5]) or 2D materials (e.g., 
graphite [6], transition metal dichalcogenides (TMD) [7, 8] 
and MXenes [9]).

In recent years, carbon nanoparticles have emerged as 
promising candidates for solid lubrication, particularly in 
the form of coatings [10–12]. Carbon nanoparticles com-
bine unique physical and chemical properties, such as high 
strength, low density, and high conductivity [13]. The 
mechanical stability stemming from the combination of 
mechanical strength with cylindrical (CNT), respectively, 
spherical (CO, CNH) shapes and a layered morphology 
(CNT and CO) makes these particles highly interesting for 
bearing high loads.
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However, a major issue for many solid lubricant coat-
ings is a lack of substrate adhesion, which results in a 
lubricant-depleted contact. This is particularly true for 
carbon nanoparticles as they don’t form covalent bonds 
with metallic substrates during the coating process [12]. 
This shortcoming can be tackled by the introduction of 
surface textures, as those fabricated by laser surface tex-
turing. Laser surface texturing has also gained consider-
able attention as a technique for improving the tribological 
properties of metallic surfaces and solid lubricant coatings 
[2, 3, 12]. During sliding, micro and nano-scale surface 
features on the substrate material act as lubricant reser-
voirs and trap wear particles, thus reducing friction and 
wear [14–16]. A particularly effective technique to create 
laser textures in the lower µm-scale is direct laser inter-
ference patterning (DLIP), which is based on the interfer-
ence of two or more high-power laser beams [17]. Upon 
overlapping the laser beams on the surface of the target, 
material is directly ablated at the so-called interference 
maxima positions, resulting in the generation of periodic 
patterns (e.g., lines, cross, or dimples) inside the area of 
the spot (with diameters of several hundreds of microm-
eters to several millimeters), even using only a single laser 
pulse [18]. Additionally, the interaction between laser 
and material can be tuned by using different laser pulse 
durations and for ultrashort laser pulses (i.e., pulse dura-
tion < 10 ps) the thermal effect on the material is minimal 
resulting in negligible modification of the material near 
the created surface textures [19]. When it comes to the 
combination of laser patterns and solid lubricants, the tex-
tures have been shown to store solid lubricant particles in 
their topographical minima and thus, effectively form res-
ervoirs from where the particles are continuously released 
into the contact during tribological loading [2, 3, 12, 16]. 
By creating lubricant-filled reservoirs, the lifetime of the 
lubrication is significantly extended as the particles are 
protected from immediate removal from the contact [11, 
12, 20].

There are numerous methods to fabricate solid lubricant 
coatings, such as sputtering [21], burnishing [22], drop cast-
ing [23], spray coating [8], and electrophoretic deposition 
(EPD) [12]. The combination of textured surfaces and coat-
ings applied by EPD is particularly suitable as this process is 
fast, scalable, offers excellent process control and replicates 
the laser-induced textures extremely well.

This study investigates the lubricity of carbon nanopar-
ticle coatings (i.e., carbon nanotubes (CNT), carbon onions 
(CO), and carbon nanohorns (CNH)) on laser patterned 
AISI304 steel surfaces under high load against 100Cr6 and 
alumina counter bodies in atmospheric conditions. Addition-
ally, the tribological performance is directly compared to 
surfaces coated with the widely used solid lubricants graph-
ite, WS2, and MoS2.

2 � Experimental Section

2.1 � Materials

As substrate material, mirror-polished austenitic stainless-
steel platelets (AISI 304, 20 mm × 20 mm, 1 mm thick) 
purchased at Brio Kontrollspiegel GmbH (Germany) was 
used. Prior to surface patterning and EPD, the platelets were 
thoroughly rinsed using ultrasonication and cleaned with 
acetone and isopropanol. Multiwall CNTs were synthesized 
by chemical vapor deposition (CVD) and purchased at Gra-
phene Supermarket (USA). The particles measure 10–15 µm 
in length and 30–85 nm diameter. Dahlia-type CNH were 
purchased from Carbonium SRL (Italy). The clusters meas-
ure 60–120 nm in diameter with a single horn diameter of 
2–5 nm. COs were fabricated by annealing nanodiamonds 
(purity > 98%, particle diameter: 4–8 nm, NaBond Technolo-
gies Co.) in a vacuum furnace (model 1100-3580-W1, Ther-
mal Technology Inc.) at 1750 °C for 3 h at a rate of 10 °C/
min [24]. The graphite powder is a synthetic conducting 
grade (99.99%, 325 mesh) and was purchased at Alfa Aesar 
(USA). Both MoS2 (98%, 325 mesh, which corresponds to 
44 µm) and WS2 (99.8%) powders were purchased from 
Thermo Scientific (USA).

2.2 � Dispersion and Coating Preparation

To prepare for EPD, each dispersion consisted of 70 ml of 
isopropanol, 10 ml of triethylamine (ACROS Organics, 
purity: 99%). For the carbon nanoparticles, a concentration 
of 0.1 mg/ml (solvent) was used, for MoS2 0.4 mg/ml and 
for graphite 0.2 mg/ml. Subsequently, the dispersions were 
subjected to shear mixing (using an Ultra-Turrax IKA T25) 
and ultrasonication (using a Bandelin Sonorex RK514BH) 
for 10 min each. During the next step, the substrate and an 
uncoated AISI 304 platelet (counter electrode) were both 
immersed in the dispersion and placed parallel to each other. 
To achieve comparable coating thickness in the 4–5 µm 
range, the CNTs were deposited for 5 min 45 s, the CNH for 
2 min 45 s, the COs for 6 min 15 s, graphite for 4 min 20 s 
and MoS2 for 6 min 30 s, all at 300 V. As it is difficult to 
obtain homogeneous WS2 coatings via EPD in the 4–5 µm 
range, air spraying was used as an alternative and 8 ml of 
WS2 solution (concentration 28.6 mg/ml) were sprayed onto 
the substrate.

2.3 � Picosecond Direct Laser Interference Patterning

To create line-patterns on the AISI304 substrate plate-
lets (mirror-polished), a Nd:YAG pulsed laser (Edgewave 
PX-series InnoSlab) integrated into a RDX 500 nano laser 
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system (Pulsar Photonics GmbH, Germany) was used. The 
laser operates at a wavelength of 532 nm and the samples 
were processed at 0.5 W with a pulse duration of 12 ps. 
The line-patterns were fabricated using two interfering sub-
beams and have a periodicity (line spacing) of 3.5 µm. To 
remove superficial contamination such has oxides, the pat-
terned substrates were sonicated in citric acid, acetone and 
isopropanol for 15 min each.

2.4 � Confocal Laser Scanning Microscopy

To assess the depth of the patterns and the coating thick-
nesses, an Olympus LEXT OLS4100 confocal laser scan-
ning (CLS) microscope was utilized. The microscope is 
equipped with a 50 × objective (N.A.: 0.95) and operates at 
a laser wavelength of 405 nm, providing a vertical resolu-
tion of 10 nm and a lateral resolution of 120 nm. RC (mean 
height) was used as a measure for the structural depth of the 
line-patterns over a sampling length of 259 µm. To obtain 
statistically significant results, RC was measured for 10 dif-
ferent profile lines on images taken from three distinct spots 
on the patterned sample surfaces. The coating thickness 
cannot be measured directly on the patterned surfaces due 
to their irregularity. For that reason, separate depositions 
were made on unpatterned surfaces to optimize the deposi-
tion parameters so that the coating thickness is 4–5 µm. The 
optimized parameters were then applied to coat the patterned 
surfaces, ensuring comparable film thickness.

2.5 � Tribometry

Friction testing was conducted on a MFT-2000 tribom-
eter (Rtec, USA) in ball-on-disc setting at a load of 20 N. 
Measurements were performed in linear reciprocal mode at 
a stroke length of 1 mm, a velocity of 1 mm/s, and a data 
acquisition rate of 30 Hz. The sliding direction was perpen-
dicular to the course of the line-pattern. 6 mm balls made 
from either 100Cr6 steel (Kugel Pompel, Kl.3) or alumina 
(Kugel Pompel, GD24 which roughly corresponds to an 
Ra < 0.045 µm) were used as counter bodies which corre-
sponds to a Hertzian pressure of 1.78 GPa (100Cr6 vs. AISI 
304, with a Young’s modulus of 210 GPa for both materials 
and a Poisson ratio of 0.29 for 100Cr6 and 0.28 for AISI 
304) and 2.08 GPa (alumina vs. AISI 304, alumina with a 
Young’s modulus of 375 GPa and a Poisson ratio of 0.25), 
respectively. Testing was carried out at room temperature 
and a relative humidity of 25–30%. To ensure statistical 
representation, each sample was measured three times. The 
mean COF and the corresponding standard deviations were 
determined for every single (temporal) measurement point. 
The raw data was filtered using a Savitzky-Golay filter (25 
p) to smooth excessive COF oscillation.

2.6 � Wear Track Characterization

To examine the resulting wear tracks, a Helios G4 PFIB CXe 
dual beam workstation (Thermo Fisher Scientific, USA) 
with an integrated EDAX detector for energy dispersive 
x-ray spectroscopy (EDS) was used. Characterization was 
conducted at a beam current of 1.6 nA and an acceleration 
voltage of 5 kV. Chemical mapping was performed with 8 
cumulative frames.

3 � Results and Discussion

3.1 � Surface Characterization

The CLS micrographs in Fig. 1 show the top view of the 
line-patterned AISI 304 steel substrates that were processed 
by ps-DLIP. Additionally, the images include representa-
tive line profiles. To determine RC, line profiles at various 
locations were analyzed to obtain a value that is representa-
tive of the overall pattern depth. It can be observed that all 
surfaces have been uniformly patterned, and their line pro-
files and structural depths are close to identical. These as-
processed surfaces were subsequently coated with different 
solid lubricants.

To ensure comparable coating thickness, the EPD deposi-
tion parameters of the CNTs, COs, CNH, graphite, and MoS2 
as well as the solution volume used for air spraying WS2 
were determined such that the resulting thickness of all solid 
lubricant coatings falls in the 4–5 µm range. Figure 2 shows 
two sections of each lubricant coating on unpatterned and 
mirror-polished substrate surfaces. The coating sections are 
separated by a strip, where the coatings were removed using 
a soft piece of paper to avoid scratching. Coating thickness is 
determined by comparing the mean profile height of the left 
(red rectangle) and right (teal rectangle) coating sections to 
that of the uncoated strip in the middle (smaller rectangles) 
as coating thickness cannot be reliably measured directly on 
line-patterned surfaces. To assess coating uniformity, the 
profiles belonging to the green lines are shown below the 
respective micrograph. The identical EPD parameters used 
for the deposition on unpatterned surfaces were then used 
to coat the patterned surfaces. As the mean thicknesses of 
all lubricant coatings is between 4.25 and 5.00 µm, they can 
be regarded as comparable. Consequently, coating thickness 
can be neglected as a factor of influence.

3.2 � Tribometry and Wear Track Characterization

3.2.1 � Counter Body Material: 100Cr6

Figure 3a shows the COF development of the different coat-
ings including an unpatterned and uncoated reference (Ref) 
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during friction testing against a 100Cr6 counter body over 
1 h. According to Blau, the reference exhibits a type (c) run-
in behavior, which is fittingly associated with unlubricated 
metals [25, 26]. Continuous asperity truncation leads to an 
increasingly conformal surface and causes an increase of 
the initial friction as well as the formation of wear parti-
cles, some of which are deposited in the surface grooves. 

After extensive asperity removal, the counter body comes 
into contact with the low-lying, low-shear debris layer which 
could explain the drop after the first COF peak. Once most 
of the wear particles are removed from the contact, the sec-
ond peak is possibly caused by abrasion from the remaining 
debris [26, 27]. Steady-state friction is reached after 300 
cycles at a COF of 0.60. Concerning the coated samples, 

Fig. 1   Top view confocal laser scanning micrographs of the line-
patterned AISI 304 substrates which were subsequently coated with 
a graphite, b COs, c CNH, d CNTs, e WS2, and f MoS2. In addition 

to that, the images show representative line profiles and the overall 
structural depth (RC) of the respective pattern

Fig. 2   Top view confocal laser scanning micrographs of the different 
solid lubricant coatings on unpatterned AISI304 substrate. The profile 
height of the marked coating sections (red and teal rectangles on the 
left and right, respectively) is compared to that of the uncoated sec-

tion (accordingly colored rectangles in the middle) to determine the 
thickness of the lubricant coatings. The profiles related to the green 
lines are depicted directly below the respective micrograph. The 
height values on the y-axis are in µm
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initially all show a significant improvement compared to 
the reference sample with COFs between 0.05 and 0.15. 
However, over the course of the experiments, the lubric-
ity of the laser-patterned and coated samples degrades, and 
the lifetime depends strongly on the coating material. The 
lubricity of the two TMDs fades first. This is particularly 
true for WS2, whose COF increases immediately and sharply 
after only 100 s of sliding, reaching the reference COF after 
roughly 900 s. MoS2 performs significantly better as it main-
tains a COF below 0.10 for roughly 350 s from where the 
COF slowly increases to the reference level after 3200 s. 
The discrepancy in the TMDs’ friction behavior could be 
explained by a difference in shear strength. The poor per-
formance of the TMD coatings in ambient conditions was 
to be expected due to the formation of MoO3 and WO3, 
respectively.

Graphite shows highly effective lubricity, which declines 
slowly but steadily. After 3000 s, its COF surges sharply 
and a final value of 0.48 is reached after 3600 s. As defined 
by Aouadi et al., a COF below 0.2 is considered effective 
solid lubrication (marked by dashed line) since irrevers-
ible deformation of the contact surfaces is likely to occur 
for COF values above 0.2 [28]. On that basis, the CO and 
CNH coatings provide effective solid lubrication for roughly 
1750s and graphite for about 3150 s. The fact that graphite 
lubricates at high load and a relative humidity of 25–30% is 
consistent with recent findings by Morstein et al. [6]. The 
best performing carbon nanoparticle coating is the CNT 
coating. From the beginning, the CNT coating maintains a 
lubricating steady-state with COF values between 0.07 and 
0.10. After 2000s, the COF rises moderately to 0.16 includ-
ing multiple localized peaks. After that, the COF decreases 
again and reaches a final value of just below 0.1 after 3600 s, 

which corresponds to a friction reduction by a factor of 6 
compared to the reference. The described peaks also appear 
in the curves of most other coatings, exclusively during 
the lubricating phase, and suggest adhesion, probably even 
material transfer according to Blau [26]. This phenomenon 
could also relate to temporary lubricant starvation in the 
contact that is followed by a replenishment of the contact 
with fresh lubricious particles from lower regions of the pat-
terns (i.e., the particle reservoirs). A combination of both 
is also conceivable. To investigate how long the CNTs can 
maintain their lubricity under extreme load, the test duration 
was extended to 10,800 s (3 h) (Fig. 3b). After 4100 s, the 
CNTs’ COF start to increase to just under 0.20 and some-
what stabilizes between 0.15 and 0.20. About another 3000 s 
later, the COF rises again, this time continuously and evenly 
until the end of the test. With 0.54, the final COF is still 
below the reference value of 0.60. CNT coatings provide 
effective solid lubrication against 100Cr6 at a load of 20 N 
over a period of 7100 s (almost 2 h), representing a lubrica-
tion extension by a factor of 2.3 compared to the graphite 
coating.

As shown by EDS mapping in Fig. 4 (bright green rep-
resents oxidation), applying a load of 20 N in the chosen 
experimental setup leads to severe oxidation of the refer-
ence wear track, which measures roughly 600 µm in width. 
The wear tracks of WS2 and MoS2 are even wider (750 µm 
and 650 µm, respectively) and exhibit oxidation of com-
parable magnitude. Compared to that, oxidation inside the 
wear tracks of CO, CNH is similarly severe, but they are 
narrower (both roughly 540 µm wide), while the graphite 
track is with 660 µm again wider. Considering the final COF 
values of graphite and CNH are lower than that of CO, this 
not reflected in the scale and oxidation state of the wear 

Fig. 3   a COF development of lubricant-coated and line-patterned 
substrates against a 100Cr6 ball at a load of 20 N over 3600 s (1 h) 
and b over 10,800  s (3  h). Friction testing was conducted at room 

temperature and a relative humidity of 25–30%. The shaded areas 
correspond to the standard deviation of the respective sample. The 
dashed line represents the upper limit of effective solid lubrication
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tracks since they are comparable. Severe oxidation also 
occurs on the CNT-1 h wear track, however, at 150 µm, the 
oxidized strip is a quarter of the width of the reference. Due 
to effective lubrication, wear is milder and consequently, 
the enlargement of the real contact area is delayed, resulting 
in narrower oxidation regions. The low COF values of the 
CNTs after 1 h are remarkable considering the degree of 
substrate oxidation and the fact that no significant amounts 
of carbon are detected in the wear track. MacLucas et al. 
made similar findings after ball-on-disc friction testing on 
directionally ground and CNT-coated iron surfaces [29]. 
This further demonstrates, how little carbon is required to 
maintain an effective solid lubrication. After 3 h, the CNT-
coated wear track is also heavily oxidized although its final 
COF is slightly below that of the other failed lubricant coat-
ings. The wave-like patterns surrounding the wear tracks 
of graphite and CNT-1 h are generated by the Moiré effect, 
which is caused by a superimposition of the periodic surface 
pattern and the scanning electrons. In both cases, the occur-
rence of the Moiré effect indicates that the line patterns next 
to the oxidized stripes are at least partially intact.

Oxygen mapping is also used for the wear tracks on 
the counter bodies, primarily to assess the extent of their 
oxidation and their dimensions. Severely oxidized areas 
can be observed in the wear tracks of the reference, WS2, 
MoS2, CO, and CNT-3 h with center widths ranging from 
600 (Ref) to 675 µm (MoS2). Although the size of the CNH 
track is similar to the previously mentioned samples, there is 
only minor oxidation which is restricted to two thin stripes 
in the middle of the wear track. At roughly 450 µm, the 
graphite track is notably smaller and less oxidized. After 
friction testing using a similar tribological setup, Morstein 

et al. observed the transfer of graphite-derived carbon from 
a graphite-coated iron substrate to a 100Cr6 counter body, 
which would explain the reduced wear and oxidation of 
our counter bodies [30]. Measuring 330 µm in width, the 
CNT-1 h track is roughly half as wide as the reference wear 
track and, thus, the smallest out of all counter body wear 
tracks. At the same time, the CNT-1 h wear track shows 
the least amount of oxidation (minor, if any), which agrees 
well with the superior tribological performance of the CNTs. 
This substantial improvement is probably due to remnants 
of CNT-derived carbon, transferred from the substrate sur-
face to the counter body, therefore, forming a tribo-system 
that incorporates the acting shear stresses and protects the 
surface. However, this material transfer to the 100Cr6 coun-
ter body cannot be detected by EDS as the counter body 
contains about 1 wt.% of carbon and, therefore, it cannot 
be distinguished whether the detected carbon stems from 
transferred CNTs or from the counter body material. This 
becomes evident by comparing the carbon maps of the refer-
ences’ counter body track (Fig. 5a), which was never in con-
tact with a carbon coating, and the corresponding CNT track 
(Fig. 5b) where carbon transfer is likely to have occurred.

3.2.2 � Counter Body Material: Alumina

Figure 6a shows the COF development of the same solid 
lubricant coatings against an alumina counter body over 
1 h. The run-in of the reference curve cannot be defini-
tively assigned to a curve type, instead it shows character-
istics of types (b) and (d). The curve most closely resem-
bles type (d) with a COF drop after the second peak, as 
is characteristic for type (b). This agrees well with Blau, 

Fig. 4   EDS maps of the substrate wear tracks of the reference and 
the surfaces coated with WS2, MoS2, CO, CNH, graphite, CNT-1 h 
after friction testing against a 100Cr6 counter body for 3600 s at 20 
N. Additionally, the EDS map of CNT-3 h after 10,800  s of testing 
is shown. Below, EDS maps of the wear tracks on the 100Cr6 coun-

ter body surface after rubbing against the reference and the surfaces 
coated with WS2, MoS2, CO, CNH, graphite, CNT-1 h, CNT-3 h are 
depicted. In the EDS maps, green stands for oxygen, yellow for sul-
fur, and red for carbon. The scale bars are 250 µm in the EDS maps 
of the substrate wear tracks and otherwise 200 µm
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according to whom this behavior is often observed in fer-
rous or ferrous-nonferrous pairings, among others [26]. 
After running-in, the COF reaches a steady-state just 

below 0.70 after 800 s [25]. Similar to testing against 
100Cr6, the lubricity of the TMDs fails first and MoS2 
significantly outperforms WS2.

The COF development of the CNH and CO coatings is 
similar. After an initial COF drop, both enter a lubricating 
steady-state. During this stage, the COF of the CNH coat-
ing (< 0.10) is lower, yet starts to rise after 300 s, while the 
CO coating maintains lubricity longer at a slightly higher 
COF, however, it starts to increase more steeply after about 
2500 s. After 3600 s, their COF values are around 0.60 
and continue rising, but are still well below the reference 
value. Starting below 0.10, the COF of graphite starts to 
increase early, stabilizes after 2750 s and remains constant 
at 0.40 until the end of the test. It should be noted that, in 
contrast to sliding against 100Cr6, CO and CNH exhibit 
better lubricity than graphite for a majority of the first 
roughly 3000 s. The CNTs maintain a lubricating steady-
state for more than 2000s, after which the COF starts to 
rise, reaching a final value of 0.24. After sliding against 
alumina for 3600 s, CNTs and graphite exhibit the lowest 
COF values of all coating materials. However, the CNT 
coating provides effective solid lubrication for over 3000 s 
compared to the 800 s of graphite which corresponds to 
lubrication extension by a factor of 3.8. At the same time, 
their lubricities are the least reproducible as expressed by 
substantial standard deviations and since they overlap, 
friction testing was prolonged to 10,800 s (3 h) (Fig. 6b). 
During the extension, the COF of both coatings increases 
gradually, however, that of graphite rises more steeply and 
matches the reference value after 6000 s, whereas the final 
COF of the CNT coating remains slightly below.

Fig. 5   EDS maps of the 100Cr6 counter body wear tracks after slid-
ing against a the reference and b CNT-coated substrate for 3600  s 
at 20 N. In the EDS maps, red represents carbon. The scale bars are 
200 µm

Fig. 6   a COF development of lubricant-coated and line-patterned 
substrates against an alumina ball at a load of 20 N over 3600 s (1 h) 
and b over 10,800  s (3  h). Friction testing was conducted at room 

temperature and a relative humidity of 25–30%. The shaded areas 
correspond to the standard deviation of the respective sample. The 
dashed line represents the upper limit of effective solid lubrication
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Regarding the alumina curves, the localized peaks occur 
significantly less frequently and are less pronounced com-
pared to the 100Cr6 curves. This is in good agreement with 
Blau’s adhesion hypothesis as 100Cr6 steel is considerably 
more reactive than alumina and thus both substrate and coat-
ing materials adhere more readily.

It is also worth noting that all carbon nanoparticle coat-
ings, irrespective of counter body material, exhibit a type (f) 
run-in behavior. As shown in our previous work [29], CNT 
coatings are compacted during the initial phase of tribologi-
cal loading, so that the COF decreases continuously during 
the early stage of running-in. This is followed by a lubricat-
ing steady-state which explains the development of a type 
(f) curve. Similar curve development suggests that particle 
compaction also occurs in CO and CNH coatings.

Figure 7 shows an overview of EDS maps, characterizing 
the resulting wear tracks on the substrates and the alumina 
counter bodies after friction testing. The extent of substrate 
oxidation and the oxidation width of the reference, WS2, and 
MoS2 tracks are almost identical to those wear tracks that 
were rubbed against 100Cr6. The CO- and CNH-coated wear 
tracks are also severely oxidized but narrower than those of 
the Ref and the TMD-coated surfaces at 365 µm and 330 µm 
for CO and CNH, respectively. That fact that the two wear 
tracks are similar in width aligns well with their COF devel-
opment. They are also narrower than their corresponding 
wear tracks against 100Cr6. Although their COFs are below 
the Ref, no significant amounts of carbon are detected in the 
wear track center, merely traces on the edges of the oxidized 

areas. Regarding the CNT- and graphite-coated wear tracks 
(after 1 h), the Moiré effect occurs again, this time, however, 
inside the tracks and slightly distorted, particularly in the 
case of graphite. This is a strong indication that the laser 
patterns have been largely preserved, which is confirmed by 
the respective CLS micrographs which are shown in Fig. S1 
of the Supplementary Information. For both coatings, these 
images show lines of the original pattern remaining in much 
of the wear track, and they are usually at least partially filled 
with particles. Fittingly, EDS characterization also corrobo-
rates the presence of carbon in both wear tracks as well as 
on the edges, and no oxidation. These findings are in good 
agreement with those of MacLucas et al. who reported on 
the formation of CNT patches after conducting friction 
tests using a similar tribological setup with CNT-coated 
and line-patterned stainless-steel surfaces [11]. Subsequent 
EDS characterization also revealed no substrate oxidation, 
implying a complete separation of the sliding surfaces. The 
wire-like morphology of the CNTs fosters particle entangle-
ment resulting in strong coherence of large particle sections. 
Furthermore, strong compression exerted by the counter 
body during sliding appears to bond the superficial patches 
with the particles in the reservoirs. As a result, the patches 
become mechanically anchored within the topographical 
minima of the surface pattern, leading to longer particle 
retention. Although graphite-derived carbon also remains 
in the wear track after 1 h, and CNT patch formation was 
observed at significantly lower loads, this phenomenon 
could be a contributing factor for the CNTs’ superior high 

Fig. 7   EDS maps of the substrate wear tracks of the reference and 
the surfaces coated with WS2, MoS2, CO, CNH, graphite-1 h, graph-
ite-3  h, CNT-1  h, CNT-3  h after friction testing against an alumina 
counter body for 3600 s or 10,800 s at 20 N. EDS maps and SEM/
EDS overlays of the wear tracks on the alumina counter body surface 

after rubbing against the reference and the surfaces coated with WS2, 
MoS2, CO, CNH, graphite-1 h, graphite-3 h, CNT-1 h, and CNT-3 h. 
In the EDS maps, blue stands for iron, yellow for sulfur, and red for 
carbon. The scale bar is 250  µm in the EDS maps of the substrate 
wear tracks and otherwise 200 µm
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load lubricity compared to the other nanocarbons during 
high load friction. In contrast, COs aggregate strongly and 
form large clusters owing to their size and curvature, which 
are easily removed from the reservoirs and thus from the 
contact during sliding, leading to relatively fast lubricant 
depletion [3]. After 3 h, the CNT lubrication is about to fade 
completely, whereas the graphite lubrication has already 
failed after 2 h. Despite comparable degrees of oxidation, the 
wear tracks of graphite and CNT are also slightly narrower 
(570 µm and 540 µm, respectively) than that of the reference 
which is expected due to the initial lubrication.

As can be derived from the standard deviation of the COF 
development of graphite-1 h and CNT-1 h, the wear tracks 
differ to a degree, however, we consider the presented wear 
tracks to be the most representative (the CLS micrographs 
of all graphite-1 h wear tracks are provided in the Supple-
mentary Information, Fig. S2).

EDS maps of iron (blue), sulfur (yellow), and carbon 
(red) are used to assess material transfer from the substrate 
surface to the alumina counter body. With respect to iron, the 
material transfer from the AISI304 substrate to the counter 
body material is considerable in the case of Ref, WS2, MoS2, 
CO, graphite-3 h, and CNT-3 h. In the case of CNH, the iron 
transfer is still substantial, but less pronounced compared to 
the previously mentioned samples. Even less iron is trans-
ferred to the counter body for graphite-1 h and hardly any 
iron transfer to the counter body is observable for CNT-1 h. 
In addition to that, sulfur mapping was carried out in the 
case of the TMDs, and notable amounts are found at the 
edges of the counter body wear tracks after rubbing against 
the WS2 coating, whereas none is detected for MoS2.

Carbon is measured in varying quantities on the alumina 
surface due to different degrees of atmospheric contamina-
tion. This is made particularly evident by the carbon map 
of the Ref sample which indicates the presence of carbon 
although it was never in contact with a carbon-coated sur-
face. This is corroborated by the shading caused by large 
dirt particles which are non-compressed unlike the trans-
ferred carbon. Therefore, solely increased carbon concen-
trations (bright red) either within the wear tracks or at the 
edges compared to the surrounding area were considered as 
transferred material. Concerning graphite-3 h, the carbon 
quantity inside of its wear tracks is not increased compared 
to the surrounding areas except for minute remnants at the 
edges. On the CNT-3 h counter body, carbon concentrations 
at the edges are clearly elevated, suggesting carbon transfer, 
albeit minor.

It would explain why the final COF of CNT-3 h is mar-
ginally lower compared to that of graphite-3 h. The carbon 
concentrations are minimally elevated inside the counter 
body tracks of CO and CNH. In addition, the CNH track 
also shows considerable amounts of transferred carbon just 
outside of the wear track edges. The carbon traces are likely 

responsible for their slightly lower COF compared to the 
reference. Overall, the carbon transfer, especially inside the 
wear tracks, is comparable and this is reflected by a simi-
lar COF development. After rubbing against the graphite 
coating for 1 h, EDS mapping clearly shows small carbon 
patches inside the wear track that outlasted the frictional 
stress and continue to lubricate. The largest amount of car-
bon, however, is found on the counter body wear track of 
CNT-1 h, both inside and at the edges, along with a large 
dirt particle in the middle of the track. During previous 
works involving CNT coatings sliding against alumina in 
similar conditions, we observed that material transfer from 
substrate to alumina was either minor or non-existent [11, 
29]. According to the mechanism formulated by MacLucas 
and co-workers, the dangling bonds are quickly saturated 
by atmospheric compounds [29]. It is conceivable, how-
ever, that CNT degradation is greatly enhanced under high 
loads (20 N) and therefore, more reactive dangling bonds are 
formed. This could explain an increased transfer of CNT-
derived carbon in contrast to earlier studies conducted at 
lower loads (100 mN). Overall, a strong correlation between 
COF development and material transfer from the substrate to 
the alumina counter body can be observed: The higher the 
carbon transfer, particularly inside the wear track, the lower 
the COF and the iron transfer.

4 � Conclusion

In this study, comparative friction testing of three types of 
carbon nanoparticle coatings and conventional solid lubri-
cant coatings is conducted on line-patterned AISI 304 sub-
strates against two technically relevant counter body materi-
als (100Cr6 and alumina) at a load of 20 N. Regardless of 
counter body material, the results show the lubricity of the 
CNT coating to be superior compared the other solid lubri-
cants in terms of COF and lubrication duration.

Against 100Cr6, the CNT-coated substrate exhibits severe 
oxidation, whereas on the counter body surface, oxidation 
is minor. Given the severity of the substrate oxidation, it is 
remarkable that the COF is still around 0.1, demonstrating 
how little carbon is required in the contact to provide effec-
tive solid lubrication. In addition, long-term testing reveals 
that the CNTs’ COF is still below that of the reference. The 
numerous localized peaks in the COF curves as well the low 
extent of counter body wear track oxidation are strong indi-
cators of carbon transfer. Furthermore, CNH and graphite 
are also able to maintain lubrication against 100Cr6, how-
ever, their COF values are higher and substrate oxidation is 
significantly enhanced.

After sliding against alumina for 3600 s, no oxidation is 
detected on the CNT-coated substrate, which is in accord-
ance with a previous study by MacLucas et al. where the 
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formation of surface-separating CNT patches was observed. 
This phenomenon might contribute to the outperformance of 
CNT coatings against the other solid lubricant coatings. This 
also corresponds to the fact that, if at all, only small amounts 
of iron are transferred along with significant amounts of 
carbon. At the same time, graphite also sustains lubricity 
but at a higher COF level. In both cases, the original line-
patterns are at least partially retained. During long-term test-
ing against alumina, the COF of graphite rises steeply and 
quickly reaches the reference value, whereas in the case of 
CNT, the COF increases more slowly and gradually, and the 
final COF remains below the reference level.

The results of this work demonstrate the potential of 
CNT-based solid lubrication systems for high load appli-
cations. Our findings further illustrate the efficacy of the 
reservoir effect achieved by combining lubricant coatings 
with well-defined surface patterns for extending the lubricity 
of conventional solid lubricant coatings in various industrial 
applications.
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