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Abstract: Carbon nanoparticle coatings on laser-patterned stainless-steel surfaces present a solid lubrication
system where the pattern’s recessions act as lubricant-retaining reservoirs. This study investigates the influence
of the structural depth of line patterns coated with multi-walled carbon nanotubes (CNTs) and carbon onions
(COs) on their respective potential to reduce friction and wear. Direct laser interference patterning (DLIP) with
a pulse duration of 12 ps is used to create line patterns with three different structural depths at a periodicity
of 3.5 um on AISI 304 steel platelets. Subsequently, electrophoretic deposition (EPD) is applied to form
homogeneous carbon nanoparticle coatings on the patterned platelets. Tribological ball-on-disc experiments are
conducted on the as-described surfaces with an alumina counter body at a load of 100 mN. The results show
that the shallower the coated structure, the lower its coefficient of friction (COF), regardless of the particle type.
Thereby, with a minimum of just below 0.20, CNTs reach lower COF values than COs over most of the testing
period. The resulting wear tracks are characterized by scanning electron microscopy, transmission electron
microscopy, and energy-dispersive X-ray spectroscopy. During friction testing, the CNTs remain in contact,
and the immediate proximity, whereas the CO coating is largely removed. Regardless of structural depth, no
oxidation occurs on CNT-coated surfaces, whereas minor oxidation is detected on CO-coated wear tracks.

Keywords: solid lubricant coatings; carbon nanotubes; carbon onions; direct laser interference patterning (DLIP)
surface structuring; electrophoretic deposition (EPD)

1 Introduction

Friction and wear reduction have been intensively
studied for centuries because of their crucial importance
in mechanical systems. An effective approach to
mitigate friction between two surfaces moving relative
to each other is introducing a well-defined surface
pattern. It minimizes the real area of contact and
possibly entraps abrasive wear particles, thus effectively
keeping them out of contact [1-6]. Direct laser

interference patterning (DLIP) might be the most
versatile and productive among various techniques
to create such topographies. During DLIP, multiple
high-power laser pulses are brought to interference
directly on the substrate’s surface, which allows for
the creation of periodic surface structures such as
line-, cross-, and dimple patterns [7, 8].

Despite environmental concerns and limited
applicability in harsh conditions for example, in space
applications under vacuum, oil-based lubricants remain
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the most widely used form of lubrication with few
alternatives. However, solid lubricants like graphitic
materials and transition metal dichalcogenides have
gained increasing attention in recent decades,
particularly for extreme environments [9, 10]. Amongst
the group of graphitic materials, multi-walled carbon
nanotubes (CNTs) and carbon onions (COs), have
proven their ability to provide effective solid lubrication
either as reinforcement phase in composites [11-18]
or as a coating [19-29]. Further studies have shown
that CNTs and COs can achieve superlubricity under
a specific set of conditions due to the formation of
an incommensurate contact [30-33]. Their lubrication
ability is attributed to a combination of their mechanical
properties based on the sigma bonds formed between
sp*hybridized carbon atoms and particle morphology
[34-37]. While CNTs are cylindrical, COs are spherical,
theoretically allowing the particles to rotate and
therefore act as a nanoscale roller bearing. This can
lead to extremely low coefficients of friction (COF).
Hirata et al. [26] conducted ball-on-disc testing with
COs spread on a silicon wafer and found a COF value
well below 0.1 both in air and vacuum at a normal
load of 0.95 N.

On austenitic stainless steel, purely DLIP-processed
surfaces wear off rapidly when rubbed against a
counter body of similar or higher hardness at sufficiently
high loads. On the other hand, carbon nanoparticles
are quickly removed from the contact area on a flat
sample as they do not form a covalent bond with
the chromium oxide layer [22-24]. As shown in a
comprehensive review article by Rosenkranz et al. [38],
a synergetic approach of textured surfaces combined
with solid lubricant coatings like diamond-like
carbon (DLC), polytetrafluorethylene (PTFE), and
2-dimensional (2D) layered materials can overcome
each approach’s limitations. A study conducted by
Reinert et al. [23] demonstrated a combination of
line-patterned steel surfaces and CNT coatings.
Effective solid lubrication was provided over extended
periods because the pattern’s recessions act as
reservoirs from where the lubricant is supplied to
the contact area. Neither patterned/uncoated nor
unpatterned/CNT-coated samples could provide
long-lasting lubrication unless both approaches were

combined, in which case a COF of 0.20 was reached
and sustained over 10,000 cycles. A ball-on-disc
tribometer was used with an alumina ball as a
counter body at a load of 100 mN. Surfaces were
DLIP-processed with pulses in the nanosecond range
resulting in structural depths around 1 pum and
subsequently coated with CNTs by electrophoretic
deposition (EPD).

In recent years, EPD has been increasingly used to
deposit various carbon nanoparticles due to its ability
to form homogeneous coatings on geometrically
complex substrates while being simple and cost-
effective [20, 22-24, 39-41]. Consequently, EPD is a
preferred method for manufacturing uniform particle
films on steel surfaces.

In a closely related work, Schafer et al. [22] studied
the influence of the structural depth of laser-patterned
stainless-steel surfaces, EPD-coated with CNTs. Direct
laser writing (DLW) with ultrashort laser pulses
in the femtosecond range created cross-patterns with
structural depths of 1 and 3 um. The lubrication
performance was measured with a ball-on-disc micro
tribometer, working in rotational mode at a normal
load of 1 N. Despite having a larger lubricant storage
volume, friction experiments with deeper patterns
did not lead to an extended lifetime of the lubrication
but behaved similarly to the uncoated patterns. This
was attributed to the formation of material depositions
along the structure’s edges, impeding or even blocking
the lubricant supply into the contact area.

The present study aims at improving our
understanding of such lubrication systems. Stainless
steel surfaces are laser-patterned to create line patterns
with three different structural depths, thereby changing
the slope’s angle of the individual line structures.
This variation is thought to have a pronounced impact
on the laser pattern’s ability to supply the contact
with lubricious carbon nanoparticles. Surfaces in
this work were processed with a pulse length of 12 ps
(representing the transition regime between short
and ultrashort laser pulses) and generally produced
surfaces with slightly different topographies and surface
chemistry compared to the nano- or femtosecond
regime. Subsequently, EPD was used to coat the
as-processed surfaces with CNT and CO films. Platelets
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of commercially available AISI 304 austenitic stainless
steel were used as substrate material due to the
materials’ technical relevance and comparability with
previous works. The lubrication systems’ tribological
properties were determined, and the resulting wear
tracks were analyzed to determine which structural
depth in combination with which carbon nanoparticle
coating reduces friction and wear most effectively and
permanently.

2 Experimental
2.1 Materials

We used commercially available multiwall CNTs grown
by chemical vapor deposition. The material showed
an outer diameter of 30-85 nm, a length of 10-15 pm,
and was purchased at Graphene Supermarket. COs
derived from the annealing of detonation nanodiamonds
(NaBond Technologies Co., purity > 98 %, individual
particle diameter: 4-8 nm) were used. Annealing was
conducted in a vacuum furnace (model: 1100-3580-W1,
Thermal Technology Inc.) at a temperature of 1,750 °C
for 3 h at a rate of 10 °C/min [42]. As a metal substrate,
mirror polished AISI 304 austenitic stainless steel
(Brio Kontrollspiegel GmbH) was used in the form of
20 mm x 20 mm platelets with a thickness of 1 mm.
Before usage, steel platelets were cleaned thoroughly
in acetone and isopropanol baths for 10 min each to
remove contamination.

2.2 Pulsed direct laser interference patterning

Line-patterned surfaces were prepared using a
Nd:YAG pulsed laser (Edgewave PX-series InnoSlab)
integrated into a laser system RDX 500 nano by
pulsar photonics. Two equally powerful sub-beams
at a pulse duration of 12 ps were used to create line
patterns with a periodicity of 3.5 um. The laser operates
with an elliptic laser spot (major axis: 80 pum, minor
axis: 57 um) at a wavelength of 532 nm and the
samples were processed at 55% of its maximum power
which corresponds to 0.5 W. The step width refers to
the shift of the laser spot between each shot, hence a
low step width corresponds to a high overlap and,
thus, a high fluence. The following step widths were
used for structuring: 1/5/10 pm, which translates into

v
ua Univer:

a respective fluence of 70/14/7 J/cm® Due to oxide
formation during laser processing, particularly on
surfaces structured at higher fluences, platelets were
cleaned after laser processing by ultrasonication
first in citric acid, followed by acetone, and finally,
isopropanol for 15 min each.

2.3 Surface characterization

To measure the line-patterned steel surfaces’ structural
depth, the mean height Rc was determined over a
sampling length of 259 um with an Olympus LEXT
OLS4100 confocal laser scanning microscope (CLSM)
using a 50x objective (NA: 0.95). The equipment
operates with a laser wavelength of 405 nm and a
vertical and lateral resolution of 10 and 120 nm,
respectively. For statistical representation, R was
measured over 10 different sampling lengths at three
different spots on the steel surface.

2.4 Solution preparation and electrophoretic

deposition

EPD solutions consisted of 80 mL of isopropanol used
as the solvent with 10 mL of triethylamine (TEA).
TEA synthesized by ACROS organics with a purity
of 99% was used as an additive to support particle
deposition. The particle concentration in the solution
was 0.1 mg/mL of solvent.

Subsequent particle dispersion was a two-step
process. During the first step, the solution was
homogenized in a shear mixer (Ultra-Turrax T25,
IKA) at 7,000 rpm for 5 min (CO) and 10 min (CNT).
Further dispersion was achieved by ultrasonication
(Bandelin Sonorex RK514BH) for 10 min (CNT) and
45 min (CO). After the dispersion, two steel platelets
were immersed in the solution. Substrate surfaces
were arranged in parallel, separated by 1.3 cm, and
connected to a DC voltage source. CNTs were
deposited at a voltage of 150 V, while for COs, the
voltage was set to 300 V. Both particles were processed
for 15 min with the deposition occurring on the
anode.

2.5 Tribological testing

The friction coefficients” temporal evolution was
measured with a ball-on-disc nano-tribometer (CSM
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Instruments) in linear-reciprocating mode transversal
to the line-pattern. The stroke length was set to 0.6 mm
and the velocity to 1 mm/s. A normal load of 100 mN
was chosen, corresponding to a Hertzian contact
pressure of 360 MPa. Alumina balls (grade 28, Anton
Paar GmbH) measuring 6 mm in diameter, with a
surface roughness of Ry = 55.5 + 12.8 nm were used
as a counter body. 10,000 measurement cycles were
conducted at room temperature and a constant
relative humidity of 4%. This humidity level was
explicitly chosen to exclude graphitic lubrication,
which is enhanced by the presence of water vapor
as it significantly facilitates interlamellar shearing of
individual graphite or even graphene crystals [9]. For
statistical representation, each sample was tested three
times. The resulting raw data were slightly smoothed
(Savitzky-Golay filter, 50 p) before being used to plot
the COF development graphs.

2.6 Chemical and microstructural characterization

Micrographs of the coatings, cross-sections, and wear
tracks were made with a Helios NanoLab 600 dual
beam workstation (scanning electron microscope
(SEM)/focussed ion beam (FIB)) by FEIL Subsequently,
the wear tracks were characterized by energy-dispersive
X-ray spectroscopy (EDS) with an EDAX detector.
While EDS was performed at an acceleration voltage
of 15 kV and a current of 11 nA, SEM micrographs
were taken at 5 kV and 1.4 nA. Transmission electron
microscopy (TEM) samples were extracted from the
center of the wear track in the direction parallel to
the sliding motion. The preparation was done using
a focussed ion beam (FIB-Helios Nanolab 600-FEI
Company) as detailed in [43]. A JEOL JEM 2010F was
utilized for TEM at an acceleration voltage of 200 kV.
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3 Results

3.1 Surface topography

To visualize the profiles of the patterns created by
DLIP-processing, CLSM was used for coarse-scale 3D
mapping. The maps shown in Fig. 1 span an area of
approximately 170 um x 170 um and demonstrate
pattern uniformity regardless of fluence and, thus,
structural depth. In addition to that, FIB cross-sections
were made and imaged by SEM. The FIB-cross sections
depicted in Fig. 2 (CNT-coated) and Fig. 3 (CO-coated)
show the topographies of the laser-patterned and
coated samples processed at different structural depths.
Pronounced curtaining is observable in the scanning
electron micrographs of both coatings, particularly in
the case of the COs and can be attributed to the high
porosity of the coatings as it prevents the formation
of a coherent protective platinum deposition. This
porosity is a consequence of the formation of large
and poorly interconnected agglomerates. Compared
to CNTs, COs form smaller agglomerates as a result
of which more homogeneous coatings are formed.
CNTs are cylindrical with a high aspect ratio and a
strong tendency to entangle. Convex flanks characterize
both the shallow (Figs. 2, 3(a), and 3(d)) and the
intermediate structures (Figs. 2, 3(b), and 3(e)), whereas
the deeper structures (Figs. 2, 3(c), and 3(f)) exhibit a
concave profile as well as higher burrs on each side
of the line-like structure.

The three different structural depths were achieved
by varying the laser spot’s step width along the line-like
structure. Laser processing at shorter step widths
means more significant spot overlap and higher
fluences, resulting in deeper structures with steeper
flanks. This is confirmed by the results listed in Table 1.

{ —r 0.726 pm
0um

Fluence: 70 J/icm? (HD)

Fig. 1 Coarse-scale 3D maps of the patterned surfaces processed with fluences of (a) 7, (b) 14, and (c) 70 J/em® resulting in different
structural depths (low depth (LD), intermediate depth (ID), and high depth (HD), respectively). The maps were made using CLSM
and display an area of approximately 170 um x 170 um (zoom: 1.1, z-factor: 9.1).
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Fig.2 FIB cross-sections of CNT-coated picosecond-laser processed steel surfaces at fluences of (a, d) 7, (b, €) 14, and (c, f) 70 J/cm?
resulting in structural depths of 0.24, 0.36, and 0.77 um, respectively.

(a) - 7-Jlem? (LD) ‘

Fig.3 FIB cross-sections of CO-coated picosecond-laser processed steel surfaces at fluences of (a, d) 7, (b, €) 14, and (c, ) 70 J/em?
resulting in structural depths of 0.20, 0.39, and 0.78 um, respectively.

Table 1 Mean height R and slope angles of the line-patterned steel surfaces processed at different fluences.

5 Mean height R (um) Slope angles (°)
Sample acronym Fluence (J/cm®)
CNT-coated OLC-coated CNT-coated OLC-coated
LD 7 0.237 + 0.006 0.196 + 0.002 9.7+1.6 10.0+3.0
1D 14 0.355+0.003 0.389 + 0.007 19.1+3.4 16.3+3.8
HD 70 0.770 = 0.007 0.779 + 0.020 47.0+4.8 48.6 2.9
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The standard deviation of the structural depths is
very low and lies between 0.8% and 2.6% for both
CNT-coated and CO-coated surfaces. Therefore, the
patterns can be described as highly homogeneous
throughout all measured surfaces. Comparing the
absolute depths of both substrates, patterned with
the same fluence, shows that the shallow patterns are
comparable. In contrast, the intermediate and deep
patterns are close to identical, demonstrating the
high reproducibility of the DLIP technique. For the
smallest structural depth, produced with the longest
step width, the substrate’s initial state (e.g., roughness,
absorptivity) will have a more significant effect on
the result, thus slightly affecting the reproducibility.

Differing structural depths result in flanks with
different slopes. Both features of the respective
structures are listed in Table 1. The values obtained
for CNT-coated and CO-coated structures do not
deviate in any statistically significant way and are
highly comparable.

3.2 Friction behavior

Figure 4 shows the temporal evolution of the COF.
In both friction tests, Ref represents a non-patterned,
mirror-polished stainless-steel substrate used as a
reference. When rubbing against the aluminum oxide
counter body, the COF of Ref rises sharply and reaches
an early steady-state at 200-250 cycles after which,
it oscillates between 0.7 and 0.8. According to Blau
et al. [44], the tribological behavior is characteristic
of dry metal-metal contact, where the metals’ surfaces
are either contaminated (e.g., hydrocarbons, adsorbed

water) or covered by oxides. Furthermore, the
obtained values lie within the range of what we
have measured under identical conditions in previous
works [20, 22-24].

The patterned and uncoated samples show similar
tribological behavior as the reference, regardless of
their respective structural depth. The COF of the LD
and ID samples increase immediately and sharply,
concurrent with the reference. In contrast, the increase
in COF for the HD sample is slightly delayed. HD’s
asperities are significantly deeper; therefore, more
material needs to be abraded until conformal contact
is achieved. Thus, the real area of contact between
surface and counter body remains reduced for more
extended periods. The running-in behavior of LD
and HD can be classified as type a according to Blau
[44], while ID shows a clear type b. Both behaviors
are typical for unlubricated metal contacts. The
steady-state COF of all patterned surfaces without
coating is comparable and oscillates around 0.7.

Coating the patterned surfaces with carbon
nanoparticles results in an entirely different frictional
behaviour. Generally, the samples combining both
laser-patterning and CO coatings demonstrate a small
COF peak at the very beginning of the test, which
could be associated with a re-arrangement of the
particles in the contact region until conformity is
achieved. The initial peak is followed by a friction
reduction down to COF values of 0.25-0.35. This
represents a significant improvement compared to
the reference or the merely laser-patterned samples,
which can be ascribed to the lubricity of the COs

1.2 1.2
= Ref e Ref
a = HD b = HD
(a) — (b) -
1.0 LD 1.0 LD
== HD/CO e HD/CNT
e |D/CO e |D/CNT
I e |D/CNT
0.8 4 0.84 A
L |
Q 0.64 0.6
o |
0.4 1 0.4
0.2+ 0.2
0.0 : T - T 0.0+ T T T T
0 2,000 4,000 6,000 8,000 10,000 0 2,000 4,000 6,000 8,000 10,000

Cycle number

Cycle number

Fig. 4 Evolution of the COF of laser-patterned AISI 304 surfaces uncoated as well as coated with (a) COs or (b) CNTs.
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combined with the function of the laser patterns as a
reservoir. The laser pattern’s structural depth greatly
influences the initial COF peak value, the minimum
COF, and the frictional performance towards the end
of the test. The COF of HD/CO jumps to 0.40 during
the first 20 cycles, followed by a steady decrease down
to 0.30. After roughly 2,000 cycles, a turning point
is reached, after which the COF increases steadily,
reaching 0.37 after 10,000 cycles. ID/CO results in a
lower peak value of 0.30 and a smaller minimum COF
of 0.26. Like HD/CO, after reaching its minimum
friction, the COF starts to increase again and attains
a final value of just below 0.40. After 6,800 cycles, the
oscillation of the COF grows stronger, resulting in a
pronounced peak with a maximum COF of 0.50 after
9,400 cycles. Simultaneously, the standard deviation
rises significantly.

The observed peak in the COF signal can be explained
by the gradual degradation of the laser-pattern and
the subsequent removal of the lubricious COs from
the contact. As a result of local CO depletion, the
contact area becomes inhomogeneous. This leads to
a destabilization of the tribological behavior, which
translates to a variable COF curve. The following
return to a lower COF can be traced back to the
replenishment of lubricant by tapping into a low-lying
CO reservoir. For the first 5,500 cycles, ID/CO and
HD/CO show near parallel COF development, with
ID/CO maintaining a slightly lower COF. At the
turning points, where the COF starts to increase, COs
replenishment from the reservoirs begins to fade. The
onset of oscillation in the case of ID/CO is a strong
indicator for an at least partially unlubricated contact,
leading to the degradation of the surface pattern
and the formation of wear particles. The tribological
performance of LD/CO differs notably from that of
the deeper structures. After forming a significant peak
during the first 80 cycles, the COF starts to decrease
and reaches 0.24 at roughly 1,300 cycles. The COF
remains constant for the following 8,700 cycles. A
high reproducibility is inferred from the very low
standard deviation.

Much like COs, combining laser patterns and CNT
coatings leads to a significant friction reduction
compared to the reference or the uncoated samples
(Fig. 4(b)). ID/CNT and HD/CNT exhibit an almost
identical COF development. Starting at around 0.22,

their COF increases steadily to 0.31 and remains
relatively constant after that. Both samples show low
standard deviation during that period. For the most
part, the COF of ID/CNT lies slightly below that of
HD/CNT. The COF of LD/CNT rises during the initial
800 cycles. This increase is more substantial than
ID/CNT or HD/CNT and could be explained by the
weak-reservoir effect, meaning reservoirs are initially
unable to retain the lubricant. After 1,300 cycles, there
is a sudden drop from 0.30 to 0.26, followed by a
gradual decrease reaching 0.20 at 4,000 cycles and
remaining at that level for the final cycles. All CNT-
coated/patterned surfaces can maintain a substantially
lower COF than Ref and the uncoated samples over
the entire test duration. Concerning the HD and ID
samples, their corresponding COF developments
indicate an increased lubrication lifetime of surfaces
coated with CNT instead of CO, whose COF starts to
increase after 2,000 and 3,000 cycles, respectively.

The shallowest CO-coated surfaces reach a COF of
0.24, whereas their CNT-coated equivalents achieve
effective solid lubrication with a COF of 0.20. However,
the detailed lubrication mechanisms of these particles
are still being researched. In contrast to CO coatings,
CNT coatings contain less coherent agglomerates
alongside individual particles (Figs. 2 and 3). These
particle types possess a higher range of motion and,
thus, an increased ability to roll, which could explain
a slightly lower COF.

An overall trend becomes apparent: the shallower
the coated structure, the lower its COF, regardless of
particle type. A possible explanation is related to the
slopes’ steepness (Figs. 2, 3(d)-3(f)) as shallow structures
have a low angular slope that facilitates particle
transport out of the structures and into the loaded
contact area.

There is a good agreement between the COF values
of the CNT-coated samples with those obtained by
Schifer et al. [22]; the latter work conducted micro
tribometer tests on CNT-coated, cross-patterned
stainless steel substrates with a depth of 1 and 3 um
fabricated by femtosecond laser pulses. Their results
demonstrate that shallower patterned surfaces provide
steady-state lubrication at a value of just under 0.20
for roughly 40,000 cycles. In contrast, the COF of the
samples with higher structural depth starts to rise
precipitously after a few thousand cycles and continues
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until reaching that of the reference. However, all of
our CNT-coated picosecond-patterned surfaces last
over 10,000 cycles and more. While lubricating at
maximum capacity, the coated surfaces with the deeper
pattern (3 pm) showed slightly lower COF values
than the shallower samples (1 pm) in contrast to our
findings. Nonetheless, the samples were subject to a
different type of tribological stress as Schéfer et al.
measured in rotational mode with a higher load
(I N) [22].

Figures 2 and 3(f) show that before the tribological
tests, the deep structures were not completely filled
with particles during EPD as the shallower ones have.
Nevertheless, the deeper patterns also demonstrated
an effective COF reduction over significant periods
during the tribological tests, albeit not as effective as
the shallower patterns. Therefore, FIB cross-sections
were prepared from inside the wear track of the HD
samples after the initial 10 cycles of the friction test
(Fig. 5). As seen, the particles get pressed into the
structures from where they supply the contact with
continuous lubrication as demonstrated by the results
of the tribological tests. Due to their higher packing
density, the CNTs can fill the structures more densely
than the COs (Figs. 5(a) and 5(b)) which also explains
the previously observed weak-reservoir effect. Large,
coherent chunks of amorphous carbon and/or entangled
CNTs are removed at once from the top of the
reservoir bequeathing a superficial particle depletion
which results in a temporary COF increase. Once
the lower lubricant-filled regions of the reservoir get
in contact, lubricant supply resumes and the COF

Substrate

increase is reversed. This effect is more likely to occur
on shallow structures as their flat flanks facilitate
lubricant removal and their filling ratio is higher
compared to that of deep structures (Figs. 2 and 3)
and, therefore, less compressible. In deep structures
on the other hand, counter body pressure during
tribological stress leads to a filling of existing voids
and the particles are pressed further down the
structure, preventing the above-mentioned removal
mechanism. Additionally, the CNTs" known ability for
mechanical restitution after compression in tribological
contacts [23] combined with their large aspect ratio
facilitates particle feed into the contact area, which
could be why a weak-reservoir effect of similar
magnitude is not observed for COs.

Furthermore, the CNT coatings in Fig. 5 remain
largely intact after the initial cycles while the majority
of the CO coating is removed. This can be explained
by the particles’ morphology. As the CNTs within the
coating are highly entangled, they form a cohesive
unit which is significantly more difficult to remove
than an accumulation of large CO agglomerates.

3.3 Wear track and chemical analysis

3.3.1 HD pattern

To further understand the mechanisms responsible
for the observed friction reduction, the occurred wear
tracks were analyzed. SEM was used for identifying
the primary wear mechanisms on representative wear
tracks of each tested surface. At a higher resolution
(Fig. 6(a)), the line pattern of the uncoated HD sample

(b)

Fig. 5 SEM images showing cross-sections of (a) CNT-coated and (b) CO-coated picosecond-laser processed AISI 304 steel surfaces

after 10 tribological cycles (HD sample).
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has been completely worn off during the friction tests.
Particularly in unlubricated tribological contacts,
different wear mechanisms act simultaneously. In this
case, sharp horizontal grooves are visible, stemming
from both abrasive oxide particles formed during the
tribo-test, and the asperities of the counter body. The
most dominant wear mechanism, however, is adhesion
which is caused by solid-state welding. Adhesion
marks are visible in the wear tracks of all uncoated
samples in the form of dark spots.

EDS was used to acquire elemental maps to get a
better understanding of the tribo-chemical reactions
during friction testing. The large bright green areas
inside the wear track of the uncoated HD sample
depicted in Fig. 6(b) indicate extensive oxidation and
severe tribo-chemical wear, which conforms perfectly
with the high COF value measured during tribological
testing. It also shows that the material pile-up at the
right edge of the wear track consists mainly of oxide
particles.

(e) CNT-coated wear tracks on the high depth patterns after

friction testing with their corresponding EDS maps of carbon and
oxygen (b, d, ).

Figure 6(c) provides an overview of the wear track
on the CO-coated HD surface. In the magnified image,
the line pattern in the center of the wear track is still
clearly recognizable, despite showing a substantial
degree of degradation. Particularly in areas on the
left side of the wear track, where the pattern is better
preserved, vertical dark lines are visible. Those lines
represent carbon reservoirs in the remnants of the
pattern’s recessions. However, most of the coating in
and around the wear track was removed during the
friction test, confirmed by the carbon map shown in
Fig. 6(d), as no carbon signals were detected outside
of the wear track.

The remaining carbon reservoirs are also verified
by vertical red lines inside the wear track. In the oxygen
map (Fig. 6(d)), the wear track appears in a slightly
brighter green compared to the surrounding substrate.
Especially the right part contains areas of bright green,
indicating mild oxidative wear. Simultaneously, the
complete carbon map (Fig. 7) shows a near-complete
absence of carbon in that particular area, leading to a
higher mechanical impact on the substrate, resulting
in faster oxidation. The measured COF of this sample,
which is 0.37 after 10,000 cycles, correlates well with
the observed wear behavior. The COF is well above
the threshold of 0.20, which is considered effective
lubrication according to Aouadi et al. [45], with no
signs of wear. The measured COF is far below that of
the patterned/uncoated sample, where severe wear
and oxidation were observed (Fig. 6(b)).

Figure 6(e) shows the CNT-coated wear track of
the HD sample after tribological testing, which, in

e

Fig. 7 Elemental carbon map of the CO-coated wear track on
the HD surface after friction testing.
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contrast to the CO-coated surface, is still largely covered
by the coating. This can be attributed to a stronger
cohesion of the CNT-coating resulting from the
particles’ entanglement. Those particles inside the wear
track, which were in contact with the counter body,
appear darker than the surrounding CNT-coating, most
likely because of compression. Further magnification
of the wear track shows that after 10,000 cycles, the
line pattern underneath the coating remains fully
intact. The carbon map (Fig. 6(f)) reveals that carbon
has been detected throughout the wear track in the
same locations as the compressed portions of carbon
(Fig. 6(e)). At the same time, there is no strong oxygen
signal inside the wear track (Fig. 6(f)); hence no
significant oxidation has occurred.

3.3.2 ID pattern

Like the HD sample, the uncoated wear track of the
ID sample depicted in Fig. 8(a) shows extensive wear
due to which the line pattern was removed entirely.

FE

Fig. 8 SEM images of (a) uncoated, (c) CO-coated, and
(e) CNT-coated wear tracks on the intermediate depth patterns

A SR e t

after friction testing with their corresponding EDS maps of
carbon and oxygen (b, d, f).

Particularly at higher resolution (Fig. 8(a)), adhesion is
clearly identifiable as the dominant wear mechanism.
As to be expected, the oxygen map (Fig. 8(b)) shows
severe tribo-induced oxidation. However, in this case,
there was no pile-up of oxide particles at the end of
the wear track.

Figure 8(c) shows the wear track of the CO-coated
and laser-patterned ID substrate, and as observed
previously for the sample with the highest structural
depth (Fig. 6(c)), most of the surrounding CO-coating
was removed. Abrasive wear occurring in the center
of the wear track, where the contact pressure was
highest, induced a pronounced groove in sliding
direction, stretching over the wear track’s entire length.
Apart from the groove, the line pattern in the contact
area is still intact. The carbon map in Fig. 8(d) reveals
a complete absence of carbon in the groove. Outside
the groove, carbon is detected in the topographical
minima of the pattern in the same locations as the
dark areas in Fig. 8(c). The lack of lubricious carbon
nanoparticles results in oxidation, as depicted in the
oxygen map (Fig. 8(d)). Mild oxidation occurs along
the groove, comparable to that of the HD pattern
(Fig. 6(d)). The comparable wear behavior of the
CO-coated samples with high and intermediate
structural depth is in strong agreement with their
final COF values, which are also close to identical.

Figure 8(e) shows the CNT-coated wear track of the
ID sample. Despite the considerable sliding duration,
large areas of the wear track remain CNT-covered,
which is confirmed by the carbon map (Fig. 8(f)).
Furthermore, a pristine laser pattern is recognizable
underneath the coating in Fig. 8(e). At the same time,
no oxidation has occurred according to the oxygen
map (Fig. 8(f)).

3.3.3 LD pattern

Following the previous uncoated samples’ wear
behavior, the sample’s wear track with the lowest
structural depth shown in Fig. 9(a) is severely worn
out, with abrasion and adhesion being the dominant
wear mechanisms. Once again, the oxygen map in
(Fig. 9(b)) confirms strong oxidation. Despite varying
fluences and, therefore, different structural depths, all
the uncoated wear tracks” wear and oxidation behavior
is very similar, which stands in good agreement with
their respective friction behavior.

www.Springer.com/journal/40544 | Friction
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Fig. 9 SEM images of (a) uncoated, (c) CO-coated, and
(e) CNT-coated wear tracks on the low depth patterns after

friction testing, with their corresponding EDS maps of carbon
and oxygen (b, d, f).

Figure 9(c) shows the CO-coated wear track of
the surface, which was laser-processed at the lowest
fluence, resulting in the lowest depth. In contrast to
CNT, the removal of CO coatings directly surrounding
the wear track seems to be characteristic and is
attributed to a weak coating-substrate adhesion.
As a result of large agglomerates’ formation, COs
are removed in large flakes upon contact with the
counter body. Nevertheless, the dark vertical lines
within the wear track depicted in Fig. 9(c), represent
homogeneously filled structures in a near-pristine
surface pattern. EDS mapping (Fig. 9(d)) confirms
carbon in the structures, while no oxidation was
detected (Fig. 9(d)). Overall, the average pattern on
CO-coated surfaces with shallow structural depth
is well sustained. In contrast to deeper patterns, no
significant abrasion is observed. Fittingly, tribological
testing performed on the shallowest CO-coated patterns
shows the lowest COF.

As observed in the previous wear tracks of
CNT-coated samples, the wear track on the shallowest
surface pattern in Fig. 9(e) also shows large dark
areas of compressed carbon nanoparticles around the
wear track. The fact that parts of the surrounding
CNT-coating are compressed implies direct contact
with the counter body. This translates to an increased
load distribution on the surface, thus reducing the
load on the wear track. Moreover, the elastic restitution
inherent to CNT particles exerts a counter pressure
on the alumina ball, therefore, further relieving load
from the wear track. Generally, the coating surrounding
the CO-coated wear tracks is largely removed, which
might contribute to the superior lubrication properties
of CNT coatings compared to CO coatings.

The laser pattern on the LD surface depicted in
Fig. 9(e) is mainly intact with particle filled structures.
The elemental map in Fig. 9(f) confirms the carbon in
said structures. This concludes that small amounts of
CNT are sufficient to lubricate the contact and ensure
a low COF effectively. No significant oxidation has
occurred despite the diminished carbon content in the
wear track’s centerline (Fig. 9(f)). Also, no oxidation
was detected for the ID and HD patterns, even
though the COF was about 0.30, while the threshold
of effective lubrication is 0.20. This can be explained
by individual particles dragged from the reservoirs
and/or extensive coating residuals on the wear tracks,
thereby effectively preventing direct contact between
the substrate surface and counter body and, thus,
oxidation. After tribological testing, the wear tracks
on the HD and ID structures are still largely covered
by coherent patches of CNT-coating (Figs. 6 and 8(e)),
with the corresponding patterns fully intact, suggesting
a significantly longer lubrication lifetime. As previously
mentioned, the CNT-coated LD patterns show the
lowest COF values during friction testing despite
completely lacking said patches, which cover the
underlying pattern. The improved lubricity could
be due to a direct supply of individual particles or
small agglomerates from the reservoirs, which possess
a relatively high degree of mobility and flexibility
opposed to stationary coherent patches on top of the
pattern. Irrespective of structural depth, all CNT-coated
line patterns are well preserved after 10,000 testing
cycles with little to no signs of degradation.
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3.4 Microstructural characterization

We used TEM to investigate the impact of DLIP
processing with laser pulses in the picosecond range
on the underlying microstructure of AISI 304 stainless
steel. Figures 10(a)-10(c) show cross-sections of the
near-surface microstructure of the uncoated reference
samples. Independent of structural depth, no significant
differences can be observed between the original
microstructure of the lower regions and the superficial
microstructure. This illustrates that with the parameters
used, the microstructure remains unaffected by
picosecond DLIP processing at the displayed scale.
However, microstructural changes may still occur on
a smaller scale not visible in the existing TEM images.

Bieda et al. [46] simulated the thermal effect of
picosecond DLIP on stainless steel (iron), among
other metals, based on the two-temperature model.
The resulting data reveal that thermal absorption
depth (also referred to as thermal diffusion length)
exceeded 250 nm at 425 ps. A reduced pulse duration
to 35 ps significantly reduced thermal absorption
depth to roughly 80 nm. A duration of 10 ps is the
threshold to the ultrashort pulse regime below which
the interaction is dominated by cold ablation. Based
on Bieda’s calculations, the thermal absorption depth
further decreases to 45 nm at the pulse duration of
12 ps used in this study, as the ablative characteristics
become increasingly non-thermal. Moreover, Artyukov
et al. [47] conducted a study on electron/lattice

ID

Fig. 10 Near-surface cross-sectional TEM images of (a—c) uncoated reference, (d—f) CO- and (g—i) CNT-coated structures with
different structural depths. Both CO- and CNT-coated surfaces have been exposed to 10,000 cycles of tribological testing. The dotted
orange lines draw the course of the surface. The blue arrows and blue dotted areas mark the areas where wear particles accumulate in the

CO and CNT tribofilm, respectively.
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relaxation phenomena of iron exposed to sub- and
picosecond laser pulses (0.3-3.6 ps). Particularly at
higher pulse durations, the obtained data suggest
that ultrafast evaporative cooling is the dominant
surface process following ablation, suggesting a low
thermal impact on the underlying microstructure.
Considering the results of both studies, it is viable to
assume that thermally affected areas remain small and
highly localized at the edges of the grooves. Thus, a
large-scale alteration of the microstructure remains
absent. REF was not exposed to friction testing and
no microstructural changes can be observed

TEM was further used to examine whether the
applied tribological load affects the underlying
microstructure of the CO- (Figs. 10(d)-10(f)) and CNT-
coated (Figs. 10(g)-10(i)) surfaces as well as to image
the formed tribofilm. In both cases, microstructural
damage such as deformation remains completely
absent, regardless of structural depth and, thus,
topography. As illustrated in Figs. 10(g), the CNTs at
the bottom of the pattern’s recession remain relatively
pristine. However, continuous mechanical degradation
of the CNTs close to the contact area induces the
formation of a carbonaceous tribofilm that contains a
significant share of at least partially amorphized CNTs,
along with wear particles. Regarding the CO-coating,
no structural changes can be observed at this scale. The
coating types differ in the way they store resulting
wear particles. As marked by the dotted blue lines in
Figs. 10(d) and 10(f), wear particles seem to accumulate
preferably directly at the tribofilm/Pt interface in
CO-derived tribofilms. In CNT-derived tribofilms
(Figs. 10(g)-10(i)) by contrast, wear particles are
distributed randomly (marked by blue arrows).

Further, Fig. 11 suggests the formation of covalent
bonds between CNTs and the substrate surface (marked
by the orange circle), which mechanically anchor the
particles to the surface, effectively keeping them in
contact and, thus, increasing overall lubricity. The bond
formation seems to occur at a local peak where the
contact pressure is significantly increased by which a
corresponding bonding reaction is made possible.

4 Conclusions

We present a comprehensive study on the influence
of the structural depth of line patterns on AISI 304

Fig. 11 Cross-sectional transmission electron micrograph of the
CNT/substrate (LD) interface after friction testing.

stainless steel coated with either carbon nanotubes
(CNTs) or carbon onions (COs), on their solid lubricity.

Coating the surfaces with CNTs or COs always
leads to a significant coefficient of friction (COF)
reduction compared to their uncoated equivalent or
the non-patterned reference, achieving a COF reduction
factor between 2 and 4. During the studied contact
scenario at low humidity and otherwise ambient
conditions, CNTs exhibit superior lubricity compared
to COs. Regarding the influence of the structural depth,
a trend emerges from the results of the tribological
experiments: the shallower the structure, the lower
the COF of the respectively coated surface. Despite
slightly different surface topographies and experimental
conditions, the obtained results are in good agreement
with those of a closely related work by Schéfer et al.
[22]. The observed phenomenon could be attributed
to the facilitation of particle supply from the reservoirs
into the contact as slope steepness decreases. This
allows for an adequate amount of lubricant in the
contact areas leading to a lower COF. There is a
distinction between the influence of structural depth
and the steepness of the flanks. However, in this
work, the structural depth of the pattern and flank
steepness are inherently connected due to the material
removal mechanism caused by laser pulses in the
picosecond range. Wear track analysis after tribological
testing has shown that the line patterns in CNT-
coated wear tracks were largely preserved without
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any surface oxidation being detected. In contrast, the
intermediate and deep CO-coated structures exhibit
significant wear along with mild surface oxidation as
shown by energy-dispersive X-ray spectroscopy (EDS)
mapping, which is fittingly reflected by their COF
development. A possible explanation for the superior
friction and wear-reducing properties of CNTs is the
high aspect ratio, which enables the particles to be
dragged directly into the contact region more easily.
In addition, cross-sectional transmission electron
microscopy (TEM) characterization has shown the
underlying microstructure of the AISI 304 substrate
to remain unaltered by both picosecond direct laser
interference patterning (DLIP) processing and the
applied tribological load.

The results obtained in this study demonstrate
the importance of optimizing the surface design to
maximize the lubrication performance of CNT/CO-
coated and laser-patterned stainless-steel surfaces.
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