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Abstract

Topographically designed surfaces are able to store solid lubricants, preventing their removal
out of the tribological contact and thus significantly prolonging the lubrication lifetime of a
surface. The present study provides a systematic evaluation of the influence of surface struc-
ture design on the solid lubrication effect of multi-walled carbon nanotubes (MWCNT) coated
steel surfaces. For this purpose, direct laser writing using a femtosecond pulsed laser system
is deployed to create surface structures, which are subsequently coated with MWCNT by
electrophoretic deposition. The structural depth or aspect ratio of the structures and thus the
lubricant storage volume of the solid lubricant is varied. The frictional behavior of the surfac-
es is recorded using a ball-on-disc tribometer and the surfaces are thoroughly characterized by
complementary characterization techniques. Efficient lubrication is achieved for all MWCNT
coated surfaces. However, and in contrast to what would be expected, it is shown that deeper
structures with larger lubricant storage volume do not lead to an extended lubrication lifetime
and behave almost equally to the coated unstructured surfaces. This can be attributed, among
other things, to differences in the final surface roughness of the structures and the slope steep-

ness of the structures, which prevent efficient lubricant supply into the contact.
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1. Introduction

In the past years, it has been extensively reported, that precisely produced periodic surface
structures positively influence friction and wear in mechanically loaded components for ex-
ample by reducing the real contact area and trapping wear debris [1-3]. To create those sur-
face structures, there is a great number of possible techniques available, such as micro coining
[4], burnishing [5], lithography and anisotropic etching [6], honing [7] and laser surface tex-
turing (LST) [1]. Regarding LST, a distinction can be made between direct laser writing
(DLW) and direct laser interference patterning (DLIP). While DLIP is based on the interfer-
ence of several laser beams, making high speed surface patterning possible [8,9], DLW pro-
vides a greater flexibility of the created structures (e.g. higher aspect ratios) through succes-

sive surface processing.

Well defined depressions on a textured surface may also act as a reservoir for liquid and solid
lubricants and are therefore able to continuously provide the loaded contact area with lubri-
cant, resulting in a reduction of friction and wear and thus prolonging the duty life of the

tribological stressed components [10—13].

Concerning solid lubricants, materials like graphite [14], MoS; [13,14], WS, [15] and carbon
nanotubes (CNTs) [16] turned out to be very effective in lowering the coefficient of friction
(COF). Among those, particularly CNTs are exceedingly promising candidates due to their
unique properties, such as their sp*-hybridization state and the resulting binding conditions,
their unique form, their high aspect ratio as well as their high flexibility. Numerous studies
have shown, that CNTs can significantly contribute to reduce friction and wear in tribological
applications, for example as a reinforcing second phase in composites [17-22], as a solid pro-
tective film [23-27] or as an additive in liquid lubricants [28—31]. Scharf et al. [19] were able
to trace the self-lubricating properties of Ni/CNT-composites to the formation of a lubricating
film of graphitic nature, which protects the contacted surface against tribo-chemical reactions
(e. g. oxidation) and leads to a low shear strength within the contact area. Furthermore, the
lubricating effect of CNTs is often linked to their ability to roll and slide over surfaces [32]
and to act as spacers between a contacting tribological pair [33]. Dickrell et al. [26,34] point-
ed out differences in the tribological behavior of CNT films depending on their orientation on

the substrate surface. The horizontally aligned nanotubes showed an immense lowering of



COF in comparison to the vertically arranged CNTs due to their ability — in case of the hori-

zontal alignment — to perform complex motions that combine sliding and rolling [32].

Regarding the manufacturing of CNT coatings, there is a large variety of possible techniques,
e. g. spray coating [35], dip coating [36], drop casting [22,37], chemical vapor deposition
(CVD) [38] or electrophoretic deposition (EPD) [39—41]. Out of those, EPD offers a variety
of benefits, such as low costs, simple procedure, reproducibility, good control of the layer
thickness, microstructural homogeneity of the coatings as well as the possibility to deposit on

complex shapes [42—44].

Despite the above-mentioned advantages, both, laser-induced surface structures as well as
coatings containing solid lubricants involve drawbacks related to friction and wear. Periodical
structures may be gradually removed and solid lubricants may be transported out of the con-
tact area by continuous removal, severely hindering their positive tribological effects [2,3,22].

However, a combination of both methods could lead to an overcoming of those drawbacks.

Recently, Reinert et al. [45] investigated the tribological behavior of DLIP-structured and
CNT-coated steel substrates. They could show, that the combination of both techniques facili-
tates the storage of CNTs within the depressions of the periodic surface structure, whereby the
CNTs are continuously fed into the contact area thus reducing friction and wear to a signifi-
cant degree. Compared to the isolated used methods, the period, in which a noticeably re-
duced COF is present, can be prolonged many times. The line-like structures complete their

task as reservoirs for solid lubricant until they are completely removed.

The results shown in [45] form the basis for the motivation of this study. The increase in as-
pect ratio of the structures by producing deeper structures and thus increasing the volume of
the reservoirs, could lead to a further improvement of the tribological system. However, with
the nanosecond laser system used in [45], the achievable structural depths are limited to ap-
proximately 1 um [11,46]. With an ultra-short pulsed laser system, material is removed by
ablation, preventing the formation of piled up, molten and re-solidified material, thus leading
to surfaces with a higher load-bearing capacity and a larger lubricant storage reservoir at the
same time [47,48]. For the given reasons, this study investigates the influence of the lubrica-
tion reservoir volume on the tribological behavior of CNT-coated steel samples. For varying

the structure depth, an ultra-short pulsed laser system with a pulse duration of 100 fs and a



repetition rate of 1 kHz is used. Due to the above-mentioned advantages over the other tech-

niques, EPD is used for producing the CNT-coatings.

2. Materials and methods

2.1 Materials

MWCNTs synthesized by catalytic chemical vapor deposition (CCVD) were purchased from
Graphene Supermarket (USA). Their diameter distribution ranged between 50-85 nm and
their length between 10-15 um. The as-received carbon content is over 94%. The substrates
consisted of stainless steel plates (AISI 304 grade) with a thickness of 1 mm and a (20x20)
mm” area. The surface is finished to a mirror polishing (R, = 16.3 £ 5.2 nm). Before structur-
ing the platelets, the surfaces were cleaned rigorously to remove possible contaminants. The
cleaning process consisted of three consecutive 10 min ultrasound baths (Bandelin Sonorex
RKS514BH) in cyclohexane, acetone and isopropanol alternated with deionized water rinsing

followed by drying with pressurized air.
2.2 Characterization techniques

The steel surfaces were topographically characterized by confocal laser scanning microscopy
(LEXT OLS4100, Olympus) with a laser wavelength of 405 nm. The lateral and vertical reso-
lution of the equipment is 120 and 10 nm, respectively. The measurements were carried out

with a 50X objective (N.A. = 0.95).

The coatings and wear tracks were morphologically characterized with a field emission scan-
ning electron microscopy/ focused ion beam (FE-SEM/FIB) Helios NanoLab 600 dual beam
workstation (FEI) equipped with an EDS detector (EDAX).

The structural characteristics of the CNTs and the oxide development were observed by Ra-
man spectroscopy on an inVia Raman microscope (Renishaw). The used laser wavelength
was 532 nm. The laser power on the sample was 2 mW (50X objective, N. A. 0.9), resulting
in a spot size of 5 um. The spectral resolution is 1.2 cm™. All the acquired spectra are further
post-processed by removing the experimental background and fitting the characteristic peaks

with Lorentz functions [49].



Oxide layer thickness and chemistry were characterized by AES (Auger electron spectrosco-
py) on different areas of the micro structured steel platelets after laser irradiation. The analysis
was done by sputter depth profiles. Here the 10keV, 10nA primary electron beam is scanned
selectively over micro regions, defined before in SEM micrographs, alternatingly followed by
single sputter steps with a Ar+ beam (beam energy 2keV) scanned over 2mm x 2mm. With
the same ion gun adjustments the oxide layer of a standard reference sample (60nm Ta205

oxide layer on Ta) was sputtered through in 490 min.
2.3 Ultra-short pulsed laser surface structuring

The surfaces of the steel platelets are structured by direct laser writing (DLW) using a femto-
second pulsed laser system (Spectra-Physics, Ti:Sapphire laser) with a pulse length of 100 fs,
a wavelength of 800 nm and a pulsing frequency of 1 kHz. The laser is focused on the sample
surface with an output power of 30 mW producing a spot size of 10 - 15 pm Line-like struc-
tures are created on the steel platelets by moving them with a two axis motorized stage in a
meander-like pattern. Subsequently, the sample is rotated by 90° and the process is repeated,
finally resulting in a cross-like structure. Cross-like structures are chosen instead of line-like
structures as the tribological measurement is performed in a rotational mode. Thus, a line-like
structure would behave highly anisotropic. According to the pulse frequency, the stage veloci-
ty is adapted so that the individual laser pulses overlap by 50 % and an almost constant struc-
tural depth of 1 um is obtained for one laser pass. In order to create a structure depth of 3 um,
the laser beam is moved four times in total over each line. The distance from line to line is

chosen to be 50 pm.
2.4 Coating production by electrophoretic deposition

Prior to the deposition, the CNTs were acid-functionalized following the procedure described
in a previous paper by [50]. Subsequently, the functionalized CNTs (9 mg) were dispersed in
ethanol (90 mL) with triethylamine (13 mL) as an additive. The function of the additive is to
improve the deposition rate of the dispersed CNTs by increasing the degree of deprotonation
of the carboxy groups on the particles’ surface. During the first part of the dispersion process,
the colloidal solution is homogenized in a shear mixer (Ultra-Turrax T25, IKA-Germany) at
8000 rpm for 5 minutes. Secondly, the solution is further dispersed in an ultrasonic bath
(Bandelin Sonorex RK514BH) for 20 min. The deposition occurred at a voltage of 40 V over

a period of 10 min on the anode. During deposition, the electrodes are arranged in parallel to
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ensure the formation of a uniform electric field between the electrodes and therefore a homo-
geneous coating. The separation of the electrodes remained constant at 1.3 cm. After the dep-

osition, the coated substrate was immersed in ethanol in order to wash out the additive.

2.5 Tribological experiments

The tribological characterization was performed using a ball-on-disk micro-tribometer (CSM
Instruments) working in rotational mode. The tribometer is placed within an environmental
chamber to control temperature and humidity during the experiments. The chosen track radius
was 5 mm and the normal load was 1 N. The linear velocity was set to 1 cm/s so as to allow
the lubricant to be pressed into the surface depressions and not to be swept away from the
surface. The friction force was measured by a linear variable differential transformer (LVDT).
During the experiments, the temperature and humidity were kept constant at 25 °C and 45 %,
respectively. The selected static counterpart was an Al,O3 ball (Anton Paar GmbH), with a 6
mm diameter and a surface roughness of R,: 23.8 £+ 1.8 nm. As the alumina ball is much hard-

er than the steel surface, wear is expected to occur mainly on the steel surface.



3. Results and discussion

3.1 Initial state characterization

The fabricated surfaces and the corresponding cross-sections are depicted using laser-

scanning microscopy in Fig. 1.
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Figure 1 — Height profile color maps of (a) polished steel plate, (b) 1 pum DLW structure and (¢) 3 pm DLW

structure. (d-f) profile of the surfaces measured at the corresponding red lines of the color maps.

The surfaces show a homogeneous surface structure with a reproducible structural depth of 1
um or 3 um, respectively. Particularly for the structural depth of 3 um (Fig. 1 ¢ and f), the
formation of high profile deposits is observed at the edges of the surface depressions. These
can be traced back to a displacement of the molten from the ablation zone as well as to a re-
depositioning of ablated material [51]. The effect is also present for the structures with a
depth of 1 pm, but to a much lesser degree, as can be seen in Fig. 1 b and e. Furthermore, it
has to be mentioned, that the crossing points of the laser structures present surfaces depres-
sions, which are twice as deep. This is a consequence of being exposed to the laser beam in
case of the horizontal and vertical structuring process. In order to evaluate the load bearing
capacity of the surfaces, Abbott-Firestone curves [52] are plotted in Fig. 2 for the reference as

well as for the laser structured surfaces.
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Figure 2 — Abbott-Firestone curves of the reference surface and the laser-structured surfaces with a depth of 1

pm and 3 pm, respectively.

It is observed that the high profile deposits represent the first 5 % of the material portion for
the structured samples. However, in case of the 3 um-curve, the slope within this section is
much higher than for the 1 pm-curve, indicating the presence of a large amount of rather
pointy asperities due to displacement of molten material and material re-depositioning at the
edges of the surface depressions. For a material portion between 5 % and 55 %, the 1 pm-
curve is almost in parallel to the reference curve, thus presenting a smooth surface with a high

load bearing capacity.

This is traced back to the almost unmodified large surface plateaus of 35 x 35 pm’ in size.
The 3 pm-curve drops twice as much in this section, which speaks for a surface with a higher
roughness on the above-mentioned surface plateaus, possibly being a consequence of material
re-depositioning and the generation of laser induced periodic surface structures (LIPSS) [53].
The latter result from the interference between the incident and the already reflected laser
beam. For strongly absorbing materials, like metals and semiconductors, low-spatial-
frequency-LIPSS (LSFL) with periodicities in the range of the used laser wavelength and an
orientation perpendicular to the polarization of the laser beam can be observed.. The next sec-
tion (55 % - 95 %) is based on the generated surface depressions, which show a decrease in
height of 1 um or 3 um, respectively. The last part of the curve (95 % - 100%) corresponds to

the intersecting points during the laser structuring process, consequently being twice as deep.



Subsequently, the surfaces were chemically characterized using Auger electron spectroscopy.
For this purpose, the laser structured surface (depth of 3 um) and the unstructured steel refer-

ence is measured. The results can be found in Fig. 3.
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Figure 3 — SEM micrographs of a) the unstructured steel reference and c) the laser structured surface with a

structural depth of 3 um. The marked regions 1-3 in c) are measured by AES in d), e) and f), respectively. The

corresponding AES characterization is also performed for the unstructured reference in b).



In the case of the laser structured surface, three areas are distinguished (1-3), with 1 represent-
ing the ablation area, 2 the edge of the surface depression where high profile deposits are
found and 3 the area that was not subjected to ablation. By comparing the graph of the un-
structured reference with the graphs of the structured surface, it is obvious, that the concentra-
tion in oxygen is increased for the laser-structured surface. This could be explained with the
ablated metal being highly reactive, and thus being oxidized during this process. Due to the
re-deposition of ablated metal in area 2 and 3, the areas are fully covered with metal oxides
[54]. A quantitative comparison of oxidation between the different areas is not possible, since
the areas provide different surface roughness. Thus, with the surfaces being measured after
different sputtering times, oxides that were present between surface roughness asperities are
possibly not removed and contribute to the AES signal even for higher depths. However, it
can be concluded that light surface oxidation of the structured surfaces must be taken into
account when discussing the tribological results. In addition, the above-mentioned LIPSS can

be observed all over the sample.
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Finally, the surfaces were coated with MWCNT using EPD. Fig. 4 shows the obtained coated

surfaces.

Substrate

Figure 4 — Electron micrographs of the resulting EPD coatings for (a) coated reference, (c) 1 pm deep structure
and (e) 3 um deep structure. The images (b, d and f) show SEM/FIB cross sections of the corresponding coat-

ings. The insets show a detailed view of the interfaces between the coating and the substrate for each case.

In all cases, CNT agglomerates are still observed on the surfaces. Furthermore, no evident
uncovered areas or cracks in the coatings are identified. The SEM/FIB cross sections show a
homogeneous thickness of approximately 1 um in all cases. It is worth noting that in the 3 pm

depth sample (Fig. 4f), some cavities in the coating at the topographical minimum are detect-
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ed. All samples display a seamless interface between coating and substrate (insets of Fig. 4 b,

d and f).
3.2 Frictional behavior

The temporal evolution of the coefficient of friction is shown in Fig. 5. In the short-term tests
(a), the COF of the uncoated samples (both, unstructured and structured) increases within the
first 1000 cycles, finally reaching a steady state COF close to 0.9. This value is quite high for
this tribological pair and could be related to a continuous growth of an oxide layer. Thus the
initially present higher surface oxidation of the laser-textured surfaces seems to play a minor
role for the running in process of the uncoated surfaces. When observing the behavior of the
coated samples, the difference in friction is quite significant. The unstructured, coated sample
shows a significantly lower COF than the uncoated samples with an irregular evolution of the
COF. This instability is related to the re-accommodation of solid lubricant with each rotating
cycle, in which the CNTs are driven inhomogeneously towards the direct contact area. How-
ever, their lubrication capacity is still active during these cycles. Regarding the CNT-coated
laser structures, both show a stable COF throughout the first 2000 cycles, with values around
0.2. Again, the stability in this case is related to how the CNTs are brought into contact during
the test. This proves the reservoir-effect generated by the depressions storing and sequentially

releasing lubricant.
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Figure 5 — (a) Short-term evolution of the coefficient of friction for the uncoated and coated samples. (b) Long-

term development of the coefficient of friction for the coated samples.

If the focus is then placed on the long-term behavior of the surfaces, the analysis for the un-

coated samples becomes inconsequential, since they have already reached their steady state at
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lower cycles. Hence, the long-term analysis only refers to the CNT-containing systems, which

is shown in Fig. 5b.

After an initial slight drop, the Ref/CNT sample shows a continuous increase in COF until
reaching steady state after approximately 45000 cycles. It is noticeable that the COF standard
deviation of this sample, which is already pronounced at the beginning, increases considera-
bly from approx. 7000 cycles. This can be justified by the fact that individual measurements
show an early or late sharp increase in COF and ultimately reach reference conditions earlier
or later than the mean value. All individual measurements show this rapid increase between
7000 and almost 26000 cycles. Furthermore, it can be observed that the curve shows several
drops during the ascent, which might be correlated to fluctuations in concentration of CNT

within the direct tribological contact area.

In the case of the structured and coated samples, both present an unexpected and counterintui-
tive development of the COF. The COF value of 3um/CNT surpasses that of 1um/CNT after
about 3400 cycles. Contrary to the sample Ref/CNT, there are no leaps during the rise of the
COF. The COF of the 3 pum/CNT sample continuously grows until the reference steady state
COF value is reached at approx. 50000 cycles, similar to the Ref/CNT sample. In contrast, the
curve of 1um/CNT excels by a stable curve with a low COF and very low standard deviation.
The standard deviation becomes significant only after about 40000 cycles. Possible causes for

this could be a degradation of the CNTs or their removal from tribological contact [45].

The considerably earlier increase in the COF of the sample 3um/CNT can be related to sever-
al causes. On one hand, the surface structures, characterized in Fig. 1 and 4, show a steeper
profile of the structural flanks with increasing depth (17 +3 °and 22 +2 ° for 1 um and 3 um,
respectively). As the lubrication mechanisms of the CNT coated laser structures was de-
scribed to be based on compression and elastic restoration of the CNTs in the depressions in
Reinert et al. [45], this effect might not be as pronounced for the 3 um deep structures. Steep-
er profile flanks and also cavities within the CNT coating (see Fig. 4 f) are associated with a
reduced elastic restoration effect, compared to the 1 um deep structure thus making it more
difficult to draw the CNTs from the structural cavities into tribological contact [45]. This
means that the lubrication effect is lost at an early stage despite still having filled lubricant
reservoirs available. Furthermore, the structures of this sample type are not completely filled

to the level of the supporting surface with CNTs (see Fig. 4 e-f). During the first cycle of the
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ALOj; counterpart, the CNTs are pressed into the cavities and thus the initial cavities are re-
duced. This further prevents the elastic restoration of CNTs after the alumina ball has passed.
As a result, CNTs cannot further be removed from the depressions by adhesion to the ball
during the following cycle of the counterpart. For this reason, the CNTs gradually disappear
from the contact zone and direct contact between the substrate and counterpart occurs, caus-
ing the COF to rise and tend to the reference value. In addition, the larger number and height
of oxidized material pilings at the edges of the cavities can also play a pivotal role. The high
profile deposits (as observed in Figure 1 e-f) could be plastically deformed during the first
passes, consequently leading to a partial hindering of a further lubricant supply. This effect
could be fortified by premature abrasion of these asperities and the associated generation of
oxidic wear particles, which could be stored on top of the CNTs in the depressions, hindering
an efficient lubricant supply and additionally increasing the abrasive component of the tribo-

logical system.

Fig. Sb further shows that the sample type 1um/CNT does not reach the steady state value of
the reference sample (on average) until 110000 cycles have been completed. The stepwise
increments in the averaged COF curve and the large standard deviation result from the differ-
ent points in time at which the tested samples experience a sudden increase from a very low
COF to the reference steady state COF value. Possible causes for this observation are similar
to the two other coated sample types (Ref/CNT and 3um/CNT), a degradation of the CNTs as
well as the removal of the CNTs from the tribological contact. Due to wear, the laser-
generated surface structures are completely removed after a certain time, so that there are no
more lubricant reservoirs that could supply the contact with CNTs. All coated substrates show
a similar lubricating effect as that reported in [45]. During tribological stress, the CNTs have
large areas available on which they can roll/slide between the substrate and counterbody and
thus reduce the COF before they are pressed into the nearest structural depression. When
compared to the uncoated reference state, a significant COF reduction for the Ref/CNT is ob-
served (factor of 4.5). With the degree of frictional reduction for the structured samples being
even more pronounced (factor of 6), the lubrication lifetime of the 1um/CNT sample is pro-

longed (factor of 9).
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3.3 Wear track and tribo-chemical analysis

In order to investigate the underlying lubrication mechanism, the structural state of the CNTs
has to be examined. For this purpose, Raman spectroscopy analysis of the CNTs at both, the
inside and outside of the wear tracks, is performed and compared to the spectra which were
obtained by measuring pure CNT powder before the EPD coating process (black curve in the
following figures). Despite the structural integrity analysis of the particles, also a tribo-
chemical characterization is performed, focusing on the presence of oxides in the wear tracks.
Raman analysis of the wear tracks was performed for all coated samples after 18000 cycles
and after reaching the reference steady state friction coefficient (end of lubrication lifetime).

In this way, failure mechanisms can be accurately evaluated.
3.3.1. Ref/CNT sample

For the sample type Ref/CNT after 18000 cycles, the typical Raman bands of CNTs are ob-
served in all measurement points (Fig. 6a). The measurements of the pure CNT powder (Fig.
6a, Ref spectrum) confirm the typical literature values for the D, G and G' bands [55,56].
The D-peak of the studied MWCNTSs is placed at a wavenumber of 1350.4 cm™, the G-peak at
1582.1 cm™ and the G'-peak at 2696.1 cm™'. Furthermore, two additional peaks with low in-
tensities can be identified immediately before and after the G' peak. The peak at 2450 cm™
corresponds to a non-dispersive phonon mode [57] and that at a wavenumber of approx. 2900
cm™ is due to a harmonic of the LO mode [58]. However, since these two resonances do not
provide quantifiable information on the structural condition of the CNTs, they are neglected
in the following for the interpretation of the tribochemistry. In contrast to that, the intensity
ratio of the D- and the G-band (Ip/lg) can be correlated to the defect index and thus, the crys-

talline domain size [56].
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Figure 6 — Electron micrograph of a section of the wear track and Raman spectra acquired at specific sites after

(a) 18000 cycles and (b) after reaching the reference steady state friction coefficient (24400 cycles).

Interestingly, even at the center of the wear track (position of maximum contact pressure)
CNTs with moderate Ip/I values are detected and only weak oxide peaks are recorded at 660
cm ' (convolution of FeO, Fe;0, and Fe,0; vibrational modes) [59-61]. However, from posi-
tion 2 inwards, the G-band is already shifted noticeably to higher wavenumbers (approx. 1600
cm’™), as can be seen in Table 1. The aforementioned shift of the G-band was part of past in-
vestigations by Ferrari and Robertson [49], which subdivide the structural changes of graphit-
ic materials into a phenomenological three-stage model. Depending on the position of the G-
peak (Xcg) and based on the defect index (Ip/Ig), the model describes the transition from a
graphitic structure via nanocrystalline graphite to disordered carbon (mainly sp’-hybridized).
Since CNTs at their initial state are basically a highly crystalline graphitic modification, this
model is suitable to track the structural integrity of the MWCNTs.

16



With the G-band upshifting and the increased defect index of over 1 (CNT reference: 0.55), a
structural transition of the CNTs towards nanocrystalline graphite is established. The sharp
increase in COF from 14700 cycles onwards (0.71 after 18000 cycles) is likely due to the
failure of lubrication by the CNTs. With lubrication failing but nanocrystalline graphite being
still present in the wear track, the lubrication mechanism of CNT seems not to be based on a
pure graphite type lubrication - the shearing-off of individual graphene layers - but can be
attributed also to an efficient separation of the surfaces and complex motions (sliding/rolling)
of the CNTs. The degradation of the CNTs and thus lubrication failure is strongly related to
the contact pressure gradient towards the center of the track. Consequently, a tribologically-
induced oxide layer is formed with Raman peaks being observed at 225 cm ™' (a -Fe,O3 band),
at 270 cm ' (convolution of a -Fe,03 and Cr,03), at 380 cm ™' ((Fe, Cr)Os band) and finally at
660 cm™' [59—61]. The oxide formation results from local heating derived from high contact

pressures. This layer can be further disrupted, forming oxidic abrasive third bodies.

Table 1 — Structural assessment of the CNTs at different stages of the tribological test.

After 18000 cycles After reaching steady state reference
COF
Sample I])/IG XCG Sample ID/IG XCG
Ref 0.55 | 1582.1 Ref 0.55 | 1582.1
1 0.70 | 1583.1 1 0.56 | 1582.1
2 | 112 | 15994 Rel/CNT 7071 [1582.1
Ref/CNT 3 1.32 | 1594.0 (24 4K 3 1.18 | 1600.6
4 1.02 | 1603.8 cycies) 4 1.06 | 1598.4
5 0.89 | 1603.8 5 1.03 | 1600.6

Fig. 6b shows a wear track overview and the Raman spectra of the characteristic points in and
around the wear track of the sample Ref/CNT after reaching steady state reference COF at
24400 cycles. The general statement of this evaluation is similar to the analysis of the wear
track after 18 000 cycles. However, the Raman spectra acquired in the interior region (meas-
urement points 3 to 5) present even more significant changes. First, the formation of oxides is
increasing towards the center of the wear track. In agreement with this observation, a steady
decrease in the intensity of the CNT peaks and the increasing values of the defect index
(In/Ig) show a further cumulative degradation of the CNTs towards the center of the wear
track compared to the situation after 18000 cycles. Moreover, the G'-band vanishes from the
outer edge of the central wear track (position 4). In addition, a noticeable shift in the G-peak

position up to a wavenumber of approx. 1600 cm™ can be observed (Table 1).
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It is thus evident that the CNTs are no longer (in sufficient quantity) in tribological contact,
which means that they can no longer fulfill their function as spacers between the substrate and
the counterpart. Thus direct tribological contact of the two surfaces with a subsequent oxide

formation occurs and lubrication vanishes.
3.3.2 1 um/CNT sample

The evaluation of the wear track of the 1 pm/CNT sample after 18000 cycles is illustrated in
Fig. 7a.
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Figure 7 — 1 pm/CNT sample after (a) 18000 cycles and (b) after reaching the reference steady state friction
coefficient (110000 cycles).

Contrary to what would be expected after a significant amount of cycles, no oxides can be
detected in the entirety of the wear track. Even in the center of the track, CNTs can be detect-
ed in both, the topography maximum (2) and minimum (3, 4) of the laser structures. Accord-
ingly and as the surfaces were already slightly oxidized in their initial state due to laser struc-
turing, the acquisition depth of the Raman characterization can also be listed as a possible

cause for the absence of oxidic resonances. However, a closer examination of the characteris-
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tic CNT peak positions and their intensity ratios (as listed in Table 2) in the spectra from the
center of the wear track (2 - 4) reveals a structural degradation of the CNTs - similar to that on
the Ref/CNT sample. The defect index has similarly high values (> 1) as Ref/CNT. The G-
band upshift (approximately 1600 cm™) also indicates a structural state similar to nanocrystal-

line graphite.

Table 2 — Structural assessment of the CNTs at different stages of the tribological test.

After 18000 cycles After reaching steady state reference
COF
Sample I])/IG XCG Sample ID/IG XCG

Ref 0.55 | 1582.1 Ref 0.55 | 1582.1

1 1.08 | 1583.1 1 pm 1 1.30 | 1599.5

1 um 2 0.93 | 1605.9 /CNT 2 1.29 | 1595.1

k 3 1.23 ] 1600.5 3 1.23 | 1591.9
/CNT (110k

4 0.99 | 1603.8 4 1.04 | 1600.8
cycles)

Yet, after 18000 cycles, the friction curves of this sample show a stable low COF (0.14) in
the equilibrium state. Accordingly, the structural integrity of the CNTs seems to play only a
minor role in maintaining the lubricating effect. Rather, the presence of a sufficient quantity
of MWCNT in tribological contact and its continuous transport from the laser-induced lubri-
cant reservoirs to the contact seems to be the dominant effect. In addition, the lubrication
mechanism in the area of damaged CNTs can be based on their rolling/sliding ability on the

one hand, but also on the lubricating behavior of graphite on the other hand.

The corresponding Raman evaluation of the sample type 1um/CNT after reaching steady
state reference COF (110000 cycles) is shown in Fig. 7b. As already discussed before, only
small amounts of oxidic substances are detected in the outer area of the wear track (measure-
ment points 1 and 2). Based on the intensity ratios listed in Table 2, it is clear that the defect
density of the MWCNTs in these ranges is higher than in the CNT initial state. In addition,
the G-peak positions of the CNTs at both, the topography maxima and minima are again up-
shifted to 1599.5 cm™ and 1595.1 cm™', respectively, indicating a structural degradation [49].
However, it should be noted that the detected peaks result from an averaging of all radiated
CNTs. This means that in the minima, completely unaffected CNTs can still be stored, which
to the moment have not had to bear any mechanical load. In the center of the wear track (Fig.
7b point 3), on the other hand, the intensity of the oxide peak at 670 cm™ increases and that
of the CNT peaks decrease significantly. The G'-band is no longer detected.
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As already mentioned, the absence of the protective CNT layer leads to a tribochemical oxida-
tion and the generation of third bodies, which results in the observed steep rise in COF. At the
bright spots in the center of the track (4), the low intensity values are overlaid by a noisy sig-
nal typical for pure metallic substances. The presence of oxides and the characteristic CNT
bands at these sites is due to the comparatively large laser spot size of the Raman microscope

(approximately 5 um).
3.3.3 3 um/CNT sample

For the sample 3 pm/CNT after 18000 cycles, the evaluated Raman spectra evidences CNTs
everywhere in the wear track area (Fig. 8a), whereby a low intensity oxide peak can be de-

tected in the region of the laser-induced structure minimum (4).
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Figure 8 — 3 um/CNT sample after (a) 18000 cycles and (b) after reaching the reference steady state friction
coefficient (57000 cycles).

This is correlated with initially present surface oxidation due to the laser process and wear
particles generated by previous abrasion of the initial, oxidized material pilings. These parti-

cles can be transported by the sphere into the minima positions of the surface structure, as
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discussed in [45]. Furthermore, the Raman spectrum at position 2 indicates that only small
signals of the CNT bands are still acquired on the substrate within the wear track (Figure 8a).
In combination with the observed signal noise, it can be confirmed that in this sample type
there is direct contact between the surfaces of the contact partners after only 18000 cycles,
which leads to an increase in friction and wear. The increase in COF (0.43), which has already
occurred, confirms this observation. As with the other two coated samples, damage to the

CNTs is observed to have already occurred on the basis of the values listed in Table 3.

Table 3 — Structural assessment of the CNTs at different stages of the tribological test.

After 18000 cycles After reaching steady state reference
COF
Sample I])/IG XCG Sample ID/IG XCG
Ref 0.55 | 1582.1 Ref 0.55 | 1582.1
1 1.22 | 1590.7 3 um 1 0.79 | 1582.1
3 um 2 091 |1613.5 /CNT 2 1.31 | 1604.2
~ 3 1.08 | 1592.9 3 1.20 | 1606.5
/CNT (57k
4 0.80 | 1602.7 4 - -
cycles)

The lack of lubricant in contact and the inadequate continuous feed into contact are the main
factors affecting the lubrication process. Although small amounts of CNTs can be brought
into contact, this is not enough to effectively separate the contacting surfaces from each other

and hence, contribute to a continuous reduction of friction.

The Raman spectra of the characteristic areas of the wear track after reaching the steady
state COF of the reference at 57000 cycles are shown in Fig. 8b. Barely modified CNTs
which were pulled out of the contact are observed only in the outer area (1) with only a small
oxide peak at 670 cm™ (see also Table 3). In contrast to the sample 1 pm/CNT, even the la-
ser-induced minima in the outer area of the track show a pronounced oxide peak and a G-peak
shifted to 1604.2 cm™. According to [49], such a wide upshifting of the G-peak beyond a
wavenumber of 1600 cm™ is not expected. This can be justified by the spectral resolution of
the Raman microscope used (1.2 cm™) in combination with inaccuracies with the profile (Lo-
rentz) fitting. Along with an increased defect density of 1.31 and the absence of the G' peak, it
can be assumed that the CNTs are indeed degraded and again, transitioned into nanocrystal-
line graphite. At the same time, the largest shift of the G-peak (1606.5 cm™) can be seen there,

whereas in the measuring range of point 4, this is no longer observed at all.
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These findings confirm the assumptions made that there are no more noticeable amounts of

CNTs in the entire wear track and that they disappear as the test evolves.

4. Conclusions

In the present study, a systematic evaluation of the influence of surface structure design on the
solid lubrication effect of multi-walled carbon nanotubes (MWCNT) coated steel surfaces is
provided. An efficient lubrication is achieved for all MWCNT coated surfaces with a maxi-
mum 6-fold frictional reduction compared to the steel reference and friction coefficients as
low as 0.14. In case of the cross-like surface pattern with a structural depth of 1 um, a 9-fold
extension of the lubrication lifetime compared to the MWCNT coated, unstructured sample is
observed. However, and in contrast to what would be expected, it is shown that deeper struc-
tures (3 wm structural depth) with larger lubricant storage volume do not lead to an extended
lubrication lifetime and behave almost equally to the coated unstructured surfaces. This can
be attributed, among other things, to the formation of high profile deposits at the edges of the
surface depressions due to displaced molten material and material redepositioning as well as a
higher slope steepness of the structures, which prevent efficient lubricant supply into the con-
tact. The lubrication of MWCNT coatings is found to be based on the high aspect ratio of
MWCNT allowing them to be dragged into the tribological contact as well as an elastic resto-
ration of the coating after compaction during the tribological contact. The lubrication mecha-
nism of the CNT is a mixture between graphite lubrication and their ability to perform com-
plex motions and act as separating layer between the contacting surfaces. This study high-
lights the importance of a carefully selected surface design in order to achieve beneficial ef-

fects with regard to MWCNTs as solid lubricant coatings.
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