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Abstract: The aim of the present study was firstly to determine the manufacturing feasibility of
a specific surface 3D-microtexturing on steel through an ultra-short pulsed laser, and secondly
to investigate the tribological properties under 2 different lubrication conditions: oil-lubricated
and antifriction coated. The selected 3D-microtexture consisted of 2 different levels of quadratic
micropillars having side dimensions of approximately 45 pum, heights of about 35 um and periods
of 80 um. It was shown that the production of specific 3D-microtextures on steel substrates using
an ultra-short pulsed laser was feasible, and that the reproducibility of the texture dimensions
over the entire textured region was extremely good. Frictional investigations have shown that, in
comparison to the benchmark (untextured samples), the 3D-microtextured samples do not induce
any significant improvements in the coefficient of friction (COF) under oil-lubricated conditions, but
that under antifriction coated conditions, significant improvements in the friction coefficients may
be achieved. Wear-based tribological tests have shown that the antifriction coating on benchmark
samples was completely depleted, which greatly influenced their friction and wear behavior, since
steel-steel contact occurred during testing. For the 3D-microtexture, the antifriction coating was
also partially depleted; however, it accumulated itself in the microtexture which acted as a potential
lubricant reservoir.

Keywords: laser microtexturing; ultra-short pulsed laser; surface characterization; tribological
characterization; friction; wear

1. Introduction

Achieving greater productivity at lower costs represents a significant challenge for the modern
manufacturing industry. In this endeavor, new advanced materials and surface technologies are needed
in order to enhance the efficiency of mechanical systems and reduce their energy consumption, which
may be achieved through a reduction of the friction and wear of tribological contacts. This reduction of
the tribological properties may be obtained through several different approaches, such as modification
of the component’s geometry, application of hard protective coatings, optimizing surface roughness
and/or topography [1-5] or by the introduction of specific surface textures, which play a major role in
lubrication, level of friction and the wear rates of tribological systems. Surface microtexturing has
established itself over the last few years as a very promising approach to reduce friction in different
materials in various lubricated applications [6-18].

Over recent years, a diverse array of manufacturing processes has been developed for the
production of surface microtextures, such as mechanical micromachining, chemical etching or laser
ablation, to name a few. All these industrial surface microtexturing processes show advantages or
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disadvantages. The latter process (laser ablation) was selected and used to produce the desired specific
3D microtexture to be investigated in the present study. The investigations consisted of producing,
characterizing and tribologically testing the specific 3D microtexture.

Contour shaping, surface patterning and surface functionalization by femtosecond laser ablation
(FLA) are becoming fundamental technologies in fields like tribology, microfluidic transport, fuel
cells and medicine. Self-ordered hierarchical micro- and nano- structures can be generated on the
majority of metals, semiconductors and dielectrics. Laser-induced periodic surface structures (LIPSSs)
are significantly involved in the formation of such self-ordered microstructures and pinholes. LIPSSs
have been attracting research interest for decades, but their formation is still not fully understood. The
latest on the LIPSS formation mechanism and its potential deployment in tribological applications
is outlined in [19]. However, the main interests of the authors are focused on a usable technology
for contour shaping and surface patterning for specific tribological applications. In order to obtain
the desired surface structure or surface quality, the understanding and handling of any feedback
mechanisms occurring during the production of LIPSS, self-ordered microstructures or contour shaping
is essential. The present authors recently focused themselves on the fabrication of membranes (based
on AlGaN/GaN hetero-structure layers grown on 4H-SiC) for sensor fabrication. Feedback effects,
which occur between small surface distortions and the slot waveguide function of LIPSS in SiC, were
found to promote the formation of micropores in the membranes. To cope with this unwanted and
challenging effect, the present authors developed a polarization steering procedure which interrupted
the feedback loop and terminated the growth cycle of pinholes [20,21]. In the present study on steel
samples, a similar pinhole formation phenomenon at locations where LIPSSs were interrupted by
distortions was also observed. Such distortions can be triggered by the scanning laser beam itself, side
wall irregularities at the laser generated cube structures, inhomogeneities inside the metal grain, laser
generated debris particles or self-ordered bumps. In the current experiments, it is demonstrated that,
among all the laser parameters contributing to the formation of such distortions, the most effective
parameter is the orientation of the laser polarization with respect to the scan direction, which may
suppress or promote the formation of self-ordered bumps and pinholes.

Tribological tests under lubricated conditions and also with an antifriction coating using the
aforementioned 3D microtexture along with untextured (benchmark) samples were undertaken to
evaluate the effectiveness of reducing the overall friction by decreasing the nominal contact areas
through surface microtexturing.

2. Materials and Methods

2.1. Samples Geometry and Dimensions

For the present tribological investigations, the upper specimen consisted of a convex cylinder
made of hardened 31CrMoV9 (around 700HV), while the lower specimen consisted of a disc made
of hardened 42CrMo4 (around 650HV; hardness values were measured with a hardness tester from
EMCO-TEST Priifmaschinen GmbH, Kuchl, Austria) whose dimensions are shown schematically in
Figure 1. For all tribological tests performed, cylinders were used as received, but disc specimens were
further treated in order to evaluate the effect of a 3D surface texturing. Furthermore, the influence of
an antifriction coating was also studied for the present manuscript. The four different disc specimen
surface states investigated in the present work are shown schematically in Figure 2. The as-received
convex cylinders had surface roughness values of R, = 0.12 + 0.01 pm and R, = 1.68 + 0.38 um, and the
benchmark disc samples had surface roughness values of R; = 0.06 + 0.01 um and R, = 0.65 + 0.19 pum.

The antifriction coating used was applied on one side of the previously cleaned discs (blank or
surface microtextured) through the coating manufacturer (Carl Bechem GmbH, Hagen, Germany).
The thickness of the antifriction coating ranged between 15 and 20 um. The choice of this coating
was based on the fact that it should be especially designed for a reduction of the friction coefficient
(AF320E). Some details on the antifriction coating used in the present study are listed in Table 1.
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Figure 1. Geometries of the samples used in the present study: (a) cylinder (upper specimen) and
(b) disc (lower specimen) (Note: drawings are not to scale).
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Figure 2. Different processed disc surfaces investigated in the present study: (a) benchmark disc,
(b) benchmark disc with an antifriction-coating, (c) 3D microtextured disc and (d) 3D microtextured

disc with an antifriction coating.

Table 1. Excerpt of important properties of the antifriction coating investigated in the present study.

Density Solid Solid Lubricant
(g/cm® @20°C)  Lubricant Amount

AF320E 0.97 PTFE 33% organic organic

Coating Binder Solvent

Disc specimens were 3D surface microtextured using a femtosecond laser; the procedure used
will be explained in detail later. It is worth noting that only a small central quadratic region (16 mm
X 16 mm) of one side of the disc specimens was actually microtextured as shown in Figure 2c. This
3D microtexture was chosen based on previously performed tribological investigations, in which the
influence of a reduction of the effective nominal contact area through the production of microridges
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on elastomer pads was analyzed and reported [22]. The very promising results obtained from the
aforementioned studies led the authors to produce, characterize and evaluate a further optimized
surface microtexture in the present study, which consisted of a combination of 2 microridged textures
perpendicular to each other, as schematically shown by the red arrows in Figure 3. Again, based on
the results of previous studies [7,22], the desired dimensions of the plateaus of the 3D microtexture
should range between 40 and 50 pm for the sides, between 30 and 40 um for the height, and about
80 pm for the period in both horizontal and vertical directions. With these desired dimensions for
the uppermost plateaus (which define the contact area), a calculated ratio of approximately 20% for
the nominal contact area of the 3D-textures samples in comparison to the untextured (benchmark)
specimens may be obtained (benchmark: nominal contact area of 100%, without taking into account its
surface roughness).

Figure 3. Example of the desired 3D surface microtexture to be produced using an ultra-short pulsed
laser on one side of disc specimens.

All specimen surfaces were characterized using a non-contact laser optical surface roughness
measuring apparatus (VK-X250/260, Keyence International NV/SA, Mechelen, Belgium). The surface
roughness values of the convex cylinders and benchmark disc specimens (without and with coating)
were evaluated. Furthermore, the characteristics of the 3D microtexture (without and with coating),
such as side dimensions, heights and periods of the different plateaus, to name a few, were measured
and reported as average values.

2.2. Production of 3D-Microtexture through Laser Ablation

For the production of the desired cube-shaped 3D microtexture, a laser work station
(microSTRUCTvario, 3D-MICROMAC, Chemnitz, Germany) in combination with a femtosecond laser
(SPIRIT, Spectra Physics, Rankweil, Austria) were used. The laser delivered 350 fs pulses at 200 kHz
with an average output power of 4 W at a wavelength of 1040 nm and 1.6 W at 520 nm. The laser
beam was linearly polarized and the polarization direction could be flipped by 90° during the ablation
process. To focus the laser beam, a telecentric scanner optic (Linos F-Theta Ronar, QIOPTIQ Photonics
GmbH & Co. KG, Feldkirchen, Germany) with a focal length of 100 mm providing a focus spot radius
of 6 pm for the 520 nm wavelength was used. For all test samples, a scan speed of 1000 mm/sec and
a hatch distance of 5 um were used.

The disc specimens for the tribological tests were produced in two steps using an average laser
power of 385 mW. Firstly, a pattern along the x direction consisting of stripes with a width of 40 um was
scanned using the aforementioned hatch distance of 5 um. After 15 consecutive scans, the polarization
was flipped by 90° (symbolized by the yellow cross in Figure 4a), and this procedure was repeated
11 times. The laser polarization of the final scan cycle was in the x direction and parallel to the scan
direction (the red arrow in Figure 4a represents the scan direction and the yellow arrow represents the
polarization of the final scan cycle). The bottom of level 3 of the first trench, as shown in Figure 4a, was
formed by this first ablation cycle, and the depth with respect to level 1 was approximately 35 pm.
Secondly, the same procedure was performed with scans along the y direction. The polarization was
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flipped similarly as in the first step, and consequently, the final scan ended up with a polarization along
the x direction (perpendicular to the scan in the y direction). This second step formed the 35 um deep
bottom level of Section 2 (shown in Figure 4a) and a deeper bottom level (level 4) at the intersection
with level 3. Surprisingly, the surface quality of Section 2 was not equal to Section 3. The fact that the
laser beam is astigmatic could be one of the reasons for such an outcome. To rule out the laser beam
astigmatism in our experiments, it was decided to do only scans along the x direction but to keep the
polarization flip procedure after 15 consecutive scans. By using this procedure, the trench width was
increased from 40 to 200 pm and the interfering effects from the generated side walls of a too narrow
trench were therefore limited. In addition, the number of repetitions was reduced from 11 to 7 and, as a
consequence, the depth of the obtained trench was reduced from 35 to 25 um respectively, as shown in
Figure 4b. One can clearly see traces from the 5 pym hatch pattern (small lines) along which pinholes
with diameters of approximately 2 to 3 um were formed. Because the polarization of the final scan
cycle was along the x direction, the generated LIPSSs are orientated in the y direction [23,24]. As a
consequence, the hatch lines intersect the LIPSS, or at least modulate the depth of the LIPSS, which
leads to the growth of sub-micrometer pinholes of approximately 2 to 4 um in diameter. Such a growth
mechanism in SiC was previously simulated and investigated, and showed that LIPSSs correlate well
with the slot waveguide characteristics in high refractive index material [20]. It is believed that such
amodel may also be applied to metals because, according to theoretical and experimental research, deep
grooves in LIPSSs behave as plasmonic slot waveguides [25]. Moreover, previously published models
predict a field distribution for deep slots which can generate nanometer-sized pinholes or cross periodic
structures respectively [25,26]. The model previously developed by the present authors describes
the growth of such nanometer pinholes towards micrometer sizes at the locations of interruptions or
distortions of LIPSSs [20]. In earlier work on SiC, a certain threshold for pinhole growth was identified
and the laser power was consequently reduced from 385 to 238 mW, while all other conditions were
kept constant [20]. There was a significant reduction in the pinhole formation rate but at the cost of
a reduction of the trench depth from 25 to 18 um, as shown in Figure 5a.

e S i

Figure 4. Micrographs: (a) 3D microtextured disc; (b) test trench (hatch intersect the LIPSS).

An increase of the number of scans in order to reach a depth of 25 um would have required an
unwanted longer production time; therefore, it was decided to test the approach for which the final
scan cycle was a combination of a scan in the x direction with a polarization in the y direction. By using
such a procedure, it is expected that the generated LIPSS would be nearly parallel to the hatch lines,
the number of intersections among hatch and LIPSS would be lower and the formation and growth
rate of the pinholes may be reduced.
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Figure 5. Surface quality after laser ablation: (a) reduced laser power and polarization of final scan

cycle parallel to scan direction; (b) increased laser power and number of scans, but polarization of the
last scan cycle perpendicular to the scan direction.

Furthermore, the laser power was increased from 238 to 279 mW, while the number of scans
per constant polarization cycle was reduced from 15 to 10; in return, the number of cycles increased
from 7 to 14. The obtained results verified our hypothesis and expectations: the obtained surface
quality was close to that of the previous test performed with a laser power of 238 mW along with
the fact that a trench depth of 25 pm could be again obtained as previously, as shown in Figure 5b.
As more than one parameter for this test was simultaneously changed, two supplementary tests were
conducted in order to confirm that our concept of polarization flipping after a certain number of
scans, combined with a final scan cycle having a laser polarization perpendicular to the scan direction,
significantly contributes to a smooth surface quality after laser ablation. Using the same parameters
and procedure as previously, but skipping the polarization flipping, it is possible to compare the results
obtained from a laser polarization and a scan both parallel to the x direction to the results obtained
from a laser polarization along the y direction and perpendicular to a scan in the x direction, as shown
in Figure 6a,b. The obtained results obviously support the hypothesis that in metals (as in SiC), pinhole
growth is linked to the number of interruptions of the LIPSS. After these experiments, it came to the
authors’ attention that the simple rule of orientating the laser polarization perpendicular to the scan
direction is the most effective measure to suppress pinhole growth, from negligible nanometer size
pores up to micrometer dimensions. However, additional polarization flipping still has its benefits, i.e.,
contributing to pinhole suppression, because practically, it is impossible to obtain undisturbed gratings
like LIPSS patterns on a larger ablation area; eventually, some pinholes will grow over time. LIPSS
formation and subsequent pinhole growth are favored either by long durations at low scan speeds or
a high number of scans at higher scan speeds. If the polarization is flipped within such a time or scan
interval, the existing LIPSSs are reorganized along a new direction, the already generated pinholes
are then removed (providing that their size is still not too big) and the growth cycle has to start again.
Therefore, it was decided to use a growth cycle reset after every 10 consecutive scans and, as depicted
in Figure 7b where the final cycle was performed with a laser polarization perpendicular to the scan
direction, it may be observed that a further reduction in pinhole density with respect to the results
shown in Figure 6b (same laser parameter but at constant polarization direction perpendicular to the
scan direction) may be obtained.
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Figure 6. Surface quality after laser ablation without any polarization flipping: (a) polarization

permanently parallel to scan direction; (b) polarization permanently perpendicular to scan direction.
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Figure 7. Micrographs: (a) LIPSS intersections perpendicular to their orientation where small pinhole
formation starts; (b) same laser procedure as in Figure 5b but with enlarged scale (polarization of the
last scan cycle was perpendicular to the scan direction).

However, the aforementioned simple rule of orientating the laser polarization perpendicular to
the scan direction has one main disadvantage which becomes more important as a trench gets deeper
after several scans. Due to Brewster angle effects and a resulting higher ablation rate in the direction
of the laser polarization, small scratches in the trench wall grow faster and end up in a distinct score
pattern [21]. After several consecutive scans, the pattern in the trench wall initiates a corresponding
structure formation on the LIPSS-covered trench bottom, as shown in Figure 7a. Small pores are
arranged in strings which are parallel to the polarization and perpendicular to the scan direction. The
LIPSS are intersected perpendicular to their orientation, and after a number of several consecutive
scans, the pores grow together to form bigger identities [21]. Any interruption of the LIPSS (for example
a small bump) can trigger the formation and growth of pinholes, as depicted in Figure 7a. The front
and end sides of the surface bump represent an interruption of the LIPSS (encircled areas in Figure 7a),
and the growth cycle of pinholes predominately starts at this location. LIPSS striking tangentially
the surface bump are not interrupted and a lower degree of pinhole formation was observed. The
observations mentioned above (formation and growth of pinholes due to LIPSS intersections) are also
interrupted by polarization flipping and have to start again from scratch, thus contributing to smoother
surface quality and reduced pinhole formation. It is worth noting that for a better visualization of the
aforementioned observations shown in Figure 7a, a laser with a wavelength of 1040 nm was used in



Lubricants 2019, 7, 67 8 of 19

order to obtain larger LIPSSs. Moreover, larger and deeper LIPSSs may provide further advantages
when they are tribologically tested under oil-lubricated conditions. In the current work, 3D textures
without any LIPSSs were used as the top contact area. It is believed that a further improvement of the
current 3D microtexture may be achieved through a two-step procedure: firstly, the laser ablation of
the trenches along both the x and y directions should be performed using a laser with a wavelength
of 520 nm (which showed a lower tendency for pinhole formation in comparison to the laser with
a wavelength of 1040 nm), and further applying polarization flipping under the condition that the
final scan cycle should be made with a perpendicular polarization with respect to the scan direction;
secondly, after producing the 3D microtexture, the whole surface area should be exposed to the laser
with a wavelength of 1040 nm in order to cover the microtexture with a LIPPS-based nanotexture,
such as that shown in Figure 7a. It is believed that the current tribological results under oil-lubricated
conditions could be improved by such a hierarchical micro/nanotextured surface in future tribological
investigations. Furthermore, it is believed that the adhesive strength and the wear resistance of the
antifriction coating could be improved through this novel manufacturing procedure.

2.3. Evaluation of Dynamic Friction Coefficients

Stepwise load-varying tribological tests were performed using a SRV-tribometer (SRV®4, Optimol
Instruments Priiftechnik GmbH, Munich, Germany). In these tests, friction coefficients were measured
for short-time (5 min) oscillating tests at several different normal load values ranging from 25 to
200 N with steps of 25 N (as shown in Figure 8) under different lubrication conditions for as-received
cylinders against different discs surface states: benchmark blank, antifriction coated benchmark, 3D
microtextured or 3D microtextured/antifriction coated, as shown by the test matrix listed in Table 2.
Furthermore, a supplementary test with a coated microtextured specimen, with the 3D microtexture
oriented at an angle of 45° (instead of 90°) to the direction of motion of the cylinder, was also performed
in order to investigate any possible influences of the microtexture orientation on its tribological behavior.
Table 3 lists some of the important test parameters used for the determination of dynamic friction
coefficients. For the determination of dynamic friction coefficients, the tribometer was programmed
to perform high-frequency friction signal acquisition (FSA) at the beginning and end of each load
level for duration of 0.2 s at a sampling rate of 1 kHz. This FSA signal analysis enables a highly
precise time-resolved analysis of the friction force and coefficients of friction, which are otherwise
not possible using the normal signal acquisition parameters of the SRV-tribometer. The obtained FSA
raw signals were then postprocessed in order to calculate averages of dynamic coefficients of friction.
This postanalysis consisted of eliminating 10% of the raw signal at the beginning and at the end of
a half-cycle, i.e., keeping only 80% of the raw signals for each half-cycle and averaging these values
over approximately 10 half-cycles, as shown by the light green zones in Figure 9. From Figure 9, it may
also be observed that the first peak present at the onset of movement (in either direction) is due to the
adhesive part of the friction, also known as static friction or stiction.

F(N)
200 N

t (min)

Figure 8. Schematic representation of the load-varying tribological tests used for the determination of
the dynamic friction coefficients.
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Table 2. Test matrix of all tribological investigations performed in the present study.

90f19

Texture Cylinder Disc .
Test-ID Angle (Upper Specimen) (Lower Specimen) Lubricant
Material Surface Material  Coating
Blank Benchmark - 31CrMoV9  as-received  42CrMo4 - Oil*
Coated Benchmark - 31CrMoV9 as-received  42CrMo4  AF320E -
Microtexture (90°) 90° 31CrMoV9 as-received  42CrMo4 - Oil*
Coated Microtexture (90°) 90° 31CrMoV9 as-received  42CrMo4  AF320E -
Coated Microtexture (45°) 45° 31CrMoV9 as-received  42CrMo4  AF320E -
* Commercially available high-quality multi-grade hydraulic oil (ISO VG37).
Table 3. Main parameters used for the tribological investigations.
Normal Load Duration for Each Load  Total Duration  Stroke Frequency  Temperature
N) (min) (min) (mm) (Hz) (W©)
25, 50, 75, 100,
125,150, 175, 200 > 40 4 25 22
e windows for ‘ — g::r):ke windows for

—— Stroke
stiction

: !

0.1
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'

/ dynamic friction
2

°
Stroke (mm)

VAV VAR

-0.3
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°
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I
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°
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0.05 0.1 0.15
Time (s)

(b)

Figure 9. Example of raw signals obtained using FSA (high frequency signal acquisition) used for
the calculation of both static and dynamic coefficients of friction (example shown: (a) benchmark
(untextured samples) with oil at F\y = 175 N and (b) 3D microtexturing with oil at F\y = 175 N).

2.4. Evaluation of Wear Resistance and Long-Term Friction Behaviour

The wear resistance of the coated specimens (benchmark, 3D microtextured and 3D microtextured
at 45°) also represents a major interest prior to their deployment in real industrial applications. The
reason that only the coated specimens were selected for the investigations of wear resistance was based
on the fact that:

1. oil-lubricated conditions may possess certain drawbacks for some specific highly technical
industrial applications; thus, antifriction coated specimens were selected, since they are widely used in
industrial applications.

2. it was considered useless to investigate the wear of uncoated specimens under unlubricated
conditions, since these conditions are usually never used in the industry.

The wear resistance of the previously specified antifriction coated samples was determined
through long duration tribological tests (120 min). Except for the total test duration (120 min at 1 load
level instead of 10 load steps of 5 min each), all other test parameters were kept identical to those
used for the determination of friction coefficients, as listed in Table 3. Due to the restricted number of
available samples, these long-term tests were performed at a normal load value of 125 N only, i.e., at a
load value high enough to produce a measurable wear on the investigated samples.
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The overall wear of the tested samples (cylinders and discs) was determined using the
aforementioned laser optical surface analysis apparatus (Keyence VK-X250/260). For both cylinders
and discs, a direct measurement of the wear scar volume was performed using a height threshold-based
volume measurement. It is worth noting here that for both antifriction coated 3D microtextured disc
samples (90° and 45°), the measured wear volume values also account for the small proportion due
to the valleys of the 3D-texture present at the bottom of the wear scar, and thus, the measured and
presented values are slightly higher than the real wear volume values.

3. Results and Discussions

3.1. Characterization of Benchmark, Coated, 3D Microtextured and 3D Microtextured/Coated Samples

For the blank uncoated benchmark samples (cylinders and discs), the only characterization
performed was the measurements of their surface roughness, which were already mentioned in
Section 2.1 and are additionally listed in Table 4. For the untextured antifriction coated specimens
(coated benchmark), the application of the aforementioned antifriction coating to their surfaces
increased their surface roughness significantly, as shown in Table 4.

Table 4. Surface roughness values of untextured uncoated (blank benchmark) and untextured
antifriction coated (coated benchmark) disc specimens.

R, R,
(um) (um)

Blank Benchmark None None 0.06 +£0.01 0.65 +0.19
Coated Benchmark None AF320E 0.94 +0.10 5.74 + 0.78

Sample

Denomination Texture  Coating

A detailed measurement and analysis of the microtextured disc specimens was performed in
order to ascertain the accordance of the dimensions of the produced microtextures with their initial
desired dimensions. Figure 10 shows a detailed typical topographical analysis of two selected 3D
microtextured disc samples; their measured specific dimensions are listed in Table 5. These dimensions
correspond quite exactly to the initial desired dimensions presented in Section 2.1, thus showing that
the production of 3D-microtextures using an ultra-short pulsed laser may be performed with a good
level of accuracy. The ratio of the nominal microtextured area of the top plateau in comparison to the
benchmark (benchmark = 100%) was calculated using the measured side dimensions and periods
listed in Table 5, resulting in a value of 20.9%, which corresponds quite adequately to the desired ratio
(20%) calculated from the desired microtexture dimensions presented in Section 2.1. These results
show clearly that the production of 3D microtextures on steel may be achieved with a very high level
of precision.

() (b)

Figure 10. Typical topographies of two selected 3D surface microtextures produced on disc specimens:
(a) first sample; (b) second sample.
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Table 5. Typical dimensions of produced 3D microtextures on disc specimens.

Plateau 1 Plateau 2
Sides Height Period Sides Height Period
(b, by) (Vs. Underlying Plateau 2) (P, Py) (by, by) (Vs. Underlying Plateau 3) (P, Py)
(um) (um) (um) (um) (um) (nm)
37.2+21 279 + 0.6 823+1.8 364+15 41.2+35 82.8 + 0.8

As mentioned earlier, some of the 3D microtextured samples were then coated with an antifriction
coating (properties shortly listed in Table 1). Typical topographies of such 3D microtextured and
antifriction coated samples are shown in Figure 11. The first obvious observation that could be made
from a comparison between Figures 10 and 11 is that the produced surface microtextures are no longer
quadratic, and are not as sharply defined as previously: actually, the microtextures are in some way
rounded by the presence of the antifriction coating. Furthermore, it may be easily observed that the
valleys were partially filled with the antifriction coating, resulting in a reduction in the total height
difference between the different plateaus of the 3D-texture. From the typical topographies presented in
Figures 10 and 11, it may be easily concluded that the coating process used in the present study to
apply the antifriction coating strongly modified the surface topography of the microtextured samples.
The height of each plateau of the microtextured and coated samples was measured using the same
procedure as for the microtextured samples. However, the lateral dimensions (by, by) and the periods
(Px, Py) of the different plateaus were not determined due to their undefined rounded profiles, which
are difficult to measure. The average height differences from 3 different measurements between each
plateau are listed in Table 6, and show that the height differences between the plateaus had decreased
due to a partial filling of the microtexture valleys by the antifriction coating, as mentioned previously.

(a) (b)

Figure 11. Typical topographies of two selected 3D microtextured and antifriction coated disc specimens:

(a) first sample; (b) second sample.

Table 6. Typical dimensions of produced 3D microtextured and antifriction coated disc specimens.

Plateau 1 Plateau 2
Height Height
(Vs. Underlying Plateau 2)  (Vs. Underlying Plateau 3)
(um) (um)
18.1+23 209 +25

3.2. Evaluation of Dynamic Friction Coefficients

The results obtained from the load-varying tests performed on all sample configurations under
study are presented in Figure 12, in which each point represents the calculated average of the friction
coefficient (calculated from the sliding section of the obtained curve as shown in Figure 9) for the
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specified applied normal force. For the benchmark sample under oil-lubricated conditions (Figure 12a,
black curve), it may be observed that the sliding coefficient of friction is very stable throughout the
load range under study (which is shown by the relatively small error bars), and that its value remains
at around 0.10. For the coated benchmark sample (Figure 12a, red curve) under dry conditions, the
coefficient of friction becomes very unstable (large error bars) and is higher than the value of the
benchmark under oil-lubricated conditions. Furthermore, its value stays at around 0.22 up to a load
of 100 N and then increases abruptly to a higher value of approximately 0.30 for higher loads. This
increase of the friction coefficient has been visually correlated to the coating failure during the test.

0.50 —a#— Benchmark + ol 050 3D-texture (90°) + oil
+ ol —— exture °) + o
045 ICoatmg failure 045
—a— Benchmark + AF320E | | —e— 3D-texture (90°) + AF320E

0.40 0.40
£ 035 S 035
= =
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0.30

0.25
0.20 e I

c
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Figure 12. Sliding coefficients of friction as a function of applied load: (a) benchmark with oil or
antifriction coating AF320E, (b) 3D microtexture (90°) with oil or antifriction coating AF320E, and
(c) comparison of all 3D microtexture results (note: different scales for y-axis).

For the 3D microtextured samples (Figure 12b), both the sample under oil-lubricated conditions
(black curve) and that with an antifriction coating (red curve) show relatively stable coefficients of
friction (small error bars) throughout the load range under study. For the 3D microtexture under
oil-lubricated conditions, the coefficient of friction remains around 0.14 and for the 3D microtexture with
an antifriction coating, friction coefficient stays around 0.20. By comparing the results of Figure 12a,b,
it may be observed that under oil-lubricated conditions (black curves), the 3D microtextured samples
exhibit slightly higher coefficients of friction then the benchmark (COFpenchmark ~0.10; COFpicrotexture
~0.14), and that the friction stability is similar for both samples, showing that the use of 3D microtextures
does not bring any significant benefits under oil-lubricated conditions. However, with the use of an
antifriction coating (red curves of Figure 12a,b), one may observe that the stability of the coefficients
of friction is drastically increased (comparison of error bars), and that the coefficients of friction are
significantly smaller for the 3D microtextured samples than for the benchmark samples, showing that
the use of 3D microtextures along with an antifriction coating under unlubricated conditions represents
an interesting alternative to oil-lubricated, untextured surfaces (benchmark).

It is believed that for the benchmark samples, a depletion of the antifriction coating occurs during
the tribological tests, and that the coating is actually pushed out of the contact zone, thus exposing the
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underlying blank steel of the disc specimen to the cylinder, resulting in high and unstable coefficients
of friction, especially for high load values. For the tests with the 3D microtextured and coated samples,
a depletion of the antifriction coating also occurs, but only on the first microtexture level; the underlying
levels of the 3D microtexture itself serve as lubricant reservoirs in which particles of the depleted
antifriction coating from the top microtexture level are stored and continuously smeared back on the
top level of the microtexture, thus enabling a kind of continuous lubrication regime which results in
low and stable friction coefficients for all load values under study.

The results from tests performed on 3D microtextured samples with an antifriction coating but
with the microtexture aligned at an angle of 45° from the sliding direction (instead of 90° for the
previously presented results) are presented in Figure 12c¢ (results of Figure 12b are incorporated in
Figure 12c in order to compare easily the effect of the microtexture angle). From Figure 12¢, it may be
easily observed that the modification of the microtexture angle (from 90° to 45°) with respect to the
sliding direction tends to decrease the coefficient of friction towards the value of the microtextured
samples at an angle of 90° tested under oil-lubricated conditions for low load values only (<125 N),
and for higher loads, the coefficient of friction of the 45°-oriented microtexture increases back to
approximately the same values as for the 90°-aligned microtextured sample with an antifriction coating.
However, these observations should be taken with caution, since error bars of the results obtained may
indicate that this behavior is not as obvious as observed, and that these observations may be solely due
to the intrinsic scattering nature of the measured coefficients of friction. More detailed investigations
are necessary in order to assess the veracity of the previous observations. Nevertheless, by considering
the obtained error bars, one may conclude without any doubt that the use of a 45°-oriented 3D
microtexture (instead of a 90°-aligned 3D microtexture) with an antifriction coating tends to slightly
lower the coefficients of friction, but that the coefficients of friction never fall below the values obtained
for the 3D microtextured samples tested under oil-lubricated conditions.

3.3. Evaluation of Wear Resistance and Long-Term Friction Behaviour

As mentioned in Section 2.4, the determination of the wear resistance was performed only
for the 3 samples having an antifriction-coating: coated benchmark, 3D microtextured (90°) coated
and 3D microtextured (45°) coated samples. The wear resistance was determined as the wear rate
(mm?3/h), which was calculated from wear volume values, measured using laser optical microscopy
after the tribological tests, divided by the test duration. It is worth noting that since disc specimens
possess an extremely high number of micropillars (and microvalleys) on their surfaces, it is almost
impossible to precisely quantify their wear volume after the wear-based tribological tests, because
wear measurements were performed using a normal height threshold technique using a defined level,
which also encompasses intact microvalleys that did not experience any wear during the tribological
tests. Therefore, reported wear values for the disc specimens should not be interpreted as absolute,
but as relative, values, which still enable a valuable comparison to be made between the investigated
tribological pairings.

But first of all, before presenting the measured wear rates of the 3 aforementioned sample
variations, coefficients of friction during these wear resistance tests were also monitored and are
presented in Figure 13a for a direct comparison to the friction coefficients measured during the
load-varying tests (short-term tests; Figure 12). For this comparison, one should bear in mind that
the wear tests were performed at a normal load of 125 N; therefore, on the corresponding diagrams
of Figure 12, the friction coefficient value at a load of 125 N should be used as a comparison point.
Furthermore, the first values of the coefficients of friction measured and presented in Figure 13a are
after a test duration of 15 min, which is about 3 times longer than the short-term load-varying tests.
In order to facilitate the direct comparison of the coefficients of friction related to both tribological
tests, the results of Figure 12a,c were partially combined and are presented in Figure 13b, and the
corresponding coefficients of friction are listed in Table 7.
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Figure 13. Average coefficients of friction measured: (a) during wear resistance tests (long-term
tribological tests: 125 N, 2 h) and (b) during load-varying tests (short-term tribological tests: 25-200 N,
5 min. per load level) (Figure 13 = partial combination of Figure 12a,c).

Table 7. Comparison of coefficients of friction measured during wear resistance (long-term: 125 N, 2 h)
and load-varying (short-term: 25-200 N, 5 min. per load level) tribological tests.

Coefficient of Friction

Sample Denomination

Wear Resistance Test Load-Varying Test
(Figure 13a @ 15 min) (Figure 13b @ 125 N)
Benchmark + AF320E 0.294 0.298
3D Microtexture (90°) + AF320E 0.201 0.211
3D Microtexture (45°) + AF320E 0.192 0.155

From Figure 13 and Table 7, it is obvious that the friction coefficients obtained either from wear
resistance tests (@ 15 min) or from load-varying tests (@ 125 N) are quite similar, which gives a certain
degree of validation for the friction coefficients obtained from both different tribological tests. The
small discrepancy observed for the 3D microtexture with a 45°-angle may be due to the fact that the
time-range of the compared values is different (15 min for wear tests, 5 min for load-varying tests).

It is worth noting that the error bars shown in Figure 13b are larger than those in Figure 13a
due to different procedures used for friction measurements. The friction values shown in Figure 13b
(short-term tribological tests with varying loads) were measured and averaged for a time duration
of 0.2 s at the beginning and end of each load level (fpegin = 0'S; fend = 5 min.); therefore, for each
load level, and due to the short time period at a new constant load value, the friction values were
partially measured when the system was still in the running-in phase (in which the friction may still be
relatively unstable and may relatively differ from test to test), thus resulting in larger error bars when
averaging values measured from 3 short-term tribological tests. On the other hand, the friction values
shown in Figure 13a (long-term tribological tests at a constant load) were measured and averaged for
a time duration of 0.2 s every 15 min (f; = 15 min.; {; = 30 min., etc.); therefore, for the first friction
measurement at t; = 15 min., the running-in phase of the system was already finished and the system
was already in a friction regime where the friction was relatively stable and relatively reproducible
between different tests, resulting in smaller error bars when averaging 3 long-term tribological tests.

Typical top view pictures of wear scars after the performed wear resistance tests obtained using
laser microscopy are shown in Figure 14. At first sight, one may observe that the scars of the benchmark
samples are somewhat larger than those of the 3D-textured samples, with the smallest scars for the
3D-textured samples with a 90°-angle.

For the coated benchmark samples, it is obvious that the antifriction coating was completely
depleted in the center of the wear scars on the disc specimen, and thus, that the cylinder came into
contact with the base material of the disc specimen, which greatly influenced the friction and wear
behavior of the coated benchmark samples. At the periphery of the wear scars on the cylinder,
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small areas may be observed in which material transfer of the antifriction coating from the disc
specimens occurred.

Benchmark + Coating 3D-Texture (90°) + Coating | 3D-Texture (45°) + Coating

Cylinder ||

Disc

Figure 14. Typical wear scars on cylinder and disc specimens after wear resistance tests obtained using
laser microscopy.

For the 3D-textured samples, the cylinder surface shows linear grooves produced by the lower
3D-texture for the samples aligned with an angle of 90°, but no linear grooves were visually observed
for the 3D-textured sample aligned at an angle of 45°, which is simply due to the orientation angle of
the 3D-texture with respect to the motion direction of the tribometer during the wear tests, as shown in
Figure 15. Actually, linear grooves were also produced on the cylinders for the 3D-texture with an
angle of 45°, but the extremely small distance between each groove renders their visual observation
difficult: grooves produced on the cylinders when the angle was 90° had a width equal to the plateau
side dimensions (~ 37 um as reported in Table 5), while grooves produced on the cylinders when the
angle was 45° had a width equal to the plateau diagonals (~52 pm = /2 X 37 um).

Top View Top View

b~37 pm
L
T o
_— Sgd
o =
2 ¢ mmm ) 883
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g o g S~ o
gc 2 N o
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Side View Side View
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Figure 15. Explanation of (a) presence of visible linear grooves (width of grooves = sides of plateaus
~37 um) on cylinders for the 3D-texture with an angle of 90° to the direction of motion and (b) near
absence of visible linear grooves (width of grooves = diagonals of plateaus = ~52 um) on cylinders for
the 3D-texture with an angle of 45° to the direction of motion.
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The averages of wear rates (mm?/h) of discs and cylinders measured using laser optical microscopy
are shown in Figure 16a and 16b for all 3 sample variations respectively. From both diagrams shown in
Figure 16, it may be seen that the use of a 3D microtexture with an orientation of 90° to the direction of
motion in combination with an antifriction coating may reduce the overall wear rate of the tribological
system (upper and lower specimens) from an average of 0.5 mm3/h to approximately 0.25 mm3/h
for the discs and from an average of 0.0125 mm?/h to approximately 0.0075 mm?/h for the cylinders.
By orienting the 3D microtexture at an angle of 45° relative to the direction of motion, the wear rate

of the discs stays at a value similar to the benchmark, while the wear rate of the cylinders increased
slightly above 0.02 mm?3/h.
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Figure 16. Average wear rate (mmS/h) calculated from laser microscopy measurements after long-term
tribological tests (2 h) of: (a) discs and (b) cylinders.

The increase in wear rates for the 3D-textured and coated samples with an angle of 45° in
comparison with the similar samples with an angle of 90° may be explained by the fact that the
contact width of the plateaus having a 45°-angle is significantly higher (~52 pm) than for a 90°-angle
(~37 um), as shown schematically in Figure 15, and therefore, the amount of worn material through
ploughing is higher for both disc and cylinder specimens. Furthermore, the lower wear resistance
of the microtexture with a 45°-angle (in comparison to the samples with a 90°-angle) is also believed
to be due to the difference in real contact pressures between these two textures. For a defined unit
surface area, the number of micropillars encompassed by this area is always about 20-25% lower for
the samples with a 45°-angle than for the samples having a 90°-angle; thus, the real contact pressures
experienced by the 45°-angle samples is 20-25% higher than the contact pressures encountered by
the samples having a 90°-angle (p = Fx/A, where p = contact pressure in N/mm?, Fy = load in N and
A = contact surface in mm?). Table 8 gives a short overview of the formulas used for the calculation
of the ratio of the contact pressures for both microtextures having different orientation angles to the
direction of motion during long-term tribological tests.

Table 8. Calculations of ratio of real contact pressures for both microtextures with different angles to
the direction of motion during long-term tribological tests.

Number of Pillars/ Normalized Ratio Contact
Angle Unit Surface Area Contact Area Calculated Contact Pressure Pressures
90° 100 Agpe = A Pooe = Fn/Agge Pooe = FN/A Pas°/poge = 1/0.8
45° ~80 Agse ~0.8*Agpe  pase = Fn/Asse  pase = Fn/0.8*A ~1.25

For the textured samples with a 45°-angle, the fact that the wear rate of the disc specimens is
similar to the coated benchmark samples (Figure 16a) while the wear rate of the cylinders is significantly
higher than the coated benchmark samples (Figure 16b) needs to be analyzed separately in more detail;
this will be the focus of a future study and publication.
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4. Conclusions

The present study has shown that the production of specific 3D-microtextures on steel substrates
using an ultra-short pulsed laser was feasible and the reproducibility of the texture dimensions over
the entire textured regions was extremely good.

LIPSSs are the initial features produced during the formation of self-ordered hierarchical micro-
and nano-textures. By nature, self-ordered structures are not predictable in any minute aspect of
their shape. It was demonstrated that knowledge of optical and structural feedback mechanisms
can become a tool to steer the metamorphosis from LIPSS towards desired surface structures for
specific applications, or to suppress their formation (for example pinholes) when a smooth ablation
area is required. A very simple approach for controlling pinhole formation was found: to suppress
pinhole formation, the rule is to orientate the laser polarization perpendicular to the scan direction;
to promote their formation, the rule is to orientate the laser polarization parallel to the scan direction.
Additional polarization flipping by 90° after some consecutive laser ablation scans leads to further
improvements in terms of surface texture quality (smoothness). Pinholes are the intermediate state
towards the formation of self-ordered microbumps. Applying these simple ablation rules provides
a tool to generate tailored self-ordered, hierarchical micro- and nano-textures for implementation in
tribological applications.

Unfortunately, the application of an antifriction coating onto the 3D-textures did, however, greatly
modify their topography: 3D-textures became more rounded and the height differences between each
plateau were drastically reduced.

Tribological investigations under oil-lubricated conditions have shown that the 3D-microtexture
does not show any significant COF improvements when compared to the benchmark over the entire
load range studied: COF for the oil-lubricated benchmark was between 0.10 and 0.12 and for the
oil-lubricated 3D-textured samples, between 0.13 and 0.15.

However, tribological investigations with an antifriction coating showed that the 3D-microtexture
does show significant COF improvements when compared to the unlubricated coated benchmark over
the entire load range studied: COF for the coated benchmark was between 0.25 and 0.30, and for the
coated 3D-textured samples, between 0.20 and 0.22. However, the friction measured for the coated
3D-texture was still slightly higher than for the oil-lubricated benchmark; therefore, from the point of
view of comparing only the friction coefficients, the 3D-texture under study may not be easily seen as
an interesting alternative to oil-lubricated blank steel.

Wear-based tribological tests (125 N; 2 h) have shown that the antifriction coating on the
benchmark samples was completely depleted, which greatly influenced their friction and wear
behavior. Wear-based tribological tests with 3D-textured samples have shown that linear grooves were
produced on the cylinder surface by the 3D-texture, but only for the samples aligned with an angle
of 90° to the direction of motion. This phenomenon is due to the geometrical aspects caused by the
orientation of the 3D-texture with respect to the direction of motion during the wear tests.

A comparison of wear rate results showed that 3D microtextures with an orientation of 90° in
combination with an antifriction coating may drastically reduce wear of both the upper and lower
samples. For 3D microtextures with a 45°-angle, disc wear remained similar to the benchmark, while
cylinder wear slightly increased. The latter behavior for the 45°-angled 3D-texture was explained
through a different nominal contact area and resulting real contact pressures.
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