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Abstract: Laser irradiation yields a powerful tool to modify the symmetry and asymmetry features of
materials surfaces. In this paper, femtosecond laser-induced periodic surface structures were applied
on stainless steel AISI 314, specially hardened by a low-vacuum carburizing procedure. Symmetry
modifications in the surface’s morphology and chemistry before and after the laser treatment were
investigated by SEM and EDS, respectively. Coefficient of friction (COF) was observed in dry sliding
condition by using block-on-ring sliding test. The results show that COF values are substantially
lower after laser-induced periodic surface structures (LIPSS) surface treatment.
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1. Introduction

Friction is responsible for more than 25% of energy consumption in all human areas
round the world [1]. In nature, especially snakes have a selected morphology of skin, i.e.,
they show a synergy between nanoscale and submicron features, allowing for a significant
reduction in the friction in dry conditions [2]. Another example is the skin of a shark, which
consists of small scales with parallel riblets [3].

There are many methods that suggest breeding such a specific morphology and the cor-
responding symmetry properties. However, conventional optical lithography techniques
require complex masks, while e-beam lithography and ion-beam lithography require ex-
pensive equipment. Single-step muscless optical patterning techniques also exist, notably
simple direct laser writing (DLW) [4] and the more complex multi-beam interference [5] and
the even more advanced direct laser interference patterning (DLIP) [6]. All these aforemen-
tioned laser surface treatments are able to form microscale patterns on the surface and all
substantially decrease the coefficient of friction (COF). It has been proven that laser surface
microstructures play the role of lubricant reservoirs. Moreover, there is a laser method, a
phenomenon named Laser Induced Periodic Surface Structures (LIPSS) [7] which provides
a nanoscale pattern due to self-organized processes and beyond the diffraction limit.

LIPSS are observed on most materials, from metals to graphene [8-11] and their
importance has been demonstrated for various scientific, biomedical, and industrial ap-
plications [12,13]. The formation mechanism commonly attributed to regular periodic
structures is said to be due to the interference of incident laser light with a wave propa-
gating at the surface, resulting in a periodic intensity modulation that is imprinted into
the fabric. The efficacy theory is predicated on analytical solutions of Maxwells equations
within the presence of a randomly distributed rough surface and yields an expression for
the inhomogeneous energy deposition into the fabric [14]. The most important assumptions
behind this idea are that the surface roughness is randomly distributed, its thickness must
be much smaller than both the illuminating wavelength and therefore the period of laser
induced surface structures (LIPSS) being studied [15].
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Laser nanostructuring, i.e., LIPSS, appears to be an appealing method, as it is stated
in [16,17]. Upon initiation of the experiment, LIPSS were generated over a large area on
100Cr6 steel and titanium alloy (Ti6Al4V). Paraffin oil and commercial engine oil were
used for reciprocal sliding, which caused elucidation of the tribological properties of the
experimental samples. That resulted in a very low friction coefficient (0.15) shown on the
samples with the use of both lubricants. Upon initiation of the experiment on Ti alloy
surfaces, the nanostructured surfaces showed high and non-stable friction coefficient values
(from 0.2 to 0.6) with the use of paraffin o0il, and reduced values (0.12-0.14) with engine
oil; this is determined by an advantageous combination of LIPSS and additives of engine
oil, which can profoundly cover the nanostructured surfaces. To prove the tribological
properties of the treated surfaces, authors in [18] have treated X5CrNi1810 stainless steel
discs with LIPSS. Tribological tests have proved a decrease in friction and wear compared
to an untreated reference sample.

The laser-induced nanostructures, which are produced on the surface with the ap-
plication of the laser treatment, play a fundamental role and serve as lubricant reservoir
during the contact and as debris pockets to minimize the abrasion due to particles spread
on the interface. However, in all mentioned studies LIPSS structures are disappearing after
10-20 m of sliding test even with oil.

In the paper, we used samples of stainless steel AISI 314 L specially hardened by low
vacuum carburized procedure and modified with LIPSS to reduce coefficient of friction
(COF). We demonstrated that LIPSS of high quality can be obtained also on hardened steel.
The COF was observed in dry sliding test by using as counter body material (usually AISI
314 L). The LIPSS on stainless steel, in one-fold hardened, were feasible after 10 m of sliding
dry test.

2. Materials and Methods
2.1. Preparation of Samples

The material which was used is AISI 316L austenitic stainless steel. Moreover, AISI
316L was treated with the special procedure of low temperature carburized (LTC) in order
to improve hardness characteristics of the samples. The samples were prepared as extruded
bars and then a set of micro hardness measurements were performed in the diagonal of
the cross-section between the LTC zone and the untreated zone on a depth of 100 pm. The
hardness of the LTC layer was measured around 1200 HV 55 as shown in Figure 1.

2.2. Laser-Treated Processing

Ablative LIPSS are produced on the surface of AISI 316L LVC by femtosecond laser
system PHAROS from Light Conversion (Vilnius, Lithuania) at laser wavelength 1030 nm
(mid-infrared). Such a laser system provides a compression of pulse up to 266 fs. The
polarization of the laser beam was tuned by half-wave plate. The laser beam was let down
to galvanoscanner head “ExcelliScan” (ScanLab, Munich, Germany) in order to accelerate
the laser process. The focus distance of F-theta lens, that was embedded into the galvo
head, was equal to 56 mm. The scanning speed was vs. = 100 mm/s a triangle wave
strategy (right-left-right). Part of the laser system—galvoscanner head with F-theta lens in
the processing of the stainless-steel bar—is shown in Figure 2.
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Figure 1. Graph of Vickers microhardness profile measured from AISI 314 LVC. The inset shows the
cross section of the bars after low temperature carburized procedures.
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Figure 2. Laser Setup.

2.3. Tribological Test

The LIPSS-treated AISI316L surfaces’ tribological conduct was studied in sliding state
via dry sliding tests within a block-on-ring arrangement (Figure 3). The nanopatterned
surface was fixed at 45° with regard to the cylinder’s sliding movement. The slider-on-
cylinder tribometer (block-on-ring contact geometry, ASTMG77 [19]) was used for dry
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sliding test. We machined the sliders from AISI 316L LVC and used different areas on
them as counterface material (i.e., rotating cylinders with 40 mm diameter). Thus, we used
untreated AISI 316L austenitic stainless steel, with hardness of 285HV0:05 and surface
roughness Ra of 0.10 um. The initial austenitic stainless steel allowed us to measure the
behavior of self-mating tribological couples.
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Figure 3. Tribological test: sketch of experiment (a) and real tribology test setup (b). LVDT—load, Slider—sample,

Cylinder—counterbody.

2.4. Morphological Characterization (SEM and AFM)

Field Emission FEI Nova NanoSEM 450 (Billerica, MA, USA) was employed to mea-
sure surface morphology and to assess the corresponding symmetry modifications due
to the laser treatment of the surface. In order to obtain high-quality images secondary
electrons imaging mode was used. The NanoSEM 450 is equipped with X-EDS Bruker
QUANTAX-200 that allows the detection of the atomic percentage of each element. The
surface roughness was measured by using an atomic force microscope (AFM) operating in
non-contact optical mode.

3. Results and Discussion
3.1. Morphological Analysis

The LIPSS-induced structures” morphology and the correspondingly induced sym-
metry modifications, before and after applying the laser treatment upon the surface, were
studied upon the SEM. From Figure 4 we can see that periodic nanostructures were formed
due to irradiation by the linear-polarized femtosecond laser pulses. It is clearly seen that
the nanostructures are homogeneously distributed and in a uniform and parallel shape.
Additionally, the nanostructures are present over the entire treated zone with an average
periodicity of 810 nm. Figure 4a shows that nanostructures are generated in state, in which
ripples are orientated at 45° relative to the scanning direction. Figure 4b shows nanostruc-
tures between untreated and treated areas. Moreover, the image is tilted by 40° in order to
see the height of the ripples. On the tilted image smaller nanostructures are clearly visible
between ripples. These smaller nanostructures are commonly attributed to high-spatial
frequency LIPSS (HSFL) with a period equal to 1/10 of the laser wavelength [14].

The morphology of the laser-treated surface on stainless steel observed by AFM
displays the surface homogeneously covered by periodically regular submicrostructures
(Figure 5). The average roughness was estimated to be equal to 290 &+ 30 nm that is
substantially higher with respect to the untreated one. This is a remarkable change from
the surface’s symmetry standpoint, totally due to the effect produced on the surface by the
laser irradiation.
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Figure 4. SEM image of LIPSS-treated surface of AISI 314L LVC (a). Tilted image of LIPSS with angle
40° at the untreated zone (b).

Figure 6 presents a EDS spectrum images of both the LIPSS- treated stainless steel
surface and the untreated area. All elements remain almost the same except for the
appearance of the oxygen peak in the laser-treated spectrum. This suggests the formation
of a laser-induced surface oxidative film.
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Figure 5. AFM image of LIPSS-treated surface of AISI 314L LVC.
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Figure 6. Energy-dispersive X-ray spectroscopy (EDS) of untreated (a) and LIPSS-treated surface
(b) of AISI 314L LVC.
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3.2. Tribological Test in Dry Conditions

The average COF values are shown in Figure 7, which are measured in the friction
vs. the distance plots. As can be seen from Figure 7, the average COF values of LIPSS-
modified surfaces are smaller than those on the untreated surface irrespective of the
countermaterial. These results are well in line with [15] in terms of the description of the
influence of micro/nanogrooved surfaces on friction. The effect of shorter stiction length
causes the friction coefficient to decrease, as well as the ratio between the width and height
of the nanogrooves.
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Figure 7. Dry sliding test: Coefficient of friction (averaged over the first 10 m of sliding) of AISI 316L
LVC, untreated or modified.

The wear scars’ morphology was examined with the use of the SEM as per the dry
sliding tests, as shown in Figure 8. When sliding in the self-mating configuration (AISI
316L LVC vs. AISI 316L), the untreated surface (Figure 8a,d) definitely shows plastic
deformation and there is no evidence of the typical protective oxide layer, which is created
upon low loads such as 5 N [20]. In contrast, the LIPSS-treated surfaces after the conducted
experiments are partly covered with fine oxidized wear debris and with powdery material
visible at low magnification.

The impact of the use of LIPSS technology on friction can be determined by the fact
that nanostructures are reducing the contact area between the asperities of the mating
surfaces. As a consequence, adhesion is reduced and the oxidized wear debris is entrapped.
The flow of statistical deviation is quite critical, although similar behavior has also been
observed [16,21].



Symmetry 2021, 13, 1049

8of9

References

B AISI 316L LTC vs 316L EX' AlS1 316L LTC LIPSS

g 5

Figure 8. Dry sliding test: morphology of worn surfaces on untreated surface (a,c) and modified by
LIPSS (b,d).

4. Conclusions

We examined the sliding behavior of AISI 316 L austenitic stainless steel before and
after laser surface treatment with LIPSS technology. As a result, the sub-wavelength
nano-ripples with an efficient uniformity over the large areas were created with diagonal
orientations to the sliding direction. We have also studied their influence on the tribological
properties of the surfaces. Dry (block-on-ring) sliding tests were conducted with the
use of AISI 316 L counter body materials. In principle, the laser treatment with LIPSS
technology in dry conditions has a great effect on the coefficient of friction and it reduces
the coefficient of friction down to 40 % compared to the untreated one, although the flow
of statistical deviation is quite critical. The impact of LIPSS technology on friction appears
since nanostructures are reducing the contact area between the asperities of the mating
surfaces. As a consequence, adhesion is reduced and the oxidized wear debris is entrapped.
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