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Abstract: A possibility of improving tribological properties by femtosecond laser irradiation on
an example of a steel surface by creating regularly arranged micro-grooved textures that contain
self-organized microstructures and nano laser-induced periodic surface structures (LIPSS) was
determined. The friction coefficient of the treated surface of a sample of cold-rolled 1.4301 stainless
steel was evaluated using a CSM Instruments SA tribometer according to a Pin-on-disk test scheme
at a specific pressure of 1 MPa. It was found that the coefficient of friction was reduced by 35%
compared to the initial grinded surface. Such laser treatment can find application for using parts in
conditions of dry or boundary friction, mainly in units, in which the use of lubricant is unacceptable
or extremely undesirable.
Keywords: tribological properties; sliding friction coefficient; stainless steel; treated surface;
femtosecond laser irradiation; self-organized microstructures; nano LIPSS

1. Introduction
Laser treatment, depending on the applied methods, schemes, and processing modes, has a
multifactorial effect on the surface condition of the processed materials which has been the subject
of numerous studies. To improve tribological properties of materials, along with laser modification
methods [1–4], a surface texturing was effectively applied using various laser treatment schemes [5,6].
This method has been successfully applied to structural materials, including metals and alloys as
well as ceramics, and provides a decrease in the friction coefficient and an increase in the operational
characteristics of machine parts and mechanisms [7–9]. Laser texturing is widely used in a variety of
applications for the improvement of tribological properties of surfaces [10]. With the aim of industrial
application, the texturing was performed on surfaces of mechanical components, such as piston
rings [11,12], thrust and rolling bearings [13–15], injection cams [16], facing seals [17], and cutting
tools [18]. It was shown that textured surfaces demonstrated a lowered friction coefficient compared
to the untreated analogue under dry friction conditions without lubricant as well as boundary and
hydrodynamic lubricating conditions. The use of the laser surface treatment of silicon carbide seal
rings to reduce the friction coefficient is known in the practice of producing mechanical gas-dynamic
seals [19]. In addition to applications for mechanical components, laser texturing was used to improve
tribological properties of bio-implant surfaces, such as dental implants and artificial joints, providing
better tribological properties of bio-implant materials [20,21]. This process was also used to improve
tribological properties of drive tapes for electronic devices and showed progressive results [22].
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Methods of surface structuring by ultrashort laser pulses are also used to improve tribological
properties of materials [23–25]. A treatment by a laser beam with a pulse duration in the femtosecond
range was performed, implementing an ablation process of the material with transition to the plasma
and the gaseous phase, bypassing the liquid melt. In addition to the synthesis of a low-dimensional
periodic structure as a result of self-organization processes initiated by femtosecond laser irradiation [26],
a direct microrelief formation by laser treatment was applied [27].
Bonse et al. [28] showed that one of the approaches for an application of femtosecond laser texturing
to improve the tribological performance of surfaces can be a creation of ripples or laser-induced periodic
surface structures (LIPSS) with spatial periods in the sub-micrometer range, which are formed in a
“self-ordered” way during the laser-scan processing of surfaces. In Ref. [29], tribological characteristics
of periodic surface structures on metallic materials induced by femtosecond laser irradiation were
evaluated, including technologically relevant materials such as titanium-containing materials, stainless
steels, and steels. In Ref. [30], an influence on the tribological properties of surfaces of metallic
materials by self-ordered nano LIPSS as well as by microstructures was shown that also includes
so-called grooves and cones morphologies, which often form in a self-organized way. Schille et al. [31]
showed that the high potential of laser textured surface features can be demonstrated for an advanced
tribological functionality in a real application.
Wang et al. [32] reported on improving tribological properties of a stainless steel by surface
microstructuring with patterning using a femtosecond laser. Regularly arranged micro-grooved
textures with a different spacing were produced on stainless steel surfaces by a femtosecond laser.
It was shown that the femtosecond laser texturing of the surface is an effective technology to improve
tribological properties of steels under dry friction. In addition, as shown by Gachot et al. [33] and
Zhang et al. [34], such microreliefs may have properties that are able to retain viscous substances,
which, for example, makes it possible to create a system of grooves for lubricant accumulation.
Of interest are studies of the functional response of textured surfaces with various designs,
including arrays of nanoripples, micro-irregularities, and grooves [9,30]. The aim of this paper is
to determine the possibility of improving tribological properties by femtosecond laser irradiation
on an example of a steel surface by creating regularly arranged micro-grooved textures containing
self-organized microstructures and nano LIPSS.
2. Materials and Methods
In this study, 1.4301 stainless steel samples were used with a thickness of 2 mm and a grinded
surface finish. Steel 1.4301 find application in friction assemblies in chemical equipment when
functioning in most medium-aggressive environments of chemical industries, including diluted acids
and alkalis and organic acids as well as in most salt solutions of organic and inorganic acids at various
temperatures and concentrations. In the presence of aggressive environments, parts made of such steel
are used at temperatures of up to 350 ◦ C. The chemical composition of X5CrNi18-10–1.4301 steel is
presented in Table 1.
Table 1. Chemical composition of X5CrNi18-10–1.4301 steel, weight %.
N

Ni

<0.11

8.0–10.5

Cr

S

17.0–19.5 <0.015

P

Mn

Si

C

Fe

<0.045

<2.0

<1.0

<0.07

basis

The profile measurements of untreated samples showed an arithmetical mean deviation of
Ra = 1.3 µm and a maximum height of Sz = 9 µm (according to DIN EN ISO 4287:2010). The surface
properties were defined using a roughness measuring instrument, Mahr Marsurf PS 10 (Mahr GmbH,
Göttingen, Germany). A Ti:Sapphire (Ti:Al2 O3 ) solid state laser (Femtopower Compact Pro, Femtolasers
Produktions GmbH, Vienna, Austria) was used to initiate the LIPSS formation and material removal.
The system operates at a frequency of 1 kHz, emitting 30 fs pulses at a central wavelength of λ = 800 nm
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and a bandwidth of ±50 nm. The laser delivers radiation with an average output power of 800 mW,
incidence 0°). The processing has been conducted in air at 21 °C. The sample surfaces were cleaned
which leads to a single pulse energy of 0.8 mJ. Due to its internal setup, the output radiation is linearly
in an ultrasonic bath with demineralized water for 20 minutes after structuring and then examined
polarized. To adjust the laser fluence on the samples’ surface, a variable attenuator was used. Leaving
by a scanning electron microscope (SEM), VEGA TESCAN (Brno, Czech Republic).
the attenuator, the laser beam is then focused on the specimen by an off-axis parabolic mirror with a
Changes in the friction coefficients of treated samples were evaluated using a CSM Instruments
protected silver coating and a focal length of 50.8 mm (angle of incidence 0◦ ). The processing has been
SA tribometer (Peseux,◦ Switzerland, Figure 1). The device, designed to measure the coefficient of
conducted in air at 21 C. The sample surfaces were cleaned in an ultrasonic bath with demineralized
sliding friction during the contact interaction of two mutually moving surfaces, is a desktop
water for 20 minutes after structuring and then examined by a scanning electron microscope (SEM),
installation consisting of a friction machine with a measuring device and a computer. The method is
VEGA TESCAN (Brno, Czech Republic).
based on the measurement by a strain gauge of the friction force that occurs from the mutual
Changes in the friction coefficients of treated samples were evaluated using a CSM Instruments
movement of the test samples pressed against each other with a predefined force in air or in the
SA tribometer (Peseux, Switzerland, Figure 1). The device, designed to measure the coefficient of
environment of various lubricants, both consistent and liquid. A Pin-on-disk test scheme was used,
sliding friction during the contact interaction of two mutually moving surfaces, is a desktop installation
in which a flat surface of a fixed cylindrical pin is pressed against a flat sample surface [35]. The
consisting of a friction machine with a measuring device and a computer. The method is based on the
friction coefficient is equal to the ratio of the measured friction force to the clamping force.
measurement by a strain gauge of the friction force that occurs from the mutual movement of the test
In the measurement mode, the samples from cold-rolled 1.4301 stainless steel with an applied
samples pressed against each other with a predefined force in air or in the environment of various
micro- and/or nanorelief were sequentially installed on the platform. A counterbody (indenter) made
lubricants, both consistent and liquid. A Pin-on-disk test scheme was used, in which a flat surface of a
of 12H18N10T steel (an analogue of X10CrNiTi18-10 steel) in the form of a pin fixed motionless in the
fixed cylindrical pin is pressed against a flat sample surface [35]. The friction coefficient is equal to the
rod holder was mounted on top of the sample at a predefined distance from the rotation axis of the
ratio of the measured friction force to the clamping force.
platform. Before each measurement, a balancing of the holder and the counterbody was performed.
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(b)
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3. Results
Discussionsmode, the samples from cold-rolled 1.4301 stainless steel with an applied
In theand
measurement
micro- and/or nanorelief were sequentially installed on the platform. A counterbody (indenter) made
3.1.
Femtosecondsteel
Laser(an
Treatment
of 12H18N10T
analogue of X10CrNiTi18-10 steel) in the form of a pin fixed motionless in the
rod holder
was
mounted
top ofmounted
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predefined distance
fromallows
the rotation
axis of the
The samples of steelonwere
on ata apositioning
system that
a well-defined
platform. Before
each measurement,
a balancing
of the
holder
and theincounterbody
waswas
performed.
translational
movement
in the x, y, and
z directions.
The
movement
the z-direction
used to
modify the distance of the sample surface to the parabolic focusing mirror. The fluence was adjusted
3. Results and Discussions
by means of a variable attenuator. The samples’ movements along the x-axis and stepwise
movements
between
scanning lines along the y-axis were used to form LIPSS or cone-shaped
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movement
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the 164-I sample
was made
to implement
of thewas
tribological
properties
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of
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focusing
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along
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and
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scanningmaterial,
lines along
y-axiswas
were
used toby
form
LIPSSthe
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of
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on
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Treatment in the x-direction followed by another in the y-direction were used to generatethe
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surface as wellfor
asthe
the163-I
periodic
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sample
surface.
shaped
sample.
Regularly microstructures
arranged micro-grooved
textures
containing
This
was
made
to
implement
a
comparison
of
the
tribological
properties
of
nanostructures
(LIPSS)
that
self-organized hierarchical structures micro/LIPSS were produced with different distances between
the grooves. The gridwise pattern and distances were chosen on the condition that grooves with selforganized hierarchical micro/LIPSS structures will occupy at least 2/3 of the sample area. At the same
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were created near the ablation threshold with properties of cone-shaped microstructures. Since LIPSS
can only be generated below the ablation threshold of the selected material, the fluence was adjusted
by moving the sample out of focus along the z-axis.
Treatment in the x-direction followed by another in the y-direction were used to generate
a grid-shaped microstructure for the 163-I sample. Regularly arranged micro-grooved textures
containing self-organized hierarchical structures micro/LIPSS were produced with different distances
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4 of 12
between the grooves. The gridwise pattern and distances were chosen on the condition that grooves
withan
self-organized
hierarchical
micro/LIPSS
structures
will initial
occupy
at least
2/3formed
of the nano
sample
area.
time,
equal area ratio
of more than
10% for the
raw grinded
surface
and
LIPSS
At the
same time,
an used
equalsets
areaofratio
of more are
than
10% for the in
raw
grinded
was
maintained.
The
parameters
summarized
Table
2. initial surface and formed
nano LIPSS was maintained. The used sets of parameters are summarized in Table 2.
Table 2. Sets of parameters for the laser structuring of 1.4301 stainless steel.
Table 2. Sets of parameters for the laser structuring of 1.4301 stainless steel.

Sample
Sample
ID
ID
162-I
162-I
163-I
163-I
164-I
164-I

Structure

Fluence φ

2
Fluence
[J/cm2ϕ] [J/cm ]

Structure
Description
Description
Nano,
Nano,
lineline
Micro,
grid
Micro, grid
Micro, grid
Micro, grid

0.44
0.44
2.74
2.74
2.74
2.74

Feed Rate f
Feed
Rate f [mm/s]
[mm/s]
8.33
8.33
1.67
1.67
0.42
0.42

Gap Width a
Gap Width
[µm] a [µm]
160
160
100
100
50
50

Accordingly,the
thesamples
sampleswere
wereprepared
preparedininsuch
suchaaway
waythat
thatdifferent
differentablation
ablationmodes
modeswere
were
Accordingly,
established.For
Forfluences
fluencesbelow
belowthe
theablation
ablationthreshold,
threshold,only
onlynanosized
nanosizedLIPSS
LIPSShave
havebeen
beengenerated.
generated.
established.
The
second
sample
has
been
prepared
at
higher
fluences,
which
caused
the
formation
of
certain
The second sample has been prepared at higher fluences, which caused the formation of aacertain
microstructure,together
togetherwith
withnanosized
nanosizedLIPSS.
LIPSS.The
Thethird
thirdsample
samplewas
wasprepared
preparedwith
withdifferent
different
microstructure,
parameters,
where
no
LIPSS
at
all
were
formed.
As
a
consequence,
only
microstructures
and
parameters, where no LIPSS at all were formed. As a consequence, only microstructures and no LIPSS
no
LIPSS
were
present
in
that
sample.
were present in that sample.
TheSEM
SEM images
images of
of 162-I
to to
thethe
LIPSS
orientation
using
Fast
The
162-I sample
samplewere
wereanalyzed
analyzedperpendicular
perpendicular
LIPSS
orientation
using
Fourier
Transformation
(FFT),
a
fast
Fourier
transform
is
an
algorithm
that
computes
the
discrete
Fourier
Fast Fourier Transformation (FFT), a fast Fourier transform is an algorithm that computes the discrete
transform,
with thewith
MATLab
softwaresoftware
(version(version
R2018b) to
determine
the LIPSSthe
periodicity.
Therefore,
Fourier
transform,
the MATLab
R2018b)
to determine
LIPSS periodicity.
each pixeleach
row pixel
of therow
image
wasimage
transformed
into a frequency
domain, and
an average
Therefore,
of the
was transformed
into a frequency
domain,
and anfrequency
average
distribution
over
all
the
rows
was
calculated.
The
resulting
spectrum
was
further
frequency distribution over all the rows was calculated. The resulting spectruminvestigated
was furtherto
reveal distinct
peaks. distinct
Those peaks
be interpreted
favorableasspatial
LIPSS periods,
the
investigated
to reveal
peaks.can
Those
peaks can as
bethe
interpreted
the favorable
spatial and
LIPSS
amplitude
gives
an
indication
of
their
characteristics.
The
FFT
analysis
of
the
162-I
sample
showed
periods, and the amplitude gives an indication of their characteristics. The FFT analysis of the 162-I
−1 , which corresponds to the main spatial period of 0.58 µm. A local
a frequency
peak
at 1.71 µm
sample
showed
a frequency
peak
at 1.71 µm−1, which corresponds to the main spatial period of 0.58
transition
to
higher
spatial
frequencies,
which was
also was
identified
by FFT analysis,
can be can
seenbein
µm. A local transition to higher spatial frequencies,
which
also identified
by FFT analysis,
Figure
2.
These
local
LIPSS
frequency
transitions
are
caused
by
laser
intensity
variations
due
the
seen in Figure 2. These local LIPSS frequency transitions are caused by laser intensity variationstodue
sample’s
surface
roughness,
and
this
led
to
local
spatial
periods
of
0.36
µm.
to the sample’s surface roughness, and this led to local spatial periods of 0.36 µm.

I

(a)

(b)

Figure
surfacenano
nanolaser-induced
laser-induced
periodic
surface
structures
(LIPSS)
formed
Figure2.2. SEM
SEM images: (a) surface
periodic
surface
structures
(LIPSS)
formed
using
using
a femtosecond
irradiation
on a grinded
steel surface;
(b) enlargement
the marked
a femtosecond
laser laser
irradiation
on a grinded
steel surface;
(b) enlargement
of theof
marked
area I.area
I.

The SEM images of the micro-structured 163-I sample revealed not only regions where the material
was removed through ablation caused by a high fluence but also the formation of LIPSS near the fringes
of the ablated zones (Figures 3 and 4). These hierarchical structures with micrometer-sized structures
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The SEM images of the micro-structured 163-I sample revealed not only regions where the material
was removed through ablation caused by a high fluence but also the formation of LIPSS near the fringes
of the ablated zones (Figures 3 and 4). These hierarchical structures with micrometer-sized structures
at the bottom and nanometer-sized structures on the top can lead to a change in the behavior of the
surface. On the 164-I sample surface LIPSS were absent, but periodic cone-shaped microstructures
were present (Figure 5).
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marked
areaarea
II: 1—initial
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with
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II: 1—initial
grindedsurface;
surface; 2—nano
2—nano LIPSS;
with
self-organized
hierarchical
micro/LIPSS structures.
micro/LIPSS
structures.
micro/LIPSS
structures.

(a)
(a)

(b)
(b)

Figure 4. SEM images: (a) nano LIPSS and (b) self-organized hierarchical structures of micro/LIPSS in

Figure
4. SEM
images:(a)
(a)nano
nano LIPSS
LIPSS and
hierarchical
structures
of micro/LIPSS
in
Figure
4. SEM
images:
and(b)
(b)self-organized
self-organized
hierarchical
structures
of micro/LIPSS
in
the groove.
the groove.
the groove.
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of area
the marked
area II.
of the marked
I; (c) enlargement
of the marked
II.

3.2.Determination
DeterminationofofSliding
SlidingFriction
FrictionCoefficient
Coefficient
3.2.
Thesliding
slidingfriction
friction coefficient
coefficient was determined without
The
without lubrication
lubricationatatan
anambient
ambienttemperature
temperatureof
◦
a relative
humidity
of of
63%.
The
pressing
force
waswas
created
by placing
a weight
holder
with
of2525C°Cand
and
a relative
humidity
63%.
The
pressing
force
created
by placing
a weight
holder
a
known
mass
on
the
stand.
A
specific
pressure
of
1
MPa
was
realized
at
a
load
force
of
1
N,
while
the
with a known mass on the stand. A specific pressure of 1 MPa was realized at a load force of 1 N,
linearthe
sliding
0.5 was
m/s 0.5
andm/s
theand
length
of sliding
was 50was
m, 50
with
a testa radius
of 15ofmm.
while
linearspeed
slidingwas
speed
the length
of sliding
m, with
test radius
15
In the
friction
force sensors
are connected
to the counterbody
holder. The
friction
mm.
Indevice,
the device,
friction
force sensors
are connected
to the counterbody
holder.
Thecoefficient
friction
was measured
during theduring
rotational
movement
of the sample
the counterbody,
while the
coefficient
was measured
the rotational
movement
of therelative
sampletorelative
to the counterbody,
wear the
groove
the sample
a circle
shape.
During
tests, the tests,
friction
was measured
while
wearongroove
on thehad
sample
had
a circle
shape.the
During
thecoefficient
friction coefficient
was
with
a
frequency
of
1000
measurements
per
minute;
these
values
were
statistically
processed
by
the
measured with a frequency of 1000 measurements per minute; these values were statistically
CSM tribometer
software
package,
whichpackage,
determined
thedetermined
maximum, the
minimum,
andminimum,
average values,
processed
by the CSM
tribometer
software
which
maximum,
and
as well as
the standard
The arithmetic
meanThe
values
obtainedmean
after processing
the statistical
average
values,
as welldeviation.
as the standard
deviation.
arithmetic
values obtained
after
matrix of more
than 1650matrix
measurements
each
series
of tests werefor
determined.
number
processing
the statistical
of more for
than
1650
measurements
each seriesThis
of tests
wereof
measurements
each series
of tests provides
a measurement
reliability
determined.
Thisfor
number
of measurements
for each
series of tests
providesofa 0.997.
measurement reliability
The standard deviation of the average value of the friction coefficient was determined by software
of 0.997.
for experimental
andvalue
was inofthe
range
of 0.002–0.04.
a comparison
The standardequipment
deviationfor
of each
the point
average
the
friction
coefficientHowever,
was determined
by
of the friction
coefficient before
and after
the laser
surface
treatment
was performed
using
an average
software
for experimental
equipment
for each
point
and was
in the range
of 0.002–0.04.
However,
a
value.
The
systematic
error
was
eliminated
by
calibrating
the
experimental
setup
before
each
series
comparison of the friction coefficient before and after the laser surface treatment was performed
of measurements.
using
an average value. The systematic error was eliminated by calibrating the experimental setup
a result
experimental studies, it was found that for the initial surface of the samples,
beforeAs
each
series of measurements.
the As
average
value
of
the frictionstudies,
coefficient
in found
contactthat
with
specific
MPa
was 0.149,
a result of experimental
it was
fora the
initialpressure
surface of 1the
samples,
the
average value of the friction coefficient in contact with a specific pressure of 1 MPa was 0.149, with a
mean square deviation of 0.002. Figure 6 shows the dependence of the friction coefficient on the
length of sliding for the laser-untreated sample surface. The average value of the friction coefficient
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deviation of 0.002. Figure 6 shows the dependence of the friction coefficient on
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length2020,
of sliding
for the
the 162-I
162-I sample,
sample, on
on the
the surface
surface of
of which
which aa LIPSS
LIPSS nanostructure
nanostructure was
was formed
formed using
using femtosecond
femtosecond
for
for the 162-I sample, on the surface of which a LIPSS nanostructure was formed using femtosecond
laser irradiation, was in
maximum
value
was
recorded
when
the
laser
in the
therange
rangeofof0.14–0.15.
0.14–0.15.Moreover,
Moreover,the
the
maximum
value
was
recorded
when
laser irradiation, was in the range of 0.14–0.15. Moreover, the maximum value was recorded when
movement
started.
In the
initial
6–76–7
s, a s,
decrease
in the
friction
coefficient
to the
value
was
the
movement
started.
In the
initial
a decrease
in the
friction
coefficient
to minimum
the minimum
value
the movement started. In the initial 6–7 s, a decrease in the friction coefficient to the minimum value
observed,
and afterwards
an almost
monotonous
increase
up to up
the to
value
of 0.145
meanasquare
was
observed,
and afterwards
an almost
monotonous
increase
the value
ofwith
0.145a with
mean
was observed, and afterwards an almost monotonous increase up to the value of 0.145 with a mean
square
deviation
of (Figure
0.0025 (Figure
7) was registered.
deviation
of 0.0025
7) was registered.
square deviation of 0.0025 (Figure 7) was registered.

Figure 6. Dependence of the friction coefficient on the length of sliding for the laser-untreated sample
Figure
thefriction
frictioncoefficient
coefficient
length
of sliding
forlaser-untreated
the laser-untreated
Figure6.6.Dependence
Dependence of
of the
onon
thethe
length
of sliding
for the
samplesample
surface.
surface.
surface.

Figure
Figure7.
7.Dependence
Dependenceof
ofthe
thefriction
frictioncoefficient
coefficienton
onthe
thelength
length of
of sliding
sliding for
for the
the 162-I
162-I sample
sample surface.
surface.
Figure 7. Dependence of the friction coefficient on the length of sliding for the 162-I sample surface.

The
The friction
friction coefficient
coefficient for
for the
the 163-I
163-I sample
sample surface
surface was
was studied,
studied, with
with its
its surface
surface showing
showing aa
The friction coefficient for the 163-I sample surface was studied, with its surface showing a
hierarchical
hierarchical structure
structure with
with cones
cones in
in the
the micrometer
micrometer range
range from
from the
the bottom
bottom and
and nanoscaled
nanoscaled LIPSS
LIPSS at
at
hierarchical structure with cones in the micrometer range from the bottom and nanoscaled LIPSS at
the
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Figure 8. Dependence of the friction coefficient on the length of sliding for the 163-I sample surface.
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An analysis of the graph from Figure 8 shows that during the tests, the friction coefficient decreased
slightly, which is explained by a decrease in the surface roughness due to polishing. A shiny polished
surface was observed visually, whose SEM image is shown in Figure 10. Surface wear was measured
using an indicator-type micrometer. The wear value of the 163-I sample surface was less than the
division interval of the scale, which was 1 µm. As shown in Figure 7, the friction coefficient of the
162-I sample first decreased and then began to increase slightly, which can be explained by the
beginning of the surface wear. The measurement of the depth of the groove showed a wear of 1–2
µm. The wear during testing of the 164-I sample was 15–17 µm, which is by an order greater (Figure
9). In this case, the indenter, which has the shape of a rectangular prism, cut deep into the sample, as
a result of which additional resistance appeared and the friction coefficient began to increase linearly.
Therefore, it can be claimed that the laser processing of 1.4301 steel by irradiation with a femtosecond
laser with the creation of a hierarchical structure with cones in the micrometer range from the bottom
side and LIPSS in the nanometer range on the top reduces the friction values for pairs of stainless
steel. Thus, the feasibility of creating a hierarchical micro/LIPSS structure to reduce the friction
Figure
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for the
the 163-I
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sample surface.
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The change in the friction coefficient during tests is explained by the surface wear of samples.
An analysis of the graph from Figure 8 shows that during the tests, the friction coefficient decreased
slightly, which is explained by a decrease in the surface roughness due to polishing. A shiny polished
surface was observed visually, whose SEM image is shown in Figure 10. Surface wear was measured
using an indicator-type micrometer. The wear value of the 163-I sample surface was less than the
division interval of the scale, which was 1 µm. As shown in Figure 7, the friction coefficient of the
162-I sample first decreased and then began to increase slightly, which can be explained by the
beginning of the surface wear. The measurement of the depth of the groove showed a wear of 1–2
µm. The wear during testing of the 164-I sample was 15–17 µm, which is by an order greater (Figure
9). In this case, the indenter, which has the shape of a rectangular prism, cut deep into the sample, as
a result of which additional resistance appeared and the friction coefficient began to increase linearly.
Therefore, it can be claimed that the laser processing of 1.4301 steel by irradiation with a femtosecond
laser with the creation of a hierarchical structure with cones in the micrometer range from the bottom
sideFigure
and
LIPSS
in the nanometer
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on theontop
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the
friction
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pairs
of stainless
9.9.
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steel. Thus, the feasibility of creating a hierarchical micro/LIPSS structure to reduce the friction
The change
the determined.
friction coefficient during tests is explained by the surface wear of samples.
coefficient
of steelinwas
An analysis of the graph from Figure 8 shows that during the tests, the friction coefficient decreased
slightly, which is explained by a decrease in the surface roughness due to polishing. A shiny polished
surface was observed visually, whose SEM image is shown in Figure 10. Surface wear was measured
using an indicator-type micrometer. The wear value of the 163-I sample surface was less than the
division interval of the scale, which was 1 µm. As shown in Figure 7, the friction coefficient of the 162-I
sample first decreased and then began to increase slightly, which can be explained by the beginning of
the surface wear. The measurement of the depth of the groove showed a wear of 1–2 µm. The wear
during testing of the 164-I sample was 15–17 µm, which is by an order greater (Figure 9). In this case,
the indenter, which has the shape of a rectangular prism, cut deep into the sample, as a result of which
additional resistance appeared and the friction coefficient began to increase linearly. Therefore, it can
be claimed that the laser processing of 1.4301 steel by irradiation with a femtosecond laser with the
creation of a hierarchical structure with cones in the micrometer range from the bottom side and LIPSS
in the nanometer range on the top reduces the friction values for pairs of stainless steel. Thus, the
feasibility of creating a hierarchical micro/LIPSS structure to reduce the friction coefficient of steel
Figure 9. Dependence of the friction coefficient on the length of sliding for the 164-I sample surface.
was determined.
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4. Conclusions
A possibility of improving tribological properties by femtosecond laser irradiation on the example
of a steel surface by creating regular arranged micro-grooved textures containing self-organized
microstructures and nano LIPSS was determined. The friction coefficient of the treated surface of
samples of cold-rolled 1.4301 stainless steel was studied. This surface had a hierarchical structure
with micrometer-sized cones at the bottom and nanoscaled LIPSS at the top. Changes in the friction
coefficients of the treated samples were evaluated using a CSM Instruments SA tribometer according
to the Pin-on-disk test scheme at a specific pressure of 1 MPa.
The measured friction coefficient of the surface, with its regularly arranged micro-grooved texture
containing self-organized hierarchical structures of microstructures/LIPSS, was 0.12 at the beginning
of the measurement, when the movement started. In less than 10 seconds, the friction coefficient
decreased to 0.1. Subsequently, the sliding coefficient of the sample decreased to a value of 0.096
during the study. Thus, it was found that the coefficient of friction was reduced by 35% compared to
the initial grinded surface.
Such processing could be applied to components made of 1.4301 steel used under the conditions
of dry or boundary friction, mainly in friction assemblies of machine types in food, textile, paper,
and chemical industries, where the use of lubricants is unacceptable or extremely undesirable.
Laser treatment with surface texturing can be recommended for parts of sliding friction units—for
example, components of centrifuge rotors, sieves, centrifuge screws, mechanical seal rings of axial
sealing devices, etc.
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