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7 Femtosecond laser-induced surface
nanostructures for tribological applications

Abstract: Laser-induced periodic surface structures (LIPSS) were generated on two
types of steel (100Cr6, X30CrMoN15-1) and two types of titanium (Ti, Ti6Al4V) surfaces
upon irradiation with multiple linear polarized femtosecond laser pulses in air
environment (pulse duration 30 fs, central wavelength 790 nm, pulse repetition rate
1kHz, Gaussian beam shape). The conditions (laser fluence, spatial spot overlap) were
optimized in a sample-scanning geometry for the processing of large surface areas
covered homogeneously by two different types of LIPSS - either near wavelength or
sub-100 nm structures. The tribological performance of the nanostructured surfaces
was characterized under reciprocating sliding at 1 Hz against a ball of hardened steel
using different lubricants and normal forces. After 1000 cycles the corresponding
wear tracks were characterized by optical and scanning electron microscopy. For
specific conditions, the wear was strongly reduced and the laser-generated nano-
structures endured the tribological treatment. Simultaneously, a significant reduction
of the friction coefficient was observed in the laser-irradiated LIPSS-covered areas,
indicating the benefit of laser surface structuring for tribological applications. The
spatially Gaussian shaped beam used for the laser processing was transformed via
beam shaping into a top hat distribution at the surface of the samples for optimization.
The tribological performance of the laser-induced nanostructures is discussed on the
basis of different physical and chemical mechanisms.

7.1 Introduction

Since the first observation of laser-induced periodic surface structures (LIPSS), also
termed ripples, on semiconductors by Birnbaum [1], such structures have been found
on almost every material. The generation of LIPSS on laser irradiation is a universal
phenomenon [2], although their occurrence, structural size, and formation mecha-
nism depend on the material and irradiation parameters. LIPSS have attracted remark-
able interest over the past decades, as their generation is possible in a single-process
step. This provides a simple way of surface nanostructuring towards a control of opti-
cal, mechanical, or chemical surface properties [3].
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7.1.1 Femtosecond laser-induced periodic surface structures (fs-LIPSS)

Since the turn of the new millennium, a remarkable amount of research has been de-
voted to the formation mechanisms of LIPSS after irradiation by ultrashort laser pulses
(see [4-10] and references therein). Typically, two distinct types of LIPSS are observed
on irradiation of solids with linearly polarized fs-laser pulses. For strongly absorbing
materials (metals and semiconductors) so-called low-spatial-frequency LIPSS (LSFL)
are observed with a period A;gp; close to the irradiation wavelength A and an orien-
tation perpendicular to the laser beam polarization [11-14]. It is generally accepted
that these LSFL are generated by interaction of the incident laser beam with a surface
electromagnetic wave (SEW) generated at the rough surface [5, 14-16].

The second LIPSS type are the so-called high-spatial-frequency LIPSS (HSFL). With
periods Aygp; significantly smaller than the incident wavelength, these structures are
observed predominantly for laser pulse durations in the fs- to ps-range. Their origin is
still discussed controversially in the literature. Second harmonic generation [11, 17],
the involvement of specific types of plasmon modes [18-20] or self-organization [4]
have been proposed as possible formation mechanisms.

7.1.2 fs-LIPSS on metals

Several groups have already studied the generation of fs-LIPSS on metals [3, 13, 21, 22].
Steel and titanium belong to the most relevant materials used in industrial applica-
tions involving tribological demands. Using Ti:sapphire laser pulses, on steel LSFL
were mostly reported with spatial periods in the range of 500-700 nm [3, 22-25]. Tita-
nium and its alloys provide high corrosion and temperature resistance along with an
extraordinary strength-to-weight ratio, which makes it interesting for many industrial,
aeronautical or medical applications. Near-infrared fs-laser processing experiments
on titanium revealed both types of LIPSS with LSFL periods between 400 and 800 nm,
and HSFL periods of 65 to 95 nm only (for a literature survey refer to Table 1 in [26]).

7.1.3 Technical applications of LIPSS

Different technical applications of LIPSS have recently been proposed and studied,
such as surface colorization [21, 22], control of surface wetting behavior [27] or fric-
tion management [28-36]. However, the tribological methods and specific test condi-
tions vary strongly among the latter studies, thereby complicating a direct compazr-
ison of the results. Mizuno et al. used an atomic force microscopic technique under
controlled atmospheric conditions. They reported a reduction of the friction coeffi-
cient of fs-LIPSS covered diamond-like-carbon (DLC) films for low normal loads in
the nN range [28]. Later, the same group used a ball-on-disk friction test for study-
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ing the influence of additional overlayers and hardcoatings, and by complementary
geometrical surface patterns [29, 30]. Pfeiffer and co-workers qualified the friction
and wear behavior of fs-LIPSS on super-hard tetrahedral amorphous carbon films [31].
Employing a pin-on-disk tribometer under unlubricated conditions, they also found
a significant reduction of the friction coefficient and the corresponding wear rate.
Eichstédt et al. used a tribometer with a linear reciprocating module in a ball-on-flat
configuration. This group presented results of an increased friction coefficient of fs-
LIPSS covered silicon for normal loads in the mN range [32]. Chen et al. demonstrated
the low friction characteristics of fs-LIPSS-covered microscale stripes on silicon car-
bide seals in air and water contact by using a ring-on-disk tribometer [33].

In the following chapter, the tribological characteristics of large area fs-LIPSS cov-
ered surfaces are systematically qualified. They are compared for four different metals
in two different lubricating oils under identical conditions. These results were already
partly reported in [34] and [36].

7.2 Experimental details
7.2.1 Materials

Commercial grade-1 titanium (Ti, 99.5 % purity, DIN 3.7025) and grade-5 titanium al-
loy (Ti6Al4V, DIN 3.7165) were purchased from Schumacher Titan GmbH (Solingen,
Germany) as 25 mm diameter rods. These rods were cut into circular slabs of 8 mm
thickness and mechanically polished, resulting in mirror-like surface finish with an
average roughness R, < 10 nm. Cylindrical slabs of hardened 100Cr6 steel were sup-
plied by Optimol Instruments Priiftechnik GmbH (Miinchen, Germany) with 24 mm
diameter, 8 mm thickness (DIN 1.3505) and a polished surface (R, ~ 35nm). Sim-
ilar sized slabs were acquired from Energietechnik Essen GmbH (Essen, Germany),
made of a hardened, nitrogen enriched, high toughness bearing steel (X30CrMoN15-1,
DIN 1.4108) with a lapped surface (R, ~ 190 nm).

7.2.2 Laser processing technology

A Ti:sapphire laser amplifier system (Femtolasers, Compact Pro) was used to generate
linearly polarized laser pulses of T = 30fs duration and A = 790 nm central wave-
length at a pulse repetition rate of f = 1 kHz. The laser pulse energies E were measured
with a pyroelectric detector. The pulses were focused by a spherical dielectric mirror
(500 mm focal length).

The samples were mounted on a motorized x-y-z linear translation stage and
placed normal to the incident laser beam a few millimeters in front of the geometrical
laser focus. At this sample position, a Gaussian-like beam profile was measured
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with a radius w,(1/e*) ~ 140 pm. The corresponding peak fluence in front of the
sample surface was calculated via ¢, = 2E/ (ITW(Z)) [37]. The sample was moved in
a meandering motion under the focused laser beam at a constant scan velocity v,
and with a line offset of Ay. This led to the processing of a square-shaped area of
5 x 5 mm?. Under these conditions, the effective number of laser pulses per focused
laser spot diameter D = 2w, (for a single laser processing pass) accounts in the x-
direction to N.g = (D x f)/v, [37]. In some cases, an additional pass with identical
processing parameters was performed at the same sample area. Subsequent to laser
processing in ambient air, the samples were cleaned in acetone for five minutes using
an ultrasonic bath and stored in a desiccator to avoid long-term chemical reactions
with the ambient air atmosphere.

7.2.3 Sample characterization

The laser-processed surface regions were characterized by optical microscopy (OM,
Nikon Eclipse L200), white light interference microscopy (WLIM, Zygo NewView
5020), and scanning electron microscopy (SEM, Carl Zeiss Gemini Supra 40).

Tribological test: Reciprocal Sliding

l Normal force: 1.0 N

Lubricants:
Paraffin oil & Engine oil

Counterbody:
100Cr6 steel ball (10 mm)

Sample (LIPSS):

Steel & Titanium Fig. 7.1: Scheme of the reciprocal

sliding tribological test (RSTT).

Stroke:
1mm, 1 Hz

Reciprocal sliding tribological tests (RSTT) were performed in a home-made tribome-
ter by sliding the laser-processed samples at a normal force of Fy = 1.0N against a
hardened and polished steel ball (100Cr6, 10 mm diameter, R, ~ 6 nm) as counterbody
(see the scheme in Fig. 7.1). The velocity between sample and ball is a sine function
with its maximum value in the middle of the stroke distance of 1 mm total length.
During the movement, the frictional forces acting on the sample are recorded. From
this information and the known normal force, the friction coefficient can be quanti-
fied [38]. A 100Cr6 ball as counterbody is our “standard” in RSTT and allows compar-
ison with previous experiments.

The radius of the ball-sample contact was estimated using a Hertzian deformation
model (HDM) of a sphere in contact with a flat sample. At this normal force, the contact
radius lies between 30 and 40 pum for all materials tested, i.e., it is about 2-3 orders
of magnitude larger than the LIPSS periods. Moreover, for the given conditions, the
HDM predicts material (hardness) dependent sample-ball deformations between 200
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and 300 nm, i.e., values of the order of the expected modulation depths of the LSFL
(see Section 7.3.1). In previous studies [39, 40] it was shown that RSTT experiments
with balls of 10 mm diameter and normal forces between 0.1 and 1.0 N are sensitive to
surface grooves with a depth of ~ 160 nm and widths down to 100 nm only, i.e., groove
widths of less than 1/500 of the Hertzian diameter of the contact area [40]. In the
RSTT experiments, 1000 cycles were performed at a frequency of 1Hz in a synthetic
paraffin oil (free of additives) as well as in a fully formulated engine oil with additives
(Castrol VP-1). The range of uncertainty in the friction coefficient measurements is
+0.02. After the tribological tests, the samples were cleaned in petroleum ether for
five minutes using an ultrasonic bath in order to remove the residual lubricants. Sub-
sequently, the corresponding wear tracks were inspected by OM and SEM.

7.3 Tribological performance of LIPSS

In a first step, suitable laser processing conditions were identified and optimized for
the generation of large surface areas (several tens of mm?) covered homogeneously
by LIPSS on all four metals (Ti, Ti6Al4V, 100Cr6, X30CrMoN15-1). As an example, Sec-
tion 7.3.1 presents the optimized processing conditions for the titanium alloy covered
by near-wavelength (LSFL) and sub-100 nm LIPSS (HSFL), both generated with a spa-
tial Gaussian beam profile. In a second step, the tribological performance of the dif-
ferent types of LIPSS was systematically tested for all materials in the two different
lubricating oils — exemplified for LSFL and HSFL in Section 7.3.2. The process optimiza-
tion is demonstrated in Section 7.3.3. Here, spatial beam shaping is used to transform
the Gaussian beam into a top hat distribution.

7.3.1 Large area surface processing of LIPSS

By choosing a peak fluence of ¢, = 0.11]J/cm?, a scan velocity of v, = 5 mm/s (N, ~
56) and a line offset of Ay = 0.1 mm at the given focusing conditions, a common set of
parameters was identified which allowed the generation of LSFL structures on all four
different metals with a single laser processing pass [34, 36]. As an example, Fig. 7.2 (a)
shows the WLIM topography of the central 1.40 x 1.05 mm? laser processed surface
area in a 3D view (left). The periodic pattern observed here is formed by the arrange-
ment of adjacent ablation lines. A cross-sectional surface line profile is given below the
corresponding topography and reveals comb-like height variations of Az = +150 nm.
Note that the spatial resolution of the WLIM is not sufficient here to resolve the LSFL.
Scanning electron microscopy confirmed the simultaneous existence of the LSFL at
the top and bottom of the surface topography [36]. As seen on the right hand side of
Fig. 7.2 (a), LSFL are formed with periodicities of (620 + 80) nm and an orientation
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Fig. 7.2: White light interference microscopic topography (left) and scanning electron micrographs
(right) from the centre of the fs-laser processed Ti6Al4V titanium alloy surface area (r = 30fs,

A =800nm, v = 1kHz). The processing conditions in (a) were optimized for the generation of LSFL
(¢po = 0.11)/cm?, Ny ~ 56, one pass) and in (b) for the generation of HSFL (¢, = 0.08)/cm?,
Negr ~ 280, two passes). The red double arrows indicate the direction of laser beam polarization.
Note the different magnifications of the SEM images.

perpendicular to the polarization. Typical LSFL modulation depths were estimated by
atomic force microscopy measurements to be (110 + 20) nm.

On titanium surfaces (Ti, Ti6Al4V) HSFL were successfully generated with two
processing passes at a lowered peak fluence of ¢, = 0.08 J/cm? with a decreased scan
velocity of v, = 1 mm/s (N ~ 280) and a reduced line offset of Ay = 0.05 mm. The
corresponding WLIM topography (Fig. 7.2 (b), left) exhibits surface height variations
of Az = +15 nm which are similar to those of the non-irradiated surface. However,
the high-resolution SEM micrograph in the right part of the figure indicates HSFL with
periodicities of (80+20) nm and an orientation parallel to the laser beam polarization.
Atomic force microscopy measurements revealed typical HSFL modulation depths of
(25 + 10) nm.

It is instructive to evaluate the “photonic costs” (PC) for fs-laser nanostructuring
in order to compare them to those of alternative industrial techniques. An estimation
of the PC for the large area fs-laser fabrication of LIPSS using current state-of-the-
art processing technology vields a typical value of 0.1€/cm? for LSFL on metal sur-
faces [36].
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7.3.2 Tribological characterization of LIPSS

On all four metals, the tribological performance of the LIPSS was evaluated by RSTT
using paraffin oil (free of additives) and fully formulated engine oil as lubricants
[34, 36]. The friction coefficient and the resulting wear tracks were characterized for
sliding directions parallel and perpendicular to the ablation lines. No significant
differences were found for sliding both directions, indicating that the directional
effect due to the LIPSS is smaller than the uncertainty of the measurements. Hence,
below we only present data for the sliding direction parallel to the laser processing
lines.

The LIPSS (LSFL) covered steel samples (100Cr6, X30CrMoN15-1) generally
showed an almost constant friction coefficient ranging between 0.11 and 0.17 in both
lubricants (100Cr6: see [34]; X30CrMoN15-1: see [36]). These values were always very
similar to the behavior of the non-processed surfaces and are typical for the regime
between “mixed friction” (where both solid body friction and fluid friction appear;
including solid asperity interaction) and “boundary friction” (where a direct contact
between the sliding bodies is present) [41]. The wear tracks generated in engine oil
were somewhat smaller than those obtained in paraffin oil. On 100Cr6 steel the LIPSS
partly endured the RSTT [36].

The tribological performance of the two different LIPSS covered titanium materi-
als (Ti, Ti6Al4V) was very similar but disparate from that of the steel materials. These
findings are exemplified in detail for LSFL and HSFL in the following two sub-sections
for the titanium alloy Ti6Al4V, complemented by a summary of the tribological per-
formance of all four materials.

LSFL

Figure 7.3 contrasts the tribological performance of LSFL covered titanium alloy sur-
faces tested in paraffin oil [Fig. 7.3 (a), upper part] and in engine oil [Fig. 7.3 (b), lower
part]. For each lubricant, the friction coefficient is shown vs. the number of sliding
cycles (left). The corresponding wear tracks were imaged by OM (middle) and SEM
(right). Additionally, the results of a non-irradiated reference sample location are pro-
vided for comparison.

In paraffin oil (Fig. 7.3 (a)), the friction coefficient of the LSFL covered titanium
alloy surface and the reference area both exhibit large oscillations between 0.15 and
0.6. The inspection of the wear tracks by OM and SEM reveals severe damage in both
tribologically tested regions (LSFL: lower row, reference: upper row). The LSFL were
completely destroyed during the RSTT procedure.

In engine oil (Fig. 7.3 (b)), the friction coefficient of the reference area also shows
rather large variations between ~ 0.3 and ~ 0.5, associated with a damaged surface
region (see the OM and SEM images). Interestingly, on the LSFL covered surface, the
friction coefficient is reduced by a factor of more than two and lies in the range 0of 0.11
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Fig. 7.3: Friction coefficient vs. number of sliding cycles (left) and the corresponding wear tracks of
the LSFL covered Ti6Al4V titanium alloy surface tested in paraffin oil (a) and in engine oil (b). The
middle column provides low-resolution optical micrographs, while the right column indicates high-
resolution scanning electron micrographs. A reference measurement on the non-irradiated surface
is provided for comparison.

to 0.13, without any oscillations. The complementing high-resolution SEM images
reveal that the LSFL endured the tribological test (see lower right part of Fig. 7.3 (b)).

This very positive effect of the engine oil on the tribological performance of LSFL
covered titanium surfaces was first reported in [34]. As the main differences between
the two lubricants are the additives contained in the engine oil, the effect has been
attributed to the presence of the additives. These additives efficiently cover and bond
to the laser-generated surface structures and reduce friction and wear by forming a
gliding intermediate layer which protects the sample from a direct intermetallic con-
tact [36]. A chemical analysis of the additives contained in the engine oil used here
revealed the presence of the elements calcium (3538 ppm), zinc (883 ppm), and phos-
phorous (836 ppm). The beneficial tribological influence of the additives might addi-
tionally be promoted by laser-induced oxidation in the ambient atmosphere at the
highly reactive titanium surface. This laser-induced surface oxidation was indicated
in preliminary energy dispersive x-ray analyses (EDX). However, it must be underlined
that the positive tribological effect is observed only for the joint action of laser process-
ing (LSFL) and in the presence of the engine oil additives. Simple laser-induced surface
hardening or oxidation effects can be ruled out here, as the effect was not observed in
paraffin oil (free of additives).
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HSFL

Analogous tribological tests were performed on titanium alloy surfaces covered by
sub-100 nm laser-induced nanostructures (HSFL). The results are compiled in Fig. 7.4.
In both lubricants large friction coefficients were observed, oscillating between 0.15
and 0.6, along with significant damage of the surface within the wear tracks (see
the OM and SEM images). The HSFL do not improve the tribological performance (in
contrast to the LSFL with engine oil). Supposedly, this is related to the reduced laser
processing fluence which affects the superficial oxidation. Moreover, the HSFL mod-
ulation depth of a few tens of nanometers is significantly smaller than the elastic
deformation depth of ~ 300 nm estimated by the HDM for titanium. Hence, we assume
that the HSFL are less beneficial for the tribological performance (in both lubricants).

Fig. 7.4: Friction coefficient vs. number of sliding cycles (left) and the corresponding wear tracks of
the HSFL covered Ti6Al4V titanium alloy surface tested in paraffin oil (a) and in engine oil (b). The
middle column provides low-resolution optical micrographs, while the right column indicates high-
resolution scanning electron micrographs. A reference measurement on the non-irradiated surface
is provided for comparison.

Comparison of the materials

Table 7.1 summarizes the results of the RSTT performed for all four materials in paraffin
oil and engine oil. The third column unites the measurements of the friction coefficient
and indicates the upper and lower limits during the 1000 sliding cycles. The fourth col-
umn qualifies the wear behavior of the laser-nanostructured surfaces in comparison
to the non-irradiated reference surface.
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Tab. 7.1: Summary of the friction coefficient range and the wear behavior for the RSTT on four differ-
ent materials and in two different lubricants. The wear column compares the wear track appearance

“_ 9,

with the corresponding reference track. Symbols and abbreviations: : more wear; “0”, similar
wear; “+”: less wear; “++”: significantly less wear.

Material Lubricant Friction coefficient Wear Literature
[during 1000 cycles] [after 1000 cycles]
100Cré6 Paraffin oil  LSFL:0.13-0.17 0 [34]
HSFL not observed
Reference: 0.13-0.17 [34]
Engineoil  LSFL:0.13-0.17 0/+ [34]
HSFL not observed
Reference: 0.13-0.17 [34]
X30CrMoN15-1  Paraffin oil  LSFL: 0.13-0.17 0 [36]
HSFL not observed
Reference: 0.13-0.17 [36]
Engine oil LSFL: 0.11-0.14 0/+ [36]
HSFL not observed
Reference: 0.11-0.14 [36]
Ti Paraffin oil  LSFL: 0.12-0.65 - [36]
HSFL: 0.13-0.73 -
Reference: 0.12-0.55 [36]
Engine oil LSFL: 0.12-0.14 ++ [36], this work
HSFL: 0.15-0.75 -
Reference: 0.32-0.61 [36], this work
Ti6Al4V Paraffin oil  LSFL: 0.14-0.6 - [34], this work
HSFL: 0.1-0.6 - This work
Reference: 0.16-0.6 [34], this work
Engine oil LSFL: 0.11-0.13 ++ [34], this work

HSFL: 0.15-0.6
Reference: 0.32-0.52

This work
[34], this work

For both titanium materials (Ti and Ti6Al4V), the tribological performance of the sur-
faces with LSFL is superior in engine oil as lubricant (compared to paraffin oil). Hence,
the alloying elements Al and V have no significant influence on the RSTT. They cannot
account for the beneficial tribological behavior.

Although the roughness of both steel materials (100Cr6 and X30CrMoN15-1) was
very different (factor 5) there is no significant impact on the tribological behavior in
engine oil when compared to the paraffin oil (see Tab. 7.1). The positive tribological
influence of the LSFL (as observed for the titanium materials) is much less pronounced
on steel surfaces.
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The same set of RSTT experiments (four metals, two lubricating oils) was repeated
at a reduced normal force of 0.5N, i.e., at the lower force limit of the home-made
tribometer. Those measurements confirmed the results obtained at 1.0 N and are thus
not listed here.

7.3.3 Optimization by laser beam shaping

Using a spatially Gaussian laser beam in the ablative regime, the linewise sample
processing typically leads to a comb-like micrometer-sized surface structure which is
superimposed onto the LIPSS topography (see WLIM topography shown in Fig. 7.2 (a)).
This microstructure can easily provide height variations of a few hundred nanometers,
which may even exceed the typical LIPSS modulation depths.

One way to reduce the height variations due to linear laser scanning is via spatial
beam shaping, transforming the Gaussian laser beam into a top hat distribution. The
impact on the laser ablation result is illustrated in Fig. 7.5. When strongly absorbing
materials (such as metals) are processed by a Gaussian laser beam, in regions where
the ablation threshold (¢,) is locally surpassed, the topography typically follows a
parabolic profile [42]. As a result, height variations are caused across the ablation
region (see Figs. 7.5 (a) and 7.2 (a)). This effect can be significantly reduced when using
a top hat beam (see Fig. 7.5 (b)).

Fig. 7.5: Scheme of the laser processing with dif-
ferent spatially shaped beams (fluence profile and
corresponding ablation topography). Gaussian laser
beam (a), top hat laser beam (b).

In order to realize the spatial beam shaping experimentally (see setup illustrated in
Fig. 7.6), the Ti:sapphire fs-laser pulses (800 nm, 80 fs, 100 Hz) were selected by an
electromechanical shutter before passing through a programmable spatial light modu-
lator (SLM) operated in reflection geometry (HOLOEYE PLUTO SLM, Berlin, Germany).
The phase modulated (shaped) laser beam was then redirected by a mirror (M) and
focused onto the sample surface by a spherical lens (L) with a focal length of 300 mm.
A dielectric beam splitter (BS) and a CCD camera allowed the in situ monitoring of
the laser beam profile in the focal region (sample surface). Using an adaptive beam
shaping algorithm (Gerchberg-Saxton) [43, 44], the SLM was utilized to generate a
top hat profile in the sample processing plane (see the example of the shaped beam
profile in Fig. 7.6). The top hat-shaped beam profile is formed at the sample processing
plane under optimized conditions by superposition and constructive interference of
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the phase modulated partial waves. These waves are spatially selected and manipu-
lated by beam shaping. In contrast to amplitude modulation techniques, laser pulse
energy losses are reduced here. Upon meandering movement of the sample (motor-
ized) under the spatially shaped top hat laser beam at a constant scan velocity and
with an optimized line offset, square-shaped areas of 5 x 5 mm? covered homoge-
neously by LIPSS were again processed in a single pass in air environment.

Fig. 7.6: Scheme of the experimental setup for laser processing with a top hat-shaped fs-laser
beam. Abbreviations: SLM: spatial light modulator; M: mirror; L: lens; BS: beam splitter.

Figure 7.7 compares the WLIM surface topographies of a titanium surface processed
with a Gaussian laser beam (a) and with a spatially shaped top hat beam (b), both
with individually optimized processing conditions for the generation of LSFL. In both
cases, SEM was used to confirm the homogeneous coverage of the surface by LSFL with
periods around 600 nm. The laser treatment with a Gaussian beam shows periodic
arrangement of individual ablation lines separated by 100 um with height variations
of +120nm (see the cross-sectional line profile in the lower part of the Fig. 7.7 (a)).
The residual surface height variations are reduced by a factor of 2-3 for processing
with a spatially shaped top hat beam profile and account for less than +50 nm (see
Fig. 7.7 (b)).

The tribological performance of the two titanium samples already shown in Fig. 7.7
was characterized by RSTT in engine oil. The results for the friction coefficient mea-
sured as function of the number of cycles are presented in Fig. 7.8 (a) for the sample
processed with the Gaussian beam and in Fig. 7.8 (b) for the top hat-shaped beam
treated specimen. In both cases, a reference measurement of the non-processed (pol-
ished) sample surface is added, which shows large friction coefficients between 0.3
and 0.6. In contrast, both fs-laser treated samples show very similar and almost con-
stant friction coefficient values around 0.13 +0.01. However, direct comparison of the
results indicates that the residual micrometer sized ablation line structures are not
detrimental for the tribological performance here.
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Fig. 7.7: WLIM topography of the LSFL covered Ti surface processed under optimized conditions by a
spatially Gaussian beam (a) and by a top hat laser beam (b).
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Fig. 7.8: Friction coefficient vs. number of sliding cycles of the LSFL covered Ti surfaces previously
characterized in Fig. 7.7 for a Gaussian (a) and a top hat laser beam (b). Both measurements were
performed in engine oil.

7.4 Summary

Different types of LIPSS were homogeneously processed on 5 x 5 mm? large surface
areas on four different metals (two types of steel & two types of titanium materials).
The respective surfaces were tribologically tested (reciprocal sliding against a 10 mm-
100Cr6 ball: 1.0 N normal force, 1 mm stroke length, 1Hz frequency, 1000 cycles) in
two different lubricants (additive-free paraffin oil, and fully formulated engine oil)
and the wear tracks were subsequently inspected. Under specific conditions (titanium
material, engine oil), the nanostructures (LSFL) endured the tribological test and pro-
vided significantly reduced friction coefficients and almost no wear when compared
to the non-irradiated (polished) surfaces. The effect in the nanostructured areas was
attributed to additives contained in the engine oil forming a gliding interlayer pre-
venting intermetallic contact, and might additionally be promoted by laser-induced
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superficial oxidation. The presence of individual ablation lines after processing with
a spatially Gaussian laser beam did not significantly affect the tribological perfor-
mance. Sub-100 nm structures (HSFL) did not show a reduction of the friction coef-
ficient. On steel surfaces the positive tribological impact of the LSFL is much less
pronounced.
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