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Abstract

In this contribution, chemical, structural, and mechanical alterations in various types of femtosecond laser-generated sur-
face structures, i.e., laser-induced periodic surface structures (LIPSS, ripples), Grooves, and Spikes on titanium alloy, are
characterized by various surface analytical techniques, including X-ray diffraction and glow-discharge optical emission
spectroscopy. The formation of oxide layers of the different laser-based structures inherently influences the friction and
wear performance as demonstrated in oil-lubricated reciprocating sliding tribological tests (RSTTs) along with subsequent
elemental mapping by energy-dispersive X-ray analysis. It is revealed that the fs-laser scan processing (790 nm, 30 fs, 1 kHz)
of near-wavelength-sized LIPSS leads to the formation of a graded oxide layer extending a few hundreds of nanometers
into depth, consisting mainly of amorphous oxides. Other superficial fs-laser-generated structures such as periodic Grooves
and irregular Spikes produced at higher fluences and effective number of pulses per unit area present even thicker graded
oxide layers that are also suitable for friction reduction and wear resistance. Ultimately, these femtosecond laser-induced
nanostructured surface layers efficiently prevent a direct metal-to-metal contact in the RSTT and may act as an anchor layer
for specific wear-reducing additives contained in the used engine oil.

Keywords Laser-induced oxide layer - Laser-induced periodic surface structures - LIPSS - Femtosecond laser processing -
Tribology - Surface chemistry - XRD - GD-OES

1 Introduction

The fabrication of laser-induced periodic surface struc-
tures (LIPSS) on metals, semiconductors, and dielectrics
has been experimentally demonstrated when irradiated
with linearly polarized high-intensity ultrashort laser
pulses. The formation process is influenced by the mate-
rials’ optical, thermal, and mechanical properties [1-4].
Depending on the specific final application, other fac-
tors may be relevant such as the chemistry of the irradi-
ated areas, the resulting crystallinity, and its final optical
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response [5]. In recent years, such periodic surface struc-
tures have been fabricated systematically for applications
in optics, medicine, fluid transport, wetting, and tribology
[5-10], exploring different laser processing parameters
(fluence, wavelength, repetition rate, polarization, angle
of incidence, number of pulses per spot) [5, 11-19], in dif-
ferent atmospheres (air, vacuum, reactive gasses) [20-23].
The simplest case of LIPSS is represented by parallel lines
that are formed at the sample surface usually perpendicu-
lar to the laser polarization with periods that can be 100
times smaller than the laser beam diameter. In this way, it
is possible to generate structures with periods even below
the optical diffraction limit following a simple one-step
fabrication process. Their periods are typically used to
classify the laser-generated structures as low spatial fre-
quency LIPSS (LSFL), when A; g5 ~ 4, or as high spatial
frequency LIPSS (HSFL) for Aygp <4/2 [5]. When the
laser fluence and the effective number of pulses per spot
increase from the conditions used for the formation of reg-
ular LIPSS, other topographic structures emerge that are
known as micrometric Grooves and Spikes [24, 25]. The
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Grooves morphology corresponds to quasiperiodic surface
structures that are usually parallel to the laser polariza-
tion featuring periods of a few micrometers, whereas the
Spikes morphology consists of irregularly arranged blunt
or sharp conical surface structures with average distances
and heights of up to a few tens of micrometers [24, 25].
Upon scan processing, the Grooves and Spikes may be
superimposed by LIPSS (generated in the low fluence
wing of the Gaussian beam distribution at local fluences
close to the ablation threshold), forming jointly together
a hierarchical heterogeneous surface structure. Such hier-
archical micro—nanostructure can feature applications for
controlling the wettability of surfaces [9, 26-28], or for
reducing the cell growth [7] in medical applications, e.g.,
on miniaturized leadless pacemakers that are implanted
directly into the heart [29].

LSFL are the most desired type of structures for many
applications, due to the simplicity to produce them on dif-
ferent materials and the rather moderate overall fabrication
time required. Besides, these structures can be analyzed
by different surface analytical techniques including optical
and chemical surface characterization. Due to the rough
morphology of Grooves and Spikes structures, they are
often difficult to characterize. Given their low reflectivity
due to the intrinsic high roughness, optical characteriza-
tion often finds its limits when trying to obtain directly
reflected light from such structures. Electron-based
chemical analyses such as energy-dispersive X-ray analy-
sis (EDX), Auger electron spectroscopy (AES), or X-ray
photoelectron spectroscopy (XPS) may reveal the pres-
ence of specific chemical elements at those high rough-
ness structures; however, these techniques generally suffer
from constraints regarding the analytical information from
both the depth and the topographic artifacts, which finally
limits the quantification of elements and their actual dis-
tribution in depths, particularly for EDX [30, 31], where
the information depths typically range between some hun-
dreds of nanometers and a few micrometers [30]. Electron
beam-based techniques with small information depths of
the order of a few nanometers such as AES or XPS were
successfully combined with ion sputtering to establish a
depth profiling, but at suitable sputter conditions (few kV
acceleration voltages) that approach is usually limited to
total removal depths in the sub-micrometer range in rea-
sonable analytic acquisition times.

The potentially most powerful but most time-consuming
analytical method is transmission electron microscopy (TEM),
where in the first step a cross-sectional lamella of the region of
interest at the surface has to be prepared by deposition of a pro-
tecting capping layer followed by focused ion beam etching.
In the second step, after subsequent milling of the lamella to
electron beam transparency, direct electron beam-based imag-
ing or diffraction can be applied to visualize the subsurface
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region, for identifying chemical elements or to reveal crystal-
line or amorphous regions [32].

A promising alternative to those techniques is glow-dis-
charge optical emission spectroscopy (GD-OES), which
allows for performing rapid depth profiling of selected ele-
ments through a plasma discharge burning between the sample
surface, operated as cathode, and a counter electrode. In such
a system, the plasma discharge continuously removes material
from the sample surface by the impact of low-energy sputter-
ing plasma ions while recording elemental optical emission
from the removed species being present in an excited state
in the discharge. Due to the low energy of the sputtering ions
of <100 eV that is close to the sputtering threshold [33], alter-
ations of the original sample surface due to the ion impact are
lower than when using ion beam sputtering in XPS and AES
with ion energies usually exceeding 1000 eV. The random
inclination angle of the sputtering ions in GD-OES addition-
ally helps to minimize potential alteration of the results due to
the surface topography. Nevertheless, electric field enhance-
ment effects may locally increase the sputter rate at sharp fea-
tures of the surface topography. In contrast to XPS or AES,
a surface analytical quantification of binding energies is not
accessible by GD-OES.

Similar to XPS or AES, measurement and conversion of
the acquired data to quantitative concentration versus depth
profiles may be affected, e.g., by pronounced surface topogra-
phy of the samples, different sputtering yield of the elements
involved, or a non-planar ground of the sputtering crater as a
result of plasma conditions. The depth resolution attained by
GD-OES was estimated to be ~15% of the actual sputtering
depth, applying the specific method to equiatomic NiTi alloys
[34]. Additionally, ignition and stabilization of the plasma at
the beginning of each measurement require several millisec-
onds, corresponding to a few nanometers of the sample sur-
face being removed before meaningful results can be attained.
However, once a suitable method for a material system is opti-
mized, measurements are quick and reproducible [35].

Taking benefit of its time and cost efficiency, in this work
we apply GD-OES in order to analyze the depth extent of
the laser-induced oxide layer generated upon femtosecond
laser processing of three characteristic surface morphologies
(LIPSS, Grooves, and Spikes) on Ti6Al4V titanium alloy and
a polished (non-irradiated) sample as a reference. Our results
for LIPSS are cross-checked with earlier depth-profiling AES
results and complemented by gracing incidence X-ray diffrac-
tion (XRD) measurements.
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2 A brief review of oxidation effects in fs
LIPSS formation

Although fs-laser processing experiments are usually per-
formed in air allowing oxidation reactions of the irradiated
material with the ambient and reactive air environment, so
far only little research has been devoted to chemical effects
accompanying the formation of LIPSS [36-39]. Particu-
larly for the highly reactive material titanium, such effects
were already shown to be relevant for the processing of
LIPSS [30, 40-43].

For simplicity, most of the experimental studies rely on
EDX. The method provides sufficient spatial resolution
to resolve the LIPSS, but its depth resolution is typically
limited to a few micrometers. Moreover, it was shown that
EDX can seriously suffer from topographic artifacts and
must be applied with care [30]. Most other surface ana-
lytical techniques such as XPS or (micro-) Raman spec-
troscopy cannot spatially resolve individual LIPSS ridges
and, thus, provide information averaged over an ensem-
ble of topographic LIPSS maxima and minima. Yet, only
AES in combination with a depth-profiling ion sputtering
approach provided sufficient lateral and depth resolution
to reveal the local chemistry of LIPSS for both the LSFL
and HSFL [30].

Landis et al. [41] processed ablative LSFL on high-purity
titanium (99.99%) surfaces in different ambient atmospheres
(air, oxygen, nitrogen) upon irradiation with Ti:sapphire fs-
laser pulses (100 fs pulse duration, 0.25 J/cm? fluence, 1 kHz
pulse repetition rate). Micro-Raman spectroscopy revealed
the formation of amorphous TiO, (fully consistent with our
results published in [30]), but given the large width of the
Raman peaks, contributions of other amorphous titanium
oxides are possible [41]. For the fs-laser treatment in oxidiz-
ing atmospheres (air, oxygen), the authors identified by XPS
the formation of a surface layer consisting mainly of TiO,
with a possible admixture of less oxidized Ti,O5 or TiO [41].

Kirner et al. [30] performed spatially and depth-
resolved chemical analyses on HSFL and ablative LSFL
on titanium and Ti6Al4V alloy by employing AES, XPS,
EDX, and micro-Raman spectroscopy. A graded oxide
layer with an extent > 150 nm was reported for the HSFL/
LSFL consisting mainly of amorphous TiO, (near surface)
and microcrystalline/amorphous Ti,05 (subsurface) [30].

For another type of LSFL (so-called thermochemical
LIPSS, TLIPSS, oriented parallel to the laser beam polari-
zation) formed upon irradiation of thin titanium films by
high repetition rate (200 kHz) fs-laser pulses at fluences
below the ablation threshold, micro-Raman spectroscopy
identified TiO, in the form of nanocrystalline rutile [43].

Peng et al. [44] studied the formation of Spikes on
grade 2 titanium upon ultrafast laser scan processing

(35 fs pulse duration, fluences between 0.4 and 3.5 J/em?,
1 kHz pulse repetition rate) by using a dual-beam focused
ion beam—scanning electron microscope to create cross
sections for SEM, EDX, TEM, and selected area electron
diffraction. The near-surface region of the irradiated mate-
rial was found to contain a re-solidified porous layer of
fine-grained o-Ti. Cross-sectional EDX indicated near the
surface the incorporation of up to 25 at.% of oxygen in
the fine-grained layer that may extend a few micrometers
into depth.

3 Experimental details

Grade 5 titanium alloy (Ti6Al4V) was purchased from Schu-
macher Titan GmbH (Solingen, Germany) as a rod mate-
rial of 25 mm diameter. The rods were cut into cylinders of
8 mm height. Subsequently, the top surfaces of the cylinders
were mechanically polished, resulting in surface average and
root-mean-squared roughness parameters R,=5 nm and
R,,s=06 nm, respectively.

If exposed to air at room temperature and due to their high
chemical reactivity, metallic titanium surfaces are typically
covered by passivating native oxide layers, which consist
mainly of amorphous and nanocrystalline TiO,. Addition-
ally, these surfaces are covered by hydrocarbon molecules
adsorbed from the ambient air. In our previous work, similar
polished samples consisting of pure titanium (99.6%) were
characterized in detail by variable angle spectroscopic ellip-
sometry (VASE) [45] and by XPS [30]. The VASE measure-
ments indicated the presence of a native TiO, layer of ~4 nm
thickness [45]. XPS was used to determine the chemical
composition at the polished surface, accounting to 14.5 at.%
of Ti, 48.5 at.% of O, 31.8 at.% of C, and 1.4 at.% of N (rest
3.8 at.%) [30]. Similar amounts of oxygen and carbon from
contaminating hydrocarbons can be expected at the surface
of the polished titanium alloy samples as well.

3.1 Femtosecond laser processing
and characterization of LSFL, Grooves,
and Spikes

The laser system used was a titanium:sapphire-amplified
laser system (Compact Pro, Femtolasers) delivering pulses
of 790 nm center wavelength and 30 fs duration (FWHM)
at a pulse repetition rate of 1 kHz. The pulses were focused
using a spherical dielectric mirror of 500 mm focal length,
obtaining a 1/e> beam diameter of 2wy~ 130 um at the focus.
The positioning of the sample was done by three motor-
ized linear translation stages, X—Y-axes for the positioning
on the processing plane and the Z-axis to control the laser
beam focus at the sample surface. In order to ensure perpen-
dicularity of the surface with respect to the laser beam axis,
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the sample was locked in a holder that allowed for control-
ling the sample tilt. Since the laser is pulsed, the production
of an area is the result of overlapping subsequent pulses to
generate lines and overlapping lines to process areas, taking
into account as controlling parameters the peak fluence (¢,),
the effective number of pulses per spot diameter (N 1p),
and the line separation distance (A), following the expres-
sions published in [46]. The irradiated areas were squares
of 3.1 x3.1 mm? or 7 x 7 mm? to allow enough space for the
chemical and tribological characterizations in both direc-
tions, along and across the laser irradiation. During the laser
irradiation, an air suction system was used to extract the
generated gases and the ablation products.

3.2 Surface characterization

The sample surfaces were inspected by optical microscopy
(Nikon, Eclipse L200) and characterized by scanning elec-
tron microscopy (Carl Zeiss, Gemini Supra 40). Selected
surface morphologies were subjected to X-ray diffraction
measurements for probing structural modifications at the
laser-irradiated surface regions. The measurements (Seifert
GmbH, XRD 300TT) were performed in a gracing incidence
geometry (incident angle =3.5°) using Cu Ka radiation
(40 kV, 40 mA) with an X-ray beam collimated by a Gobel
mirror. In this geometry, the probed area was about 6 X7
mm? (illumination width limited by a lead foil) adapted to
the lateral dimension of the laser-processed region.

Quantitative depth profiles of Ti, Al, V, O, and C were
determined by GD-OES (SPECTRUMA Analytik GmbH,
GDA 750) using the GD-OES method as presented in [34].
Re-calibration and modification of the method were carried
out using well-defined reference specimens to account for
the additional elements Al and V. The measurements were
performed in radio frequency mode in order to allow for
plasma ignition when working with samples covered by a
non-conducting surface layer. Voltage and pressure were
set to 700 V and 3 hPa, respectively. The measurements
were pressure-regulated, and an anode with a diameter of
2.5 mm was used. Intensities of the respective elements were
measured by photomultiplier tubes for Ti (399.864 nm), C
(156.143 nm), Al (396.152 nm), V (411.179 nm), and O
(130.217 nm). The intensity profiles were recorded as a
function of the plasma discharge time and converted to quan-
titative mass concentration versus depth profiles on the basis
of the comparative GD-OES method and a mean sputtering
rate as determined after the measurements by evaluating the
depth of the sputtering craters.

3.3 Tribological tests

Reciprocating sliding tribological tests (RSTTs) were per-
formed with an in-house-built tribometer in ball-on-disk
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geometry [47]. The samples were tested in the regime of
mixed friction with a stroke of 1 mm at a frequency of
1 Hz and with a normal force of 1 N against a hardened
and polished ball made of steel as counterbody (100Cr6,
diameter 10 mm, average roughness 6 nm) in a fully formu-
lated, factory-fill engine oil (viscosity class 0 W-30, Castrol
‘VP-1’). At this normal force, the radius of the ball-sam-
ple contact area was estimated with a Hertzian deformation
model as~36 um. The corresponding elastic sample—ball
deformation is ~260 nm along with a maximum contact
pressure of ~360 MPa [48]. As in previous experiments
[49], the coefficient of friction (CoF) was measured during
1000 sliding cycles in two orthogonal directions, i.e., per-
pendicular and parallel to the laser-processed lines. Such a
relatively low number of sliding cycles are suitable in most
cases to characterize the tribological running-in phase. It
allows to identify beneficial tribological effects [49] or the
role of additives contained in the engine oil [48]. Note that
our work does not address a specific tribological applica-
tion. It is basic research and aims to provide new results by
a systematic comparison of the tribological performance of
fs-laser-generated LIPSS [49], Grooves, and Spikes under
identical RSTT conditions. The experimental uncertainty
range in the CoF measurements is +0.02. After the tribo-
logical tests, the samples were cleaned for five minutes in an
ultrasonic bath with petroleum ether for removing residual
lubricant. After the tribological tests, selected wear tracks
were characterized via energy-dispersive X-ray spectroscopy
(EDX, Thermo Fisher Scientific, Thermo NSS 3.1) at 5 kV

/A Polishee

Fig.1 Top-view scanning electron microscopy (SEM) images, of
the titanium alloy surface (Ti6Al4V). a Micrograph of the polished
sample surface, b LSFL, ¢ Grooves and d for hierarchical Spikes. The
yellow double arrow indicates the polarization direction of the laser
beam
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acceleration voltage to identify the spatial elemental distri-
bution on the surface.

4 Results and Discussion

Figure 1 contains scanning electron micrographs dis-
playing the morphology of the different irradiated areas,
including the free polished surface (Fig. 1a). Low-spatial-
frequency LIPSS are displayed in Fig. 1b, where it is pos-
sible to resolve a pattern of parallel lines all perpendicular
to the laser beam polarization indicated by a yellow arrow.
In this case, the spatial period of the lines is between 500
and 700 nm. These LSFL structures were produced using a
pulse energy E=30 uJ, laser peak fluence ¢, = 0.5 J/cm?, a
number of effective pulses per spot diameter of Ng ;p =40,
and a line separation distance of A = 50 um. When increas-
ing both, the laser fluence and the effective number of
pulses, different surface structures emerge, as the case of
Grooves displayed in Fig. 1c (E=151 W , ¢pg=2.5 J/em?,
Negr 1p=100, A =50 um) and Spikes in Fig. 1d (E=181pJ ,
$o=3.0J/cm?, Ny ;p=400, A = 50 pm). These morpholo-
gies represent hierarchical structures going from protrusions
in the micrometer regime to nanoripples spread all over the
irradiated surface.

4.1 XRD characterization
In order to identify the chemical/structural composition of

the oxide that is present at the surface of the structures, one
useful technique is the X-ray diffraction (XRD). Since the
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Fig.2 X-ray diffraction (XRD) curves of the titanium alloy sample
including the reference of a non-irradiated area (black line) and the
corresponding measurement recorded at a laser-irradiated area with
Spikes (red line). Peaks that correspond to metallic Ti (a- and p-Ti
phases), titanium oxide (TiO), and titanium dioxide (TiO,) are indi-
cated. Note the logarithmic intensity scale

chemical composition of LSFL has been already studied via
XPS [41] and AES [30] and was reported to be covered by
TiO,, whereas the material structure was found to be amor-
phous by micro-Raman spectroscopy [30, 41], in the present
study we analyze the surface morphology generated with
the highest fluence, i.e., in our case the Spike structures.
Figure 2 shows the XRD measurements of the polished tita-
nium alloy sample (non-irradiated, black line) as a reference
and the one recorded in the irradiated area (red line) with
Spike structures. The peaks labeled with o and p (blue and
black labels, respectively) indicate the corresponding metal-
lic phases of titanium. Their peak width is similar for both
the reference and the Spikes region, indicating that they both
arise from the bulk material. For the case of the titanium
oxide (TiO, violet label) and dioxide (TiO,, green label),
the peak width is increased, indicating the presence of poly-
crystalline oxides. An estimate of the widths of these peaks
based on the Scherrer equation indicates maximum crystal-
lite sizes of ~30 nm in the oxide layer probed by XRD. This
is reasonable here since significantly larger peak fluences
and number of pulses were used for the Spikes processing
when compared to the LSFL processing, where predomi-
nantly amorphous TiO, was observed in a graded surface
layer extending more than 200 nm into depth [30].

4.2 GD-OES characterization of LSFL, Grooves,
and Spikes

Figure 3 compares two different representations of the
depth-profile results obtained via GD-OES for the polished
(non-irradiated) sample shown in Fig. 1a. The plotted results
both correspond to the same measurement recorded over a
total time of 1.5 s. From the average sputter rate of 100 nm
per second, an additional abscissa providing the sputtered
depth is linked at the top. Details of the experimental con-
ditions for this characterization are provided in Sect. 3.2.
Figure 3a presents the measured intensity profiles versus
sputtered time/depth of the elements Ti (violet), C (blue),
V (red), Al (yellow), and O (green). The measured intensi-
ties at the specific wavelengths are the direct result of the
emission of each element in the glow-discharge plasma at a
given moment. The conversion of the measured intensities
to quantitative concentrations for each element depends on
numerous factors including sputtering rate factors or specific
emission characteristics. Thus, the conversion of measured
intensities to quantitative concentrations requires a calibra-
tion method as described in [34], and the progression of
quantitative concentration profiles may differ significantly
from the progression of the intensity profiles. As an exam-
ple, in Fig. 3b the mass concentration depth profiles corre-
sponding to the intensity data of Fig. 3a are presented. In the
following, depth profiles after quantification will be shown.

@ Springer
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Fig.3 GD-OES depth profiles of the same measurement at the pol-
ished (non-irradiated) Ti6Al4V sample in two different representa-
tions. a Emission intensity profiles versus sputtered time/depth, b
derived mass concentration versus sputtered time/depth. The inset in
(a) shows information of the displayed elements including Ti (violet),
C (blue), O (green), Al (yellow), and V (red). The system sputters
100 nm of Ti6Al4V per second

Figure 4 provides the area plots of depth profiles on
the polished surface (Fig. 4a, same data as in Fig. 3), for
the LSFL (Fig. 4b), the Grooves (Fig. 4c), and the Spikes
(Fig. 4d) under identical measuring conditions. The meas-
urements were performed up to a sputtered depth of ~2.5 um.
For easier intercomparison, the data are visualized for
the top 500 nm. At the polished surface (Fig. 4a), ~10%
of Ti,~35% of C, and~50% of O are present with a low
amount of Al and V (each around ~2%). High amounts
of O and C at the very beginning of a measurement may
partially be an artifact due to water vapor and organic con-
taminants adsorbed to the inner surface of the anode and the
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sample surface. The concentration of C at the sample surface
(~35%) is consistent with the measurements of polished Ti
samples characterized via XPS by Yasumaru et al. [42] and
Kirner et al. [30], where carbon concentrations were 43.4%
and 31.8%, respectively. These notable carbon concentra-
tions are attributed to the presence of hydrocarbon contami-
nants adsorbed at the surface. The effect strongly depends
on the effective surface and is, therefore, observed after the
laser irradiation [9] that is increasing the surface roughness/
porosity. Within a sputtered depth of 40 nm, the signals of
all elements approach a second regime, meeting the elemen-
tal composition of the Ti6Al4V alloy, i.e.,~6% Al,~4% V,
and ~0.2% O. The measurement of the oxide layer thickness
is quantified here following the 50% criterion, defined as the
distance from the surface when the O signal has decreased to
half of the value detected at the surface. Applying this cri-
terion, a native oxide layer thickness of ~ 10 nm is obtained
here for the polished sample surface. This value is consistent
with the literature, which reports that the native oxide layer
is spontaneously formed upon exposure to air and consists
mainly of amorphous or nanocrystalline TiO, (in line with
the reference curve in our XRD measurements previously
shown in Fig. 2), with typical thicknesses between 3 and
10 nm [50, 51]. The mild signal variation for depths >40 nm
likely arises from slowly altering plasma discharge condi-
tions due to the increasing distance between sample surface
and anode. Please note that the depth resolution attained
by GD-OES in the present case is expected to be ~15% of
the actual sputtering depth, as detailed in the Introduction
section.

At the LSFL-covered surface (Fig. 4b), the carbon sig-
nal extends to deeper positions inside the sputtered sample
(~50 nm) compared to the polished one shown in Fig. 4a. As
it was mentioned before, this effect is related to the increase
in the effective surface that allows more hydrocarbon con-
taminants to be adsorbed. The oxygen signal in this case
extends more than 200 nm into depth, which is consist-
ent with previous depth-profiling AES measurement [30].
Applying the above-mentioned 50% criterion, an oxide layer
thickness ~40 nm is determined. In the region of this oxide
layer, V is widely depleted. Interestingly, the Al concentra-
tion shows a near-surface minimum at~20 nm and a local
maximum around 50 nm depth. Presumably, the high Gibbs
free energy of formation of Al oxides leads to a preferred
oxidation of Al already in the inner part of the oxide. Details
of this effect remain to be assessed in future work. A dif-
fusion of Al from the oxide toward the metal substrate is
unlikely due to the ionic nature of the bonds. The arrow in
Fig. 4b marks a measurement artifact, which arises due to a
temporary instability of the plasma discharge.

In the regions of laser-processed Grooves (Fig. 4c), car-
bon is detected few hundred of nm in depth due to a signifi-
cant increase in the surface roughness. The O signal extends
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more than 300 nm into the bulk of the Ti alloy, resulting
in an oxide layer thickness of ~60 nm following the 50%
criterion. The reduction of Al in the near-surface region is
still evident.

For the Spikes surface morphology (Fig. 4d), the thick-
ness of the laser-induced oxide layer exceeds 165 nm (50%
criterion). Such thicknesses of the laser-induced graded
oxide layer are consistent with the cross-sectional TEM/
EDX analyses of Peng et al. [44] reporting even larger
thicknesses for somewhat different experimental conditions.
Comparing the amount of C and O recorded for the LSFL
(Fig. 4b), Grooves (Fig. 4c), and Spikes (Fig. 4d) shows that
the presence of carbon is more confined to the surface than
that of the O. This may indicate the presence of a (nano-)
porosity of the near-surface layer that is capable to adsorb
hydrocarbons from the atmosphere and release them during
the GD-OES measurements. Such a porosity of the near-
surface laser-modified layer was experimentally reported by
Peng et al. for fs-laser-generated Spikes on Ti [44].
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From a direct comparison of the spectra shown in Fig. 4,
for the different surface morphologies, it clearly follows
that the polished reference surface has the lowest concen-
tration of carbon, while its concentration increases among
the LIPSS, the Grooves, and the Spikes. Simultaneously, the
surface roughness is the smallest for the polished surface and
is increased for the laser-processed surfaces, being largest
for the Spikes (compare Fig. 1a—d). Moreover, it is known
that the increased C content after fs-, ps-, or ns-laser pro-
cessing of metals arises from hydrocarbon contamination,
as the laser-processed surface contains OH groups [9, 42,
52, 53]. Hence, it is very likely that the variation of the car-
bon concentration among the different surface morphologies
arises here from the increased surface roughness and surface
porosity, creating a larger effective surface area on which the
hydrocarbon molecules are adsorbed.
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Fig.5 Tribological performance A
of the samples after irradiation.
a Sketch of the tribology setup
using a steel ball of 100Cr6

on the surface of the Ti6Al4V
alloy sample. The sketch shows
the principle of the setup where
aload of 1 N is applied on

the ball to be in linear motion
along 1 mm in the direction
defined by the red arrow, with

a frequency of 1 Hz. The final
wear track achieved after 1000
sliding cycles is shown in (b)
for the free surface and in (c) for
a Spike-covered area as optical
micrographs. The scale bar is
the same for both images. SEM
micrographs of the wear track
on the different areas are shown
in (d) for the initially polished
surface, e LSFL, f Grooves, and
g Spikes

W !
a A
JAK

4.3 Tribological performance of LSFL, Grooves,
and Spikes

Figures 5 and 6 present the results of the tribological char-
acterization via RSTT of the three different laser-generated
morphologies on titanium alloy, i.e., LSFL, Grooves, and
Spikes and the polished flat surface. Figure 5 assembles a
sketch of the RSTT geometry (Fig. 5a) along with top-view
optical micrographs of the generated wear tracks on the pol-
ished Ti6Al4V alloy surface (Fig. 5b) and the Spike-covered
surface (Fig. 5¢). Additionally, top-view SEM micrographs
revealing details from the wear tracks are presented (Fig. 5d:
initially polished, Fig. Se: LSFL, Fig. 5f: Grooves, Fig. 5g:
Spikes). It is evident that on all laser-generated morpholo-
gies the topmost regions have been smoothened and partly
worn during the RSTT, but the structures were not com-
pletely removed. The wear track and surface damage left

@ Springer

at the polished surface is much larger than in the laser-pro-
cessed regions.

Figure 6 assembles the corresponding measurements
of the coefficient of friction versus the number of sliding
cycles for all the laser-generated morphologies, i.e., LSFL
(Fig. 6a), Grooves (Fig. 6b), and Spikes (Fig. 6¢). To stay
compatible with our previous works [48, 49, 54], the CoF
was measured at a normal load of 1 N during 1000 sliding
cycles between the sample surface and the steel counterbody
lubricated by the commercial engine oil. In all graphs, a
curve obtained for the polished Ti6Al4V alloy surface is
added as a reference (black line). The red and the blue curves
represent measurements performed in the direction paral-
lel (red line) or perpendicular (blue line) to the direction
of the laser-processed lines. The mean value of the CoF as
averaged over all cycles is indicated at the right for each
curve. The CoF values for the initially polished surface vary
between ~0.37 and ~0.77 with an average of 0.53. Such high
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Fig.6 Plots of the coefficient of friction versus the number of cycles
of the tribological characterization using the setup sketched in Fig. 5a
for a LSFL, b Grooves, and ¢ Spikes on titanium alloy. All the areas
were characterized using a fully formulated factory-fill engine oil
(Castrol VP-1). The black line in all plots corresponds to a meas-
urement performed at the polished surface (as reference), where the
average value is 0.53. The red and blue lines in each plot indicate the
coefficient of friction recorded along and across the laser-processed
ablation line structures, respectively

values indicate a severe damage of the polished surface and
are consistent with the micrographs shown in Fig. 5b, d.
These values are ~20-30% larger than previously reported
in [49], which may arise from the severe surface damage
generated and acting here during the RSTT.

Titanium

Fig.7 EDX spatial distribution maps of the wear track generated on
the polished titanium alloy samples. At the top left SEM micrograph,
the wear track is clearly visible on the initially polished surface. The
rest of the figures correspond spatially with the initial SEM micro-
graph displaying the spatial distribution of carbon (C—blue), oxygen
(O—green), aluminum (Al—yellow), titanium (Ti—magenta), and
zinc (Zn—cyan)

In contrast, the CoF measured in the LSFL-covered tita-
nium alloy surface area (Fig. 6a) is reduced by a factor 45
at an average level of ~0.12 in both sliding directions com-
pared to the polished reference surface and shows smooth
curves. These measurements confirm our previous results,
where very similar CoFs and—within the experimental
uncertainty—no significant influence on the sliding direc-
tion were reported [49]. The CoFs measured at the Grooves
(Fig. 6b) indicate very similar results to that at the LSFL,
i.e., mean CoF values of 0.12 and 0.14 in the direction paral-
lel and perpendicular to the ablation lines, respectively. For
the Spike-covered surface morphology (Fig. 6¢), the CoF
starts around ~0.15 and then slowly increases to a saturation
value around ~0.2. In view of the results presented in Figs. 5
and 6, the LSFL morphologies feature the best tribologi-
cal performance among the three different laser-generated
surface morphologies. Hence, it was selected for a more
detailed chemical characterization of the wear track.

For comparison, a wear track generated at the polished
and at the LSFL-covered Ti6Al4V alloy surface was selected
and characterized through EDX. The corresponding maps
of the spatial distribution of the elements arising from the
sample material (Ti, Al), the lubricant engine oil (C, O, Zn),

@ Springer
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| (07:14 oJo]

Titanium

Fig.8 EDX spatial distribution maps of the wear track generated on
the LSFL-covered laser-irradiated area. At the top left, the corre-
sponding SEM micrograph is provided. The rest of the figures cor-
respond spatially with the initial SEM micrograph displaying the spa-
tial distribution of carbon (C—blue), oxygen (O—green), aluminum
(Al—yellow), titanium (Ti—magenta), and zinc (Zn—cyan). The
tribological test was performed along 1 mm on the horizontal axis of
the images shown

and environmental reactions (O, C) are assembled in Figs. 7
and 8, respectively.

The wear track generated on the polished surface is
clearly visible in the SEM micrograph of Fig. 7. It exhibits
an increased C and O content at both of its ends, indicating
residuals of the lubricant being still present at the surface.
The native oxide on the Ti6Al4V alloy surface layer could
not be detected by EDX at the chosen conditions as its thick-
ness of ~ 10 nm is more than one order of magnitude smaller
than the EDX information depth (usually in the few microm-
eter range). Al contained in the alloy and Zn contained in
the wear-reducing additives of the engine oil are uniformly
distributed across the elemental maps at low signal levels
close to the noise limit. In contrast, the signal of titanium
is reduced within the wear track at the locations covered
by C, O and potentially from material transferred from the
tribological counterbody during the RSTT.

The wear track generated at the LSFL-covered surface
is less visible in the SEM micrograph of Fig. 8. The maps
of O and Ti both show pronounced horizontal line struc-
tures arising from the line-wise laser processing. At regions
of increased laser-induced oxidation, the corresponding
Ti signal is reduced, and vice versa. In the maps of both

@ Springer

elements (Ti, O), the wear track is hardly visible indicat-
ing that (i) the laser-induced oxide layer remained intact
and (ii) tribo-oxidation effects during the RSTT are less
effective than the laser-induced oxidation effects. Within
the wear track, the signal of carbon is reduced, while the
signal of Zn is increased. The latter observations are in line
with the previous results obtained for tribological tests on
LSFL-covered steel surfaces under similar test conditions
[54]. The increased signal of Zn indicates the formation of a
thin superficial tribo-layer from the anti-wear additive ZDDP
(zinc dialkyl dithiophosphate) contained in the engine oil
[48, 54].

5 Conclusions

Laser-induced oxide layers produced on LSFL, Grooves,
and Spikes when irradiating Ti6Al4V alloy with femtosec-
ond laser pulses have been quantified by depth profiling via
glow-discharge optical emission spectroscopy. The approach
allows for identifying thickness ranges of the oxide layers
and for determining the elemental distribution of Ti, Al, V,
and C in high detail due to the large area of measurement,
the continuous evaluation of emissions during the discharge
and sputtering, and the high sputtering rates. Complemen-
tary information on the chemical composition on specific
areas has been obtained from gracing incidence XRD to
identify the types of oxide formed. EDX characterization of
samples used for friction coefficient measurements visual-
ized the maps of the spatial distribution of the main ele-
ments present at the surface after the reciprocating sliding
tribological tests, demonstrating the presence of oxygen
along the laser-irradiated lines. Even for the weakest laser
treatment generating the LSFL, the laser-induced oxide layer
of ~40 nm thickness (50% criterion) stayed widely intact
during our tribological tests. These oxides along with the
nanoscale topographical alterations are ultimately respon-
sible for the friction coefficient reduction measured on the
laser-structured areas.
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