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Abstract
Ultra-short pulsed laser ablation of stainless steel is accompanied by the evolution of different microstructures. Depend-
ing on the fluence, accumulated energy and number of laser passes cones from impurities, laser induced periodic surface 
structures, cone-like protrusion (CLP), and thermal bumps evolve at the surface. These often unwanted morphologies can 
be induced or inhibited by carefully choosing the strategy and laser parameters. The investigated range reveals a small 
processing window for defined 515 nm sub 1 ps ablation leading to low surface roughness using circular polarization. 
Hitherto, the origin and dependencies of CLP are still not well understood and for the first time a precursor ripple struc-
ture reported. These precursor ripples reveal supra-wavelength periodicity with about 2 μm spacing and evolve earliest 
after the second layer of ablation. Potentially, low spatial frequency laser-induced periodic surface structure generated 
with the first laser pass with pulse and hatch overlap are the root cause of CLP evolution. Moreover, the CLP growth is 
grain orientation and strongly polarization state dependent. Preferentially, CLP start to evolve at the {110} planes of the 
face-centered cubic crystals of the inspected austenitic stainless steel and linear polarized laser radiation revealing a 1:1 
aspect ratio of 10 μm . A nanoindentation study at the interface near region on cross-sections reveals robust mechanical 
properties of this CLP structure.

Keywords Laser machining · Self-assembled structures · Cone-like protrusions · Laser induced periodic surface 
structures · Ultra-short laser pulses · Orthogonal processing · Nanoindentation

1 Introduction

In recent years ultra-short pulsed laser machining is 
becoming a viable technology for industrial application. 
The equipment costs have been constantly decreasing and 
several benefits are leading to a strong increase in usage. 
Having the option to precisely distribute pulses of energy 
into the material results in a vast number of applications 
in demand of high precision [1, 2]. Additionally, the high 
power density allows to ablate and modify otherwise hard-
to-machine materials like ceramics [3] and diamond [4] 
as well as synthetic or natural composite materials such 
as carbon fiber reinforced polymers [5]. Moreover, laser 

machining can bridge the gap between conventional 
manufacturing techniques like drilling, milling, electric-
discharge machining and semi-conductor technology with 
the power to span from sub micrometer precision over 
several meters of geometrical extension.

Laser micromaching of stainless steel is of high interest 
for such applications as e.g. watch dials, hands, appliques, 
housings, bracelets or mechanical parts, functionalized 
surface structures for large scale automotive applications, 
and corrosion resistant markings in the medical indus-
try [6–8]. However, different microstructures like cones, 
laser induced periodic surface structures (LIPSS), ther-
mal bumps [9], and cone-like protrusion (CLP) [10] arise 
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depending on the laser parameters and on the optical and 
physical properties of the target material. In literature slag 
inclusions from the steel production process have been 
identified as the origins of cones, which are primarily Al2O3 
and MgO [11]. In parallel LIPSS of low spatial frequency 
are generated [12], if linear polarized light is used [13]. 
Increasing the fluence leads subsequently to the growth 
of thermal LIPSS, which are perpendicular to the former 
ones, originating from heat accumulation [14]. Hitherto, 
there are different regimes of ablation where heat accu-
mulation and power density is the driving force, limiting a 
high-speed ablation process [15]. However, the CLP struc-
ture is not observed after one single layer ablated and, in 
contrast to thermal bumps, multiple layers of ablation are 
necessary [16].

Defined ablation conditions are a prerequisite for low 
roughness and efficient laser ablation [17]. In principle 
the fluence, pulse-to-pulse distance from laser repetition 
rate and scan speed leads to a certain overlap linked with 
the focal beam waist, which are the main parameters [18]. 
However, depending on the desired process either high 
material removal rate or surface quality can be reached 
for 2.5D orthogonal strategies  [19] with many layers 
ablated accumulating stochastic deviations in material 
removal [20]. This leads to limiting constraints, where high 
average power must be distributed on the workpiece by 
high scan speeds and repetition rates [21]. To date there 
is plenty of laser power with high repetition rates avail-
able, but depending on the necessary focal spot size the 
beam steering [22] or controllers [23] are constraining the 
maximal laser machining speed. Using the laser in a burst 
mode with small temporal pulse spacing can enhance 
the maximal applicable average power [24] and ablation 
rate [25–27]. However, increasing the number of pulses 
with sub-nanosecond spaced ultra-short pulses is still a 
matter of controversy, where the enhanced efficiency for 
punching could not be observed for multi-pulse 2.5D strat-
egies [28]. In terms of ablation strategy the laser energy 
can be distributed on axisymmetric workpieces by a spin-
dle axis without using galvo scanners [29]. Besides orthog-
onal machining a quasi-tangential irradiation condition 
under glancing incidence is possible. This allows the use of 
high average power at fast surface speeds leading to more 
competitive laser machining processes with decent sur-
face quality and geometric conformity [20, 30]. Especially, 
quasi-tangential laser machining has a huge potential and 
could utilize the high power nowadays available for abla-
tion, but with increased complexity in the laser path and 
hatch calculation compared to 2.5D strategies [31].

Microstructures are not necessarily an unwanted side 
effect, but can be used to alter the physical interplay at 
the surface of different materials. Well-known examples 
are the change in wettability [32, 33], optical [34] and, 

recently, tribological properties [35–37]. The use of laser 
induced structures for tribology strongly depends on the 
envisioned application and lubrication condition. The idea 
proposed in this manuscript is to utilize CLP structures for 
tribology application with high relative surface speed to 
reach the hydrodynamic lubrication regime [38–40]. CLP 
evolve at the surface in a pseudo-periodic arrangement, 
which can act as reservoir for lubricants helpful to spread 
a homogeneous film on the surface. A nanoindentation 
study on cross-sections of these CLP reveals reasonable 
mechanical properties and cross sections a 1:1 aspect ratio 
in the regime of several micrometers, potentially applica-
ble to reduce the coefficient of friction.

2  Experimental techniques

2.1  Material

All studies were carried out on austenitic stainless steel 
samples of different quality listed in Table 1. The chemical 
composition is allowed to vary in the given range, where 
every batch can be slightly different. Steel 1.4310 exhib-
its a higher carbon content than the widest used austen-
itic stainless steel 1.4301, resulting in higher mechanical 
strength desired in certain applications but also in slightly 
lower corrosion resistance. Steel 1.4404 contains more 
molybdenum and nickel making it more resistant against 
acids and saline chloride solutions, e.g. human sweat. 
For the parameter variation a specimen of Cr/Ni stainless 
steel 1.4301 with 50mm2 and 2 mm thickness served as 
substrate. An initial study on 1.4310 revealed comparable 
structures and ablation rate, therefore within this contribu-
tion not studied in more detail. The ablation characteristic 
of standard stainless steel sheets was studied on the as-
received state from the supplier without any further sam-
ple preparation.

Table 1  Different types of studied stainless steel specimen with the 
mass percentage of the adjacent species, where iron fills the gap to 
100 %

Classification 1.4310 1.4301 1.4404
AISI301 AISI304 AISI316L

Carbon 0.05–0.15 ≤ 0.07 ≤ 0.03

Chromium 16.0–19.0 17.0–19.5 16.5–18.5
Nickel 6.0–9.5 8.0–10.5 10.0–13.0
Molybdenum 0.0–0.8 0 2.0–3.0
Silicon ≤ 2 ≤ 1 ≤ 1

Manganese ≤ 2 ≤ 2 ≤ 2

Grain size 2.5 μm 8 μm 35 μm
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The small grain size of standard stainless steel materials 
makes the study of grain dependencies on laser ablation 
challenging. Therefore, an additive manufactured 1.4404 
austenitic steel cube produced by selective laser melting 
(SLM) has been used. Due to the powder bed fusion tech-
nique with the well controlled energy and temperature 
gradient larger, or similar oriented grain clusters, bigger 
than 30 μm , are formed [41]. These grains are elongated 
in build-up direction, which allows studying the evolution 
of CLP on the top and side flank of the cube. Here, the 
specimen was grinded to grit 4000 with SiC sandpaper and 
following polished with Al2O3 suspension with 50 nm par-
ticles for an electron backscatter diffraction (EBSD) meas-
urement. Typical roughness values from optical measure-
ments with a confocal Leica DCM3 microscope following 
ISO 4288-1996 with a cut-off wavelength of 80 μm and a 
measurement length of 1.5 mm. This points to a arithmeti-
cal mean deviation Ra < 20 nm for single profile assess-
ments and a mean area surface roughness Sa < 50 nm with 
n > 3 independent measurements for both.

2.2  Laser machine testbed

Figure 1a shows the table-top experimental setup con-
stituted by a free path beam delivery and a combination 
of optical and mechanical axes. An Amphos 200 laser 
with MOPA configuration and Yb:YAG Innoslab amplifi-
cation equipped with a second harmonic unit serves as 
source. The fundamental 1030 nm has a pulse duration of 
about 1 ps with a beam quality specified by the supplier 
of M2 < 1.3 , which leads after frequency doubling due to 
non-linearity to slightly compressed pulses of 0.8 ps at 
515 nm determined by auto-correlation (APE SM1600). The 
used Amphos laser enables a wide parameter variation in 
terms of average power up to 120 W with green light and 
repetition rates from single shot up to 40 MHz. However, 

in this study the repetition rate was kept at 800 kHz. The 
laser radiation is coupled into a Scanlab galvo scanner 
(Hurryscan II), where the raw beam size is controlled by 
a Galilean telescope (Sill Optics) and polarization set by 
zero-order wave plates (Altechna). An 163 mm telecen-
tric f-theta objective lens (Sill Optics) leads to a focal spot 
diameter of 20 μm measured with a beam camera (Ophir 
Spiricon P620U). Following ISO 11146, the D4� definition 
is taken being for Gauss-shaped pulses equivalent to the 
1∕e2describing a reduction in optical intensity to 13.5 %. 
The whole setup is controlled by the Aerotech A3200 
software package with axes and controllers from the 
same supplier. A suction unit with a directional airflow of 
250m3 h−1 removes and filters the ablation debris.

2.3  Laser ablation strategy

For the parameter study pockets are ablated with a 2.5D 
strategy and 15 layers, where each adjacent layer is rotated 
by 23◦ mitigating overlap of the hatch lines. The squared 
pockets have a geometry of 2mm2 area with a centered 
unablated region of 1  mm height and 100 μm width, 
shown in the overview of Fig. 1b. This allows to analyze 
the total ablated volume, taper flank angle, and precision 
on the edges of the pockets from the laser machining. 
Table 2 presents the prospected process parameters with 
lowest and highest value plus adjacent step size. The aver-
age power Pavg leads to a certain fluence F with the focal 
beam radius w0 of 10 μm , the scan speed vs is equivalent 
to the pulse-to-pulse distance dpulse at 800 kHz repetition 
rate, and the hatch line distance dhatch is presented with 
the studied domain.

This leads to a total of 210 laser ablated fields per hatch-
ing distance, where the parameters are chosen to cover 
the evolution of cones, LIPSS, thermal ripples, and partial 
to full coverage of the pocket surface with CLP structures 
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Fig. 1  Laser test bed with mechanical (XYZ) and Galvo (UV) axes 
for positioning the specimen (a). Pockets with an unablated bridge 
laser machined with defined polarization state and laser ablation 

parameters (b). Here, the structure at 1.76 J cm−2 and 1.25 μm pulse-
to-pulse distance shows precursor ripples the optical graphs at the 
bottom
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or bumps. Moreover, the dependency of the microstruc-
tural evolution on the polarization state is attained by 
using zero-order half- and quarter-wave plates to adjust 
and switch the polarization from linear to circular in the 
focal plane.

The threshold fluence Fth , defined by the power den-
sity where ablation starts for the multi-pulse regime, of 
stainless steel was determined for the used samples by 
considering the assumption for the ablation efficiency [17, 
21]. An optimal fluence Fopt = e2Fth follows from a logarith-
mic ablation law and using a Gauss intensity distribution 
with a beam waist w0 the dependency of the applied peak 
fluence F0 can be studied. The specific material removal, 
which is the volume removal divided by average power, 
can be reduced to the ablation depth per layer, if the 
geometry and pulse-to-pulse distance is kept constant, 
and follows to

This relation can be used to carry out a least square fit-
ting procedure, where the energy penetration depth � and 
threshold can be attain for a larger set of studied fluence 
values at one scan speed. This procedure leads to a compa-
rable threshold for the 1.4301 and 1.4404 material between 
0.3 and 1.6m s−1 pointing to (0.065 ± 0.010) J cm−2 in good 
agreement with literature for the multi-pulse ablation 
threshold [21]. Considering single pulse assessments, the 
saturation after incubation [42] for more than 100 pulses, 
with the given threshold from the carried out Liu plot anal-
ysis [43] reveal a comparable threshold fluence [14, 44].

2.4  Analysis methods

The pockets are analyzed per set of parameters with opti-
cal focus-shifting and scanning electron microscopy (SEM). 
By the focus shifting technique of the Keyence VH-X6000 
the microstructure is analyzed qualitatively, depicted in 
Fig. 1b. As an example of the six shown fields CLP struc-
tures can be observed starting at 2.2 W, where the spe-
cific process parameters are 1.76 J cm−2 fluence, 1.25 μm 

(1)zabl∕Pavg =
�

2F0
ln2

F0

Fth

.

distance between the pulses and 5 μm hatch distance. 
The magnified optical graphs with enhanced contrast 
show already precursor ripple structures in the vicinity of 
the CLP. To study the microstructural evolution, the Key-
ence microscope is implemented on the laser machining 
testbed and automatically triggered. This allows to take a 
micrograph after each ablated layer with high resolution. 
Smaller structures are assessed by SEM using a Hitachi 
SU-70. The EBSD study was carried out on a FEI Quanta 
device under 70◦ incidence angle of the electron beam. 
Confocal microscopy using a Keyence VK-X1000 device 
with a blue laser allows to measure the ablation depth in 
a sequenced automated manner for all generated pockets. 
The ablation depth was taken at three line profiles over the 
unablated centered region in the pocket, compare Fig. 1b 
top left.

To assess the laser-modified region, cross-sections are 
created by cutting, SiC grinding with up to grit 4000 and 
polishing using Al2O3 particles following the procedure 
for the preparation of the EBSD SLM specimen. Beside an 
optical inspection of the interface region, nanoindentation 
allows to determine the mechanical properties. A Nano-
mechanics iNano with the continuous dynamic oscillation 
(CSM) method enables the determination of sub-surface 
bulk mechanical properties [45]. This technique oscillates 
the indenter with a sinusoidal driving force, here 110Hz 
and measures force plus displacement with high resolu-
tion. The force and indentation depth was calibrated to 
measure bulk properties and not just the surface near 
oxide layer  [46]. This allowed an indentation distance 
of 2 μm , which is a space of more than three times the 
indentation depth, to avoid the spillover from neighbor-
ing indents. The CSM measurement facilitates to calculate 
the material hardness and elastic modulus for each indent 
with known Poisson ratio from the adjacent material, 
revealing the spatial distribution of mechanical properties.

3  Results and discussion

3.1  Microstructural evolution

Upon the ablation of steel distinct structures are observed 
and Fig. 2 gives an overview of three characteristic types. 
Cones, shown in Fig. 2a, appear after ablating several lay-
ers near the threshold fluence and are originating from 
MgO and Al2O3 inclusions from the steel production. Due 
to the higher threshold fluence of ceramics compared to 
metals, the oxides are ablated less forming cone struc-
ture [11]. In parallel LIPSS with low and high spatial fre-
quency (LSFL, HSFL) appear in case of linear polarized 
laser light. Increasing the energy density leads to the 

Table 2  Laser settings and ablation parameters for the study on 
material removal and evolving microstructures at 800  kHz rep-
etition rate and 20 μm focal spot size with the explored values 
between start and end with step size

Range Pavg F vs dpulse dhatch

(W) (J cm−2) (mm s−1) (μm) (μm)

start 0.2 0.16 100 0.125 1
end 2.8 2.23 1600 1.875 5
step 0.2 0.16 100 0.125 1
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formation of thermal ripples, which can be superimposed 
to the LIPSS depicted in Fig. 2b. These structural entities 
are formed in a single pass laser process up to the opti-
mal fluence F ≈ e2Fth = 0.48 J cm−2 with slow scanning 
speed and small hatching distance and are well studied 
in literature [13]. However, at higher fluence starting at 
1 J cm−2 cone-like protrusions emerge after several layers 
of ablation, growing with each layer covering a larger por-
tion of the surface observable in the micrograph Fig. 2c 
with enhanced optical contrast. The optical graph shows 
the CLP structure in black and gray ripples on distinct 
grains of the SLM additively manufactured 1.4404 stain-
less steel sample. Here, the specimen was etched for 2min 
with V2A to reveal the grains and make the preferential 
growth on certain orientations optically observable. The 
micrograph presents the surface after ablating 10 layers 
at 2 J cm−2 with a scan speed of 500mm s−1 ( 0.625 μm spot 
distance) and 4 μm hatch distance. Interestingly, this gray 
ripple structure seems to serve as precursor to the CLP 
growth and it is anticipated that the reflectivity and, there-
fore, energy coupling to the material is altered similar to 
nanostructures like LIPSS, holes, and bumps [47]. This leads 
to higher absorbance, which eases surface-near melting, 
counter-intuitively by using ultra-short pulses of less than 
1 ps, recently reported to happen at a time scale of sub-
nanosecond [48]. With each subsequent pass of the laser 
both structures grow laterally and after a certain amount 
of layers, at a set of laser ablation parameters, the surface 
is fully covered with CLP.

Inspecting the parameter study from table 2 on stand-
ard 1.4301 stainless steel reveals the dependence of the 
microstructural evolution on fluence and pulse-to-pulse 
distance after ablating 15 layers with the introduced 2.5D 
strategy at 4 μm hatch distance in Fig. 3. In detail, the mate-
rial removal in terms of one layer is presented and the dis-
cussed structures after laser machining pointing to clear 
growth regimes. The contour plot points to a saturation in 
terms of material removal rate at increasing fluence with 
adjacent layer depth zlayer , where the slope of the iso-abla-
tion depth lines decreases at about 10 ⋅ Fth ≈ 0.65 J cm−2 

in good agreement with proposed models in literature 
concerning efficient laser ablation  [17, 21]. At low feed 
rates and small distance between two pulses starting 
from moderate fluence of 0.3 J cm−2 , bumps due to heat-
ing and melting are formed, where the characteristic semi-
spherical morphology with several 10 μm of size covers 
the surface [49]. Clearly, different microstructures evolve 
in certain regimes of fluence and pulse-to-pulse distance, 
where Fig. 3 shows the mapping for 4 μm of hatch distance. 
If the hatching distance is varied, the whole dependency is 
shifted with comparable tendency and higher total energy 
input. If now a certain microstructure is desired, a set of 
parameters can be chosen from this plot or, vice-versa, 
a certain structure prevented. The LSFL structure can be 
minimized by the use of circular polarized light, which 

Fig. 2  Inclusions with higher threshold fluence leading to cones (a) 
and in parallel thermal LIPSS are observed (b) at linear polarization 
and 0.16 J cm−2 fluence. Using circular polarization at a fluence of 
2 J cm−2 reveals black CLP structure evolving on gray ripple precur-
sor structures (c) after ablating 10 layers

Fig. 3  Layer thickness zlayer and microstructures observed in 
dependence of fluence and pulse distance at 800 kHz repetition 
rate after removing 15 layers with linear polarization. A distinct 
transition from bumps, cones, LIPSS, thermal ripples, and CLP 
with partial and full area coverage on laser process parameters is 
revealed
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additionally has a strong impact on the precursor ripple 
formation and following CLP coverage of the surface [50]. 
However, the larger gray precursor ripple structure evolves 
in both polarization states with periodicity larger the inci-
dent wavelength with about 2 μm spacing and convection 
at the surface molten layer might play a crucial role [51]. 

3.2  Impact of grain orientation and polarization

To further assess the growth dependencies of CLP struc-
tures EBSD mapping was carried out on a SLM manufac-
tured polished sample prior laser ablation, see Fig. 4a. 

The inverse pole figure point to the directions of the 
plain [001], surface diagonal [101] and volume diago-
nal [111] and the axes of the (001) plane from the face-
centered cubic (fcc) crystal structure allow to interpret 
the received orientation map. Generally, if considering 
the fcc structure a high symmetry is given and the crys-
tal planes {001} and orientations ⟨101⟩ are equivalent. 
Subsequently, stop-motion optical imaging with the 
implemented Keyence VH-X6000 microscope mounted 
on the experimental setup was utilized to observe 
the growth characteristics of the CLP. From Fig. 3 the 
laser parameters are selected to 1m s−1 feed rate and 
2 W average power being equivalent to 1.25 μm pulse-
to-pulse distance at 800 kHz repetition rate and a flu-
ence of 1.59 J cm−2 . This allows to follow the spatial and 

temporal evolution of the microstructures after each 
ablated layer. Figure 4b shows the surface after remov-
ing 13 layers by 2.5D laser machining, where a difference 
in reflectivity of the adjacent grains is revealed. Clearly, 
at the ⟨101⟩ orientation directions in the optical micro-
graph of Fig. 4b the reflectivity differs due to surface 
morphology. These are the proposed precursor ripple 
structures with a supra-wavelength periodicity shown 
in Fig. 2c for the SLM specimen and Fig. 1b bottom for 
smaller grains from a standard stainless steel specimen. 
Following, with each removed layer CLP start to grow 
randomly on exactly these regions and both structural 
entities cover larger parts of the surface. In total 80 layers 
have been removed and the final surface is presented in 
Fig. 4d with a magnification of the blue dashed rectan-
gle in (c). On the graphs a unequivocal preferred growth 
on the {110} planes is observed with a prior reflectiv-
ity change. Exemplary, following the magenta ellipse 
from the EBSD a L-shaped {100} grain is embedded in 
the otherwise green appearing {110} planes. The reflec-
tivity of this section keeps darker after 13 layers, and 
CLP start to evolve on the more shiny regions with layer 
14 and subsequently expand laterally on exactly those 
domains. However, there are some CLP observed on 
different orientations after 80 layers in Fig. 4d, which is 
dedicated to underlying else-oriented grains appearing 
after the removal of 80 layers corresponding to 150 μm 
in depth. Generally, the grain clusters are elongated in 
growth direction induced by the powderbed based SLM 
process and a cut perpendicular to the build-up direc-
tion has been used, confirmed by the determined grain 
shape from the EBSD measurement. However, the evo-
lution observed layer-by-layer corroborates the strong 
correlation with grain orientation and the emergence 
of CLP. Assuming the precursor supra-wavelength ripple 
structure to be generated by LIPSS and forming thermal 
ripples due to the fluence well above the threshold, the 
grain orientation dependency of LSFL could be the ori-
gin of the observed grain orientation dependency [52]. 
However, the preferred growth of CLP at the {110} planes 
presumably could be connected to the packing of the 
crystal, which changes the coupling with the incident 
electromagnetic wave. Additionally, a slight change in 
the thermal conductivity in different orientation of the 
grains could lead to an accumulation of heat and follow-
ing thermal ripple formation. Hence, if this is true the 
growth and appearance should depend on the grain size, 
which was not observed within this study by compar-
ing the conventional 1.4301 and additive 1.4404 man-
ufactured stainless steel specimen. Nevertheless, this 
uniquely experimentally attained dependence should 
provoke a more theoretical assessment in conjunction 
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Fig. 4  a EBSD measurement from the pristine polished 1.4404 sur-
face with alignment marks reveal a fcc phase with orientation of 
the (001) plane and inverse pole figure given. After removing 13 
layers with circular polarization at 1.59 J cm−2 fluence and 1.25 μm 
pulse-to-pulse distance the grain dependent reflectivity change is 
apparent (b). With each subsequent layer the CLP evolve preferred 
on grains oriented in the [101] direction, shown after 80 layers in (c) 
and the overview in (d)
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with simulation to unravel the underlying physical mech-
anism in detail.

In addition to the strong correlation with grain orienta-
tion a clear dependence on the laser polarization state is 
revealed in Fig. 5. A faster set of laser machining param-
eters with 3.125 μm pulse distance at 3 J cm−2 is studied. 
After ablating 160 layer, and keeping the parameters 
except the polarization state unchanged, the coverage of 
CLP differs, where circular polarization generates a partial 
coverage of the surface on several random regions and in 
contrast linear polarization leads to almost full coverage 
of the surface shown in Fig. 5a, b accordingly. This strong 
connection on polarization direction is supposedly cor-
related with the LSFL formation, which enhances the 
energy coupling and following thermal ripple creation. A 
preferred generation of LIPSS starting at defects and dis-
continuities affecting the surface plasmon polariton, e.g. 
grain boundaries, could explain the faster growth rate of 
precursor and consequently CLP. Moreover, even at circu-
lar polarization a grain boundary enables LSFL generation 
matching the defect and polarization direction at certain 
orientations. This is more unlikely and, therefore, the evo-
lution of LIPSS, ripples and subsequent CLP growth rate 
is reduced compared to linear polarization. However, this 
still has to be proven by stop-motion imaging in a SEM to 
resolve the evolution of the smaller structural units not 
accessible by optical microscopy. Additionally, a study on 
the growth rate dependency and evolution of CLP by vary-
ing the linear polarization direction on single crystalline 
specimen could give more insights.

3.3  Structure and mechanical properties of CLP

A cross-sectional view on the CLP covered surface in the 
optical micrographs of Fig. 6 show the evolved protrusions 
having a semi-periodic pitch of about 10 μm and height 
of 10 μm . The structure peaks and valleys are higher and 
deeper than the samples surface, presumably formed by 
surface-near melting and fast resolidification forming dif-
ferent sized CLP depending on the exact dynamics. Small 

perturbations lead to a variation in height and size of the 
CLP, compare Fig. 6. A dependence on scanning speed, flu-
ence, and total accumulated energy observed in this study 
and from literature [10] corroborates this interpretation. 
The grain size and orientation assessment with EBSD of 
the introduced CLP structure on 1.4301 steel is still under 
investigations inhibited by edge charging of the specimen. 
However, the pseudo-periodic structures appear homoge-
neously over the whole surface following the dependency 
on the parameters presented in Fig. 3. This could be taken 
as an approach for generating microstructures for e.g. 
changing the wettability and/or enhancing tribological 
properties for application as discussed in the introduction.

To exploit such microstructures the mechanical stabil-
ity plays a major role in endurance for the functionality of 
the surface. Therefore, a nanoindentation study was car-
ried out with an indentation depth of about 100 nm and 
a distance of 2 μm over a 10000�m2 area. Using the CSM 
method the sample is measured, where the attained stiff-
ness can be used to calculate hardness and E-modulus if 
the Poisson ratio of the bulk material is known. Near the 
surface the measured stiffness is slightly reduced, which 
points to a small change in the mechanical properties of 
CLP structures, see Fig. 7. However, an impact of the small 
free standing CLP at the surface, shown in Fig. 6, could 
interfere with the indentation measurement of the cross-
section by a displacement of the whole CLP in indentation 
direction.

Moreover, a combination of the mechanical properties 
of the embedding material and the CLP structures could 
be responsible for the measured decrease at the interface. 
The calculation for the bulk regime of Fig. 7 with a Poisson 
ratio � = 0.275 points to a Young’s modulus of 160GPa in 
good agreement with literature [53] and at the interface to 

Fig. 5  CLP growth and spatial coverage using circular (a) and linear 
(b) polarization removing 160 layer at a surface speed of 2.5m s−1 
and 3 J cm−2

Fig. 6  Cross-section of the CLP structure on 1.4301 stainless steel 
revealing the size and shape after removing 15 layers with 0.5ms−1 
scan speed at 2 J cm−2 energy density and linear polarization
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the embedding material to 120GPa , which corresponds to 
the green region. Hence, the overall mechanical properties 
at the surface-near region are good and enable a potential 
use for tribology. Dimples and microstructures are known to 
reduce the coefficient of friction for wet lubricant applica-
tions with higher surface speeds [39] and LSFL on different 
substrates have been assessed [37]. It is anticipated, that 
the CLP could be used in the hydrodynamic regime, where 
the protrusions act as reservoirs to attain a well spread film. 
A preliminary experimental study concerning pin on disc 
measurements with poly-alpha-olefine lubricant gather-
ing the Stribeck curves up to several ms−1 surface speed 
revealed a reduction in coefficient of friction from � =0.3 
of the pristine surface to � =0.13 pointing in the right direc-
tion. Nevertheless, a pin diameter with 4 mm and a normal 
force of 1N was used, which induced fast wear of the micro-
structures. Generally, tribological experiments demand high 
standards in terms of sample preparation and surface clean-
ing prior testing. Surfactants can alter the physical interplay 
at the solid - liquid boundary changing the coefficient of 
friction and following wear behavior of the specimen. An 
envisaged study with increased pin diameter and less force 
will allow to study the tribological properties in more detail 
with reduced wear of the CLP structure.

4  Conclusions

Ultra-short pulsed laser ablation on stainless steel reveals 
self-organized microstructures, which depend on the laser 
and process parameter. The CLP start to grow succeeding 
at least one ablated layer on ripple precursor structures. 
With each layer the CLP and ripple structure cover more 

surface area ending in full coverage of the surface. These 
two structures preferentially assemble at the {110} planes 
of the face-centered cubic austenitic steel grains under 
investigation. Moreover, a strong dependence on the laser 
polarization direction is reported. This is attained to the 
LSFL evolution, which is depending on grain orientation 
and boundary defects. A regime for defined ablation with-
out cones and CLP has been identified, where LIPSS can be 
mitigated by circular polarization. The CLP geometry can 
be changed by laser parameters, where the resolidification 
of the surface molten layer plays the crucial role.

A nanoindentation study pointed to robust mechanical 
properties at the interface compared to the bulk proper-
ties with an E-modulus of 160GPa , the outermost bound-
ary layer constituted by CLPs revealed a slight change to 
about 120GPa . Potentially, these structures are a viable 
candidate for tribological application to reduce friction 
and wear via laser surface structuring. A preliminary study 
pointed to a reduced coefficient of friction in the hydrody-
namic regime of lubricated pin-on-disc assessments.
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