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Abstract. Ultra-short pulsed laser ablation may be used for high-precision machining with very
low thermal influence on the processed materials. Due to this reason, lasers are increasingly used for
processing of advanced materials, such as titanium alloys, nickel-based alloys or steel, every year. In
this study, four advanced technical materials were analysed and compared under femtosecond laser
irradiation with three different wavelengths. The main laser-material interaction parameters were
identified, namely the ablation threshold and removal efficiency parameters. Higher removal rates were
found for Ti6Al4V alloy with all three harmonic wavelengths. To increase process productivity, a method
of increasing the repetition rate and scanning speed was presented. With the maximum repetition
rate, the productivity increased five-fold with a similar removed depth and surface quality. Finally,
the suitability of the identified parameters with regard to quality and productivity was demonstrated
for fabrication of two complex structures – honeycomb and dot – which has the potential to improve
friction properties of advanced materials.
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1. Introduction
Ultra-fast lasers operating with femtosecond or pi-
cosecond pulses have seen a significant development
in the last few years [1]. They have become irreplace-
able in many industrial sectors, such as electronics [2],
material processing [3] or surface structuring and func-
tionalization [3, 4]. The benefits of ultra-fast laser
processing include very precise material processing
without heat affection and high process control [5].
However, the knowledge of ablation behaviour and
laser-matter interaction is crucial before commenc-
ing material processing. Basic ablation characteris-
tics include an ablation threshold and removal effi-
ciency [6, 7]. The ablation threshold indicates the
minimum fluence needed to start the material abla-
tion [5, 8, 9]. Removal efficiency can be defined as the
amount of material removed per time and per energy
input [5]. It has been determined that the maximum
removal efficiency can be found for e2 multiple of the
threshold fluence [6]. However, a low process produc-
tivity, coupled with the high cost of devices, remains
a significant limit. There are several approaches to in-
creasing productivity, including both newly developed
methods, such as burst mode [10, 11] or multi-beam
technique, [12] and more conventional methods, such
as optimization of wavelength [2], in-creased repetition
rate [2, 13, 14] or changes in the pulse duration [15].
There are fewer studies of conventional methods, even
though optimisation of the repetition rate, energy

and wavelength can increase the productivity of the
ablation process several-fold on an existing laser equip-
ment. In addition, published studies related to laser
matter-interaction basics (e.g. [9, 15, 16]) deal with
removal rates in nm/pulse or µm/pulse, which can be
difficult to use in practical applications. Moreover,
a complex comparison of the ablation characteristics
for the same laser set-up among advanced materials,
such as steel, titanium alloy and nickel-based alloy
is absent from the open literature. These selected
materials are used in a wide range of applications
ranging from automotive, medicine, oil, and chemical
industries to aerospace industry [17–19]. A thorough
description of an optimisation of wavelength, laser
power and repetition rate for maximizing productivity
in the available laser system is likewise lacking, despite
the fact that this knowledge is necessary for a wider
industrial use of ultra-fast lasers.

This paper presents a complex comparison of abla-
tion behaviour with respect to the surface quality of
advanced highly-used industrial materials (Ti6Al4V,
Inconel 718, tool steel and stainless steel) under fem-
tosecond laser irradiation by using three different wave-
lengths. The ideal ablation parameters were studied
in depth through an increasing repetition rate ex-
periment resulting in an increased process productiv-
ity. Finally, the experimentally obtained results were
demonstrated in a complex structure production for
a possible tribology application.
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2. Materials and methods
2.1. Laser set-up
A femtosecond laser source (Ligtcon Carbide CB3-
40W) was used for the experiments. This source was
integrated into a Master 1 laser micro-machining sta-
tion with optical paths for three harmonic wavelengths
λ = 1030 nm, 515 nm, 343 nm. The laser beam was
delivered through galvo-scanners (InteliScan14) and
focused with a F-theta lens on the working plane.
The main characteristics of the laser set-up and laser
source are listed in Table 1.

Laser source Lightcon Carbide CB3-40W
Wavelength 1030 (IH), 515 (IIH), 343 (IIIH)
λ [nm]

Power 40 (IH), 20 (IIH), 11 (IIIH)
Pavg [W]

Repetition rate 200–1000
f [kHz]

Pulse duration 260 fs –10 ps
τp

Beam quality <1.2 (IH)TEM00; M2

Table 1. Laser source type used with main parameters.

2.2. Materials
Four technical materials, namely two types of steel,
Inconel 718 nickel-based alloy and Ti6Al4V titanium
grade 5 alloy, were chosen for this study. A total of
one round shape sample with a diameter of 80 mm and
thickness of 15 mm from each material was prepared
for the experiments. The surface of the samples was
finished by grinding and the initial surface roughness
was measured using an InfiniteFocus G5 optical mi-
croscope. The results of the initial surface roughness
measurements are listed in Table 2. The detailed
chemical composition of these materials is listed in
Table 3 and their physical properties are listed in
Table 4.

Material Ra [µm] Rz [µm]

Tool steel 0.36 3.04
Inconel 718 0.26 2.25
Ti6Al4V 0.40 2.87
Stainless steel 0.40 3.03

Table 2. Initial surface roughness of the samples
measured by an optical method according to ISO 25178
standard explained by the parameter Sa (arithmetical
mean height of the area) and Sz (maximum height of
the area).

3. Methods
In this paper, the full process chain of laser surface
structuring is described for four advanced materials
(tool steel, stainless steel, Ti6Al4V and Inconel 718).
Firstly, the ablation threshold of all four materials
under femtosecond laser irradiation with three dif-
ferent wavelengths was studied. Then, the ablation
behaviour by removal rates and volume ablation rate
with surface roughness was demonstrated for three
harmonics. In the interest of increasing surface struc-
turing productivity, the use of a higher repetition rate
and scan speed was demonstrated and evaluated. Fi-
nally, the suitability of the obtained parameters was
demonstrated on surface structuring of two designed
structures (dot and honeycomb). The aim of this
study is to directly compare the ablation behaviour of
four advanced technical materials under laser irradia-
tion from three different wavelengths and femtosecond
pulses. Moreover, the obtained parameters were used
to increase structuring productivity and complex sur-
face structure preparation.

3.1. Pre-experiment of hatching angle
evaluation

Firstly, the effect of the hatching angle on surface
roughness was studied to eliminate the effect of the
scanning parameters on material behaviour after the
laser ablation process. Hatching angle (φ°) can be
defined as an angle of rotation between each laser
scanning passes, see Figure 1. For this experiment,
9 different hatching angles were set according to pre-
vious knowledge and results from [25]. The main idea
for choosing hatching angles was an appropriate com-
bination of even and odd numbers, prime numbers,
and including angles from 15 to 90 degrees. Other
laser and scanning parameters were kept constant,
based on previous knowledge and consequence to up-
coming experiments and can be found in Table 5. This
experiment was done on the tool steel material, where
squares of 5×5 mm were fabricated by 120 laser passes.
After each pass, the hatching angle was rotated by φ.

Figure 1. The effect of the hatching angle on surface
roughness expressed by Sa [µm].

One of the constant scanning parameters was pulse
overlap (Sx), defined as the percentage overlapping of
pulses in the beam moving direction. Overlap Sx can
be expressed by Equation (1) as the function of the
scanning speed v [mm/s], repetition rate f [Hz] and
beam diameter 2ω [mm].
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Material Designation Chemical composition (Wt [%])

Tool steel 1.2379 C Cr Mo V Mn Si
1.4-1.6 11-12.5 0.6-0.9 1.2 0.2-0.4 0.2-0.5

Inconel 718 2.4668 Ni+Co Cr Mo Ti Al Nb+Ta
50-55 17-21 2.8-3.3 0.65-1.15 0.2-0.8 4.75-5.5

Ti6Al4V 3.7164 Al V Fe C
(grade 5) 5.5-6.7 3.5-4.5 0-0.4 <0.08

Stainless steel 1.4404 Cr Ni Mo C
(AISI 316L) 16.5-18 10 2-2.5 <0.03

Table 3. Chemical composition of the samples in Wt [%] and their designation according to DIN norm. Chemical
composition data were received from the material supplier.

Material Melting point Density Thermal conductivity Thermal expansion Ref.
[°C] [g/cm3] [W/m K−1] coefficient [x10−6 K]

Tool steel 1560 7.6 18.5–20 9.8–12.9 [20]
Inconel 718 1321–1393 8.1 9.3–11.5 8–12 [21, 22]
Ti6Al4V 1660 4.5 6.7–7.3 8.7–9.1 [23]
Stainless steel 1375–1400 7.99 13–17 15–18 [24]

Table 4. The physical properties of tested materials.

Wavelength (λ) 1030 nm
Pulse overlap (Sx) 90 %
Fluence (F ) 3.5 J/cm2

Repetition rate (f) 200 kHz
Square size 5 × 5 mm
Number of passes 120

Hatching angle (φ) 15°, 17°, 30°, 45°, 53°,
60°, 75°, 83°, 90°

Table 5. Process and scanning parameters used to
determine the hatching angle effect on surface rough-
ness.

Sx = 1 − v

2ω0f
(1)

The hatching overlap (Hy) [%] is the percentage
overlapping of the hatching lines with a defined hatch
distance (HD) and known beam diameter, according
to Equation (2). In this study, the same Sx and Hy

values were set for all the experiments.

Hy = D − HD

D
· 100 (2)

The surface roughness of the ablated craters was
evaluated by the same optical method as the reference
state. Parameter Sa [µm] is the arithmetical mean
height of the area, an extension parameter of Ra [µm].
Sa values were obtained from measurements of the
whole area (5×5 mm) using the Gaussian robust filter
according to ISO 25178 [26].

3.2. Ablation thresholds
Different numbers of pulses for ablation threshold de-
termination, varying from 1 to 1000, can be found in
the literature [5, 6, 9]. For this experiment, 10 pulses
in one place were selected due to the continuity with
laser machining with an overlap of 90 %. The ablation
threshold evaluation method used in this study, pre-
sented, for example, by [6], is based on measuring the
crater (spot) diameter. As energy increases, the crater
diameter increases, especially for metals. Then, the
threshold fluence (Fth = J/cm2) and exact spot diam-
eter (2ω0) can be evaluated using the approximation
computation by Equation (3) [6]:

ln 2Ep = D2

2ω2
0

+ ln Fth + ln πω2
0 , (3)

where D2 is the crater diameter for pulse energy Ep.
In our case, each selected Ep was repeated ten times
in a row and then the crater diameters were measured
and averaged to increase the measurement accuracy.
For a direct comparison of the ablation behaviour of
the selected materials, all three available wavelengths
were used.

3.3. Removal efficiency
The removal efficiency experiment was designed us-
ing the known ablation threshold values and optimal
hatching angle. The main idea of these experiments
was to determine the ablation behaviour of the chosen
materials, especially the removed volume of material
per time. Two different expressions were used for the
determination of the ablation efficiency: removal rates
∆V/Pavg [mm3/min/W] and volume ablation rates
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∆V [mm3/min] with respect to the surface quality,
expressed by the parameter Sa [µm] the arithmetical
mean height of the area. Removal rates can be also
expressed as a function of fluence threshold (Fth) and
optical penetration depth δ. Finally, the best values
of fluence efficiency were used for the experiment with
increasing scanning speed and constant overlap.

∆V

Pavg
= 1

4 · δ

Fth
· ln2(2 · F

Fth
) (4)

For the removal rate estimations, the squares of
5 × 5 mm were ablated with 120 laser passes and
hatch rotation by a defined angle after each pass. The
proper hatching angle was set according to the pre-
experimental results. The experiment was performed
with a repetition rate of 200 kHz and pulse duration
around τ ≈ 267 femtoseconds. All of the parameters
used in the experiment are presented in Table 6.

λ [nm] 2ω [µm] Sx, Hy [%] f [kHz] τ [fs]

1030 (IH) 33 90 200 267
515 (IIH) 31 90 200 267
343 (IIIH) 22 90 200 267

Table 6. Laser and scanning parameters for the
removal efficiency experiment.

After laser processing, the samples were cleaned for
15 minutes with ethanol in an ultrasonic bath. The
depth and surface roughness of the ablated craters
were evaluated with an InfiniteFocus G5 optical micro-
scope (Bruker Alicona, Austria). For detailed obser-
vations, a laser confocal microscope VKX-1000 from
Keyence was employed.

3.4. Increasing scanning speed and
repetition rates

The experimental design that was used for the removal
rates was also used for the increasing productivity ex-
periment by increasing the repetition rate with a con-
stant overlap. This experiment was performed for all
the materials and for one laser wavelength (1030 nm).
The constant parameter of laser fluences found to be
the most effective in terms of removal rates was used.
Then, the repetition rate was increased from 100 kHz
to 1 MHz, with a constant overlap of 90 %, which also
resulted in an increase of the scanning speed from
660 to 6600 mm/s. The main idea of this experiment
was to determine the highest achievable laser ablation
productivity with our laser source.

3.5. Surface structuring
Two structures, namely dot and honeycomb, were
designed (Figure 2) to demonstrate the suitability of
the identified parameters. The dimensions of each
structure are listed in Table 7. For the dot structure,
the basic dimensions are the depth (H) and diameter
determined by the spot diameter (D) and pitch (R).

Figure 2. Schema of designed surface structures with
basic dimension: a) dot structure – view from top;
b) dot structure –cros-section profile; c) honeycomb
structure – view from top; d) honeycomb structure –
cros-section profile.

Structure type H [µm] D [µm] R, Rx, Ry [µm]

Dot 10 35 100
Honeycomb 10 150 35

Table 7. Structure dimensions, depth (H), diameter
(D), dot pitch (Rx, Ry) and line width of honeycomb
structure (R). All values are given in micrometre.

This is the same for the honeycomb structure, where
parameter D is defined as the circumscribed circle of
one of the hexagons. Pitch (R) for the honeycomb is
given by the spot diameter.

4. Results and discussions
4.1. Effect of hatching angle on surface

roughness
Before the main experiments, the effect of the hatching
angle on surface roughness was estimated. Stainless
steel was only one material used for this experiment.
The results of the surface roughness measurements
for different hatching angles φ obtained from the pre-
experiment can be found in Figure 3. The hatch-
ing angle φ = 17° had the lowest impact on surface
roughness and was, therefore, chosen for the subse-
quent experiments. The highest surface roughness of
Sa = 1.06 µm was measured for a hatching angle of
45°; it is 1.5 times higher than for an angle of 17°.

4.2. Ablation threshold
The ablation threshold measurement was done for
10 pulses in one place due to the correlation with the
following experiments, where an overlap of 90 % was
used. Found values are displayed in Figure 4.

The lowest ablation thresholds were generally found
for the third harmonics used. This result supports the
fact that with decreasing wavelength, photon energy
increases [27]. The threshold fluences were found to be
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Figure 3. The effect of the hatching angle on surface
roughness expressed by Sa [µm].

Figure 4. The values of ablation threshold for tested
materials and wavelengths.

similar for all the materials except for Ti6Al4V with
the first harmonic, where the highest threshold value
of all the materials was measured. Obtained values
were compared with the values found in the literature;
see Table 8. Mostly the Fth for N=1 or N=100 pulses
can be found. Similarities between measured and liter-
ature values can be seen for Fth (100). The threshold
for one pulse ablation is usually much higher than for
higher pulse counts. The literature review also con-
firmed that, for the first harmonic used, titanium alloy
should have the highest Fth of the studied materials.

4.3. Removal efficiency
Using the ablation threshold values, the removal rate
dependences were plotted (Figure 5). A logarithmic
x-axis with F/Fth ratio was used for a better data
reproduction. All plot dependences had similar be-
haviour, reported by [6], reaching a maximum for e2 ×
Fth, then decreasing and staying constant for a higher
F/Fth ratio.

The highest removal rates were found for Ti6Al4V
titanium alloy for all three harmonics, especially for IH
(Figure 5a) where the removal rates reached δV/Pavg

= 0.3 mm3/min/W. A possible explanation of this
fact may be related to the material’s thermal proper-
ties. Ti6Al4V titanium alloy had the lowest thermal

(a). IH (1030 nm)

(b). IIH (515 nm)

(c). IIIH (343 nm)

Figure 5. The removal rates for tested materials and
three harmonic wavelengths.

conductivity (6.7–7.3 W/m K−1) of the tested materi-
als. The thermal conductivity coefficient describes the
ability of a material to transfer or conduct heat [32].
While, the lowest removal rates were found for tool
steel, especially for the optimal F/Fth ratio. The
thermal conductivity of tool steel is the highest of
all the tested materials. The relationship between
thermal conductivity and the removal rates is obvious.
Even though femtosecond laser irradiation is a cold
ablation process, some heat is produced, especially
for fluences higher than the ablation threshold. The
produced heat is transferred to the lattice. Therefore,
for the high thermal conductivity coefficient, a large
amount of heat is transferred to the lattice, meaning
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Material Laser wavelength Fth (1) Fth (100) Ref.
pulse duration [J/cm2] [J/cm2]

Ti6Al4V 800 nm, 30 fs 0.29 - [9]
Ti6Al4V 790 nm, 130 fs 0.272 0.142 [28]
pure Ti 775 nm, 150 fs 0.28 0.08/1.41 [8]
AISI 316L 800 nm, 260 fs 0.21 - [9]
AISI 304 800 nm, 260 fs 0.24 - [15]
AISI 316 775 nm, 150 fs 0.21 0.13 [8]
AISI 304 1064 nm, 10 ps 0.5 0.1 [29]
AISI 316 1030 nm 170 fs 0.15 0.135 (50 p) [14]
AISI 316 1030 nm, 515 nm, 10 ps 0.26 (1030), 0.15 (515 nm) - [5]
AISI 304L 800 nm, 100 fs-4,5 ps 0.02-0.05 - [30]
AISI 304 775 nm, 150 fs 0.16 - [19]
HR4 nickel alloy, alloy 115 800 nm, 100 s 0.377 0.152 [31]

Table 8. Literature review of the fluence threshold values Fth(1) and Fth(100).

(a). (b).

(c). (d).

Figure 6. Volume ablation rate and surface roughness (Sa) dependency on the laser fluence.

a low amount of heat to melt and ablate the material.
As a result, materials with high thermal conductivity
are more difficult to ablate by laser.

However, very minor differences in removal rates
were found for IIIH (Figure 5c). As reported by [18],
material absorptivity, especially for metals, increases
with shorter wavelengths. In addition, at shorter wave-
lengths, the laser energy is absorbed in a smaller vol-
ume of material, which localises the heated interaction
region. Thus, the possibility of thermal conduction is
reduced.

A limit of the removal rate parameter is its focus
on process effectivity. In spite of this fact, the volume
ablation rate parameter could be useful for describing
processes that need higher material ablation without
regard to energy consumption. However, negative

effects can occur, e.g. heat affection and increased
surface roughness. Therefore, a compromise between
the ablation rate and surface roughness needs to be
found. An ideal example can be seen in Figure 6a for
tool steel. For the achieved ∆V = 1 mm3/min, an
ideal solution is to use IIIH, which demonstrated the
lowest surface roughness (Sa = 1.1 µm), much lower
than for IH (Sa = 4.5 µm) and IIH (Sa = 3.1 µm) for
the same volume ablation rate. Similar behaviour was
also observed for tool steel (Figure 6a) using IIIH,
where Sa remains constant even for higher fluences.
For stainless steel (Figure 6d), the Sa values achieved
for IIH were lower than for IIIH and much lower than
for IH. A very specific behaviour in comparison with
the other materials was found for Ti6Al4V (Figure 6c).
The lowest Sa was measured for IIH, much lower
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Figure 7. a) 2D image of cone-like features formed on lasered Ti6Al4V surface, b) 3D image of cone-like features.

than for IH and also for IIIH. Moreover, for IIIH, the
maximum volume ablation rate was the lowest of all
the tested materials. However, for IH, the maximum
(∆V = 2.06 mm3/min) was achieved in comparison
with the other materials, with a very high Sa of 8 µm
due to significant thermal effects. High surface melting
was observed for all the materials for higher fluences.
The highest Sa was measured for Inconel 718, reaching
Sa ≈ 12 µm.

For Ti6Al4V (Figure 6c), an increase in surface
roughness was observed for low fluences, especially
for IH and IIH. Optical inspection of ablated areas
was done by optical and confocal microscopes. Ex-
amples of different ablated materials with same used
wavelength and fluence can be seen in Appendix A Fig-
ure 11 detailed inspection of the Ti6Al4V surface, for
F=0.5 J/cm2 and IIH used, revealed some debris, see
Figure 7. These elements covered the whole lasered
surface at a height of about 25 µm. As published
by [33], cone-like features form due to material rede-
position and the thermal effects of fluences ranging
from F = 0.49–0.86 J/cm2. For higher fluences, some
micro-cracks start to form. The same results were
found in our study. Formation of cone-like features
can be limited by using IIIH, probably due to the
higher energy of incoming photons along with a higher
material absorption.

4.4. Increasing scanning speed and
repetition rates

In this paper, the method of increasing the repetition
rate for increasing process productivity was chosen.
The laser system used allows us to use a 1 MHz rep-
etition rate with a maximum output power of 40 W
with a scanning speed of more than 5 m/s. For this
reason, the repetition rate was tested across the entire
adjustable spectrum from 100 kHz to 1 MHz. The
same fluence, which was found to be optimal in the
previous experiments, was used, recalculated to the
applied repetition rate. The optimal fluence values
are shown in Table 9.

Material Fopt [J/cm2]

Stainless steel 0.57
Tool steel 0.57
Inconel 718 0.57
Ti6Al4V 0.45

Table 9. Optimal fluences obtained from removal
efficiency experiment for 200 kHz used for increasing
scanning speed experiment.

In Figure 8c, the volume ablation rates in relation
to the repetition rate are displayed. As expected, the
productivity of the process increases by increasing the
repetition rate or scanning speed. To demonstrate
the inclination of increase, trendlines were used. The
highest angle of inclination can be seen for Ti6Al4V.
It shows the highest productivity gains. The volume
ablation rates increase more than five-fold when the
repetition rate is changed from 200 kHz to 1 MHz.
However, surface roughness increases slightly for scan-
ning speeds higher than 4000 mm/s (in Figure 8a).
This is due to high acceleration and deceleration an-
gles on the short track in combination with the limits
of the scanning head that was used. As can be seen
from Figure 8b, the removed depth remains constant
as the repetition rate and scanning speed increase, re-
spectively. This experiment proved that using a higher
repetition rate is beneficial for process productivity.
The plots in Figure 8 also demonstrate the ability
of the materials to be ablated by laser. The highest
removed depth was measured for Ti6Al4V along with
the greatest surface roughness caused by significant
melting and redeposition of debris as presented for
200 kHz. The steel materials show the lowest removed
depth with low surface roughness, comparable to In-
conel 718. While, the removed depth was significantly
higher for Inconel 718 than for both of the steel mate-
rials.
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(a). Surface roughness.

(b). Removed depth.

(c). Volume removal rates.

Figure 8. Increasing scanning speed results.

4.5. Surface structuring
Using the maximal repetition rate and scanning speed
is useful in regard to high process productivity. Some
scanning problems can appear during high scanning
speeds, such as acceleration and deceleration for short
tracks. Even when the sky-writing function developed
by galvo-scanner provider SCANLAB GmbH company
is used, it is best to use a scanning speed below 4 m/s,
especially for geometrically complex structures. The
sky-writting function uses predictive algorithms for
eliminating acceleration and deceleration of the galvo-

scanner mirrors. Two different structures were chosen
for the demonstration of the developed processing
parameters, namely dot and honeycomb structures.
The dot structure was fabricated using a different
number of pulses in one place with a defined fluence.

The honeycomb structure was based on a CAD
model. The laser beam moved through the lines de-
fined by the model. Both structures had a similar
depth of H = 10 µm. The results of the dot structure
measurement are presented in the Table 10. Structure
depth, diameter and line width were measured from
10 profile lines across the sample. The shape of the
fabricated dots was good without material ejection
over the edge of the crater. All the dots also had a very
good circularity and the proposed depth was achieved.
The honeycomb structure also achieved good com-
pliance with the proposed dimensions; see Table 11.
A repetition rate of 600 kHz and scanning speed of
3.9 m/s were used for structuring with fluences ranging
from F = 1.27 to 1.84 J/cm2 according to the fabri-
cated material. The proposed depth was achieved by
a defined number of repetitions ranging from 24 to
28. A very precise structure depth can be obtained
with this strategy, with a deviation of only a few tens
of micrometre. An example of a 2D view and depth
profile of the dot structure for each material can be
seen in Appendix A Figure 10 and for the honeycomb
structure in Appendix A Figure 11. The designed
and fabricated structures have the potential to im-
prove friction properties of materials by decreasing
the coefficient of friction as reported by [34]. Struc-
tured surfaces can be beneficial in moving mechanical
components made from advanced materials such as
mechanical seals, piston rings or thrust bearings.

5. Conclusions
Based on the observations of the current study, the
following conclusions can be drawn:
• The ideal hatching angle was found in the pre-

experiment. A hatching angle of 17° had the lowest
impact on surface roughness. Using odd hatching
angles has the advantage that the laser beam never
scans twice in the same path.

• The ablation threshold was measured for all the
materials using three harmonic wavelengths. The
highest fluence threshold value was found for
Ti6Al4V titanium alloy when using the first har-
monic (1030 nm). Conversely, using the third har-
monic (343 nm) led to the lowest ablation thresholds
due to the high energy of the incoming photons.

• The highest ablation rates were obtained for
Ti6Al4V, especially for IH and IIH, because
Ti6Al4V had the lowest thermal conductivity of
all the tested materials. For higher F/Fth ratio, the
differences become smaller. However, the surface
roughness expressed by Sa [µm] was the highest of
all the materials. Also, some cone-like structures
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Material F [J/cm2] Number of pulses [ - ] H [µm] D [µm]

Tool steel 0.573 250 10.37 ± 0.31 28.5 ± 0.77
Inconel 718 0.573 210 10.17 ± 0.23 29 ± 0.73
Ti6Al4V 0.456 180 9.77 ± 0.19 28 ± 0.65
Stainless steel 0.573 260 10.18 ± 0.28 28.4 ± 0.82

Table 10. Laser parameters used for dot structure fabrication with measured results of hole depth (H) and diameter
(D).

Material F [J/cm2] Number Sx, Hy H [µm] R [µm]
of pulses [-] [%]

Tool steel 1.56 26 90 9.56 ± 0.22 33.5 ± 0.52
Inconel 718 1.56 24 90 9.57 ± 0.25 36 ± 0.65
Ti6Al4V 1.27 24 90 10.14 ± 0.34 31.3 ± 0.47
Stainless steel 1.84 28 90 10.2 ± 0.18 37.1 ± 0.84

Table 11. Laser and scanning parameters used for honeycomb structure fabrication with measured results of
structure depth (H) and line width (R).

formed on the lasered surfaces for lower fluences.
These effects can be eliminated by using IIIH.

• For IIIH, the differences between the ablation be-
haviour of all the materials were negligible. For
shorter wavelengths, the absorptivity of metals in-
creases and at the same time, the effect of thermal
conductivity decreases.

• The experiment for increasing productivity was suc-
cessful. It was proved that the productivity can be
increased more than five-fold. At the same time,
a higher scanning speed did not have a negative
effect on the surface roughness or removed depth.

• A demonstration of the identified parameters was
presented in fabrication of two different complex
structures. Good shape and circularity were ob-
tained for the dot structure, along with compliance
with the proposed depth of the structure. Simul-
taneously, the honeycomb structure was fabricated
according to the proposal with a good optical qual-
ity. Both structures had the potential to improve
friction properties of advanced materials.
The presented study summarises and compares the

ablation behaviour of four advanced materials and
gives a complete overview of the findings of basic
ablation parameters for a complex shape structure
production by femtosecond laser.

List of symbols
λ Wavelength [nm]
F Fluence [J/cm2]
Fth Threshold fluence [J/cm2]
Ep Pulse energy [J]
τ Pulse duration [ps, fs]
f Repetition rate [kHz]
M2 Laser beam quality [–]
Sx Pulse overlap in scanning direction [%]

Hy Pulse overlap in traverse direction [%]
φ Hatching angle [°]
δ Optical penetration depth [nm]
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A. Appendices

Figure 9. 3D images of ablated materials a) tool steel; b) stainless steel; c) Inconel 718; d) Ti6Al4V, using IIH and
F = 0.52 J/cm2.
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Figure 10. Examples of the dot structure fabricated in the tested materials: left – 2D image, right – depth profile,
a) Tool steel; b) Inconel 718; c) Ti6Al4V; d) Stainless steel.
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Figure 11. Examples of the honeycomb structure fabricated in the tested materials: left – 3D image, right – depth
profile, a) Tool steel; b) Inconel 718; c) Ti6Al4V; d) Stainless steel.
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