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High power ultrafast lasers are nowadays able to provide high ablation rates and meet the tech-
nical requirements and performances needed for many industrial applications. However depositing
more energy into the target may induce heat accumulation, and consequently enhances the ablation
efficiency as well as introduces some detrimental effect on the processing quality. So, the key issue
is to improve throughput while maintaining the processing quality and preventing from any defor-
mation of the work piece. In this paper we present some comparative results on surface ablation of
Aluminum, Copper, Molybdenum and stainless steel in both picosecond and femtosecond regimes.
Trials have been performed using two high power Yb-doped fibre ultrafast lasers which are tunable
in pulse duration (350 fs to 10 ps, up to 20 W). Samples have been characterized with confocal mi-
croscopy and scanning electron microscopy. We discuss the effect of pulse duration, repetition rate,
fluence and energy dose per mm on ablation efficiency, processing quality and ripples formation.
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1. Introduction

The relevance of ultrashort laser is nowadays well es-
tablished for many medical or industrial applications. In-
deed, the ultrashort laser technology has reached a high
robustness level that is compatible with the needs of indus-
try. This laser technology combines the unique capacity to
process any type of material with an outstanding precision
and a reduced heat affected zone [1-2]. Thanks to high av-
erage power and high repetition rate it is possible today to
achieve high throughput [3], providing that the operating
parameters are finely tuned to the application, otherwise
heat accumulation and heat affected zone may appear.

In this paper we present some experimental results on
single pass engraving of Stainless Steel at high repetition
rates (up to 2 MHz) and high average power (up to 15 W).
Several parameters of influence such as fluence, pulse du-
ration, repetition rate, dose per millimeter and scanning
velocity have been considered. Results obtained on Stain-
less Steel are compared to those previously obtained on
Aluminum, Copper and Molybdenum [4-5]. Results will be
discussed in terms of etch rate, etch rate per average power,
etch rate per fluence, ablation efficiency and processing
quality.

2. Parameters of influence in ultrashort pulse ablation

2.1 Ablation mechanism

The ablation mechanism with ultrashort pulses is gov-
erned by the laser properties as well as the optical and the
thermo-physical properties of the material. The ultrashort
ablation mechanism has been described in several key pa-
pers in the last decades [1-2,6-7]. For metals, the absorp-

tion generally occurs in free electrons of the conductive
band thanks to inverse Bremsstrahlung. This absorption is
followed by a fast energy relaxation and thermalization
within the electronic subsystem on a femtosecond time-
scale, a localized heat diffusion by hot electrons, and final-
ly an energy transfer from hot electrons to the lattice on a
longer time scale, ranging from few picoseconds to few
tens of picoseconds for different metals, owing to the pho-
ton-electron coupling [8].

2.2 Parameters of influence

Parameters of influence in surface ablation and their
process window have been reviewed and discussed in pre-
vious papers [1-2,4-5, 9-11].

In the middle of the 90’s Momma et al. have published
very impressive micrographies of stainless steel drilled in
the nanosecond, picosecond and femtosecond regimes,
showing that ultrashort pulses enable to reduce burr and
droplets in the vicinity of the hole at low repetition rate
with Ti:Sa lasers [2]. Indeed, thanks to the extremely short
of the pulse (below 200 fs), the thermal diffusion into the
surrounding bulk material can be neglected. Lopez et al.
have underlined that the effect of pulse duration is material
dependent [5].

In addition, etch rate should normally increase with flu-
ence, but Chichkov et al. have shown that, even in the
femtosecond-picosecond range, near-threshold fluences
(optical regime, 200 to 600 mJ/cm?) lead to a better pro-
cessing quality than higher fluences (thermal regime, 600
mJ/cm? to 6 J/cm?) [1]. Furthermore, Lopez and Neu-
enschwander have pointed out an optimum in fluence, near
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the threshold, that gives the best ablation efficiency [4-
5,11].

Vorobyev et al. have shown that heat accumulation is
possible in metal such as Copper or Magnesium in the
femtosecond regime [12]. This observation has been done
at 800nm, 1 kHz and 60 fs. With these operating conditions,
heat accumulation rises above 0.1 J/cm? for Copper and
0.04 J/em? for Magnesium. Moreover, heat accumulation
enhances the etch rate, but also introduces some detri-
mental effects on the processing quality [4-5, 10]. The ef-
fect of heat accumulation increases at high repetition rates
[10] and high fluences [1].

Furthermore, particles and plasma shielding may occur
if the temporal delay between two consecutive pulses is too
short with respect to the lifetime of the ablation plume.
Indeed, Konig et al. have used a pump-probe-based time-
resolved plasma attenuation experiment in order to measure
the plume lifetime during laser ablation of Aluminum in
the femtosecond regime (200 fs, 17 J/cm?). With their set
of parameters, particles shielding occurs above 200 kHz
and plasma shielding above 5 MHz [13].

Ancona et Doring have measured the number of pulses
to go through a stainless steel foil with picosecond (6 and
19 ps) and femtosecond pulses (800 fs) and with repetition
rates ranging from 100 kHz to 1 MHz. First of all, the
femtosecond regime appears to be more efficient (less
pulses are required). Secondly, in the range of 300 to 500
kHz, the heat accumulation induced by high repetition rate
becomes sufficient enough to overcome the negative effect
of particles shielding and to enhance the drilling rate [10].
They have also shown that the effects of heat accumulation
and of particles shielding are material dependent.

3. Experimental setup and protocol

3.1 Laser source

All trials on Stainless Steel have been performed with a
commercial Yb-doped fiber ultrashort pulse laser from
Amplitude Systemes (model Tangerine). The operating
wavelength is 1030 nm. The maximum average power is 20
Watt. The M? factor is about 1.2 (figure 1, left). The repeti-
tion rate is ranging from 200 kHz to 2 MHz. An internal
pulse picker enables to generate lower repetition rates
down to 1 kHz. The pulse duration can be easily tuned
from 300 fs to 10 ps, but it can’t go above 1ps at 200 kHz
(figure 1, right). The pulse duration and the average power
were measured with a Pulse Check autocorrelator and a
Coherent powermeter respectively.

Fig. 1 Spatial (left) and temporal (right) shape of the laser
beam after halfwave plate. Beam size at 1/¢* is
2.92 mm on major axis and 2.64 mm on minor ax-
is. The decorrelation factor is 1.543 so the pulse
duration is here 300 fs. Rep. rate is 200 kHz.

3.2 Experimental setup

The experimental setup includes the following ele-
ments: the Tangerine laser, a halfwave plate and a polarizer
cube for power tuning, a 2x-beam expander, a 2-axis galvo
head (Scanlab) for beam motion on the target, a 100 mm-
f(theta) focusing lens, a set of XYZ-motorized stages
(Newport) for focus setting and for positioning the sample
under the laser beam, and finally a sample holder. The opti-
cal transmission between the laser output and the target is
about 90 + 5 %. The average power measurement is made
after the focusing lens. The spot size (at 1/e?) is measured
thanks to a BeamMap2 M?-meter. The spot size is 28 + 2
um for all trials. The fluence is calculated by dividing the
pulse energy by the spot area. The resulting fluence has
been varied from 0.1 to 12 J/cm? for all trials.

3.3 Target material

Trials have been done on austenitic stainless steel AISI
316L foils with a thickness of 100 pm. These samples were
provided from Goodfellow. We applied no cleaning before
laser treatment.

3.4 Experimental protocol

The experimental protocol is based on a single pass
process. For each set of parameters (pulse duration, repeti-
tion rate, and average power) we have produced a pattern
composed by 14 parallel lines with scanning velocities
ranging from 1 to 2000 mnv/s. Each line produces a groove
on the target. Depth and width depend on the operating
parameters. The scanning velocities have been checked by
measuring the distance between two subsequent spots at
low repetition rate. The polarization of the laser beam is
linear and perpendicular to the motion of the beam on the
target. We have considered 4 levels in average power: 2, 5,
10 and 15 W. Thus, depending on the repetition rate and on
the scanning velocity, we have collected data with fluences
ranging from 0.2 to 13 J/em? The pulse-to-pulse linear
overlap ranges from 64 to 99.9%. So, each point of the
surface has received from 6 to 1100 pulses. Uncertainty is
about £9% on fluence, +4% on etch rate, +9% on etch rate
per average power, £13% on etch rate per fluence and £9%
on ablation efficiency (see paragraph 4).

3.5 Comparison with previous results on Aluminum,
Copper and Molybdenum

The results on Stainless Steel have been compared to
those previously obtained on Aluminum, Copper and Mo-
lybdenum using a non-commercial 40W-tunable CPA Yb-
doped fiber ultrashort pulse laser made by Amplitude Sys-
temes and an optical setup similar to the one used in the
present work [5].

3.6 Samples characterization

The profile of each groove (depth and width) was
measured using a Leica DCM 3D confocal microscope
based on LED technology with a 100x/0.90-objective. Each
depth measurement is the mean of five measurements. The
width was ranging from 10 to 34 um, depending on the
pulse duration, the scanning velocity and the average power.
The most significant measurements were obtained on
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grooves with depth between 0.3 to 22 um, and with aspect
ratio below 1. For groove with aspect ratio above 1, the
roughness and the shape of sidewalls induce light trapping
and shadowing effects which reduce the accuracy of the
measurement. Furthermore, below 0.3 um the groove is not
deep enough, compared to the initial sample roughness, to
get a significant depth measurement. Since each groove has
a triangular-like cross-section area, the etch rate per pulse
or per minute is calculated from the cross-section area, the
scanning velocity and the repetition rate.

Scanning electronic microscopy (SEM) analyses were
also performed using a Phenom ProX microscope in order
to observe the processing quality in the vicinity of the
grooves. This SEM microscope offers two modes: the full
mode which gives a realistic view of the surface and the
topography mode which is more suitable to enhance high
and low-relief. The samples have been cleaned in an ultra-
sonic bath (3 min, water, 30°C) before SEM analysis.

4. Characteristics of interest

Several physical characteristics have been considered in
order to analyze the influence of each parameter on the
single pass engraving process.

4.1 Etch rate and removal rate

We define etch rate as the ablated volume per pulse
[um’-pls™], and the removal rate as the ablated volume per
minute [mm’ min']. Since we have tried several scanning
velocities, ranging from 1 to 2000 mm/s, we may have sev-
eral operating points for each set of parameters (pulse dura-
tion, repetition rate and average power). We assume that
the optimum scanning velocity may change with other op-
erating parameters. So we will only keep the operating
point leading to the highest etch rate or removal rate, which
is called the best operating point. This protocol has been
described in details a previous paper [5].

4.2 Etch rate per fluence and etch rate per average
power

From an efficiency point of view, is it more relevant for
a given pulse energy to use a small spot with high fluence
or a large spot with a low fluence? What is the maximum
amount of material that can be removed per watt? To an-
swer these questions we introduce etch rate per fluence
[um’-pls’-J"-cm’] and removal rate per average power
[mm’ min”-W™]. The two characteristics are complemen-
tary since the first one describe the efficiency of a unique
pulse meanwhile the second one takes into account the ef-
fect of repetition rate. Several authors have recently point-
ed out an optimum in fluence near the ablation threshold
that gives the best etch rate per fluence [5] or removal rate
per average power [14-16]. Neuenschwander et al. have
proposed a model to explain this tendency [14-16]. The
optimum in fluence F is defined as e*/2 times the thresh-
old fluence. This optimum in fluence is shifted to lower
fluences when the pulse duration decreases [14].

The maximum value in etch rate per fluence or in re-
moval rate per average power, which is related to the pro-
cess efficiency, can be plotted as a function of fluence, rep-
etition rate, pulse duration energy or dose per millimeter as
shown in chapter 5.

4.3 Ablation efficiency

From our experiments we can calculate the energy re-
quired to remove 1 mm’ of metal, which is called Ecy,. The
unit is [J'mm™]. The calculation is based on the formula
Eq=P/(V*S), where P is the average power [W], V the
scanning velocity [mm-'s™] and S the cross section of the
groove [mm’].

From a theoretical point of view, it is possible to calcu-
late the minimum value of energy that is needed to bring 1
mm’ of metal just above its boiling temperature and to
evaporate it. This energy, called Ey, can be calculated on
the basis of thermo dynamical laws, by adding melting
enthalpy (8H,,.;;), boiling enthalpy (§H,,;) and the en-
thalpy required to heat the metal from ambient temperature
to a temperature just above its boiling temperature (5H).
This latter enthalpy has been calculated using the Shomate
equation for all metal but for alloy [17]. So, theoretical data
for 316L Stainless are estimated using the composition of
the alloy, about 69% Fe, 17% Cr, 12% Ni and 2% Mo. All
data are regrouped in table 1.

Table 1 Theoretical calculation of energy required to
vaporize 1 mm3 of metal

Material 8H  SH,.: OSHpoi Ep
J/mm® J/mm® J/mm® J/mm’

Stainless Steel 18.4 2.2 59.6 80
Aluminum 8.0 1.1 34.0 43,1
Copper 12.9 1.7 47.6 62.2
Molybdenum 21.6 4.5 70.6 96.7
Iron 18.8 1.7 58.6 79.1
Chrome 16.6 3.6 54.6 74.8
Nickel 18.4 2.6 65.2 86.2

We introduce ablation efficiency as the ratio Ey, / Ecyp.
This ratio is dimensionless (arbitrary unit) and usually be-
low 1. The higher the ratio is the more efficient the ablation
process will be. The highest ratio value can be plotted as a
function of fluence, repetition rate, pulse duration energy or
dose per millimeter.

5. Results and discussion

Parameters on influence considered are fluence, repeti-
tion rate, pulse duration, energy dose per millimeter and
scanning velocity.

5.1 Fluence

Fluence is one of the key parameters in laser surface
processing which influences both the kinetic and the quali-
ty of ablation. In figure 2, we have plotted etch rate
[um’-pls™] versus fluence [J-cm”] using a logarithmic scale.
As expected the etch rate grows with fluence. The slope
change occurs in the range of 1 J/cm? which corresponds to
the transition between the optical and the thermal regimes
[1]. Etch rate decreases with increasing pulse duration. For
instance, there is approximately a factor of 2 between 300
fs and 10 ps in the fluence range 0.16 to 1.3 J/cm?.
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Fig. 2 Max. etch rate [um3~pls'1] versus fluence [J-cm?]
for pulse duration ranging from 300 fs to 10 ps on
a Stainless Steel target. Rep. rate used is 2 MHz up
to 1.3 J/cm? then 200 kHz for higher fluencies.
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At 12 J/em?, the removal rate is about 0.9 mm’/min on
Stainless Steel, which corresponds to 5.5um-deep and
22um-wide groove. The groove is engraved at 15.7 W, 200
kHz, 250 mm/s, 80 pJ/pls, with a 300fs-pulse duration. In
these conditions, the ablation efficiency is 0.08 and remov-
al rate per average power is 0.06 mm’-min”-W™". On the
other hand, at 1.6 J/cm? the removal rate is about 0.38
mm’/min. The average power is 2 W meanwhile both repe-
tition rate and scanning velocities have the same values. In
these operating conditions, ablation efficiency is 0.25 and
removal rate per average power is 0.19 mm’-min"-W™". So
dividing the fluence by 7.5 multiplies the ablation efficien-
cy by 3.1.
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Fig. 4 Max. etch rate per fluence [pm’-pls™-J"'-cm?] ver-

sus fluence [J-cm?] for pulse duration ranging
from 300 fs to 10 ps on a Stainless Steel target.
Rep. rate used is 2 MHz up to 1.3 J/cm? then 200
kHz for higher fluencies.
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Fig. 5 Max. ablation efficiency [no unit] versus fluence
[J-em™] for pulse duration ranging from 300 fs to
10 ps on a Stainless Steel target. Rep. rate used is 2
MHz up to 1.3 J/cm? then 200 kHz above.

Figures 3, 4 and 5 show the effect of fluence on remov-
al rate per average power, etch rate per fluence and ablation
efficiency. Using a logarithmic scale, all the curves exhibit
a linear course with a negative slope. The maximum values
are obtained at low fluence (0.16 J/cm?). Furthermore, the
three graphs demonstrate that the efficiency of the ablation
process increases significantly (x2.5 times) when the pulse
duration decreases from 10 ps to 300 fs. If these graphs are
displayed with a linear scale, the curves exhibit an expo-
nential-like decay.

40 pm

SEM pictures in topography mode of a Stainless
Steel foil engraved at 250 mm/s. Average power is
2 W (left) and 15 W (right). Repetition rate is 200
kHz (up) and 2 MHz (bottom). Fluence is 12.7
J/em? (up right), 1.6 J/em? (up left), 1.3 J/em? (bot-
tom right) and 0.16 J/cm? (bottom left).

Fig. 6
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According to previous results [4, 5] we expect a drop in
ablation efficiency and etch rate per fluence at low fluences
(below 0.16 J/cm?).

As shown in figure 6, fluence has also a significant in-
fluence on the processing quality of Stainless Steel. Indeed,
burr occurrence and extend increase with fluence. For in-
stance, at 200 kHz, rising fluence from 1.6 to 12.7 J/em?
introduces burrs and overthickness on the groove edges.
Likewise, at 2 MHz, switching from 0.16 to 1.3 J/cm? turns
the clean groove into a high-relief uneven track with large
droplets.

Moreover, since the beam has a Gaussian spatial profile
the width of the groove increases with fluence (figure 6).

Furthermore, we observe laser induced periodic surface
structures (LIPSS) inside the groove at low fluence. Due to
the linear polarization of the beam, these structures are per-
pendicular to the groove axis.

In addition, the z-profile measured using confocal mi-
croscopy at 200 kHz and 12.7 J/ecm? shows two kinds of
burrs in the vicinity of the groove (figure 7). These two
burrs are separated by a narrow low-relief zone. The burr
closest to the groove is thin and high meanwhile the other
is more extended. We guess that the groove is covered by a
recast layer which corresponds to the closest burr.

2

Steel , 13 J/cm?
300 fs , 200 kHz
500 mm/s

Width 17 pm
Depth 2 um

Fig. 7 Profile obtained thanks to confocal microscopy on
Stainless Steel foil engraved at 500 mm/s. The
width is 17pum and the depth 2 um. Average power
is 15W, rep. rate is 200 kHz and pulse duration is
300 fs.

5.2 Repetition rate

Increasing repetition from 200 kHz to 2 MHz may in-
duce two antagonist phenomena: heat accumulation [12] on
one hand and particles shielding [13] on the other hand.
Heat accumulation improves the material etch rate to the
detriment of the processing quality meanwhile particles
shielding reduces the pulse energy available to produce
ablation [10]. The effect of heat accumulation is enhanced
with increasing fluences. Actually, the effect of high repeti-
tion rate on the ablation efficiency is material dependent
(melting and boiling enthalpy, heat conductivity, electron-
to-phonon coupling time).

On figures 8, 9 and 10 we have plotted removal rate per
average power, etch rate per fluence and ablation efficiency
respectively as a function of repetition rate for Stainless
Steel, Aluminum, Copper and Molybdenum. The repetition
rate varies from 200 kHz to 2 MHz. The pulse duration is
in the range of 300 to 400 fs. We have selected the opti-
mum values of velocity and fluence for each repetition rate
level and material. For Aluminum, we notice no significant
influence of repetition rate.
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Fig. 10 Max. ablation efficiency [no unit] versus repeti-
tion rate [kHz] for Aluminum (red), Copper
(green), Molybdenum (blue) and Stainless Steel
(black). Pulse duration is 300-400 fs.
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For Molybdenum and Copper, we see a slight effect of
repetition rate on the ablation efficiency, with a maximum
value in the range of 500 kHz to 1 MHz. The most signifi-
cant effect is observed on Stainless Steel, since the process
efficiency rises from 0.25 to 0.45 between 200 kHz and 2
MHz. We assume that this phenomenon results from heat
accumulation.

Furthermore, rising repetition rate from 200 kHz to 2
MHz at high fluence while maintaining a constant scanning
velocity produces some detrimental effects on the pro-
cessing quality such as burr, overthickness or uncontrolled
shape (see figures 6 and 11).

Fig. 11 SEM pictures of a Stainless Steel foil engraved at
375 mm/s with increasing rep. rate from 200 to
2000 kHz. Average power is 15W and pulse dura-
tion is about 300 to 400 fs.

5.3 Pulse duration

The evolution of removal rate per average power, etch
rate per fluence and ablation efficiency versus pulse dura-
tion shown in figures 12, 13 and 14. Since repetition rate
has a significant effect on Stainless Steel we have consid-
ered both kHz and MHz regimes for this material. The spot
size is 28 pm for Steel and 54 pm for other metals.
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Stainless Steel (black, hollow dot for MHz regime,
cross for kHz regime).

The influence of pulse duration on ablation efficiency is
highly material-dependent (figure 14). Indeed, we observe
no significant effect on Aluminum (variation is smaller
than uncertainty), a slight effect on Copper (-25%), and a
major effect on Molybdenum (-50%) and on Stainless Steel
(-60%) when the pulse duration is risen from 300 fs to 10

ps. This tendency confirms results previously published by
Ancona [10] and Neuenschwander [11].

Moreover, removal rate per average power values ob-
tained on Copper and Stainless Steel at 10 ps (figure 10)
are consistent with respect to those published by Lauer [15]
and Jaeggi [16], although the experimental protocol is quite
different (measures are done on dots or squares, not lines).
In addition, we notice that etch rate and etch rate per flu-
ence on Aluminum is 3 to 6 times higher than on other
metals on a wide process window (figure 13).
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Fig. 14 Max. ablation efficiency [no unit] versus pulse
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5.4 Dose per millimeter

Dose per millimeter is calculated using the following
formula: Dose=Rep.Rate*Energy/Velocity. The unit is
[J-mm™]. In figure 15, we have plotted etch rate per fluence
as a function of dose for a 300fs-pulse duration. We ob-
serve four different behaviors between Stainless Steel,
Aluminum, Copper and Molybdenum. Indeed, due to its
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high thermo-physical properties, Molybdenum can stand a
high dose or thermal load (up to 0.4 J'-mm™) meanwhile
Aluminum and Stainless Steel give burr and melting at low
dose (below 0.1 J'mm™). Copper exhibits an intermediate
behavior.

So, for each material we can define a critical dose be-
yond which there is a drastic drop in etch rate per fluence,
and a maximum dose beyond which the groove collapses
due to melting and there is no engraving anymore. The
experimental values of critical and maximum doses are
shown in table 2.

E 200
o mAl
b, 150 ML -
[a A Cu
o
g_ ®Mo
o 100 OSteeIi
S
)
P ——%
=
50 -
a. = (3
s &kbx +
)
—
:':8 0 . ERN E RN (S S M S
i3] 0 0.1 0.2 0.3 0.4 0.5

Dozepermm [T mm!]

Fig. 15 Max. etch rate per fluence [pm’-pls™-J "' cm?]
versus dose per mm [J-mm™] at 300 fs for Alumi-
num, Stainless Steel, Copper and Molybdenum.
Spot size is 28 pm.

Table 2 Critical and maximum doses for Stainless Steel,

Aluminum, Copper and Molybdenum

Material Critical dose Max. dose

[J-mm™'] [J-mm™']
Stainless Steel 0.02 0.06
Aluminum 0.08 0.13
Copper 0.22 0.22
Molybdenum 0.22 0.43

Therefore, the figure 15 can be used as an abacus. It is
possible to maintain a good processing quality and process
efficiency as long as the actual dose is below the critical
dose. Above the critical dose, a significant part of the in-
coming pulse energy will be spent in thermal effects and
will be not available to produce ablation, so the process
will be less efficient. Likewise, the feasibility of engraving
is guaranteed as long as the actual dose is below the maxi-
mum dose.

Furthermore, for a given repetition rate and a given
pulse energy, the minimum scanning velocity required to
engrave a groove can be calculated from the formula:
Vmin=Rep.Rate*Energy/Maximum Dose. For instance, at
I5W and 200 kHz, the minimum velocity is 250 mm/s.
This value can be correlated to SEM observations as shown
in paragraph 5.5.

Moreover, in figure 16 we have plotted etch rate per
fluence as a function of dose for different pulse durations
ranging from 300 fs to 10 ps on a Stainless Steel target. We
observe a significant decrease in etch rate per fluence as the
pulse duration increases. However the maximum dose re-
mains constant with pulse duration in the investigated
range.
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Fig. 16 Max. etch rate per fluence [um’-pls™-J"'-cm?]
versus dose per mm [J -mm™] at 300 fs (black), 1
ps (blue), 5 ps (green) or 10 ps (red) for a steel tar-
get. Spot size is 28 pm.

5.5 Scanning velocity

The thermal load deposited into the target material in-
creases with decreasing scanning velocity as it is shown in
figures 17 (full mode SEM) and 18 (topography mode
SEM, samples engraved at 15 W). If the actual velocity is
higher than the minimum velocity defined by the maximum
dose (250 mm/s), then it is possible to maintain a good
ablation efficiency (see table 3). When the actual velocity
becomes smaller than the minimum velocity, melting will
occur inside and in the vicinity of the groove. Then exten-
sive burrs, droplets and roughness will appear. It is not
even possible to measure the ablated volume accurately.

If the velocity keeps on decreasing then the groove will
collapse and it’s not engraving anymore. Similar behavior
on Molybdenum has been reported in a previous paper [5].

Furthermore, as shown in figure 18, the scanning veloc-
ity has a major effect on processing quality at high fluence
(13 J/em?, 15 W at 200 kHz), but has less effect at low flu-
ence (1.6 J/em?, 2 W at 200 kHz). As explained in para-
graph 5.1, working at low fluence enables to avoid burr,
overthickness and droplet appearance.

So, the best process efficiency and processing quality
are obtained at low fluence. Therefore, scaling up from 2 W
to 15 W implies to work with high repetition rate and very
high deflection speed (in order to overbalance heat accu-
mulation produced by high repetition rate). In these condi-
tions, producing deep grooves will require several passes.
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BE : 6. How long to remove 1 mm3 of Stainless Steel?

S - o d N From a practical point of view what could be the pro-
\ : it - ; cessing time to remove 1 mm’ of Stainless Steel with an
ultrashort laser? Table 4 and 5 show the time to remove 1
mm’ of Stainless Steel at 15 and 2 Watt respectively. Cor-
responding SEM pictures are regrouped in figure 19. We
compare 200 kHz to 2 MHz at 300-400 fs, and 400 fs to 10
ps at 2 MHz.

The shorter processing time are obtained in the MHz-
regime at 400 fs: 24 seconds at 15 W and 89 seconds at 2
W. The ablation efficiency is 0.21 and 0.45 respectively.

In addition, the best processing quality is clearly ob-
tained at 2 W, that is to say 1.6 J/cm? at 200 kHz or 0.16
J/em? at 2 MHz (see figure 19). In both cases there is nei-
ther burr nor droplet.

40 pm

Table 4 Time required to remove 1 mm® of Stain-
less Steel at 15 W, 200kHz-2MHz compari-
son and 400fs-10ps comparison

500 mn : Pulse duration 300fs  400fs  10ps
Repetition rate 200kHz 2MHz 2MHz

Fig. 17 SEM pictures of a Stainless Steel foil engraved

with scanning velocities ranging from 50 mm/s to Velocity [mm/s] 250 500 375
2 m/s. Average power is 15W, rep. rate is 200 kHz Fluence [J/cm?] 13 1.3 1.3
and pulse duration is 300 fs.
Removal rate 0.9 2.5 1.3
[mm?®/min]
[ Ablation efficiency 0.08  0.21  0.11
Time to ablate Imm® 665 24s 45s

Table 5 Time required to remove 1 mm? of Stain-
less Steel at 2 W, 200kHz-2MHz compari-
son and 400fs-10ps comparison

Pulse duration 300fs 400fs 10ps
Repetition rate 200kHz 2MHz 2MHz

Velocity [mm/s] 250 2000 2000

Fluence [J/cm?] 1.6 0.16 0.16
Fig. 18 SEM pictures in topography mode of a Stainless Removal rate 0.37 0.68 0.23
Steel foil engraved at 175, 250 and 1000 nv/s. Rep. [mm®/min]

rate is 200 kHz and pulse duration is 300 fs. Aver-

age power is 15 W (up) and 2 W (bottom) | Ablation efficiency 0.25 0.45 0.15

Time to ablate 1mm® 162s 89s 260s

Table 3 Dose and removal rate per average power for a
given scanning velocity on Stainless Steel at
300 fs, 200 kHz and 15 W. The red frame indi-
cates the maximum dose and the minimum ve-

locity.

Velocity Dose per mm  Rem. rate per W
[mm-s'] [J-mm™'] [mm® min™"- W]

1000 0.015 0.053

500 0.03 0.058

375 0,04 0.054

250 0,06 0.058

175 0.09 -
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400 fs

300 fs & 200 kHz

Fig. 19 SEM pictures in topography mode of a Stainless
Steel foil engraved 300 fs & 200 kHz (left), 400 fs
& 2 MHz (middle), and 400 fs & 2 MHz (right).
Average power is 15 W (up) and 2 W (bottom). No
picture at 2W & 10 ps

7. Conclusion

In this paper we have shown that it is possible to pro-
duce surface ablation of Stainless Steel with a high power
ultrashort pulses laser (up to 15 W) operating in both kHz
and MHz regimes.

The results obtained on Stainless Steel were compared
to those previously published on Aluminum, Copper and
Molybdenum. It appears that the effect of pulse duration,
repetition rate, energy dose per mm and scanning velocity
is highly material dependent. Ablation efficiency on Stain-
less Steel is quite sensitive to these parameters, so the pro-
cess windows are narrower compared to other metals.
Moreover, for each material there is an energy dose beyond
which the groove collapses due to melting. This dose value
can be determined experimentally and correlated to SEM
observations.

The best process efficiency and processing quality
(burr-free) on Stainless Steel are obtained at low fluence
and with femtosecond pulses. So, scaling up from 2 W to
15 W implies to work with high repetition rate and very
high deflection speed (over 10 m/s). In these conditions,
producing deep grooves will require several passes.
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