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Nowadays the relevance and the robustness of ultrafast lasers are well established for many in-
dustrial applications. Indeed this laser technology combines the unique capacity to process any type
of material with an outstanding processing precision and a minimal heat affected zone. The key is-
sue is to combine high throughput, low residual thermal load and good processing quality. Thanks to
high average power and high repetition rate it is possible to achieve high throughput providing that
the operating parameters are precisely tuned to the application, otherwise heat accumulation and
heat affected zone may appear, leading to detrimental effects such as burr, uncontrolled melting and
metal oxidation. In this paper we report on high-throughput laser ablation of stainless steel using a
100W- and 10MHz- ultrafast laser. Operating parameters such as fluence, repetition rate and scan-
ning velocity have been considered. Results are discussed in terms of ablation efficiency, surface
morphology, multipass and up-scaling capabilities. We observe that pulse-to-pulse pitch and delay
are key parameters that must be taken into account in order to define relevant process windows. The
use of polygon scanner instead of galvo scanner enables us to reduce the thermal load along the la-

ser trajectory.
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1. Introduction

Today there is an increasing interest for high through-
put surface processing of smart parts for watch industries
or large manufacturing tools for injection molding, emboss-
ing and printing industries. Such an operation requires to
combine high removal rate, high quality issues (low rough-
ness, burr-free, narrow heat affected zone), reliability and
high accuracy (tiny spot). Short pulse lasers are commonly
used for this application but the main limitation comes
from uncontrolled melting of the processed area while us-
ing high average power (above 50 W). Therefore, the max-
imum achievable removal rate is about 10mm®/min with
this laser technology. In this context, ultrashort pulse lasers
seems to be a promising technology since it is potentially
possible to overcome this limitation by combining high
throughput [1] and outstanding processing quality [2-3] at
the same time, providing that the operating parameters are
finely tuned to the application in order to mitigate the
thermal load into the target material. Furthermore, can we
take advantage of new industrial tools, such as high power
femtosecond laser [4-7] or high dynamic beam deflector
devices [8], to meet the needs of industry?

In the present paper we present some results on high
throughput single and multi pass surface ablation of stain-
less steel using a 100W- and 10MHz- ultrashort pulse laser
combined with either a galvo or a polygon scanner. The
influence of key process parameters such as fluence, repeti-
tion rate and pulse-to-pulse pitch and delay are considered.
Correlation between ablation efficiency, multi pass capabil-
ity and surface morphology are also discussed.
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1.1 Ultrashort pulse ablation

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. This mechanism
has been described in several key papers in the last decades
[2-3,9-10]. For metals, the absorption generally occurs in
free electrons of the conductive band thanks to inverse
Bremsstrahlung. This absorption is followed by a fast ener-
gy relaxation and thermalization within the electronic sub-
system on a femtosecond timescale, then a localized heat
diffusion by hot electrons, and finally an energy transfer
from hot electrons to the lattice, owing to the photon-
electron coupling, on a longer time scale ranging from few
picoseconds to few tens of picoseconds depending on the
metal [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 appearance in the vicinity of the hole [3]. Indeed,
thanks to the extremely short pulse duration, the thermal
diffusion into the surrounding bulk material is significantly
reduced compared to longer pulses, even if some residual
heat remains into the target material after laser ablation
[12-14].

1.2 How to scale-up the ablation process?

The question is how to scale-up the process since there
are many parameters with which we can play with.
Parameters of influence in surface ablation and their
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process window have been already reviewed and discussed
in previous papers [2-3,15-20].

The maximum removal rate achievable is correlated to
the average power; therefore there are two options to in-
crease the removal rate, either we play with repetition rate
or pulse energy. Since we aim for accuracy we need tiny
spot (few tens of microns), then increasing pulse energy
leads to increase fluence as well. So let’s consider the two
options.

1.3 Using high fluence to scale-up the ablation process
The first option to improve the removal rate is to increase
the fluence. Basically, removal rate normally increases with
fluence. Chichkov et al. have shown that in the
femtosecond-picosecond range near-threshold fluence leads
to a better ablation quality than higher fluence [2]. Indeed,
ablation at high fluence increases the thermal load into the
target material, and by this mean introduces detrimental
side-effects. Therefore, low fluence leads to high
processing quality and low removal rate (optical regime),
meanwhile high fluence induces poor processing quality
and high removal rate (thermal regime). So, is it more rele-
vant for a given pulse energy to use a small spot with high
fluence or a large spot with a low fluence?
Neuenschwander et al. have recently pointed out an
optimum in fluence near the ablation threshold that gives
the best specific removal rate [18-19]. This optimum in
fluence is shifted to lower fluences for shorter pulse
duration. The highest specific removal rate value increases
for shorter pulse duration. These points have been

confirmed for sub-picosecond pulse duration by Lopez et al.

[16-17]. Neuenschwander et al. have also proposed a model
to explain these tendencies [18-19]. Furthermore, Lopez et
al. have underlined that this effect of pulse duration is
material dependent [16-17].

1.4 Using high repetition rate to scale-up the ablation
process

The second option to improve the removal rate is to in-
crease the repetition rate up to few MHz. However, rising
repetition rate from 100 kHz to few MHz induces two
antagonist phenomena: heat accumulation [12-13] on one
hand and particles shielding [21] on the other hand. Indeed,
heat accumulation enhances the removal rate to the
detriment of the processing quality [16-17,20] meanwhile
particles shielding reduces the pulse energy available to
produce ablation [20].

Particles and plasma shielding may occur if the pulse-
to-pulse delay 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 with high repetition rate in the femtosecond
regime. With their set of parameters, particles shielding
occurs above 200 kHz and plasma shielding above 5 MHz
[21].

Heat accumulation occurs when the pulse-to-pulse
delay is shorter than the heat relaxation time of the target
material [12-13]. Ancona et al. have measured the number
of pulses to go through a stainless steel foil with
picosecond and femtosecond pulses and with repetition
rates ranging from 100 kHz to 1 MHz [20]. The author
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demonstrates that higher drilling efficiency is obtained for
shorter pulses (less pulses are required). Furthermore, 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 [20]. The effect of heat
accumulation is enhanced with increasing fluence and
repetition rate. In the same paper it is shown that the effects
of heat accumulation and particles shielding are material
dependent; indeed they are less pronounced on Copper with
respect to steel [20]. More recently Finger et al. have
confirmed the interplay between plasma shielding and heat
accumulation in the MHz regime, and proposed a
theoritical model to describe this behavior [22]. Di Niso et
al. have also shown that heat accumulation resulting from
MHz-repetition rate reduces both ablation threshold and
incubation coefficient [23]. Indeed, the author observed
that ablation threshold is decreased by a factor of 2 on Steel
while the repetition rate rises from 0.1 to 1 MHz.

Heat accumulation has also a detrimental effect on sur-
face morphology [14,24]. Due to heat accumulation the
offset temperature of the target material rises up to certain
limit which depends on target material, on scanning veloci-
ty [14] and repetition rate as well [24]. If the offset temper-
ature reaches about 600°C to 800°C on steel, the surface
morphology changes from a smooth, reflective and melt-
free surface to a bumpy, dark and oxidized surface.

Neuenschwander et al. have recently proposed different
processing strategies to mitigate the negative effects of heat
accumulation [24].

Last but not least, Kerse et al. have demonstrated that
GHz-intrabursts combined with kHz bursts reduce the abla-
tion threshold and enhance ablation efficiency of Copper
and Silicon [25]. The principle is to apply ultrafast succes-
sions of laser pulses in order to ablate the target material
before the residual heat deposited by previous pulses dif-
fuses away from the processing region. By this mean, col-
lateral damages are significantly reduced.

To summarize, thermal load may come from high flu-
ence or high repetition rate; both contributes to increase
specific removal rate but in the same time may introduce
detrimental side-effects. Therefore, it is necessary to identi-
fy relevant process windows.

2. Experimental

2.1 Laser source

All trials on stainless steel have been performed with a
commercial Yb-doped solid-fiber hybrid ultrashort laser
(Tangor, Amplitude Systemes). The operating wavelength
is 1030 nm. The M? factor is about 1.2. The maximum av-
erage power is 100 W with a repetition rate ranging from 2
to 10 MHz. An internal pulse picker enables to generate
lower repetition rates down to 1 kHz. The pulse duration is
below 500 fs for all repetition rate values. The pulse dura-
tion is measured with a Pulse Check autocorrelator.

2.2 Experimental setup

The experimental setup includes the following ele-
ments: a laser, a halfwave plate combined with a polarizer
cube for power tuning, a beam expander, a 2-axis scanner, a
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set of XYZ-stages for focus setting and for positioning the
sample under the laser beam, and finally a sample holder.
Two different beam deflector devices were used for beam
motion on the target. The first one is a galvo scanner (Intel-
liScan 111-14, Scanlab, focal length 100mm, max. velocity
5 m/s) meanwhile the second one is a polygon scanner
(LSE170, Nextscan, focal length 190mm, max. velocity
100 m/s). The scanning velocities have been checked by
measuring the distance between two subsequent spots at
low repetition rate (10 kHz). The magnification of the
beam expander is x2 with the galvo and x3 with the poly-
gon. The average power measurement is made before the
beam expander. The optical transmission between the laser
output and the target is 90 % with the galvo and 69% with
the polygon. Then the maximum average power available
on the target material is about 90 W with the galvo and 70
W with the polygon. The polarization is circular with the
galvo and linear with the polygon. The spot size (at 1/e?) is
measured thanks to a WinCam-D beam analyzer. The spot
size is 30 £ 2 um with the galvo and 38 + 2 um with the
polygon. The fluence is calculated by dividing the pulse
energy by the spot area. The resulting fluence has been
varied from 0.13 to 24 J/cm? with the galvo and from 0.64
to 6.4 J/cm? with the polygon.

All collected data take into account only laser pulses
that fit into scanning line length; so they don’t take into
account the loss of laser pulses due to mechanical efficien-
¢y, unprocessed area or calculation time of the scanning
device. These phenomena reduce the maximum utilization
rate [8] of beam deflector device and consequently reduce
the time window actually dedicated to the engraving pro-
cess (50 to 90% for galvo and 50 to 70% for polygon).

2.3 Target material

Trials have been done on austenitic stainless steel AlSI
316L / DIN 1.4404 foils with a thickness of 0.5 mm. These
samples were provided from Goodfellow. No pre-cleaning
was used prior to laser irradiation.

2.4 Experimental protocol

For each set of parameters, in terms of fluence, repeti-
tion rate and scanning velocity, we have produced parallel
lines with increasing number of laser passes (scans). We
have considered 10 levels in fluence for both beam deflec-
tor device configurations, 8 levels in velocity for galvo
scanner (0.1, 0.25, 0.5, 1, 2, 3, 4 and 5 m/s) and 3 for poly-
gon (25, 50 and 100 m/s), 6 levels in repetition rate for
galvo (0.5, 1, 2, 4, 8 and 10 MHz) and 4 for polygon (2, 4,
8 and 10 MHz). The spatial overlap between subsequent
pulses is ranging from 66.7 % to 99.9 % with the galvo and
from 67.1 % to 93.4 % with the polygon.

Each line produces a groove on the target whose depth,
width and shape depend on the operating parameters. The
number of laser passes varied from 1 to 120 with the galvo
scanner and from 30 to 240 passes with polygon scanner.
Single pass with a polygon scanner leads to an insufficient
groove’s depth for a significant depth measurement.

In order to validate the relevance of this experimental
protocol we have done the comparison of the removal rate
obtained with 2.5mm-lines (single pass) and with
2.5xImmg?-cavities (single pass, hatch). The comparison
was performed at 9 and 45 W with a 2 MHz- repetition rate

298

and a 2 m/s-scanning velocity (Galvo). Both pulse-to-pulse
and line-to-line pitch are fixed to 1 um (overlap 96.7 %).
The difference in term of removal rate is below 5%, so the
values collected while engraving lines and cavities are
quite similar.

2.5 Sample characterization

The profile of each groove (depth and width) was
measured using a Leica DCM 3D confocal microscope
based on LED technology with a 50x/0.90-objective. The
cross-section of the groove is calculated using the z-profile
by integrating the groove’s volume below the mean surface
level, which is defined outside the groove area. The most
significant measurements were obtained on grooves with
depth between 0.3 to 20 um, and with aspect ratio below 1.
The width of the groove was ranging from 15 to 45 pm,
depending on the fluence, the repetition rate, the scanning
velocity and the number of passes. 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
pum the groove is not deep enough, compared to the initial
sample roughness, to get a significant depth measurement.
Then, the removal rate is obtained by multiplying the cross-
section and the scanning velocity. The corresponding de-
posited energy can be calculated taking into account the
pulse energy and the repetition rate during the same time
window.

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.

2.6 Etch rate

Etch rate is the material removal rate either per pulse or
per minute. The unit is [um3pls?] or [mm?3-min?] respec-
tively. The specific removal rate is defined as the removal
rate per watt [mm?3-min*-W-].

2.7 Ablation efficiency

How to set the operating parameters in order to get the
best process in terms of efficiency? To answer this question
we introduce the ablation efficiency (p) as the ratio be-
tween the minimum energy required to transform 1 mm3
from solid to vapor with a calculation based on thermo
dynamical laws, called Ey [J-mm?], and the energy re-
quired to engrave a 1 mmé3-groove in our experiment, called
Eexp [J-mm]. The formula used for calculation of ablation
efficiency is the following:

_ Etn
Eexp

@)

Eexp Is calculated from our experimental data using the fol-
lowing formula:

Pay
SXV

@

Eexp =
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Where P,y is the average power on the target [W], S is
the groove cross-section [mm?] and V is the scanning ve-
locity [mm/s].

Meanwhile, Es is calculated by adding melting enthal-
py (AHmer), boiling enthalpy (AHboit) and the enthalpy re-
quired to heat the metal from ambient temperature to a
temperature just above its boiling temperature (AH), as
exhibited in the following formula:

Etp = AHpeir + AHpoy + AH (3)
Where AH is defined as:
AH = Cp(T) X ATSOZ—’Liq + Cp (T) X ATLiq—»Gas (4)

For basic element, the enthalpy AH can be calculated
using the Shomate equation [26]. For alloy, the enthalpy
AH is estimated using the enthalpy of each component
weighted according to the relative composition of this alloy,
which is about 69% Fe, 17% Cr, 12% Ni and 2% Mo, in
case of 316L stainless steel. Data are regrouped in table 1.

Table 1 Theoretical calculation of energy required to
vaporize 1mm? of selected metals (En)
Material AH AHmeit  AHboil Etn
J/mm?3 Jmm3  J/mmd®  J/mm?d
Steel 15.4 2.2 59.6 77.2
Iron 16.9 1.7 58.6 77.2
Chrome 12.8 3.6 54.6 71.0
Nickel 15.4 2.6 65.2 83.2
Molybd. 17.2 4.5 70.6 92.3

The ablation efficiency is a dimensionless ratio. In case
of an ideal process, ablation efficiency should be equal to
one since all the incoming energy is used for ablation.
However, in case of direct laser ablation process, ablation
efficiency is generally less than one since part of the in-
coming energy is spent in particles shielding, light scatter-
ing, surface reflection or residual heating [12-14]. On the
other hand, other phenomena, such as droplets ejection,
spallation or phase explosion may also contribute to mate-
rial removal and modify the ablation efficiency ratio [27].
So, the ratio Ew/Eexp describes how close to an ideal and
efficient process we are. The higher the ratio is the more
efficient will be the engraving process. The ablation effi-
ciency can be plotted as a function of fluence, repetition
rate, pulse duration energy or dose per millimeter, in order
to determine the influence of each operating parameter and
their process window [16-17].

3. Results and discussion

This paragraph deals with the effect of fluence, repeti-
tion rate and number of passes on ablation efficiency of
stainless steel. First we present the results obtained with the
galvo scanner, with a scanning velocity up to 5 m/s, and
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then we present the results obtained with the polygon scan-
ner with a scanning velocity up to 100 m/s.

3.1 Ablation efficiency, multipass capability and sur-
face morphology with the galvo scanner

Figure 1 depicts the variation of ablation efficiency ver-
sus fluence at 2 MHz and 1 m/s in a single pass. The abla-
tion efficiency values obtained at low fluence (below 1.5
J/lcm?) are in good agreement with results reported in [16-
17] as shown in figure 1. Ablation efficiency is about 0.33
at 0.2 J/em?, and then it decreases down to 0.15 while in-
creasing fluence from 0.2 to 2.0 J/cmz, and rises again up to
0.75 for higher fluences due to high thermal load.
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Fig. 1 Ablation efficiency versus fluence [J/cm?] for stain-
less steel for 500fs 2MHz 1m/s 1pass. Beam deflection is
done by a galvo scanner. Green dots correspond to data
obtained in 2015 meanwhile blue dots are related to data
obtained in 2017.

The problem is that using high fluences has also a det-
rimental effect on surface morphology as shown in figure 2.
Indeed, melting inside the groove appears above 1.9 J/cm?,
side-burrs appear above 2.6 J/cm? and the groove starts to
collapse above 3.2 Jicm?2. It is even possible to observe
over-thickness inside the groove.

Can we use multipass processing in order to go deep in-
to the target material using such a galvo scanner? To an-
swer this question we have applied up to 120 passes at
5m/s for different average powers (9 and 45 W) and sets of
parameters (fluence, repetition rate). The results in term of
ablation efficiency are depicted in figures 3 and 4. Interme-
diate levels of fluence and repetition rate lead to the most
relevant set of parameters in terms of multipass capability
at 9 W (figure 3, blue dots, 2 MHz 0.64 J/cm?). In these
conditions ablation efficiency drops from 0.37 after 1 pass
to 0.15 after 120 passes (60% loss). Corresponding groove
depths are 0.6 um and 39 um respectively.



JLMN-Journal of Laser Micro/Nanoengineering Vol. 12, No. 3, 2017

Fig. 2 Surface morphology of stainless steel for 500fs
2MHz 1m/s 1lpass for 9W/0.64J/cm?, 27W/1.9]/cmz;
36W/2.6J/cm2 and 45W/3.2)/cm2. Ablation efficiency is
0.23; 0.14; 0.16 and 0.42 respectively. Groove exhibits
melting above 1.9J/cm? and side-burrs above 2.6J/cm2.

If we consider now surface morphology at 9W, we ob-
serve that high fluences (>2 J/cm?) or high repetition rates
(>4 MH2z) lead to uneven and bumpy grooves probably due
to high thermal load (figure 5). The thinner groove ob-
served at 10 MHz can be explained by an insufficient flu-
ence. An acceptable processing quality is obtained for in-
termediate levels of fluence and repetition rate (figure 5, 2
MHz 0.64 J/cm?) even if the corresponding groove exhibits
a slight roughness and some evidence of localized melting.
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Fig. 3 Ablation efficiency versus the number of passes
for different sets of parameters with a galvo scanner at
9W. Scanning velocity is 5m/s. For red dots: 10MHz
0.13J/cm? overlap 98%. For blue dots: 2MHz 2.6J/cm?
overlap 93%. For green dots: 0.5MHz 2.6J/cm? overlap
67%. Corresponding groove depth after 120 passes is
10, 39 and 13um respectively.
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Fig. 4 Ablation efficiency versus the number of passes for
different sets of parameters with a galvo scanner at 45W.
Scanning velocity is 5m/s. For red dots: 10MHz 0.6J/cm?
overlap 98%. For blue dots: 2MHz 3.2J/cm? overlap 93%.
For green dots: 0.5MHz 13J/cm? overlap 67%.

2 MHz & 0.6 J/cm?

Fig. 5 Surface morphology of stainless steel for 500fs
9W  5m/s 120passes  for ~ 0.5MHz/2.6J/cm?;
2MHz/0.6J/cm?; and 10MHz/0.13J/cm?. Ablation effi-
ciency is 0.15; 0.24; and 0.03 respectively. Groove
depth is 13, 39 and 10um respectively.

3.2 Ablation efficiency, multipass capability and sur-
face morphology with the polygon scanner

The same protocol is applied with a polygon scanner.
Figure 6 shows the variation of ablation efficiency versus
fluence at 2 MHz and 25 m/s. Data are collected after 240
passes since a single pass gives an insufficient depth for a
reliable topography measurement. We will see later on that
the number of passes has a low influence of ablation effi-
ciency. Due to a lower optical transmission and a larger
spot size the maximum fluence is 3 J/cm2 We notice a
sharp improvement of ablation efficiency with increasing
fluence from 0.6 to 3 J/cm?2. This behavior is fully different
compared to what we obtain with a lower scanning velocity
(5 m/s as depicted in paragraph 3.1), and compared to pre-
vious results with a lower repetition rate [16-17]. Thanks to
high scanning velocity (25 m/s) and low overlap (67%) the
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target material can stand the thermal load without detri-
mental effects on the processing quality as shown in figure
7. This figure presents the surface morphology after 30 and
240 passes at 3 J/cm2. We observe smooth, burr-free, re-
cast-free and melt-free grooves even for high fluence. So,
the surface morphology is fully different compared to the
one obtained at a lower scanning velocity with a galvo.
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Fig. 6 Ablation efficiency versus fluence [J/cm?] for
stainless steel for 500fs 2MHz 25m/s 240passes. Beam
deflection is done owing to a polygon scanner.

Fig. 7 Surface morphology of stainless steel for 500fs
2MHz 25m/s 3J/cm? after 30 passes (left) and 240 passes

(right).

Figure 8 depicts the evolution of ablation efficiency
with increasing humber of passes, up to 240 passes at 70 W.
Ablation efficiency drops from 0.17 after 30 passes to 0.15
after 240 passes at 10 MHz and 100 m/s (12% loss). It is
possible to engrave 40um-deep into the target material at
10 MHz and 25 m/s. So polygon scanner provides a quite
good multipass capability and then enables us to take ad-
vantage of the full average power of the 100W- femtosec-
ond laser for deep engraving.
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Fig. 8 Ablation efficiency versus the number of passes
for different sets of parameters with a polygon scanner
at 70 W. For red dots: 2MHz 3J/cm?2 25m/s overlap 67%.
For green dots: 10MHz 0.6J/cm? 25m/s overlap 67%.
For blue dots: 10MHz 0.6J/cm2 100m/s overlap 74%.
Corresponding groove depth after 240 passes is 16, 42
and 16pum respectively.

4 MHz 25m/s

2 MHz 25m/s

Fig. 9 Surface morphology of stainless steel for 500fs
70W 25m/s 120passes for 2MHz; 4MHz; 8MHz and
10MHz. Ablation efficiency is 0.07; 0.11; 0.12 and 0.17
respectively. Bumpy surface is always observed for
overlap higher than 67%.

As shown in figure 9 the surface morphology is highly
dependent on the overlap as well (pulse-to-pulse pitch). If
we consider all the trials that we have done (average power
< 70 W, repetition rate < 10 MHz, fluence < 3 J/cm?), a
bumpy surface is always observed for overlap higher than
67%. Below this limit the groove is always smooth, burr-
free and melt-free.

Furthermore, rising the repetition rate from 2 to 8 MHz
with constant overlap (67%), cumulative dose (0.08 J/mm)
and fluence (0.75 J/cm?) enhances the overall ablation effi-
ciency but also the efficiency of a single pulse as depicted
in see table 2. Indeed, ablated volume per pulse is 3 pm® at
2 MHz, 7 um?® at 4 MHz and 17 um® at 8 MHz. We assume
that this phenomenon belong to heat accumulation that
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occurs when the pulse-to-pulse delay decreases. The con-
sequence is that we may expect detrimental side-effects for
higher repetition rate even if the overlap is fixed to 67%.
This point has to be considered for up-scaling the process.

Table 2 Ablation efficiency versus repetition rate for
constant fluence, constant overlap and con-

stant cumulative dose.

Rep. Rate [MHZz] 2 4 8

Average Power [W] 17.3 34.5 70
Fluence [J/cm?] 0.75 0.75 0.75
Velocity [m/s] 25 50 100
Pulse-to-pulse delay [pus] 0.50 0.25 0.13
Overlap [%] 67 67 67
Number of passes 120 120 120
Cumulative dose [J/mm] 0.08 0.08 0.08
Ablated vol. /pulse 3 7 17
Removal Rate [mm3/min] 0.35 1.6 8.0
Ablation Efficiency 0.02 0.06 0.15

4, How long to remove 1mm? of Steel?

All these experimental data can be used to estimate the
time to remove 1 mm? of stainless steel. The first criterion
is to produce a deep burr-free groove. The second criterion
is the overlap; 67% seems to be a wise choice according to
results from the previous paragraph. Then, we have select-
ed one set of parameters with the galvo (9 W, 5 m/s, 0.5
MH2z) and another one set with the polygon (70 W, 100m/s,
8 MHz). Corresponding results are regrouped in table 3.
The cumulative dose is 0.22 J/cm? with the galvo and 0.17
J/icm? with the polygon. First of all, we note that whatever
the operating parameters with the galvo, there is no way to
reduce the processing time below 24 seconds without in-
troducing uncontrolled melting inside the groove and crip-
pling side-effects. Furthermore, we observe that while in-
creasing the average power by a factor of 8 (from 9 to 70
W), the overall ablation efficiency is decreased by a factor
of 2 and then the processing time drops by a factor of 4,
from 24 seconds with the galvo down to 6.3 seconds with
the polygon (see table 3). So, the results are quite self-
consistent. In addition, we assume that the difference in
table 3 in term of ablation efficiency between the galvo and
the polygon results comes from the higher fluence used
with the galvo scanner. Indeed, ablated volume per pulse is
85uméat 2.6 J/cm? whereas it is 20um?® at 0.75 J/cmz.

The corresponding surface morphologies for higher
number of passes are given in figure 10 in order to compare
the processing quality. The behaviors are quite different
since we observe an uneven groove at 9W with the galvo
meanwhile the groove is clean, uniform and perfectly
smooth at 70W with the polygon. Therefore, this experi-
ment demonstrates that we can handle a 70W- femtosecond
laser beam and perform efficient engraving of stainless
steel provided that the overlap is below 67% and the repeti-
tion is below 8MHz. We assume that this rule of thumb
could be useful to scale-up the engraving process using
higher average power. We also assume that decreasing the
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fluence from 2.6 to 0.75 J/cm? with a 67%-overlap would
enable us to get a smooth and melt-free groove with the
galvo, as it is observed with a polygon scanner.

Table3  Time to remove 1 mm? of stainless steel using
a galvo or a polygon scanner.

Beam deflector device Galvo Polygon
Average Power [W] 9.0 70
Rep. Rate [MHZz] 0.5 8
Fluence [J/cm?] 2.6 0.75
Velocity [m/s] 5 100
Pulse-to-pulse delay [ps] 2.0 0.13
Overlap [%] 67 67
Ablated vol. /pulse [um?] 85 20
Number of passes 1 30
Removal Rate [mm?3/min] 2.5 9.6
Ablation Efficiency 0.36 0.18
Time to remove 1mm?[s] 24 6.3

Fig. 10 Surface morphology of stainless steel obtained
with galvo (left) and polygon scanner (right). Operating
parameters are : 500fs 9W 0.5MHz 2.6J/cm? 5m/s 120
passes with galvo (left) and 500fs 70W 8MHz 0.75J/cm?
100m/s 240 passes with polygon (right). The groove
depth is 39 and 9um respectively. The cumulative dose
is 0.22 J/cm? with galvo and 0.17 J/cm? with polygon.

5. Conclusion

We have performed high throughput single and multi-
pass processing of stainless steel with a 100 W / 10 MHz
ultrashort pulse laser with two different beam deflector
devices. On one hand, galvo scanner leads to high ablation
efficiency (0.35). The groove is smooth, burr-free and melt-
free, provided that the fluence is below 2 J/cm? otherwise
burr and uncontrolled melting appear. Multipass processing
capability has been demonstrated up to 9 W but not ac-
quired for higher average power. On the other hand, poly-
gon scanner leads to lower ablation efficiency but up-
scaling has been demonstrated up to 70 W with an out-
standing processing quality provided that the overlap is
below 67% and the repetition is below 8MHz, which corre-
spond to a 12.5um- pulse-to-pulse pitch and a 0.13ps-
pulse-to-pulse delay. The point is not to avoid heat accumu-
lation but to take advantage of this phenomenon as long as
the target material can stand the thermal load without det-
rimental effects on the processing quality. Multipass pro-
cessing has been successfully demonstrated at 70 W.
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