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The pressing need from various technological sectors, e.g. aerospace, automotive and microfil-
tration, for higher drilling throughput at increasingly lower cost has propelled the continuous com-
mercial development of ultrashort lasers offering very high average powers. Although such laser
sources provide a huge potential for production upscaling, it is still challenging to fully utilise their
output. The problem relates to unwanted thermal effects that degrade the overall process perfor-
mance, especially in laser drilling of metal foils. Therefore, effective solutions are still required to
exploit these new advances in ultrashort laser technology. Herein, we study throughput upscaling by
utilising a 120 W femtosecond diode-pumped solid-state laser in both single-pulse and MHz burst
modes for percussion drilling of 300 um thick stainless-steel foils. The influence of critical laser
processing parameters was investigated for maximum drilling efficiency and best hole quality. Heat
accumulation effects induced by MHz burst mode in high-density hole drilling were analysed and
compared with those of nanosecond laser pulses of similar total temporal length. The results demon-
strate new capability using MHz burst mode processing to improve drill rate and hole quality com-
pared to single-pulse. Despite that, MHz burst mode showed similar heat-related issues with a nano-

second laser in high-density drilling operations.
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1. Introduction

Micro-holes have an essential role in the function of
numerous metallic components used in aerospace, automo-
tive, filtration and textile industries [1,2]. To overcome the
inherent limitations of traditional microdrilling processes,
various non-conventional chipless ones have been devel-
oped and deployed to fabricate such holes even in “diffi-
cult-to-cut” materials [3]. Among them, laser micro-
machining technology has gained a lot of interest from both
industrial and academic communities since it offers high
processing efficiency, selectivity and flexibility without
involving hazardous chemicals [4].

Over the last decade, laser drilling with ultrashort puls-
es has steadily emerged as a prominent manufacturing
technique for producing highly precise holes in microscale
range with well-defined edges and minimum heat-affected
zone (HAZ) surrounding them. However, ultrashort laser
sources are still considered capital intensive and commonly
associated with low material removal rates, which results in
high operating costs [5]. To satisfy the requirements for
high-throughput and enable their broader implementation
in industrial applications, significant efforts have been in-
vested towards developing high-average-power ultrashort
lasers, i.e. > 100 W. Even though such laser sources offer
production upscaling potential, it is really challenging to
avoid undesired heat accumulation effects, e.g. surface oxi-
dation and recast/burr formation, accompanying their use
[6]. In general, such laser-induced thermal effects are more
pronounced at high pulse repetition rates and can have a
detrimental impact on the overall drilling efficiency and
hole quality, especially in laser percussion drilling of metal
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foils. Therefore, effective solutions are required to exploit
the aforesaid advances in ultrashort laser technology.

For laser percussion drilling, two methods have been
widely promoted to utilise the maximum average power of
a typical laser system while mitigating against thermal ac-
cumulation of residual heat. The first approach employs
laser beam splitting, e.g. diffractive optical elements, to
enable parallel laser processing with multiple beamlets on
target simultaneously [7-9], whilst the second method uses
typically fast beam deflection units, e.g. polygon scanners,
together with high repetition rates to move the laser beam
across the substrate at very high speeds and deposit a single
pulse at each hole location in a series of repeated pro-
cessing cycles [10, 11]. Nevertheless, these laser drilling
strategies involve complex beam delivery setups that hin-
der their broader adoption on an industrial scale. Thus,
burst mode ultrashort laser processing has been proposed as
an alternative solution to improve both the process effi-
ciency and heat-related issues by having a better control
over the laser energy deposited on the target material. In
such laser operating mode, a high energy single ultrashort
pulse is divided into a burst of multiple sub-pulses of lower
energy closely spaced in time at MHz or GHz level repeti-
tion rates. This enables better utilisation of the output laser
power by maintaining the incident laser fluence of each
sub-pulse at an optimal level. Owing to this unique func-
tionality that this technology offers, extensive research has
been conducted to explore the benefits of using MHz or
GHz burst mode in laser processing of metallic materials
[12-15]. Most of these studies revealed significant im-
provements in terms of ablation efficiency and surface
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quality compared to the standard single-pulse laser mode
processing. However, investigations of burst mode laser
processing on metals have mainly focused on laser structur-
ing/milling applications so far, whereas there is limited
knowledge about its potential in higher aspect ratio laser
drilling operations. Specifically, its potential advantages
and limitations for high-density percussion laser drilling of
metal foils have not been examined.

Therefore, this research reports on throughput upscal-
ing by utilising a 120 W femtosecond diode-pumped solid-
state laser in both single-pulse and MHz burst modes for
percussion drilling of stainless-steel foils. Herein, the influ-
ence of critical laser parameters was investigated in terms
of overall process efficiency and quality by evaluating the
morphological and dimensional characteristics, i.e. size,
HAZ and burr formation, of drilled holes. Lastly, heat ac-
cumulation effects induced in MHz burst mode microdrill-
ing of high-density holes were analysed, and then com-
pared with those of nanosecond laser pulses of similar tem-
poral length.

2. Material and methods

AISI 304L stainless-steel (SS) foils of 300 pm thick-
ness were used of about 20 x 20 mm? in size. The sub-
strates were ultrasonically cleaned in ethanol for 30
minutes before and after their laser treatment to remove
any possible contamination and residual debris. Laser drill-
ing was performed on a high-power laser micro-machining
platform under normal atmospheric conditions, and its
main beam delivery sub-system is schematically illustrated
in Fig. 1. This workstation integrated an ultrashort laser
source (LXR 120-1030, Luxinar) with 800 fs pulse dura-
tion at 1030 nm and maximum pulse energy of 120 pJ at 1
MHz repetition rate. Circular polarisation was used in all
drilling operations. The laser could deliver bursts with up
to 172 sub-pulses at an intra-burst repetition rate of 40
MHz, i.e. temporal period of 25 ns between them. The
maximum burst energy was 566 uJ, and could only be
achieved at 200 kHz. The energy distribution across sub-
pulses had a descending trend due to amplifier gain satura-
tion. A comparison was made with a 70 W, 1064 nm nano-
second fibre laser (EP-Z G4, SPI/Trumpf) with randomised
polarisation, emitting pulses of tunable duration in the
range 5 ns —2 ps.

Nanosecond laser
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Fig. 1 Schematic illustration of the laser micro-machining work-
station employed to execute the percussion drilling operations.

A galvanometer scanner (excelliSCAN 14, SCANLAB)
equipped with a coaxial camera was added in the experi-
mental setup to deflect the laser beam across the SS surface
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at high speeds and also monitor the progress of laser drill-
ing. A 163 mm focal length telecentric lens was attached to
focus the beam down to a spot size (2wy) of 38 um and 43
um at 1/e* for the nanosecond and femtosecond lasers, re-
spectively. To accurately position the samples at the lens
focal plane, three linear (XYZ) motorized stages together a
laser triangulation sensor were deployed. Finally, a dedi-
cated CAD/CAM control software (Direct Machining Con-
trol) was deployed to control the various laser component
technologies and generate the required beam motion trajec-
tories.

Initially, individual test holes were produced on the SS
substrates via MHz burst and single-pulse modes to inves-
tigate their overall drilling performance. The laser average
power, repetition rate, number of pulses/bursts and number
of sub-pulses per burst were varied, and their impact on the
drill rate, hole dimensions and quality of hole was analysed.
To attain reliable and reproducible results, all the drilling
operations were carried out in triplets. These sets of holes
were then used as reference to evaluate the laser heat ac-
cumulation effects induced when drilling high-density
holes. Specifically, the high-density drilling operations
were performed over a 10 x 10 mm? surface area on the SS
substrates, in which a bidirectional sequential scanning
strategy was used to drill holes with pitch distances ranging
from 200 to 500 pm as shown in Fig. 1. To initiate heat
accumulation between holes and study its effects, the scan-
ner jump speed was varied between 10 and 1600 mm/s.
The drilled holes were measured with an optical micro-
scope at five different locations, i.e. on the corners and near
the centre of the 10 x 10 mm? area. Specifically, a surface
area of 3 x 3 mm? containing laser drilled holes was
scanned at each of these locations, and then analysed using
the technique described in [16]. In this research, only devi-
ations in the hole exit diameter were considered to assess
the impact of heat accumulation on the MHz burst mode
drilling performance.

3. Results and discussion
3.1 Single-pulse mode laser drilling

Firstly, we determined the single-shot ablation thresh-
old peak fluence to be 1.9 J/cm? on 300 pm thick SS foils
using Liu’s method [17] by generating micro-dimples on
the SS surface at different laser fluences and measuring
their diameters. The multi-pulse ablation threshold fluence
was not examined yet.

The minimum number of laser pulses required to perfo-
rate the SS substrate i.e. the laser drilling time per hole,
was investigated for single-pulse mode percussion drilling.
The maximum available pulse energy at 112 pJ was used
whilst the repetition rate was varied from 50 kHz to 1 MHz.
It is evident from Fig. 2(a) that the number of laser pulses
needed to perforate the material at fixed pulse energy de-
creases with increasing repetition rate. The shortest break-
through drill time of 30 us was recorded at 1 MHz. The
steady decrease in drill time was attributed to residual heat
accumulation in the irradiated area by successive laser
pulses. This was more pronounced at higher repetition rates
as any residual laser heat remaining in the vicinity of the
holes could not be removed fast enough before a subse-
quent laser pulse arrived due to the low thermal conductivi-
ty of SS material, which likely led to the ablation threshold
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reduction. Such experimental findings are in good agree-
ment with previous studies, in which improved material
removal rates were observed when intense laser-induced
heat accumulation effects were present [18, 19]. This phe-
nomenon could also explain the fact that a well-rounded
exit hole (see inset images in Fig. 2(a)) was only achieved
at 1 MHz since the arriving laser fluence at the exit is ex-
pected to be higher, having less temperature gradients be-
tween consecutive pulses.
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Fig. 2 The minimum number of pulses required to perforate the
SS foils as a function of (a) pulse repetition rate at a fixed pulse
energy of 112 pJ and (b) pulse energy at a fixed repetition rate of
1 MHz. Insets in (a) show backlit images of the exit holes.

The influence of laser pulse energy on the minimum
number of pulses required to penetrate the SS substrates
was investigated at a fixed repetition rate of 1 MHz. Fig.
2(b) shows the minimum number of laser pulses required to
perforate the foil in percussion with laser pulse energy. For
pulse energies below 12 pJ, 3000 consecutive incident laser
pulses were insufficient to perforate the material. Drilled
through holes started to appear by further increasing the
pulse energy. In general, higher pulse energy levels result-
ing in shorter breakthrough times. From 70 pJ and beyond
up to the maximum available 112 pJ, the same number of
pulses, i.e. 30, was required to perforate the SS material.

After initially penetrating the SS material, the evolution
of hole size with the number of laser pulses was investigat-
ed for pulse energies ranging from 33 to 112 pJ. The repeti-
tion rate was kept constant at 1 MHz. Indicative results on
hole size evolution are plotted in Fig. 3 for the maximum
available pulse energy of 112 pJ. It is apparent that both the
entry and exit hole diameters initially increased with the
number of incident laser pulses and then reached saturation.
Although not shown here, this was also true for all investi-
gated laser pulse energies. Around 500 laser pulses were
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required to reach hole size saturation for both entry and exit
at the highest pulse energy and 1160 laser pulses at the
lowest one.
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Fig. 3 The evolution of laser drilled hole size with the number of
incident laser pulses for a fixed repetition rate of 1 MHz and pulse
energy of 112 plJ.
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Fig. 4 (a) Entrance and (b) exit diameters of drilled holes as a
function of pulse energy for a fixed repetition rate of 1 MHz and
1160 incident laser pulses.

Lastly, the effect of laser pulse energy on the resulting
morphological and dimensional characteristics of drilled
through holes was assessed, keeping all other laser pro-
cessing parameters constant, i.e. repetition rate of 1 MHz,
focused spot size and 1160 incident laser pulses on target.
As shown in Fig. 4, there is an almost linear relationship
between both the entry and exit diameters of through holes
with the laser pulse energy. Considering the inset micro-
graphs in this figure, signs of HAZ in the form of surface
discoloration/oxidation are observed around both entry and
exit sides of the holes for all applied pulse energies.
Burr/recast, i.e. molten material ejected and solidified, was
also formed around the entrance hole when the pulse ener-
gy was higher than 70 pJ. Although there is no concrete
proof in this work, it is likely that such heat accumulation
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effects were initiated by gradual surface temperature rise
above 200 °C in a shallow film around the irradiated region
during the drilling operation as laser-induced heat was not
able to diffuse fast enough away from that region.

From all above results, it is not surprising that increas-
ing both laser pulse energy and repetition rate, i.e. increas-
ing average laser power on target, is essential to scale-up
laser percussion drilling speed in single-pulse mode, but
this comes at the expense of drilled hole quality.

3.2 MHz burst mode laser drilling

We also evaluated MHz burst mode to improve the la-
ser percussion drilling operations at high-average-powers.
The maximum output laser power possible from the laser
was utilised in these experiments, which corresponds to a
burst energy of 566 puJ at 200 kHz.

Firstly, the potential of burst mode to speed up drilling
rates was investigated. The minimum number of bursts
required to perforate the SS material carrying different
number of sub-pulses in each burst is presented in Fig. 5(a).
Evidently with increasing the number of sub-pulses in a
burst, the laser energy of each sub-pulse decreases accord-
ingly. Although the overall laser energy delivered on the
SS substrate per burst was the same, the total number of
bursts required to drill through gradually decreased with
increasing the sub-pulses from 5 to 100. The shortest
breakthrough drill time achieved using the MHz burst
mode was only 25 ps, which was marginally lower than
that achieved with single-pulse mode. Five bursts of 566 pJ
with 100 sub-pulses each were required to perforate the SS
substrate.
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Fig. 5 MHz burst mode percussion drilling at 566 pJ and 200
kHz: (a) the minimum number of laser bursts required to perforate
the SS foils with different sub-pulses per burst and (b) hole size as

a function of the incident number of laser bursts using 10 sub-

pulses in each.

Interestingly, in bursts with more than 20 sub-pulses,
the resulting average laser fluence of each sub-pulse is be-
low the nominal ablation threshold determined with single-
pulse mode. This would imply that no drilling should be
taking place for such bursts. But not only it does, it is also
much more efficient to penetrate through the material than
laser bursts with higher individual sub-pulse fluence. Based
on literature, such improvement in drilling rate has been
attributed to photoincubation effects from exposure to the
multiple sub-pulses in each burst and associated heat ac-
cumulation occurring from their very high intra-burst repe-
tition rate [13, 15]. A reversal in drilling efficiency gains
occurs when increasing the number of sub-pulses in each
burst beyond 100. In such case, more laser bursts were nec-
essary to drill through holes. For instance, with 140 sub-
pulses per burst of only 4 pJ each, more than 80 bursts
were needed to penetrate through the material. At such long
bursts, the fluence of each sub-pulse was significantly low
and hence likely insufficient to initiate strong heat accumu-
lation/incubation effects.
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Fig. 6 Influence of number of sub-pulses within a burst on (a)
entry and (b) exit diameter of holes drilled at a fixed repetition
rate of 200 kHz and 200 bursts. The insets in (a) and (b) depict
optical images of the entry and exit side of holes, respectively.

Furthermore, the evolution of hole size with the number
of incident laser bursts was assessed using the maximum
available burst energy of 566 pJ and 10 sub-pulses in each.
As shown in Fig. 5(b), no significant differences were de-
tected in both the entry and exit hole diameters with in-
creasing laser bursts, which contrasts the results obtained in
single-pulse laser processing mode. This conveniently im-
plies that an even faster drilling rate can be achieved in
MHz burst mode operation since hole size saturation is
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reached almost immediately after breaking through the SS
material. The effect of the incident number of sub-pulses
within a burst on the dimensional and morphological char-
acteristics of holes drilled in SS were also studied. In Fig.
6(a), the entry hole diameter initially decreased linearly
with the number of sub-pulses followed by a slight increase
and then a plateau. By inspecting the optical images of
these holes (see insets in Fig. 6(a)), it was apparent that a
ring-like burr was formed around the hole entrance drilled
with up to 10 sub-pulses in a burst, which gradually started
to recede with increasing their number up to 100. These
preliminary experimental findings demonstrate the ability
of femtosecond MHz burst mode to control laser heat ac-
cumulation and mitigate some of its unwanted side effects,
thus minimising the need for laborious post-processing
steps to improve hole quality.

In addition, one can see from Fig. 6(b) that the afore-
said laser burst parameter had a stronger impact on the hole
exit size. The exit hole diameter initially decreased with the
number of sub-pulses per burst and then reached a plateau.
This decrease was linear for up to 30 sub-pulses, possibly
due to a lower sub-pulse laser fluence. At the same time,
laser drilling with a higher number of sub-pulses in a single
burst led to brighter surface coloration on the area sur-
rounding the exit hole. Lastly, we report on another im-
portant advantage of using burst mode processing in laser
percussion drilling operations. Owing to the flexible con-
trol of energy deposition offered with this laser output
mode, a wide range of hole dimensions can be achieved by
simply adjusting the total burst energy and the number of
sub-pulses per burst. For instance, exit hole diameters vary-
ing from about 10 to 50 pm were drilled on the SS sub-
strates with varying burst energy from 168 to 566 pJ and
selecting between 5 to 40 sub-pulses as shown in Fig. 7.
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Fig. 7 Exit hole diameter as a function of burst energy for six
different sub-pulses per burst.

3.3 High-density hole drilling

The capability of MHz laser burst mode to drill high-
density holes was investigated over a surface area of 10 x
10 mm? on the SS samples as this is a common industrial
enquiry. By high density we mean holes drilled as close
together as possible. As proof of concept, a sequential
scanning strategy was employed, meaning each subsequent
drilled hole was neighbouring the one drilled immediately
next to it. The following fixed laser parameters per hole
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location were used: burst energy of 566 pJ, 200 laser bursts,
repetition rate of 200 kHz and 10 sub-pulses in each burst.
Initially, through holes were drilled with a pitch varying
from 200 to 500 um. The impact of pitch distance on the
exit hole dimensions was assessed. To prevent any heat
transfer between holes at this stage, a time delay of 4 sec-
onds was deliberately introduced between their drilling.
This time interval allowed the SS material surrounding the
hole to cool back down to room temperature after each hole
drilling. As expected, these holes did not exhibit any con-
siderable variations in their exit diameter. This was the case
even for those drilled at the tightest examined pitch of 200
pm as shown in Fig. 8.

Exit hole diameter: 41.9 + 1.4 um

20

X, um
Fig. 8 Overlayed profiles of exit holes drilled at 200 um pitch in
the absence of heat accumulation effects.

Thereafter, the same laser drilling trials were repeated
on a fresh area but with increasing galvanometer scanner
indexing speeds between holes, i.e. from 10 to 1600 mm/s,
and without applying any time delay. That reduced the laser
transit time between each hole and could affect the drilling
outcome if it was comparable to thermal relaxation time.
Indeed, Fig. 9(a) shows that for holes processed at pitch
distances higher than 300 pm, the increase in inter-hole
indexing speed had a marginal effect on their exit hole siz-
es. At such pitch distances, there was probably not enough
time for any residual heat from neighbouring holes to dis-
sipate and gradually build up ahead of drilling the next one.
However, substantial variations were observed in the exit
hole diameter at shorter pitch distances below 200 pm.
Such holes reached maximum size at indexing speed 400
mm/s, followed by a decrease in size with its further in-
crease. For instance, a deviation of more than 10 pm in
average exit diameter was calculated when comparing
holes processed at 400 mm/s with reference ones depicted
in Fig. 8. Interestingly, a very similar behaviour was ob-
served in our previous results using a nanosecond pulsed
laser at its highest output settings, i.e. pulse energy of 1 mJ
and repetition rate of 70 kHz, in which undesirable effects
of heat accumulation in high-density hole drilling were
analysed [20]. The respective results obtained with that
laser emitting pulses of 240 ns duration are plotted in Fig.
9(b) for comparison. A close look reveals that these two
different laser sources (nanosecond and femtosecond near-
infrared) demonstrate an almost identical drilling behaviour
in terms of hole uniformity. Thus, despite common belief, it
is apparent that undesired heat accumulation effects are
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present in high-density drilling of SS even for femtosecond
lasers operating in burst mode.
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Fig. 9 The influence of laser jump speed as a function of exit
diameter of holes drilled at different pitch distances with (a) a
femtosecond pulsed laser operating in burst mode and (b) a nano-
second pulsed laser.

4. Conclusions

The potential of MHz femtosecond laser burst mode
was investigated in this paper to improve laser percussion
drilling of SS foils while utilising fully the 120 W output
power of a 800 fs near-infrared ultrashort laser, and its per-
formance was compared with single-pulse output. The in-
fluence of critical laser processing parameters in both re-
gimes was investigated for maximum drilling efficiency
and best hole quality by evaluating the dimensional and
morphological characteristics of drilled holes. High-
average-power single-pulse laser mode (112 W at 1 MHz)
could significantly increase drilling throughput comparing
to lower power laser sources. However, laser processing
with these settings led to poor hole quality due to intense
heat accumulation. On the contrary, MHz burst output of
the same average power exhibited clear advantages in
terms of drilling efficiency and overall hole quality. This
mode enabled faster drilling rates without compromising
hole quality by carefully optimising the number of sub-
pulses in the burst. The shortest drill time achieved through
300 pm thick stainless steel was 25 us per hole, attained
with 100 sub-pulses in a 566 pJ burst. Consequently, MHz
burst mode can be an effective solution to exploit the con-
tinuous increase in high-average-power of industrial femto-
second lasers for upscaling drilling processes. However, its
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performance in high-density hole drilling was unremarka-
ble, producing very similar results to that of mere nanosec-
ond fibre lasers operating with pulses of similar total tem-
poral length to the burst duration. Thus, MHz burst mode
as a stand-alone technology is not sufficient to sup-
press/mitigate the undesired heat accumulation effects pre-
sent at high processing speeds in such operations.
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