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Abstract Percussion drilling through holes in stainless
steel (1.4301, 5, 8, and 10 mm in thickness) was performed
with the superposed radiation of two pulsed Nd:YAG
lasers. Holes were drilled with flash lamp pumped Nd:
YAG slab-laser radiation with a pulse duration of 0.5 ms
superposed with diode-pumped solid-state (DPSS) laser
radiation with a pulse duration of 17 ns. The drilling
efficiency is improved by the spatially and temporally
superposed radiation of the two lasers. With the superposed
laser radiation, drilling through stainless-steel samples at a
maximum aspect ratio of 60 is performed up to four times
faster with the reproducibility of the drilling time improved
by a factor of six in standard deviation.
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1 Introduction

To enhance the efficiency of turbo-engines, the turbine
temperature has increased drastically in the last decades due
to new materials and cooling technologies. To further
improve the efficiency of combined cycle power plants,

the aim is to increase the combustor outlet temperature up
to 1,520°C in combination with a simultaneous reduction of
the cooling fluid mass flow [1, 2]. Both the improvements
can be realized by an effusion cooling of the thermally
highly loaded turbine components. The holes with a
diameter of 0.2 mm are drilled by laser radiation at
densities up to 100 holes per cm2. An inclination angle up
to 60° leads to a high aspect ratio, resulting in an extended
processing time [3]. Due to the requirements for efficient
laser drilling, much work is performed on understanding
and improving the underlying processes [4–18].

The optimization of the drilling process regarding the
productivity (e.g., drilling speed, maximum hole depth,
operational capacity) or the quality (e.g., cylindricity, taper,
recast) of the hole has been investigated with double-pulses
[7, 8] and bursts of pulses [9–11]. A strong decrease in the
number of pulses required to drill through stainless steel by
coupling the laser radiation of a 0.15-ms pulse with laser
radiation of a pulse duration of 3.5 ms full-width at half
maximum is reported by Lehane and Kwok [12]. The delay
time between the two pulses has been varied showing as
optimum delay to drill through by the irradiation of the
laser pulse with small pulse duration subsequently after the
laser pulse with large one. The enhancement of the drilling
velocity is ascribed to the improved melt ejection due to the
additional recoil pressure induced by the subsequent laser
pulse [12].

The drilling speed and the reproducibility of the drilling
time are investigated for stainless-steel samples with a
thickness of 5, 8, and 10 mm during the superposition of
the laser radiation provided by a commercial flash lamp
pumped Nd:YAG laser (1,064 nm, 0.5 ms) and a
commercial diode-pumped solid-state (DPSS) laser
(1,064 nm, 17 ns). The main topic of the investigations is
directed towards the drilling speed, the geometry of the
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drills, and the reproducibility of the drill geometry in order
to improve the productivity and the quality of laser drilling
in applications.

2 Experimental setup

The experimental setup is shown schematically in
Fig. 1, the specifications of the used lasers are given
in Table 1. The spatial intensity profiles of the laser
radiation are measured by photography using a camera-
based monitoring system (MicrospotMonitor Co. PRIMES
GmbH). The radiation of both lasers exhibits a nearly
circular Gaussian spatial intensity profile in the focus with
comparable diameters. The linear polarised laser radiation
of the LASAG Slab-Laser FM015, guided by two mirrors
through a polarizer and a λ/4-plate, is focused onto the
sample by a lens with 100 mm focal length. The linear
polarised laser radiation of the Lambda Physik DPSS-Laser
Powergator 1064 is orthogonally aligned to the linear
polarised laser radiation of the Slab-Laser. The laser
radiation of both lasers is spatially coupled by the polariser.
The Slab-Laser was operated at a pulse duration of 0.5 ms,
a pulse energy of 0.64 J, and a repetition rate of 20 Hz. The
DPSS-laser is used at a repetition rate of 10 kHz with the
mean power varied by an external attenuator between 0 and
18 W (0≤PDPSS≤1.8 mJ) in steps of ≤5 W. The actual mean
power on the sample is measured by calorimetry. Both laser
systems were not temporally synchronized.

The parameters used yield to a temporal overlap of 5
DPSS-laser ns-pulses during one 0.5-ms Slab-Laser pulse

(Fig. 2). The intensity of the DPSS-laser is up to two orders
of magnitude larger than the Slab-Laser. The drilling was
investigated with the focus of the Slab-Laser radiation at
the top surface of the sample. The laser radiation of the two
independent laser systems exhibits different beam parame-
ters (waist diameter and divergence) and different distances
of the beam waist to the focusing optic. This results in
different waist diameters and divergences on the focusing
lens. Using the same lens, the foci are shifted relative to
each other depending on these parameters. The focus of the
laser radiation of the DPSS-laser is located 4 mm below the
Slab-Laser focus (Fig. 3). The holes are drilled in 5, 8, and
10-mm-thick stainless-steel plates whereby the time to drill
through has been recorded visually, with a precision of
about 0.5 s, as soon as a constant melt ejection is observed
at the hole exit. For all experiments, oxygen at a pressure of
12 bar was used as the process gas.

3 Results and discussion

The percussion drilling experiments were carried out only
with the laser radiation of the Slab-Laser to evaluate

Fig. 1 Scheme of the experimental setup: the radiation of the DPSS-
laser with a pulse duration of 17 ns is coupled by a polarizer with the
radiation of the lamp-pumped Slab-Laser with a pulse duration of
0.5 ms, without temporal synchronisation of the lasers

Fig. 2 Temporal intensity distributions of the Slab-Laser radiation
and the DPSS-laser radiation

Table 1 Specifications of the lasers used

Laser Lamp-pumped
Slab FM015

DPSS-Powergator

Wavelength 1,064 nm 1,064 nm
Pulse duration 0.5 ms 17 ns
Pulse energy 0.64 J 0–1.8 mJ
Repetition rate 20 Hz 10 kHz
Beam quality (M2) 2 1.7
Focus diameter 45 μm 42 μm
Rayleigh length 0.8 mm 0.75 mm
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reference times for drilling through the samples at different
thicknesses (DPSS-laser mean power PDPSS=0 W, Figs. 4
and 5). A sample with a thickness of 2 mm could not be
drilled through using processing times up to 2 min by
drilling only with the laser radiation of the DPSS-laser
(Slab-Laser mean power PSlab=0 W). Due to this experi-
mental result, no further investigations were carried out
using only the laser radiation of the DPSS-laser.

The experiments with the laser radiation of the Slab-Laser
superposed spatially and temporally by the laser radiation of
the DPSS-laser were carried out using 5, 8, and 10-mm-thick

stainless-steel plates from 0 to 18 W average power of the
DPSS-laser (Fig. 4). Each data point represents the mean
value of up to ten measurements and the corresponding
standard deviation. The time to drill through decreases for
all sample thicknesses investigated. The decrease compared
to the reference time becomes larger with an increase in the
sample thickness. Drilling through 8-mm-thick stainless-
steel plates results in a reduction of the mean drilling time
from 66 s (by using only the radiation of the Slab-Laser) to
36 s with additional radiation of the DPSS-laser at 18 W
mean power (Fig. 5). Simultaneously, the standard deviation
of the mean drilling time is reduced from 25 s (drilling with
only the Slab-Laser radiation) to 4 s (drilling with
superposed DPSS-laser radiation at 18 W mean power).

Fig. 3 Scheme of the entrance region of a drilled hole with the caustic
of the superposed laser beams: a Slab-Laser; b DPSS-laser

Fig. 4 Drill-through time of stainless-steel samples of various
thickness as a function of the DPSS-laser mean power

Fig. 5 Drill-through time of an 8-mm steel sample as a function of the
DPSS-laser mean power

Fig. 6 Longitudinal sections of drilled holes in the 5-mm steel
samples without (a) and with the superposition (b) of the DPSS-laser
radiation at a mean power of 18 W. The hole diameters (a, b) are in
the range of 0.17–0.18 mm with the geometric shape showing no
dependence on the superposed radiation of the DPSS-laser
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Figure 6 shows the longitudinal sections of the holes in
the 5-mm plate. No influence on the geometric shape of the
drilled hole due to the superposed laser radiation of the
DPSS-laser can be detected; the diameters and the tapers
are comparable.

The drilling process with the radiation of one laser
pulse with a pulse duration in the μs-regime can be
described by a model representing four relevant process
regimes [13]. The incident laser radiation is absorbed by
the material resulting in melting, vaporization, and plasma
formation at the ground of the developing hole (regime I).
The recoil pressure induces an acceleration of the melt
perpendicular to the incident laser beam. The heating of
the molten material increases the diameter radially to the
hole axis (regime II). The developing hole geometry and
the recoil pressure lead to a coaxial melt flow towards the
incident beam. With the melt flowing along the hole wall
the melt cools down with a subsequent increase of
viscosity and a decrease of velocity, leading to an increase
of the thickness of the solidifying recast layer (regime III).
With the further increase of thickness of the recast layer
starting at a critical length, the incident beam can be
shadowed, and a closure of the hole can occur (regime
IV). Depending on the material properties and laser
parameters during percussion, drilling closures develop at
a critical hole depth. These closures can be removed again
by subsequent laser pulses. With the further progression of
the hole depth, the drilling process is maintained largely
by multiple reflections of the laser radiation at the hole
wall (Fig. 3). The spatial intensity profile is altered by
reflection of laser radiation on the hole wall and the
absorption decreases by the changing ground geometry
[14]. Both processes lead inter alia to a modified melt
dynamics causing the closures and a reduction of the
drilling speed. These processes result in an unsteady or
interrupted melt expulsion originating in different drill
through times (DPSS-laser mean power PDPSS=0 W,
Figs. 4 and 5).

Explanations for the more efficient drilling with the
spatially and temporally superposed radiation of the two
lasers could be either the larger intensities caused by the
DPSS-laser leading to a higher recoil pressure in the hole or
an additionally heating of the vapour or the drill wall
keeping the melt liquid and less viscous for enhanced times.
Both processes result in a more effective melt expulsion.
The larger recoil pressure causes a bigger acceleration of
the melt in regime I. The additional heating leads to a
delayed starting of the processes in regime III and to an
extension of the critical length for the development of
closures within the hole (regime IV). The temporal changes
of the processes involved with the subsequent changes in
matter properties yield in a modified formation and removal
of closures within the hole.

4 Conclusions

Percussion drilling through holes in stainless steel (1.4301, 5,
8, 10 mm in thickness) was performed by superposed pulsed
laser radiation provided by two Nd:YAG lasers with pulse
durations of 0.5 ms and 17 ns . The radiation of the lasers is
spatially and temporally superposed. Due to the superposition
of the radiation of the lasers, a remarkable decrease in the
drilling time and in the deviation of the mean drilling time can
be achieved. The formation of closures within the hole is
modified; the melt ejection is more continuous and the drilling
is more reproducible. The longitudinal sections show no
influence on the geometric shape of the drilled hole due to the
superposed laser radiation of the DPSS-laser. The diameters
and the tapers are comparable to the conventional percussion
drilled holes by the Slab-Laser.

More detailed experiments are necessary to assign the
efficiency improvement to the processes during laser
percussion drilling described. Further metallographic and
microscopic analysis will give more information on the
processes involved. An analysis with coaxial photography
using a high-speed camera will allow a more precise
interpretation of the processes during the drilling, especially
the influence of the superposed laser radiation on the
formation and removal of closures within the hole.
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