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ABSTRACT

Laser drilling is a very versatile tool to produce high accuracy bores in small and large geometries using different
technologies. In large and deep hole drilling laser drilling can be found in drilling cooling holes into turbomachinery
components such as turbine blades. In micro drilling, the technology is used for the generation of nozzles and filters.
However, especially in macro drilling, the process often causes microstructure changes and induces defects such as
recast layers and cracks. The defects are caused by the melt dominated drilling process by using pulse durations in the
range of some 100 pm up to a few ms. A solution of this problem is the use of ultrashort pulsed laser radiation with pulse
durations in the range of some 100 fs up to a few ps, however with the disadvantage of long drilling times. Thus, the aim
of this work is to combine the productive process by using ms pulsed fiber laser radiation with subsequent ablation of
existing recast layers at the hole wall by using ultrashort pulsed laser radiation. By using fast scanning techniques the
recast layer can be avoided almost completely. With a similar technology also very small hole can be produced. Using a
rotating dove prism a circular oscillation of the laser spots is performed and holes are drilled at intervals in 1 mm thick
stainless steel (1.4301) by ultra-short laser pulses of 7 ps at 515 nm. The formation of hole and the behavior of energy
deposition differ from other drilling strategies due to the helical revolution. The temporal evolution of the hole shape is
analyzed by means of SEM techniques from which three drilling phases can be distinguished.
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1. MOTIVATION

Ultra-short laser pulses in the regime of picosecond and femtosecond pulse duration have been applying widely in micro-
scale material processing. For instance, laser fine cutting, micro drilling and high resolution surface structuring have
been introduced under industrial conditions [1-3]. Due to their extreme peak intensity and short laser material interaction
timescale, ultra-short pulsed lasers provide the possibility to achieve high precision and quality by realization of a
vaporization-dominated processing. In recent years, ultrashort pulsed lasers have been developing in aspects of output
power and beam quality. As well-established applications, the use of ultra-short laser pulses in laser micro drilling has
been demonstrated great advantages of negligible heat-affect-zone (HAZ) and minimized recast layer on material
compared with long laser pulses from microsecond to millisecond.

Figure 1. Longitudinal section of a cooling hole with recast layer and micro cracks in nickel-base alloy drilled by flash-lamp pumped
laser radiation with a pulse duration of one ms [1]

This properties are necessary to generate for example cooling holes in modern and efficient gas turbines or aircraft
engines, which consist of thermally highly stressed components such as turbine blades and vanes or combustion
chambers. These components require both the use of coated, high-temperature materials with corrosion protection and



thermal barrier coatings, as well as the use of advanced cooling technologies. Particularly the film cooling is essential for
limiting the maximum material temperature of ceramic-coated high-temperature components. Conventionally, flash-lamp
pumped Nd:YAG laser radiation or fiber laser radiation with pulse durations in the range of a few ms is used in the
industry for the generation of film cooling holes. However, the laser drilling process often causes microstructure changes
and induces defects such as recast layers and cracks, Figure 1, as well as interface delamination and damage to the rear
wall. These effects lead to a further reduction of lifetime of the components.

With the use of ultrashort lasers the quality of the hole can be significantly increased. Thus, the process related
microstructure changes and defects shall be reduced. Pulse durations <10 ps are smaller than the electron phonon
interaction time, so that a “cold ablation” is possible as the material is vaporized directly. Thus, the appearance of recast
layers and the initiation of cracks might be avoided. The comparison of the vaporization-dominated ablation and melt-
dominated ablation is shown in Figure 2.
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Figure 2. Comparison of material ablation by melt-dominated process with millisecond pulses (top) and by vaporization-dominated
process with femtosecond pulses (bottom) [2]

However, due to the process characteristics of fully vaporization of the material the process time for drilling large and
deep holes are quite long in the minutes rage. Due to an estimated large process time > 2 min, the drilling process shall
be combined by using a productive melt-dominated drilling process at first. Thus, a pilot hole will be drilled within a few
seconds by using millisecond pulsed fiber laser radiation (process step 1). In process step 2, the defect-affected hole wall
will be ablated by using ultrashort pulsed laser radiation.

For drilling micro holes with a diameter of less than 50 um vaporization dominated drilling is the best choice. Here
different technologies like percussion drilling, spiral drilling and helical drilling results in short drilling times and highest
quality.

2. PROCEDURE

Large and deep hole drilling

For generating large and deep holes the strategy is divided into two steps: 1. Deep hole pilot drilling, 2. Hole shaping by
circular ablation. For drilling the pilot hole, the percussion drilling will be used. On the one hand the process time is
smaller as using trepanning and on the other hand possible back wall defects influenced by laser radiation can be reduced
or avoided in contrast to using trepanning.
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Figure 3. Laser beam movement for process step 2



For the second step the laser radiation is deflected within a helix geometry consisting of nine circles, Figure 3. The
diameter of the outer circle is 440 pm and the distance between any two circles 10 um. The movement starts at the outer
diameter and ends at the middle of the helix.

Following aspects are investigated within this paper: The influence of the average power, the repetition rate, the number
of repetitions and the process gas in dependency of the thickness of possibly existing recast layers and the reached
penetration depth.

Small hole drilling

For small and high accuracy holes, the helical drilling process is used. The helical drilling technology, which is
characterized by a high speed self-rotation of laser beam and a relative movement between laser spot and workpiece (See
figure 4) enables the best drilling quality in a wide spectrum of materials including metals and dielectrics. During drilling
the ablation front of laser spot moves downwards into the material in a helical path and the material volume ablated with
each pulse is much smaller compared to trepanning. Thus, the accuracy of hole geometry can be increased and moreover
thermal load in the workpiece can be decreased [4].

Fig. 4. Schematic for revolution of laser pulse in helical drilling process

3. EXPERIMENTAL SETUP
Fiber laser radiation

For the first process step, the experimental setup consisting of fiber laser source, fiber coupling unit and drilling optic is
shown in Figure 5. A pulsed fiber laser source YLS-600/6000-QCW from IPG Photonics is used for the experiments. The
maximal pulse peak power of this laser source is Py = 6000 W. The repetition rate can be set from f=1 Hz up to
f=500Hz and the pulse duration from t,=0.2 up to t,=1ms. The emitted laser radiation has a wavelength of
A =1070 nm. The diameter of the feeding fiber of the laser source for beam guidance is 50 um. By using a fiber coupling
unit from Optoskand, the laser radiation can be coupled into process fibers with diameters up to 400 pm. A Precitec
drilling optic with a collimation length of 100 mm is used. The focal length can be changed from 100 mm in 50 mm

steps up to 300 mm.
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Figure 5. Schematic of the experimental setup consisting of fiber laser source, fiber coupling unit and drilling optic for the first
process step



High power ultra short pulsed laser radiation

For the second process step of deep hole drilling, an Amphos ultrashort pulsed laser source is used with a wavelength of
A =1030 nm, an average output power of up to P =400 W, a repetition rate of up to f=56.8 MHz and a pulse duration
between tp = 0.7 and tp = 7.5 ps. Pulse durations < 1 ps can only be achieved at high repetition rates of the seed laser. If
the seed laser is set to the smallest possible repetition rate of 1.43 MHz, the minimum pulse duration is 6.2 ps, Figure 6
left. Pulse picking is applied for repetition rates smaller than 1.43 MHz by using an electro-optic modulator (EOM). In
dependency of the number of picked pulses, the laser power is reduced e.g. approx. 50 % of power if every second pulse
is picked. The available average power in dependency of the repetition rate is shown in Figure 6 right. The times-
diffraction-limit-factor M? is approx. 1.3. The laser radiation is guided by mirrors to the scanning head. For beam
deflection an Aerotech galvo scanner system is used with a scanning speed of 200 mm/s.
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Figure 6. Measurement of the minimum pulse duration in dependency to the repetition rate of the seed laser (left) and Available
average power in dependency of the repetition rate. Repetition rates smaller 1400 kHz can only be achieved by using pulse picking
(right)

Low power ultra short pulsed laser radiation

The experimental setup for helical drilling is shown in Fig. 7. A 515 nm wavelength ultra-short pulsed laser with a pulse
duration of 7 picoseconds and a maximum single-pulse-energy of 150 pJ is applied as the laser source. Drilling
experiments are carried out by utilizing a helical drilling optics based on a Dove prism as an image rotator. Altering of
hole diameter and taper can be exactly realized by setting up the positions of wedge plate and lineal stage in front of
hollow shaft motor and the image rotator via computer controller. The laser beam is focused on the workpiece with a 60
mm focusing lens. For real-time observation and positioning of the process, a coaxial monitoring system including
CMOS camera and LED lighting is installed.
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Fig. 7. Schematic for revolution of laser pulse in helical drilling process

The process parameter for drilling experiments on 1 mm thick stainless steel (1.4301) is summarized in table 1. To
investigate the evolution of hole geometry, an interval At of drilling time were selected in two sections separately,
namely 0.1s and 0.5 s. Geometry and morphology of processed specimens were investigated under a high resolution
optical microscope and surface topography by confocal laser scanning microscope (LSM) and SEM.

Table 1. Process parameter in helical drilling



Wavelength (nm) 515
Pulse duration (ps) 7

Gas pressure(bar) 3
Rotation speed (rps) 60

Spot diameter (um) 15 Drilling time (s) 0.1~1 (At1=0.1)

Pulse energy (W) 120 timeinterval At (s) 1~10 (At2=0.5)

Pulse repetition rate (kHz) 50 Focus position (mm) 0.2 in material
4. RESULTS

Fiber laser radiation pilot hole drilling

The pulse peak power for pilot hole drilling is varied from 1 to 6 kW with a repetition rate of 50 Hz, a pulse duration of
0.5 ms and Oxygen with a pressure of 5 bar as process gas. As shown in Figure 8 left, both hole entry and exit are
increased at higher pulse peak powers. At pulse peak powers higher than 4 kW, the conicity of holes is nearly the same.
The thickness of recast layers is not significantly depended by the pulse peak power. Due to the largest diameters, a pulse
peak power of 6 kW is used for the following experiments. The influence of the pulse duration from 0.2 up to 0.8 ms on
hole entry and exit diameter as well as the recast layer thickness is shown in Figure 8 right. Due to the smallest conicity
and sharp edged hole entries, a pulse duration of 0.5 ms is used for the following experiments. A suitable drilling time of
approx. 2 seconds is achieved at a repetition rate of 50 Hz.
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Figure 3. Measured hole entry and exit diameter as well as the recast layer thickness in dependence of the pulse peak power (left)
and the pulse duration (right)

For investigation of reproducibility, ten holes with the same parameters (P = 6 kW, tp = 0.5 ms, f= 50 Hz, Oxygen at 5
bar) are drilled and analyzed. The results are shown in Figure 9 left. The mean hole entry diameter is 460 + 19.51 pm. It
is important, that the diameter is smaller 500 um so that the recast layer can be ablated in the following process step. The
mean hole exit diameter is 341 £ 18.5 um. The mean recast layer thickness is 41 = 7 um. A longitudinal section of one
hole is shown in Figure 9 right. The recast at the hole entry is marked in the picture.
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Figure 4. Mean and standard deviation of hole entry and exit as well as recast layer thickness measured at ten holes for
investigation of reproducibility (left) and longitudinal section of a hole in 3 mm thick stainless steel drilled by using fiber laser
radiation with recast layer at the hole entry (right)



Ultrashort pulsed laser hole shaping

The pilot holes for this process step are drilled by using the final parameters from process step 1 (fiber laser radiation).
Afterwards, the existing recast layers are being ablated by using ultrashort pulsed laser radiation. The standard drilling
time for these experiments is 20 s.

The first experiments are performed without using process gas. Figure 9 shows a longitudinal section of holes drilled by
using different average powers from 75 W up to 225 W at a repetition rate of 1.43 MHz. The reached depth of the
process is approx. 2 mm at an average power of 150 W. If the average power is increased, the hole walls are influenced
by thermal effects due to generation of a plasma. Thus, process gas is necessary for this process. On the basis of the
results of process step 2, pressed air will be used for the following experiments.
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Figure 9. Longitudinal section of a holes drilled in 3 mm thick stainless steel by the hybrid laser drilling process with variation of
average power without process gas

Figure 10 left shows the measurement of recast layer thickness and the reached depth of holes drilled by using process
gas and an average power from 75 W up to 300 W. The recast is smaller 15 pm for an average power larger 150 W. The
reached depth is increased nearly linearly to the average power. At an average power of 300 W, the reached depth
correlates to the hole length. A longitudinal section and a close-up view of the hole wall of one hole drilled by using an
average power of 300 W is shown in Figure 10 right. Micro cracks with a length up to 60 um occur at the hole wall.
Probably, the repetition rate of 1.43 MHz is too high so that the pulse to pulse overlap is too large. Thus, thermal effects
occur. This correlates to the results of process step 2.
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Figure 5. Measurement of recast layer thickness and reached depth in dependence of the average power at a repetition rate of
1.43 MHz with process gas (left) and longitudinal section and close up view of the hole wall with marked micro cracks of a hole
drilled with an average power of 300 W at a repetition rate of 1.43 MHz with process gas (right)

To avoid these micro cracks, the average power is reduced to 150 W. The drilling time is varied from 2.5 up to 12.5 s.
The measurement of recast layer thickness and reached depth in Figure 11 left show that it is not possible to drill the



complete hole length by using this parameters. More average power is necessary. Thus, the repetition rate has to be
decreased. Due to current limitations of the laser source, only a repetition rate of 100 kHz is possible for the experiments
for this paper. Figure 11 right shows a measurement of the reached depth in dependence of the number of repetitions
with an average power of 21 W. Although there occur no micro cracks at the hole walls, the reached depth is too small.

Drilling time: 2.5s 5s 755 10 12.5s 3000 . . . . . - ; -
20 T : T T 3000
»  Recast 2500 4 1
m  Reached depth - 2500 —_
£
154 7 52000 .
L2000 5, £
£ £ 3
3 A - 'g © 1500 1
%‘ 10 4 W - 1500 © 2 I u
1] - B S * * :
& 5 < 1000 A
- 1000 $ o
['4

500

0 r : . , : 0 0 T T T T T T T T
0 50 100 180 200 250 0 50 100 150 200 250 300 350 400 450

Number of repetitions Number of repetitions

Figure 11. Measurement of recast layer thickness and reached depth in dependence of the number of repetitions with an average
power of 150 W at a repetition rate of 1.43 MHz with process gas and Measurement of reached depth in dependence of the number
of repetitions with an average power of 21 W at a repetition rate of 100 kHz with process gas

Helical path drilling

With the set up for micro drilling the use of the Dove prism together with half-lambda plate results in a superposition of
self-rotation and circular movement of laser pulses with a helical radius. Due to high repetition rate of laser pulses, a
large number of pulses are deposited in one revolution and by changing rotational speed a certain overlapping ratio can
be set (shaded area in figure 12 left). Overlapping rate as a key parameter in helical drilling process describes the energy
deposition directly and plays an important role in the drilling of high quality holes. With the assistance of numerical
simulation software Matlab, a map of laser intensity distribution in one complete revolution is presented in Fig. 12 right
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Fig. 3. Calculation of overlapping rate (a) and 2D laser intensity distribution (b) in one helical revolution simulated using Matlab

The calculation expression of overlapping rate 7,,-0f the laser spot in helical drilling is given as following

(2) - sin(2m * wp /f)
B w(z) + 7wy, 1(2) " Ty

(1)

Nor =

Here, w(z) is radius of laser spot in z position and z=0 means at focal plane of laser beam, 7},(2)is helical radius of
circular movement at z position, w,, is rotation speed number of hollow shaft motor, f repetition rate of laser pulses, 7,
is single pulse duration.

Since the single pulse duration 7, is 7 ps, and f > w,,, the phrases 7 * wy, * 1,(2) * T, = 0 and sin(2m * w,,, /f) — 27 -
W/ f. Thus the expression of overlapping rate in a helical revolution can be simplified as:



21 - 13, (2) * Wy

nOT = G)(Z) . f (2)

Helical radius, rotation speed and repetition rate are, first of all, the three factors, that determine the overlapping rate
during helical drilling. Figure 13(a) and (b) show the map of relationship between two factors and overlapping rate
respectively. With the increase of rotation speed and helical radius, the overlapping rate decreases linearly and sharply.
Whereas it stays relative stable at higher repetition rate (>100 kHz) but drops dramatically if the laser pulse number per
second is reduced below 50 kHz. Normally, higher overlapping rate is preferred to achieve higher efficiency. For high
precision drilling with minimized heat-affect-zone, however, relative low repetition rate of laser pulses is reasonable. A
trade-off between efficiency and accuracy should be taken into consideration.
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Evolution of hole shape and temporal analysis

In order to investigate the evolution of hole geometry, the holes’ silhouettes are extracted from high resolution optical
image by means of professional photo processing software. Only steps with a significant change in the shape of helical-

drilled hole are presented in Fig. 14 to illustrate the temporal geometric evolution.
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Fig. 14. Evolution of longitudinal sections of holes produced by helical drilling process

Three drilling phases can be distinguished according to the features of hole capillary and ablation behavior. In the first
phase (t=0 to 0.9 seconds), a hole with an island-like pin in the middle is excavated at shallow surface of material. The
groove has an ideal longitudinal section with respect to the overlapped laser intensity distribution shown in Fig. 13 (b).
By the following laser pulses revolutions, the depth of groove increases and the height of pin firstly grows up to
maximum but the pin melts and disappears rapidly due to the local heat accumulation and energy deposition. At this time
a capillary hole with a dome-like bottom is observable. From t=0.6 s, the capillary hole deepens and the ablation front
moves forward longitudinally. The second phase (t=0.9 to 4.0 s) is characterized by the funnel-like borehole with a slim
tip. As a result of change of laser ablative behavior, the bottom of capillary is sharped and finally forms a slim tip at the
bottom. Noteworthy is the small change in direction of capillary bottom at t=1.0 second to right side of the image. This
can be attributed to reflections of laser beam at the internal hole walls. Once the tip is formed, its length and funnel-like
profile stay quasi constant until it reaches the rear side of the sample. The final phase begins at the time when hole is
drilled through. It functions as broadening of hole exit to the final geometry and finishing the hole to designed profile.
For the drilling hole investigated here, about 100 revolutions of laser pulses are performed to enlarge diameters of exit
and form a cylindrical hole profile. The number of revolution depends on the setting of hole diameter and laser
parameters applied.
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Fig. 15. Laser ablation rate in helical drilling with helical radius 50 pum and repetition rate 50 kHz, single pulse energy applied 120 p

The ablative behavior in helical drilling are investigated and the relationship between drilling time and hole depth is
plotted and shown in Fig. 15. This diagram further illustrates the three phases in helical drilling process. For the first 1
second in the first phase the borehole is drilled with a high average ablation rate and approximate half of the final depth
is reached. The reason for the high ablation rate can be explained as following. The Rayleigh length z,.of laser beam
applied in this experiment calculates to be 264 um, and focus is located at 200 um beneath the material surface. Thus,
the most effective ablation range extends longitudinally to 464 pm and nearby the middle of the material. In the second
drilling phase, the growth rate of the hole depth is strongly reduced during the following seconds due to the declined
laser intensity and internal reflection of laser beam, as well as energy absorption by vaporized particles and plasma [8].

Hole geometry and surface morphology

Processing parameters in helical drilling are optimized to achieve an effective and high precision drilling process based
on the investigation and analysis of the influence of laser energy deposition on drilling geometry. Fig. 16 shows the hole
entrance and exit qualified with high circularity and well-defined edge. Optical inspection and statistical analysis of the
hole produced with ps-pulses reveal a tolerance of diameter within < 2 um. Moreover, heat-affected-zone and volume of
recast layer at material surface and on hole wall can be minimized. Another advantage by utilizing helical drilling optics
is great feasibility to achieve aspect ratio higher than 10: 1. To evaluate the drilling quality, topography of hole wall is
analyzed by means of SEM technique and confocal laser scanning microscope (LSM). A selected SEM segment of hole
wall with 1000X magnifications (Fig. 17a) demonstrates a smooth and uniform surface, on which a Laser Induced
Periodic Surface Structures (LIPSS) with almost constant periodicity 576 nm in Fig. 17b is present. As reported in[1, 9-
11], the mechanism of LIPSS formation is supposed to be an interference of laser and surface Plasmons (surface
electromagnetic waves). To investigate the evolution of roughness of hole wall surface in different depths, 7 points at
different areas are measured and evaluated by LSM. The average value of root-mean-square (RMS) surface roughness
R, in the full length on hole wall is R_q=290 nm. It is competitive to other micro machining techniques such as micro
Electrical Discharge Machining (u-EDM)[9].
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Fig. 16. Entrance (a) and exit (b) geometry of helical drilled hole in 1 mm thick stainless steel (1.4301)
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Fig. 17. SEM images of (a) ps laser pulses helical drilled hole wall and (b) relative details of the obtained surfaces with Laser Induced Periodic Surface
Structures (LIPSS)

5. CONCLUSION AND OUTLOOK

Laser drilling is a conventional technology for drilling cooling holes into turbomachinery components such as turbine
blades and micro holes in gasoline injection nozzles. However the different laser drilling are not optimized with respect
to processing speed and processing quality. So the laser drilling process often causes microstructure changes and induces
defects such as recast layers and cracks. These effects lead to a reduction of lifetime of the components. With long pulses
in the ms-regime the defects are caused by the melt dominated drilling process.

A solution of this problem is the use of ultrashort pulsed laser radiation with pulse durations in the range of some 100 fs
up to a few ps. Thus, thermal effects can be avoided. Unfortunately, this drilling process takes 2.5 min for one hole with
a diameter of 500 pm and a length of 3 mm. With the combination of a ms pulsed fiber laser based percussion drilling
and subsequently ablation of the existing recast layers at the hole wall by using ultrashort pulsed laser radiation both
quality and process speed can be optimized. The basic principle here is a fast movement of the laser beam on a spiral
path similar to the helical drilling process, which generates high quality micro holes at dimensions well below 100 pm. A
further decrease in hole diameter can be reached with a smaller focal length and improved process strategy based on a
consistent understanding of the entire absorption and drilling process.
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