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Estimation of the depth limit for percussion
drilling with picosecond laser pulses
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Abstract: We present a model to predict the final depth of percussion-drilled holes that are
produced with picosecond laser pulses in metals. It is based on the assumption that boreholes
always have conical geometries when the drilling process terminates. We show that the model
is valid for various process parameters when drilling in stainless steel. This was even con-
firmed by drilling with 3 mJ pulses which resulted in a 10 mm deep borehole without thermal
damage.
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1. Introduction

Drilling of metals, ceramics, and semiconductors with ultrashort laser pulses is an established
and widely used process. If the quality of the boreholes needs to be very high, often advanced
strategies such as helical drilling are used [1-4]. The deviations from the desired drilling
geometry are within the order of one micrometer and thermal damage can be completely
avoided. Percussion drilling as a basic drilling process is ideally suited to perform fundamen-
tal experiments. Today, hole depths of a few millimeters with aspect ratios of up to 20 can be
achieved [5]. Regardless of the drilling strategy used, from a certain number of applied pulses
there is first a slowdown in the drilling progress, which finally results in a termination of the
process. This fundamental behavior is mainly due to the lowering of the available energy at
the tip of the borehole. An end of the drilling process takes place when the fluence falls below
the ablation threshold [5-9]. Depending on the process parameters such as the pulse energy,
the repetition rate, the pulse duration, the wavelength and the focusing conditions as well as
the used materials, the quality of a borehole obtained after a percussion drilling process rang-
es from holes with steep inner walls and smooth surfaces to highly irregular shapes. The oc-
currence of such irregularities and thus mostly unwanted geometries can be attributed to spe-
cific absorption mechanisms (i.e. multi-photon absorption in the case of semiconductors)
[7,8] and, especially in the case of metals, to heat accumulation effects associated with an
excessive generation of melt [5, 10—13]. The heat accumulation associated with increasing
repetition rate in practice is particularly noticed at repetition rates of 100 kHz and higher
[5,10-13]. While on the one hand these effects can significantly reduce the quality of laser-
drilled holes, the drilling efficiency can be improved with regard to shorter drilling times
[5,11,13], since the material removal by evaporation or sublimation is substituted mainly by
the less energy consuming melt expulsion. Generally, the increasing influence of melt needs
to be prevented, e.g. by drilling with ultra-short pulses close to the ablation threshold and at
moderate repetition rates to ensure a good processing quality. During percussion drilling with
ultra-short laser pulses, conical geometries are formed [6-9], as long as the discussed effects
leading to irregularities such as multi-photon absorption [7,8] and heat accumulation
[5,10-13] are avoided. Based on this fact, an idealized analytical model is introduced in the
following which allows to estimate the achievable hole depth or aspect ratio, respectively,
with regard to only one process parameter, i.e. the fluence (cf. section 2). Furthermore, the
experimental validation of this model is shown in section 3. Being of high interest for differ-
ent applications, the material of choice was stainless steel (St 1.4301 or AISI 304). In section
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4 it is finally shown how the model was used to design a deep-drilling process which allowed
to reproducibly produce 10 mm deep holes using a high-energy ultra-short pulsed laser.

2. Termination of a percussion drilling process

High-quality percussion-drilled holes avoiding thermal damage and excessive melting com-
monly are of a conical shape and are subject to limitations with respect to depth and aspect
ratio. The goal of this section is to derive a simplified model in order to be able to predict
these limitations and to design the drilling process to attain a specified depth or aspect ratio.
The model is based on the simplified assumption that the formation of a laser-drilled hole
naturally stops as soon as the incident local fluence @ drops below the ablation threshold
@, everywhere on the walls of the hole. Note that this assumption does not apply if the hole
geometry is further modified by a flow of molten material which may occur also below the
actual ablation threshold. Hence, the model is intended for optimized high-quality percussion
drilling without excessive influence of melt. For this case, the considered situation is sketched
in Fig. 1. In Fig. 1 a), the laser beam incident on the workpiece is assumed to have a Gaussian
fluence profile (blue curve) with a beam radius w; .

The entrance radius 7, of the laser-drilled hole is then given when the Gaussian function

is evaluated for the threshold fluence,

¢m=¢o.exp(-2'§ j (1)
w,

0

Here @, denotes the peak fluence which is given by

_2'EP

do b 2
T-W,
where E, is the pulse energy. Then the entrance radius of the hole ra amounts to
|
Vabl =W, * —In [ﬁJ (3)
2 4

As no ablation can take place on the surface of the workpiece beyond the radius ra , this
corresponds to the size of the opening of the drilled hole. As mentioned above the growth of
the hole into the depth produced by percussion drilling will eventually stop and typically have
a conical geometry with a depth z,.; as shown in Fig. 1 b). Due to multiple reflections, the
fluence is homogenously distributed within the hole. In contrast to results from raytracing or
similar methods, which show a concentration of energy at the bottom of a hole with ideal flat
surfaces, an increasing roughness of the walls of the drilled hole and scattering on particles
are assumed to lead to a diffuse distribution of the radiation within the bore hole. Even for
ideal flat surfaces a homogenization of the radiation within a bore hole takes place [14]. If
inhomogeneities along the walls of a drilled hole are introduced, wave optics calculations
show significant disturbance of the absorbed intensity distribution [8]. The model for the
diffuse scattering of radiation within a cavity goes back to 1945 [15,16] and has been success-
fully used to model the absorption of laser radiation in vapor capillaries during laser welding
[17-19]. In the following, the model using diffuse scattering is applied to the laser drilling
process.
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Fig. 1. a) Incident lateral fluence profile (idealized Gaussian, blue). b) Conical geometry at the
time of termination of the drilling process with homogenous fluence distribution (red)

When the incident energy £, is homogeneously distributed in the conically shaped final
hole which is shown in Fig. 1b), the resulting fluence yields

Ly @)

2 2
T Ty '\/rabz + Zgu

where the denominator is equal to the area of the walls of the drilled hole. As r,,; and z4y
characterize the geometry of the final hole, when the drilling progress comes to a stop as
described above, the fluence expressed in Eq. (4) corresponds to the ablation threshold for a
large number of pulses (> 10%), where the threshold as a function of the number of pulses
stays constant [20].

Inserting Eq. (2) into Eq. (4) and solving for z,,;; this can be converted to the ratio

¢th =

®)

which is a generalized expression for the hole depth z,,, achievable with a given beam radius

w, and the ablation threshold of a given material. It only depends on the ablation

0
threshold @, and the peak fluence ®, of the incident Gaussian distribution and therefore

allows comparing different percussion drilling processes directly as long as the materials to
compare have the same ablation threshold. In the following section, this expression is evalu-
ated for stainless steel and different focusing conditions.

3. Experimental verification

Percussion drilling experiments were performed to verify the prediction expressed by Eq. (5).
To exclude a deterioration of the quality by heat accumulation and excessive melt, an ultrafast
solid-state laser (Duetto, Lumentum) was used at a repetition rate of 5 kHz. The wavelength
of the laser is 1064 nm and the maximum pulse energy amounted to 160 pJ. The pulse dura-
tion was 10 ps and the laser beam was circularly polarized. Three different focal lengths
(340 mm, 170 mm, and 77 mm) where used to focus the Gaussian laser beam (see spatial
beam profile in Fig. 2) to three different focal radii of 45 um, 23 um, and 13 pm which corre-
spond to the maximum peak fluences @, of 5.0 J/em?, 19.3 J/em?® and 60.3 J/cm®. The focal

plane was on the surface of the drilled sample.
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Fig. 2. Experimental results (data points with error bars) and the ratio z/wy calculated from
the simplified model (black line with surrounding hatch, standing for a model with an ablation
threshold of 0.09 + 0.02 J/cm?). Exemplary cross sections of one through hole and several
blind holes are shown at the top. After recording the pictures, the contrast was artificially in-
creased by image processing software. The spatial beam profile of the used ps laser is given in
the inset on the right.

The focal diameters were measured by means of beam profiling cameras (WinCamD, Da-
taray Inc. or FM100, Metrolux GmbH). The achievable hole depth was investigated by drill-
ing through steel plates of different thicknesses ranging from 0.1 mm to 1 mm in steps of
0.05 mm. At high fluence additional experiments were performed on samples with a thickness
of 1.5 and 2 mm.

After drilling, the holes were first examined by the eye and second by a microscope with
underside illumination to determine the maximum plate thickness that was drilled through as
well as the minimum plate thickness that was not drilled through for a given focal diameter
and pulse energy (i.e. fluence). To find a set of parameters leading to a hole that was drilled
through, the examinations by eye and microscope were sufficient.

To clarify for how long the experimental drilling process has to be continued to be able to
decide that a hole cannot be drilled through with the given parameters, the following consid-
eration was used. If a single pulse contributes to the drilling process, it must be able to ablate
at least one single atomic layer, which has a thickness of 3 A. One atomic layer is the mini-
mum depth that can be ablated by a single pulse (otherwise the atoms would have to be fis-
sioned). If in the worst case every pulse only ablates one atomic layer, the number of pulses
needed to drill through a defined thickness is given by the thickness divided by 3 A. In our
experiments we therefore always applied this amount of pulses to be sure that a given sample
thickness cannot be drilled through. For a plate with a thickness of 600 pm, for example,
2 million pulses needed to be applied. At a repetition rate of 5 kHz this amounts to a drilling
time of 400 seconds. If a 600 um thick plate was not drilled through after this time, it was
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defined as not being drilled through. For the 2 mm thick samples, the maximum required
drilling time amounted to 22 minutes and 13 seconds.

The average between the maximum plate thickness that was drilled through and the mini-
mum plate thickness that was not drilled through was used as the experimentally determined
value of z,,, and the difference of the two values was used as the measure of the uncertainty.
Figure 2 shows the ratio z,;/w, of the percussion-drilled holes as a function of the peak flu-
ence of the beam incident on the workpiece surface. The data points with the error bars for the
mentioned uncertainty are the experimental results for the three different focal lengths
f =340 mm, f = 170 mm, and f = 77 mm. The black line is given by Eq. (5) assuming an
ablation threshold of 0.09 J/cm®. The gray shaded area is given by Eq. (5) assuming a varia-
tion of the ablation threshold of £ 0.02 J/cm®. The chosen threshold fluence coincides well
with values given by other authors, ranging from 0.05 J/em® to 0.15 J/em? [10,22,23] for the
same type of steel (St 1.4301 or AISI 304) and for the same pulse durations and wavelength.
The good agreement between the experimental results and the theoretical model shows the
usefulness of the simple model. The model can be used to estimate the maximum achievable
depths of percussion-drilled holes only based on the ablation threshold of the material and the
radius of the incident laser beam. Cross sections of some exemplary blind holes are addition-
ally shown on the top of Fig. 2. The conical shape obviously dominates the final geometry of
the drilled holes. If there are deviations from this geometry, e.g. for 60 J/cm? (right picture),
the model is not fully suitable to describe the maximum achievable drilling depth. Instead, for
this case the achievable hole depth is slightly lower than the one predicted by the model. This
is mainly due to a particle-ignited plasma, which can occur at high fluences for pulse dura-
tions of several picoseconds [24,25]. The final area within such a hole then is larger than the
one of a pure conical hole due to the formed bulge in the middle of the hole. Still, in principal
the introduced model allows to perform an estimation of the achievable hole depths and as-
pect ratios when the laser machining tool is well characterized and the ablation threshold of
the material is known. The model should be valid for a large variety of isotropic and non-
transparent materials.

4. Percussion drilling of deep holes

As a further example, the proposed model was applied to determine the requirements for
percussion drilling of unconventionally deep holes. Generally speaking, the drilling of deep
holes is motivated by the necessity to transport fluids. Possible applications are the nebuliza-
tion of coolants [4] or combustion materials [3], the production of cellulose fibers [26], and
the delivery of lubricants [4]. For lubricant supply, a hole in 10 mm thick steel and with an
outlet diameter of several 10 um needed to be produced. Reasonable focal diameters in laser
precision manufacturing lie in the range of 20 um to 250 um. Equation (5) states that for a
focal diameter of 20 pm, a pulse energy of approximately 600 pJ is needed, while for 250 um
it amounts to approximately 6 mJ. In order to cover this range of pulse energies, a previously
developed multi-pass thin-disk laser amplifier [21] emitting an average power of 1.1 kW was
used. It was already shown before that when drilling deep holes with high fluences the repeti-
tion rate should be close to 30 kHz or lower in order to avoid heat accumulation effects [5].
The repetition rate of the laser system was therefore reduced to 30 kHz, which resulted in a
maximum pulse energy of 3 mJ and hence in an average power of 90 W. According to
Eq. (5), the use of focal radii of 59 um or smaller at this maximum pulse energy of 3 mJ then
results in a hole with a depth of 10 mm. Since the used laser beam profile was of elliptical
shape (cf. Figure 3), it was finally focused with a lens with a focal length of 160 mm in order
to achieve a beam radius of w, = 53 pm ( 1/e* major semi-axis) by Wy, = 38 um (1/¢* minor

semi-axis). The corresponding Rayleigh ranges therefore amounted to z, = 6.6 mm and

z, = 3.4 mm.

R,y
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Mirrors guided the beam through the experimental setup, passing a quarter-wave plate to
obtain a circularly polarized beam. The chosen focusing lens with a focal length of 160 mm
focused the beam finally onto the surface of the workpiece of 10 mm thickness.

A cross-section of the resulting hole after the percussion drilling process is shown in
Fig. 3. After the cutting and polishing of the sample, it was etched in Adler etchant (solution
of water, ammonium chlorocuprate, hydrochloric acid and ferric chloride). As can be seen, no
thermal damage (structural change) occurred, which is due to the low repetition rate used for
drilling. The drilled holes exhibit the typical predominantly conical geometry. The ratio
Zarin/wy of the produced hole amounts to approximately 189 or 263, depending on the semi-
axis of the beam profile that is used as a reference. The aspect ratio of the hole, hence the
depth divided by either the entrance or the outlet diameter, amounts to 24.4 or 192, respec-
tively.

4
£

Fig. 3. Through hole in 10 mm stainless steel (St 1.4301 / AISI 304), etched (Adler etchant);
entrance diameter approx. 410 um (left side), outlet diameter approx. 52 um (right side); the
beam profile of the used high-energy ps laser is displayed in the inset on the right. After re-
cording the picture, the contrast was artificially increased by image processing software. The
number of pulses required to create this hole amounted to 12.2 million, resulting in a drilling
time of 6 minutes and 48 seconds and an average drilling rate of 8.2 A per pulse.

5. Conclusion

In summary, we have shown that a simplified model based on the assumption of a conical
borehole geometry can be used to predict the achievable drilling depth or aspect ratio of per-
cussion drilling processes. A homogeneous intensity distribution was assumed when the drill-
ing process stops. Based on this assumption, a basic equation for the achievable depth was
derived which only depend on the applied fluence, the beam radius, and the ablation threshold
of the material. It is suggested by the authors that the introduced model depending on the
homogeneous distribution of energy describes a quality limit of laser drilling, as for example
described as “phase 1” in [8]. If effects such as nonlinear absorption and heat accumulation
are avoided, the model correctly describes the achievable drilling depths.

The validity of the model was confirmed by corresponding drilling experiments. In this
context it was shown that it is possible to design a drilling process to achieve a hole with a
depth of 10 mm.
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