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Abstract

The availability of kW-class USP lasers leads to new challenges in order to scale laser drilling processes beyond their
thermal limit. In this work, we discuss the implications and solutions to utilize next generation laser sources in drilling
applications, based on an analytical heat accumulation model combined with an estimation of the achievable borehole
geometry. Using this model it is possible to choose the right processing strategy, such as spatial parallelization and / or
temporal sequencing, for an efficient use of kW-class USP lasers depending on laser parameters and the borehole
geometry. Additionally the model allows the definition of selection criteria for an appropriate laser source, as well as
focusing optics, for a desired borehole.
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1. Introduction

One of the major difficulties in material processing using ultra-short pulsed laser systems is finding a
balance between quality constraints, for example in terms of roughness, melt expulsion or a heat affected
zone and efficiency in terms of ablated volume per time and energy. The last consideration effectively
requires the use of efficient processing parameters (Neuenschwander et al., 2012) and to fully utilize the
available laser power. With the advent of kW-class ultra-short pulse (USP) laser sources heat accumulation
presents a problem when trying to reconcile both considerations, especially in spatially concentrated
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processes such as drilling. Given the development of high-power USP laser sources, as presented in Fig. 1,

strategies for upscaling the processes are required.
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Fig. 1. (a) Development of scientific and industrial USP lasers with a pulse repetition rate below 1 MHz with exponential fits in dashed lines
for scientific and industrial systems, (b) development of scientific and industrial USP lasers with a pulse repetition rate exceeding 1 MHz.
Scientific results compiled from Brons et al., 2014; Hadrich et al., 2013; Klenke et al., 2013; Klingebiel et al., 2015; Mueller et al., 2017;
Mueller et al., 2018; Negel, 2017; Negel et al., 2015; Negel et al., 2013; Nubbemeyer et al., 2017; Russbueldt et al., 2009; Russbueldt et
al., 2010; Russbueldt et al., 2015; Saraceno et al., 2012; Saraceno et al., 2014; Sartorius et al., 2016; Schmidt et al., 2017; Teisset et al.,
2017. Experimental (planned) from press release Fraunhofer ILT 04.07.2018 and industrial results from companies Active Fiber Systems,
Amphos, Amplitude, Coherent, Edgewave and Trumpf.

To explore the constraints that arise in USP drilling, a semi-numerical heat accumulation model in
conjunction with the achievable borehole geometry was used. In the case of the borehole geometry this
relates primarily the borehole depth.

Using this simple model it is possible to pre-select an appropriate laser source for a given borehole and to
derive the fundamental strategies which have to be employed when the thermal load prevents the use of
the available laser power.

2. Modelling of USP-drilling processes

In order to derive conclusions and strategies for handling kW-class USP laser sources in drilling
applications it is necessary to model the thermal constraints as well as the achievable borehole geometry
and relate this information to possible laser sources. In order to verify our calculations and in order to model
a realistic scenario, we adopt material parameters for the case of CrNi-steel processing.

For all following calculations, the material constants were taken from Weber et al., 2014 for the case of
drilling in CrNi-steel and the threshold fluence is assumed to be 0.09 J/cm? in accordance with Forster et al.,
2018. Both publications consider USP laser sources with pulse durations t,< 10 ps at a wavelength of 1030
nm.

The residual heat n,.; describes the part of the pulse energy E, that contributes to heating the material,
meaning



Qres = Ep *Mres (1)

is the residual energy that contributes to heating the material. In the case of Weber et al., 2014 n,; is the
result of a fit, whereas other sources (Bauer et al., 2015) measured this factor using calorimetry. The
material properties for all following calculations are compiled in Table 1.

Table 1. Material properties, CrNi-steel

Property Value Unit
Thermal diffusivity k 0.4-10° m?/s
Density p 7900 kg/m3
Heat capacity c, 477 J/(kg-K)
Melting / Critical temperature T 1500 °C
Residual heat nyes 0.125

Threshold fluence ¢, 0.09 J/em?

2.1. Heat accumulation

We consider the case of 3D heat conduction, where the incident pulse is modeled as a delta function in
time and as a Gaussian surface with variance wy in the plane of absorption (focal plane) spatially. Bauer et
al., 2015 present an analytic solution for a Gaussian heat source of this type. The solution of the temperature
field is given as
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after a single incident pulse which is offset by the environment temperature T,. The term (r-rp) and (z-z,)
respectively denote the distances from the center of the Gaussian distribution. For the solution at the center
of the beam as well as its focal plane (r =r, = 0, z = z, = 0) equation (2) simplifies to
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Like Weber et al., 2014 and Bauer et al., 2015 it is assumed that the temperature increase evaluated at
the origin caused by heat accumulation after N, pulses is the relevant parameter regarding processing
quality. Furthermore, it is assumed that the critical temperature threshold is the melting temperature of the
material and that the material parameters are constant with respect to the temperature, which allows for
linear superposition of subsequent pulses. These assumptions are in line with the considerations of Weber et
al., 2014 for the case of USP drilling and have been experimentally validated in the aforementioned paper.
The temperature increase resulting from the N-th pulse impinging on the surface with a repetition rate f.,
evaluated at time t is then given by
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after rearranging. @ denotes the Heaviside function and the temperature is calculated at a time delay of
((N-1)/f,) after the first pulse hits the target at time t = 0. Evaluating this sum after the N,-th pulse,

i.e. t = Ny/frep, vields
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in which case © from equation (4) evaluates to one for every pulse and the sum in equation (5) is similar
to the harmonic series (p-series). As can be seen, equation (5) contains scaling factors dependent on , f.,
and w; inside the sum for wy # 0. In the case of an ideal point source (w, = 0) equation (5) simplifies to
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The expression in equation (6) is in line with the derivation from the ideal point source as presented in
Weber et al., 2014. The sum in equation (6) is the well-known harmonic series (p-series) with p = 1.5, which
is known to converge for p > 1. Thus, the sum converges and evaluates to

ii

3
N=1N2

( ) 2.612375.. (7)

where C is the Riemann zeta function. The sum in equation (5) can be shown to converge in a rigorous
manner as well, but convergence is easily understood when considering that a sum of convergent series is
itself convergent and acknowledge the fact that the solution for the Gaussian heat source is derived from a
sum (integral) of point sources over a Gaussian surface (Bauer et al., 2015). In addition, in Weber et al., 2017
an explicit approximate analytical expression for the temporal evolution of the sum as a function of the
number of incident pulses N for wy = 0 is derived. Due to the lack of an analytical approximation to the sum
in the case of the Gaussian heat source, the sum was calculated numerically. In Fig. 2 (a) and (b) respectively
the evaluation of the heat accumulation for a single set of laser parameters in the case of the point source
and a Gaussian heat source is shown.



1800 1800

T T T T T T

.......... numeric numeric

1600 | numeric (envelope) 4 1600 | numeric (envelope) 4

analytic (envelope)

1400 | T 4 1400

————— crit

1200 | 4 1200

1000 L 1000 [

800 | 800 L

600 | 600 L

400 | 400 | ]

Temperature increase in K
Temperature increase in K

200 L 200 L 4

0 L L L L L 0 L L
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Timeins 10 Timeins 10

Fig. 2. (a) Temporal evolution of the temperature increase on the surface of a semi-infinite body of CrNi-steel at the location of a point
source and (b) in the case of a Gaussian heat source with a beam diameter of d, = 40 um. Parameters for the calculation are a repetition
rate of frep 51.5 kHz and a pulse energy of E, = 200 . In the case of the point source the analytic approximation presented in Weber et al.,
2017 is additionally plotted, which shows a slight deviation from the numerical result for the first heat inputs, as reported. The
temperature increase in the case of a Gaussian heat source is noticeably lower, as expected.

2.2. Borehole geometry

In regards to the borehole geometry the model given by Forster et al., 2018 was adopted, where the
achievable depth in the case of high quality percussion drilled holes, i.e. when thermal damage and excessive
melting is avoided, is derived as
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with the average fluence ¢,y = Ep/(nwg) and the entrance diameter
Tabl,entrance — Wo * (9)

for a Gaussian beam. Furthermore, in Forster et al., 2018 it is assumed that the process is terminated
before an irregular drilling process sets in. This “irregular drilling” sets in when the drilling rate significantly
decreases towards reaching the depth limit of the drilling process. This event is accompanied by the
formation of multiple borehole tails in random directions at the bottom of the borehole, as shown in Doring
et al., 2010. Thus, the depth per equation (8) is not to be taken as the maximum achievable depth, but the
depth that one should not try to exceed for reproducible holes of high quality: Holes of conical shape
without significant thermal damage or melt generation. To denote these qualities and avoid confusion with



what is commonly thought of when speaking of a borehole depth, we will call this depth quality depth limit
for the remainder of this paper.

3. Results

We combine the heat accumulation and quality depth limit in a single graph by calculating the critical
number of pulses N, .;; until reaching T, evaluated over the range Ep and f,, at a constant w,. Since laser
sources which fulfill the condition

Pavg(Ep frep) = Ep * frep = comst. (10)

appear as straight lines in a log-log graph, they can be conveniently superimposed with the critical
number of pulses as displayed in Fig. 3. For simplicity, in Fig. 3 the critical number of pulses is resolved only in
three distinct areas:

1. Green: N, = ==: An infinite number of pulses can be deposited without reaching T

Yellow: o > N, ;s > 1: A finite number of pulses can be deposited without reaching T,

3. Red: N = 1: only a single pulse can be deposited upon which a subsequent pulse would hit the
target at a temperature above T;;.
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Fig. 3. Evaluation of the heat accumulation for wo = 25 um over a large range of pulse repetition rates and pulse energies. The color
coding represents the critical number of pulses divided into the relevant three areas. The dashed lines represent all possible laser
sources for a given average power and the secondary horizontal axis displays the fluence-dependent depth limit given in equation (8).

In the first case the average laser power can be used permanently, in the second case waiting periods
have to be introduced periodically and in the third case processing is not viable for drilling one hole.

Now consider as an example drilling a 4 mm deep hole with an entrance diameter of 85 pum < d,;, < 100
um using a beam diameter (in focus) of 50 um and a laser source with an average power of 200 W at a pulse
energy of E, = 1 mJ and pulse repetition rate f,., = 200 kHz. Then, according to equation (9) the upper limit in
terms of the pulse energy is 3 mJ due to the constraints regarding d,;, while the lower limit to reach a depth
of 4 mm is 500 pJ according to equation (9). As can be seen in Fig. 3, the parameters £, = 1 mJ and f., = 200



kHz would put the process well into the red zone. Thus, in order to avoid heat accumulation f., and / or E,
have to be reduced, while continuing the use of the available full average power. The only way to do this is
to implement parallelization or sequencing,
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As can be seen in equation (11), any attempt at resolving the issue results in drilling more than one
borehole at a time, i.e. we can reduce the effective repetition rate per hole by an integer number using a
scanning system (sequencing) or use a beam splitter (parallelization), in which case the effective pulse
energy is reduced. In both cases, the output repetition rate and pulse energy of the laser source is required
to be constant in order to maintain the full average power output.

In the case of sequencing this requires a fast and accurate beam deflection system that is able to move
the beam between holes on a timescale of f,ep'l s. In the case of sequencing the effective pulse repetition
rate per hole can only be reduced using integer dividers, e.g. going from one drilling at 200 kHz to two
drillings at 100 kHz. In the case of parallelization an ideal beam splitter without power losses and identical
beam profiles is desirable. Such a setup would reduce the effective pulse energy per hole. In principle beam
splitters other than those which distribute the energy equally could be used, but this would result in varying
drilling processes, borehole geometries and processing times. Hence, for each drilling an identical pulse
energy should be applied. As a consequence, this variant also requires division into an integer number of
boreholes using beam splitters of equal energy distribution.

The application of the discussed strategies is visualized in Fig. 4, where the laser source is marked as a red
polygon at £, =1 mJ and f., = 200 kHz. In this graph, moving horizontally to the left from the starting point
towards lower effective average powers implies the use of parallelization. Alternatively, sequencing implies a
reduction of the effective repetition rate, meaning vertical movement downwards in the graph.

Applying the constraints for the mentioned example it is clear that a reduction of the effective pulse
energy below 500 pJ is not permitted, which means that through parallelization alone it is impossible to
realize this process at an average laser power of 200 W. In contrary, through sequencing, or a combination of
parallelization and sequencing, processing is possible.

In this example an appropriate processing strategy was derived for a given laser source and borehole.
Alternatively, one can instead choose an appropriate laser source for a given borehole or specify parameters
for the design of a laser source due to the thermal and geometric requirements of a specific borehole and
processing strategy (parallelization / sequencing). However, using only these selection criteria one should
not expect to select an ideal laser source. As explained in the introduction, in that case the efficiency of the
process needs to be taken into account as well.
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Fig. 4. (a) Application of the strategies parallelization and sequencing starting from the non-viable processing point indicated by the red
polygon representing the laser source operating at its maximum average power output. For the case of a 4 mm deep drilling at wo = 25
um, the constraints regarding pulse energy (0.5 m] < E, < 3 mJ) and heat accumulation result in the possible processing parameters

as indicated in the figure.

It should be noted that both concepts (parallelization / sequencing) have already been discussed and
implemented to varying degrees in literature. The last statement is true primarily for the case of
parallelization, i.e. whenever parallel processing is realized through a reduction of the effective pulse energy:
Examples of these are methods based on diffractive elements (Haupt et al., 2011, Pulsar Photonics GmbH),
dynamic diffractive elements (Kuang et al., 2009, Kuang et al., 2014) as well as combinations using refractive
elements (Salter and Booth, 2011). The case of sequencing is discussed as a possibility in Loor et al., 2014
where the application of a polygon scanner based system is considered to deliver a “percussion-like process
by multipass operation”. As noted by Loor et al.,, one of the primary concerns in such a process is the
positioning error of the scanning system.

4. Conclusion

In this paper we presented a way to combine and visualize laser drilling processes over a large range of
parameters in order to derive processing constraints for high power USP drilling. Fundamentally, the only
solution to implement USP laser drilling processes using next generation laser sources requires drilling of
several boreholes at the same time. This can be achieved through a parallelization, sequencing or
combination of both strategies. Given that high pulse energies are a necessity for deep drilling of holes and
that the heat accumulation scales linearly with the energy input but disproportionately with the pulse
repetition rate, in many cases sequencing is required. Further research will deal with the implications and
considerations for optical systems in order to realize these strategies for helical drilling applications.
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