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The main objective of this work is to provide a basic understanding of the mechanisms and loca-
tions of defect formation during percussion laser drilling of microholes using ultrashort pulses.
Through the application of high-speed synchrotron X-ray imaging, we have been able to observe the
dynamic formation and evolution of these defects in real-time. Our findings indicate that the initial
deviations in the borehole geometry are highly dependent on the applied laser fluence. Specifically,
while higher peak fluences facilitate deeper drilling, there exists a critical threshold beyond which the
position of these deviations begins to decrease as the fluence increases. This behavior can be partially
predicted within a certain fluence range using an existing theoretical model, which our experimental
observations have tested and validated. Consequently, this research not only advances our understand-
ing of defect formation in laser drilling but also provides a predictive framework for optimizing drill-

ing parameters to minimize defects and enhance borehole quality.
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1. Introduction

The analysis of microholes in stainless steel, with respect
to lateral extensions such as bulges and side channels, con-
tingent on the polarization of the laser beam, has been lim-
ited to destructive analysis methods such as cross-sectional
analysis or inlet/outlet images, which do not include the en-
tire hole nor the temporal evolution of the borehole genera-
tion [1,2]. This paper presents the use of synchrotron X-ray
imaging to quantitatively capture the deviations of the bore-
hole at different depths during laser percussion drilling.

Forster's deep drilling model for high-quality percussion
drilling, initially introduced in [1] and refined in [2] predicts
the maximum depth limit
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of percussion-drilled holes is dependent of the focal di-
ameter of the laser dy, the peak fluence Hy and the ablation
threshold fluence Hy, = Ha,/A, which is derived from the
absorbed ablation threshold fluence Hp 4y, and the absorptiv-
ity A. It assumes a diffuse distribution of the radiation inside
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a cone-shaped bore hole where the ablation at the tip takes
place, when the absorbed irradiation 4 - Hy;, exceeds Hy ¢
so when A - Hyp, > Hy, - A = Hpy,. In other words: Drilling
stops when the absorbed fluence drops below the ablation
threshold due to the increase in surface area within the bore-
hole. Forster’s model assumes that drilling takes place in
phase 1 of the classical drilling model [3] and heat accumu-
lation and plasma effects are avoided by selecting appropri-
ate parameters like a relatively low repetition rate of
frep=5 kHz. Based on the model the temporal evolution of the
drilling depth already has been modeled [4]. In addition, a
model was developed which shows the influence of the flu-
ence at the exit of a borehole on the edge quality [5].

Based on Forster's suggestion that his model "describes
a quality limit of laser drilling” [1], this paper examines
whether a similar relationship can be recognized for the
depth of the deviations that occur when using parameters
that do not avoid heat accumulation and melt. If this depth
is reached, defects occur, which are linked to a decrease in
absorbed fluence below a specific threshold during the pro-
cess, resulting in an increased melt formation and subse-
quent bad quality. [6—10]
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2. Setup

Fig. 1 shows the imaging setup consisting of a X-ray
beam of the synchrotron radiation source DESY (Deutsches
Elektronen Synchrotron) with a diameter of approximately
2 mm, which results in a maximal measurable depth of
Zmeas,max ~ 2 mm. The X-rays radiate through the sample and
are absorbed more the thicker the sample is. A scintillator
converts the X-rays into visible radiation, which is recorded
by a High-speed camera (i-SPEED 727, iX Cameras) at a
framerate of 1 kHz and a spatial resolution of 856 px/mm.
At the same time, a laser percussion process drills holes into
the sample. This leads to an increased transmission at this
point, which results in larger gray values.
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Fig. 1 X-ray Imaging setup. Modified from [11].

The experiments were performed with an ultrafast laser
Carbide CB3 80 in 1 mm think stainless steel samples
(St 1.4301 or AISI 304). A pulse duration z of 1 ps was used.
The drilling time was #=10s, at a repetition rate of
frp=50 kHz. Polarization was circular. The focus was
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positioned on the surface where the focal diameter was
dw=50 um. Pulse energies Ep ranging from 50 pJ to 400 pJ
resulted in peak fluences Hy of 5.1 J/cm? to 40.7 J/em?.
Smaller fluences were not used, as the drilling geometries
become too small to be recognized with the existing setup.

3. Results and discussion

Fig. 2 shows a X-ray image sequence of a borehole
drilled with a peak fluence of Hy =15.3 J/em?. A typical
depth progression can be observed, where the drilling speed
is initially high and then gradually decreases, as described in
the literature [12,13]. Table 1 shows the total depth and the
average drilling speed for different drilling periods of the
borehole shown in Fig. 2.

Table 1 Total depth and average drilling speed for different
drilling periods.

Drilling No. of Total Average
period pulses depth drilling speed
At N z(1) v
ins X103 in pm in um/s
0-0.5 0..25 790 1581
0.5-1 25 ...50 1030 480
1-2 50 ... 100 1311 281
2-3 100 ... 150 1499 188
3-4 150 ... 200 1675 176
4-5 200 ... 250 1758 83
5-6 250 ... 300 1966 208
6 -7 300 ... 350 2011 45
7-10 350 ... 500 2011 0

12 25 50 75

100 125 150 175 200 225 250 275 300 325 350 500
15 20 25 30 35 40 45 50 55 60 65 70 10

Fig. 2 Drilling progress of a borehole drilled with a peak fluence Ho =15.3 J/cm?. Note the non-linear X-axis. Inset a): The deviation
closest to the surface that is visible after a drilling time of /=10 s occurs at zgev = -1220 um.



The average drilling speed decreases continuously, with
one exception during 5 s<t<6 s, when the speed increases
briefly. This is a typical behavior for phase 2 in the common
drilling models. After approximately /=7 s the maximum
drilling depth zmax Was reached. A subsequent pu-CT exami-
nation of the borehole confirmed that there was no further
depth progress after /=7 s, which corresponds to phase 3 in
the common drilling models. After N=25,000 pulses bulging
occurs between -250 pm >z > -750 pm as already described
in [14]. In Fig. 2, deviations can be seen from a certain posi-
tion zgev. Deviations are defects next to the main borehole.
With increasing depth, the deviations become more frequent
and larger, sometimes in the form of side channels. The po-
sition of the first deviation can be read as a quality depth.
Above this value a reasonable good quality is achieved. Be-
low zgey between zy.y z < zgey a drilling progress still takes
place, but deviations appear.

Fig. 3 shows X-ray images of boreholes drilled with dif-
ferent fluences Hy. The position of the first permanent devi-
ation zgev is marked with orange circles. Some of the devia-
tions shown appear as voids that are no longer connected to
the borehole, although they were initially connected during
the formation process. At higher fluences the borehole diam-
eter gets significantly wider and wavy structures occur prob-
ably because of an increased melt formation.
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Fig. 3 Position of the first deviation z¢ev (orange) visible in X-ray
images of boreholes drilled with different fluences Ho. At high flu-
ences the borehole diameter gets significantly wider and wavy
structures occur.

Max. measurable depth= 2 mm

This leads to a decrease of zge, for higher fluences as also
shown in Fig. 4 which shows the max. depth z,,, of each
borehole (blue) and the position of the first deviation
(orange) over the peak fluence Hy. The black line is the
theoretical depth limit smax after Eq. (1) assuming an ab-
sorbed ablation threshold fluence Hp ¢,=0.106 J/cm? [1,15]
and an absorptivity 4=0.38. Until H,<15.2 J/cm? the position
of the first deviation zqy,; (orange) increases with the flu-
ence. For higher fluences Hy>15.2 J/cm?, the quality depth
Z4ev decreases with increasing fluence due to increased melt
formation, which is visible as wave movements. Higher
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fluences can also result in the generation of plasma inside
the borehole [16—18], which “can act as a secondary drilling
source” [18]. Additionally, the interaction of ablated parti-
cles with subsequent laser pulses becomes significant. Parti-
cle deposition inside the hole capillary can deflect the laser
beam on the sidewalls, causing the observed deviations [18].
These combined effects - melt formation, plasma generation,
particle interaction, and beam deflection can lead to more
deviations occurring closer to the inlet.
Forster’s model is intended for relatively small repetition
rates that prevent “excessive influence of melt” [1]. In con-
trast, our experimental setup employs higher repetition rate
and a small sample size in the Y-direction, conditions under
which significant melt formation and heat accumulation can
occur. These factors introduce complexities that Forster’s
model does not account for, leading to deviations between
the model's predictions and our experimental observations in
the max. borehole depth zmax (Fig. 4 blue).
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Fig. 4 Total depth (blue) and position of the first deviation zgev
(orange) over the peak fluence Ho. Error bars are min/max values
of n=3 experiments. The black line is the max. depth smax after
Forster [1,2] given by Eq. (1) calculated with an absorptivity
A=0.38 and an absorbed ablation threshold fluence Ha »=0.106.
The focal diameter was dr= 50 pm. Blue: max. depth zmax. of the
borehole.

4. Conclusion

The study shows that the formation of deviations in mi-
croholes, as observed using an X-ray imaging technique, is
highly dependent on the laser fluence applied during the
drilling process. For fluences below 15 J/cm?, the depth at
which the first deviation occurs increases with fluence. At
higher fluences, the drilling process shifts to a regime where
various combined effects contribute to a change in defect
formation mechanisms. Increased complexity and instability
within the borehole lead to a significant melt formation and
wavelike structures, causing the first deviation to occur at
positions closer to the inlet. These findings underscore the
importance of carefully controlling laser parameters to
achieve high-quality microholes and provide a basis for fur-
ther refinement of theoretical models to better predict and
mitigate defect formation in high-fluence laser drilling pro-
cesses.
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