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be predicted accurately.
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components.
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In this study a calculation routine for predicting the ablation topography considering the angle of inci-
dence and the evolution of the ablated surface pulse by pulse is presented and applied. Laser processing
of Al2O3 ceramic is studied by the ablation of single craters as well as by macroscopic ablation pockets for
a pulse duration of 300fs at a wavelength of 515 nm. The threshold fluence is determined and compared
for different process configurations and it is demonstrated that lower scanspeed leads to a higher
removal rate. The accuracy of this method is evaluated in an ablation experiment. The presented method
is useful for predicting the surface topography in order to optimize the scanpath or to apply machine
learning algorithms.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Alumina Ceramics (Al2O3) are applied for parts with high
requirements regarding temperature stability, electrical isolation,
corrosion resistance, wear resistance and hardness. Due to the very
high hardness in combination with a low friction coefficient, Al2O2

is applied for components in textile industry such as threat guides
as well as for medical implants.

Ultra short pulsed (USP) laser processing is a versatile manufac-
turing technology used for micro processing. It can be applied for
cutting, drilling, surface treatment and generation of complex 3D
shapes. This manufacturing technology has several advantages
such as elimination of contamination, of tool wear and process
forces and a very dynamic beam deflection leading to high surface
processing speeds. The characteristics of femtosecond ablation of
Al2O2 have been studied in several publications [1–3]. Ashkenasi
et al. studied the ablation threshold of Al2O2 at a wavelength of
800 nm for different pulse durations ranging from 200 fs up to
4:5 ps for different number of pulses. A pronounced decrease of
the threshold fluence with increasing the number of pulses is
observed especially within the first 25 pulses. For a pulse duration
of 200 fs the threshold fluence is determined to be 1:3� 0:1 J cm�2

for an infinite number of overlapping pulses. In the publication of
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Perrie et al. [1] the ablation characteristic of Al2O2 using a pulse
duration of 180 fs at a wavelength of 775 nm is studied. An abla-
tion rate of 25 < V < 900 lm3 per pulse for a pulse fluence
between 1.4 J cm�2 and 21 J cm�2 is determined. It is reported that
processing at a fluence of 1.4 J cm�2, just above the ablation thresh-
old estimated to be at 1.1J cm�2, the surface roughness can be
reduced slightly from Ra ¼ 0:79� 0:07 lm down to
Ra ¼ 0:64� 0:07 lm. In the study of Kim et al. [3] the threshold flu-
ence of Al2O2 is studied for processing at a pulse duration of 185 fs
and a wavelength of 785 nm. The single pulse ablation threshold is
determined to be 5.65 J cm�2 with an incubation factor S = 0.7. This
corresponds to an ablation threshold of 1.42 J cm�2 and 1.15 J cm�2

for a number of 100 and 200 overlapping pulses, respectively. In
the present study, the ablation characteristics of Al2O2 for a wave-
length of 515 nm and a pulse duration of 300 fs are studied. Fur-
thermore, the capabilities regarding surface texturing are studied.

USP lasers are applied for 2D applications such as surface tex-
turing, drilling and cutting. In the case of 3D bulk removal for
free-form shape generation, process development is getting more
difficult. It is realized with a high degree of experimental work
and know-how of experts. This is due to the complex nature of
the laser ablation process itself. In conventional machining such
as milling, drilling and grinding, the removed volume is given by
the interaction volume between tool and workpiece. In laser
machining, the removed material depends on the energy density
function of the laser beam as well on the optical and physical prop-
erties of the material and the geometrical conditions on the work-
piece such as oblique incidence and shadowing effects. On top of
that, the energy density function changes on a very short timescale
(<1 ps) to very high intensities (> 1 PWmm�2) leading to highly
non-linear material behaviour.

However, the state of the art for path planning of laser ablation
is given by a slicing approach like it is applied in conventional
machining by using simplified parameters such as track width,
removal depth, scanspeed, power and repetition rate. These
parameters are determined in fundamental experiments, prior to
the slicing operation. The real removal rate in laser ablation
changes if another scanstrategy is selected, or if one of the param-
eters are modified, such as scanspeed or pulse repetition rate. This
complex interaction between parameters and ablation leads to
high requirements in expert know-how for process development
in laser ablation.

Simulation of USP laser ablation can be done on different scales.
On the single pulse scale, the multiple rate equation model is used
to predict optical properties and the ablation threshold [4]. Molec-
ular dynamic simulations provide important information on the
mechanics of the material transformation under conditions of
strong superheating [5]. Simulation of an industrial ablation pro-
cess with a duration of 1 min would require the calculation of sev-
eral million single pulse events. Due to huge amount of
computation time needed, this approaches are not applicable for
simulating an industrial laser ablation operation or for virtual pro-
cess development.

In order to overcome this limitation, a method for simulating
the surface topography evolution was presented in 2014 [6] and
also applied in 2020 [7]. The prediction of crater depth in polycrys-
talline diamond (PCD) within 9.4% deviation from the experiment
was demonstrated whereas in [7] a deviation of 30% from the
experiment is reported for predicting the ablation in nano PCD.
The major reason for the deviation between simulation and exper-
iment lies in the experimental conditions such as repetition rate,
spot size and scanspeed in which the threshold fluence and pene-
tration depth are determined. Following this, the suitable determi-
nation of the effective threshold fluence and penetration depth is
the key to achieve accurate simulation results for predicting the
2

surface topography for a wide range of different laser scan
strategies.

Since the beginning of laser ablation, empirical models are used
in order to understand the ablation process not only for the single
pulses but also for an industrial relevant macroscopic ablation vol-
ume. The model for describing the relation of ablation depth d as a
function of the pulse fluence F and the ablation threshold Fth is the
well known equation:

dðFÞ ¼ d � lnðF=FthÞ ð1Þ
Amethod for determining both, the waist radius of a Gaussian beam
and the threshold fluence in an experimental approach was pre-
sented [8,9]. In order to apply the logarithmic ablation model more
accurately and on an industrial scale, several extensions have been
made. These modeling extensions are used for both determination
of the process constants based on single pulse experiments and pre-
diction of ablation depth by knowing the process constants. An
extension to distinguish between different energy regimes is
applied frequently [10–13]. Furthermore, an extension which
describes the threshold fluence Fth for the ablation depending on
the number of overlapping pulses N for dielectrics [14–16] and met-
als [9,17] can be found as follows:

FthðNÞ ¼ Fthð1Þ � NS�1 ð2Þ

FthðNÞ ¼ Fthð1Þ þ ½Fthð1Þ � Fthð1Þ� � exp½�kðN � 1Þ� ð3Þ
In order to find a model for macroscopic laser ablation volumes,

the calculation of the energy specific ablation volume was intro-
duced in [18]. By fitting the experimentally determined ablation
volume for a given parameter set into this calculation model, the
effective threshold fluence and effective penetration depth need
to be determined [19]. This approach brings high applicability for
macroscopic experiments, because the multi-pulse effects auto-
matically are taken into account during determination of the pro-
cess constants. In order to consider angle dependent effects, an
extension was made and validated for tungsten carbide and dielec-
tric materials in [20,21].

2. Modeling method

In the following, the calculation routine for predicting the abla-
tion depth is explained in detail. The model requires several input
definitions. First, the energy distribution of the laser beam applied
on the work piece is defined by providing pulse energy as well as
the spatial and longitudinal beam profile. For a Gaussian beam
the fluence distribution F as a function of the radius r and the dis-
tance from the focal plane z is given by

Fðr; zÞ ¼ 2Ep

pxðzÞ2 � exp
�2r2

xðzÞ2
 !

ð4Þ

xðzÞ2 ¼ x2
0 1þ z2

z2R

� �
ð5Þ

with the beam radius xðzÞ, the beam waist radius x0, the pulse
energy Ep and the Rayleigh length zR. The Rayleigh length is defined

by the optical aperture M2 as follows.

zR ¼ p �x2
0

k �M2 ð6Þ

It is possible to implement any laser beam profile besides the Gaus-
sian shape in the calculation routine. Second, the workpiece geom-
etry is be defined. In this predictive calculation, the surface is
defined as a even spaced grid with custom size and resolution.
The grid is defined by the three matrices Sx; Sy and Sz.



Fig. 2. Illustration of the normal vectors (red) calculated for each mesh point for a
single pulse crater.

Fig. 3. Illustration of the normal vectors (red) calculated for each mesh point for a
multipulse simulation along the scanpath (black).
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Sx ¼

x11 x12 . . . x1n
x21 x22

..

. . .
.

xm1 xmn

2
66664

3
77775

Sy ¼

y11 y12 . . . y1n
y21 y22

..

. . .
.

ym1 ymn

2
66664

3
77775

Sz ¼

z11 z12 . . . z1n
z21 z22

..

. . .
.

zm1 zmn

2
66664

3
77775

ð7Þ

Any geometric shape can be created or directly imported from mea-
surements. The properties of the material such as threshold fluence
and penetration depth need to be defined in this step as well.

Third, the deflection of the laser beam relative to the substrate
is defined. Taking into account the laser beam trajectory, scan
speed and pulse repetition rate, a list of laser pulse coordinates is
generated.

L ¼
x1 x2 . . . xn
y1 y2 . . . yn
z1 z2 . . . zn

2
64

3
75 ð8Þ

With this input definitions, the calculation routine can be executed.
The fluence distribution is calculated based on Eq. (4) and (5). For
the inclination angle the normal vector of the surface for each ele-
ment is considered. In Fig. 2 and 3 the normal vectors for each mesh
element are illustrated for the surface after a single pulse and after
multiple pulses, respectively.

n ¼
nx

ny

nz

2
64

3
75 ð9Þ

hi ¼ arccos
nzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2
x þ n2

y þ n2
z

q
0
B@

1
CA ð10Þ

The resulting fluence distribution Fr on the surface is calculated for
each element by the angle hi between normal vector of the surface
and the beam propagation axis, which is assumed to be z.

FrðiÞ ¼ FðiÞ � cos hi ð11Þ
For considering the angle dependent absorption Fr is multiplied
with the effective absorption coefficient AðhÞ. The determination
of effective process coefficients for dielectrics is described in a pre-
vious publication [21].
Fig. 1. Beamprofile close to the focal plane, measured at 10 positions along th

3

With these definitions and calculations the ablation calculation
can be performed for each element using the logarithmic ablation
law.

Dzi ¼ deff � ln FðiÞ � cos hi
Fth;eff

� �
ð12Þ

Using this routine leads to a calculation of one pulse event after
another like a mathematical row. Thereby the surface normal vector
matrix is recalculated again after each pulse. In this way the geo-
metrical effects between the pulses are taken into account.
e propagation axis using a beam camera. x0 ¼ 11:3 lm; zr ¼ 571:3 lm.



Table 1
Laser beam characteristics.

Wavelength pulse width (FWHM) Focal length x0 ð1=e2Þ Polarization

515 nm 300 fs 163 mm 11:3 lm circular

Table 2
Process parameters for the diameter regression (1) and the macroscopic ablation experiment (2). The process parameter N indicates the number of pulses on the same crater in
experiment (1) and the number of passes in experiment (2).

Experiment Ep f rep N vs Line distance

(1) 10–25 lJ 0.1 kHz 2–512 1 m s�1 -
(2) 4–22 lJ 400 kHz 40 1, 1.5, 2 m s�1 5 lm

Fig. 4. Microscopic images of the ablated craters after 8 pulses in Al2O3 with a pulse
duration of 300 fs at a wavelength of 515 nm at circular polarisation for the
diameter regression experiment.

Fig. 5. Plot of D2 versus logarithmic peak fluence of the laser pulse for 8 (a), 16 (b), 32 (
minimum and the maximum value of each measurement.
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3. Experimental

The laser used for the experiments is a frequency doubled Yb:
YAG laser emitting a linearly polarized beam at a wavelength of
515 nm with a pulse duration of 300fs. The specifications of the
laser source are given in Table 1. The beam is transformed to circu-
lar polarisation by placing a k/4 plate into the beam-path in order
to eliminate effects dependent on the scanning direction. A gal-
vanometer scanhead is used for the beam deflection in X and Y
direction and the beam is focused by a telecentric f-theta lens.
The beam waist radius is measured to be 11:3 lm. The beam is
characterized by the values described in Fig. 1. The mechanical
stages as well as the scanner motion is controlled by the Aerotech
Software A3200. The parameter studies as well as the ablation
experiments are carried out on Al2O3 99.8 samples with a grain size
of 5 lm from Heberlein AG. The processed surface is analysed by
confocal microscopy.
c) and 64 pulses (d) as an average value of 4 measurements. The bars represent the
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In the pre-study the threshold fluence is determined applying
two different approaches in order to evaluate the applicability of
each method for the predictive calculation. In the first step, the
threshold fluence is determined using the diameter regression
method [9,8]. The experiment is done for different number of
pulses ranging from 2–512 at a repetition rate of 0.1 kHz. The abla-
tion threshold as a function of the number of pulses N applied is
described by the exponential model (see Eq. 3). In the next step
the effective threshold fluence and penetration depth are deter-
mined applying the Neuenschwander model [19,22]. The lateral
size of the pockets for the Neuenschwander method is 1 mm �
1 mm and the scanning direction is rotated by an angle of 23� after
each layer. The experiment applying the Neuenschwander model is
performed at different scanspeeds. The parameters used for the
diameter regression method (experiment 1) and the Neuen-
schwander method (experiment 2) are described in Table 2.

The surface roughness of the pockets ablated is evaluated by the
confocal microscope Leica DCM 3D. The Sa value is calculated by
the Leica Map software.

In the second step, the parameter set is chosen resulting in a
good ratio of removal rate and surface quality. The target geometry
is created in a CAD volume. The NC Code is generated by using the
custom built slicing routine in MATLAB. In order to test if the NC
Code leads to the target ablation volume, the NC Code is executed
in a custom calculation routine for ablation, described in the previ-
ous section. The ablation depth is calculated pulse by pulse for
every mesh point considering the logarithmic ablation law and
the angle of incidence. The target depth of ablation is 15 lm. In
the next step the ablation experiment is performed using the virtu-
ally tested scanstrategy. The ablation result is analyzed using con-
focal microscopy and compared to the simulated ablation profile.

Finally, the accuracy of the predictive model is studied by
comparing the calculated ablation depth to the ablation depth
of the final shape measured with the confocal microscope Leica
DCM 3D.
Fig. 7. Experimentally determined ablation efficiency per pulse for three different
scanspeeds and corresponding fit of the Neuenschwander model. red: 1 m s�1, blue:
1.5 m s�1, black: 2 m s�1.
4. Results and discussion

The craters from the diameter regression are shown in Fig. 4. It
can be seen that the craters are not perfectly circular. The average
diameter is determined from 5measurements. In Fig. 5 the squared
values of the diameter measurements for 8, 16, 32 and 64 pulses
are plotted against the logarithmic peak fluence. From the single
pulse experiments a threshold fluence of 0.44 J cm�2 for the first
Fig. 6. Results of the diameter regression method. Threshold fluence as a function
of the number of pulses N applied for each crater at a repetition rate of 0.1 kHz and
the corresponding fit curve of the exponential model for incubation.
Fth;1 ¼ 0:44 J cm�2; Fth;inf ¼ 0:14 J cm�2; k ¼ 0:157.
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pulse is determined with an incubation factor of k = 0.157 and a
threshold fluence for an infinite number of pulses of 0.14 J cm�2

(see Fig. 6). A saturation of the threshold fluence after the first
50 pulses can be observed according to the incubation model intro-
duced in the previous section. The treshold fluence is 3 times
higher for the first pulse compared to the threshold fluence for
an infinite number of pulses. For the determination of the thresh-
old fluence measuring the ablation pockets and applying the
Neuenschwander model, the energy specific ablation volume per
pulse is plotted in Fig. 7. It can be observed, that changing the pulse
to pulse distance by increasing the scanspeed while leaving the
repetition rate constant leads to a lower ablation rate. For a pulse
energy of 10 lJ the ablation rate decreases by 16.3% by changing
the scanspeed from 1 m s�1 to 2m s�1. This effect is evident for
the whole range of tested pulse energies. A maximum peak in
the ablation efficiency cannot be determined, as it does not
decrease within the tested range of up to 22 lJ which corresponds
to a pulse fluence of 62 J cm�2.

The effective threshold fluence in combination with the effec-
tive penetration depth is determined by fitting the data to the
Neuenschwander model [19]. As the ablation rate changes for a dif-
ferent pulse to pulse distance, the effective parameters change as
Fig. 8. Measured Sa value at the bottom of the ablation pockets machined at a
scanspeed of 1 m s�1 determined for an area of 0.5 mm � 0.5 mm and
corresponding error bars.
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well. For a scanspeed of 1 m s�1 the threshold fluence of 0.71J cm�2

and a penetration depth of 243 nm is determined. Comparing this
effective threshold fluence to the one determined by the diameter
regression method (see Fig. 4), a big difference can be observed. In
the second step, the surface roughness of the pockets, ablated at a
scanspeed of 1m s�1 is evaluated in Fig. 8. There is a trend that for
an increased energy the Sa value increases. For a pulse energy of
10 lJ and higher, a Sa value higher than 1lm is determined.

The demonstrator part is manufactured using a pulse energy of
8 lJ, a scanspeed of 1 m s�1 and a hatch distance Dh of 6.5 lmwith
unidirectional orientation along the x-axis. In order to ablate the
Fig. 12. Comparison of laser irradiation experiment and calculation. Cross section of the
profile (red) of the irradiation experiment from Fi.g. 9.

Fig. 11. 3D plot of the surface ablated using the final process parameters Ep=8
lJ;v s=1 m s�1 and Dh = 6.5 lm. Measured by confocal microscopy at a
magnification of x10 leading to a spatial resolution of 1.7 lm.

Fig. 10. Plot of the predicted surface topography calculated with the optimized
scan-strategy in Fig. 7 and the process parameters Ep=8 lJ;v s=1 m s�1 and Dh = 6.5
lm.

Fig. 9. Plot of the optimized scanpath. The resulting laser spot positions are plotted
by each individual point.

6

target profile for the application of the Al2O3 specimen without
several experimental iterations, the NC Code was executed in the
calculation routine described in the previous section. The resolu-
tion of the mesh is chosen to be 1 lm in the x and y direction.
The laser beam parameters are defined according to Fig. 1. Regard-
ing the material parameters, the effective threshold fluence and
effective penetration depth determined for a scanspeed of 1
m s�1 are used. The optimized scanpath used for the calculation
routine is plotted in Fig. 9. The calculation of the 3564 laser spot
positions which contain approximately 400 mesh points, leads to
1.4 million calculation steps each including the normal vector cal-
culation and ablation depth calculation, takes 1.9 s on a single core
of an Intel Core i7-7700 CPU. The surface of the predicted surface
with the optimized scanstragegy is plotted in Fig. 10. The corre-
sponding measurement of the ablated sample is shown in Fig. 11.
On the 3D view of the measurement the surface reveals a high
waviness. In order to evaluate the agreement between the calcu-
lated surface and the experiment, a crosssection of both surfaces
is plotted in Fig. 12. It can be seen that the ablation depth at the
bottom of the groove is in good agreement with the calculated pre-
diction. But the measured profile (red) reveals an stochastic wavi-
ness which could occur from the boundary of the grains which are
in the order of 5 lm in diameter.
5. Conclusion

In this study a numerical prediction of the surface topography
in USP laser ablation using empirical parameters is demonstrated.
The procedure is applied for laser ablation of sintered Al2O3 sam-
ples using a 300 fs pulsed laser at a wavelength of 515 nm. In con-
trast to the threshold fluence determined in by the diameter
regression method, the value determined by the Neuenschwander
method Fth ¼ 0:71Jcm�1 is significantly higher. This value is com-
parable to Fth ¼ 0:69Jcm�1 obtained in a study using a 120 ps
pulsed laser at a wavelength of 825 nm to machine alumina [18].
For a laser process at 300 fs at 1030 nm with N = 100 overlapping
pulses on alumina Fth ¼ 1Jcm�1 was determined [23]. This implies
that the threshold fluence of alumina is very sensitive to the wave-
length applied.

Furthermore, the influence of the pulse to pulse distance on the
ablation rate is studied by changing the scanspeed. The results
show, that in the case of alumina, the ablation efficiency increases
for lower scanspeeds. This observation is in accordance with the
results of a recent study [23]. This effect might be caused either
by incubation effects for more overlapping pulses or by a different
contact angle of the laser beam which results from the higher track
removal depth resulting from a smaller pulse to pulse distance. In
the validation experiment a good agreement between simulation
and experiment can be observed. The deviations might be the
result of the microscopic properties of the grain boundaries which
are in the order of 5 lm in diameter. This leads to the conclusion
that numerical prediction of surface topography using empirical
parameters determined by the Neuenschwander model is a useful
approach to virtually test and optimize different scan strategies. In
order to consider the scanspeed dependent effects, it might be use-
predicted surface (black) of Fig. 10 along the y axis in comparison to the measured
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ful to introduce a parameter to enable an accurate predictive calcu-
lation for a range of scanspeeds. In the next step this approach
needs to be applied also for other laser wavelengths and pulse
durations as well as for different materials. For this, the empirical
parameters need to be determined as demonstrated in this study
using the Neuenschwander model. In order to get a more accurate
prediction of the surface properties than in the present study, the
grain boundaries need to be included in the material definition of
the calculation routine. By the use of numerical calculation in gen-
eral, the efforts of the process development can be reduced by
numerical predictions. It enables automated virtual parameter
studies and optimization routines can be applied. The presented
predictive simulation can be seen as door opener to apply machine
learning and optimization algorithms for process development in
USP laser ablation.
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