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Change of dominant material
properties in laser perforation
process with high-energy lasers
up to 120 kilowatt
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Matthias Wickert & Jens Osterholz

In laser materials processing, energy losses due to reflection, heat conduction and thermal radiation
play an important role. In this publication, we show that with increasing laser intensity, the energy
lost within the sample becomes less important for metal perforation processes. We compare the
laser-matter interaction of aluminum and steel plates. Material parameters such as density, melting
point and especially thermal conductivity differ strongly, leading to much longer perforation times
for aluminum in comparison to steel at laser powers of 20 kW. However, this behavior changes at
laser powers of more than 80 kW where the perforation times of aluminum become shorter than the
corresponding times for steel. By comparing experimental data and simulations, we conclude that
thermal conduction is the dominant factor of energy loss at low powers, but is reduced at high laser
powers.

Continuous wave (cw) laser systems in the power range of 100 kW have been available for more than 10 years'™.
Such high laser powers cannot be achieved by a single laser. A combination of several lasers is required, for
which different methods exist®. For single-mode lasers, coherent or spectral beam combination is usually used.
For multi-mode fiber lasers, the passive fiber-based combination of fused fibers is common. To the best of our
knowledge, the first industrial fiber laser with 100 kW was realized by IPG Photonics Corporation in 20132

In the field of laser material processing, small spot sizes are usually used’. Many common industrial applica-
tions such as cutting or welding metals use spot sizes below 1 mm, so the knowledge base is huge. However,
there are applications where large spot sizes appear to be advantageous, such as laser welding of thick steel
plates®. Furthermore, there are applications where lasers can be used as long distance effectors, e.g. in the field
of security research®'*. Because large spot sizes require much higher laser powers, while maintaining similar
intensities to those typically used for small spot sizes, large spot size applications could not be developed until
the advent of such powerful lasers. As a result, there are only a few reports on applications using large spot sizes
in the centimeter range®'%-2!,

This literature on large spot laser-matter interaction covers many different aspects. There are reports on laser
penetration of fiber reinforced plastics (FRP) showing strong interactions especially with the matrix material but
also burning of the fibers'**. Depending on the laser power and spot size, and therefore laser intensity, different
penetration velocities and therefore perforation times are observed. As a final consequence, the compressive
strength of FRP samples strongly decreases®'. Environmental conditions such as tangential air flow also alter the
penetration process leading to shorter perforation times in high Mach air flows"’.

Unlike FRP specimens, airflow does not always reduce perforation times for metals. It depends more on the
specific parameters. The air flow can lead to faster removal of molten material, but it can also lead to sufficient
cooling of the specimen, which prolongs the perforation'*'®7?2, Melt pool dynamics can strongly depend on
experimental conditions such as air flow velocity and direction of gravity'>?>?. Furthermore, a varying laser
penetration is reported for nitrogen or normal air'>?*. As the sample material heats up during laser irradiation,
it reaches temperatures at which an oxidation process can efficiently occur, leading to an additional heat source.
Such oxidation processes have been shown by spectroscopy to occur in steel and aluminum alloys®.

In addition to laser power, intensity also affects the perforation time. Higher intensities, due to smaller spot
sizes, concentrate the energy on a smaller area. This means that a smaller amount of material has to be melted
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for the perforation, which reduces the perforation times?***. However, reducing the spot size does not always
reduce the perforation time. If a plasma is generated at the front side of the sample at a certain point due to the
increasing intensities, such plasma can easily grow to a size of several tens of millimeters?”. This may prevent
the laser from reaching the sample, at least partially. Therefore, a minimum perforation time for spot diameters
below 8 mm has been reported for iron samples®. Besides from reducing the processing efficiency, plasma can
be useful for process control via plasma spectroscopy. From the plasma emission the temperature of the plasma
can be calculated?, but also different material layers within the sample can be detected*>?%.

For laser materials processing, it is not only important to have a laser source with sufficient power. The effi-
ciency of the energy coupling also plays an important role. In addition to shadowing effects such as plasma or
process plume in front of the sample (distances easily up to 10 cm), the absorptivity of the sample also plays a
central role'>”. For metal samples of macroscopic thickness, the laser light can be either reflected (specular or
diffuse) or absorbed as the transmission length is 9 nm for aluminum and 21 nm for iron?. Therefore, both reflec-
tance and absorbance measurements are appropriate and will be used in the following. The physical reflectivity
of pure materials such as aluminum and iron at room temperature at a wavelength of 1 um is 95.2% and 64.1%,
respectively?. For aluminum, similar values have been reported for 1550 K when measured under vacuum®.
However, this does not reflect the values observed in laser material processing®'.

For aluminum, absorptivity values from 10% to 40% are reported'>!”*2-*%, On the one hand, it depends on
the surface quality of the sample, where polished ones can have an absorptivity below 10%, while unpolished
ones have values around 30%*. On the other hand, increasing values are reported above certain temperatures
when measurements are made in air'>**, As this is not always observed®, this may also be influenced by the
specific alloy composition.

For steel samples a similar behavior is observed but with a much stronger influence of the oxidizing
atmosphere®?7#23%_ At room temperature, depending on the surface state, an absorptivity from 26% to 50% is
reported. With increasing temperature the absorptivity increases due to oxidation®**. Therefore, a strong increase
in absorption is observed at about 600 °C. If a mean value for the absorptivity is determined for the entire laser
processing time, a dependence on the laser spot size is observed?**. With increasing spot sizes also increasing
absorptivity values are obtained. However, these are mostly mean absorptivity values which also take into account
losses due to shielding effects in front of the sample nearby the sample surface, e.g. from a generated plasma.

The modeling and simulation of the laser-matter interaction is very complex and subject of current research.
A large number of non-linearly coupled physical processes occur’. These processes take place on very different
time and length scales. Numerical calculations for the entire process can therefore not be performed efficiently.
A major focus of modeling is the identification of dominant sub-processes in a certain parameter regime and
the reduction of the model equations to the most important effects or the dimensional reduction from 3D to 2D
or 1D models¥. In laser cutting, material removal can be caused by different processes. For cw-laser processing
removal of the solid phase has been identified as the dominant process due to external gas jet driven material
removal for laser cutting of metals®. For other materials like ceramics or thermosets, e.g., which are mostly
processed by pulsed lasers also evaporation can be determinant.

When modeling laser perforation processes with beam radii in the range of a few centimeters, thermal aspects
such as temperature-dependent heat capacity, conductivity and energy input are of particular importance. Per-
foration performance and its dependence on process and material parameters such as beam radius, absorptivity,
thermal conductivity, specific heat capacity, vaporization temperature have been numerically investigated®*2.
Numerical investigations of high-power laser experiments showed the influence of temperature dependent sur-
face tension, gravity and vapor recoil pressure on perforation processes'®. Aspects of melt pool behavior such as
melt expulsion, Marangoni convection effects and the response to external forces through aerodynamic effects
have been reported'>*. Depending on the laser spot parameters (small or large) and the application (cutting,
welding or long range effectors), different parameters play an important role.

With the advent of high-power lasers with power levels in the range of 100 kW in continuous wave
operation®™, the question arises whether the knowledge of laser-matter interaction gained with lasers of a few
tens of kilowatts power is still valid at such high power levels. So far, only results on laser welding with such high
laser powers have been reported***!. The high power available allowed welding depths of 70 mm for single-side
welding and up to 125 mm for double-side welding>*!. On the side of the basic physical processes, however, noth-
ing has been shown so far. Important scaling behavior in the laser-matter-interaction like a change in absorption
or effects which lead to non-linear effects in the laser coupling efficiency are unknown until now.

In this paper we present the results of laser penetration experiments with a laser power up to 120 kW on
aluminum and steel samples. With the extended power range compared to previous reports'*?*%¢ the available
parameter range is extended. Besides the pure penetration process evaluation also an energy balancing is done.
Two possible methods, a simple cylinder model and FEM simulations, are presented and compared for their
applicability. By comparing the two energy balancing models, this study examines important aspects of laser
processing with large spot sizes. From both models the effective absorptivity of the laser processing is calculated.

Experimental setup
The experimental setup is similar to our previous publications?®?”. However, the setup was upgraded with a
laser of higher power and cameras of improved performance. An illustration of the setup can be found in Fig. 1.
The laser used was a ytterbium fiber-laser (YLS-120000, IPG Photonics Corporation, Germany) with a wave-
length of 1070 nm and a maximum average power of 120 kW (1% power stability). It was operated in continu-
ous wave mode. It consists of many separate laser modules which are spliced into a feeding fiber of 300 um and
a process fiber of 600 um diameter. The process fiber has got a beam parameter product of 36 mm - mrad. At the
output of the process fiber, a collimator (D85-F180 HP, IPG Photonics Corporation, Germany) determines the
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Figure 1. Experimental setup used for laser perforation tests. The laser beam was delivered by a fiber and
shaped by an optics. The sample was imaged by optical and thermal cameras and two pyrometers (Pyro). To
determine the perforation of the sample a photo diode (PD) detects laser light scattered from the beam dump
behind the sample.

size and shape of the laser beam. At the sample position (5.64 m from the collimator) the laser beam is circular
and had a diameter (D4c of moment analysis*?) of 35.0+0.3 mm with an almost Gaussian shape (super-Gaussian
exponent 1.2). The local intensity (as mean value of 86% of the laser power within the determined beam diameter)
was 0.09 kW/cm? for 1 kW up to 10.7 kW/cm? for 120 kW laser power. The laser power can be modulated up to
5 kHz. This corresponds to switching times of less than 100 ps. Therefore, the ramp-up time of the laser power
is not a significant factor in experiments where the experimental times are larger than one second.

The samples had a size of 200x200x10 mm? and were made of aluminum (1050A with 99.5% purity) and
steel (DD11 with 99% iron purity). The plates were technical grade as provided by the industrial suppliers. The
steel samples were cleaned with isopropanol to remove oil residues from the production process, the aluminum
sample were supplied clean. The aluminum samples had a shiny surface with a roughness of Ra = 0.2 pm. The
steel samples had a grayish surface typical for oxidized iron after annealing during manufacturing. The roughness
was Ra = 0.8 um. The samples were positioned vertically with a horizontal impact of the laser.

Two color pyrometers (METIS M322 and H322, Sensortherm GmbH, Germany) were used to detect the back-
side temperature at the center of laser interaction (labeled as Pyro in Fig. 1). The M322 has got a measurement
range from 600 °C to 2300 °C and was used for the steel samples, while the H322 was used for the aluminum
samples and has got a measurement range from 400 °C to 1200 °C. As the emissivity of aluminum and steel is
comparable low and not constant with temperature®, the back sites of the samples were painted with a thermally
resistant paint (stable up to 800 °C) (Dupli-Color Tuning Spezial-Lackspray Supertherm). The measured backside
temperatures were used to determine the mean absorptivities from the simulations.

The perforation time was calculated from the trigger output of the laser and the increasing intensity behind
the sample reflected from the beam dump and detected with a photo diode (labeled as PD in Fig. 1). The timing
of the devices was realized with a delay generator (9524, Quantum Composers Inc., MT, USA). All the devices
were triggered by the delay generator. The trigger signals and output voltage of the photo diode were recorded
with a transient recorder (TransCom-CompactE-XL, MF Instruments GmbH, Germany).

Numerical modeling

Analytical modeling for energy balancing

For the energy balancing of the penetration process in section "Results and discussion" an analytical modeling
is used, thereafter called the cylinder model. In this model the perforation hole is assumed as a cylinder with a
diameter equal to the laser spot size D4o and a height equal to the sample thickness. With the material parameters
(see Table SI1 in the supporting information) the energy E., required for a complete heating up and melting of
this cylinder is calculated by:

Ecmzc'm'AT+Hfus'm) (1)

with c as heat capacity, m as the mass of the cylinder, AT the temperature difference between room temperature
and the melting temperature of the sample and Hy,; the enthalpy of fusion. To calculate the time for a complete
homogeneous heating and melting of the cylinder, t.,,, Ec has to be divided by the laser power Py 4. Since in
the cylinder model only the material within the spot diameter D4o is used, also the power used for processing
must be reduced to 86% of Py, since this is the amount of power within D4c. This leads to:

ECH’!

e 2
0.86 - Praser ( )

tC m

With that finally the effective energy coupling ., derived by the cylinder model can be calculated by:
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with #, being the experimentally determined perforation time.

FEM simulation setup

As indicated in the introduction, the numerical simulations of the experiments carried out serve to gain a deeper
understanding of the processes that are not directly measurable during the intense laser irradiation. In particular,
the degree of absorption, more precisely the proportion of the laser energy introduced into the sample as heat,
is a parameter of interest that has a large number of dependencies and uncertainties. Horak et al.?® presented
a method that summarized these dependencies and effects in the so-called effective absorptivity o;,,. For bet-
ter comparability, the simulations presented here were performed using the same theoretical approach, but
with a modified numerical setup to provide a more general framework and better performance of the simula-
tions. For this reason, the numerical model for calculating the temperature distribution T = T'(%,t) € R with
% € Q C R%,t € R that develops over time inside the solid metal sample is largely based on the model presented
in Ref.?®.

Consider the time dependent non-linear heat equation

oT 1

5 o(De(T) % +
ot = oo T KOVD, VD € @xRY, W

in the space corresponding to the sample (same size as the experiments)  C R3, with temperature dependent
density p(T), specific heat capacity ¢(T) and thermal conductivity k(T) (here p(T), ¢(T) and k(T) = const.). In
addition to the corresponding condition on the boundary 92 in the form of an energy input by the laser I,
heat losses through convection C with convection heat transfer coefficient # = 3.0 W/m?K and radiation R
with surface emissivity of € =90% to the enviro nment are modeled as a flow over the surface by the Neumann
boundary conditions on 92

L TGt . . -
k@um»{§3=Rmo+cmo—huﬁ, 5)
n
with % = VT - n(x, t), where n(x, t) is the outward normal vector.
The laser intensity I; is defined by

2 3112

LG 1) = {Otsim,ffz eXP{—le)C,%HZ}» [1X = Xoll2 < 7 ©)
0, otherwise

corresponds to a Gaussian profile, where P is the laser power, Xy € R? the laser spot center on the specimen and

|| - ||2 the Euclidean norm. The energy within a radiusr = D40 /2 is applied for X € 82y, the so-called irradiation

area 027 C 0%, otherwise it vanishes.

The thermal solver in the commercial finite element method (FEM) Code LS-DYNA by Livermore Software
Technology Corporation (LSTC) was used, which was completed with mentioned boundary conditions, a mixed
(Crank-Nicolson) time step discretization and isotropic thermal material properties (see Table S1 in the sup-
porting information). In addition, the spatial discretization was carried out using a refined grid of tetrahedron
elements, which provides a higher resolution in regions with larger temperature gradients, i.e. in the center of
the laser spot (see Fig. SI1 in the supporting information). The edge sizes of the used mesh differ from 0.2 mm
up to 3 mm. The laser irradiation boundary condition was implemented via a user subroutine. Due to benefits in
performance through less complex calculations of spot projections, a laser-fixed frame of reference was chosen.
Here, a corresponding energy input is calculated for each surface element. The energy input results from the
location-dependent laser power on the surface element weighted with the selected effective absorptivity o, € R.

The effective absorptivity o, in the laser boundary condition was determined using an automated optimiza-
tion script. Multiple simulations were run until a selected temperature matched the temperature at the same time
and position on the backside of the specimen as measured with the two-color pyrometers. For aluminum this
fitting point was chosen to be the saddle point at the melting temperature around 660 °C. For steel, the transit
of 800 °C was chosen because of the limited thermal resistance of the paint.

In addition, an erosion criterion was added to the numerical model to simulate the removal of material by
outflow. Elements have been optically eroded during the simulation, when they have reached an appropriate
temperature, which in this case is the melting temperature. This particularly depicts reality if the melt has a low
surface tension and thus immediately flows out.

Results and discussion

Perforation time

As expected, a decreasing perforation time is observed with increasing laser power, as shown in Fig. 2. Aluminum
shows an almost linear behavior in this double logarithmic plot, which represents a power law in a linear plot. A
power law fit (y = a - x?) of the perforation times up to 80 kW gives an exponent b of —2.88.

Both materials show a similar dependence of the perforation time on the laser power, despite the fact that
they have very different material properties (see Table SI I in the supporting information). The comparison of
the steel and aluminum samples shows that at lower laser powers the aluminum samples are perforated much
slower than the steel samples. With the high laser power available in this work, we see that this changes. At around
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Figure 2. Double logarithmic plot of perforation time as a function of laser power (top axis: mean intensity of
86% within D4c). The lines are only a guide to the eyes. While the perforation time of steel is shorter than that
of aluminum at lower laser powers, this changes at high laser powers.

80 kW, the perforation times are similar for both materials. Above this laser power, the aluminum samples are
perforated faster than the steel samples.

This behavior of perforation time with increasing laser power is due to the different material properties (see
Table SI I in the supporting information). The melting point of aluminum is almost 900 K lower than that of
steel. However, the other thermal material parameters are higher for aluminum than for steel. The enthalpies of
fusion and evaporation are slightly higher, while the thermal conductivity and specific heat capacity, especially
in the liquid phase, are significantly higher. In summary, the energy required to melt a given volume of the alu-
minum sample starting from room temperature is only 35% of that required for steel, 2.6 J/mm? and 7.3 J/mm?
respectively. From this simple comparison, which neglects thermal conductivity, one would expect the aluminum
samples to be perforated faster than the steel samples. But especially at low laser powers, where perforation takes
along time, the thermal conductivity cannot be neglected'®. We conclude that the longer perforation times for the
aluminum samples at low laser powers must be attributed to significant lateral energy losses due to thermal con-
ductivity. With increasing laser power the thermal conductivity becomes less dominant due to the fast material
processing, which is why above about 80 kW the aluminum samples are perforated faster than the steel samples.

Energy balancing

An important metric in evaluating the laser-matter interaction in laser processing is how much of the laser energy
is used directly for processing and how much is lost for the intended process due to conversion to unintended
forms of energy. In the following, the term energy loss is used to express the fact that the energy is no longer
available for the intended process. For this purpose, an energy balancing is required. The energy emitted by the
laser (Epaser) is converted into four parts:

ELaser = Epatn + ERe_ﬂ. + Eblasma + EBulk - (7)

Here Ep,y, stands for the absorption and scattering of laser light in the path between the laser optics and the
target. This also incorporates absorption in process plume. Eg.q. represents the amount of energy getting reflected
at the sample surface. In front of the sample surface a plasma can be generated. This absorbs energy from the
laser. However, the plasma itself can again contribute to the heating of the sample through reradiation. There-
fore Epjzsmq denotes for the energy absorbed by the plasma and not reradiated to the sample. Ep,jx describes the
energy finally absorbed by the sample. It is important to note, that here Ep,, and Epjasm, are separated explicitly.
Hence, Epyy, does not include the absorption in the laser path originating from the plasma. For the scope of
this work Epgsp, ERefr., and Epjasmg Will always be summarized into one contribution of energy loss outside of the
sample. Transmission through the sample is not important as the transmission lengths of metals are only in the
nanometre range.
The energy absorbed by the sample Ep,jx can be split into different contributions:

Epuik = EHear + Epelt + ERad. + EHeat cond. - (8)

Here Epjeq stand for the energy used for material heating, Epzir represents the energy required for material
melting at the melting temperature without additional heating, Eg,4. denotes for the energy leaving the sample
through thermal radiation and Epjeqt cong. describes the energy flow within the sample by heat conduction.
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Equations (7) and (8) show, that there are several processes which are not directly contributing to the heat-
ing and melting of the sample material. In front of the sample energy can get lost by absorption in the complete
laser path (Ep,s), absorption in the plasma which is located near the sample surface (Epjasy,) and by reflection
at the sample surface (Egey.). The first depends on the experimental setup such as laser-sample distance, air
turbulences in the laser path and humidity but is independent of the sample material. Therefore it is constant in
the here performed experiments. The absorption in the plasma is more complex since it is intensity and material
dependent. At laser powers above 80 kW the intensity of the laser light exceeds 7.2 kW/cm?. In this intensity
regime the formation of a plasma plume in front of the sample can be observed. The absorption of the laser light
due to inverse Bremsstrahlung in the plasma can exceed significant values*. In general, the formation of a plasma
is observed at lower laser powers for steel compared to aluminum. This can be explained by the energy required
for evaporation of material. Both materials have got similar boiling temperatures. But the energy required to
reach this point and for evaporation differs strongly (see TableSI1 in the supporting information). For aluminum
much more energy is required to heat up and vaporize the same mass of material compared to iron. Therefore,
at least for the almost pure samples used here, the earlier plasma occurrence at the steel compared to aluminum
can be addressed to the thermal properties of the materials. Finally, also the reflectivity of the sample is strongly
material, temperature and temporal dependent. The primary surface finish as well as oxidation processes can
change the reflectivity. Furthermore, after material melting again a significant change in reflectivity can occur.

Inside the sample, heat conduction leads to a flow of energy outside the actual processing area. The thermal
conductivity is a material property. It is 3.4 times higher for aluminum compared to iron (see TableSI1 in the
supporting information). The thermal radiation is also a material dependent property expressed by the emissivity.
It can be changed by coating like the thermal paint on the sample back side or by surface structuring.

We present two ways of energy balancing. The first approach is the analytical modeling of the sample perfora-
tion by the cylinder model described in section "Analytical modeling for energy balancing". In this model any
energy losses due to radiation and thermal conduction (Eggsq, and Epjear cond. in Eq. (8), respectively) are not taken
into account. The effective energy coupling ., incorporates their contributions to the material processing. This
leads to an underestimation of the real absorptivity by definition. To be clear, this is not a full representation of
the reality, where especially thermal conduction plays an important role especially for long processing times. But
this cylinder model is intended to be as simple as possible. And as shown in the following, there are applications,
where this model gives satisfying results. The second way is by FEM simulations, where the absorption coef-
ficient is modified so that the simulations match the temporal evolution of the experiments (see section "FEM
simulation setup” for more details). In this approach all energy terms of Egs. (7) and (8) are taken into account.

In Fig. 3 the effective energy coupling o, calculated by the cylinder model is shown in (a) and the effective
absorptivity o, derived by the FEM simulations is shown in (b). We assume that heat conduction is the most
important loss mechanism. This is not considered in the cylinder model. Losses by heat conduction increase
with process duration, hence the long perforation times in our case. This is especially true at low laser powers.
Therefore, we attribute the decrease of the effective energy coupling a,, for lower laser powers (for steel below
20 kW and for aluminum below 80 kW) in Fig. 3a to the heat conduction not considered in the cylinder model.

On the other hand, the final holes are mostly smaller than the spot diameter D4o of 35 mm (see Fig. SI3
in the supporting information). For aluminum, hole sizes were independent of laser power with diameters of
around 30 mm. Furthermore, an almost constant diameter throughout the sample thickness is observed. How-
ever, the steel samples show a correlation between hole size and laser power. For low laser powers of 5 kW the
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Figure 3. In (a) the effective energy coupling rate (perforations time experiment / perforation time cylinder
model) calculated by a cylinder model and in (b) the effective absorptivity derived by simulations are shown for
both materials. For steel a roughly decreasing and for aluminum a nearly constant behavior with laser power can
be observed. For more details see the text.
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hole diameters are around 15 mm, while for 120 kW the hole diameters increase to around 40 mm. These hole
diameters are the front side diameters. Especially for the steel samples more conical holes are observed with
significant smaller sizes at the back side. Therefore, even for the hole diameters of 40 mm for 120 kW laser power
amean hole size below the spot diameter is observed. Furthermore, it should be noted that the holes are larger in
total than at the time of perforation because the laser was turned off with a slight delay after the first perforation
of the sample. This means that the samples were irradiated a little longer (by less than 0.5 s) than the perforation
time, which may have resulted in increased melting and flow out of material.

In the context of the cylinder model, smaller final hole sizes compared to the laser spot size results in an
overestimation of the effective energy coupling oy,. This is because less material was heated and melted until
perforation in reality than in the model. Consequently, the energy required to produce the resulting hole is less
than that estimated by the cylinder model. Since for aluminum for all laser powers o, < oim holds true, we
conclude that this hole size effect only plays a minor role. Furthermore, it should be constant for all laser powers
since the hole sizes and shapes are almost independent of the used laser power (see Fig. SI3 in the supporting
information). For the steel samples, on the other hand, o, is larger than o, except of 5 kW laser power. This
leads to the conclusion, that there the hole size effect might play a role. To investigate this effect further, an
improved experimental setup with e.g. a 3D hole shape determination is required. Furthermore, the aim of the
simple cylinder model was to only take as few parameters into account as required. From this point of view a
hole shape measurement does not fit to the intention of the cylinder model used here.

The simulations, on the other hand, take into account thermal losses such as conduction and radiation. The
simulations also produce a conical melt region, which is a better representation of the hole formed in the sam-
ples than the cylindrical model. However, any melt pool dynamics are not considered for the current simulation
results, which are restricted to the dominant effect of heat conduction within the solid. An improvement over
our previous publication® is that artificial material removal can now be simulated by erosion of elements with
a temperature higher than the melting temperature. This represents direct material removal after melting. This
makes sense for most of the experiments here, since it can be observed for all steel samples and for the aluminum
samples at high laser powers that the molten material flows out very quickly. For more details on the simulations
see chapter "FEM simulation setup".

Figure 3b shows the effective absorptivity obtained from the simulations for steel and aluminum. A similar
behavior to the cylinder model (Fig. 3a) with decreasing values for increasing laser powers is observed for the
steel samples. As a consequence of the more complete representation of the overall process, there is no sudden
decrease in the effective absorptivity below a 20 kW compared to the effective energy coupling of the cylinder
model. This shows the superiority of the simulation over the cylinder model, especially in situations of low laser
power and hence long processing times. Furthermore, for the steel samples above 10 kW, reduced values are
obtained from the simulation compared to the cylinder model. At this laser power and below, we attribute the
decreasing effective energy coupling of the cylinder model to the lack of energy loss due to thermal conductiv-
ity. Above this region of decreasing effective energy coupling, the fact of a lower final hole size compared to the
cylinder model (as discussed above) becomes dominant, leading to higher values compared to the simulations.

Horak et al.? used similar intensities of 0.7 kW/cm? to 13.7 kW/cm? as in this paper, but with a much lower
laser power of only 2 kW and consequently significantly smaller spot sizes. An effective absorptivity between
30% and 80% was found for steel samples. The effective absorptivity was dependent on the spot size and hence
the laser intensity. A similar behavior is observed in the present work. Again, a decreasing effective absorptivity is
observed with increasing intensity, here realized by increasing laser power at fixed spot size. The values observed
here are slightly lower than those reported by Horak et al.?®. This could be due to the improved simulation setup,
where the energy input is now more realistic due to a better implementation of the laser spot. Furthermore, it
cannot be excluded that geometrical differences due to the changed size of the laser spot and the sample thickness
have an influence on the resulting values. The changed steel alloy and surface properties such as roughness and
oxidation state certainly also have an influence. Finally, the influence of the fit point at 800 °C in the simulations
(see section "FEM simulation setup") is also unclear.

Reported values of around 25% of effective energy coupling for experiments in inert gas atmosphere and
increasing values up to 65% in oxidizing atmosphere*>* do not reflect the experimental conditions of this paper.
Here, almost pure iron was used which already had an oxidized surface compared to the polished stainless steel
samples used by Hipp et al.*. For already oxidized steel samples, the absorptivity was reported to be around 80%*
with only small changes with temperature or irradiance (note, overall much lower intensities compared to those
used here). Thus, the high energy coupling at low laser powers observed here is comparable to results previously
reported for oxidized steel samples. Additional hemispherical reflectivity measurements with low laser powers
(500 mW) performed on the samples used here showed a reflectivity of around 30%. This corresponds to an
absorptivity of 70% which is in line with the values observed for low laser power processing. The decrease of the
effective absorptivity for increasing laser powers observed here could be to some extent due to the change of the
sample surface after melting. The original oxidized surface on the molten part of the sample flows out exposing
a fresh unoxidized surface. The rate at which new oxidation might occur could not be evaluated and is beyond
the scope of this work. We also attribute the decrease in energy coupling to some part to a shielding effect by
emerging process products and the emergence of a plasma in front of the sample. Such stronger shielding effects
are mainly located in the first 10 cm in front of the sample surface.

For the aluminum samples the simulations reveal an almost constant value of the effective absorptivity,
similar to the effective energy coupling in the cylinder model. The value of about 15% is above, similar to** and
below" results already reported. However, these deviations are supposed to be attributed to the surface finish or
the composition of the specific alloy. Hemispherical reflectivity measurements (laser power 500 mW) showed
a value of around 90% reflectivity, which corresponds here to an absorptivity of 10%. This is in fair comparison
to the calculated values in the laser processing. In contrast to the steel samples, the values from the simulations
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of aluminum are always higher than those from the cylinder model. This is the case not only in the laser power
range where the cylinder model fails due to the high energy losses by heat conduction, but also above that. This
leads to the conclusion that for aluminum the somewhat smaller hole sizes compared to steel (see Fig. SI3 in
the supporting information) do not have a dominant effect. Again, the high thermal conductivity could lead to
similar energy losses as a larger produced hole would have required.

Globally, a much higher effective energy coupling in the cylinder model is observed for the steel samples
compared to the aluminum samples. The simulations also show that the effective absorptivity of steel is higher
than that of aluminum up to a laser power of 40 kW. However, starting at 80 kW both materials exhibit a similar
effective absorptivity . This reflects the fact that at high laser powers the aluminum samples have a shorter per-
foration time compared to the steel samples. The perforation times for aluminum are only about 60% compared
to steel at 120 kW. To melt the same volume of sample material, as assumed in the cylinder model, aluminum
requires only 36% of the energy to heat and melt the sample compared to steel. In summary, both observations,
the similar effective absorptivity and the shorter perforation times of aluminum compared to steel, support
significantly reduced energy losses within the samples at high laser powers.

Volume and mass removal rate
In material processing with large laser spots, the volume removal rate or the mass removal rate is of interest,
depending on the application. Both are shown in Fig. 4a and b respectively. The volume removal rate is calculated
by dividing the volume of the previously used cylinder (sample thickness as height and D4c as diameter) by the
perforation time. With increasing laser power, the removal rate increases asymptotically for steel samples and
almost linearly for aluminum samples. The solid line represents an asymptotic fit to the data of the steel sample,
which shows good agreement. The dashed line for the aluminum sample also represents an asymptotic fit, but
a linear fit resulted in a comparably good agreement. Therefore, for the aluminum samples, it cannot be deter-
mined whether the behavior with laser power is linear or asymptotic. This difference may be due to the different
mass outflow behavior of the two materials, as observed by surveillance cameras. Steel shows a more continuous
outflow once the surface of the sample is molten. Aluminum, on the other hand, forms a molten bubble before
flowing out®. This bubble formation tends to occur at lower laser powers and is not as dominant at the highest
laser powers used here. However, the outflow process still differs significantly from that of the steel samples. While
a saturation of the volume removal rate is observed for the steel samples at 3.9 cm?>/s, no saturation is evident for
aluminum, at least up to the 120 kW laser power used. There may be saturation for much higher laser powers or
intensities, but here we may still be in the region of nearly linear response within a globally asymptotic behavior.
As discussed before, in front of the sample a plasma can be generated. This can absorb significant amounts
of laser power*. In general, the formation of this plasma starts at lower laser powers for steel compared to alu-
minum. Hence the plasma formation may contribute to the limited material removal rate for the steel samples.
Similar to the perforation time, the volume removal rate for the two materials also shows an intersection at
around 80 kW. At lower laser powers, the volume removal rate of aluminum is lower than that of steel, whereas at
high laser powers, the volume of aluminum is removed faster than that of steel. The data shown in Fig. 4 is based
on the assumption of a cylindrical hole. As already mentioned (see Fig. SI3 in the supporting information), in
reality smaller holes are observed for aluminum and rather conical holes are observed for steel. When these real
hole volumes are taken into account, the values are slightly reduced. However, there are no significant changes.
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Figure 4. Volume removal rate (a) and mass removal rate (b) as function of laser power and intensity. The
solid and dashed lines represent asymptotic fits. For steel an asymptotic behavior is observed. For aluminum a
linear fit is equivalent to the asymptotic fit shown here. The error bars represent the standard deviations of the
perforation times propagated to the removal rates.
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Depending on the application, the mass removal rate may also be of interest. As the densities of aluminum
and steel are very different, the results change significantly, as shown in Fig. 4b. Due to the much higher density
of steel compared to aluminum, the overall mass removal rates of steel are much higher compared to aluminum.
Even if the extrapolation shows an intersection, it is not certain that the extrapolation holds for such high powers.

Conclusions

We have investigated the laser-matter interaction for cw laser radiation with powers up to 120 kW on aluminum
and steel samples. We were able to show that the laser penetration processes in the two investigated materials
differ in certain aspects. Aluminum has a much higher thermal conductivity than steel, leading to significantly
higher energy losses at long processing times. This results in a much longer perforation time for aluminum
compared to steel at low laser powers. At high laser powers, however, the much lower total energy required to
heat and melt the same amount of material of aluminum dominates, resulting in a lower perforation time above
roughly 80 kW.

To elucidate the effectiveness of the process, we compared the effective energy coupling derived from a cyl-
inder model with the effective absorptivity obtained from FEM simulations. The cylinder model excludes many
aspects such as thermal conductivity and radiation that are included in the simulations. Therefore, below a cer-
tain laser power, we found a strongly underestimated effective energy coupling, resulting in strongly decreasing
values in the cylinder model. For high laser powers, however, a similar behavior to the simulations was observed.
For aluminum, an almost constant value of above 10% is observed irrespective of the laser power. For the steel
samples, on the other hand, the simulations revealed a decreasing effective absorptivity with increasing laser
power from almost 80% down to above 10% again. In this case, the cylinder model overestimated the effective
energy coupling to the non-cylindrical but more conical final holes.

This paper concentrates on large spot laser-matter-interaction. For the presented work a constant spot diam-
eter of 35 mm was used. With a laser power of up to 120 kW the maximum realized intensity is almost 11 kW/
cm?. Future work can explore the question of a modified laser-matter interaction at higher intensities. With
smaller spot sizes, higher intensities could be realized, which would address the open question of whether alu-
minum also shows an asymptotic behavior in volume and mass removal rate similar to steel at higher intensities.
However, the simulations could also benefit from further improvements, such as the inclusion of any melt pool
dynamics that are not currently considered. It is unclear whether and to what extent different dynamics correlate
with changes in perforation times. For aluminum in particular, a high variance in perforation times suggests that
different melt pool dynamics may be important.

Data availibility
The data sets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 21 July 2023; Accepted: 27 November 2023
Published online: 07 December 2023

References

1. McNaught, S. J. et al. 100-kW coherently combined Nd:YAG MOPA laser array. In Frontiers in Optics 2009/Laser Science XXV/Fall
2009 OSA Optics & Photonics Technical Digest (ed. McNaught, S. J.) (OSA, 2009). https://doi.org/10.1364/fi0.2009.fthd2.

2. Shcherbakov, E. A. et al. Industrial grade 100 kW power CW fiber laser. In Advanced Solid-State Lasers Congress (ed. Shcherbakov,
E. A.) (OSA, 2013). https://doi.org/10.1364/assl.2013.ath4a.2.

3. Katayama, S., Mizutani, M., Kawahito, Y., Ito, S. & Sumimori, D. Fundamental research of 100 kw fiber laser welding technology.
In Proceedings of the Lasers in Manufacturing Conference (LiM), Munich, June 22-25 (2015).

4. Nissenbaum, A., Armon, N. & Shekel, E. Dynamic beam lasers based on coherent beam combining. In Fiber Lasers XIX: Technology
and Systems (eds Jauregui-Misas, C. & Supradeepa, V. R.) (SPIE, 2022). https://doi.org/10.1117/12.2608218.

5. Sun, J. et al. 100 kw ultra high power fiber laser. Opt. Continuum 1, 1932. https://doi.org/10.1364/optcon.465836 (2022).

6. Fathi, H., Narhi, M. & Gumenyuk, R. Towards ultimate high-power scaling: Coherent beam combining of fiber lasers. Photonics
8, 566. https://doi.org/10.3390/photonics8120566 (2021).

7. Steen, W. M. & Mazumder, J. Laser Material Processing 4th edn. (Springer, 2010).

8. Seffer, O. et al. Investigations on laser beam welding of thick steel plates using a high-power diode laser beam source. J. Laser Appl.
34, 042031. https://doi.org/10.2351/7.0000783 (2022).

9. Boley, C. D. & Rubenchik, A. M. Modeling Antimortar Lethality by a Solid-State Heat-Capacity Laser (Tech, 2005).

10. Boley, C. D. et al. Interaction of a high-power laser beam with metal sheets. J. Appl. Phys. 107, 043106. https://doi.org/10.1063/1.
3284204 (2010).

11. Schleijpen, R. et al. 30kw laser experiments against drones. In Technologies for Optical Countermeasures XVII; and High-Power
Lasers: Technology and Systems, Platforms, Effects IV (eds Titterton, D. H. et al.) (SPIE, 2020). https://doi.org/10.1117/12.2574461.

12. Schmitt, R., Meyer, T., Pétzold, R., Kokot, J. & Fischer, B. Experimental investigations on the response of metallic and dielectric
materials to laser irradiation in the kW range. Procedia CIRP 111, 859-863. https://doi.org/10.1016/j.procir.2022.08.098 (2022).

13. Schiffer, S. et al. Experimental investigation of high-power laser irradiation of missile materials in subsonic and supersonic flows.
In High-Power Lasers and Technologies for Optical Countermeasures (eds Titterton, D. H. et al.) (SPIE, 2022). https://doi.org/10.
1117/12.2647841.

14. Meuken, D., van Binsbergen, S., Scheers, L., van den Berg, P. & van Eijk, A. Reflection measurements in TNO’s 30 kW laser facility.
In High-Power Lasers and Technologies for Optical Countermeasures (eds Titterton, D. H. et al.) (SPIE, 2022). https://doi.org/10.
1117/12.2634047.

15. Boley, C., Fochs, S. & Rubenchik, A. Large-spot material interactions with a high-power solid-state laser beam. J. Directed Energy
3, 15-24 (2008).

16. Baek, W, Lee, K., An, S., Shin, W. & Yoh, J. Melt-through characteristics in continuous beam irradiation of flying metal samples
in flow speeds up to 85 m/s. Opt. Laser Technol. 45, 250-255. https://doi.org/10.1016/j.optlastec.2012.06.039 (2013).

17. Baumann, S. M., Hurst, B. E., Marciniak, M. A. & Perram, G. P. Fiber laser heating and penetration of aluminum in shear flow.
Opt. Eng. 53, 122510. https://doi.org/10.1117/1.0e.53.12.122510 (2014).

Scientific Reports |

(2023) 13:21611 | https://doi.org/10.1038/s41598-023-48511-9 nature portfolio


https://doi.org/10.1364/fio.2009.fthd2
https://doi.org/10.1364/assl.2013.ath4a.2
https://doi.org/10.1117/12.2608218
https://doi.org/10.1364/optcon.465836
https://doi.org/10.3390/photonics8120566
https://doi.org/10.2351/7.0000783
https://doi.org/10.1063/1.3284204
https://doi.org/10.1063/1.3284204
https://doi.org/10.1117/12.2574461
https://doi.org/10.1016/j.procir.2022.08.098
https://doi.org/10.1117/12.2647841
https://doi.org/10.1117/12.2647841
https://doi.org/10.1117/12.2634047
https://doi.org/10.1117/12.2634047
https://doi.org/10.1016/j.optlastec.2012.06.039
https://doi.org/10.1117/1.oe.53.12.122510

www.nature.com/scientificreports/

18. Khairallah, S. A. et al. Simulation of the main physical processes in remote laser penetration with large laser spot size. AIP Adv. 5,
047120. https://doi.org/10.1063/1.4918284 (2015).

19. Yang, L. et al. Study on heat effect of high-power continuous wave laser on steel cylinder. Appl. Sci. 10, 7844. https://doi.org/10.
3390/app10217844 (2020).

20. Hustedt, M. et al. Assessment of steel shields for protection against laser radiation. J. Laser Appl. 33, 042053. https://doi.org/10.
2351/7.0000519 (2021).

21. Wolfrum, J., Eibl, S., Oeltjen, E., Osterholz, J. & Wickert, M. High-energy laser effects on carbon fiber reinforced polymer com-
posites with a focus on perforation time. J. Compos. Mater. 55, 2249-2262. https://doi.org/10.1177/0021998320988885 (2021).

22. Wei, C., Zhu, Y., Zhou, M., Ma, Z. & Wu, T. Melt removal mechanism by transverse gas flow during laser irradiation. In Fourth
International Symposium on Laser Interaction with Matter (eds Ding, Y. et al.) (SPIE, 2017). https://doi.org/10.1117/12.2267060.

23. Han, Y,, Fang, Y., San-Roman-Alerigi, D. P. & Batarseh, S. I. Thermal/mechanical interaction in laser perforation process: Numer-
ical-model buildup and parametric study. SPE J. 24, 2097-2110. https://doi.org/10.2118/183836-pa (2019).

24. Boley, C. & Rubenchik, A. Modeling of laser-induced metal combustion. Tech. Rep., Lawrence Livermore National Lab.(LLNL),
Livermore, CA (United States) (2008).

25. Daigle, J.-F, Pudo, D. & Théberge, F. Standoft high energy laser induced oxidation spectroscopy (HELIOS). J. Appl. Phys. 122,
173102. https://doi.org/10.1063/1.4999918 (2017).

26. Horak, J., Heunoske, D., Lueck, M., Osterholz, J. & Wickert, M. Numerical modeling and characterization of the laser-matter
interaction during high-power continuous wave laser perforation of thin metal plates. J. Laser Appl. 27, $28003. https://doi.org/
10.2351/1.4906467 (2015).

27. Osterholz, J. et al. Experimental characterization of energy transfer from large-diameter kilowatt continuous-wave laser beams to
metal samples. J. Laser Appl. 29, 012011. https://doi.org/10.2351/1.4972099 (2017).

28. Paardekooper, D. et al. Spectroscopy as diagnostic tool to investigate the HEL-material interaction. In Technologies for Optical
Countermeasures XVIII and High-Power Lasers: Technology and Systems, Platforms, Effects V (eds Titterton, D. H. et al.) (SPIE,
2021). https://doi.org/10.1117/12.2599778.

29. Lide, D. R. (ed.) CRC Handbook Chemistry and Physics 85th edn. (CRC Press, 2004).

30. Krishnan, S. & Nordine, P. C. Optical properties of liquid aluminum in the energy range 1.2-3.5 eV. Phys. Rev. B47,11780-11787.
https://doi.org/10.1103/physrevb.47.11780 (1993).

31. Prokhorov, A. M. Laser Heating of Metals (CRC Press, 2018).

32. Kwon, H., Baek, W.-K., Kim, M.-S., Shin, W.-S. & Yoh, J. J. Temperature-dependent absorptance of painted aluminum, stainless
steel 304, and titanium for 1.07um and 10.6pum laser beams. Opt. Laser. Eng. 50, 114-121. https://doi.org/10.1016/j.optlaseng.
2011.10.001 (2012).

33. Freeman, R. K, Rigby, E. A. & Morley, N. Temperature-dependent reflectance of plated metals and composite materials under laser
irradiation. J. Thermophys. Heat Tr. 14, 305-312. https://doi.org/10.2514/2.6546 (2000).

34. Rubenchik, A. M. et al. Temperature-dependent 780- nm laser absorption by engineering grade aluminum, titanium, and steel
alloy surfaces. Opt. Eng. 53, 122506. https://doi.org/10.1117/1.0€.53.12.122506 (2014).

35. Hipp, D., Mahrle, A. & Beyer, E. Energy coupling of laser radiation on AISI 304 stainless steel: Effect of high temperatures and
surface oxidation. Materials 12, 2802. https://doi.org/10.3390/ma12172802 (2019).

36. von Allmen, M. Laser-Beam Interactions with Materials 1st edn. (Springer, 1987).

37. Gladush, G. G. & Smurov, I. Physics of Laser Materials Processing—Theory and Experiment 1st edn. (Springer, 2011).

38. Schulz, W. et al. Identification of dimension in phase space in cutting. Laser Manuf. 2003, 351-355 (2003).

39. Volkov, A. N. & Zhigilei, L. V. Melt dynamics and melt-through time in continuous wave laser heating of metal films: Contribu-
tions of the recoil vapor pressure and marangoni effects. Int. J. Heat Mass Transfer 112, 300-317. https://doi.org/10.1016/j.ijjhea
tmasstransfer.2017.04.100 (2017).

40. Katayama, S., Hirayama, M., Mizutani, M. & Kawahito, Y. Deep penetration welds and welding phenomena with combined disk
lasers. In International Congress on Applications of Lasers & Electro-Optics (eds Katayama, S. et al.) (Laser Institute of America,
2011). https://doi.org/10.2351/1.5062307.

41. Kawahito, Y., Wang, H., Katayama, S. & Sumimori, D. Ultra high power (100 kw) fiber laser welding of steel. Opt. Lett. 43, 4667.
https://doi.org/10.1364/01.43.004667 (2018).

42. Lasers and laser-related equipment - test methods for laser beam widths, divergence angles and beam propagation ratios - part 1:
Stigmatic and simple astigmatic beams (ISO 11146-1:2021); german version EN ISO 11146-1:2021 (2021).

43. Reynolds, P. M. Spectral emissivity of 99.7% aluminium between 200 and 540°C. Br. J. Appl. Phys. 12, 111-114. https://doi.org/
10.1088/0508-3443/12/3/306 (1961).

44. Heunoske, D. Zeitaufgeloste Untersuchungen von Plasmaeffekten bei der Wirkung intensiver Laserstrahlung auf Metalle (Heinrich-
Heine-Universitat Diisseldorf, 2022).

45. Reich, S. et al. 2D and 3D triangulation are suitable in situ measurement tools for high-power large spot laser penetration processes
to visualize depressions and protrusions before perforating. Materials 15, 3743. https://doi.org/10.3390/mal5113743 (2022).

Acknowledgements

We acknowledge financial support by the Wehrtechnische Dienststelle fiir Waffen und Munition (WTD 91),

Meppen, Germany.

Author contributions

S.R. conceived the experiments, S.R. and D.H. and S.S. conducted the experiments, S.R. and D.H. and S.S. and
M.G. and M.L. analyzed the results, M.G. established the simulations routines and performed the simulations,
S.R. and M.G. and D.H. and M.L. wrote the manuscript, all authors interpreted the data and reviewed the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-48511-9.

Scientific Reports |

(2023) 13:21611 | https://doi.org/10.1038/s41598-023-48511-9 nature portfolio


https://doi.org/10.1063/1.4918284
https://doi.org/10.3390/app10217844
https://doi.org/10.3390/app10217844
https://doi.org/10.2351/7.0000519
https://doi.org/10.2351/7.0000519
https://doi.org/10.1177/0021998320988885
https://doi.org/10.1117/12.2267060
https://doi.org/10.2118/183836-pa
https://doi.org/10.1063/1.4999918
https://doi.org/10.2351/1.4906467
https://doi.org/10.2351/1.4906467
https://doi.org/10.2351/1.4972099
https://doi.org/10.1117/12.2599778
https://doi.org/10.1103/physrevb.47.11780
https://doi.org/10.1016/j.optlaseng.2011.10.001
https://doi.org/10.1016/j.optlaseng.2011.10.001
https://doi.org/10.2514/2.6546
https://doi.org/10.1117/1.oe.53.12.122506
https://doi.org/10.3390/ma12172802
https://doi.org/10.1016/j.ijheatmasstransfer.2017.04.100
https://doi.org/10.1016/j.ijheatmasstransfer.2017.04.100
https://doi.org/10.2351/1.5062307
https://doi.org/10.1364/ol.43.004667
https://doi.org/10.1088/0508-3443/12/3/306
https://doi.org/10.1088/0508-3443/12/3/306
https://doi.org/10.3390/ma15113743
https://doi.org/10.1038/s41598-023-48511-9
https://doi.org/10.1038/s41598-023-48511-9

www.nature.com/scientificreports/

Correspondence and requests for materials should be addressed to S.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:21611 | https://doi.org/10.1038/s41598-023-48511-9 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Change of dominant material properties in laser perforation process with high-energy lasers up to 120 kilowatt
	Experimental setup
	Numerical modeling
	Analytical modeling for energy balancing
	FEM simulation setup

	Results and discussion
	Perforation time
	Energy balancing
	Volume and mass removal rate

	Conclusions
	References
	Acknowledgements


