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Next Level — The Jena Laser Conference Expands!

For many years, the Jena Laser Conference has been a must-attend event for experts in laser technology,
especially for those with focus in ultrashort pulse lasers. This year, we are taking an exciting step by ex-
panding the conference to a broader, more international audience. For the first time, the event will be held
entirely in English, and we are delighted to welcome Lithuania as our special partner region for 2024.

What brings us together?

Jena and Lithuania have long been recognized as leaders in laser and photonics innovation. Both regions
boast a strong tradition of excellence in research and development, particularly in cutting-edge laser tech-
nologies. Lithuania is known for its expertise in ultrafast lasers and optical solutions, while Jena continues
to be a hub for pioneering advancements in photonics. By coming together, we seek to foster collaboration,
share knowledge, and spark new ideas that will drive the future of laser technology forward.

What can you expect?

The Jena Laser Conference 2024 will spotlight significant advancements in laser technology and its di-
verse applications. Key topics will include ultrashort pulse lasers, high-power laser systems, and innova-
tive laser-based manufacturing processes such as welding, cutting, and additive manufacturing (3D print-
ing). Another central theme will be the integration of lasers with sensors, enhancing precision and
automation in industrial processes.

Additionally, the conference will cover the latest trends in micro-optics and beam shaping, with discus-
sions on how these technologies are enabling new possibilities in various industries. Innovative material
processing technologies will also play a prominent role in the agenda. Keynote speakers, who are leaders
in the global laser industry and research, will offer invaluable insights into the future of these technologies
and their potential to reshape industries worldwide.

We are excited to welcome many participants to Jena for what promises to be an inspiring and forward-
looking event!

Anke Siegmeier, Nora Kirsten
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Laser Industry from Lithuania

Kristina Ananiciené
LITEK™, Lithuania

Abstract

The laser industry in Lithuania has rapidly evolved into a key player in the
global photonics market. This sector showcases notable strengths in optics,
ultrafast lasers, and laser systems integration. Collaborative efforts between
academia, research institutes, and industry have driven significant advance-
ments in laser-based manufacturing, scientific and medical applications,
semicon, defence and more. Despite challenges, ongoing strategic initiatives
aim to sustain Lithuania's competitive edge and foster continued innovation
within the laser industry.
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Direct Ultrafast Laser Welding of Transparent to Non-Transparent Materials

Blothe, M.'; Chambonneau, M.'; Markogiannaki, S.'; Kega, A."; Nolte S.'2
' Friedrich Schiller University Jena, Institute of Applied Physics, Abbe Center of Photonics, Jena, Germany
2 Fraunhofer Institute for Applied Optics and Precision Engineering IOF, Jena, Germany

In this contribution, ultrafast laser welding of transparent materials to metals is presented. The laser pulse
energy, scanning speed and intra-burst delay dependency for joining Borofloat glass B33 to Ti/Al6/V4 are
explored, and a maximum shear joining strength >6 MPa is achieved, allowing to envision various applica-
tions. To explore the resistivity towards a thermal cycle, samples are heated to different temperatures and
the residual shear joining strength is measured after cool down. A failure of the connection is seen for
temperatures surpassing 120°C. The possibility to join fused silica to Kovar, a metal with an adapted ther-
mal expansion coefficient, is demonstrated next, to possibly increase the thermal cycle stability. To high-
light the universal applicability of this joining method, welding of a semiconductor to metal is shown, here
illustrated with silicon and copper. In the narrow-band gap semiconductor material, the nonlinear propaga-
tion of high intensity laser pulses needs to be considered to optimize the deposited energy at the interface
and enhance the resulting connection. A maximum shear joining strength >2 MPa is achieved, demonstrat-
ing industrial compatibility.

1 Introduction

The industrial need of joining materials can be met by various techniques. Such techniques include adhe-
sive or anodic bonding and bonding by heat treatment, but they all come with individual drawbacks. For
example, glue as an additional material is needed in the case of adhesive bonding, which can show aging
and outgassing, making it unsuitable for vacuum and space applications.

On the other hand, the laser is a versatile tool for countless applications in research and industry. Espe-
cially in the field of material processing, ultrashort laser pulses (USP) are a driver to enable processes that
are not addressable with other techniques by providing a high control on the energy deposition. The appli-
cations range from ablation to restructuring, either on the surface or in the bulk of transparent materials.

Besides these, USP can also be used to join a wide variety of materials in a fast, clean and contactless
way [1,2]. This technique can overcome different drawbacks of standard techniques, e.g., no additional
material is needed, which otherwise could present a weak point. When one of the joined pieces is trans-
parent, the laser can be directed through the transparent joining partner onto the interface. The localized
energy deposition leads to melting, mixing, and re-solidification of the materials at the interface and with
this the formation of bonds. An area can be scanned by translating the laser focus with respect to the work
pieces. With this approach, more area can be processed in comparison to standard contour welding to
increase the welding strength. The joining of different material combinations has been demonstrated by
this technique, including glass—metal [3], glass—glass [2,4], glass—semiconductor [5], polymer—polymer [6]
and recently ceramic—ceramic [7].

This contribution is divided into two main parts. In the first part, the joining of different glass—metal combi-
nations is explored. Optimized laser parameters are determined for achieving the highest shear joining
strength. Following, thermal cycles are carried to explore the robustness towards thermal loads of the joint
parts. To increase the robustness towards temperature changes, the feasibility of the material combination
of fused silica—Kovar, an iron-nickel-cobalt alloy showing similar thermal expansion coefficients (TEC) as
glass, is explored.

In the second part, ultrafast laser welding is demonstrated for a different type of material combination,
semiconductor—metal [8]. Here, not only a change of wavelength into the transparency domain of the semi-
conductor, silicon, is needed, but the nonlinear propagation has to be considered to optimize the deposited
energy at the interface [9].

10
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2 Glass—Metal welding
2.1 Experimental setup

For glass—metal welding, a TRUMPF TruMicro 2030 laser with a wavelength of 1030 nm and a pulse du-
ration of 365 fs is utilized, as shown in the schematic of the experimental setup in Figure 1. For the exper-
iments, the pulse energy is split into 8 sub-pulses, so called burst, with an intra-burst delay of 20 or 40 ns.
The fundamental pulse repetition rate is 125 kHz. The beam is guided through a half-wave plate and po-
larizer combination to adjust the pulse energy. A telescope adapts the beam size to the opening aperture
of the 10x focusing objective lens (Mitutoyo M Plan Apo NIR 10x, NA=0.26). A top-view observation is
realized by the same objective lens and a combination of a dichroic mirror, an indirect sample illumination,
a tube lens, and a camera. It is used to facilitate precise positioning of the focus with respect to the sample.
The sample is placed on a translation stage and together with a movement possibility of the objective lens,
a 3D positioning of the focus with respect to the sample is enabled. The chosen welding path of the laser
is a spiral with a minimal diameter of 0.16 mm, a line distance of 20 um, and a maximum diameter of 4.96
mm, to suppress stress accumulation at the edges. In terms of sample preparation, a cleaning step with
Isopropanol and consecutive optical contacting is performed before the samples are placed on the stage.

Camera

TL Tube Lens

Tru Micro 2030
Laser System

HWP Polarizer Telescope

H ﬂ DM Dichroic Mirror

Mo
Microscope
Objective
Lens

Lamp

Motorized Stage (Z)

Glass
Metal

- —

Motorized Stage (X-Y)

e

Figure 1: Experimental setup for glass—metal welding

To access the quality of the welded samples, the shear joining strength is measured by a test-stand con-
sisting of a clamping possibility and a force gauge, as shown in Figure 2. The indenter, connected to the
force gauge, pushes the welded top part of the sample parallel to the interface and records the force until
the pieces are separated. The maximum force F,is used to calculate the shear-joining-strength P by:

Fmax
P =
A ’

where A is the considered area. In a first approximation, we consider the area between the minimal and
maximal diameter of the laser spiral path.

11



Session 1A 14" Jena Laser Conference / November 6 and 7, 2024

Figure 2: Shear joining test stand with a placed sample.

2.2 Process parameter: Pulse energy, intra-burst distance, and scanning speed

At the beginning, fundamental dependencies for the material combination of a borosilicate glass (Schott
B33) and Ti/Al6/V4 are explored with respect to the employed pulse energy and the scanning speed. It has
to be noted that in general, a large variation in the measured shear joining strength is observed between
identical parameters. We ascribe this mostly to the critical step of optical contacting before the sample is
placed on the stage. If the gap between the material is not homogeneously small (<1 ym), certain regions
will not be welded and with this not contribute to the measured force. To keep the experimental work man-
ageable, repeatability tests were carried out for some conditions and the determined uncertainty is applied
to all data.

Figure 3 compares the measured shear joining strength in dependency of the pulse energy for two intra-
burst delays of 20 (red) and 40 ns (blue). A systematically higher shear joining strength is measured for
the 40 ns case, showing a value >6 MPa for a pulse energy of 225 nJ per pulse in the burst (1.8 pJ total
burst energy). This indicates that heat accumulation happening between the individual pulses in a burst
influences the material response. A delay of 40 ns between consecutive pulses exalts the formation of
bonds. Alocal optimum is identified around 225 nJ, so either energies too low or too high lead to a reduced
bonding quality. The achieved maximum shear joining strength >6 MPa indicates applicability to industrial
processes.

A40ns #20ns

-
(=]
1

=)
»

'S

AR R I R

0 @ ! . - : !
180 205 230 255 280
Pulse energy (nJ)

Shear joining strength
(MPa)

Figure 3: Shear joining strength in dependence of input pulse energies
for 20 ns (red) and 40 ns (blue) intra-burst delay.
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While the energy shows an optimal window around 225 nJ with decreased values to both sides, the scan-
ning speed has an influence only when the speed is increased beyond 1 mm/s, as shown in Figure 4. By
taking the estimated beam diameter at the focus of approx. 4 um into account, an overlap of at least 500
pulses per spot is needed to achieve sufficient bonding. Further reduction of scanning speed does not
elevate the resulting strength. For these data, an intra-burst delay of 20 ns and a pulse energy of 210 nJ
was used.

4 -
=
=
(=2}
=
[1F]
=
mn‘_\
o ©
csk2 r S
£E% 4
S,
I
©
[iE]
=
0 +
0 ....l....l....l....l....l....i....l
0 0.5 1 15 2 25 3 3.5

Scanning speed (mm/s)

Figure 4: Shear joining strength for different scanning speeds
for a burst delay of 20 ns and a pulse energy of 210 nJ.

2.3 Thermal cycle resistance

While welding with ultrashort laser pulses offers numerous advantages, the localized heat deposition could
lead to residual stress in the joint workpiece. By heat-cycling, this stress might be released. This is inves-
tigated here by putting different samples processed with different pulse energies into a furnace for one
hour, where they were heated to different maximum temperatures ranging from 50°C up to 200°C. After
removing the samples from the furnace, they cooled down to room temperature and the shear joining
strength was measured afterwards. The data and a comparison to non-cycled samples is shown in Figure
5 for three different pulse energies.

A195nd #210nd m225nd
10

| i
JEE S S SR

Temperature (°C)

Shear joining strength
(MPa)

Figure 5: Shear joining strength for different maximum temperatures of a cycle for different pulse energies.
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The first major finding is that after a temperature cycle of only 50°C, the joining seems to be drastically
weakened. This might be related to the aforementioned large variation between identical samples, as for
higher maximum temperatures of 100°C a re-establishment of measured shear joining strength is ob-
served. For samples heated to temperatures of 150°C and 200°C, no force could be measured, indicating
a temperature region which leads to a permanent failure of the
joint for the material combination of B33 and Ti/Al6/V4. This can
be related to the difference in coefficient of thermal expansion
(CTE). CETrjaevas = 9%10° K, CETgs3 =3%10°¢ K. This leads to
accumulation of stress that is in the first approximation propor-
tional to the temperature.

2.4 Outlook: Kovar—Fused silica

To explore the possibility of more temperature resistant joints, a
different material combination is currently explored. Kovar, an Iron
(54%) Nickel (29%) Cobalt (17%) alloy, showing a CTE closer to
the one of glass (4x10% K), is chosen as the metal partner. A pre-
liminary result, showing the general feasibility of ultrashort laser
welding of SiO,-Kovar is shown in Figure 6. Experiments for de-
tailed results are currently conducted, but similar shear joining
strength >6 MPa could be achieved for non-thermal cycled sam- Figure 6: A 5x5 mm fused silica
ples. sample welded to Kovar

3 Semiconductor-Metal welding

Silicon, the base material in the microelectronic industry, is not transparent in the visible range but to wave-
lengths >1.1 ym, a result of its narrow band gap of 1.12 eV. To show the broad applicability of ultrashort
laser pulse welding, it is used here as the transparent partner together with a metal, copper in this case.
As a first consequence, a different laser source is needed to be able to reach the interface. An Er-fiber
laser emitting pulses of 875 fs with a wavelength of 1.55 um is utilized. The pulse duration is adaptable
and can reach up to 10 ps, which is used throughout the experiments presented here.

3.1 Consequence of nonlinear properties

A difficulty to overcome in this narrow-band gap
material is the nonlinear-propagation behavior
due to the high nonlinear refractive index, that is
about 100 times larger than in fused silica [9].
This leads first to a drastic delocalization of the
energy deposition by alternating the shape of
the focal zone even for relatively low pulse ener-
gies < 100 ndJ and finally to filamentation and en-
ergy clamping. Experimental observations allow
for a determination of the shift of the maximum
fluence position, as shown in Figure 7 [8].

F/Fnorm

While in the linear case the fundamental shape
is the expected Gaussian caustic, this changes
for higher energies. A focal shift towards the in-
put surface becomes apparent, leading to a
nonlinear deviation between the focus and the
plane of highest fluence. This deviation be-
comes larger with increasing pulse energy, in
agreement with a modified Marburger formula
where power losses are accounted for [8]. For Figure 7: Normalized fluence distributions measured in

the highest energies, the start of the formation silicon for the indicated input pulse energies. Nonlinear

of a filament is observed. propagation effects and filamentation can be observed. [8]
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3.2 Adapted focus position

With the knowledge of how much the focal zone is shifted by the nonlinear propagation, one can anticipate
and adapt the focusing depth accordingly to deposit the highest amount of energy at the interface. Figure
8 compares the shear joining strength for samples welded at the geometrical focus (red) and with the
pre-compensated position for the nonlinear focal shift (green).

i}
e
o
=
=]

Shear joining strength (kPa)

o _-i .
E;, = 300 n) E;, = 600 n)

WITHOUT AND WITH  WITHOUT AND WITH

Az PRECOMPENSATION Az PRECOMPENSATION

Figure 8: Shear joining strength for the case of the geometrical focus setting (red) and the
pre-compensation of the focal shift due to nonlinear effect (green). b) Silicon sample welded to copper. [8]

It becomes quite clear that the increased amount of deposited energy enhances the bonding drastically,
as the shear joining strength is higher by more than a factor of ten in the case of pre-compensation. A joint
silicon piece on the copper is shown in Figure 8 (b). The welding pattern follows a raster scan with a line
distance of 10 um, a translation speed of 1 mm/s, at 100 kHz laser repetition rate. A total area of
4.5x4.5 mm? is processed. The energy dependence of the achievable shear joining strength is shown in
Figure 9.
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Figure 9: Shear joining strength of Silicon to copper for different input energies.[8]

The measured shear joining strength increases with input energy when the nonlinear focal shift is consid-
ered. A maximum shear joining strength >2 MPa for an input pulse energy of 950 nJ is measured, allowing
to envision new applications with this joining method for this semiconductor material.
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4 Conclusion

Overall, it was shown that direct ultrafast laser welding can be used to join various glasses to non-trans-
parent materials in a fast, clean, and contactless way. The specific laser conditions as well as the require-
ment of optical contact determine the quality of the joint. In the case of B33 to Ti/Al6/V4 the joint seems to
be quite sensitive towards thermal cycling above 125°C. The possibility to transpose this technique to
semiconductors, as long as the nonlinear propagation effects are considered to increase the deposited
energy at the interface, is demonstrated.
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Welding of ceramics using ultrashort pulse lasers

Conrad, D."; Reichenbacher, M."; Miinch, M.2
' ifw Jena — Giinter-Kohler-Institut fur Fligetechnik und Werkstoffpriifung GmbH, Jena
2 Friedrich-Schiller-Universitat, Jena

Technical ceramics are known as materials with outstanding properties such as high hardness, abrasion
resistance, chemical resistance, electrical insulation and dielectric strength. However, joining fired ceramic
components is a huge challenge, especially if the joint is meant to retain the above-mentioned properties
while being resistant to high temperatures and hermetically sealed. In this case, conventional joining meth-
ods such as bonding or soldering reach their limits. A permanent joining process that does not require any
additional material is highly needed.

Since laser welding of ceramics with nanosecond lasers has so far led to cracks and non-vacuum-tight
seams, the ifw Jena is currently investigating whether this task can be solved with ultrashort pulses (USP).
While these have been extensively researched for transparent glasses, there are hardly any publications
on ceramics. The USP laser welding of Al,O; and AIN shall now be developed in a butt joint arrangement.
The influence of parameters such as fluence, repetition rate and scanning speed is investigated, starting
from multi-pulse experiments over blind weld seams up to actual joints. Due to the small weld seam widths
(< 100 pym) and the short process time, the thermal load on the material can be kept low compared to
conventional furnace-based processes. This should potentially make it possible to encapsulate thermally
sensitive elements in ceramic components.

1. Introduction

Due to their outstanding properties, technical ceramics are used in almost all fields of technology [1, 2]:
Ceramic roller bearings can absorb very high loads while showing only minimal wear. This also applies to
implants for bones, joints and teeth, which furthermore exhibit good biocompatibility. In the high-tempera-
ture sector, e. g. in furnaces and turbines, special ceramic materials can withstand operating temperatures
of up to 2500 °C without warpage or fatigue. In electrical engineering and electronics, ceramic components
are used as insulators or in capacitors. Moreover, state-of-the-art ceramic membranes enable the energy-
efficient filtering of liquids or even gas molecules [3]. Alumina (Al,O3), which is the most important repre-
sentative of technical ceramics with a market share of 80 %, features excellent corrosion resistance and
is therefore widely used in the chemical industry as a pipe and wall material. Aluminum nitride (AIN), on
the other hand, is characterized by its good thermal conductivity, which makes it an ideal substrate mate-
rial for power electronics.

The production of ceramic components from a raw mass requires an energy-intensive and time-consum-
ing sintering process in order to achieve the necessary high temperatures while keeping thermally induced
stresses low. In the case of complicated geometries and large dimensions, it can therefore be advanta-
geous to assemble a component from several small, pre-fired parts instead of sintering it completely. This
allows for a smaller kiln system, which minimizes firing time and energy costs. However, joining ceramic
components is extremely challenging. The established methods of bonding and soldering suffer from var-
ious disadvantages. Either the joints are not sufficiently gas-tight or heat-resistant for certain applications
or, as in electronics, temperature-sensitive components have to be integrated so that a furnace-based
process is not an option at all. Joining technologies that work with high temperatures or additional materi-
als such as adhesives or solder are unsuitable in these cases. A material-locking process that only re-
quires limited, local heat input and no additives to create a joint with similar properties in comparison to the
base material would therefore be desirable.

Such a technology can be found in the USP laser welding of glasses, which has already been extensively

studied [4]. As ceramic materials show similar mechanical and thermal properties to glasses (brittle-hard,
high melting temperature), this joining technology is expected to have great potential with comparable
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advantages. For instance, thermally induced stresses could be minimized as the joining process - with its
extremely short melting and cooling times and tiny melting volumes - hardly heats the substrate. Unlike the
nanosecond laser welding of ceramics, which often requires the components to be tempered [5, 6] or re-
sults in joints that are not gas-tight due to microcracks [7], the use of USP lasers could produce reliable
micro seams. The few publications dealing with USP welding of non-transparent ceramics [8, 9] indicate
that the process is in principle feasible. The aim of the presented research is the fundamental investigation
of the USP welding process for Al,O; and AIN. We focus on the quality assessment of blind welds in order
to reveal the influence of the material- and process-related parameters on the melt formation. In this way,
the possibilities and limitations of the process shall be evaluated.

2. Experimental Setup

The advantages of ultrashort pulses are well known. Due to their extremely high peak intensities, the en-
ergy input is dominated by non-linear absorption mechanisms. This is particularly useful for the processing
of ceramics, since these only show weak linear absorption at the used near infrared wavelength. In addi-
tion, thermal diffusion and plasma expansion are negligibly small during the extremely short pulse dura-
tions, allowing for a “cold ablation” and a particularly precise, localized energy input. However, in the case
of an especially small local and temporal pulse spacing, heat accumulation effects and the formation of a
melt phase may nevertheless occur. It is exactly this circumstance that can be used for welding.

The process window required to form a melt pool was initially investigated by means of spot-welding ex-
periments. In these, a defined laser pulse train is applied to the workpiece surface without any relative
movement. By varying the parameters pulse energy Ep, number of pulses n and repetition rate fz, the
material-specific thresholds of both ceramics have been determined and the formation of the melting
phase has been observed in order to identify suitable parameter ranges. These were subsequently trans-
ferred to experiments with linear movement in order to investigate the influence of other parameters such
as scanning speed vs, focal position z; and scanning method on the formation of blind weld seams.

The spot-welding experiments were carried out with a Hyper Rapid 25 laser system from Coherent. This
provides a pulse duration of 9 ps at a wavelength of 1064 nm. The repetition rate can be varied between
100 kHz and 1000 kHz at a maximum power of 20 W. The beam, which is focused by an F-Theta lens with
a focal length of 80 mm, has a focus diameter of about 16 um. In order to extend the parameter range, the
blind welding experiments were carried out with a Carbide laser from Light Conversion at a similar wave-
length of 1030 nm. This features a maximum repetition rate of 2 MHz, a maximum power of 80 W and a
focus diameter of about 25 ym. The pulse duration can be varied between 190 fs and 20 ps, but was
initially kept constant at 9 ps. The substrate material was sourced from CoorsTek. We used Al,O; plates
with a thickness of 0.6 mm to 1 mm, a purity of > 96 % and a roughness of about Ra = 0.4 um. The AIN
substrates were available in a plate thickness of 0.6 mm with a roughness of Ra = 1.3 ym.

The melt zones created by multi-pulses and scanning lines were measured and evaluated. The analysis
criteria included the melt diameter and depth, its formation at the surface and the occurrence of cracks and
pores. A laser scanning microscope (LSM) and a scanning electron microscope (SEM) have been used.
In addition to the top views, cross-sections have been taken to examine the geometry and structure of the
melting zone inside the bulk material.

3. Results

The multi-pulse experiments resulted in craters surrounded by a molten rim, what characterizes the
process as a combination of melting and ablation. Thereby, shape and size of the molten areas are
strongly dependent on the material and the process parameters. As an example, Figure 1 shows how the
crater shape differs between the two investigated ceramics for otherwise identical parameters. In the case
of Al,O,, a larger melt ring diameter with a higher throw-up is generally formed. This is due to the lower
thermal conductivity of Al,O; (= 15 W/mK) compared to AIN (= 80 W/mK) [10]. While the accumulated heat
in the AIN ceramic can be dissipated better into the surrounding areas, the Al,O; ceramic tends to create
a heat build-up, causing the melting temperature to be reached earlier.
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Figure 1: LSM images (intensity image and height image in false colors) of melting areas
resulting from multi-pulse experiments (f; = 1000 kHz, n = 300000, E; = 18.1 pJ); a) Al,O3; b) AIN.

Figure 2 shows the development of the ablation and melting ring diameter as a function of the number of
pulses and the repetition rate. The experiments were carried out with the maximum usable pulse energy
of 18.1 ud. It is evident that the melt formation in AIN only starts at particularly high repetition rates and at
a significantly higher number of pulses compared to Al,Os. For both ceramics, the diameters of the ablation
and melting rings initially increase proportionally with the number of pulses (< 3,000 pulses). Especially for
Al,O,, it can be clearly seen that this is followed by a saturation, so that the diameters do not increase any
further for higher pulse numbers (up to 600,000). In addition, the melt formation decisively depends on the
repetition rate. At 100 kHz, no melting could be observed for either material, even for the highest pulse
energy and number of pulses tested. It is only from 600 kHz for Al,O; and 1000 kHz for AIN that the time
intervals between the successive pulses are so short that the applied energy cannot fully dissipate into the
surrounding material, resulting in heat accumulation. With increasing repetition rate, this is further intensi-
fied, resulting in an enlargement of the ablation and melting diameters.
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Figure 2: Development of the a) ablation diameter d, and b) melting ring diameter dj,
as a function of the number of pulses n and the repetition rate f; for Al,O; and AIN.
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Based on the spot-welding experiments, the tested parameter settings have been transferred to the gen-
eration of blind weld seams by adding a linear scanning movement. Figure 3 shows how the melt tracks
develop with increasing pulse spacing for both materials and two different repetition rates. The images for
Al,O; show that too small pulse spacings lead to a strong melt ejection with craters and melt spatter, while
too large pulse spacings leave a track predominantly characterized by ablation, with the melting process
repeatedly being interrupted. A pulse overlap between 99.75 % and 99.85 % was found to be optimal for
the selected parameter window. In order to be able to compare the different repetition rates directly with
each other, the scanning speeds have been adjusted so that the same pulse spacings were generated. It
can be seen that lower repetition rates lead to more irregular weld seams due to a weaker heat accumu-
lation.

ALO, AIN
ap = 0.02pm ap = 0.03um ap = 0.04pm ap = 0.06pm ap=0.02um ap=0.03pm ap = 0.04pm
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Figure 3: Comparison of blind weld seams in Al,O; and AIN for varying repetition rate f;
and pulse spacing ap / overlap O at constant pulse energy E; = 18.1 pJ. The scanning speed vs
was adjusted according to the repetition rate (1000 kHz: vs = 20...60 mm/s, 600 kHz: vs = 12...36 mm/s).

The processing lines for AIN differ fundamentally from those taken for Al,O;. The top view shows a simple
ablation trench with no evidence for melting. However, it is interesting to point out that the trench width
appears to increase with increasing pulse spacing. This is quantitatively confirmed in Figure 4a by means
of the measured values for the trench width and cross-sectional area. This behavior would be atypical for
a pure ablation process, as the energy input per area segment decreases with increasing scanning speed.
However, the cross-sections shown in Figure 4b provide an explanation for this. They reveal that the near-
surface trenches are followed by sub-surface material changes up to several 100 um deep. Narrow molten
channels are formed, which taper into depth. With increasing energy input due to lower scanning speeds,
the channel depth deepens. It can be assumed that the rising amount of sub-surface melt leads to a nar-
rowing of the trenches on the surface.
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Figure 4: Influence of the scanning speed vs on the weld seam formation of AIN (E; = 18.1 pJ; fr =1 MHz);
a) Development of width and cross-section area of the surface trench;
b) Top views and cross-sections of the entire melting zones at particularly low scanning speeds.
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In order to gain more flexibility for the creation of future weld seams, various experiments have been car-
ried out to widen the melt tracks. One possible method is the so-called "wobbling", in which a high-fre-
quency oscillation is superimposed on the linear scanning movement. Figure 5 shows examples of blind
weld seams for both materials using the wobble mode. Since the pulses are spread over a larger area due
to the circular wobble movement, the effective pulse overlap is reduced, which makes heat accumulation
more difficult. For the processing of Al,O3, the pulse energy therefore had to be significantly increased
compared to the previous investigations. The resulting weld seam, which has a width in the order of the
wobble amplitude, is characterized by the formation of a particularly high dome as well as subjacent pores
and cavities. These indicate a strong mixing of the molten material and the injection of air into the inside
of the material.

Such effects can be partially avoided when processing AIN. Although the blind weld seams obtained in
wobble mode have a porous, foamy layer on the surface, a particularly homogeneous, pore-free melting
zone spreads into the bulk material. While circular wobble movements were used for the processing of
Al,O;, an entirely transverse oscillation proved to be optimal for the processing of AIN. Due to the deflec-
tion points at the edges of the weld seam and the locally increased energy per area there, a characteristic
tooth root shape is formed. For both materials, it was possible to increase the welding depth by varying
scanning speed and pulse energy in wobble mode to such an extent that the material was completely
welded through.

_ fa=1MHz, vs = 10mm/s, E, = 52.4J, fr=1MHz, vs = 2mm/s, E, = 18.2,
g ) fw=1MHz, A, = 0.1mm/0.1mm fw = 1MHz, A,=0.027mm/-
a) b) c)

Figure 5: Exemplary results for the generation of blind weld seams in wobble mode;
a) principle illustration of "wobbling"; top view and cross-section for
b) Al,O; and c) AIN for specific wobble frequencies fiy and amplitudes Ay,.

Another simple way to widen the weld seam is to increase the size of the laser spot by defocusing. Figure 6
shows how a blind weld seam created in Al,O; changes with increasing defocusing. All three melt tracks
have been generated with the same fluence by increasing the pulse energy according to the actual spot
size. If the scanning speed now remains the same (compare Figures 6a and 6b), the defocusing leads to
a widened weld seam due to the larger spot size and the increased pulse overlap. If, on the other hand,
the scanning speed is increased as well — so that a comparable pulse overlap is created for the enlarged,
defocused spot diameter (compare Figures 6a and 6¢) — the widening of the weld seam is only marginal.
This is due to the fact that the Gaussian tails of the enlarged beam profile remain below the intensity
threshold for the melting process. Inside the Gaussian profile, however, the increased pulse energy
causes a larger melting volume compared to a smaller spot size. This demonstrates that a careful choice
of defocusing can help to produce both wider and more homogeneous weld seams.

21



Session 1A 14" Jena Laser Conference / November 6 and 7, 2024

z;= 0.3 mm z;= 0.3 mm

- ' oo U8 J/-\c !!.- .‘;}- s AT ! 4 - r
E, =40.8 w; F=5.76 J/cm?, E,=40.8 W; F=5.76 J/cm?,
Vs =40 mm/s; O = 99.87 % o) Vs = 60 mm/s; O = 99.8 %
Figure 6: Comparison of differently defocused blind weld seams in Al,O3;

a) initial position; b) adjustment of fluence F by change of pulse energy E;;
c) additional adjustment of pulse overlap O by change of scanning speed vs.
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4. Summary and outlook

The multi-pulse and blind welding experiments made it possible to determine promising process windows
for the USP laser welding of Al,O; and AIN. The two materials differ significantly from each other. In the
case of the easy-to-melt Al,Os;, an extensive melt pool forms on the surface and a broad melt zone of
relatively small depth, which often contains pores, forms inside the material. In contrast, trenches and
particle deposits on the surface of AIN mainly suggest ablation as the dominant process. However, cross-
sections showed that a narrow, predominantly homogeneous melt channel continues deep into the inside
of the material. For both materials, an increase in welding depth and width can be achieved by wobbling
and defocusing. Despite extensive parameter investigations, it was not possible to achieve completely
damage-free processing results. The blind weld seams are always infiltrated with pores and/or hairline
cracks. Nevertheless, selected process parameters have already been successfully transferred to "real"
weld seams. Figure 7 shows such a result in Al,O,. In addition to the top view (Figure 7a), the broken
cross-sectional areas of the two joining partners are shown with a clearly visible color transition from the
weld seam (depth: 300 um — 350 pym) to the base material (Figure 7b).
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Figure 7: Initial results for joining Al,O; ceramics using USP laser welding;
a) Top view of the weld seam; b) Fracture pattern of the weld seam along the joining zone.
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The extent to which USP laser welding is suitable for realizing crack-free, gas-tight welded joints with
sufficient strength must be shown by further investigations in the ongoing research project. Welding is to
be examined for both planar and rotationally symmetrical joining partners in butt joint arrangements. In
addition to the laser-specific parameters, the welding gap width and shape shall also be part of the inves-
tigations.
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Handheld laser welding — systems, applications and safe usage
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Gunter-Kohler-Institut fir Figetechnik und Werkstoffprifung GmbH (ifw Jena)

Abstract

Since 2023 at the latest, handheld laser welding systems have attracted the interest of users. This is
mainly due to two factors. Firstly, the cost of such a system has decreased significantly in recent years.
Secondly, there is economic pressure in manufacturing of welded products, also due to the shortage of
skilled workers. The publication will cover various aspects of handheld laser welding.

A steadily growing number of distributors and resellers are active on the European market. The systems
on offer differ in various criteria, such as laser type, power, cooling or parameter range. The influence of
various features on the resulting properties is shown using examples.

Due to the higher welding speed, substituting TIG welding with handheld laser welding can lead to in-
creased productivity. The speed itself is 2 to 7 times higher compared to the arc process, depending on
the conditions and requirements. Some companies claim an increase in productivity of 30 % to 70 %. To
achieve this, the weld seam design and preparation must be adapted to the handheld laser welding
process.

The potential of handheld laser welding helps to overcome the shortage of skilled welders. It should also
be mentioned that the process could be learned more easily and in less time compared to TIG welding.
Experience is replaced by technical features, e.g. the wobbling of the torch by linear beam scanning or the
preset welding speed by the set wire feed rate.

Laser safety is very important, especially for newcomers. Most people are not aware of the dangers asso-
ciated with the laser process. Many systems offer 3-in-1 processing, cutting and cleaning in addition to
welding. The contactless cleaning in particular is often carried out without regard to laser safety, e.g. with-
out protective eyewear. In addition to the coherent radiation, the resulting UV radiation must also be men-
tioned and taken into account, too. The contribution therefore provides information on the regulations for
safe use.

Typical applications will be shown, e.g. from the field of switch cabinet and casing manufacturing. The
presentation is based on three years of experience with various handheld laser welding system.

Figure 1: Two different handheld laser welding systems
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1 Introduction

In general, the term "manual welding laser" refers to systems in which the laser head is fixed and the
welding movement is carried out by manually sliding or moving the workpiece. It also refers to systems in
which the laser head is mechanized/partially automated and the motion of the laser head or the workpiece
is controlled via a joystick.

Handheld laser welding (Figure 1), on the other hand, is comparable to hand-guided arc welding pro-
cesses. A handpiece/welding head/gun is guided over the workpiece, but the energy used to melt the ma-
terial is not an arc, but coherent radiation. The laser “torch” is in the welder's hand ("handpiece" or "gun")
and is guided by the welder.

2 History

Historically, a first patent (DE2145921 — Device for material processing by means of a laser beam with a
flexible light guide) for handheld laser beam welding was registered in Germany in 1971, and welding
results were published by Nath in 1974 [1]. This was followed by further patents worldwide, including for
various processing heads, such as the gun shape, around 1980 (US 4237364 — Welding tools and
method), for the integration of sensors or material supply. However, the main obstacles to widespread use
were the costs of the beam source and the sometimes unhandy as well as heavy weight handpieces.

Since the turn of the millennium, there have been repeated phases in which the topic of handheld laser
welding has come to the fore, for example after the introduction of laser welding in automobile manufac-
turing and due to the desire for process-like repair methods or for welding plastics with handheld laser
processes. For example, a final report on "Constructive safety devices for handheld lasers for material
processing" was published as early as 2011 [2].

Processing heads existed that completely shielded the laser radiation from the environment. However, the
disadvantages were the weight and size and the resulting difficulty in handling. It was only since the begin-
ning of the 2020s that the costs for 1 kW laser beam sources fell to a level, which allowed the process to
be more widely used. Furthermore, the handpieces could be miniaturized (down to 680 g). Complete sys-
tems are currently offered in the lower five-digit dollar range.

Figure 2. Handpieces for single-axis (left) and two-axis (middle)
pendulum movement and with active plasma monitoring (right)

3 Systems setup

The systems currently offered consist of the following components: laser beam source with control, optical
fiber ("hose package"), handpiece and optional wire feeder. Depending on the supplier, the complete sys-
tems are portable or installed on a trolley. The systems currently offered commercially are mostly equipped
with a fiber laser beam source that can have an output of up to 4 kW. The laser beam source is a major
cost factor in handheld laser beam welding systems. Until a few years ago, the price of 1 kW of laser beam
power was well into the six-figure range, but today beam sources with 1 kW are already available on the
market in the four-figure range. This means that complete systems can be starting around 10,000 €.
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Both multimode and singlemode laser beam sources versions are offered, with the latter typically offering
a smaller minimum focus diameter a so a higher maximum penetration depth. Depending on the maximum
power and the type of the beam source as well as the material to be welded, welding depths of up to 7 mm
are possible. The cooling of the beam sources also differs. Both water- and air-cooled systems are offered.
The decisive factor is the duty cycle at the set power. The systems differ here, regardless of the cooling
version.

In the hose package, media (gas, sometimes cooling water), control lines and the laser radiation are
guided to the handpiece in an optical fiber. The handpieces vary in their design, particularly with regard to
the oscillation of the laser beam. There are single-axis (perpendicular to the feed direction) or two-axis
(perpendicular and in the feed direction) versions (Figure 2) available. The design variant also affects the
weight and dimensions.

If welding is to be carried out with additional material, among other things to increase the gap bridging
capacity, a wire feeder is required. Again, the designs differ in terms of continuous or pulsed wire feed and
wire retraction. If it is necessary to achieve a given design throat thickness for fillet weld, sometimes 2 or
more wire feeders are in use.

A wide range of parameters can be set on the systems. In addition to the laser power, these include the
operating mode (continuous (cw) or pulsed operation) as well as the beam oscillation frequency and width
or shape and their size for two-axis oscillation. In addition to circles (widely used for laser spot welding),
more complex shapes are also possible for the beam oscillation figure in order to influence the heat input
(Figure 3).

Figure 3. Beam oscillation figures in two-axis beam pendulums:
principle sketches (left) and engraving on anodized sheet metal (right)

Depending on the system, the focus diameter (possible both via spacer tube and electronic control) and
the welding nozzles, which serve as guide in addition to establishing contact for the safety circuit, can also
be varied. The parameters affect, among other things, the welding speed, the welding depth, the seam
width and the penetration on the flanks.

4 Laser Safety Considerations

The handheld laser beam welding systems are assigned to laser class 4 ("open laser system"). Therefore,
special attention must be paid to the laser safety regulations during operation. In order to operate a hand-
held laser beam welding system, a laser safety officer must be appointed within the company.

A distinction is made between the protection of the welder and the protection of third parties. Companies

that already use a laser system, for example for cutting, already know the requirements. However, new-
comers are often unaware of this, which poses a risk.
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On the welding side, the system must meet safety requirements and only release the laser beam if certain
conditions are met. Most systems offer multi-level monitoring. The first stage is contact monitoring: the
laser beam is only released if there is an electrical contact between the handpiece and the workpiece
("ground cable" between the workpiece and the system). The second stage is a release button on the
handpiece with "laser on" signaling. For safe use, the systems have the mandatory third stage in order to
meet the requirements, for example with regard to the Laser Protection Ordinance (Occupational Health
and Safety Ordinance on Atrtificial Optical Radiation). This can be an additional foot switch or plasma mon-
itoring.

Similar to arc welding, the welder must wear personal protective equipment. The clothing used for arc
welding can be used. However, due to the reflection of the scattered laser radiation and the material-re-
lated generation of UV radiation ("UV radiation during hand laser material processing" (DGUV-FP439 [3]),
care must be taken to ensure that the welder's skin is covered (gloves, e.g. according [4]). To protect the
face and eyes, either welding helmet approved for laser use with integrated laser safety glazing (Fig. 4) or
laser safe faceshield must be worn. If the welder uses both processes for joining, handheld laser beam
welding and arc welding (e.g. TIG/GTAW), the use of a hybrid helmet, providing protection for both pro-
cesses, is highly recommended (in order to avoid the wear of a helmet with protection for the wrong
process). Handheld laser welding also produces fumes that must be extracted [5] or an respiratory protec-
tion system must be worn.

Figure 4. Different helmet for handheld laser welding

The work area must be secured against unauthorized access in order to protect third parties from unpro-
tected exposure to laser radiation (Laser Controlled Area - LCA) [6]. Ideally, the systems should be used
in closed rooms or cabins with ceilings. If the work area is to be craneable, walls with a minimum height
are required. With sufficient room height and crane clearance, the walls of cabins open at the top should
be at least 2.8 m high. In addition, regardless of the design with or without a ceiling, further hardware
equipment is mandatory: firstly, a "laser on" signal outside the work area, e.g. in front of the door. This
serves as a warning against entering an area with an active class 4 laser system (Fig. 5). Secondly, a
so-called interlock control is required. As soon as the door to the work area is opened, the laser radiation
must be switched off. Furthermore, laser safety goggles must be kept outside the work area ready to hand
for emergencies. In Germany, the employers' liability insurance association ETEM provides a checklist for
inspection prior to the purchase or initial start-up of a handheld laser welding system. [8]

5 Advantages and application
Several research institution, beside the system supplier, describe the advantages of handheld laser beam
welding. For example, after a week of training in TIG welding, a student was able to join two workpieces

together on the last day, but after a few hours of practice, he was able to produce testable weld seams with
handheld laser beam welding. The position of the handpiece and even guidance at the speed specified by
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the wire feed are important. The actual welding process is almost invisible to the welder; the oscillation to
capture the flanks takes place automatically in the handpiece. The findings are consistent with those of
others, including for example Caprio [7]. For this study, beginners competed against professionals in a
comparison. Ultimately, all results are comparable, both in the dimensions of the welded joints and in terms
of strength. Only the melt pool width variation was smaller for the professionals.

Figure 5. Information about laser systems in use and signals for “laser on”

Further, it should be noted that people with decades of welding experience do not produce better results,
and in some cases even produce significantly worse welds. On the one hand, the process behaves "differ-
ently" in terms of sensory perception (particularly sight and hearing), and on the other hand, specifying the
welding speed using the wire feed is unusual for trained welders.

Figure 6. T-joints realized by handheld laser welding,
with “high” design throat thickness (left) and close to one-sided full connection (right)

The achievable welding depths depend on the material, the power and the type of laser beam source. Due
to the smaller focus diameter of single-mode laser beam sources (30-60 um) compared to multi-mode
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versions (typically 100-150 ym), welding depths that are 1.5 to 2 times higher can be achieved. Currently,
9 mm is listed as the maximum depth for steel. With a 2 kW multi-mode laser beam source, a welding
depth of 4 mm can be reliably achieved in steel. One-sided full connections in a T-joint can be realized, but
a flat angle of attack must be selected for this and the laser “torch” guided in an unusual angle compared
to arc processes (Fig 7). Until now, in most drawings a design throat thickness is given. By handheld laser
welding, a higher penetration depth can be realized to get a full connection but with a low design throat
thickness that does not meet the given requirements.

Depending on the seam geometry and length, the welding speed is at least 2 times higher, typically in the
range of 3 to 5 times. This also means an adjustment for experienced welders. The gap bridging ability is
similar or slightly lower compared to TIG welding. Areas with a wide gap are particularly problematic for
handheld laser beam welding. Therefore, both during design and during preparation phase, attention must
be paid to laser welding-compatible design ("zero gap"). With TIG welding, on the other hand, such areas
can be "filled". Small tack welding distances or gap-free clamping during preparation have a positive effect.

If the process parameters are set correctly, welds can be produced that meet the highest requirements. If
this is not the case, however, deficiencies in the form of pores, both in the form of chains and tubes, occur
on the inside. These cannot be seen from the outside, which is why the use of X-rays is highly recom-
mended for parameter development (Figures 6 and 7).

The advantages of the higher welding speed are particularly evident for longer seams of 20 cm or more.
To compare performance, a funnel was welded, with TIG welding being used for one half and handheld
laser welding for the other half (Figure 8).

Figure 7. X-ray analysis result of a handheld laser weld joint with porosity

The advantages of the higher welding speed are particularly evident for longer seams of 20 cm or more.
To compare performance, a funnel was welded, with TIG welding being used for one half and handheld
laser welding for the other half (Figure 9).

With handheld laser beam welding, a higher welding speed of up to 140 cm/min was achieved compared
to TIG welding on 1.4301 sheets with a thickness of two mm. Companies that already use the process
report 30% to 50% higher throughput (chrome-nickel steel welding in the thin sheet area). Percentage
value depends mainly on length of weld seams. The increase is attributed to the higher welding speed on
the one hand and the lower straightening effort on the other.
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6 Operator qualification

A manual dexterity test is also necessary for handheld laser beam welding. This manual dexterity test can
be carried out as a special test based on the ISO 9606 series of standards [8]. As special, it is to mention
that the process 521 for fiber laser source was carried out manually. No further set of rules is necessary,
only an update, especially to name the “new” process. The aim, however, therefore is to integrate hand-
held laser beam welding into the standards as an own process. Initial activities have been started at ISO
level for this purpose.

Figure 8. Handheld laser beam welding on the funnel

Educational institutions are already able to offer courses and examinations in the area of handheld laser
beam welding. In addition to the actual manual skills required for welding samples, the examination also
includes a theoretical knowledge test. This is particularly important because there is often no knowledge
of laser radiation and its potential hazards and this knowledge must be transferred to welder. Two exam-
ples of “no go” or shown in the next Figure. Some welders are used to tack or straighten parts while holding
these in one hand (left side). Others fell more comfortable with welding while sitting on a chair. If a work-
bench with holes is used, the knee are can be hit by the laser beam (see pilot laser spot on knee on right
side). It is necessary to place a thicker and larger sheet under the work piece to avoid the shown situation.
Both examples prove that it necessary to train the welder about the hazards of laser welding.

Figure 9. Examples of incorrect procedures

7 Summary
Handheld laser beam welding offers a wide range of potentials, including higher throughput, less straight-
ening work due to the lower heat input, and the use of less experienced personnel. However, welders still
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need to be qualified, especially to deal with the hazards of laser radiation. Furthermore, the application of
the process requires an appointed laser safety officer in the company and a work area designed in accor-
dance with laser protection requirements (LCA). In addition to welding, many systems for handheld laser
beam welding also have a cleaning function, as described. The risks to be considered here are consider-
ably greater, since on the one hand, a touchdown control is often omitted and on the other hand, the beam
is conditioned for a larger working distance.

In order to be able to use the full potential for joining, application requirements must be taken into account
during the design (“zero gap”). This continues during edge preparation. Handheld laser welding is a sup-
plement to welding processes, although arc processes still have their place, for example with small, com-
plex geometries or in terms of accessibility. However, if longer seams, for example 1.5 m long, are to be
welded and these are prepared accordingly, then handheld laser welding is currently the norm, especially
with regard to welding speed when welding by hand.
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Highly Absorptive Coatings for Laser Components

Mehri Hashemzadeh, Andreas Pfuch, Jirgen Schmidt
INNOVENT e. V., Jena, Germany

Abstract

When lasers operate, they produce residual energy that must be converted into thermal energy through
absorption mechanisms. To manage this, alongside design strategies, special coatings with high absorp-
tion capacity for specific laser wavelengths are often utilized. Plasma chemical oxidation (PCO), also re-
ferred to as plasma electrolytic oxidation (PEO), has been successfully employed for several years to cre-
ate highly absorbent oxide coatings tailored to various laser devices across different wavelengths. These
PCO coatings demonstrate superior absorption properties in the UV/VIS and near-infrared (NIR) regions
compared to commercially available anodized surfaces. This article explores the PCO process for devel-
oping these coatings, highlighting its unique advantages over traditional anodization methods, and pro-
vides application examples to illustrate its effectiveness. Additionally, we discuss the damage thresholds
of these coatings. In the outlook, we briefly outline potential advancements to further enhance absorption
coefficients at specific wavelengths and improve resistance to higher laser powers through ongoing devel-
opment.

1. Introduction

Since Theodore H. Maiman’s pioneering invention of the laser over half a century ago, this remarkable
technology has enabled a wide range of applications across various fields. In telecommunications, the
focus has been on achieving the highest possible transmission frequencies in the gigahertz range. In in-
dustrial production, on the other hand, the goal is often to generate ultra-fast, high-power light pulses in
the nanosecond range to enable precise and efficient manufacturing processes [1].

During the generation of various laser wavelengths, residual laser energy is produced within the laser
housings. This unused energy must be converted into harmless thermal energy through absorption mech-
anisms. To achieve this, laser radiation traps or specialized coatings are applied to the components. These
surfaces are engineered to exhibit high absorption capabilities for the specific laser wavelength being gen-
erated. This is typically achieved by creating rough textures, either through corundum blasting or by me-
chanically introducing grooves onto the component surfaces. Through these intentionally designed sur-
faces, residual laser energy undergoes multiple reflections, effectively converting it into heat, which can
then be dissipated by leveraging the thermal conductivity of the materials used.

Enhanced absorption can be achieved by applying highly absorptive coatings specifically tailored to the
wavelength of the laser. However, organic layers or dyes are unsuitable due to contamination risks and
inadequate radiation resistance. While aluminum alloys are commonly anodized and dyed black with or-
ganic dyes to improve absorption, this method has limitations, particularly in the near-infrared (NIR) range
beyond approximately 800 nm. In this spectral region, absorption diminishes significantly, resulting in sur-
faces that reflect a large portion of the incident light. To address this limitation, plasma chemical oxidation
(PCO), also known as plasma electrolytic oxidation (PEO), has been successfully used for several years
to produce oxide coatings that meet the requirements of various laser devices across different wave-
lengths. These PCO coatings exhibit superior absorption characteristics compared to anodized coatings
in the NIR range. However, further improvements in absorption and laser resistance at higher power den-
sities remain desirable.

2. The Plasma Chemical Oxidation Process (PCO) and Coating Properties

PCO process is an advanced surface treatment process that combines principles of electrochemistry and
plasma physics to create oxide coatings on metal surfaces. This process is particularly effective for light
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metals such as aluminum, magnesium, and titanium, as well as their alloys.The process principle of
plasma chemical oxidation is shown in figure 1.

e

1 Polyethylene container containing cooling water

V4 py — A 2 stainless steel container containing coating electrolyte
" (Counter electrode)
—— 3 Submersible Aquarium Pump
@ <) @ 4 Holder of working electrode
5 Working electrode (substrate)
Sparks 5

6 Ti bar connected to the rectifier

= ”_/ 7 Rectifier
The black lines are insulated.

Fig. 1: Schematic of plasma chemical oxidation set up.

In the PCO process, the component to be coated serves as the anode in an electrolytic cell, similar to
conventional anodic oxidation. The counter electrode, typically made of an inert material like stainless
steel, acts as the cathode. As the anode potential increases, the initial thin, natural oxide/hydroxide layer
on the component's surface thickens. This layer transitions into a more compact, non-porous oxide barrier
layer through electrochemical reactions. The thickness of the barrier layer is limited by the dielectric break-
down voltage, which is specific to the metal/electrolyte system. When the applied voltage exceeds this
threshold, dielectric breakdowns occur through the barrier layer. These breakdowns manifest as visible
spark discharges at the anode surface/electrolyte interface. These discharges are accompanied by both
light emission and acoustic effects, indicating the formation of localized plasma. Figure 2 illustrates the
characteristic light emission on an aluminum surface (sample size 50x50 mm).

TN 1T "!.‘1:“1

Fig. 2: Characteristic plasma discharge on an aluminum sample
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Figure 3 presents a scanning electron microscope (SEM) image illustrating the typical surface morphology
of a PCO coating on an aluminum alloy. The image reveals a characteristic porous structure, highlighting
the distinct surface topography associated with the plasma-assisted oxidation process. While porosity is
also a feature of conventional anodizing, the PCO process typically results in a more complex and varied
pore structure due to the dynamic nature of plasma discharges. This enhanced porosity can contribute to
improved functional properties, such as increased surface area.

Fig. 3: SEM image of the surface morphology of a PCO coating on an aluminum sample.

PCO layers offer multifunctional benefits beyond corrosion protection for light metal alloys. These coatings
exhibit exceptional versatility, particularly in optical applications. The PCO process produces ceramic-like
coatings with tailored surface properties, including controlled porosity and roughness, which can be opti-
mized for specific optical characteristics. In recent years, PCO coatings have gained significant recognition
in high-precision optical and electronic industries, finding applications in the production of premium optical
devices such as binoculars, cameras, and projectors. The coatings are particularly valuable for aluminum
and magnesium alloy components, where they provide both protective and functional properties. A key
advantage of PCO coatings is their entirely inorganic composition, primarily consisting of metal oxides.
This inorganic nature imparts remarkable long-term stability to the coatings, maintaining their structural
integrity and functional properties even under challenging environmental conditions. Notably, these coat-
ings demonstrate high absorptivity across a broad spectrum of wavelengths, a characteristic that remains
stable even in extreme operating environments. The combination of durability, optical performance, and
stability makes PCO coatings an increasingly preferred choice for applications requiring both protective
and functional surface properties in the optics and electronics sectors.

3. Coated Optomechanical Components

In laser technology, optomechanical components such as mirror holders, lens carriers, apertures, optical
tables, beam blockers, beam shields, beam traps, shutter diaphragms, absorber plates, and beam filters
are crucial for precise optical manipulation. These components often integrate electronic elements to
perform specific functions efficiently within a compact design. Traditionally, many of these components
are manufactured from commercially available aluminum alloys and anodized black using an adsorptive
coloring method. Figure 4 illustrates the difference in appearance between uncoated and plasma-chem-
ically oxidized (PCO) lens holders, highlighting the enhanced surface characteristics achieved through
PCO. The introduction of plasma-chemically produced, highly absorbent coatings in laser technology
aims to enhance the capability of optomechanical components, such as apertures, mirror and lens carri-
ers, and beam dumps, to absorb stray laser radiation effectively. These coatings convert potentially dam-
aging radiation into harmless thermal energy through absorption effects, thereby protecting the compo-
nents.
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Fig. 4: Lens holder (left uncoated, right PCO coated)

A critical property of these highly absorbent coatings is their reflective behavior across a broad wavelength
range, from 220 nm to 2,000 nm. Figure 5 illustrates the wavelength-dependent reflection characteristics
for three different PCO coatings. The data indicate that the reflection of these coatings is less than 8% for
the lasers examined, providing optimal conditions for absorbing stray laser radiation, particularly in the
near-infrared (NIR) range. This low reflectivity ensures that the coatings maintain their performance even
under extreme conditions, making them ideal for high-precision optical applications.

Reflection of different coatings
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Fig. 5: Spectral response of an anodized sample compared to three different PCO coatings

The spectra reveal that the reflection of the black anodized layer increases significantly from approxi-
mately 730 nm, reaching 80 to 90% in the near-infrared (NIR) range. In this wavelength range, these layers
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function more as mirrors than absorbers, making them unsuitable for absorbing 'radiation waste.' In con-
trast, the plasma-chemically produced layers exhibit distinct differences in reflection properties. Notably,
the reflection values of the two doped PCO layers (PCO35 black and PCO12 black) remain well below
10% at the three laser wavelengths examined, demonstrating their superior absorptive capabilities. How-
ever, the undoped PCO coating (PCO13 white) shows a similar spectral response in the NIR range to that
of the black anodized coating, indicating limited effectiveness in this specific application. The highly ab-
sorbent black surface of the PCO layers is achieved by a special electrolyte composition, which is domi-
nated by corresponding contents of suitable metal salts.

Only one example of determining the damage threshold is provided here. For additional details, please
refer to publication [6]. The damage threshold was measured using a Coherent COMPexPro™ 205F UV
laser system (30 W) with the following parameters:

* Max. Pulse energy 700 mJ (250 mJ/cm?)
* Wavelength 248 nm

* Pulse duration 20 ns

* Max. Frequency 50 Hz

* Laser spot size 24 x 10 mm? (flattop)
* Laser spot size with aperture 15%x5 mm?

A PCO-coated aperture was subjected to extensive testing to evaluate its durability under intense laser
exposure. The experiment involved approximately 20,000,000 laser pulses with an average fluence of
100 mJ/cm?. Figure 6 illustrates the results of this rigorous testing. The highly absorbent PCO coating
demonstrated remarkable resilience, effectively withstanding laser radiation in a fluence range up to
250 mJ/cm?. This performance indicates the coating's robust nature and its ability to maintain integrity
under prolonged, high-energy laser exposure.

Fig. 6: Aperture before (left) and after (right) laser exposure

4. Conclusion

The plasma chemical oxidation (PCQO) process enables the production of highly absorbing coatings for
optomechanical components used in laser technology. By adjusting the composition of these coatings, it
is possible to optimize both their reflective properties and their resistance to laser damage. Future re-
search and development will aim to further refine the chemical composition of plasma-chemically pro-
duced oxide layers to enhance their reflectivity and laser resistance.
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PARMS coating technology for UV to IR laser applications

Myslivets, A., Sazinas, R.; Hohlov, E.
I-Photonics UAB, Avizieniu, Lithuania

Reactive sputtering with MF dual magnetron is a highly developed technique and successfully used for
many thin film applications. For high performance low loss optical filter coatings based on oxides the reac-
tive process has to avoid any kind of arcing, hard arcs as well as p-arcs. This requirement is solved by
Plasma Assisted Reactive Magnetron Sputtering PARMS as well as a high deposition rate for an economic
production of high-end optical filter coatings.

Traditionally, the principle of PARMS is based on a two-step process, the reactive deposition of a thin oxide
layer with a controlled deficit of oxygen followed by a RF plasma assist process with reactive oxygen for
the transformation to a stoichiometric oxide layer. This sequence is repeated until the final layer thickness
is stopped by time control or by an optical monitoring system [1].

In this technical note, we focus on the fabrication of precision optical coatings using a newly PARMS coater
“Meridian” developed by I-Photonics UAB. This coater has a number of differences that improve the repro-
ducibility and quality of the obtained optical coatings for a wide range of wavelengths.

Several types of the coatings based on Ta,05/SiO, and Nb,Os/SiO, layers demonstrate the capability of
I-Photonics PARMS for production of high-performance filter coatings.

References

[11 M. Scherer et. al., “UV- and VIS Filter Coatings by Plasma Assisted Reactive Magnetron Sputtering
(PARMS)," Optica Publishing Group, paper MA7, (2010).

[2] P. Frach et. al., "Reactive Magnetron Sputter Technologies for Precision Optical Coatings," Optica
Publishing Group, paper ThB.7 (2013).

[3] Y. Khakhlou et. al. A vacuum unit for producing multilayer interference coatings on an optical element
(EU patent EP4163416A1) (2023).

38



Session 1B 14" Jena Laser Conference / November 6 and 7, 2024

IBS optics for high-capacity laser processing

Adomaitis, M.
OPTOMAN, Vilnius, Litauen

Ultrafast lasers, such as Ti:Sapphire, Yb:YAG, Yb:KYW/KGW or Yb doped fiber lasers that generate
pulses with durations down to a few femtoseconds, have opened up a new chapter in various fields. Indus-
trial manufacturing applications like material processing, precision machining, and microstructuring greatly
benefit from ultrafast laser developments. Scientific research fields such as multiphoton microscopy and
attosecond physics also are driven by ultrafast, high average-power lasers. Many medical applications,
such as ophthalmology, dermatology, and non-invasive surgical procedures employ high-power ultrafast
lasers as well.

Ultrafast lasers operate at high power levels and generate intense pulses, putting significant strain on the
optics. The field of ultrafast laser optics faces significant challenges in maintaining optimal performance
and longevity. Short-lifetime optics lead to performance degradation, reduced efficiency, production down-
time, and frequent maintenance requirements, thus significantly reducing the laser system’s duty cycle.
Enhancing the lifetime of optical components can noticeably lower the total cost of ownership as optics
maintain the same performance over the increased amount of time ensuring uninterrupted manufacturing
operations.

Furthermore, the demand for precise microfabrication techniques has risen in the field of high-capacity
laser processing. Short pulse durations offer unparalleled control over material ablation and deposition
processes, enabling intricate feature creation with high resolution and minimal heat-affected zones. This
capability finds application in diverse fields such as semiconductor manufacturing, photovoltaics, and bio-
medical device fabrication.

In the context of high-capacity laser processing, the versatility of ion beam sputtering (IBS) optics becomes
a game changer. With the capability to cover a broad spectral range spanning from 193nm up to 5000nm,
IBS optics empower manufacturers to integrate various laser sources for diverse applications. Whether it's
ultraviolet lithography in semiconductor fabrication or infrared processing for polymer welding, IBS-coated
optics ensure consistent performance and durability across the entire spectrum.

Through a combination of theoretical insights, experimental demonstrations, and real-world case studies,

we illustrate how the strategic integration of IBS optics optimizes the efficiency, throughput, and quality of
short pulse or high-power microfabrication processes.
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Democratization of Laser Technology:
A Journey of Unlimited Opportunities

Dr. Ulrike Fuchs
asphericon GmbH, Germany

A paradigm shift is underway in laser technology, marked by the democrati-
zation of light. This shift aims to empower individuals beyond expert circles,
offering the capability to shape and utilize light according to unique require-
ments. The talk delves into the evolution of laser technology, emphasizing its
transformation from a specialized field to a ubiquitous tool across various
industries, particularly in laser cutting, welding, and surface structuring. Cen-
tral to this evolution is the concept of democratization, which hinges on en-
hancing accessibility through simplicity, adaptability, and performance.
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Laser applications for sustainable electrical energy storage and
converters

Dr. Jens Standfuly
Fraunhofer IWS, Germany

Laser applications play a crucial role in optimizing and advancing technolo-
gies that are of great importance for a sustainable energy future. The
presentation describes the use of laser applications in batteries, fuel cells,
transformers, and electric motors with a focus on material properties.

In the field of battery technology, lasers enable precise machining of elec-
trode materials to improve performance and capacity. This contributes to the
development of efficient energy storage solutions that are essential for ex-
panding renewable energy and electrifying the transportation sector. In fuel cells, laser applications allow
for precise machining of membranes and electrodes to increase efficiency and durability. This supports the
realization of clean and emission-free energy systems, providing an alternative solution to conventional
power generation. Laser applications are also used in transformers and electric motors to reduce electrical
losses, improving performance and efficiency. This supports the development of energy-efficient systems.
Through further development and application of laser applications, the next generations of batteries, fuel
cells, transformers, and electric motors can be designed, making a significant contribution to addressing
the challenges of climate change and resource scarcity.
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Tailored refractive diffusers for broadband beam shaping

Kraus, M.; Katzer, S.; Deparnay, A.
Carl Zeiss Jena GmbH, Jena

Abstract

Beam shaping is a common task for a large number of laser applications. This includes beam homogeniza-
tion, patern projection or the creation of top-hat profiles. For most applications, e.g. laser material process-
ing, diffractive beam shapers are used. They are beneficial because a single element creates large devia-
tion angles with high precision. Furthermore, design and fabrication are well established and thus, the
elements are available for a reasonable price. However, the diffractive working principle is also connected
to several drawbacks. As the profile shape of the diffractive structure determines the efficiency and far field
distribution, the fabrication precision and accuracy are crucial for the functionality. Furthermore, diffraction
is strongly wavelength-dependent and thus, efficiency drops for wavelengths deviating from the design
wavelength. As a consequence, disturbing light is observable in the zeroth order and in ghost images.

A solution is the use of refractive diffusers which can be used for homogenization and the generation of
arbitrary beam profiles. The refractive working principle allows high efficiencies and suppresses ghost im-
ages and the zero order. As the wavelength dependency of refraction is small, refractive diffusers are the
best choice for broadband sources and multi-wavelength laser systems. Fields of application include sys-
tems with different laser sources like LED and laser projection systems or systems for medical treatment
and laser surgery. Furthermore, the diffusers are beneficial for systems employing tunable lasers and fem-
tosecond lasers. A challenge for refractive diffusers is the generation of distinct beam profiles which re-
quire large deviation angles and high accuracy. This contribution focusses on the fabrication and charac-
terization of refractive diffusers which achieve large deviation angles of 15 degrees up to 30 degrees. The
optical functionality is created by a tailored microstructured surface which generates the required intensity
distribution. For the fabrication, the microstructure is generated firstly in photoresist by direct writing laser
lithography. Subsequently, the photo resist profile is transferred into laser-resistant fused silica by reactive
ion etching. The characterization is done by white light interferometry. The generated intensity distributions
can be designed with a high degree of flexibility. The presented distributions include an elliptical top-hat
and a cross.
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Combining freeform optics and Zwobbel technology for line structuring of large sub-
strates with ultrashort pulsed 2um lasers

Fuchs, U.'; Schlutow, H.'; Burkhardt, 1.2; Fischer, M.?; Reinlein, C.2
" asphericon GmbH, Jena, Germany
2ROBUST AO GmbH, Jena, Germany

Abstract

Ultrashort pulsed lasers with a wavelength of 2um are ideal for material processing applications of plastics,
such as welding, marking and cutting. Scanning systems are essential for the processing of large sub-
strates. We present a novel approach for line structuring using the Zwobbel technology in combination with
freeform optics, which has been developed in the collaborative project UKPino. With this concept we en-
vision faster processing times on larger substrates, particularly applicable to roll-to-roll processes. Gener-
ating a line structure by scanning across a cylindrical lens suffers from strong image field curvature. This
can be compensated by extending the lens geometry to a freeform lens. Our studies have shown that the
processing field can be further extended by combining the freeform lens with a deformable mirror that
additionally shifts the focal position. The Zwobbel technology has been selected. This is a piezo actuator-
based focus-only deformable mirror with fast step responses of <2 milliseconds and scanning ability up to
2000Hz. Herewith, we can generate kilohertz line scan frequencies on large substrates. The number of
Zwobbel deformable mirror defines the achievable scan length. We discuss possible designs based on
one and two deformable mirrors.

In summary, the paper discusses application requirements, the optical design possibilities, and the opto-
mechanical implementation. A compact setup is required based on a robust opto-mechanical design to
achieve long-term stability. Therefore, we consider electro-mechanical integration already in the design
phase and derive the mechanical degrees of freedom for the optical components from this.
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Manufacturing and assembly of a High-Finesse Cavity

Burkhardt, T.; Drechsler, M.; Hanke, P.; Schippel, S.
Layertec GmbH, Mellingen

Abstract

Ultra-stable laser systems with sub-Hz linewidth require High-Finesse cavities as a fundamental tool for pre-
cise frequency stabilization. Two highly reflective mirrors with a common base body (spacer) can form such
a Fabry-Pérot resonator. We present a High-Finesse cavity with a finesse of more than 270,000 at a wave-
length of 1542 nm. The cavity consists of a Low Thermal Expansion glass body and fused silica mirrors. The
resonator mirrors are coated using magnetron and ion-beam sputtering techniques with reflectivity in the
order of R > 99.999% with a residual 5 ppm mirror transmittance. During the assembly the mirror substrates
are optically contacted to the spacer and additionally welded by ultra-short pulse laser welding. The advan-
tage of this approach is the opportunity of a preliminary characterization of the finesse before laser welding
joins the mirrors inseparably. Finesse characterization of the cavity is carried out by spectrally resolved cav-
ity ring-down measurements. The localized laser welding process preserves the adjustment state and the
high finesse of the cavity. This joint is completely free of additives, especially free of organic adhesives, thus
aiding the ultra-high stability of the resonator’s length. It provides high mechanical strength, high robustness
against environmental loads, and long term stability. These beneficial characteristics of laser welding make
this technology suitable for rugged applications in harsh environments or for aero-space use.

1. Introduction

Ultra-stable laser systems with sub-Hz linewidth require High-Finesse cavities as a fundamental tool for
the precise stabilization of free-running laser sources [1]. These optical resonators can be used, for exam-
ple, as laser resonators, for frequency stabilisation, mode selection, in the field of measurement technol-
ogy for high-resolution spectroscopy, and other metrology applications [2], [7]. Optical resonators of very
high finesse provide references for optical atomic clocks or optical frequency standards, stabilized laser
systems with ultra-narrow bandwidth, as well as optical frequency combs. Another use of optical cavities
is in optical gas refractometry and a respective gas pressure standard, a technique known as Fixed Length
Optical Cavity (FLOC) — a compact and portable yet high-performance system [11].

Two highly reflective mirrors with a common base body (spacer) can form such a Fabry-Perot resonator.
The spacer defines the resonator length and is typically made of a material of low thermal expansion and
low thermal noise (e.g. Ultra-Low Expansion ULE® Glass, Zerodur, fused silica) to ensure its thermal sta-
bility. The reflectivity, absorption losses, surface irregularity of the mirrors, as well as tilt errors during as-
sembly, determine the finesse of the cavities. A resonator made from separate spacer and mirrors allows
for the selection of the mirrors (i.e. pairing). Furthermore, the spacer can be made from a material of favor-
able thermo-mechanical properties without regard for its optical properties.

Ultra-stable optical cavities require a low thermal expansion and low hysteresis of the spacer and the joint,
robustness to thermo-mechanical and environmental loads, and long-term stability. The position of both
mirrors with respect to each other and the spacer body needs to be of high precision. Both the joint itself
and the respective joining techniques should therefore support these requirements. Joints should prefer-
ably be formed without an additive layer, e.g. solder alloys or organic adhesives. The process of joining
should not significantly deform the spacer or the mirrors or introduce stress, i.e. a minimal thermal load
during joining is preferable.

Optical contacting is a precision joining technique for polished optical components. It is based on the ad-
hesion forces between the contacting optical elements. It requires high quality surfaces in terms of fit,
roughness, and cleanliness. For this joining variant the joining partners must have surfaces facing them
that are either flat or have an identical surface curvature with a very high degree of shape accuracy. During
assembly a high cleanliness is required so that no impurities, especially in the form of particles and filmic
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contaminations are present. Optical contacting, however, is of limited mechanical strength and susceptible
to various environmental and mechanical loads (e.g. humidity, shock, and vibration), but these limitations
also provide a benefit: joint components can be removed and reworked.

Laser welding with ultrashort pulses in the fs or ps regime in transparent materials is based on the nonlin-
ear absorption in the focal point and the heat accumulation through the interaction of a large number of
consecutive pulses at repetition rates in the high kHz or MHz range [12], [8]. With ultrafast lasers fluences
greater than 10" W/cm? are easily reached in the focal spot. This leads to a nonlinear interaction with the
dielectric material, i.e. multiphoton absorption and field ionization.The free charge carriers generated in
the resulting plasma can then be excited by avalanche ionization, so the absorption in the plasma in-
creases further. In order to melt a sufficiently large glass volume, i.e. to achieve a heat-affected zone larger
than the focus diameter, the thermal energy of many individual pulses must be accumulated. To do this, it
is necessary that the time interval between successive pulses is smaller than the time constant of thermal
diffusion in the material. For fused silica, this is in the order of one microsecond for a focus diameter in the
micrometer range, i.e. the repetition rate of the laser system used must be in the order of MHz [10]. Ultra-
short pulse (USP) laser welding [8], [10], [4] is characterized as a joining process for fused silica and other
optical glasses with a high achievable strength and resistance to thermo-mechanical loads. It is a localized
welding process, which minimizes global stresses and deformation of the assembly and enables the se-
quential construction of highly precise, multi-component systems. Using USP laser welding, gaps in the
micrometer range between the joining partners can also be bridged, although gap-less joints are prefer-
able to minimize stress during resolidification of the melting pool [9], [5] welding furthermore secures opti-
cal contacting against penetration of humidity and against thermal or mechanical shocking and vibrations.

A third joining technique relevant to the assembly of optical cavities, especially of spacer bodies is a wet
chemical bonding process “hydroxide-catalyzed bonding” (HCB). Similar to optical contacting conformal
surfaces of high flatness and low roughness are required to initiate a successful bond. The technique is
easy to use, very precise, highly reproducible, and results in very strong bonds [6], [13].

2. High-finesse optical cavity

2.1 Requirements and design

Goal of the project ,Quantensensor mit Strontium- 8

strahlen (QUASENS)“ is to demonstrate an optical clock _;_ ] ~

with stability of better than 10-15 with a few hours of av- A 7 | ¢
eraging time. This clock is based on atom interferometry y //

on a thermal atom beam. For this purpose, a laser is 7 / % p
stabilized at the transition frequency of the entangled e / y 7
state. Then the optical frequency is divided by a fre- " A ~
quency comb into a usable frequency in the microwave —-—+ - + - +—-—-
range, so that the output of the clock is compatible with %/ o’ 7 7
established radio frequency clocks such as hydrogen p 7 7 A
masers and Cs atomic clocks, which is a crucial criterion 7 7

for typical applications, e.g. in navigation, interconnect- p
ing satellite systems, or astronomical telescopes. In this 7 7
paper we present the high-finesse cavity that is central
part of the frequency comb at 1542 nm. The design
goals are a reflectivity of 99.998% to 99.9992% with a Fig. 1: Simplified schematic cross section of
transmission of 4 ppm to 20 ppm, resulting in a finesse the optical cavity with the concave mirror (A),
of 314.000. the spacer body (B), and the plano mirror (C).

An optical resonator is an arrangement of at least two mirrors and a spacer body. The mirrors are mounted
on the spacer’s opposite faces, which fixates their distance and position with respect to each other. The
QUASENS cavity is stable semi-confocal resonator that consists of a plano and a concave mirror (Fig. 1).
Its cubic spacer’s design is insensitive to inertial forces acting in any direction and to compressive force
used to constrain it. Four supports are placed symmetrically about the optical axis in a tetrahedral config-
uration [14]. The specific cubic design is licensed by the National Physical Laboratory (NPL).
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2.2 Manufacturing of components

The cuboid spacers made from ULE® are batch processed to achieve a high parallelism (better than 1 ar-
cmin) and high perpendicularity (better than 2 arcmin) by grinding and polishing (Fig. 2). More demanding
angular precision could be achieved during polishing if required by the cavity’s performance specification.
For plano-concave resonator geometries this is, however, often not necessary. The crossed-axis bore-
holes are grinded, chamfered, and wet etched. Acid etching removes debris from grinding and other mi-
croscopic surface flaws. This removal of a surface layer reduces number and size of surface flaws as well
as dulling their sharp edges, an effect commonly referred to as “healing” of the glass. Etched glass sur-
faces are usually stronger since both the emergence and growth of cracks during mechanical stress are
significantly reduced.

Resonators with ultra-high finesse require mirrors with extremely low losses. Both optimized coating tech-
nologies and advanced substrate manufacturing techniques are required to achieve this goal by minimiz-
ing absorption and scattered light losses. Especially the surface roughness has a significant impact on
losses due to scattering. Plano and concave substrates (d 25 mm, thickness 6.35 mm) are made from
fused silica and are polished to 0.15 nm (S, micro-roughness) and surface imperfections typically better
than 5/1x0.010 (plano) and 5/1x0.025 (concave). Super-polishing to a roughness better than 0.1 nm is also
possible and will be required at reduced wavelengths. The concave substrates are also fitted with polished
flat bevel that is used for optical contacting and laser welding.

Besides the micro-roughness of the substrate’s surface the volume scattering effects of the thin-layer sys-
tem and absorption sources in the coating system, such as stoichiometry errors or impurities (e.g. Fe, Cr,
Cu) have to be minimized. lon Beam Sputtering and Magnetron Sputtering are used both for the cavity
forming highly reflective coatings as well as the antireflection coatings on the rear side of the mirrors.
These are the most advanced depositions technologies for lowest losses of absorption and scattering.
They provide high density layers with an excellent microstructure and low impurities that guarantee ultra-
high reflectivity and lowest absorption. The high precision in film growth allows furthermore a well defined
residual transmission in the ppm range as required for an ultra-high finesse cavity. Sputtering techniques
are also well suited for high power applications and an increased intensity within an ultra-high finesse
cavity.

Fig. 2: ULE® cube after grinding, drilling, and etching (left); polished ULE®-spacer after ultrasonic
cleaning (middle); low-loss substrate with localized magnetron sputtered highly reflective coating.

2.3 Assembly of the optical cavity

The components of the optical cavity are assembled in a clean room environment after ultrasonic cleaning
in a two-stage process. In accordance with the requirements of the resonator, the mirrors’ positions with
respect to the spacer are passively adjusted and then optically contacted. This optical contact is essen-
tially seamless and already sufficiently stable to allow for a first measurement of the finesse using a cavity
ring-down setup or any other suitable performance test. Rework is possible if the finesse is not within an
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acceptable range or other defects or flaws are observed, since optical contacting is non-permanent. The
mirrors can be removed from the spacer, cleaned, and the assembly can be restarted.

Fig. 3: Ultra high-finesse optical cavity with a 50x50x50 mm? cubic spacer, crossed-axis boreholes, and
magnetron sputtered mirrors contacted through optical contacting followed by USP laser micro welding.

If in this preliminary characterization the finesse is found to be within specification the final assembling step
is performed to inseparably join the mirrors: ultra-short pulse laser welding. A TruMicro 2030 (1030 nm,
400 fs, max. pulse energy 20 pJ, f, 2 MHz, max. average power 20 W) is used with a Thorlabs LMH-5x-
1064 and LMH-10x-1064 focussing optics. Further details of the setup used for laser beam welding can
be found in [3]. The laser micro welding results in a localized welding seam. The welding seam is placed
well outside the clear aperture of the components. In case of the concave mirror, the placement is re-
stricted to the area of the polished flat bevel. After laser welding all components are permanently and with
high stability connected. The final result of an ultra high-finesse optical cavity with a cubic spacer, crossed-
axis boreholes, and magnetron sputtered mirrors contacted through optical contacting followed by USP
laser micro welding is displayed in Fig. 3.

2.4 Measurements and results

Plano and concave mirrors for a 1542 nm resonator are fabricated with an optimized process chain of
polishing, cleaning, and coating. The design goals of reflectivity between 99.998% and 99.9992% and a
transmission between 4 ppm and 20 ppm are reproducibly achieved. Figure 4 shows an example of reflec-
tion and transmission measurements by means of spectrally resolved cavity ring-down with T=5 ppm and
R=99.999% at 1542 nm. Paired mirrors with these values form a symmetric cavity with a finesse of
314.000.
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Fig. 4: Reflection (left) and transmission (right) measurements for a 1542 nm resonator mirror.
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Fabry-Pérot cavities are assembled from these mirrors and ULE® spacers. Finesse measurements after
optical contacting, USP laser welding, and delivery to the customer show a finesse of greater than
270.000, and respective average reflection values of the single mirrors of greater than 99.9988% assum-
ing a symmetric cavity (see Fig. 5). Laser micro welding proves to not influence the adjustment of the
system and therefore does not change finesse. The optical cavity can be used for laser stabilization and
enable a relative frequency stability in the range of 10° at integration times of 1 s even outside laboratory
environments.
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Fig. 5: Average reflectivity of a Fabry-Pérot Cavity at 1542 nm.

3. Further examples of Fabry-Pérot Cavities

We have established a process chain for manufacturing components and respective optical cavities for
different application as shown in Figures 6. This includes multi-axis systems (“crossed-cavity”) with cuboid
spacers as well as single axis systems with spacer lengths of up to 150 mm.

Fig. 6: Dual FLOC cavity with a base body 63x63x150 mm?® comprised of three separate elements
and CF vacuum flange for evacuation of one channel (left) and cavity 25x25x56 mm?
with a spacer body comprised of two bonded elements (right).

Longer spacer bodies can be assembled from multiple smaller components using the HCB wet chemical
bonding. This approach is both cost efficient and allows for the fabrication of quasi-monolithic spacers with
unfavorable aspect ratios, i.e. long boreholes of small diameters. As demonstrated in a previous publica-
tion [3] optical contacting, USP laser welding, and HCB create hermetically sealed bonds that are a neces-
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sity for a gas pressure sensor or optical refractometer. As mentioned in the previous section, the assembly
is conducted in a clean room environment after ultrasonic cleaning of the components.

To evaluate the surface deformation of mirrors joined to a spacer body we manufactured a testing vehicle
of reduced dimensions to accommodate for restrictions during interferometric measurements. Four planar/
planar mirror blanks (@ 25 mm, thickness 6.35 mm, fused silica) are joined to an ULE® spacer
(63x63x50 mm?3) by optical contacting followed by USP laser welding. The mirror blanks show a typical
total surface deformation of below 30 nm (PV) within a clear aperture of @e 21 mm. With U-shaped open
channels we find an increase of deformation of up to 50 nm (PV) during optical contacting that can be
attributed to the asymmetrical joining area. We find, however, no significant change during USP laser weld-
ing despite the necessary asymmetrical welding seam. This supports the hypothesis that stress and defor-
mation introduced by laser welding is negligible. O-shaped closed channels show significantly less defor-
mation during optical contacting and only small changes during the welding of a symmetrical circular
welding seam (see Table 1).

part | Crameiype | (SPieal conaced P (o )
1 Open 48,9 9,9 48,0 10,4
2 Closed 16,6 3,6 22,3 5,0
3 Open 48,7 10,4 48,1 10,3
4 Closed 24,8 5,6 24,8 5,6
Table 1: Total surface deformation (Je 21 mm) of the
outside planar surfaces of mirror blanks joined with a dual FLOC cavity
spacer with ,,U“-type channels (open) and ,,0“-typed channels (closed).
4. Summary

We present the manufacturing of the components and the assembly of a High-Finesse cavity with a fi-
nesse of more than 270,000 at a wavelength of 1542 nm. The cavity consists of a low-expansion ULE®
spacer body and fused silica mirrors. The resonator mirrors are coated using magnetron and ion-beam
sputtering (IBS) technologies with reflectivities in the order of R > 99.999% with 5 ppm mirror transmit-
tance. Highly reflective coatings can be also manufactured for other and/or multiple wavelengths, allowing
to simultaneously stabilize different laser sources. During the assembly of the optical resonator the mirror
substrates are optically contacted to the spacer and additionally locally welded by USP laser welding. The
advantage of this approach is the opportunity of a preliminary characterization of the finesse before laser
welding to inseparably join the mirrors and thus a possible rework if the required finesse is not achieved.

We show that larger spacer bodies can be manufactured from multiple smaller elements that are quasi-
monolithically bonded using a wet chemical process. This approach is beneficial to a cost effective manu-
facturing large cavity spacers with unfavorable aspect ratios of their respective boreholes. Both laser weld-
ing and chemical bonding have been proven to provide hermetical sealing.

We find that the strongly localized USP laser micro welding process preserves the adjustment state and
the high finesse of the assembly as is achieved by optical contacting. Both the optical contacting and the
additional welding provide joints without additional intermediate layers aiding the ultra-high stability of the
resonator’s length. It is completely free of additives, especially free of organic adhesives. This is also ad-
vantageous with respect to a low thermal expansion of the whole assembly, a low outgassing to minimize
contamination of optical surfaces, and an overall high stability. Major contributions to surface deformation
of mirrors joined to a spacer body stem from optical contacting and the residual differences in surface
deformation of both components to be joined, with only small changes due to USP laser welding. Laser
welded joints surpass optical contacting, which is susceptible to thermal and mechanical shocks as well
as significantly less robust against environmental influences, while preserving its main benefits of high
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accuracy and additive free joining. USP laser welding provides joints of high mechanical strenght, high
robustness against thermal cycling and other environmental loads (e.g. humidity), and long term stability.
These beneficial characteristics of laser welding make this technology suitable for rugged applications in
harsh environments or aero-space use. Layertec can provide high-finesse optical cavities and compo-
nents such as low-loss mirrors and precision spacer bodies for the most demanding scientific and indus-
trial applications.
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Minimisation of process times in high-quality laser cutting through dynamic beam shaping
in propagation direction
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2 JENOPTIK Automatisierungstechnik GmbH, Jena

Abstract

In the field of sheet metal processing, laser cutting is an industrially established process that is subject to
continuous optimization. The focus here is on increasing productivity. The cutting speed has a significant
influence on productivity. To increase this, the current trend is a combination of ever higher laser power
with machine axis acceleration of up to 6G. In laser fusion cutting, a compromise must be made between
productivity through high cutting speed and optimum cutting-edge quality.

Increased productivity through higher cutting speeds has already been demonstrated and integrated into
industrial processes using dynamic beam shaping in the processing plane (X-Y oscillation). Whereas dy-
namic beam shaping is the fast movement/oscillation of the laser beam over the part surface. However,
this X-Y oscillation technology is associated with a more complex process control due to the additional
process parameters required for dynamic beam shaping in the working plane (four to nine) compared to
static beams. In contrast, dynamic beam shaping in the beam propagation direction reduces the number
of degrees of freedom to a further two to three (oscillation amplitude and frequency). This is helpful for
rapid process optimization.

In addition to the pure increase in cutting speed, the product quality (grade, distortion, thermal material
change) is the important decision criterion that is listed in favour of or against a technology. In cases where
post-processes such as welding or painting are involved, the decision is made for higher cutting edge
quality in order to avoid intermediate preparation steps.

The present work focuses on experimental evaluations of dynamic beam shaping the beam propagation
direction through high-frequency beam oscillation in. By adjusting the oscillation parameters, the intensity
distribution and the virtual focal length, the energy disposition in the kerf and its geometry can be adjusted.
We will show that this has a positive effect on the cutting speed and edge quality with constant laser power.
For sheet thicknesses ranging from 0,5 mm to 10 mm, the speed could be increased by up to 30 % while
simultaneously reducing the gas pressure. Furthermore, the cutting edge smoothness is significantly in-
creased that results in less needed rework. In conclusion, it can be demonstrated that despite the higher
cutting speed, a higher cutting edge quality is achieved compared to the static beam through the use of
dynamic beam shaping.
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Ultrafast laser processing on large surfaces — Machine concepts and applications

Eifel, S.
Pulsar Photonics GmbH, Aachen, Germany

1. Introduction

In view of the increasing availability of industrially suitable USP laser beam sources with high average
laser power in the >200W range, large-area applications for laser micromachining with ultrashort pulse
lasers are also becoming increasingly interesting from an economic point of view. Driven by the regulatory
restriction of environmentally harmful manufacturing processes in the EU (e.g. REACH) and the growing
trend towards digital production chains, commercial enterprises are increasingly striving for more environ-
mentally friendly manufacturing processes. Laser micromachining with ultrashort pulse lasers offers a
more environmentally friendly and interesting alternative to galvanic and etching processes. For large-area
laser micromachining with USP lasers, so far only machine technology is available for processing compon-
ents in cylindrical geometry, for example for manufacturing embossing rollers. For the laser micromachin-
ing of large-area flat components with surfaces up to 10-20 m?, however, there is still a lack of suitable
machine concepts on the market, especially for applications that go beyond thin-film processing. By using
a new developed machine platform for the USP laser micromachining of large flat components this limita-
tion in the market will be overcome. By using multi-beam concepts in combination with high-power USP
lasers, the necessary scaling of the process speed can be achieved.

2. Requirements in the market

In the last 10 years, laser micromachining with ultrashort pulse lasers was primarily relevant for applica-
tions requiring precise but comparatively small volume removal (e.g. thin-film processing, micro-drilling) or
modification of workpieces (e.g. filamentation, surface modification). Due to the availability of increasingly
powerful industrial-grade USP laser beam sources in recent years, applications involving significantly lar-
ger volume ablation (e.g. deep-engraving, laser roughening) are now also economically feasible on the
laser side. While the current power class of 200-300 W average power has been available for industrial
use for some time, the first demo systems for industrially suitable USP laser beam sources with an aver-
age power of up to 1000 W are already available. With these power classes, large-area volume ablation
of workpieces in square meter size is economically feasible. This has already been proven several times
for the lower power range for the processing of embossing rollers and has now resulted in industrially
suitable machine concepts for the processing of roller-shaped components (see Bruning et. al. 2022).
Driven by regulatory restrictions on the use of chemicals in the EU (e.g. REACH), companies that use
environmentally harmful manufacturing processes such as etching and electroplating are increasingly hav-
ing to develop and use alternative manufacturing processes. With laser micromachining as a more envir-
onmentally friendly alternative in combination with industrial-grade high-power ultrafast lasers, the found-
ations are in place for a technological shift from these traditional manufacturing processes to laser
machining. Until now, no suitable machine technology was available for the volume removal of large-area
flat components in the square meter range.

3. Machine Concept RDX2800

In cooperation with reference customers, Pulsar Photonics GmbH has developed a new machine concept
for processing flat components with areas of up to 10-20m2. The machine concept provides for a modular
approach, i.e. there are individual machine modules that can process a defined working area of currently
1.5m x 2.5m. Up to 5 machine modules can be combined to process larger workpieces. This means that
each machine module processes an area of the workpiece. Parallel processing is essential, especially for
large-area volume removal. In addition to parallel processing across several machine modules, further
parallel processing takes place in each machine module. For precise and melt-free processing with a high-
power ultrashort pulse laser, the laser power must be distributed over a large area of the workpiece. Va-
rious optical concepts are used for this purpose. The use of a polygon scanner or a multi-beam system
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enables the laser power to be distributed over the workpiece within a processing head. An alternative ap-
proach is to distribute the laser power over several processing heads. For this purpose, the machine
concept provides for a multi-scanner design. Several galvanometer scanners can be integrated into each
machine module, which can realize autonomous laser processing of a workpiece area. Depending on the
requirements and area of application of the machine, the process speeds can be increased by a factor of
10-1000 in order to achieve cost-effective processing.

Figure 1: Modular gantry system RDX2800 for large area laser processing with ultrafast lasers.

The strength of the machine concept lies
primarily in the individualized machining
of the component in each workpiece area,
i.e. each scan head can execute a differ-
ent scan program. This requires a sophist-
icated CAM chain that is able to derive a
sum of machining programs for each indi-
vidual scan head from a large data set
that defines the target geometry of the
workpiece to be produced. The machine
concept has already been realized in a pi-
lot system of the type RDX2800 and is be-
ing further developed together with the
reference customers. For demonstration
purposes a plate with 1000mm x 1000mm
dimension has been processed with
samples structures for deep engraving
and functional surfaces on the pilot ma-
chine (cf. Figure3).

4. Summary

With the availability of USP high-power
lasers, alternative manufacturing pro-
cesses for large-area micromachining of
tools and workpieces can be realized.

Figure 2: Machine module RDX2800
with ultrafast laser for parallel processing
of a workpiece with dimensions 2.5m x 1.5m.

53



Session 2B 14" Jena Laser Conference / November 6 and 7, 2024

With the RDX2800, a modular machine concept is available that is able to use the power of these laser
beam sources for large-area volume ablation and individualized processing of each workpiece area. A
parallelization concept and a powerful machine control system were developed for this purpose. The
concept was implemented and demonstrated together with pilot customers. As a result, industrial-grade
machine solutions are now available for any large-area micromachining or functionalization of flat compon-
ents.

Figure 3: Demonstrator plate (1000 mm x 1000 mm) for large-area USP laser processing
with sample structures for functional surfaces and deep engravings.
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Ultrashort pulse lasers are a surprisingly apt tool for joining glass with glass or glass with a non-transparent
material without using any adhesives or a third joining partner like glass frits. Tailoring the spatio-temporal
beam shape and with it the non-linear absorption processes in the vicinity of the glass interface, weld-lines
of less than 50 ym width or even narrower can be achieved without affecting the surrounding material.
Joining of various glass material combinations have been demonstrated, e.g. glass with metal, glass with
silicon, crystal with metal or even silicon with silicon.

However, one remaining bottleneck towards industrial applications is to consistently ensure weld lines that
can withstand high shear strengths. In this talk we outline a statistical shear strength testing procedure. It
relies on providing a large number of test samples by a wafer-based production process as well as a low
torque shearing setup. This method can be applied both to glass to glass as well as to glass to metal
interfaces. We show that for both cases, welds with shear strengths in a narrow interval around 50 MPa
range can be achieved.
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Abstract

Conventional lapping and grinding in the optics industry induce cracks — so called surface damage (SSD) —
during the process, which should be minimized for the subsequent polishing step. In addition to the utiliza-
tion of mechanical processing methods, the question of whether the laser beam might be suitable as a tool
for manufacturing optical components has been raised for years. In addition to the economic efficiency of
laser material processing with ultrashort pulses, the rapid and precise validation of SSD for a variety of laser
and scan parameters is essential to establish a reliable process for the optics industry. The aim of this study
is to fundamentally investigate the damage phenomena that occur during the processing of glass with ultra-
short laser pulses. Non-destructive optical characterization methods are applied here, featuring high reso-
lution and the recording of three-dimensional data. The main focus of the processing experiments lies on
the influence of polarization and laser fluence on the formation of SSD. The planar and volumetric effects
are described for the first time both qualitatively and quantitatively using optical coherence tomography
(OCT). The samples are fabricated using a scanner-based beam deflection unit. For the results, aerial laser
ablations are evaluated and correlated to each other. The first pass can result in very high SSD depths,
which need to be corrected by subsequent passes. In general, the findings provide important insights for
the future minimization of damages in laser material processing of technical glasses. Finally, the relevance
of optical coherence tomography as a tool for evaluating a large number of parameters is demonstrated.

1. Introduction

During conventional mechanical manufacturing processes, especially for optical materials, microcracks,
known as subsurface damage (SSD), can be induced. Due to iterative processes in optics manufacturing,
a nearly SSD-free optical surface can be obtained for the final polishing steps. The remaining SSD re-
duces the overall performance of optics, including imaging quality , laser induced damage threshold
(LIDT), and breaking strength . Due to an increasing demand in high-performance optics (e.g., EUV lithog-
raphy), the urgency to develop a nondestructive measurement procedure to control SSD along the
process chain rises. Introducing laser-based techniques instead of conventional grinding in optical industry
can offer a promising alternative for shaping optical surfaces. By focusing an ultrashort laser pulse down
to tens of ym diameter, very high intensities are achievable that trigger nonlinear absorption and result in
precise material removal on a micro and nano scale. The small tool dimensions and the reduced thermal
damage are some of the many advantages applying laser radiation in this process chain. In literature de-
fects occurring due to laser radiation are called laser induced damage (LID). Further, SSD known from
conventional manufacturing can also occur during laser material processing of optical materials and are
also referred to SSD in this paper.

In the industry, both destructive and nondestructive methods can be applied to characterize SSD. The
main drawbacks of destructive SSD evaluation, like taper polishing, are long processing times and the
incapability to measure inline at multiple and specific locations. For the nondestructive characterization of
SSD, there exist several imaging methods and each show their own disadvantages. Currently no univer-
sal nondestructive measurement technique is available on the markets which fits all the needs of optics
industry. To understand the difficulty of imaging SSD, it is important to know some key characteristics of
the microcracks. After pre-grinding, the cracks can reach a depth of 100 ym, which should be reduced to
a few micrometers (< 5 um) before polishing. Understanding the formation of defect shapes, along with
quantifying their depth and distribution, are critical parameters in process development. Recent literature
presents the potential application of optical coherence tomography (OCT) for the detection of surface de-
fects, in particular LID and SSD. OCT is based on white light interferometry and is well-known from various
medical and industrial applications for its tomographic imaging capabilities with high sensitivity, high speed
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and resolution in the order of a few microns. Those features make it a powerful tool for non-destructive
testing not only limited to SSD.

In this section one application from the current field of research is introduced, highlighting the benefits of
OCT for laser ablation of optical materials. Schindler et. al cited in introduced a destructive method for
evaluation of SSD after laser processing using stepwise polishing. His work investigated ablation strate-
gies for pico- and femtosecond and three different wavelengths applying fused silica and glass N-BK7 as
a substrate. The results lead to a coloring of the SSD distribution, as shown in Figure1 a) for a specific
polishing depth.

Figure 1 Comparison of two SSD evaluation methods for laser ablation of optical materials.
a) Microscopical image of destructive stepwise polishing of the surface.
b) Sagittal visualization of non-destructive tomographic imaging with OCT.
c) color-coded SSD depth information (color scale: 0...156 um) from OCT (top view).

On the other hand, the three-dimensional imaging with OCT can offer a non-destructive way to measure
the depth and shape of SSD. It thus allows much more insights in the crack formation during ultra-short
pulse laser ablation, see Figure1 b) and c). Frank et al. used the technology to reveal the effect of material-
and process parameters on morphological features and detailed spatial distributions of SSD when pro-
cessing glass N-BK7 and fused silica .In this work, the method has been expanded to analyze effects of
scan direction and polarization on damage generation and patterns.

2. Experimental setup, materials and methods

Flame polished fused silica glass (FN08) served as the sample material for this experiment. The 60 mm x
60 mm samples were cleaned in an ultrasonic bath before laser processing and measurements.

Experiments have been performed with an industrial laser machine RDX1000FBS from Pulsar Photonics.
The machine houses an ultra-short pulse laser (Trumpf TruMicro 5250) combined with a scanning unit
ExcelliSCAN. The laser source provides a maximum average power PL = 30 W using a wavelength A =
515 nm. By means of a F-Theta objective with a focal length of 100 mm, a focus diameter of 23 ym (mea-
sured with Spiricon SP620U) can be achieved.

To measure the ablation depth, an industrial white light interferometer TMS-1400 from Polytech GmbH
was used. A spectral domain OCT system GAN621 from Thorlabs was used to perform OCT measure-
ments. With each measurement, a 3D volume of up to 1.0 x 1.0 x 1.38 mm? is acquired. The raw data is
further processed using various visualization techniques, e.g., 2D projections along the x-axis were gen-
erated to obtain cross- sectional images. Those methods including the calculation of the SSD is explained
in detail in [5]. The SSD values presented in this report are calculated based on a 1 % area threshold,
meaning that at the given depth, only 1 % of the total area contains deeper defects. Using SSD depths
calculated from a suitable area threshold, rather than maximum SSD depths, prevents single outlying de-
fects from impairing the comparison between processing parameters.
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3. Results and discussion

The experimental investigations are focused on the basic understanding of the SSD formation. Therefore,
the polarization of the laser beam as well as the pulse overlap and laser fluence are varied (see sample
#1 and #2 in Table1). The number of passes is set to one and repetition rate is kept constant at 100 kHz.
The pulse spacing and line spacing are set to be equal. For each parameter, a field of 8 x 8 mm? was
processed. The aim is to demonstrate the influence of the first ablation layer and its resulting damage to
the substrate. To further investigate the influence of the scan direction on the formation of SSD during laser
processing, one additional experiment was carried out. (see sample #3 in Table 1). This section presents
the results for spatial distribution and shape of SSD using 3D OCT images and topographic evaluation of
the processed area concerning roughness and ablation depth.

Table 1 Processing parameters for laser ablation of fused silica

Sample g Scan Direction Fluence o
4 Passes Polarization for each field [J-cm?] PO [%]
1 Linear Left to right — 20, 30 90, 80
2 Circular © Left to right — 20, 30 90, 80
1 Right to left <
3 Linear J Up to bottom | 20 90
Bottom to top 1

Figure2 shows a photograph of the 5x5 matrix on sample #1. The camera image visualizes different ma-
terial interactions depending on pulse overlap and laser fluence. As can be seen, only the pulse overlap
of 90 % and laser fluence from 15 to 30 J/cm? exhibit homogenous laser ablation. In tests conducted to
assess reproducibility, the fields highlighted in orange exhibited alterations in the ablation pattern. There
are several fields with inhomogeneities as well as parameter combinations with nearly no interaction in the
lower fluence regime including smaller overlapping.

laser fluence F_ (J-cm?)

- —» scan direction
X o i
I laser polarization

pulse distance dp

B R o e e |

pulse overlap PO (%)

Tp eoeussIp aul|

focal diameter d

Figure 2 Photograph of the 5x5 matrix on sample #1 after laser ablation.
White arrows indicate areas of inhomogeneous processing results
and only partial ablation on the substrate surface.

Figure3 displays the correlation between ablation and SSD depth as a function of laser fluence for linear
und circular polarization after laser ablation. The diagrams include all parameter combinations that lead to
homogenous ablation. Both a higher pulse overlap and circular polarization result in larger ablation depth
compared to linear polarization. This correlation changes analyzing the SSD depth for the treated fields.
Applying 90 % pulse overlap the biggest amount of laser intensity is absorbed close to the surface, which
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leads to a homogenous treated area. Reducing the overlap result in a process threshold with an instable
interaction between the laser radiation and the material surface. The radiation can cause damages under
the surface and therefore higher SSD values. It can be seen that the SSD depth can be higher as the
ablation depth for these parameter combinations. This understanding is crucial if the number of passes is
insufficient to remove the damage caused by the first pass, starting from a polished surface.

60 50

Olin, PO=90% Olin, PO=90%
Olin, PO=80% Olin, PO=80% | O 8
= Ocir, PO=90% o || Ocir, PO=00% | 4
= 40 {L_Ocir, PO=80% ®) 0O = Ocir, PO=80%
] =
3 o O 2304 O
E o O o a o 8 @
= 20 1 o n O
C m g O ° o
0 hd L) L T 10 . T b L)
10 20 30 10 20 30
(a) laser fluence F} [J/em?] (b) laser fluence F| [J/em?)

Figure 3 a) Ablation depth of linear (lin - sample #1) and circular polarization
(cir - sample #2) depending on laser fluence FL and pulse overlap PO for selected parameter
sets with homogeneous ablation, b) corresponding SSD depths for an area threshold of 1 %.

Besides quantitative information, the OCT technology offers more insights in the formation of defects. Es-
pecially the patterns generated in the transition zone between stable and non-stable processing (see or-
ange fields and white arrows in Figure2 can lead to subsurface defects with very high SSD depth. A more
detailed view on such defects is shown in Figure4, investigating the influence of polarization and scan
direction. At the same laser fluence and pulse overlap, the scan direction was rotated by 90°, while main-
taining constant linear polarization. The formation of wave-like defects demonstrated a dependence on the
scan direction, as observed for all altered directions. These defects consistently orientated relative to the

scan direction, as shown in Fig. 5 €) and 5 f).

- =» scan direction
I laser polarisation

(a)

- —» scan direction
I laser polarisation

Figure 4 Influence of an aligned (a, c, e, g) and perpendicular (b, d, f, h) scan direction relative
to laser polarization on defect patterns and orientation at laser fluence FL =20 J/cm?
and pulse overlap PO = 90%. (a, b) Depiction of scan direction and laser polarization.
(c, d) Microscope preview image of OCT measurement area. (e, f) Color-coded depth maps with SSD
in the range of 0...1300 pym. (g,h) 3D-rendering of the acquired OCT data (xyz: 1 mm x 1mm x 1.38 mm).
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4. Summary and outlook

The work demonstrates the application of OCT technologies for laser ablation of optically transparent ma-
terials. OCT is a powerful tool for 3D visualization as well as analysis of the process. These insights
deepen the understanding of defect formation and can accelerate process optimization. The observations
can further help to find the causes of different morphologies. Future work can benefit from a stronger cor-
relation of other monitoring methods as well as simulative approaches.
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Abstract

The fabrication procedure and corresponding optical concept for ultrashort pulsed laser cleaving of trans-
parent materials with tailored edges in a single pass is discussed. The procedure is based on holographi-
cally sampling an arbitrary edge contour with Gaussian focus copies. This 3D-beam splitter allows to in-
duce full-thickness modifications inside the volume of display glasses, for example, along C-like curved
trajectories with local 45-deg tangential angles. Here, single-side access to the workpiece is sufficient with-
out inclining the optical head. After having induced laser modifications with feed rates of ~1 m/s, separation
is achieved using wet chemical etching or by applying thermal stress from CO2-lasers.

1. Introduction

Conventional glass cutting techniques usually provide orthogonal glass edges [1]. Stresses accumulate in
the 90-deg corners of such edges and the substrate tends to break on impact [2]. By reducing the tangen-
tial angle at the glass surface via mechanical grinding and polishing the resistance to impact can be in-
creased [3]. Using ultra-short pulse laser-based glass cutting techniques with state-of-the-art Bessel-like
beams, intrinsically vertical glass edges result [4]. But substancial advantages such as quality, tool wear
and throughput, speak in favor of the laser modification process. These advantages and the possibility to
generate modifications in a single pass over the entire material thickness along any edge shape geometry
are united using holographic 3D beam splitters [3, 5]. This structured light concept enables arranging a
large number of focus copies arbitrarily within the glass substrate.

Following the ultrafast laser modification step a second step is required, that separates along the weak-
ened areas of the material. Here, we report on two strategies. First, we make use of the fact that laser-
induced modifications exhibit a higher selective etchability — a process well known as selective laser etch-
ing (SLE) [6]. A numerical approach is introduced where etch simulations allow to optimize the spot distri-
bution for complex edge shapes confirmed by in-situ diagnostics and fabrication experiments [7]. The sec-
ond separation strategy is based on inducing thermal stress from absorbing CO2-laser radiation [8]. Due
to the temperature changes in the substrate, glass separation is achieved from balancing tensile and com-
pressive stresses. As another non-contact tool is used, this method is more cost-effective — even if not as
scalable and flexible as the SLE approach.

In this paper, qualitative separation results of tailored glass edges depending on laser parameters and the
two mentioned separation strategies are presented. Additionally, we will discuss mechanical properties
based on evaluating the substrate’s surface roughness. With this optical and numerical toolchain, we want
to further improve the robustness of displays and simplify the manufacturing process which in total im-
proves their ecological footprint.

2. Tailored-edges from selective laser etching (SLE)

Using holographic 3D-beam splitting, a large number of focus copies can be distributed in a working vol-
ume of a focusing unit at arbitrary positions [9]. This allows to sample complex edge curves such as, e.g.,
chamfers, bevels or C-shapes and to induce modifications on large scales inside a transparent sample
within a single pass. Applying aqueous solutions of chemical such as potassium hydroxide (KOH), sodium
hydroxide (NaOH) or hydrofluoric acid (HF) to these glasses, the laser-modified material can be removed
with selectivities > 1000 (e.g., quartz glass and KOH [6]). As the etch rates of the unmodified glass and
those of the laser-modified regions can be determined experimentally [6] the SLE process is also well
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predictable from simulations [7]. Coming back to our glass-cutting approach, this means that the required
focus shape for a target substrate edge can be optimized. Here, our model is based on cellular automa-
ton [10] for solving the problem of a reaction diffusion equation [11]. The initial condition of the numerical
model is a homogeneous glass sample, with a constant glass concentration A, , for each lattice site m,n
along the horizontal and the vertical axis, respectively. Here, A,,, = 1 describes a point in the simulation
domain where the glass concentration is 100% and opposite A,,, = 0 a point at which the glass is com-
pletely etched. For the simulations, we distinguish only between these two binary states. However, for the
sake of visualizing the etch dynamics, continuous concentrations are shown [7].
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Figure 1: Entirety of modifications generated by a single laser pulse propagating parallel to the z-axis
highlighted in purple (left). Here, the focus shape generates modifications along a 45° chamfer trajectory
and, additionally two assist lines facilitating the edge process. For processing and contour cutting
the focus distribution is moved relatively to the workpiece in x-direction. Sketch of the mesh model in
the simulation (right). Only nearest neighbors are included. The full simulation domain in 2D is
approximately 250 um x 625 pm large, for simulating the chamfer of a 500 pm thick glass sample [7]

The etching process itself is driven by surrounding areas, where each next neighbor contributes to the
etching at site m,n with an etching rate of the bare glass B. The evolution equation is completed by intro-
ducing the etch selectivity S, , [7]

(1)

For tailoring the etching behavior to a specific form of the chamfer, in the experiment glass is modified by
focusing ultra short laser pulses at a given position. The high intensity of the laser pulse triggers a cascade
of nonlinear processes resulting in a type-Ill-regime modification of the glass. Here, the modification volume
is determined by the size of the focal spot and consequently, we assume in experiments a spot diameter of
~ 2 ym in transversal direction and the resulting Rayleigh length of ~ 10 ym in longitudinal direction at 1030
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nm wavelength. Furthermore, the focusing of the ultrashort pulses leads to extreme mechanical stress in-
side the glass resulting in micro explosions. In our heuristic model, we assume a much higher etch selec-
tivity inside the volume of the focus. We model these modifications by Super-Gaussian distributions [7]

(2)

5 100 1% 200 20 ) =0

Figure 2: Photography of the selectively laser etched sample (left)
with laser scanning microscope measurements (center) of the chamfer and averaged cross section.
The right panel depicts a scanning electron microscope image of the etched chamfer [7]

To further refine the model, the shape and extent of the individual voids could be deduced from measure-
ments of type-lll-regime modifications [12] caused by single Gaussian spots. Additionally, for determining
the degree of etch selectivity S, we refer to Hermanns et al. [6] where etch rates were measured using
polarization contrast microscopy.

In the experiments, we use 3 ps pulses from a TruMicro Series 2000 laser in burst-mode with a total pulse
energy of < 300 uJ. The pulses of the laser pass a liquid-crystal-on-silicon-based spatial light modulator
(SLM), which splits the light according to our principle of the holographic 3D beam splitter in several direc-
tions, each focusing inside a Corning® Gorilla® glass sample after traveling through an NA-0.4 micro-
scope objective with long working distance. After inscribing the modifications the good part is separated
from the bad part by wet chemical etching with 30 wt-% KOH inside a heated bath [6, 7]. The resulting
sample with the 45° chamfer is shown in Fig. 2, together with laser scanning microscope and scanning
electron microscope images [7]

For comparing the processed sample with our etch model, the LSM-measured cross section is averaged
in y-direction for noise reduction purposes. The etch simulation covers = 2000 discrete time steps corre-
sponding to an overall etch time of 30 min, where the parameter B was adjusted that = 2 ym are etched
per minute. In the simulation, the selectivity of the modifications is assumed to be 18 and the Super-
Gaussian exponents of N = 4 for type-Ill-regime modifications with diameters of w,= 2.5 ym in transversal
and w, = 13 pym in propagation direction. In Fig. 3, three different signals are plotted in five different time
steps from t = (45 ... 1800) s. With the red curve, again, we show the measured edge height profile from
our glass sample, cf. Fig. 3. Highlighted in yellow, the modified glass region is denoted where we expect
an etchable chain of voids. The light purple area shows the spatial progress of the etch solution penetrat-
ing the substrate. At time t = 1351 s the glass is completely etched as the solution has progressed to the
substrate's center from both sides. Additionally, the benefit of the two assist etch lines becomes visible.
The good part of the workpiece is no longer interlocked in the substrate and can be detached upwards/
downwards. This approach is mandatory if complex internal contours are to be extracted.
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Figure 3: Simulation of the selective laser etching for five different time steps of the process
until the sample is etched down to a total thickness of 500 um. The design includes two 45° chamfers
at the top and bottom side of a 500 um thick glass sample. For improving the etch results,
two additional vertical channels are modified, which lead to a fast transport of the etching solution
to the central part of the sample. The shape of the simulated chamfer fits well to the experimental
results (solid red curve) based on the LSM measurements shown in Fig. 2. The yellow shaded
region indicates the modified region, where spots according to Eq. (2) are placed [7]

The overall and mid-frequent shape of the chamfer is very well reproduced in simulations and fits to the
experimental results overlayed in Fig. 3. Higher frequent deviations result from noise in the LSM measure-
ment as well as deviations in the etching properties of individual type-Illl-regime modifications.

The final glass thickness in the simulation is 503 ym and fits well to the experimental values. For further
characterizing the quality of the experiments, we evaluate the angles of the chamfer on the top and bottom
side, which are close to 45° (strong dependence on fitting parameters). Due to the symmetry of the simu-
lation, we expect these values to be identical up to deviations in fitting a linear function in the region of the
chamfer. Very near the edge of the sample, the light scanning microscope measurements show pro-
nounced noise, which strongly influences the fitting. This is also visible in the central panel of Fig. 2. Addi-
tionally, we evaluated the standard deviation between experiment and simulation within the central part of
the sample and find slowly varying shape deviations to be the root cause for the 2 um difference [7].

3. Tailored-edges using laser-only machining

The separation strategy from previous section (SLE) [6, 13] is particularly profitable if economies of scale
need to be achieved, i.e., if a large number of items have to be produced at the same time. However,
considering a more reasonable number of elements to be fabricated, thermal separation is about a factor
of 4 cheaper than chemical separation [8], with additional disadvantages regarding sustainability and oc-
cupational safety. Finally, as the system technology (machine with precise axis stages) is already available
from the ultrafast-laser in-volume modification step, it is straightforwardly used for precisely inducing ther-
mal stress, e.g. using CO2-lasers. Here, radiation at 10.6 ym wavelength with nanosecond pulses or
longer is applied to the glass surface and absorbed close to the area where the ultrafast laser was inducing
type-lll-regime modifications [12]. Due to the temperature changes in the material, local stresses arise that
finally lead to the separation of the glass. We would like to point out that the success of this separation
strategy strongly depends on the type of glass and, in particular, on the linear thermal expansion coeffi-
cients [14].

Our processing strategy starts identical as the SLE variant. Using holographic 3D beam splitting, a set of
in-volume modifications are induced from a beam shaped ultrafast laser [3], cf. Sec. 2 and Fig. 1 (left). For
the task at hand, three different focus distributions have been designed. All take the shape of a “C” and
are defined for a glass thickness of 550 um. The spatial trajectory at which foci are split equals a circular
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arc with a given radius r¢. This radius was chosen so that the arc's tangent at the intersection with the top
and bottom surface equals a = 60°, 45° and 30°. Figure 4 provides an overview of the three cases and
shows the simulated intensity distribution /(x,z) of the designed focus, see right-hand-side of (a) — (c).
Clearly visible are the spatially separated Gaussian-like spots with similar peak intensities. Please note,
that not all spots are visible as an intensity cross section is plotted. During the processing a relative move-
ment of workpiece and processing head is carried out in y-direction. Ultrashort laser pulses propagate
parallel to the z-axis and are generating all spots simultaneously in a single pass — a flipping of the work-
piece is not required [3]. Processing was conducted with 3 ps pulses from a TruMicro Series 2000 laser
operating in burst-mode with a total pulse energy of < 300 pJ. For the thermal separation step a pulsed
CO2 laser system (Synrad p400, Novanta PHOTONICS) with a feed rate of ~ 3 m/min at <40 W average
power was employed [8].

Figure 4: Overview of used focus distributions. The schematic denotes the glass sample
with both interfaces and the definition of the focus shape's tangential angle to the surface a.
In this work three different C-shapes are to be processed with a = 60° (a), a = 45° (b) and a = 30° (c),
and stated radii of corresponding circular arcs rc. On the right-hand-side of each subfigure
the simulated intensity distribution /(x,z) in an isosurface representation is depicted.
While laser propagation is parallel to the z-axis, processing is done in x-direction [8].

— (a)a=60° — (b) a=45° - (c) a=30° —

Air-glass-interface Air-glass-interface

Laser-induced

modifications

Figure 5: Light micrographs of tailored-edge glass processing and CO2 laser-based separation.
In the 60° case (a) modifications and resulting edge shape clearly follow the target shape, cf. Fig. 4.
The 45°-C-shape (b) enabled thermal separation with small target geometry deviations close to
both interfaces, highlighted in yellow. For the 30°-C-shape (c) laser induced modifications
follow the circular arc. A thermal separation was not possible [8].

Figure 5 depicts processing results with the three focus shapes. Using the case with the largest r¢
(a = 60°), see Fig. 5 (a), a broad process window can be found, where the substrate separates without
showing steps. The edge closely follows our target trajectory and separation is completely performed
along the induced modifications [8].

In Fig. 5 (b), we decreased a to 45°. Again, as by design, our focus shape allows to deposit energy along
the 45°-arc proven by the type-lll-regime modifications visible with light microscopy. Thermal substrate

65



Session 2B 14" Jena Laser Conference / November 6 and 7, 2024

separation is enabled as can be seen from the microscoped edges. They largely follow our design, espe-
cially at the vertex of the C-shape in the center of the substrate. However, considering the edge shape
close to the air-glass-interface larger deviations become visible. In a z-distance of a few tens-of-microme-
ters away from both interfaces separation is no longer guided along the modifications, but takes the direct
path to both surfaces. This often results in an isolated stair step, highlighted in yellow, see (b). Although,
due to the local 90° angle, edge protection is no longer guaranteed, we still see high potential here. This
is especially due to the fact that post-treatment by mechanical grinding and polishing [1] is not excluded.
The preforming that we can achieve with our double-laser process should significantly reduce the effort
required for accuracy and process times of the grinding tools. Optimal chamfering of transparent work-
pieces could therefore also be achieved by combining laser processing and mechanical post-treatment.
For the 30°-case only a light microscope signal of the ultrafast laser-induced modifications is provided.
Although the void chain follows the desired trajectory, in this particular case, a thermal separation was not
possible, see (c).

g (d) Height profile (mm) 0.112
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Figure 6: Investigating shape and surface quality of a C-shaped Corning® Gorilla® glass sample
with a = 60° separated by means of CO2 laser radiation, cf. Fig. 5 (a). Light microscope signals
from different perspectives, note the coordinate system (a), (b). Scanning electron microscopy
of the tailored edge (c) with details of the surface grooves (c*). Height profile of the glass edge

in 2D and 1D reconstructed from a laser scanning microscope [8].

A more detailed examination of the sample obtained is carried out by scanning electron microscopy (SEM)
and laser scanning microscopy, respectively, see Fig. 6. Here, for the sake of completeness we again plot
the light microscope signal of the edge from two perpendicular perspectives, (a) and (b). One outcome of
our processing strategy with discrete focal spots is the existence of smallest grooves parallel to the feed
direction (y-axis). However, the 3D impression from the SEM image shows that the grooves are very shal-
low and can be assigned to the transverse dimensions of the spots, see (c) and corresponding details in
(c*). The reconstructed height profile from the LSM is depicted in (d). Here, surface roughness S, is deter-
mined to = 2 ym and the edge's tangential angle at the air-glass-interfaces amounts to a = (60 + 5)°, cf.
Fig. 4. Fitting the white profile denoted in Fig. 6 (d) to a circular arc results in a radius of r'c = 510 ym (least
square method). The fact that this value is slightly smaller than our target value of r; = 5§50 ym is due to
the propagation direction of the split spots. Regardless of the position along our C-trajectory, whether at
the vertex or at the glass interface, the propagation direction of the focal points is always parallel to the
z-axis, cf. Fig. 4. As the Rayleigh lengths are larger than the focus diameter, the resulting modifications at
the glass edge protrude more into the sample's good part than those at the vertex, cf. Fig. 5, resulting in a
reduced rg, see also Ref. [3]. However, this small mismatch could be compensated in the trajectory design,
for example, by slightly increasing rc.

4. Conclusion

We have discussed the two-step procedure for tailored-edge glass cutting with ultrashort pulsed lasers.
First, full-thickness in-volume modifications are induced from spatially shaped pulses using a holographic
3D beam splitter in a single pass. Considering the second processing step, actual separation was
achieved using two strategies. Selective laser etching benefits from the fact that laser-induced modifica-
tions exhibit a higher etchability than the bare glass. Here, we established a numerical model that allows
to optimize the required focus shape for a given target edge geometry and etch recipe. A more sustainable
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alternative is provided by realizing the separation from applying thermal stress using CO2 laser radiation.
For glasses with suitable thermal expansion coefficients, such as soda-lime or Corning® Gorilla® glass,
well-defined temperature gradients can be generated finally allowing to separate the substrate using an-
other non-contact tool. In both separation variants achieved surface qualities are high with edge surface
roughnesses S, < 2um.
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Laser Inertial Fusion —
Critical Advancement for Germany's Optics and Laser Sectors

Dr. Jochen Stollenwerk
Fraunhofer ILT, Aachen

Abstract

With the world's first time ever ignition of a burning plasma through inertial
confinement of a dense plasma, fusion energy has garnered global attention.
Plasma confinement and ignition were driven by the world’s largest and most
energetic laser in this experiment: the National Ignition Facility in the United
States.

Germany, recognized for its leadership in basic research on magnetic fusion plasmas, has not been par-
ticularly active in ICF fusion research over the past two decades. However, the German photonics and
engineering sectors have played a significant role in providing key components for high energy lasers, and
provided materials, targets, precision instrumentation, electronics, and optical technologies to leading fu-
sion experiments worldwide. Additionally, German research institutions maintain a high level of expertise
in essential technologies for laser fusion, as well as in shared technologies between magnetic fusion en-
ergy (MFE) and inertial fusion energy (IFE), such as research in fuel cycle or reactor materials.

Germany is strategically prioritizing the long-term adoption of fusion technology, given the robust founda-
tion of this technology. This initiative is positioned alongside other renewable energy sources like solar and
wind. The focus on fusion technology highlights the necessity for continuous research and development
in these critical technological areas to maintain and advance Germany's leadership in high-tech technolo-
gies and the energy sector.

This presentation will provide an introduction to Laser Inertial Fusion Energy, offer insights into current

research from an international and specifically German viewpoint, and identify opportunities within the
laser and optics industry.
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TRUMPF Laser Amplifier —
The high power laser source for EUV lithography*

Dr. Michael Kosters
TRUMPF AG

EUV lithography is the most advanced lithography technique used in the
semiconductor industry allowing mass production of high performance mi-
crochips with low energy consumption. The light source behind this technol-
ogy is a laser-produced plasma (LPP): the TRUMPF Laser Amplifier, an ex-
tremely powerful laser with an average power of 30 kW at roughly 100 ns
pulse length, shoots at small metal droplets at a rate of 50 kHz converting the
droplets into a highly-energetic plasma, which emits light at 13.5 nm wave-
length. This extreme ultraviolet light (EUV light) is used to image the chip
mask onto the waver with features as small as a few nanometer. In this talk, we give insights into which
extremely challenging requirements we are facing in this application and how the TRUMPF laser amplifier
is capable of fulfilling them.
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Industrial-grade 2-uym ultrafast fiber CPA for silicon processing

Gaida, C.; Heuermann, T.; Herrfurth, O.; Breitkopf, S.; Eidam, T.; Limpert, J.
Active Fiber Systems GmbH, Jena, Germany

Our latest advancements involve the development of a novel compact laser utilizing thulium-based fiber
CPA technology. This laser emits a central wavelength of 2 um and boasts impressive capabilities: pulse
energies exceeding 100 uJ and an average power output surpassing 15 W. Designed for longevity, it is
tailored for indus-trial applications, seamlessly integrating into laser machines used for materials proces-
sing. The laser’s param-eters are particularly well-suited for working with semiconductors like silicon. It
enables essential tasks such as microwelding or precision cutting of filaments.

In the realm of cutting-edge ultrafast-laser applications, particularly in silicon processing, longer laser wa-
velengths are often favored over 1-um lasers. This preference arises from the transparency of semicon-
ductors in the wave-length region beyond 1 um. Consequently, there exists a strong demand for ultrafast
lasers with compact footprints and wavelengths around 2 uym [1-3].

Thulium-based fiber lasers have emerged as promising candidates for efficiently generating high average-
and peak-power in this wavelength range [4-9]. Our recent progress involves the development of an indus-
trial-grade Tm-based fiber laser that emits pulses exceeding 100 yJ at a central wavelength of 1980 nm.
These pulses have an impressively short duration of less than 150 fs and a repetition rate of 150 kHz,
resulting in an average power output exceeding 15 W.

The system allows precise adjustment and control of critical process parameters, including pulse energy,
repetition rate, and pulse duration. Notably, this laser operates without the need for vacuum equipment,
avoiding water-vapor absorption. As a result, it achieves nearly diffraction-limited beam quality and excep-
tional pointing stability.

Engineered for industrial-grade performance, our laser is optimized for long-term operation. Its packaging is
well-suited for seamless integration into laser machines used for materials processing. The laser’s parameters
make it particularly well-suited for semiconductor processing tasks, such as microwelding or filament cutting.

—— 15.3W mean with 0.837% STD |

Time/h

Abb. 1: Left: Rendered view of the activeTwo-15. Right:
Long term measurement of output power. Inset shows beam profile at full output power
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Industrial Ultrafast kW-Class Lasers Above 10 mJ
Enabled by Thin-Disk Multipass Amplifier

Dannecker, B.'; Scharun, M."; Hoeck, H.'; Bauer, D."; Kumkar, M."; Ruebling, S.'; Quentin, U.2; Sutter, D.'; Albers, K.";
Killi, A."

' TRUMPF Laser SE, Schramberg

2 TRUMPF Laser- und Systemtechnik SE, Ditzingen

Abstract

Emerging applications like EUV and X-ray generation, as well as scaled micromachining require ultrafast
lasers at average powers in the kilowatt regime. Based on the approach of using Yb-doped active materi-
als and combining the different laser architectures fiber, slab and thin disk as pre, intermediate and main
amplifier stages in the chain, respectively, an efficient system emitting at a wavelength of 1.03 pm is real-
ized, providing a pulse energy of more than 10mJ and a pulse duration of less than 1 ps at a spectral width
of less than 2 nm (FWHM). An excellent beam quality at output powers exceeding 1 kW is achieved. By
using a thin-disk in multi-pass configuration, a purely linear amplification scheme is realized, offering a
wide range of repetition rates, extended burst functionality and dynamic control of pulse energy, e.g. pulse-
on-demand operation, due to the combination with the integrated external modulator.

1. Introduction

Ultrashort laser pulses at average powers in the kilowatt level, offering energies exceeding ten millijoules
will boost emerging applications such as the generation of secondary radiation such as of EUV or X-ray
and machining like large scale surface processing [1,2].

Chirped pulse amplification (CPA) in combination with scaling of the beam diameter within the amplifier
chain is a suitable approach for increasing pulse energy and peak power. The average power can be
scaled, and nonlinear effects lowered compared to fiber or slab lasers by main amplifiers based on thin-
disk technology with beam diameters of several millimeters [1]. The combination of thin disk technology
with an all-glass multipass mirror array welded with femtosecond pulses allows for a linear amplifier mod-
ule with comparatively high gain and suitability for high pulse energies as well as high repetition rates while
simultaneously offering superior alignment stability [2].

2. Results
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Fig. 1. Left: power and efficiency of the thin-disk multipass amplifier at seed power of ~200 W
Right: M?<1.3 is observed up to an output power of 1.6 kW, a sufficient margin for a 1 kW industrial laser.
Inset: spot image of the focal plane at 1.3 kW
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Using a thin-disk multipass amplifier in combination with a 200 W-level seed laser, an average output
power of more than 1.5 kW can be obtained while still maintaining very good beam quality at a beam
propagation factor of M? < 1.3 (see Fig. 1).

Recently the TruMicro 9000 (see Fig. 2), an industrial laser system, combining fiber, slab and thin-disk
amplifier technology at their sweet spot of operation has been realized. A TruMicro-6000-based seed laser
for a disk multipass amplifier enables tailored, flexible and stabilized pulse trains for the desired applica-
tion. By applying CPA technology in a configuration with a 200 W slab laser for seeding the main amplifier,
the system delivers pulses with an energy of 10 mJ at a duration of about 1 ps (see Fig. 3) at a repetition
rate of 100 kHz. The repetition rate can be varied from 100 kHz to 1 MHz at a maximum constant output
power of 1 kW and high beam quality with a beam propagation factor of M? < 1.3. For these repetition rates,
single pulse control is available. Even higher frequencies of up to 50 MHz can be offered with the amplifier
technology. Furthermore, the laser system also offers flexible burst mode capability, can rapidly deliver
10 mJ-pulses with a peak power of up to 11 GW even in a 40 mJ-burst of 4 pulses, making it an ideal beam
source for laser produced plasma generation.

Fig. 2. TruMicro 9000 laser head
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Fig. 3. Left: autocorrelation at pulse energy of 10mJ, showing pulse duration of 900fs assuming a sech? fit
Right: spectrum at pulse energy of 10 mJ at pulse duration of 900 fs

The new approach based on combining the well-established and reliable laser amplifier technologies fiber,
slab and thin-disk paves the way towards a new industrial platform for advanced laser applications. In
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another configuration without CPA, 40 mJ of pulse energy with a small spectral width of < 0.5 nm at pulse
duration of 100 ps and high beam quality (M? = 1.3) could be realized, allowing for interference-based
applications such as DLIP.
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Highly efficient, high-power thulium-doped fiber laser systems
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Many applications require high energy, high-power laser sources in the 2 ym spectral region. Thulium
(Tm)-doped fiber laser systems can be an ideal platform for medical and industrial applications (e.g. sur-
gery, lithotripsy, welding and cutting of polymer), as well as for nonlinear conversion processes such as
mid-infrared or EUV generation [1-4]. Drawback of this technology is that, when using the conventional
pump wavelength at around 790 nm, these fibers tend to generate a high heat load even at moderate
output powers, especially for pulsed operation. In order to achieve high energy extraction, the fiber length
must be short due to nonlinearities, so the inversion must be increased, and therefore the cross-relaxation
rates were reduced, and in the worst case, negative [5]. This leads to rather low slope efficiencies in the
range between 25 % to at most 60 % [6,7]. Additionally, high temperature operation tends to further reduce
this slope efficiency. That is why these active fibers have to be water cooled even at moderate output
powers [7]. The penalty which arises with water cooling is that it increases the size, weight and cost of the
system and reduces the overall efficiency. In order to achieve higher slope efficiencies and, therefore,
lower heat generation (that can potentially allow even for air-cooling), Tm-doped fibers should be pumped
in the in-band wavelength span between 1550 nm and 1900 nm, where slope efficiencies of 62 % up to 92
% could already be shown [8,9]. A pump wavelength around 1692 nm seems a sweet spot that nicely
balances pump source availability, high slope efficiencies and high energy storage [5]. In this contribution
we present the results of three highly efficient, Tm-doped fiber laser systems that were cladding pumped
at 1692 nm. The first experiment shows the output average power scaling potential with in-band pumping.
The setup is schematically depicted in Figure 1 (left side).
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3.1m Tm:PCF == s imulation
fiber-laser e
_ I~ BEL S0

Slope efficency =80 %

0 70 140 210 280 350

Absorbed pump power / W
Figure 1: High power setup of a water-cooled, Tm-doped fiber amplifier in-band pumped at 1692 nm (left).
Output power measurements as function of the absorbed pump (right).

It consists of a commercially available Tm-doped photonic crystal fiber (PCF core/clad ratio 50/250um)
that is actively water cooled. When seeding this fiber with 10 W average power (80 MHz repetition rate and
a centered wavelength at 1960 nm) we reached an output power of 242 W with a slope efficiency of 80 %,
which is the highest slope efficiency of a Tm-doped fiber laser reported to date above 150 W. In the second
experiment, we set up an air-cooled fiber system using the same type of PCF and achieved up to 80 W of
average power with 71% slope efficiency, as shown in Figure 2. This is, to the best of our knowledge, the
highest output power with the highest slope efficiency for an air-cooled Tm-doped fiber laser system. In a
third experiment we set up a Q-switched master oscillator power amplifier, which schematic setup is depic-
ted in Figure 3 on the left. For this experiment a 1.3 m long, rod-type fiber was used with a large mode-field
diameter of 70 ym.
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Figure 2: High power setup of an air-cooled, Tm-doped fiber amplifier in-band pumped at 1692 nm (left).
Output power measurements as function of the absorbed pump (right).

As can be seen from the results (Figure 3 right), a similar slope efficiency of 77 % was reached. The am-
plifier delivers at the maximum 140 W of average output power at 20 kHz repetition rate, 7 mJ of pulse
energy and a pulse duration of 83 ns. In fact, this is the highest slope efficiency and average output power
to date for a single-emitter, mJ-class Tm-doped fiber laser.
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Figure 3: Setup of a MOPA, in-band pumped at 1692 nm in a Q-switched scheme (left). Output power
measurements as function of the absorbed pump for conventional 793 nm and in-band pumping (right).

In summary, the in-band pumping approach could already show the efficiency scaling potential in different
kinds of Tm-doped amplifier setups. The reduced heat-load even allows for air-cooled solutions. The hig-
her efficiency at high extracted energy paves the way for even higher average powers from Tm-doped fiber
lasers, with the potential to deliver multi-mJ energy at kW-level average powers from a single 2 ym ampli-
fier channel. These sources can be an attractive platform for EUV or mid-infrared generation, as well as
for various industrial applications in the medical field as well as in laser material processing.
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SiC high-tech ceramics — a comparison of laser processes

Rochholz, C., Meudtner, A.
LCP Laser-Cut-Processing GmbH, Hermsdorf

Abstract

Within extensive R&D work different laser sources ranging from nanosecond VIS-wavelength over pico-
and femtosecond IR-sources to water-jet guided laser beam processing had been applied to improve the
quality and efficiency of the laser structuring as well as fine cutting and laser drilling of silicon-carbide
materials. A wide variety of parameter fields had been tested with focus on surface and cutting line rough-
ness on the one hand and very high ablation rates on the other hand. Caused by very different material
compositions for example diamond layers, the challenge was to combine different methods and strategies
to develop idle approaches for dissimilar contours and requirements. To meet economics constraints for
some developments mechanical grinding with recurring laser processing was combined.

1. Introduction

Silicon carbide (SiC) and its variants (sintered SiC (SSiC), silicon infiltrated SiC (SiSiC), diamond SiC, ...)
is a material that is very popular nowadays. The areas of application range from high-temperature applica-
tions such as the lining of steel furnaces and waste incineration plants to composite materials as compo-
nents in gas turbines and other refractory products. Other areas of application include sealing rings, soot
filters and brake disks in the automotive industry as well as structural and functional ceramics. The mate-
rial owes this wide range of applications to its special properties in combination. Very good oxidation and
corrosion resistance, low density and low thermal expansion coefficient meet high thermal conductivity as
well as very high hardness and abrasion resistance .

One specific example is the components for pumps and other units for subsea applications developed as
part of the SubseaSlide R&D project. The environmental conditions make the maintenance of the compo-
nents used extremely difficult, which is why materials such as SiC-bonded diamond materials, which are
extremely resilient and wear-resistant, are used here. However, the properties mentioned pose problems
for mechanical manufacturing processes, which is why alternatives such as laser processing come into
play here. In laser material processing, for example, technologies such as nanosecond pulsed laser pro-
cessing, pico- and femtosecond IR sources and water-jet guided laser beam processing are used.

Compared to other mechanical cutting and grinding processes, laser material processing is characterized
by tool-free and contact-free processing without mechanical stress on the workpiece. Although the use of
conventional, rather long-pulse nanosecond laser sources reduces the energy input and leads to minimal
heat conduction effects, the process still belongs to the thermal processes in which the material is melted
or directly vaporized in the processing zone .

Modern ultra-short pulse laser material processing uses very short pulses (in the range of femtoseconds
and picoseconds) in which the exposure time of the individual pulse in the material is so short that heat
conduction effects do not occur or are so small that they can be neglected. It is therefore considered an
athermal ablation process. Due to the short pulse durations, the penetration depth and therefore the re-
moval per individual pulse in the material to be processed is less than with thermal processes. However,
this increases the accuracy that can be achieved in comparison .

The water-jet guided (WJG) laser technology is characterized by the fact that a thin laminar water jet is
generated into which a laser beam is threaded. Multiple reflections of the laser beam at the inner edges of
the water jet ensure that the intensity distribution of the laser beam is approximately the same over the
length of the water jet. In this way, the caustic typical of a laser beam is avoided, allowing vertical cutting
edges (< 1°) to be produced. Similar to ultra-short pulse processing, this is an ablative process. The addi-
tional cooling of the water jet reduces the thermal input into the material, which means that ceramics such
as SiC can also be machined without cracks.
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The tests for machining SiC were carried out as part of the funded R&D projects SubseaSlide, SAPHIR
and UKPino.

2. Technology

The laser processes that are compared here in relation to the processing of SiC are processing using
nanosecond pulsed (ns), ultra-short pulsed (USP) and water-jet guided laser radiation, as well as fusion
cutting. The ns-pulsed system works with a maximum average power of 100 watts at 1 mJ pulse energy
and with a pulse length of 120 ns at a wavelength of 355 nm. The diameter of the laser beam at the focus
is 50 um. The laser beam is positioned by means of scanner optics. The system also has an additional
processing head, which was used for the fusion cutting experiments. The cutting optics are operated with
a solid-state laser (1070 nm) in cw mode and provide a power of 1 kW. The focus is 60 ym and positioning
is carried out using an X/Y table.

The laser for ultra-short pulse processing is characterized by pulses up to 1 ps at a wavelength of 1030
nm and a maximum average power of 100 W. The diameter of the laser beam at the focus is 60 ym and
positioning is carried out in the same way as with the nanosecond laser using scanner optics.

The water-jet guided system uses a fiber laser with a wavelength of 1070 nm. The diameter of the water
jet and thus also the focus of the laser beam can be adjusted using different nozzles. Nozzles with a diam-
eter of 50 - 80 um were available for the experiments. As the quality of the water has a decisive influence
on the processing result, it is filtered until it has a conductivity value of less than 0.1 uS/cm. An X/Y table
is used to position the workpiece relative to the water jet, as in the dry processing station.

Table 1: Overview of technologies with associated systems engineering

Laser processes Minimal pulse duration [us] | Beam Positioning | Focal diameter [um]
Fusion Cutting cw X/Y table 60
Water-jet guided machining (WJG) 10 X/Y table 50 - 80
Nanosecond (ns) machining 0,12 scanner 50
Ultra-short pulse machining (USP) 0,000001 scanner 60

3. Evaluation
A direct comparison of test sequences, laser parameters and their optimization make little sense when

comparing the technologies, as their physical modes of action differ too greatly. The processing results are
therefore compared with each other.

Ablation Rate Roughness

Roughness [um]

Ablation Rate [mm¥min]

Si5iC SiSiC SisiC SisiC Sisic SisiC

Nanoseconds usp WiG Nanoseconds Usp WIG

Figure 1: Comparison of technologies in terms of ablation rate and roughness for structuring
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As ablation processes, ns, ultra-short pulse and water-jet guided technology offer the possibility of produc-
ing 3-dimensional structures using 2.5 D machining. Important target parameters here are the removal
rate, which determines how quickly a volume can be processed, and the quality of the processing surface
that can be generated, which can be measured using roughness, for example.

Figure1 shows the comparison of the technologies during structuring in terms of ablation rate (left) and
roughness (right). It can be seen that the ablation rate for the nanosecond pulsed and the ultra-short pulse
system is significantly higher than for the water-jet guided technology. The ultra-short pulse and nanosec-
ond processing systems offer the possibility of significantly higher feed rates due to the beam positioning
using a scanner. In addition, the repetition rates for the machining/preferred parameters are higher (10 kHz
(ns), 400 kHz (USP); 500 Hz (WJG)), which results in a higher ablation rate overall.

A comparison of the roughness of the ablated surface shows the opposite picture. Here, the lowest values
are achieved when processing using ultra-short pulse technology (Ra = 4.4 ym), followed by the ns-pulsed
system (Ra = 5.64 um). The surfaces ablated using a water-jet guided laser beam have a significantly
higher value in comparison with an Ra of 10.02 pm. The reason for this lies in the selected track spacing.
This is 20 um for the preferred parameters of ns and ultra-short pulse machining and 40 um for water-jet
guided technology. The track spacing has a significant influence on the roughness to be achieved when
processing with pulsed laser. The smaller the track spacing, the lower the roughness . To remove a given
geometry, the total processing time increases with reduced track spacing, which has a negative effect on
the ablation rate. Fast, scanner-based systems can compensate for this better than the slower systems
with an X/Y table.

In a comparison of the technologies, structuring using ultra-short pulses achieves the highest ablation rate
(2.54 mm3/min) with the lowest roughness (4.4 um) within the process parameters considered for this pub-
lication. For pure structuring tasks on SiC materials, ultra-short pulse technology is the preferred variant

A side effect during removal using ns and ultra-short pulse technology is the resulting taper. Vertical cuts
are possible due to the constant diameter in the working area of the water-jet guided technology . How-
ever, the removal of SiC also generates a taper with this process (Figure2 right).

Figure 2: Taper created during structuring (left: ultra-short pulse/right: water-jet guided laser machining)

Figure2 shows a comparison of the resulting taper when structuring using ultra-short pulse and water-jet
guided technology. Due to the process, ns and ultra-short pulse processing requires a widening of the kerf
with additional tracks for material thicknesses >100 um. The tests showed a taper of 11° for the preferred
parameters, which would result in a kerf widening of 1.94 mm for a material thickness of 5 mm. Depending
on the machining geometry, this is not desired or possible, which is why ns and ultra-short pulse technol-
ogy are not considered for the cutting tests.

For material thicknesses from 0.5 mm (fusion cutting) and 0.2 mm (water-jet guided processing), several
passes are required to cut the SiC. The required number of passes depends on the material thickness and
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is 10 - 15 for both processes with a material thickness of 2 mm. An exact number of passes cannot be
determined, as the number can vary slightly even on the same substrate. One reason for this may be
minimal, spatially limited deviations that occur as a result of the material production or as local deviations
in the material composition/grain structure.

Figure 3: Comparison image of cutting-edge
using water-jet guided technology (left) and fusion cutting (right)

Figure3 shows a comparison of the cutting edge of the water-jet guided
technology (left) and fusion cutting (right). The measured cutting-edge
angle is 0.18° (material thickness t = 5 mm) for the water-jet guided
technology and 0.72° (material thickness t = 1 mm) for fusion cutting.
A determination of the roughness of the cut edge resulted in an aver-
age value of Ra = 1.585 ym (min/max = 0.997 ym / 3.553 um) for the
water-jet guided technology and Ra = 2.952 ym (min/max = 1.585 ym
/ 4.952 ym) for fusion cutting.

4. Conclusion

A direct comparison of influencing parameters does not lead to a satis-
factory result when comparing the different technologies, as the effects
of the technologies differ too greatly. It therefore only makes sense to
compare the processing results with each other. Depending on the ob-
jectives, each technology has its own purpose, whereby the strengths
of the individual processes can be combined.

In terms of material removal, nanosecond pulsed and ultra-short pulse
technologies have an advantage. Due to the high feed rates that can
be achieved here thanks to the scanner optics, significantly higher ab-
lation rates are possible with low roughness. For pure cutting geome-  Figure 4: Combined processing
tries, fusion cutting and water-jet guided technology have the advan-  using ultra-short pulse (trench-
tage. Almost vertical cutting edges (< 1°) can be produced here. The ing) and water- jet guided tech-
appropriate process must be selected depending on the geometry to nology (drilling) from SiC.
be machined. It is possible to combine different processes in order to

achieve the best possible machining result. See Figure 4 for an example.
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Laser Swelling induced Freeform Microlenses in Polymers

Méader-Heinrich, M.; Héche, T.; Schusser, G.
Fraunhofer Institute for Microstructures of Materials and Systems IMWS, Halle (Saale), Germany

Microstructures on polymer surfaces have become of wide interest in the past two decades. Especially in
the field of tailoring adhesion or other surface functionalities [1] and for optical applications [2], the demand
for polymer microstructures is growing. In addition to that, freeform micro-optics are of growing interest as
well [3]. We present a simple and fast method to prepare freeform micro lenses or lens arrays in polymers.
Using a Tm-fiber Laser with a wavelength of 1,940 nm, the lenses are directly written into the polymers
surface. By choosing a power density below the ablation threshold the irradiated volume experiences an
expansion which leads to a swelling on the surface. Stopping the irradiation leads to a fast cooling which
leaves no time to rearrange back to the ordered manner the polymer had before. The elevation at the
surface is permanent up to threshold temperatures where the polymer reaches rubber state in most poly-
mers that have been studied. So far mainly polymers with T, above room temperature and mainly thermo-
plastics and elastomers have been studied. The effect of laser swelling has been known for a while [4],
however it has not yet been commercialized to our knowledge. We will show that lenses of very accurate
shapes can be produced using smart writing strategies. We will also show that the lenses have the ex-
pected refractive effect. At last, we present results of different polymers and different lens shapes fabri-
cated in air within very short processing times.
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Abstract

Femtosecond lasers have become essential tools in material processing field. Thanks to the ultra-short
pulse duration, these lasers can process a wide range of materials without causing significant thermal
effects, leading to superior quality. Dielectric materials, especially glass and ceramics, are among those
that benefit the most from femtosecond laser technology. Traditional processing methods often struggle
with these materials, but femtosecond lasers provide a solution with high precision and quality. Continuous
innovations are making femtosecond lasers even more versatile. One such innovation is burst mode,
which outputs bursts of pulses at MHz/GHz repetition rates. Burst mode splits a single high-energy pulse
into multiple pulses, optimizing the laser’s power and increasing the process throughput. In this study, the
industrial femtosecond laser FemtoLux 30 is employed in glass and ceramics processing using MHz/GHz
burst mode, resulting in throughput increase ranging from several to tens of times.

1. Introduction

It is well known that femtosecond lasers are highly effective tools for processing brittle materials such as
glass and ceramics. These ultra-short pulse lasers enable precise machining of dielectric materials, and
with pulse durations in the hundreds of femtoseconds, the resulting quality is unparalleled [1]. However,
one challenge with femtosecond laser processing is achieving higher throughput, which still lags behind
traditional methods [2]. To address this, continuous advancements in ultra-short pulse laser technology
have increased average optical power to several kilowatts [3]. Nevertheless, higher average power alone
does not directly translate to increased throughput. There is an optimal fluence at which the most efficient
material ablation occurs (7.4*¢,, where ¢, - material ablation threshold).
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Fig. 1. Ablation efficiency and ablation rate dependence on fluence [4].

To achieve this optimal fluence, several approaches can be taken. One method is to increase the pulse
repetition rate while lowering the pulse energy, thereby bringing the fluence closer to the desired value.
However, there is a limit to how much the repetition rate can be increased, as excessively high rates may
degrade quality and cause ablation particle shielding, ultimately reducing throughput [5]. Another approach
is to increase the beam diameter, which decreases the fluence to the optimal level. A key advantage of this
method is that it allows full utilization of the laser's power without complicating the processing setup, unlike
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beam splitting. However, increasing the beam diameter sacrifices precision, which can be a critical factor
in applications requiring small feature sizes.

Another method for achieving optimal fluence is to split high energy pulses into multiple smaller pulses
using burst mode, which operates with intra-burst repetition rates in the MHz and GHz range. This ap-
proach, combining pulse splitting with high intra-burst repetition rates, has proven beneficial for material
micromachining applications [6-8]. However, further studies are needed to fully understand the mecha-
nisms behind the increase in process throughput when using MHz/GHz burst mode. A key challenge in
conducting such studies is the limited availability of laser sources that offer flexible configuration of MHz/
GHz burst modes. To address this, an Active Fiber Loop was developed, enabling flexible formation of GHz
bursts. This was integrated into the industrial femtosecond laser FemtoLux 30, which was utilized in this
study for processing dielectric materials [9].

MHz PRR
N~5 |
fs pulse
Single pulse mode — MHz burst mode
" N " N i
kHz - MHz PRR kHz - MHz BRR
GHz PRR
N~ 15 > |« N ~ 1000
Short GHz burst
mode ‘ Long GHz burst mode

<

Width: hundreds ns

Fig. 2. Possible operation modes of ultra-short laser source

2. Active Fiber Loop (AFL) for flexible GHz burst formation

The patent pending Active Fiber Loop (AFL) technology was developed to provide unparalleled flexibility
in selecting burst parameters. This all-in-fiber AFL system consists of key components such as AOM1-3
(acousto-optical modulators), FC (fiber coupler), YDF (ytterbium-doped fiber), CFBG (chirped fiber Bragg
grating), and LD (laser diode) (Fig. 3). The GHz burst formation technique works by splitting and delaying
pulses from the MHz master oscillator. With each round trip, delayed replicas from previous cycles are
combined with an undelayed replica of the next input pulse. This allows the AFL to generate GHz bursts
with broad tunability in the number of pulses per burst, using AOM3 as a pulse picker to select bursts with

the desired pulse count.

Fig. 3. Schematic of Active Fiber Loop.

The AFL method for generating GHz and combined MHz+GHz bursts has been successfully integrated into
the industrial femtosecond laser system FemtoLux 30. In the GHz burst regime, AFL technology allows for-
mation of 2.2 GHz bursts, containing 2 to 22 pulses and 44 to 1100 pulses per burst (Fig. 4, left and middle).

84



Session 3B 14" Jena Laser Conference / November 6 and 7, 2024

Additionally, the AFL enables operation in a combined MHz+GHz burst mode, offering a 50 MHz burst mode
with 2 to 10 pulses and a 2.2 GHz burst mode with 2 to 22 pulses per burst (Fig. 4, right). As a result, the
FemtoLux 30 stands out as the only laser on the market providing unmatched versatility and flexibility in
burst mode selection. The system also features innovative direct refrigerant cooling technology, ensuring
zero maintenance. With only two main components - the laser head and the power supply - connected by
an umbilical cable, the FemtoLux 30 is an ideal solution for a wide range of micromachining applications.
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Fig. 4. FemtoLux 30 different GHz burst operation modes:
(left) short GHz burst, (middle) long GHz burst, (right) combined MHz and GHz burst.

3. GHz and MHz+GHz burst modes in increasing ablation throughput in fused-silica glass

The influence of GHz and MHz+GHz burst modes on ablation rates was examined by milling 2x2 mm?
areas. A beam approximately 20 um in diameter was focused onto the sample, which was scanned using
bidirectional hatching, with the scanning angle adjusted by 33 degrees for each layer. The focus position
was changed with each layer to maintain focus on the processed surface. The FemtoLux 30 operated with
a pulse duration of 298 fs, a repetition rate of 200 kHz, and a wavelength of 1030 nm. After processing,
the depth of each square was measured, and the ablation rate was calculated.

In the GHz burst mode, the ablation rate consistently increased as the number of pulses in the burst rose,
reaching a peak ablation rate of 68.3 mm3/min with 70 pulses per burst (Fig. 5 (left)). In the MHz+GHz burst
mode, the ablation rate similarly increased with the number of pulses in both MHz and GHz bursts,
achieving a maximum ablation rate of 52.1 mm?min (Fig. 5 (right)), which was slightly lower than that of the
GHz burst mode. The results show that the GHz burst mode is more effective in milling fused-silica glass
than the MHz+GHz burst mode, increasing the ablation rate by 13.2 times compared to single-pulse mode.
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Fig. 5. Ablation rate depicted against fluence for GHz burst (left) and MHz+GHz burst (right).
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4. Scribing of ceramic plates with femtosecond pulses

Ceramics are widely used dielectric materials, valued for their exceptional properties such as high thermal
conductivity, electrical insulation, mechanical strength, and resistance to corrosion and wear. However,
conventional mechanical processing methods often require significant force, which can lead to cracks and
potential substrate breakage. Femtosecond lasers offer a high-quality, precise solution for processing hard
and brittle materials like ceramics.

In this study, the FemtoLux 30 was tested for scribing ceramic materials, specifically in the formation of
grooves. A comprehensive investigation was conducted to evaluate scribing speeds and quality using
1030, 515, and 343 nm wavelengths. The ablation thresholds for these wavelengths were first examined.
By irradiating the ceramic plate with single femtosecond pulses at each wavelength, craters were formed.
The diameters of these craters were measured, squared, and depicted graphically, allowing for the calcu-
lation of ablation thresholds. The results showed ablation thresholds of 1.14 J/cm? for 1030 nm, 1.08 J/cm?
for 515 nm, and 0.95 J/cm? for 343 nm. The observed decrease in ablation thresholds at shorter wave-
lengths is attributed to the increased efficiency of multiphoton absorption and other nonlinear effects,
which become more pronounced with higher harmonics [10].
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Fig. 6. Ablation threshold measurement for different wavelengths (left).
Scribing speed investigation by iterating scanning speeds (right).

After calculating the ablation thresholds, the repetition rate was increased to adjust the fluence to its opti-
mal value (7.4*¢y,). The scanning speed was then iterated for different wavelengths to identify the maxi-
mum scribing speed. The highest scribing speed achieved was 44.1 mm/s for 1030 nm, which decreased
to 25 mm/s for 515 nm and 6.82 mm/s for 343 nm. The primary reason for this drop in scanning speed at
515/343 nm is the lower average laser power available at these wavelengths. It is also worth noting that
while the scribing speed at 1030 nm was the highest, the heat-affected zone (HAZ) was also the largest,
measuring 8.23 + 1.11 ym. By using the 515 nm and 343 nm wavelengths, the HAZ was significantly re-
duced to 5.62 £ 1.07 pm and 4.88 £ 0.59 um, respectively.
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Femtoseconds. Creating new possibilities

Hellwig, C.
LIGHT CONVERSION

Abstract

Ultrashort pulse laser systems are widely used in a variety of fields, including material science, engineer-
ing, metrology, medicine, and telecommunications. They are unmatched in their ability to produce a wide
range of components for microelectronics, biomedicine, lithography, optoelectronics, MEMS. Femto-
second lasers are particularly versatile, capable of performing multiple processes, such as cutting, shap-
ing, and patterning on different materials, while maintaining high micromachining quality and a negligible
heat affected zone. Additionally, implementation of novel techniques such as post-compression, can im-
prove the quality of laser micromachining even more.
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Industrialization of Additive Manufacturing (AM)

Prof. Dr.-Ing. Ingomar Kelbassa

Abstract

The presentation will be addressing all aspects in terms of Industrializa-
tion of AM along the AM manufacturing route — from Design to the fin-
ished part, end2end. Special foci will be spent on virtualization, new
process approaches, finish machining and quality assurance. Success
stories from industry — machine OEMs as well as end users — will be
completing the presentation.
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Design Criteria for the Functionalisation of Additively Manufactured Aluminium Compo-
nents by Integrating Sensors during the Manufacturing Process

Schonherr, A.'; Voigt, S.2; Schob, B."; Bessler, K.3; Kroll, L.

' Technical University of Chemnitz, Chemnitz

2 Fraunhofer Institute for Electronic Nano Systems, Chemnitz
3 Capgemini Engineering, Miinchen

Abstract

Integrative lightweight constructions play a major role in the aerospace industry. Laser Powder Bed Fusion
of metals (PBF-LB/M) is an additive manufacturing process (Additive Manufacturing — AM) which becomes
more and more important for the production of high-strength, topology-optimized and functionalized com-
ponents. The integration of radio-frequency identification (RFID) tags in closed cavities increases the func-
tional diversity of such additively manufactured components. By specifically pausing the manufacturing
process, a sensor can be integrated into the component after the metal powder has been removed from
the inside. To protect them from thermal and mechanical manufacturing influences, the RFID tags were
cast in temperature-stable epoxy resin before insertion. The shape of the moulded sensor tag and its cav-
ity were designed for optimum positioning. An aluminium plate shields the encapsulated sensor from the
laser beam while simultaneously providing a solid connection to the component. For achieving higher melt-
ing depth, selected parameters were set in layers above the aluminium plate. The RFID tags can be
equipped with various low-power sensors to measure for example temperature, magnetic field, accelera-
tion or alignment. Additionally, these RFID tags can perform simple storage function for saving component
data such as designation, date of manufacture, installation time or operating hours.

1. Introduction

In order to achieve higher efficiency rates in aerospace, the level of lightweight construction of structural
components must be significantly increased. For this purpose, relevant components are topology-opti-
mized regarding the prevailing loads and manufactured using the PBF-LB/M. In this well-researched AM
technology, metal powder is applied layer by layer and melted by using a laser. The process offers the
possibility of producing components with closed cavities. These cavities are filled with powder due to the
process. However, the PBF-LB/M process can be interrupted. At this point, an open cavity at the top can
be freed from powder and filled with other media. The manufacturing process then continues, closing the
cavity. This method offers the potential to integrate sensors directly into high-strength AM components.
This makes a decisive contribution to increase the level of lightweight constructions. The most serious
mechanical problems lie in non-destructive embedding and connection during the process.

Today, there are different approaches to integrate sensors into powder-based AM components. The inte-
gration of PT100 temperature sensors into components made of AISi10Mg has already been investigated,
for example Binder et al. cast sensors

force-fit by using a spring system into an additively manufactured cavity. The cable connection to the elec-
tronics outside the AM components was implemented with provided cable channels for this purpose. To
protect the sensor from the effects of the laser, an aluminium plate was utilised as a heat shield [1]. Nu-
merous other scientist groups have done preliminary work on the integration of wired sensors [1-5]. An
obvious approach in this regard is the integration of RFID electronics for the radio-based transmission of
energy and sensor data. RFID tags, consisting of an electronic IC (ASIC) and an antenna, are used in a
variety of ways: They are used for clear identification and tracking during the manufacturing process, for
storing information about quality control parameters and for tracing or recording operating hours among
others. If these RFID tags are also combined with sensors, new functions such as measuring temperature
and magnetic fields and determining the acceleration or alignment of mechanical components are conceiv-
able. Pille et al. and Sehrt et al. were able to demonstrate successful integration of RFID tags and their
communication through thin-walled metal [5-6]. However, there is no indication of the RFID frequency at
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which the metal could be penetrated, nor were the sensors connected to the PBF-LB/M-components with
a material bond.

The main task of this paper was the solid connection of wireless sensors into components made of suitable
aluminium alloys. After selecting a material the quality of the layers above the integrated sensors had to
be analysed. Variants for the connection of assembled RFID tags within additively manufactured cavities
were found. In addition, the radio frequency performance of the RFID tags of PBF-LB/M components were
analysed in experiments and improved if necessary. Furthermore, variants were examined which enabled
a secure signal connection to the sensor. The aim was to point out the solution to these problems in order
to make a significant contribution to integrative lightweight construction.

2. Materials and Methods

The aluminium alloy AlISi10Mg was selected to produce test specimens with integrated sensors. The
powders from different suppliers were analysed about their grain size distribution in the Camsizer X2
particle analyser from Microtrac Retsch GmbH. Additionally, the quality of the powder from different manu-
facturers was examined under the Zeiss EVO 15 scanning electron microscope (SEM). The integration
attempts of sensors into the AM components were carried out on the SLM 250 HL from Nikon SLM Solu-
tions AG. To determine the relative density of the produced test specimens and to study the sensor connec-
tion within the AM components, the light microscope Keyence VHX 600 has been used. Tensile samples
were examined on the Zwick Z100 tensile testing machine. Regarding the developed RFID tags, the RFID
reader “MRD2EVM” from Texas Instruments Incorporated and the Vector Network Analyser “ZVR” from
Rohde & Schwarz GmbH & Co. KG were employed for characterisation and reading of the RFID tags.

3. Alloy Selection and Robust Process Window

The integration of RFID magnetic field sensors into metallic AM components requires the use of non-mag-
netic alloys. This poses a limit to the choice of alloys to aluminium. Well-known aluminium alloys suitable
for aviation are, for example, AISi7Mg SilmagAl, AlSi10Cu4, AISi10Mg, SilcupAl, AIMgScZrMn and
Scalmalloy. AlISi10Mg was chosen because it achieves comparatively high maximum tensile strengths up
to 450 MPa with relatively low thermal requirements for the processing and post-treatment [7, 8]. Powders
from different manufacturers with particle sizes in the range 20-63 pm were analysed. No significant differ-
ences were found between the powders. The SEM image (Figure 1) shows the aluminium particles.

Figure 1: AISi10Mg particles under the SEM

Scan parameters for the PBF-LB/M were developed for a layer thickness of 50 ym. The scanning speed
was 930 mm/s, laser power 350 W and the hatching distance 150 ym. Seven upright, cylindrical tensile
samples were produced in accordance with DIN 50125 -B and then tested on the tensile testing machine.
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After the building process, the tensile strength of the alloy is approximately 460 MPa. The elongation at
break without heat treatment is 5%. Heat treatments can be performed on components in order to increase
tensile strength. One heat treatment at 165°C for 7 hours showed that elongation dropped to approxim-
ately 4%. Stress-relieving annealing at 240°C for 3 hours reduced the tensile strength to 390 MPa and
increased the elongation at break by approx. 1%. By means of solution annealing at 520°C followed by
heat treatment at 165°C, the elongation at break increased to over 10%. However, the tensile strength
dropped by around 50%. The sensors can withstand just temperatures of a maximum of 165°C. This ex-
cludes effective heat treatment. Since the tempering process itself did not result in a significant increase
in strength or elongation at break, no heat treatment was carried out after the sensor integration process.

The shortest possible energy input above the sensor is essential to minimise damage. A higher layer thick-
ness about 90 um helps to pass through the critical remelting area quickly, as the number of exposures
and therefore the energy input is reduced. In addition, the higher layer thickness better compensates tol-
erances at the upper edge of the cavity. This reduces the chance which the sensor will remain in the cavity
during the lay-up process and not be displaced. In this context, a parameter set for a layer height of 90 ym
was developed. In single-track investigations, the process window was initially limited to a laser power
between 325 W and 350 W as well as a scanning speed between 400 mm/s and 800 mm/s. Samples
measuring 10x10x10 mm? were then manufactured within the process window with variations of the hatch-
ing strategy. The microscopic images revealed a maximum relative density of 99,79% with a meander
hatching with a laser power of 350 W and a scanning speed of 700 mm/s. With this developed set of para-
meters, curved samples were produced at an angle between 0° and 90°. A microscopic analysis of the
sections shows the horizontal bridges with overhangs of 0° can be fundamentally generated (Figure 2).
This implies that cavities can also be closed using complex overhang geometries after the sensors have
been inserted into the specifically prepared cavities.

B3 90° B3 60° B3 45°

- .;=-' ‘1i1"|m_

Figure 2: Light microscopic images showing downskin of 90 ym parameters

4. Characterisation of Integrated RFID Sensors

An RFID transceiver which operates in the LF range of 134.2 kHz was used as the central component of
the RFID sensors intended for integration. An RFID round antenna, a microcontroller and an acceleration
sensor were connected to this transceiver. The electronic components were attached to a temperature-
resistant, round circuit board with a glass transition temperature of approx. 280°C and a diameter of
around 20 mm using high-temperature solder. The sensor is encapsulated in a high-temperature resistant
epoxy resin moulding system. This serves to protect the circuit boards, including the electronic compo-
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nents. In addition, the outer shape of the sensor can be varied to adapt it to the additively manufactured
cavity. Figure 3 shows a corresponding RFID sensor tag.

Figure 3: Molded RFID sensor tag with antenna, RFID transceiver, microcontroller and accelerometer

Experiments were carried out to analyse the radio performance of the configured RFID tags. First, the
sensors were placed in additively manufactured, cube-shaped containers made of aluminium. The con-
tainers were then closed with a lid and insulated at the edges of the lid. The radio connection to the sensor
tag was analysed. The tests showed that closed metal walls cannot be penetrated at the RFID frequency
of 134.2 kHz (LF range) used. The root causes are considered to be absorption and reflexion as well as
the detuning of the transmitting and receiving antennas due to the metal in their near field. In order to be
able to establish a radio connection between the RFID sensor tags, a small opening must be provided in
the AM component.

For this purpose, experiments were carried out on sparking through different hole geometries such as
bores, simple slots and star-shaped slots. Figure 4 shows additively manufactured sensor cavities made
of AISi10Mg with different downward-oriented hole geometries.

Figure 4: AM component with varied star-shaped slot geometries for investigating RFID communication

The RFID tag was inserted into the cavity. The sensor antenna was aligned in the direction of the hole
geometry. The cavity was then closed with a lid and insulated. The tests showed that simple holes and
slots are not suitable for establishing a radio connection. Star-shaped slot geometries, on the other hand,
are suitable for achieving reliable RFID communication with slot lengths of 12 mm or more. However, the
communication range is limited to a maximum of 10 mm here.
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5. Continue the Building Process Above the Integrated Sensors

During the AM process, the sensors are exposed to different thermal influences from which they have to
be protected. These influencing factors include the component heated during the building process, hot
metal powder, weld spatter and the effect of the laser beam when exposing the powder bed. The temper-
ature in the construction space itself is 40-60°C during the process. The epoxy resin potting system pro-
tects the sensor tags from damage caused by the process heat. In addition, the circuit board is protected
from electrically conductive metal dust, which prevents short circuits during sensor operation.

In order to investigate the effect of laser exposure on the epoxy resin, 12 rectangular shell geometries
measuring 24x24x7 mm? with internal cavities measuring 20x20x2 mm? were produced using the PBF-
LB/M process. Six of the cavities were freed of metal powder within the system and then filled with different
synthetic resins. The other six samples were left powder-filled for evaluating the process parameters di-
rectly in the powder bed. Metal powder was then applied over the samples and exposed. The exposure
results are shown in Figure 5. A closed top layer could be created over the powder-filled cavities. On the
samples filled with epoxy resin, instead of forming a top layer, the casting compound was removed, partic-
ularly in the areas of the strip overlap. The plasma column during exposure was so intense over the casting
compounds that the experiment stopped after three layers.

/ -

Figure 5: Cast cavities after exposure; grey surface - powder cavities;
dark surface - cavities with epoxy resin

To protect the upper surface of the casting compounds from laser application, tests were carried out with
various metal adhesive tapes. For this purpose, hemispherical sensor dummies were made from casting
compound and covered with aluminium adhesive tape (0.2 mm), aluminium-bitumen-tar adhesive tape
(1.7 mm) or copper adhesive tape (0.2 mm). Appropriate geometries with cavities for the dummies were
manufactured on the PBF-LB/M machine and the powder was removed afterwards. After inserting the
dummies, the cavities were filled with powder up to the top edge and then exposed. The laser beam was
reflected so strongly over the copper adhesive tape that no solid top layer could be created. The alu-
minium-bitumen-tar adhesive tape was partially removed by the laser. A solid top layer could only be cre-
ated over the aluminium adhesive tape with a material thickness of 0.2 mm. Nevertheless, there was no
solid connection to the cover layer created because the powder layer in between was not completely
melted. Light microscopic examinations of the micrographs showed that in all cases the casting com-
pounds remained undamaged. The cut samples are shown in the figure 6.

Figure 6: Cut samples with glued sensor dummies; left - with aluminium adhesive tape;
centre - with copper adhesive tape; right - with aluminium-bitumen-tar adhesive tape
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In order to guarantee a solid connection to the sensor surface, aluminium plates should be fixed to it.
Therefore tests were carried out in which 1 mm thick aluminium plates were inserted into additively man-
ufactured cavities and then exposed with a 90 um parameter set. During the process, the aluminium plates
bulged slightly downwards due to the heat input. Nevertheless, a continuous connection could be detected
above plates. Light microscopic examinations of cut samples revealed a remelting depth of up to 0.6 mm
in the metal plates (Figure 7). The material density above the metal plates was around 99.75%.

Figure 7: Microscopic micrograph of an integrated 1mm thick
aluminium plate in an additively manufactured cavity

During the coating process, fundamental forces can occur on the sensor which can lead to a change in
position or damage to the sensor. In order to counteract the resulting twisting und tilting of the sensor within
the cavity, a functional geometry was developed for the surrounding casting compound. The geometry
limits the six degrees of freedom and thus guarantees a fixed position of the sensor within the cavity. In
addition, the geometry supports the correct placement of the sensor. Free fall tests were carried out to
investigate self-alignment. The potting geometries produced using Fused Deposition Modeling (FDM)
were held 10 mm above additively manufactured test cavities by means of suction cups and then dropped.

The sensors were rotated around the z axis with regard to the storage position and were also held horizon-
tally at different angles. The experiments were validated with different holding positions and repeated five
times. With a maximum rotation around the z axis of 30°, the sensor automatically aligns itself up to a
maximum tilt of 20° when it falls into the cavity. The outer diameter of the molded sensors is 24 mm.

In the next step, ready-to-use RFID tags were cast in moulds made of water-soluble polyvinyl alcohol
(PVA) using FDM. The sensors were first fixed to aluminium plates and then placed in the moulds filled
with epoxy resin. After the material had hardened, the moulds have been dissolved in a water bath. The
final sensorshape with aluminium plate is shown in Figure 8.

10 mm

Figure 8: Normal projection of the final geometry of the moulded RFID sensor tag with aluminium plate
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Specific geometries with integrated cavities were produced on the PBF-LB/M machine with a layer thick-
ness of 50 ym, whereby the build process was interrupted shortly before the cavities were closed. The
powder was then removed from the inside of the cavities. After inserting the moulded sensors, the build
process was continued with a layer thickness of 90 um. Due to the energy input and the inability to move
downwards, the aluminium plates bent upwards, bringing the coater to a halt and interrupting the build
process. To minimise this effect, design adjustments were made in the following tests to prevent the plates
from lifting. In this process, 3 small exterior rings were additively manufactured in the three layers above
the plates to fix them in their position. This successfully prevented excessive bulging of the plate. In the
upper layers, a surface exposure was then made, in which the powder was melted down to the plates. A
cut sample with an integrated, solid connected sensor dummy is shown in Figure 9.

Upper Layers
Aluminium Plate

Epoxy Resin

10 mm
—

Figure 9: Cut sample with solid connected sensor dummy

The final design involved initially building up 10 layers with a thickness of 90 ym after the aluminium plates
have been inserted. The building process was finally continued with a layer thickness of 50 um. It is well
known that the stiffness values of PBF-LB/M materials decrease with increasing layer thickness. Therefore,
lower strengths were expected in the 90 ym range, in addition to the internal stresses that result. Before
manufacturing, the test sample was sliced in the two layer thicknesses and the relevant slicing file was
loaded into the machine's operating software before each restart of the building process. After the sensor
integration was completed, the signal transmission of the sensors through star-shaped slots positioned on
the bottom of the test specimen was analysed again. The aim was to validate the functionality after the hard
connection. However, it was established that there were no functional limitations to the sensors.

6. Conclusions and Outlook

In this work, a concept for integrating RFID tags into PBF-LB/M components made of AISi10Mg was de-
veloped. Robust process windows for layer thicknesses of 50 um and 90 ym were generated. The 50 um
parameter set achieved maximum tensile strengths of 460 MPa. Heat treatment was analysed but ex-
cluded because of the negative effects on the sensor. RFID sensors with an LF frequency of 134.2 kHz
were selected. As the radio connection could not be established through closed component walls, a pos-
sibility was found to transmit through star-shaped slots. The sensors were encapsulated in epoxy resin.
One aim was to achieve a solid connection between the sensor and the metal component. Tests showed
that the laser destroys the epoxy resin. To protect the moulded sensor from the laser exposure and to
produce a solid connection, sensor dummies were covered with various metal adhesive tapes. The tests
showed that a solid metal layer could only be created over aluminium adhesive tape. Afterwards single
aluminium plates were tested. The plates were remelted up to 0.6 mm. Following this, encapsulated sen-
sors were provided with aluminium plates with a thickness of 1 mm on the upper side and then integrated
into the component. The upward bending of the plates was prevented by an outer ring which was first
additively manufactured above to create a connection to the component. Finally the material on top could
be completely remelted. This created a hard connection to the sensor. Increasing the layer thickness to 90
pMm in the area above the RFID tag reduced the energy input to the sensor. The functionality of the sensors
could be validated after the building process. The outer geometry of the moulded sensor was chosen to
allow a certain degree of self-alignment when inserted into a cavity.
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By integrating RFID sensors into PBF-LB/M components, they can be equipped with new, extended func-
tions. In addition to the saving of data, the measurement of component states and positions is particularly
important. To enable direct radio connection through closed component walls further possibilities for signal
transmission should be investigated.

There is still a significant need for research, especially regarding the optimisation of material strength in
the area of sensor connection. In addition, the solid connection of sensors in components made of other
materials should be investigated in more detail.
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Design and fabrication of a TPMS-based micro heat exchanger via micro selective laser
melting

Heinrich, F.; Reuter, J.; Erler, M.; Streek, A.
Laserinstitut Hochschule Mittweida, Mittweida

Abstract

The use of Triply Periodic Minimal Surfaces (TPMS) for high-efficiency heat exchangers is emerging as a
key area in additive manufacturing. TPMS lattices, such as the gyroid, provide excellent thermal and struc-
tural properties due to their high surface area-to-volume ratio, strength, and low material use. With ad-
vanced techniques like micro selective laser melting (Micro-SLM), developed at the Laserinstitut
Hochschule Mittweida (LHM), it is now possible to fabricate these complex TPMS structures, which were
not feasible with traditional methods. In this study, we demonstrate that manufacturing TPMS lattices with
feature sizes as small as 100 ym via Micro-SLM significantly enhances heat exchanger performance,
achieving heat transfer coefficients up to 12 kW/(m?-K), over 300% higher than conventional plate heat
exchangers. We examine the resolution of thin walls in these lattices and apply it to TPMS fabrication.
Leakage tests confirm that these structures can withstand pressures up to 8 bar without leaks. Three heat
exchangers were built, tested, and compared with a microchannel heat exchanger, confirming the superior
thermal efficiency of TPMS designs.

1. Introduction

The rapid advancements across nearly all technological fields in recent years have resulted in a significant
increase in energy consumption. However, many of the newly developed systems and devices do not uti-
lize energy efficiently. As a result, excess heat is often generated as a byproduct, which must be effectively
dissipated to maintain optimal performance. This challenge is evident in various applications, such as
chips and integrated circuits, batteries in electric vehicles, gas turbines in airplanes, and nuclear power
plants [1-5]. This is where heat exchangers come into play. Heat exchangers are devices specifically de-
signed to transfer heat between two fluids of different temperatures without mixing them. Conventional
types of heat exchangers, including tubular heat exchangers, plate heat exchangers, shell and tube heat
exchangers, and printed circuit heat exchangers [6,7], are increasingly unable to meet the stringent re-
quirements for compactness and power density, particularly in applications where lightweight design is
crucial, such as in aerospace and e-mobility [6,8].

Lately, structures known as triply periodic minimal surfaces (TPMS) have emerged as a promising ap-
proach to enhance the performance of heat transfer devices [9-12]. Minimal surfaces, which locally mini-
mize their surface area, can be visualized most easily as the shapes formed by a soap film within a wire
frame. Minimal surfaces that repeat periodically and extend infinitely in all three spatial directions are re-
ferred to as TPMS, with examples including the gyroid, Schwarz diamond, and Schwarz primitive struc-
tures (Fig. 1). Because of their characteristic of dividing space into two separated yet intertwined volumes
and their high surface-area-to-volume ratio they have become a focus point of recent research regarding
their heat transfer capabilities [9-12]. Due to their complex structure, TPMS have long been nearly impos-
sible to manufacture using conventional methods. However, with the emerge of additive manufacturing
(AM) technologies, we can now fully exploit the unique characteristics of TPMS. Many recent studies have
explored the fabrication of TPMS heat exchangers via selective laser melting (SLM), a process where
parts are built layer by layer using a high-powered laser to selectively fuse metal powder particles with the
resolution of this process being determined by the particle size as well as the focus diameter of the laser.
TPMS lattices with wall thicknesses between 0.2 and 0.5 mm and unit cell sizes ranging from 3.33 to
10 mm have been successfully fabricated, demonstrating the anticipated enhancement in heat transfer
efficiency [9,10,13]. To further optimize the performance of TPMS heat exchangers, it is essential to reduce
both the wall thickness and unit cell size. This paper will focus on the design and fabrication of TPMS
based micro heat exchangers using the process of micro selective laser melting (Micro-SLM) [14], aiming
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to achieve these reductions and evaluate their impact on heat transfer performance. Therefore, the results
of preliminary studies on the achievable wall thicknesses and their application in producing leakage-free
TPMS structures are presented. Building on these findings, the design, fabrication, and thermal perfor-
mance testing of micro heat exchangers will be discussed.
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Figure 1: Different types of TPMS lattices displayed with one cubic unit cell and four (2x2) cubic unit cells.

2. Machine and material

All experiments were conducted using a custom-built Micro-SLM machine. The machine is equipped with
a 400 W fiber laser from IPG Photonics, with the laser beam focused to a diameter of 23 ym using an
f-theta optic. A galvanometer scanner, capable of a maximum scanning speed of 8 m/s, was used for beam
deflection. Prior to each build job, the process chamber was purged with argon, reducing the oxygen con-
tent to 1000 ppm to ensure an inert atmosphere. The material used was stainless steel 316L powder from
Sandvik Osprey, with a particle size distribution of dgy = 10 ym (Fig. 2). Despite the particles being nearly
spherical, the powder exhibited a tendency to agglomerate, which could disrupt the recoating process. To
mitigate this issue, the powder was compacted within the recoater to prevent agglomeration.
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Figure 2: a) Particle size distribution and b) SEM image
of the stainless steel 316L powder used in this paper.
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3. Manufacturing of thin walled TPMS structures
3.1. Wall thickness

To determine the manufacturable wall thicknesses, a parameter study was conducted to examine the in-
fluence of laser power and scan speed on the thickness of single-line walls. The test samples comprised
ten sets of three walls with a height of 0.4 mm each, where all three walls in a set were produced using
the same laser power and scan speed, with each set being generated at different laser powers but consis-
tent scan speeds. Separate test samples were built for each scan speed. The walls were constructed on
a sub-structure with a height of 1 mm, ensuring that the test samples could be safely removed from the
substrate via diamond wire cutting without damaging the walls. The parameters used in this study are
detailed in Table 1. It must be noted that the specific laser power range used for each scan speed varies
as the process window changes with varying scan speeds. The laser powers used for each scan speed
are shown in Figure 4.

Table 1: Process parameters investigated in the parameter study for the fabrication of thin walls.

Process parameter Value

Layer thickness in uym 10

Scan speed in m/s 0.5,0.75,1,1.5,2
Laser power in W 16 — 94

The manufactured test samples were cleaned in an ultrasonic bath to remove any residual powder. Before
embedding the samples in epoxy resin for cross-sectional analysis, scanning electron microscopy (SEM)
images were taken to examine the morphology of the melt tracks. The wall thickness was measured from
the cross-sections using a laser scanning microscope, specifically the Olympus LEXT OLS4000. The mea-
surement results are presented in Fig. 3. To facilitate a more accurate comparison across different scan
speeds, the line energy E, is plotted along the horizontal axis, as it accounts for both the laser power and
scan speed according to the formula:
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Figure 3: Wall thickness of single-track walls as a function of line energy and scanning speed.
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The measured wall thickness ranges from 32 to 82 ym. The minimum wall thickness, observed across all
scan speeds, is between 32 to 38 um. Thinner walls generated with less line energy were either severely
damaged during the recoating process or could not be generated at all because of lack of fusion with the
previous layer. This consistency suggests that either the focus diameter or the particle size, or potentially
both, are limiting the fabrication of thinner walls. As the line energy increases, the wall thickness also in-
creases. Predictably, the thickest single-line walls were produced with a scan speed of 0.5 m/s. Addition-
ally, the melt tracks of walls generated at this scan speed exhibited the smoothest and most continuous
morphologies, as shown in Fig. 4. In contrast, higher scan speeds tended to produce discontinuous melt
tracks resembling balling, a phenomenon typically associated with either insufficient laser power or exces-
sively high layer thickness [15]. However, since these irregular melt track morphologies appeared nearly
independent of the laser power, the exact cause of this pronounced difference remains unclear.
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Figure 4: SEM- and cross-section-images of single walls with a thickness
of approximately 60 um generated with scan speeds of 0.5, 0.75, 1.0 and 2.0 m/s.

Examination of the cross-section images revealed that nearly all walls were free of pores and generally
maintained a consistent thickness throughout the build height (Fig. 4). However, walls with thicknesses
below 40 um were found to be less stable, with some exhibiting slight bending, likely due to the cleaning
process or sample transportation. For all subsequent investigations, a scan speed of 0.5 m/s was selected,
as it provided the largest process window and resulted in the smoothest and most homogeneous melt
tracks. The line energy was set at 65 J/m but was occasionally reduced to 50 J/m to prevent excessive
overheating, particularly when generating smaller TPMS unit cell sizes.

3.2. TPMS structures

When looking at the most common TPMS lattices it becomes clear that they not only consist of thin vertical
walls but rather a continuous change between vertical as well as horizontal walls (bridges), so it is neces-
sary to investigate how the results of the previous chapter translate to the manufacturing of TPMS lattices.

Designing TPMS structures using conventional CAD software is challenging due to their complex geome-
tries, which are best represented through mathematical formulas primarily composed of trigonometric
functions. To overcome this, implicit design methods are employed using specialized software. In this in-
vestigation, nTopology was used, which allows for the straightforward adjustment of lattice types and geo-
metric characteristics such as unit cell size and wall thickness.

Test samples measuring 8 x 8 x 8 mm?® were generated, incorporating two different TPMS types: gyroid
and Schwarz diamond. These are the most studied lattices in the context of additive manufacturing for
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TPMS heat exchangers. The wall thickness was set at 100 ym. Although thinner walls are feasible, as
demonstrated in the previous chapter, the thickness of the bridges of the lattice are constrained by the
layer thickness, which was kept constant at 10 um. To ensure the reliable generation of these horizontal
features, it was determined that at least ten solid material layers should be used. The generation of thicker
walls poses the problem of requiring hatching vectors to fill the gap which forms between the contours.
These short vectors can lead to overheating, potentially damaging the lattice, and significantly increasing
the time required to process each layer. Therefore the 100 um walls are generated only with two contour
lines with the parameters determined in the previous chapter. The unit cell sizes were cubic, with edge
lengths of 1, 2, and 3 mm.

Both TPMS types and every unit cell size could be manufactured without issues during the built process.
For the removal of residual powder inside the lattices the ultrasonic bath was not sufficient especially for
the smallest unit cell size. Instead, pressurized air was used after the samples were dried for an hour at a
temperature of 120 °C to reduce the agglomeration of the powder particles.

Fig. 5 shows SEM- and cross-section images of the generated structures. The examination of the fabri-
cated TPMS structures revealed no inherent pores or defects, neither in the vertical walls nor in the hori-
zontal bridges of the lattice. Notably, the bridges were generated using the infill parameter (hatching)
rather than the contour (thin wall) parameter, which was initially thought to increase their susceptibility to
defects. However, no such defects were observed. Cross-sectional images indicated a higher surface
roughness on the downskin areas, particularly on the bridges. This increased roughness is likely due to
the sintering of powder particles to the underside of the structure and could potentially impact the heat
transfer efficiency of the final heat exchanger.

Figure 5: SEM- and cross-section images with of gyroid lattices with a) 1 mm unit cell size and
b) 3 mm unit cell size. The red arrows in the cross-section images show the build direction.

3.3. Leakage Test

To further investigate the quality of the generated TPMS lattices samples were fabricated to detect possi-
ble leakages inside the structures. Cuboidal lattices with gyroid and Schwarz diamond structures each with
a base edge length of 8 mm and a height of 6 mm were generated for the experiments. One side of the
fluid channel was sealed with baffles, allowing fluid access solely through an inlet located at the top of the
lattice. The opposing fluid side was similarly sealed with baffles at the inlet, ensuring that when pressurized
air was applied, only one side of the lattice could be filled with air, as seen in Fig. 6. If the lattice is leakage-
free, no air should escape from the structure. The baffle thickness was set to 100 um.
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Figure 6: Sample design for the leakage test: a) Cross-sectional view of the test sample
with cold (blue) and hot (red) fluid side, b) Manufactured test sample,
c) Leakage-free test sample with applied pressurized air submerged in water.

For both gyroid and Schwarz diamond TPMS lattices, six samples were manufactured across three sepa-
rate build jobs to evaluate repeatability. After fabrication, the samples were cleaned of residual powder
using pressurized air, and threads were cut into the inlets. For leakage testing, pressurized air at 8 bar was
applied through the inlet while the samples were submerged in water. A sample was considered leakage-
free if no visible bubbles appeared within a 2-minute observation period.

The results of these tests are summarized in Table 2. The gyroid lattice samples were predominantly leak-
age-free, with only one exception, whereas all Schwarz diamond samples exhibited leakage across the
first two build jobs. Despite a thorough analysis, no inconsistencies were detected during the build
process, making it difficult to pinpoint where the leakage was occurring within the structure. However, in
the third build job, all samples, including the Schwarz diamond lattices, were leakage-free. Due to its more
consistent performance, the gyroid lattice was ultimately selected for the heat exchanger design.

Table 2: Leakage test results with qualitative evaluation.
"O" indicates a leakage-free sample, while "X" denotes a detected leakage.

Gyroid Schwarz diamond
Build job Sample 1 Sample 2 Sample 1 Sample 2
1 0] @] X X
2 X 0] X X
3 O @) o] O

4. Heat exchanger
4.1. Design and manufacturing

The design of the heat exchanger is based on a crossflow microchannel heat exchanger previously devel-
oped at the Laserinstitut Hochschule Mittweida and will be used for comparing the TPMS heat exchangers
to a more conventional design. The microchannels have a cross-sectional area of 200 x 3000 um? and a
wall thickness of 100 um. To enable support-free manufacturing, the end baffles were designed at a 45°
angle, ensuring that downfacing features could be printed without the need for additional supports. The
inlets and outlets were designed to allow for tube welding, which permitted the outer body of the heat
exchanger (excluding the active heat transfer structures, such as the microchannels) to be minimized,
achieving a wall thickness of approximately 1 mm. Fig. 7 shows the CAD-model with the visible inner struc-
ture and the manufactured heat exchanger with welded tubes and compression fittings.
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Figure 7: Design of the crossflow microchannel heat exchanger: a) Cross-sectional view
of the CAD-model, b) Manufactured heat exchanger with welded tubes and compression fittings.

The updated design replaces tube welding with threaded connections for push-in fittings, necessitating a
thicker outer body and larger inlet and outlet diameters to avoid damage to the heat exchanger during
thread cutting (Fig. 8a, 8d). Critical downskin angles below 45° were minimized by utilizing the full 40 mm
build chamber height. The outer body was designed using SolidWorks, while the lattice structure was gen-
erated in nTopology. The design of the inlet and outlet baffles turned out to be critical, as downfacing an-
gles of 45° presented challenges for certain unit cell sizes, leading to potential overhang formation at the
lattice edges (Fig. 8b, 8c). To avoid this, only unit cell sizes of 0.975 mm, 1.975 mm, and 2.51 mm were
selected, as these did not require support structures. The baffle thickness was set at 100 ym, equal to the
lattice wall thickness, as infill within the baffles caused overheating and posed a risk of recoater damage
during the build process.

Figure 8: Design of the TPMS heat exchangers: a) Cross-sectional view of the heat exchanger featuring a
unit cell size of 1.975 mm, b) Detailed view of inlet baffles designed for support-free printing, c) Example
of baffles with overhanging sections, d) Final manufactured heat exchanger with push-in fittings installed.

It was more challenging to remove residual powder from the heat exchangers with smaller unit cell sizes
in the lattice. To effectively apply compressed air without losing pressure, the threads needed to be cut first
to allow connection through the push-in fittings. Compressed air was then applied to all inlets and outlets
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multiple times until no more powder was expelled from the heat exchanger. Since water was used to mea-
sure heat transfer performance, the same cleaning procedure was repeated with water after the air clean-
ing. However, it cannot be guaranteed that all residual powder was fully removed. Advanced measurement
techniques, such as microtomography, would be required to confirm complete powder removal.

4.2. Heat transfer performance

To evaluate the heat transfer performance of the heat exchangers, a test stand was constructed. Water
was used as the working fluid, sourced from two faucets. Hot water was supplied by an instantaneous
water heater with a maximum temperature of approximately 45°C and a flow rate between 80 to 120 I/h.
The cold water temperature, determined by outdoor conditions, typically ranged from 15 to 20 °C. Despite
these fluctuations, the temperature remained relatively stable on any given day. Fluid temperatures were
measured using Pt100 temperature sensors, while the flow rates were monitored using two variable area
flow meters. Additionally, the pressure drop across the heat exchanger was recorded using a differential
pressure gauge.

Prior to testing the thermal performance, a leakage test was performed with compressed air. Unexpect-
edly, all three TPMS heat exchangers exhibited leakage, whereas the microchannel heat exchanger was
leakage-free. These results differed from previous tests, possibly due to the limited number of prior sam-
ples or design-related issues, such as potential weak points in the baffles or the connection between the
thin-walled lattice and the thicker outer body. The exact source of the leakages could not be identified
without more advanced measuring methods such as microtomography.

A water-based leakage test revealed that heat exchangers with smaller unit cell sizes had minor leakages,
amounting to 1 — 2 drops of water per minute at a pressure of 5 bar. Given the low volume of fluid loss, it
was concluded that the thermal performance tests could proceed with minimal impact on the overall results.

To evaluate the thermal performance of the heat exchangers, the overall heat transfer coefficient h was
calculated using the following formula:

where Q is the total heat transfer rate in W, A is the effective heat transfer surface area in m? and AT, is
the logarithmic mean temperature difference. The total heat transfer rate is calculated according to the
formula:

where V is the volume flow rate in m3/s, p is the density of water with 998 kg/m3, cP is the specific thermal
capacity of water with 4187 J/(kg-K) and Thot_in and Thot_out are the temperatures of the fluid at the hot
inlet respectively the hot outlet in °C. The logarithmic mean temperature difference for counterflow regime
is calculated according to the formulas:
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The results of the thermal performance measurements are shown in Fig. 9. The highest overall heat trans-
fer coefficient, as well as the highest pressure drop, was measured with the smallest unit cell size of
0.975 mm, yielding values of 12.64 kW/(m?-K) and 415 mbar, respectively. For comparison, the VDI Heat
Atlas provides benchmark values of up to 1.2 kW/(m?-K) for shell-and-tube heat exchangers and 4 kW/
(m#K) for plate heat exchangers in water-to-water applications [16].

These benchmark values were surpassed by the tested heat exchangers with unit cell sizes of 1.975 mm
and 2.51 mm, as well as the microchannel heat exchanger. An increase in unit cell size resulted in a lower
overall heat transfer coefficient but also a lower pressure drop. For example, heat transfer coefficients

exceeding 8 kW/(m?-K) were achieved with a pressure drop of 100 mbar for the 2.51 mm unit cell size.
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Figure 9: Results of the thermal performance measurement.
a) Inlet and outlet temperatures for all heat exchanger designs with a flow rate of 120 I/h,
b) Heat transfer rate, c) Heat transfer coefficient, d) Pressure drop.

The impact of unit cell size on thermal performance does not follow a linear trend, as the difference be-
tween the 0.975 mm and 1.975 mm sizes is significantly larger than that between the 1.975 mm and
2.51 mm sizes for both the heat transfer coefficient and pressure drop. Further investigation of additional
unit cell sizes would be necessary to fully understand the influence of this parameter on performance.

When compared to the microchannel design, the microchannel heat exchanger exhibits similar heat trans-
fer performance to the 1.975 mm and 2.51 mm gyroid structures. However, the pressure drop in the mi-
crochannel design is approximately twice as high, making the TPMS lattice design the preferred choice for
heat exchangers.

5. Conclusions

This study demonstrates that incorporating small-structure TPMS lattices can significantly enhance the
heat transfer performance of water-to-water micro heat exchangers. Compared to conventional plate heat
exchangers and a microchannel heat exchanger fabricated via Micro-SLM, the TPMS-based designs, par-
ticularly gyroid structures, demonstrated higher heat transfer efficiencies. With a unit cell size of 1 mm and
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a wall thickness of 100 uym, an overall heat transfer coefficient of over 12 kW/(m?-K) was measured with
the downside of a relatively high pressure drop of over 400 mbar. By increasing the unit cell size the pres-
sure drop could be decreased to below 100 mbar while still achieving a heat transfer coefficient of over
8 kW/(m?-K). Although leakage-free gyroid lattices were fabricated, leakage persisted in the final heat ex-
changers, warranting further research on leakage detection and elimination. TPMS lattices for heat ex-
changers, especially in Micro-SLM, present new research opportunities, including exploration of other lat-
tice structures, multi-phase concepts, and advanced baffle designs.
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Additive manufacturing of pure Molybdenum utilizing ultra-short laser pulses
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" Institute of Applied Physics, Abbe Center of Photonics, Friedrich-Schiller-Universitat Jena, Jena, Germany
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The extreme high melting temperatures, high thermal conductivities and their extraordinary highresistance
to wear make refractory metals predestine for applications with high mechanical loads at elevated tempe-
ratures, such as jet propulsion systems in aerospace, nuclear fission systems or x-ray collimators. Usually
those applications require thin-walled structures, where additive manufacturing (AM) has the potential to
significantly reduce material waste and fabrication cost. However, the high melting point and thermal con-
ductivity together with high susceptibility to solidification fractures makeit difficult to identify a suitable pa-
rameter window for the laser based melting process.

Here, we report on PBF-LB/M of pure Molybdenum utilizing an ultra-short pulsed (USP) laser system.
USP-lasers are commonly known for their capability of cold ablation and triggering nonlinearprocesses
where typically high pulse energies and low repetition rates up to the low MHz-regime are used. In con-
trast, for the PBF-LB/M processes a lowpulse energy regime at high repetition rate is used toaccumulate
thermal energy to melt the powder particles. The main advantage of employing an USPlaser in an AM
process is grain refinement, which can be controlled by pulse energy and pulse repetition rate. As it has
been shown by experimental and theoretical investigations grain refinement can lead to a significant re-
duction in hot cracking in laser-based welding and AM processes. Therefore,the use of an USP-laser sour-
ce in the PBF-LB/M process could be beneficial in terms of crack free AMof pure Molybdenum. Therefore,
we are going to present powder bed fusion of pure Molybdenum utilizing an USP-laser system with a cen-
tral wavelength of 1030 nm, a pulse length of 270 fs, a repetition rate of 32 MHz and an average laser
power output of150 W. We demonstrate the fabrication of thin-walled structures with a width below 70 um
as well as a processing window for bulk samples with a relative density close to 100 %. As an example,
Figure 1 shows cubes used to study the density of the additively manufactured molybdenum in depen-
dence of laser power, scanning speed and hatch distance. In addition to the processing parameters the
results ofthe microstructural analysis and mechanical testing of the fabricated samples will be presented.

Figure 1. 3 mm x 3 mm x 3 mm pure Molybdenum cubes
still attached on the built plattfrom via a 2.5 mm high support structure.
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Laser assisted analytical depth profiling (LAADP) — an innovative method for high-preci-
sion analysis

Berger, N.'2; Bock, W."?; Passlack, S."?; Ehnert, S."%; Schafer, M."2; L'huillier, J."2
" Institut fir Oberflachen- und Schichttechnik (IFOS GmbH), Kaiserslautern, Germany
2 Landesforschungszentrum OPTIMAS, RPTU Kaiserslautern-Landau, Kaiserslautern, Germany

Analyzing material compositions that are sensitive to the introduction of heat or mechanical stress remains
a challenge but is of paramount importance in various domains of material science, for example in the
context of the burgeoning hydrogen economy. Often it is imperative to analyze such sensitive material
systems down to a depth of several hundred micrometers, or even millimeters. However, prevailing sensi-
tive measurement techniques like in the field of surface mass spectrometry are limited to depth profiling
within the nanometer to a few tens of micrometers range. Moreover, conventional sample preparation
methods may unintentionally induce undefined alterations to the material system due to the imposition of
mechanical stress or heat, rendering them hardly suitable.

In the presented approach of Laser-Assisted Analytical Depth Profiling (LAADP), an ultra-short pulse laser
is deployed to gently ablate surface material down to the intended depth for analysis. This material re-
moval is done in a layer-by-layer process, whereby different stop criteria have been demonstrated. Firstly,
it is possible to remove a certain number of layers to a certain depth. Especially for inhomogeneous lay-
ered material systems it can be important to actively use material feedback to stop ablation based on ma-
terial transitions. For this purpose, the ablated material can be used to perform an online LIBS analysis
(Laser-Induced Breakdown Spectroscopy) and define stop criteria based on its results. In both cases, the
depth accuracy is mainly limited by the ablation per layer, which is in the sub-micrometer range. This was
demonstrated on a sample consisting of a NiP-layer with a thickness of 10 micrometer on top of an alu-
minum base material.

By using an ultrashort pulsed laser and carefully choosing the process parameters the deployment of
residual heat and thereby the heat affected depth can be reduced to a minimum. For a heat sensitive
hydrogen enriched titanium sample experimental findings align with thermodynamic simulations that de-
scribe a laser-affected zone in the residual material with a thickness of less than 100 nanometers. Thin
layers like this represent only a negligible obstacle for subsequent analytical methods such as SIMS. Our
findings clearly show that the Laser-Assisted Analytical Depth Profiling is able to combine a high level of
precision with a high degree of time and cost efficiency.

1 Introduction

The determination of hydrogen concentration in components is of central importance for assessing and
preventing material-related damage. For instance, in rolling bearings, which are indispensable in a variety
of industrial applications, Evans et al. [1] demonstrated that diffused hydrogen contributes to the formation
of so-called "White Etching Cracks" (WECs). These microscopic crack structures, caused by the accumu-
lation of hydrogen and the resulting embrittlement of the material, can penetrate deep into the component,
often reaching depths of several hundred micrometers. Therefore, determining the hydrogen concentra-
tion is essential to detect potential material damage and maximize the lifespan of components.

However, detecting hydrogen within the material itself poses a significant technological challenge, as hy-
drogen is difficult to detect. This complicates not only the quantitative determination of hydrogen concen-
tration but also the localization of hydrogen in specific areas of the material. While traditional analytical
methods, such as Secondary lon Mass Spectrometry (SIMS) or Secondary Neutral Mass Spectrometry
(SNMS), can be used to determine hydrogen concentration, these methods are only practical for depth
profiling up to a relatively shallow depth of a few micrometers. This limitation arises from the low removal
rate, typically £ 1 nm/s, and the cumulatively increasing roughness with increasing depth. For analyses at
greater depths, appropriate sample preparation is required. Due to the high volatility of hydrogen, conven-
tional mechanical preparation methods, such as cutting and polishing the new surface, prove problematic.
Mechanical stress and/or process heat can alter the hydrogen concentration in an undefined manner, ren-
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dering subsequent measurements unusable. Our LAADP approach can overcome this limitation of con-
ventional methods by using ultrashort pulse (USP) laser ablation. In this process, ultrashort laser pulses
with extremely high peak powers are used to ablate small volumes of material without significantly trans-
forming it into a liquid phase. Heat conduction to surrounding material is effectively prevented, and the
heat-affected zone can be minimized [2, 3].

2 Methods

For Laser-Assisted Analytical Depth Profiling (LAADP), a USP laser is used to create a gentle, high-preci-
sion ablation down to the required depth of up to several hundred micrometers. The exact shape of the
ablation can be tailored to the specific research question. In addition to individual test fields, it is also pos-
sible to create a step-like structure with fields at different depths or even a continuous ramp. The resulting
analysis surface is then examined using high-resolution analytical methods. In this work, the mass spec-
trometric analysis techniques ToF-SIMS (Time-of-Flight SIMS) (Device used: TOF-SIMS IV, IONTOF) and
SNMS (Device used: Prototype of INA-X, SPECS GmbH) were used for this purpose. This process is
schematically depicted in Fig. 1.
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Figure 1: Schematic representation of the LAADP process in 2 steps.
Step 1: High-precision sample preparation using a USP laser. Step 2: Application of
a highly sensitive mass spectrometric analysis method at the previously prepared depth.

For the ablation process, an ultrashort pulse laser with a pulse duration of 9 ps, a wavelength of 1064 nm,
and a variable pulse energy of up to 150 pyJ was used (HyperRapid 100, Coherent). Single laser pulses or
bursts of up to ten laser pulses with a burst internal repetition rate of 50 MHz can be created at various
repetition frequencies up to 1 MHz. Its beam path was deflected just before the respective sample by a
galvanometer scanner (hurryScan Ill 14, Scanlab) and focused onto the sample through an F-Theta lens.
In this work two focal lengths (f = 199 mm and f = 255 mm) creating spot sizes on the samples with diam-
eters of 19 ym and 66 um were utilized. By using these ultrashort pulses, the heat-affected zone during
ablation is minimized.

For more efficient parameter studies and increasing the understanding of the thermodynamics within the
samples, simulations of the near-surface temperature gradients were carried out. These simulations are
based on the methodology and formula presented by Bauer et al. [4]. The analytical solution for the tem-
perature rise caused by a single short Gaussian laser pulse is used (Equation 1). The temperature distri-
bution after multiple pulses is calculated as the sum of the individual temperature changes caused by each
pulse.
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(1)

Here, E,; corresponds to the residual heat remaining in the material after the pulse, p is the density of the
material, ¢ is the heat capacity of the material, k is the thermal diffusivity of the material, t is the time
elapsed since the pulse hit, and w; is the beam radius of the incoming laser pulse.

3 Experiments and discussion

The aim of the study is the systematic investigation of the influence of the introduced energy on the result-
ing changes in the surface layer region. In the first step, investigations are carried out on a bulk system,
using a hydrogen-enriched titanium sample as an example. The findings are then applied to a layer sample
made of hydrogen-enriched yttrium oxide. In the third step, additional possibilities of the ablation and
preparation process are demonstrated by creating a 3D-ablation and demonstrating inline LIBS analysis
(Laser-Induced Breakdown Spectroscopy).

3.1 Hydrogen-enriched titanium sample

To analyze heat-induced changes in hydrogen concentration, two test fields were ablated on a hydrogen-
enriched titanium sample using the laser. By selectively choosing the process parameters, the heat input
was kept low in one of the test fields. The second test field was deliberately processed with parameters
that result in a high heat-affected zone (both parameter sets are shown in Table 1). To improve compara-
bility, the ablation depth for both test fields was adjusted to approximately 2.5 ym by modifying the number
of passes.

Table 1: Laser process parameters for ablation with high and low heat input on titanium sample

Heat input high | Heat input low
Focal length 100 mm
Mark speed 1000 mm/s
Line distance 5um
Repetition rate (burst) 500 kHz 200 kHz
Pulses per burst 10 1
Average laser power 2,38 W 0,558 W
Pulse energy 0,47 ud 2,79 ud
Ablated layers 3 12

For the two cases considered, the temperature profile was simulated using the given laser and process
parameters (see table 1). The simulation approach presented in section 2 was used to determine the max-
imum temperature at various depths during the process. Since the portion of energy used for ablation is
no longer available as residual heat, the pulse energy in the simulation was adjusted so that 90 % of the
boiling temperature of titanium is reached at the surface (the topmost remaining layer is just below the
evaporation point). In 2010, C. Schéfer [5] demonstrated that the permeability of hydrogen in titanium
changes dramatically with temperature fluctuations already below 300 °C. Based on this, a critical temper-
ature of 250 °C was set for evaluating the results. Under these assumptions, the simulation (see Fig. 2)
shows that for the parameter set with high heat input, an effect to a depth of about one micrometer is
expected. For the parameter set with low heat input, however, only about one-tenth of that depth
(=100 nm) is anticipated.
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Figure 2: Simulated depth profile of the maximum temperature reached in titanium with the
process strategies used. Left: Process strategy with high heat input. Right: Process strategy with
low heat input. To reach 90 % of the melting point of titanium, the average laser power was adjusted
to 0.169 W for high heat intake parameter set and 0.008 W for the low heat intake parameter set.

After laser processing, the sample was analyzed using ToF-SIMS measurements. A reference measure-
ment was taken at an unprocessed location, along with one measurement on each of the two test fields.
Fig. 3 shows the TiH/Ti ratio for the individual measurements. To rule out fluctuations in the detection effi-
ciency of the instrument, this ratio was used to analyze the hydrogen concentration. After 200 s, there is
hardly any significant difference between the unprocessed reference and the test field with low heat input.
However, the measurement of the test field with increased heat input shows a clear deviation from the
untreated reference for almost an hour (approx. 3000 s of measurement time).

Both the experiment and simulation show a penetration depth ratio of about 10:1 between high and low
heat input. Assuming a typical sputter rate of just under 1 nm/s, the detected depth by the ToF-SIMS mea-
surement matches the heat-affected depth of the simulation as well. This confirms the simulation as a
practical tool for developing gentle ablation parameters, which can significantly accelerate the develop-
ment and adjustment process for application to other materials, while also reducing potential material
waste.
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Figure 3: ToF-SIMS measurements of unprocessed surface (green),
surface processed with high heat input (red) and surface processed with low heat input (blue).
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3.2 Hydrogen-enriched Yttrium-oxide sample

v KV )
Figure 4: Structure of the YH,O, (hydrogen-enriched yttrium oxide) sample in cross-section, here as an
SEM image of a FIB section. The AuPd-layer and the Pt-depo were only applied for analysis purposes

The precision and gentleness of the ablation process using the USP laser were examined on a 500 nm
thick, hydrogen-enriched yttrium oxide layer applied to glass. A cross-section of the sample, prepared us-
ing a Focused lon Beam (FIB) cut, is shown in Fig. 4. The gold-palladium layer and the platinum deposit
visible in the image were applied solely for analysis using a Scanning Electron Microscope (SEM) and FIB
and were not present in the subsequent steps presented here. The cross-section also reveals small irreg-
ularities in the glass substrate, which can lead to local variations in the thickness of the yttrium oxide layer
of several tens of nanometers.

Due to the high temperature sensitivity of hydrogen and the thin layer thickness, this sample is particularly
suitable for verifying the gentle ablation using the USP laser. A single pass was used to ablate as thin of a
layer of the YH,O, coating as possible. To keep the heat intake as low as possible, the laser was used in
single pulse mode (pulse energy of 2.68 uJ) with a low repetition rate of 50 kHz. The marking speed was
set to 250 mm/s and a line distance of 10 ym was used to create a rectangular ablation area of 2x2 mm?2.
To determine the ablation depth, a height profile of the sample was subsequently created using white light
interferometry (see Fig. 5). The irregularity caused by the glass substrate used as the base material and
the ablation depth of 64 + 3 nm are clearly visible. The regular shading observed in the optical image is
caused by vignetting from the stitched individual images and does not affect the height data.
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Figure 5: White light interferometry measurement of the YH,O,-surface with ablated test field.
Top left: Height image of the sample, the surface form is clearly recognizable. Top right: optical image
with the measurement position of the profile line marked. Both images show the same image section.
Below: Profile line for measureing the removal depth, determined along the line marked in the optical image.

To analyze the temperature effects on the hydrogen concentration in the YH,O,-layer, the sample was
examined at three reference points and two processed locations using ToF-SIMS analysis. The measured
H/Y ratio is shown in Fig. 6. The measurements of the laser-processed areas were shifted along the x-axis
so that the transition from YH,O, to glass aligns for all measurements. This alignment is clearly visible in
the shifted onset of the graphs. The variation in the thickness of the YH,O,-layer between the two measure-
ments of the laser-processed area can be explained by the previously mentioned thickness variation of the
unprocessed YH,O,-layer.
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Figure 6: ToF-SIMS depth profile through the YH,O,-layer into the glass substrate, the ratio of H/Y is shown.
Reference measurements of non-laser-processed areas are shown in black. The measurements of laser-
processed areas are shown in red; these have been shifted along the x-axis so that the transition to the

glass substrate is superimposed on all measurements.
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Similar to the white light interferometry measurements, the ToF-SIMS measurements show a thickness
difference of approx. 60 nm between the laser-processed and unprocessed areas. At the start of the ToF-
SIMS measurement, there is a rapid decline in the H/Y concentrations across all measurements. Subse-
quently, the H/Y concentrations follow a very similar trend until the transition of the YH,O,-layer into the
glass substrate. However, due to the roughness induced by the laser process, this transition in the depth
profiles of the H/Y concentrations of the laser-prepared areas is not as sharp as for the reference areas.
Overall, even with this very sensitive material combination, no residual heat influence of the laser process
on the H/Y concentration of the remaining material could be observed.

3.3 Further options for sample preparation

After demonstrating that the USP laser can be used as a material-friendly ablation tool even for sensitive
hydrogen-containing materials with the selection of appropriate process parameters, this section explores
additional capabilities of USP laser ablation. As examples, we demonstrate the possibilities of continuous
depth profiling on a piston of a combustion engine and inline LIBS analysis (Laser-Induced Breakdown
Spectroscopy), shown on a NiP-Al-layer sample, during the laser process.

3.3.1 Continuous depth profile / 3D ablation

In addition to creating plateaus at defined depths, nearly any three-dimensional ablation geometry can
also be prepared. The example of a continuous "ramp" is demonstrated below. Using laterally resolving
measurement methods, continuous depth profiles can be created in just one measurement. In Fig. 7, this
capability was realized and illustrated using the material of a piston from a combustion engine. The pro-
cessed area measures 5x2 mm?, with the "ramp" covering an area of 3x2 mm?. This is seamlessly followed
by a planar ablation of 2x2 mm? at an ablation depth of 53 um. This ablation was created using the laser
in burst mode with 3 pulses (approx. 2 ud per pulse) and a repetition rate of 50 kHz. In combination with a
mark speed of 250 mm/s and a line distance of 5 um this created a smooth, low-roughness surface, while
keeping the heat intake to the material very low. The ablation caused increase of the surface roughness
S, was determined to be approx. 130 nm. Significantly undercutting the roughness increase typically seen
with sputtering (typically = 10 nm per 1 um of ablation).
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Figure 7: ‘Ramp-shaped’ removal, here realized on piston material.
Left: 3D view of the measured height profile. Right: Depth profile and roughness
measurement at the point of deepest removal and on an unmachined reference surface.

3.3.2 NiP-layer system on Al

For the tests conducted so far, the ablation per pass was determined, and the desired depth was then
adjusted by modifying the number of passes. However, in layer systems, it can occur that the thickness of
one or more of these layers varies, and yet the ablation needs to be stopped relative to a layer transition.
Particularly in such cases, the plasma generated during the ablation process can be used for analysis
through LIBS. Based on the detected spectra, stop criteria can be introduced or process parameters can
be adjusted.

The carried-out investigations demonstrate this on an aluminum sample with an approx. 10 um thick
nickel-phosphorus layer on top. The laser was set to single pulse mode (pulse energy 2.68 uJ) and a pulse
repetition rate of 50 kHz. With a marking speed of 250 mm/s and a line distance of 5 ym almost homoge-
neous layers were ablated. For each ablated layer, a LIBS spectrum ranging from 349.7 nm to 608.4 nm
was measured using a spectrometer produced by Avantes. The spectrum was then transformed to its prin-
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cipal components (the basis was previously defined using PCA of a complete set of spectra, see Abdi et
al. [6]). Fig. 8 shows the first 5 principal components of the resulting spectra layer by layer. To verify and
validate the results, a second laser-processed test field was also analyzed using SNMS to quantify the
elements and molecules present. Both measurements show a good agreement in the transition region of
element concentrations from the NiP-layer to the aluminum. Since the surface roughness at this depth with
S. =90 nm is significantly below the ablation per layer, it cannot explain the measured, gradual transition.
This must be an effect of the material itself.
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Figure 8: Top: Layer-by-layer principal component analysis of the ablation
through the NiP-layer into the Al base material. Bottom: SNMS measurement
carried out through the transition region on a laser-prepared test field.

4 Summary

This work presented the LAADP approach for precise material preparation and analysis, particularly hy-
drogen detection, in deep material layers. This approach is characterized by the combination of ultrashort
pulse (USP) laser ablation and high-precision analytical methods, such as mass spectrometry. The use of
the USP laser successfully overcomes the limitation of ablation depth in sputtering-associated methods
like mass spectrometric measurements without significantly affecting the remaining material composition,
such as the hydrogen concentration in the material. This was demonstrated through experiments with var-
ious materials, including hydrogen-loaded titanium and yttrium oxide, where the laser's influence on resid-
ual heat and, consequently, on hydrogen concentration was kept minimal. The approach also demon-
strated potential extensions of USP laser-based ablation techniques, such as the creation of continuous
depth profiles and inline LIBS analysis. Overall, the LAADP method can contribute to making bulk materi-
als, previously inaccessible for analysis, available to precise analytical methods and thereby enhance sci-
entific knowledge.
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Classification of surface structures in ultrashort pulse laser processing using machine
learning based on light microscopic images

Thomas, R."; Westphal, E."; Schnell, G.; Seitz, H."?

" University of Rostock, Chair of Microfluidics, Faculty of Mechanical Engineering and Marine Technology, Rostock, Germany
2 University of Rostock, Department Life, Light & Matter, Rostock, Germany

A popular method to create micro- and nanoscale surface structures on various materials is to process
them with ultrashort pulsed lasers. With ultrashort laser pulses, self-organized structures can be generated
in the laser spot during the machining process. By employing appropriate scanning strategies, these intri-
cate patterns can be scaled up to cover larger areas effectively. The formation of the surface structures
depends on the laser parameters (such as laser fluence, polarization, scanning strategy and number of
pulses), the material properties (such as chemical composition and physical properties) and the environ-
mental conditions.

However, since the underlying formation mechanisms of the structures are very complex and depend on
several non-linear relationships, it is a challenge to choose the right process parameters and scanning
strategies for a desired surface modification. This poses problems in the production of surface structures
with ultrashort laser pulses and represents an obstacle to the use of laser systems.

To solve this problem, we introduce a machine learning (ML) approach. In a first step, we present a suc-
cessful Al-based image recognition of direct light microscopy images of different structure classes. The
usage of light microscopy images enables inline process control and autonomous structure classification.

For image recognition, we generated three different structure classes (LIPSS, crater structure, microstruc-
ture) in comparison to the reference on two steel substrates (X37CrMoV5-1 and X5CrNi18-10). To train a
pre-trained model, 250 different images of X37CrMoV5-1 steel from each structural class (4x) were used.
The classification test of the trained models was performed with 30 additional images of each structural
class of both steel substrates.

The results of the ML-based classification show that the generated direct light microscope images could
be effectively used to train an ML algorithm, which was subsequently able to automatically classify new,
unknown images with respect to the existing surface structure. A web application was developed to interact
with the trained ML algorithm to analyse new microscopic images of different surface structures without
specialized knowledge. Therefore, the machine learning-based classification of laser-induced surface
structures holds significant promise for a wide range of in-line applications.
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Multi-sensor conception for process monitoring in laser welding with beam oscillation

Ulimann, L.; Dittrich, D.; Boerner, S.; Jahn, A.; Wetzig, A.
Fraunhofer Institute for Material and Beam Technology IWS, Dresden, Germany

New multi-core fiber concepts, diffractive optical elements and beam shaping optics lead to unique
process solutions in laser beam welding. Therefore, development of scientific process monitoring in laser
beam welding represents a key for objective optimization of process parameters and enabling reliable
process-control in serial application. The presented work concentrates on the conception of an optical
setup for 3D beam shaping and multi-sensor systems. The developed architecture to collect synchronized
process data of the multisensor system will be explained including accumulated process emissions gener-
ated with a unique processing head. Emissions of an acoustic sensor and a thermal camera signal in com-
bination with process parameter were used to evaluate process behavior. The identified weld seam inho-
mogeneities of copper welding are explained through engineered data annotation, which teaches a cyber-
physical model. Therefore, it is mandatory to collect sufficient amount of data on process stability and gen-
erate reliable information on the processing quality in order to establish a reliable inline process control.
An automated approach to handle numerous influencing factors in the parameter space is emphasized.
Furthermore, perspectives for process control loops of technical welding solutions will be presented.
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Predictable laser material processing by combining ultrafast metrologies with modeling

Horn, A; Pflug, T.; Engel, A.; Olbrich, M.
Laserinstitut Hochschule Mittweida, Mittweida, Germany

Laser material processing is often implemented in product chains when high accuracy and high repro-
ducibility are essential. In general, to improve laser material processing quantitative modeling is necessary
to predict the right process parameters. In this paper, we demonstrate at three examples the entangled
combination of multiple ultrafast metrologies with our selfdeveloped models describing laser radiation
propagation, optical properties of the irradiated area during irradiation, and the dynamics of the irradiated
matter at different phase states determining their thermophysical parameters.

We start firstly by laser processing below the ablation threshold. Thereby, we investigate the change in the
magnetic properties of FeAl and FeV alloys (FegAly and FegVy) by determining the relative change of
reflectance AR/R during and after laser excitation [1]. We observe a remarkable change of AR/R up to
200 ps after irradiation, see Fig. 1, resembling an ultrafast melting and reordering of the atoms. These
rearrangements were accompanied by the emergence of ferromagnetism and were achieved without dam-
aging the sample surfaces. Secondly, we elucidate the dynamics of a thin chromium layer irradiated by
single-pulsed ultrafast laser radiation. Metrology as well as modeling reveal a complex formation of two
ablation layers (Fig. 2). Using space-and time-resolved reflectometry [2], as well interferometry, we retrace
the geometrical changes in the surface topography by implementing a smart model using the transfer ma-
trix formalism for a multi-layer system. Lastly, we implement additional pulses in our investigations to de-
scribe multi-pulse ablation. Now, the laser radiation of subsequent pulses interacts not only with a modified
surface, but also with an expanding ablation plume. The dynamics of the surface, as well as of the ablation
plume are presented.
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Figure 1: AR/R of the irradiated Feg Alsy with the simulated Te and T, for different fluences
of the pump radiation relative to the measured damage threshold fluence F,. [1]
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Fig. 2: Measured (top) and simulated (middle) AR/R as function of time in the spallation regime. [2]
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Abstract

The research project with the Textile Research Institute Thuringia-Vogtland e.V. (TITV Greiz) developed a laser-based powder deposition
process for achieving electrical conductive tracks on Polyethersulfone (PESU) fabrics. The one-step deposition of the process was
developed at the University of Applied Sciences Jena (EAH Jena). With the help of a CO,-laser, a mixture of TPU and metal powder is
deposited onto the substrate surface. The machine setup has been designed, developed, and optimized for the new process. During the
experiments, the feeding process of powder mixture, the programming of the applied structures, and the influence of laser parameters on
the resulting tracks were investigated. To show the potential applications the formation of different geometries was confirmed. This
technology is expected to add value to the production of electrically conductive textiles, offering fast production times, geometrical freedom
and expanding the potential for smart textile applications.

Experimental and Measurement Setup

Design of the machine setup
|

Scheme of the Deposition Process
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The process utilizes a custom-designed machine setup featuring a 30W Synrad CO,-laser source. The laser beam is directed through a
series of mirrors (M1-M3) and focused using a ZnSe meniscus lens with a focal length of 300 mm as shown in Fig. 1. The GTV powder
feeder system delivers a mixture of TPU powder (P1) and Silver-coated Aluminum powder (P2) through a 3-jet nozzle onto the textile
substrate. The laser radiation is defocused when it interacts with the surface. The powder jet is focused on the substrate which is positioned
z,=18mm from the nozzle's bottom as shown in Fig. 2. The entire system is computer-controlled, while the axis movements are
programmed and managed by Phylogic software. To investigate the key parameters optical microscopy (Keyence VHX 7000), electrical
resistance measurements (Keithley multimeter 2001), and a digital dial indicator (Mahr METAV) were applied.

Results and Conclusion
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The laser-based powder deposition process has successfully created conductive tracks on PES fabric, demonstrating the ability to form
geometries such as lines, meander structures, nested structures, and circles. With parameters set at 10.6 W power and 31.0 mm/sec
velocity, the tracks were evenly deposited and exhibited proper conductivity without cuts.
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Objectives

Additive manufacturing processes enable the highly flexible and resource-efficient production of individual components from various
materials. Alongside the growing demands for the accuracy and durability of 3D-printed parts, research is increasingly focusing on
sustainable, reusable, and cost-effective material systems. For this reason, liquid alkali silicate glasses (water glasses) are being evaluated
in the presented studies for their suitability as base materials for 3D printing. The approach is based on the layer-by-layer solidification of the
liquid material through polycondensation reactions, induced by dehydration via CO, laser radiation (A = 10.6 pm) [1].

Experimental setup Results of the single-layer-tests

ggr::.s:; ‘;’;‘s*;:rg Investigations of the interaction between laser radiation and material (sodium silicate 40/42)
1000
/ 7/ y =470.82In(x) - 1436.4 n
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Additional results

Laser scanning strategy % @]]]]HFY Chemical element analysis (SEM-EDX) Digital microscopy
* xy-hatch scanning (cross pattern) s | * Unwanted sodium accumulations (possi- | « Hatch spacing (h,) determines the
with constant hatch spacing is preferred bly Na,CO5) on the surface, likely formed | degree of crosslinking within a layer

» Better crosslinking and contour fidelity

i by reaction with CO, from ambient air
compared to pure x-line scan

P=21w
hs =70um

X-ray diffraction analyses (XRD)
* Clear evidence of X-ray amorphous samples

[T Waltigétie2 V(1) Blended] m Enschub |

" Ca=730um
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Fig. 5 il micoscoe imageof a sng
Tayer with h, = 70 um (100x magnification)
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Fig. 4: SEM image (195« magnificaton) with EDX point analyses
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Fig.3: XRD with o

Tayer with h, = 100 um (100x magnifcation)

Studies on process Adjusted experimental Adaptation of the process to Research and testing of
temperatures and laser- setup (reproducibility, 3D components and other suitable additives for
induced thermal stresses automation, resolution) water glass types material modification

Conclusion: As part of our research, sodium silicate solutions are being examined for their suitability for additive manufacturing. The current
experiments focus on investigating the fundamental interaction mechanisms between laser radiation and the material. To adapt the process
for three-dimensional components and other types of alkali silicate solutions, adjustments to the experimental setup are essential.

[1] Bliedtner, J., et al. (2021). Verfahren zum dreidimensionalen additiven Aufbau eines Formkdrpers aus Wasserglas (EP 3 566 868 B1). Européisches Patentamt. https://patents.google.com/patent/EP3566868B1/
[2] Hassel, R., et al. (2023). Investlgat/ans on the /ayer by /ayer solidification of liquid alkali silicates using CO2 laser radiation. limenau, 06.09.2023. “Living Glass Surfaces XII", 60th lImenau Scientific Colloquium
[3] Jacobs, P.F. (1992). Rapid prototyping & : of stereolithography. Society of Manufacturing Engineers (SME). ISBN 978-0-872-634251
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Al-based Part Recognition

3 faktur /

Based On Pointnet++

Sebastian Matthes, Patrick Ongom-Along, Sven Padutsch, Markus May

addlitive manufacturing

A [ STL File [ STLIFl‘.e ] N Y N\

Motivation Approach A4 O\
In additive manufacturing, managing multiple repeat W0 methods for detecting similarities between . @ ‘
prints of identical or similar parts efficiently is a 3D objects were compared: Fourier Fingerprint =g ;
significant challenge due to the high demand for ~ Search (FFS)and PointNet++. The FFS converts 3D "%a Stieed STl PolitClaud
specific components and the variations among Objects into a frequency-based representation
them. Quickly identifying and classifying these parts ~ Using Fourier transformations, extracting features - (e
can greatly enhance time and resource efficiency, that serve as an object's "fingerprint” for similarity -
thus boosting overall productivity. This study aimsto ~ comparison. PointNet++, a deep learning model, is Feature Bxiraciion

: » ‘ ‘ A
identify the most effective classification algorithms ~ designed specifically for peint clouds, extracting 1) ',‘.P [ ———
or Al technigues to address these challenges. 9lobal and local features of 3D objects. The . of each slice

Specifically we explore advanced methods,
including deep learning models like PointNet++ and
Fourier transformations, to provide viable solutions.

Results

Fourier Fingerprint Search (FFS)
* Rotational Robustness:
« High consistency in similarity scores across
various rotations.
« Effective due to Fourier transformations applied

to 2D projections of 3D objects.

Performance Metrics:

« High precision in detecting exact and partial
matches of 3D CAD models, effectively
distinguishing between similar and dissimilar
objects

Mt

Limitations:

» Reduced accuracy with highly deformed or
incomplete objects

» Decreased accuracy with significant topological
changes

%, ‘ o ‘
o’
‘zs/ 3 D 3D printing
&7—— Opftimised
[F O P Production

methods' performance in recognizing 3D objects
and their robustness to rotations and other
transformations were evaluated, as well as their
computational efficiency in terms of processing
speed and scalability for real-time use.

PointNet++
« Generalization Ability:
« Accurately identifies similarities in unseen
classes, demonstrating strong adaptability

similarity between first Hex_Head Sc

« Computational Efficiency:

« Overall faster processing and better scalability
with large datasets due to direct feature
extraction from point clouds, making it suitable
for real-time use, especially with complex or
diverse data.

* Quantitative Results:

« Strong performance with non-rotated objects;
less effective with rotations compared to FFS
but generally more adaptable across different

l

Feature Agqudlwrn

3 /|
I "‘F Extraction of Peaks
Gobal Feature
¥ . ‘ Generation of pattern
' ? ‘” vector signatures

“Fingerprints"

fine grained
approach
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Rotational Robustness
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Computational

Scalability Efficiency

N
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Performance (Rotated) {
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Conclusion

The results showed that PointNet++ achieved more
accurate and consistent classification outcomes for 3D
printed parts than Fourier Fingerprint Search (FFS),
especially when dealing with complex geometries or
diverse datasets. Leveraging its deep learning architecture,
PointNet++ could distinguish finer differences between
similar parts, resulting in higher classification accuracy.
FFS, while faster in processing simpler objects, was less
reliable with subtly varied or structurally complex objects.
Therefore, our findings suggest that PointNet++ is more
suitable for applications requiring adaptability and detailed
feature extraction, whereas FFS may be preferred for
simpler, less complex tasks.
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Optical Characterization of
Micro Spiral Phase Plates

S. Biittner, E. Thieme and S. Weissmantel

Laserinstitut Hochschule Mittweida, University of Applied Sciences Mittweida

HOCHSCHULE
MITTWEIDA

University of Applied Sciences

Abstract: In 1992, Less Allen and colleagues could prove that Laguerre-gaussian laser modes carry orbital angular momentum (OAM) [1]. Subsequently, Allen and Padgett show that the OAM
results form a helical-shaped wavefront and the helical trajectory of the Poynting vector [2]. That light can carry OAM led to a new understanding of photons and consequently to many new
applications using this property. like the rotation of microparticles on a circular path in optical tweezers [3]. Moreover, it can be shown that single photons can carry OAM, and these quantum
states can be entangled [4,5]. This enables the development of new quantum technologies with enormous potential [6-8]. However, the OAM can also be used to encode classical information for
optical data transfer [9,10] and could increase the capacity of optical data communication channels. In our investigations, we focused on the generation of micro spiral phase plates (SPPs) in fused
silica. Therefore, we developed a laser-based generation process and optical characterization method. These optical components can influence the OAM of transmitting electromagnetic fields and

can be useful for future datacom and quantum optics applications.

Micro Spiral Phase Plates

The generation of micro spiral phase plates was done using the F, laser
micro-structuring technique. This enables the generation of SPPs with
different topological charges I, handedness, modulation depts m and level
numbers N. Due to the high photon energy of the used laser of 7.9 eV,
processing synthetic fused silica is possible. Moreover, the use of two semi
circular masks enables the generation of a variety of different configured
SPPs (Fig. 3). Therefore, the OAM can be influenced in a defined way.

Fig. 1 and Fig. 2: SEM images of a 16-level SPP with a modulation depth of two
and three phase jumps (1) and a 32-level SPP with a modulation depth of four and
six phase jumps (r.)
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Fig. 3: Confocal microscope images of the generated SPPs with different numbers of
phase jumps, modulation depth (m =124 top to bottom row) and topological
charges (j = 2,3,4,5,6 left to right).

Measurement Setup

The optical characterization was done using a frequency doublet Nd:YAG
laser (2 = 532 nm) as a back illumination source and a microscope, which can
be moved along the optical axis of the SPPs. This allows to capture the
optical response at defined distances to the SPPs. From the captured
diffraction images, the rms and maximum radius of the ring-shaped
distributions can be determined, as well as the divergence angle. For this we
used a measurement beam with a beam waist of 37um. Alternatively, we use
a 90pm beam waist for the generation of interferograms. Due to the beam
waist being in the range of the SPP diameter (100um), interference between
the modulated and unmodulated proportion of the transmitting field occurs,
and the diffraction images show characteristic spiral intensity maxima. The
number of maxima represents the number of intertwined phase fronts,
which is directly related to the topological charge.

Calculations

Comparing the interferograms with the appropriate SPPs, it can be shown
that the modulation depth and the number of phase jumps act on the
transmitting field in the same way (compare Fig. 3 and Fig. 4). Therefore, we
assume for our calculations that the topological charge follows eq. 1.
E(y.2) = & [R50 gy @)

-

t=m-j (1)

To verify the measurement results, the optical response was calculated using
the diffraction formula (eq. 2). Moreover, we assume a gaussian distributed
field in the form of eq. 3, which is in good agreement with the intensity
distribution of the measurement laser. The sign of | represents the sense of
rotation of the phase, which is also called handedness.

B
E(ty,z0) = Ey-e “-elt®  (3)
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Fig. 4: Interferograms of the SPPs with different numbers of phase jumps,
modulation depth and topological charges.
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Fig. 5: Calculated ideal intensity distributions (top), calculated intensity distributions in consideration of the phase deviations (center) and measured
intensity distributions for different topological charges, modulation depths and distances (bottom).

Results and Discussion

The comparison of the interferograms of SPPs with the same topological charge shows the same number of curved intensity maxima, since the
modulation depth and the number of phase jumps have the same effect. Some of the interferograms also show asymmetries in the intensity distribution
resulting from geometrical asymmetries and irregularities of the SPPs. In addition, the interferograms of SPPs with a topological charge >12 show strong
scattering and distortion (Fig. 4). As the modulation depth increases with the number of steps N, the sloped region increases because the edges of the
ablation regions are sloped. The slanted areas contain different phase information and do not contribute to the ideal helical phase. Therefore, the slope
edges had a negative effect on the resulting wave front and increased the losses and distortion within the diffraction image. However, the results of the
calculations are in good agreement with the measured radii of the intensity distributions (Fig. 6). As can be seen in Fig. 5, the measured intensity
distributions (bottom) differ from the ideal ones (top). The deviation of the structure depth led to an inaccuracy of the phase modulation. Due to this, the
diffraction images show several intensity maxima within the general ring-shaped intensity distributions. This is typically for fields with fractional topological
charge. In consideration of the phase deviations, the calculated distributions also show these maxima (center). Moreover, the calculated radii are closer to
the measured ones when the phase deviations are considered (Fig. 6). Nevertheless, the calculated radii are smaller than the measured ones, as is the
divergence angle of the propagating fields. The reason for this could be a curved wavefront of the measurement laser. For future investigations, the setup
will be improved by a wavefront sensor. As our calculations show, the rms and maximum radii depend linearly on the topological charge in the far field
(Fig. 8) and the distance to the SPP (Fig. 9). This fulfills the expectations from a theoretical approach, which was given by Padget [11]. Currently we are not
able to capture diffraction images in the far field due to the scattering and distortion (Fig. 7).
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Fig. 6: Measured and calculated radii of the maximum ring-shaped
Intensity distributions depending on the topological charge.
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Fig. 7: Measured maximum radii of the measured intensity distributions
depending on the distance and a topological charge of 2 to 6.
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Fig. 8 and Fig. 9: Maximum and rms radius of the ring-shaped intensity
distributions depending on the topological charge (up to 25) and for a distance
from 250 pm to 5 mm.

Conclusion

We show the results of our investigations on the optical characterization of
laser-fabricated micro SPPs. Therefore, we used two measurement
configurations. The interferograms show the number of intertwined phase
fronts and the equality of the modulation depth and number of phase jumps.
Both act on the topological charge in the same way, and the resulting
topological charge is the product of both parameters. Moreover, we captured
the diffraction images with a reduced beam radius to suppress the
interference between the modulated and unmodulated proportions of the
propagating field. It could be shown that the calculated maximum radii of the
ring-shaped intensity distributions are in good agreement with the measured.
In consideration of the measured phase deviations, the values are getting
even closer to the measured ones. The reason for the remaining deviations
could be an uneven wave front in the modulation plane. Future, the
measurement setup will be improved by adding a wavefront sensor. We also
will improve the quality of the SPPs using a new micro-structuring method,
which allows us to generate a variety of different SPPs with a continuous
surface profile. This can reduce scattering and phase distortion and improve
the conditions for the measurement. Finally, we will extend the range of our
investigations regarding the topological charge and propagation behavior to
the far field. This may connect our experimental data to the far field
approximation of Padget and colleagues [11].
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Long-term stable 120W fiber CPA with 1.3GW peak power

at 2um central wavelength
Christian Gaida, Tobias Heuermann, Oliver Herrfurth, Sven Breitkopf,

Tino Eidam®*, Jens Limpert
Active Fiber Systems GmbH, Ernst-Ruska-Ring 17, 07745 Jena, Deutschland

*Corresponding author: publications@afs-jena.de

We present a high-power coherently combined thulium-doped fiber CPA system delivering over 228 L of pulse
energy with a pulse duration of less than 120 fs at a repetition rate of 500 kHz. It demonstrates excellent long-
term stability, with average power fluctuations of less than 0.5% RMS over more than 48 hours of operation,
even at average power levels exceeding 120 W.

Thulium-doped fiber lasers have emerged as promising and straightforward candidates for creating efficient, high
average- and peak-power ultrafast lasers in the 2 pm wavelength range [1,2]. In this work, we demonstrate the co-
herent combination of four thulium-doped fiber amplifiers within a chirped-pulse amplification (CPA) scheme. Op-
erating at a pulse repetition rate of 500 kHz, each channel produces a pulse energy of 67 pJ, resulting in an average
power output of 33.5 W at a pump power of approximately 110 W and a center wavelength of 1940 nm. With a total
combining efficiency of 95% and a compression efficiency of 90%, the laser system achieves a pulse energy of 228 yJ
and a compressed pulse duration of less than 120 fs. Assuming conservatively that more than 70% of the pulse
energy is contained in the main feature, the system delivers a peak power exceeding 1.3 GW. The laser system has
been continuously operated and characterized over several days, maintaining an average output power of 123 W
with excellent long-term stability, showing power fluctuations of less than 0.5% RMS over 48 hours. The Thulium-
doped fiber provides a near diffraction-limited output beam (M2 < 1.2), as confirmed by previous studies. Thanks to
operating the high-power sections in a vacuum and using high-power optics, the excellent beam quality is preserved
throughout the laser system and is available at the output. These output characteristics make this laser system
uniquely suited for demanding scientific and industrial applications.
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Left: Second-harmonic autocorrelation function of the output pulse corresponding to a pulse duration of <120fs (111fs, assuming
sech?shape) at 228 pulse energy. Right: Average-power measurement over >48h operation time. The inset shows the output
beam at the highest power level.
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Acktar coatings for stray
light suppression in FSO Acktar
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TACM Coatings GmbH (subsidiary of Acktar Ltd.), Jakobsring 3, 06618 Naumburg (Saale), Germany

2 Acktar Ltd., 19 Topaz St., 8213513 Kiryat-Gat (Israel)

(*) alexander.telle@acktar.de www.acktar.com

INTRODUCTION ACKTAR'S ROLE IN ENHANCING FSO SYSTEMS
Free Space Optical (FSO) communication systems use laser B Signal Isolation:
technology to transmit high-bandwidth data through space, Acklar coatings are employed on the internal surfaces of FSO terminal to
offering secure, high-speed connections. Ensuring optimal reduce stray light reflections, thus ensuring the division between the uplink
signal integrity in these systems requires precise control of and downlink signals.

optical phenomena, especially stray light. With over 30 years of
expertise, Acktar Ltd. provides advanced solutions to enhance
FSO system performance by effectively managing stray light.

W Beam Dumping:
Acktar coated beam dumps also allow for a safe disposal of unwanted laser
beams and reflections, improving signal qualily and preventing damage fo
components. The coating's high emissivity also contributes fo heat dissipation.

B Sensor Protection:
In cases of optical misalignment, the laser transmission might hit and damage

STRAYLIGHT IN FSO SYSTEMS components around the detector. This can be prevented by applying Acktar's
high LIDT coatings on and around the sensor.

M Straylight refers to unintended light that enters an optical system and
scatters or reflects within it, potentially interfering with the intended
signal or image.

W Signal Isolation:
In FSO systems, signal isolation is critical to
prevent the transmitted and received signals
from interfering with each other. Stray light,
caused by internal reflections, can lead to
overlap between these signals, degrading
communication quality.

M Localized heating and material damage:
Unwanted laser beams focusing on surfaces
can lead to localized heating and damage to
surfaces and optical components.

VACUUM BLACK and MAGIC BLACK

Acktar's Vacuum Black and Magic Black coatings
are the coatings of choice when it comes to
suppressing straylight in FSO. Except their
exceptional optical performance, the coatings
deliver many other properties, such as:

Acktar's advanced black coatings are strategically
applied to absorb excess laser light, M Essentially zero outgassing

minimizing unwanted reflections and M Vacuum and thermal-vacuum for cycling
enhancing signal integrity. qualified

B Operating temperatures from (-)269°C to (+)350°C
M No participation
B Only a few microns thick (5 - 14 micron)

Soat: NASADave fyan B Compatible with virtually all substrate materials

Both coatings are space qualified, and have been tested and qualified
for thermal cycling, thermal vacuum cycling, cryogenic temperatures
performance, outgassing, atox, reflectance after environmental

CONCLUSION exposure, adherence.

Acktar Ltd.'s high-performance black coatings are critical
to the optimization of space-based FSO communication Low Reflectance Coatings
systems. By managing stray light and mitigating internal

-
reflections, these coatings enhance signal fidelity, g
4 A oh g
reduce optical noise, and safeguard sensitive components. E ™ /
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Laser micro welding of thin multi-layered connections

Frank Rempt!, Michael Glipner!, Andreas Hopf!, Jens Bliedtner
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Approach & state of the art } Welding Situation: Conventional solution: Ultrasonic welding
Connection of thin multi-lay-
ered electrode foils to tab.

Pouch cell for battery electric
vehicles

- foil stack

5000 -

cathode separator pouch casing
anode

Process causes high plastic deformations
and defects in the upper thin foils due to the high mechanical forces

welding zone tab

[1]

m

Experimental setup & patented clamping device ] % % 1 i
z z
-4 ‘

Alternative solution: laser welding with adapted clamping system

i - R
high-speed X X

camera

teedne tre i i

3D scanning |
unit ‘ collimation
S Step 1: Clamping Step_ 2: Elastic de:for- Step 3: Tr_amsfer of
upper foil mation of the foil deformation force
pyrometer . P pp . .
illumination LED into an U-shape to lower foil

scanning field

X-y stage

Comparison between con-
ventional fixture with clam-
ping jaws (a) and the pat-
ented clamping system (b)
(DE 102017128398 B3)
with less distortion at the

same welding parameters

First Results
Q o Conduction welding limits the

% incomplete penetration weld

PSS wimates 25 | full penetratian weld process windows at power

3D scanning system coupled with
a single-mode fibre laser from the
company Coherent Inc. (focal dia- === =. = g W
meter 20 — 85 um, maximum out- :' S
put power 1.5 kW)

Cross-sectional area of the
aluminium foil stack (a)
and the stack-to-tab weld

pure aluminium: e va'lues smaller than 200 W. (b). Welding parameters
Thickness of a Higher power levels above used: 250 W, 0.4 m/s. Due
single foil: 350 W are causing high pro- to the higher material
20 um 3 a cess speeds of approximately thickness of the stack-to-
Thickness of the . | A BT 1.5 m/s. Melt pool instabilities, tab connect, a higher
stack: s such as pre-humping and power amount of 400 W is
200 Hm s 0 1r‘m :c‘m _u‘m 400 500 hum.pmg OCCUl reducmg the required to achieve full
laser power in W quality of the weld seam.

penetration welding.

First trails with pure copper: The small
material thickness of the foils is an
advantage in the processing of copper.
As described in [2], the resulting high
feeding rates lead to a stable melt pool.
The laser micro welding process prod-
uces, homogeneous, defect-free weld
seams (a), that are comparable in shape
to (b) laser macro welding [2] of copper.

Comparison of cross-sections
between a single foil with a
material thickness of 100 um
and multi-layer system with
10 x 10 um. The process
parameters  are  directly
transferable. A zero-gap con-
dition is shown.

[2] Heider, A.: £ de beim L ien von Kupfer mit awischen 1 mm und 10 mm. Dissertationsschrift, Herbert Utz Verlag GmbH, Minchen (2018).

Conclusion and Outlook J The initial version of the patented clamping system is a suitable solution for laser micro welding of thin multi-

layered joints. Stacks of pure aluminium or copper with 10 layers can be welded with zero-gap between the
joining partners. The next steps in the research project are the adaption and redesign of the clamping system to create stacks consisting of
20 to 50 layers. The target material thickness of a single foil is 5 um. Electrical resistance and the tensile strength will be tested.
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Prof. Dr.-Ing. Jens Bliedtner M .Eng. Michael Glipner project ,KombiLaser* (reference number KK5091616KT2), which =
Jens Bliedtner@eah-jena.de Michael.Guepner@eah-jena.de is funded by the Federal Ministry for Economic Affairs and blledtnef

Climate Action of Germany (BMWK). The authors are responsible

Ernst-Abbe-Hochschule Jena Ernst-Abbe-Hochschule Jena

Carl-Zeiss-Promenade 2 Carl-Zeiss-Promenade 2 A
07745 Jena 07745 Jena for the content of the publication.

129


mailto:Jens.Bliedtner@eah-jena.de

Posters 14" Jena Laser Conference / November 6 and 7, 2024

Geltren derch

e A
®l AVA
AVAVA. Ernst-Abbe-Hochschule Jena
T i University of Applied Sciences

Laser material processing of ceramic foam materials

Andreas Hopf, Kerstin Gotze, Jens Bliedtner
Ernst-Abbe-University of Applied Sciences, Carl-Zeiss-Promenade 2, 07745 Jena

[ Objectives }

/Technical ceramics are high-performance materials and their unique properties enable them to be used in highly stressed assemblies, at extreme temperatures or in agressive
environments. The const-intensive production is a disadvantage for widespread use, which often makes potential applications unusable. The research project intends to produce
foam ceramics. Various components, such as ceramic particles, polymers and foaming agents are combined to form a compound for the production of green parts by material
extrusion. The green parts are inteded for a subsequent sintering process. After the extrusion process, a shaping process takes place in the green state. Laser material
processing is used to segment the extruded sheet material economically and process it close to the near net shape. Appropriate process windows for high-quality laser material
processing are to be determined experimentally for various compounds. One aim is to be able to provide flexible and customizable green processing for the entire process

chain.
A
[ Materials and Methods
. |
The investigations are carried out using a Slablaser ,DC 020“ by Coherent Corp. (Rofin-Sinar ExperlTental sgtup §
Laser GmbH). For the development of the process models, injection molded samples from PE- > Viax = 20 m/min i
LD / Al,O; compounds are used. The ceramic powder content is 30, 35, 40, 45 and 50 vol%. > R 19'6 Hm
Furthermore, various foaming agent concentrations are added to the compounds. The > Puax= 2009 W -
dimensions of the samples are 60 x 60 x 3 mm®. > e Ien_gth. ) 15 = EEES TEv ()
> focus diameter: 180 pm Fig.: Laser spot geometry

—

Preliminary investigations }

The preliminary tests on the composite materials are intended to characterize the influence of the cutting gas, focus position, gas pressure and operating mode in relation to the
kerf and its quality. The test showed, that the cutting gases used had no significant influence on the cutting quality. The flank angle, the kerf width and the melted volume per time
unit depend on the selected focus position. For cw operating mode, the optimum focus position is 1 mm above the component surface, whereas for pw (pulsed operating mode),
the focus should be placed below the components surface. Furthermore, it was found that cw operating mode had a better thermal efficiency than pw operating mode. The
parameters from the preliminary tests on the dense samples were transferred to the samples supplemented with foaming agents. This revealed, that the foaming agent content
has no significant influence on the flank angle and the kerf.
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Based on the preliminary investigations, process parameters such as cutting gas type, gas pressure, focus position and operating mode could be determined. Further
investigations will examine the process with regard to increasing efficiency. Various tests were carried out with different laser powers and feed rates. The results were evaluated
on the basis of the flank angle, square roughness Rq and root mean square height Sq. The tests were carried out at constant energy per unit lenght. A larger kerf width can be
seen at low laser power. Above a certain laser power value, a constant kerf can be measured. The similar effect can be seen in the surface qualities at the cutting edge. At low
remelted volume per unit time, poorer surfaces can be detected. From a certain speed and melt volume, a constant surface quality is achieved. The achieveable flank angle is

90° +0,5°.
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[ Results ]
It was proven, that by optimizing the process parameters, a stable and efficient post-processing method for green |
composite materials using laser material processing is possible. Currently, investigations are in progress to transfer
the generated process windows to complex contours. In addition, further experiments will be conducted to further

increase process efficiency without reducing the required cutting quality. The knowlegde acquired will later be
transferred to extruded continous strands in the project. Fig.: Visualization of complex cutting

geometries
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Development of a laser-based dosing unit for the process of material extrusion

Denis Just, Andreas Hopf, Jens Bliedtner
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[ Objectives }

The aim of the research project is to develop a dynamic laser-based switch to allow extrusion processes to be designed more flexibly and precisly. To achieve this, a\
temperature-controlled material flow is to be investigated. The objective is to develop and implement the dynamic laser-based switch as an example for a extrusion-based 3D
printing process. If the project is successful, both the component quality can be significantly improved and the currently required extruder heating and changing times can be
minimized. The principle is to the heat the granulate slightly below the softening temperature. Laser irradiation is intended to bridge the temperature difference to the melting
temperature, enabling the material to flow. If the material flow is to be stopped, the laser is switched off and the nozzle cools down with the aid of a cooling medium. The process

is described in the patent specification EP 3558634 B1.

v

[ Extruder set-up } [

Simulation )

&ingle-screw extruder ,ExOn8* \ "

(Dohle Extrusionstechnik GmbH)
» 180 mm heating zone
> option for different nozzles
> extension of the set-up with

temperature sensor and

&imulation of the heating of the nozzle as a fuan :

of the exposure and the heating rate of the
respective thermoplastics (ABS, SAN, PP) - target
temperature of 220 °C at the strand core

> simulation of various nozzle concepts—> derivation

of the optimal design

Fig.: Simulation results of the heating as a function of the laser power

—

" ® 09
thermographic camera > development of a formal correlation between = : y=37,748%
@15 ’..'
> cooling by compressed air material heating time and required heating power E S L TR -
System Laser power [W]
Design of the optical path ] [ Experimental set-up ]

» design of the optical for the extruder nozzle
- focused or defocused

> fiber-coupled diode lasers (laser power 30 W) - characterization of the diode
lasers (focus diameter, divergence, Rayleigh length)
-> design for optical beam focusing system

> flexible design of the optical system > variation of the raw beam diameter

> definition of the tolerances of form and position for the laser spots on the nozzle

verified by simulation

path exposure  of

Fig.: design of the optical system

[ Mittiers Kumstsioftemperat |
Fig.: simulations of the form and position tolerances
of the laser spots

constructive design and realization of the experimental set-up

investigation of various nozzle materials, brass and copper with and without
coating > coating reduced the degree of reflection to 3 %

alignment of the diode lasers to the extrusion nozzle

implementation of the temperature sensors and thermographic camera
development and implementation of the temperature control system (laser
diodes, cooling system) and integration of the metering technology into the user
interface for the closed-loop control

commissioning of all components

Y VvV

Y VYV

"1 V)

d extrusion

setup with |

Fig.: housing of
the test stand

Fig.:
system

[ Preliminary investigations

Results and prospects ]

» the nozzle was exposed with all three laser diodes at different power levels
»> the heating zones of the extuder were set to 170 °C > measurement of the
heating rate until the target temperature of 230 °C has been reached on the
nozzle surface
> when heated with a laser power of 90 W, the system achieves a heating rate of
15.2 K/s
o formal derivation from the test results to determine the heating rate in relation
to the laser power
o integration of the results into a higher-level control system to regulate the
temperature input in order to avoid overshooting

Off - O Laser - 3w 30W

sap  [Exteeder] Betoades an =
v - [\ 3 0,000592¢+0,113388x+0,198352
= 1 Y=0,000592x+0,113388x:+ 0,
E 7 d S, S S g 30 - 1,000000
5 a5
§ e 22
-1 s .
Eum | g
5 | <10

™ v 5 °

. . o Le:
o AsA | BaEs
e 0 50 100 150

laser power [W]

Ernst-Abbe-University of Applied Sciences Jena
Prof. Dr. Jens Bliedtner

Carl Zeiss Promenade 2 | D-07745 Jena

Tel. +49 3641 205 444

E-Mail:

The article presents results from the research and development project
sLaser-FLM“ (reference number KK5091609CM1), which is funded by the

Federal Ministry for Economic Affairs and Climate Action of Germany
(BMWEK). The authors are responsible for the content of the publication.

development of a laser system with beam path, cooling system and extruder
unit, as well as its transfer to a experimental set-up

proof of concept of the start-stop function for material extrusion using laser
heating

development of a control system to regulate the nozzle temperature - reduction
of nozzle temperature overshooting

heating rates of up to 15.2 K/s, depending on the configuration

in the next steps, the developed material dosing system is to be used and tested
in the real additive manufacturing process of material extrusion (MEX)

250 |

=

laser power [%]

v

300
time [s] Fig.: design for the transfer in to the
large scale additive manufacturing
(LSAM)

Setpoint

——laser power nozzle temperature
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Multi-sensors in the field of DED-LB/M

Michael Giipner?, Frank Rempt', Jens Bliedtner!, André Bétticher2, Mathias Moser?, Jorg Weber2

Emst-Abbe-Hochschule Jena, Carl-Zeiss-Promenade 2, 07745 Jena
Zorbit Sensorfusion GmbH, Engelplatz 11, 07743 Jena

The EMuPro research project is focused on the monitoring of powder based manufacturing processes using multi-sensing systems. Orbit
Sensorfusion GmbH, a project partner is developing a system in cooperation with the EAH Jena for direct energy deposition. This additive
manufacturing process is connected to a lot of influencing factors and process parameters. In addition to the selected process parameters,
the quality of the welding result is dependent on the properties of the metal powder. Welding defects can be caused by critical ambient
conditions such as high humidity. Using a multi-sensing system, the ambient conditions and the process can be monitored to avoid defects.

)

Measuring positions Multi-sensing approach:
in robot cell for di-
- rect energy deposi- ; -
2 tion with laser beam Collecting Visualisation
9 and metal powder: data with & analysis in
® gateway dashboard
é 1) lab climate
S 2) powder containers
g 3) welding head )
I 4) near DED process alffer:.r;t :fr:;e Upload &
ing units - :
S 5) powder storage 1 9 : storage in
© vant measuring IV
g_ 6) powder storage 2 positions
=
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hu- light . air pres- E! tem- solid . magnetic c co,- . accel- pollu- air quality
) midity intensity g sure perature (*_/] angle U field change & content >> eration tants (=== index
m - g . . . . . . . .
Humidity in different powder storing situations: ~ Testing the multi-sensing approach at the DED-LB/M process:
The multi-layer metal deposition process of a cuboid
with an edge length of 30 mm was monitored. 14 infill
tracks are combined with 2 border tracks. A uni-direc-
tional scanning strategy was used. The entire welding
path was rotated 90° layer by layer.
start powder feeder laser off move to home position/
. . e . . \ . end movement cycle .
Measuring the air humidity in a desiccator, a con- = § stop powder feeder ; o By utilising data from the
ventional powder container and in the powder v .' ! A g sensors 3, 4 and 5/6, it is
% storage of the feeder. _.m‘ymmw,,' eyt —scsnon st —vwsenm | possible  to  detect  the
a .l : powder feeding, the pro-
o o container storage feeder g , \ cess |Ight emission and
B L] ** | direction of robot move-
i : ™ 2| ment simultaneously. By
. g TR W N VIR AR m “ ¢ analysing the acceleration
H < i T W [ (18T ] H‘ [ 5 and light emission togeth-
o ; " " ; I i s er, it is possible to distin-
duraton in L ' \ s guish between position
Nearly constant air humidities were detected at the h “," ks ,"“*’ 150 m‘\ wo anf:l welding move.men’.t.
; : ! \ ! timeins \ This allows for the identi-
tested powder storages over a 36hr period, in com- T W v ficati ¢ single track
parison to the ambient condition in the lab. The o et . \ 1 start3. layer,scan field rotation, welding direction x-axis Ilca lon ot single tracks,
; ; MERDIECEEEEN § - single layers and the scan-
conventional powder container showed nearly the strtmovementecle ning strate
same values like the powder storage of the feeder. sert e el drecton caxs 9 9v-
N
c || The multi-sensing approach enables continuous monitoring of the powder storage conditions. It is possible to detect ambient con-
-2 || ditions in various situations simultaneously. This enables the early recognition of the need for powder drying processes. Deviations in
2 || the powder feed rate, which are caused by high values of humidity levels, can be avoided. At the DED-LB/M process, the process
S || light, the change in pressure at powder storage of the feeder and the acceleration values of the robot can be detected. This could be
LU/ an approach for an efficient and cost-effective solution for controlling the interaction of laser system, robot and powder feeder.
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Optical property with little polarization difference
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