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Kurzfassung der Arbeit

Beim Schweifien von Glas mit Ultrakurzpulslasern (UKP-Laser) fiithren nicht ideale
Prozessparameter wie zu grofie Spalte zwischen den Fiigepartnern, verunreinigte Werk-
stiickoberflidchen oder eine unzureichend positionierte Schweifinaht oftmals zu Schweif3-
nahtunregelmifBigkeiten bis hin zu einer vollstindigen Unterbrechung der Anbindung.
Um bei der Umsetzung des Prozesses in der industriellen Fertigung eine gleichbleibend
hohe Bauteilqualitit zu gewéhrleisten und die Auslieferung von fehlerhaften Bauteilen
zu verhindern, muss daher die Qualitit der Schwei3verbindung tiberpriift werden. Beim
Schweifien von Glas mit UKP-Lasern erfolgt diese Priifung oftmals subjektiv durch
eine manuelle optische Priifung. Die bisher fehlende Moglichkeit zur Uberwachung
des Prozesses wihrend des Schweiflens (inline) verhindert eine objektive und damit
zuverlissige Bewertung des Prozesses.

In dieser Arbeit wird daher ein Verfahren zur Inline-Prozessiiberwachung fiir das Schwei-
Ben von Glas mit Ultrakurzpulslasern entwickelt und evaluiert. Um reproduzierbare
Schweifindhte mit gleichméBiger Struktur zu gewihrleisten und diese zielgenau zu be-
werten, werden zundchst Techniken zur Unterdriickung gleichzeitig auftretender Wech-
selwirkungszonen entwickelt. Diese Untersuchungen zur Nahtentstehung und Prozess-
optimierung bilden dabei die Grundlage zur Uberwachung des SchweiBprozesses. Die
Fehlerentstehung wird untersucht und relevante Signalmerkmale, die eindeutig auf das
Prozessergebnis hindeuten, ermittelt. Anhand dieser Merkmale wird anschlieend ein
Uberwachungssystem entwickelt und in einen Demonstrator iiberfiihrt. Die Erprobung
des Verfahrens erfolgt in einem Industrieprozess zur Herstellung von Spiegelarrays fiir
Multipass-Scheibenlaser-Verstirker.



Extended Abstract

The mechanical, optical and chemical properties of glass enable countless applications in
everyday life. Manufacturing of many products requires bonding of glass components,
which means that joining glass samples is an important step in the assembly process.
In joining by welding, a long-term stable, liquid- and gas-tight connection is achieved,
by locally melting the parts to be joined. The mechanical and chemical properties of
this bond correspond to those of the bulk material. For this reason, welding is often
superior to alternative bonding techniques such as adhesive bonding, soldering, gating
or diffusion bonding. For welding of glass ultrafast lasers are used in addition to CO,
lasers. Due to defects such as gaps between the joining partners, process irregularities
can occur, resulting in faulty bonded parts. Quality inspection in welding of glass with
ultrafast lasers is often performed subjectively by manual inspection. Thus, insufficient
information regarding the quality of the bond might be available. An inline process
monitoring system, on the other hand, can provide an objective assessment and thus help
to prevent the issue of faulty parts. So far, methods for inline process monitoring are not
documented for glass welding. For this reason, the aim of this research is to develop a
method for inline process monitoring for the welding of glass with ultrashort pulse lasers.

In a first step, the seam formation in different materials was systematically investigated
by analyzing the emitted process radiation. Regarding the formation of in-volume
modifications, two major regimes were identified in the investigated parameter range: A
regime where molten volumes are formed one by one and another regime where several
molten volumes are formed simultaneously. Molten volumes are formed simultaneously,
when the laser radiation that is transmitted through an interaction zone is sufficient to
form further interaction zones below. Whereas, with individually formed molten volumes
the interaction zone is not transparent enough to allow the formation of further interaction
zones. Since irregular seam structures result in stress for micro-welding of glass, process
regimes exhibiting a regular formation of the molten volumes are considered advantageous
to avoid reduced strength or susceptibility to cracking.

The occurrence of simultaneous interaction zones and the resultant irregular seam for-
mation were avoided by modulating the average laser power or by using a Bessel-like
beam profile. A modulated laser power was used to achieve the formation of individual
molten volumes at regular intervals for both a Gaussian-shaped and a Bessel-like beam
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profile, resulting in a predictable and reproducible weld with a regular structure. However,
the formation of the individual molten volumes depends on the beam shape. With a
gaussian beam profile the molten volumes longitudinally grow from near the geometrical
focus towards the direction of the incident laser radiation. Whereas with the Bessel-like
beam profile the molten volumes expand symmetrically away from the center. With the
Bessel-like beam profile the cylindrically symmetrical lateral incidence of the radiation
avoids shadowing along the beam axis and thus prevents a periodic upward movement
of the interaction zone. When the average laser power is not modulated, the Bessel-like
beam profile creates an elongated interaction volume that continuously melts material,
whereby a homogeneous seam structure was achieved.

The investigations of the seam formation build the foundation for monitoring individually
produced fusion volumes by means of a photodiode. During the welding process, record-
ing of the plasma emission by a photodiode can provide information about the process
and is suitable to differentiate between various regimes. By modulating the average laser
power, monitoring of each individually produced molten volume within a welded seam is
enabled. Deviations from the expected plasma emission indicate process irregularities
and defects. The signal provides information about the quality of the bond and whether a
gap between the samples existed. In the case that a gap is present, additional localiza-
tion of the interface within the molten volumes is possible. For additional diagnostics,
monitoring with photodiodes can be combined with an OCT-based method to detect the
seam position in optically contacted joining partners or a camera-based system for crack
detection.

Based on the signal data from the photodiode, a process monitoring system is finally
developed for power-modulated processes. In order to evaluate the seam quality by means
of the emitted process radiation, each individually generated molten volume within a
weld seam is evaluated, to determine whether a permanent bond has been created. A
decision tree is used to classify the molten volumes by selected features that specify the
state of a molten volume unambiguously. Both the selection of features and the designed
decision tree are based on the underlying process physics, allowing the development
of the classification model without the use of machine learning methods. In addition,
specific evaluation criteria are used to finally evaluate the quality of the laser welded bond.
In order to demonstrate process monitoring, the developed method was implemented at
TRUMPF in an industrial process for manufacturing mirror arrays for multipass disk laser
amplifiers. Here, the new method enables fully automated operation of the manufacturing
system and ensures economical production of mirror arrays.
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Due to the ongoing developments in the field of welding of glass with ultrafast lasers,
further applications and industrial implementations are expected in the future. The
developed method for process monitoring is a valuable approach for process automation
and can contribute to the industrial implementation of glass welding processes performed
by ultrafast lasers. In addition to the development of a process for correcting faulty
welds, a further development of the method is the integration of an OCT system in
order to detect the seam position inline for optically contacted glasses and thus to enable
quality monitoring or control of the seam position in this situation as well. In terms
of processing, the modulation pattern represents a so far unused degree of freedom for
process optimization.
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