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Kurzfassung der Arbeit 
Kupfer ist aufgrund seiner besonderen Materialeigenschaften (wie einer hohen Wär-
meleitfähigkeit) in allen Bereichen der Elektromobilität, Elektrik und Elektronik ein 
unverzichtbarer Werkstoff. Damit einhergehend spielt die Fügetechnologie dieser 
Werkstoffe eine Schlüsselrolle für eine nachhaltige, effiziente und kostengünstige Pro-
duktion. Der Laserstrahl als Fügewerkzeug zum Schweißen hat sich bereits in zahlrei-
chen industriellen Applikationen im Bereich der Stahl- und Aluminiumwerkstoffe 
etabliert. Die Prozessstabilität und die Reproduzierbarkeit beim Laserstrahlschweißen 
von Kupfer sind dahingegen insbesondere durch die stetig wachsenden Anforderungen 
an die Schweißverbindungen, wie einer reduzierten Wärmeeinbringung, einer geringen 
Spritzerbildung und steigenden Nahtquerschnittsflächen, derzeit noch unzureichend 
und einigen Prozessgrenzen ausgesetzt. Eine Prozessgrenze ist dabei immer dann er-
reicht, wenn die zuvor definierten Anforderungen an die Schweißnaht nicht mehr er-
füllt werden. Als wesentliche Prozessgrenzen wurden eine Limitierung der erzielbaren 
Einschweißtiefe und eine geminderte Schweißnahtqualität identifiziert. 

Das Hauptaugenmerk dieser Arbeit liegt im Erarbeiten eines grundlegenden Prozess-
verständnisses insbesondere im Hinblick auf die Prozessgrenzen, deren Einflussgrößen 
und Wirkzusammenhänge und dem Identifizieren der Ursachen der Prozessgrenzen. 
Mit Hilfe von Online-Hochgeschwindigkeits-Röntgenuntersuchungen wurde das Ka-
pillarverhalten während des Schweißvorgangs analysiert und hinsichtlich der Prozess-
grenzen bewertet.   

Auf Basis der gewonnenen Erkenntnisse wurden aus den prozesstechnischen und phy-
sikalischen Ursachen für die Prozessgrenzen Strategien zur Erweiterung abgeleitet, 
entwickelt und umgesetzt. 

Im Rahmen der Untersuchungen wurden werkstoffspezifische Eigenschaften (Absorp-
tion, Wärmeleitfähigkeit) und verfahrenstechnische Aspekte (Laserleistung, Schweiß-
geschwindigkeit) als Einflussgrößen auf die Prozessgrenzen identifiziert. Dabei wirken 
sich die Einflussgrößen in Form einer Limitierung auf die erzielbare Einschweißtiefe 
aus, welche maßgeblich durch die Laserleistung und die Schweißgeschwindigkeit be-
stimmt wird. Darüber hinaus äußern sich die Einflussgrößen durch die Bildung von 
Nahtdefekten (Spritzer, Schmelzauswürfe, Poren) in einer geminderten Schweißnaht-
qualität. 

Es konnte eine Korrelation zwischen allen Einflussgrößen auf die Prozessgrenzen 
(Einschweißtiefe und Nahtqualität) und dem Kapillarverhalten während des Schweiß-
vorgangs beobachtet werden. Aus diesem Grund besteht die plausible Vermutung, dass 
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größtenteils das Kapillarverhalten für die ermittelten Prozessgrenzen verantwortlich 
ist.  

Mit dieser Kenntnis lassen sich die Strategien einer Leistungsmodulation und die 
Verwendung von hohen Laserleistungen (>> 5 kW) zum Erweitern der Prozessgrenzen 
ableiten. Mit den umgesetzten Strategien ist es möglich qualitativ hochwertige 
Schweißnähte in Kupfer mit Einschweißtiefen bis zu 10 mm zu erzeugen. 

Die Ergebnisse dieser Arbeit tragen dazu bei das grundlegende Prozessverständnis 
beim Schweißen von Kupfer zu erweitern und stellen somit Grundlage für das Ablei-
ten und die Entwicklung zukünftiger Strategien für einen zuverlässigen und robusten 
Laserstrahlschweißprozess in Kupfer dar. 



 

Extended Abstract 
The strong growth in electrification and the trend towards the electro mobility signifi-
cantly increase the need for materials with high electrical and thermal conductivity 
such as pure copper (e.g. Cu-ETP) and many copper alloys. Beside the material prop-
erties an efficient and reliable joining technology combined with a high quality of the 
resulting joints is required for an economic production. Furthermore future trends 
show continuously enhanced requirements on the joints such as an increase of trans-
ferred currents (> 100 A). Therefore the joint cross sections and penetration depth of 
the joints have to be increased. In the recent years laser beam welding has become an 
established joining process especially for steel and aluminum materials. However, 
welding of copper is generally considered to be difficult, particularly due to its high 
heat conductivity and low absorptivity using laser sources with a wavelength of 1 μm. 
With the currently commercially available laser sources with a maximum output pow-
er of ≤ 5 kW, welds in copper with penetration depths of several millimeters and a 
high quality (regarding the number of generated weld defects) of the resulting welds 
(without weld defects) are bounded by several process limits. Thereby a process limit 
is reached if the defined requirements cannot be satisfied. 

The development of new process strategies to overcome the challenges of laser weld-
ing of copper requires a sound process understanding. Therefore the main focus in the 
present work is to identify the process limits of copper welding and to develop a fun-
damental process understanding of the influencing parameters and cause-effect rela-
tions on the process limits. With this background strategies to expand the process lim-
its are developed and transferred. 

To analyze the influence of heat conduction, a copper alloy (bronze, CuSn6) and a 
pure copper (Cu-ETP) with high heat conductivity were used for the experiments. 

As one result of the present work the main process limits could be identified as the 
penetration depth and the resulting weld quality. Two determining factors on the pro-
cess limits were figured out. On the one hand the absorptivity and the heat conductivi-
ty (material dependent factors) were identified as influencing parameters on the pro-
cess limit. On the other hand the welding process is affected by the laser power and the 
welding speed (procedural factors). One result of the influencing factors is the genera-
tion of weld defects (spatters, pores, melt ejections) which is directly correlated to the 
resulting weld quality. Thereby a permanent interaction of the determined influencing 
factors can be seen. 

With the results of the fundamental investigations regarding the process limits the ma-
jor influencing factors were analyzed and evaluated separately. The deep-penetration 
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threshold limits the required penetration depth. The deep-penetration threshold is 
strongly related to the low absorptivity and high heat conductivity of copper. The 
power threshold to exceed the deep-penetration threshold was investigated as a func-
tion of the focal diameter and the welding speed. To reach penetration depths of sever-
al millimeters using currently commercially available laser sources with an output 
power of P ≤ 5 kW it was found that focal diameters df ≤ 200 μm are necessary. Using 
focal diameters of df ≥ 600 μm in combination with a laser power of P ≤ 5 kW only 
heat conduction welding with penetration depth s << 1 mm can be reached. The 
achievable penetration depth is given due to a combination of the used laser power and 
the welding speed. Furthermore the relation of laser power and welding speed directly 
influences the resulting weld quality (regarding the amount of generated weld defects) 
and affects the process limit, respectively.  

With the results of the investigations it could be shown that with a given laser power 
(P < 5 kW) welding speeds of less than v = 10 m/min are necessary to produce welds 
with penetration depths of s > 1 mm. However, laser welding of copper at welding 
speeds of less than v = 10 m/min frequently shows numerous weld defects such as 
pores, spatter formation, fluctuations in penetration depth and holes in the weld seam. 
Therefore the welding speed and the laser power could be identified as influencing 
parameter on the process limit. The higher the welding speed and the higher the laser 
power, the lower the number of generated weld defects. 

Capillary instabilities during welding are known to be one cause for weld defects. In 
addition the welding depth in deep-penetration welding is mainly determined by the 
capillary depth. Hence the process limits (weld quality and penetration depth) seem to 
be influenced by the capillary. With this background in combination with the results of 
this work the central hypotheses of this work can be expressed: 

The main reason for the process limits imposed by the seam quality and the welding 
depth is attributed to the behavior of the capillary. 

One of the central approaches of the present work is to identify the reasons of the pro-
cess limits and therefore to verify the hypotheses. With the use of online X-ray inves-
tigations the reasons of the process limits could be related to the temporal and special 
behavior of the capillary. With X-ray imaging it could be shown that the formation of 
bubbles at the tip of the capillary is correlated to the formation of melt ejections and 
pores. In addition the formation of spatters, the fluctuation in penetration depth and the 
resulting shape of the cross section of the weld seam could also be correlated to the 
behavior of the capillary.   

With the enhanced fundamental process understanding it was possible to derive suita-
ble approaches to expand the process limits of copper welding and to derive strategies 
to reach high quality welds with penetration depth of s > 1 mm. In this work two dif-
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ferent approaches were followed. On the one hand using a fast temporal oscillation of 
the laser power (laser power modulation) to stabilize the welding of copper and there-
fore to reduce weld defects was investigated. On the other hand the approach of using 
a higher laser power of up to 16 kW was adopted.  

It is demonstrated that the modulation of the laser power with the appropriate parame-
ters significantly improves the weld quality and therefore expands the process limit. 
High-speed X-ray imaging of power-modulated welds was used to investigate the key-
hole dynamics and bubble formation during power-modulation. The formation of bub-
bles at the tip of the capillary could be prevented by power-modulation leading to al-
most defects free welds. The influence of the average power, the modulation ampli-
tude, welding speed, focal diameter, and modulation frequency on the welding quality 
is discussed. It is shown that a simple modulation of the laser power with an appropri-
ate normalized modulation frequency (ratio between modulation frequency, focal di-
ameter and welding speed) of about Λ = 0.2 to Λ = 0.4 and power modulation depths 
(ration between amplitude and average power) of Π > 80% very effectively reduces 
the number of weld defects. In addition the penetration depth could be increased by up 
to 30 % using laser power modulation. 

The second approach to reach high quality welds with penetration depth of s > 1 mm 
was using a higher laser power of up to 16 kW. High quality welds with penetration 
depth of up to 10 mm could be achieved with the use of a laser power of > 5 kW. With 
these investigations a precise process limit between poor-quality welds and high-
quality welds could be identified. The boundary value was found as the ratio of 
2.2 kW laser power for one millimeter penetration depth. Above this threshold high-
quality welds without weld defects can be produced. Below this boundary only welds 
with poor-quality are achieved. For welding of copper a suitable approach to reach 
high quality welds in combination with penetration depth of s > 1 mm could be shown 
with the use of laser power of > 5 kW. 

With the results of this work it is possible to weld copper with penetration depths of 
several millimeters in combination with high-quality weld results. Furthermore this 
work contributes to an enhanced process understanding of the welding of copper and 
to expand the process limits. This work provides a basis to derive and develop future 
strategies for an effective, reliable and robust laser welding process of copper. 
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