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Abstract: Laser welding of copper is being used with increasing demand for contacting applications
in electric components such as batteries, power electronics, and electric drives. With its local, non-
contact energy input and high automation capability enabling reproducible weld quality, this joining
technology represents a key enabler of future mobility systems. However, a major challenge in
process design is the combination of energy efficiency and precise process guidance in terms of weld
seam depth and defect prevention (i.e., spatter and melt ejections) due to the high electrical and
thermal conductivity of copper. High-power lasers in the near infrared wavelength range (A =~ 1 pum)
and excellent beam quality provide an established joining solution for this purpose; nevertheless,
the low absorptivity (<5%) advocates novel beam sources at visible wavelengths due to altered
absorptivity (40% at 515 nm) characteristics as an improved tool. In order to understand the influence
of laser wavelength and process parameters on the vapor capillary geometry, in situ synchrotron
investigations on Cu-ETP with 515 nm and 1030 nm laser sources with the same spot diameter are
compared. The material phase contrast analysis was successfully used to distinguish keyhole and
melt pool phase boundaries during the welding process. A significantly different sensitivity of the
keyhole depth in relation to the feed rate was found, which is increased for the infrared laser. This
behavior could be attributed to the increased effect of multiple reflections at 1030 nm.

Keywords: X-ray tomography; phase contrast observation; copper; keyhole welding; vapor capillary
evolution; green laser; electromobility; process observation

1. Introduction

Laser beam welding is a technology with an increasing number of applications, es-
pecially in the industry sectors of aviation and automotive [1]. Additionally, its local,
non-contact energy input and high automation capability enable high precision and repro-
ducible weld quality, therefore achieving high efficiency. Solid-state lasers are widely used
nowadays in welding applications for most engineering materials due to their absorptivity
and applicability [2]. Ordinarily used for this task are disk lasers and fiber lasers with
wavelengths between A = 1.03 um and 1.07 pm.

Further, emerging from the rapidly expanding e-mobility market, copper and thus the
material-closed joining of copper with its excellent electrical and thermal conductivity, is
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becoming increasingly important [3]. Applications range from the microscale to the mil-
limeter range for a wide variety of joint geometries, such as joints on power semiconductor
modules [4] or high-current conductors (so-called “busbars”).

However, copper welding with near-infrared (IR) laser sources remains a challenging
task. The absorptivity in this wavelength range is limited to single-digit values. Fur-
thermore, process instabilities, resulting in spatter formation or porosity, as well as low
reproducibility in terms of varying weld seam depth, are observed [5]. In combination
with the detrimental high thermal conductivity, there is a need to further increase pro-
cess reliability, as an efficient copper welding process is seen as a key enabler of future
mobility systems.

As developments focused on a steady improvement of the beam sources in order to
supply systems with broad applicability for various industry sectors, high-power beam
sources in the visible wavelength range (A = 515 nm) with brilliant beam quality are avail-
able nowadays [6]. Their demand arises predominantly from the processing of highly
reflective materials such as copper. The absorptivity of laser radiation in the green wave-
length range on copper increases to up to 40%, which is why these beam sources are
considered a more suitable alternative to established IR systems [7]. Recent publications
observe distinct improvements using these 515 nm (in the following “green”) beam sources.
On the one hand, enhanced energy absorption during welding and, on the other hand, an
increased uniformity of the seam properties were found independent of the initial surface
quality of the sample in keyhole welding mode [8].

However, there is still little knowledge about the mechanisms that lead to the changed
process behavior, especially in terms of defect generation. In order to better understand
their formation and thus avoid these defects, an understanding of keyhole behavior and
its interaction with the surrounding melt pool is required. Therefore, the aim of this work
is the experimental investigation of the differences in the laser welding process of copper
when using different laser wavelengths. By means of in situ synchrotron investigations
with similar optical setups and process parameters for 515 nm and 1030 nm disk laser
sources on Cu-ETP and visualizing the phase boundaries between different aggregate states,
a deeper insight into highly dynamic temporal and local processes inside the material is
provided. Thus, an analysis of the dependence of the vapor capillary geometry on the laser
wavelength and the main process parameters (laser power and feed rate) is made possible.

2. Theory and State of the Art
2.1. Fundamentals of Laser Beam Welding

The joining process of laser beam welding is characterized by the heating or melting
of metallic materials with energy supplied by means of laser radiation. The light-matter
interaction is generally described by the absorption behavior of the material involved and
the characteristics (wavelength and polarization) of the laser light. In addition, the process
regime is determined by the energy balance of the workpiece, which takes into account
the energy input into the material and the energy losses mainly through convection and
heat conduction. Therefore, the physical properties of the material, surface characteristics
(especially roughness), and temperature are further influencing factors [9].

At low power densities, the material is heated up. If a certain power density is
exceeded, the melting point of the material is reached, and local melting on the material
surface in the irradiated area takes place. By applying a movement to the beam or the
sample, a heat-conduction weld is formed. As this process regime is characterized by single
laser-matter interaction, only limited weld depths can be created that do not exceed an
aspect ratio (quotient of seam width and seam depth) of 1. Thus, the heat conduction
properties are primarily decisive for the weld seam characteristics.

If the power density is increased further, the deep penetration threshold is reached,
i.e., the threshold at which the temperature of the melt pool on the sample is sufficient to
cause evaporation on the surface. This evaporation leads to the deformation of the melt pool
(induced by the recoil pressure) and multiple reflections of the laser beam. Thus, a keyhole
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is formed, efficiently increasing the total absorption by multiple reflections inside [10]. The
authors in [11] stated that the deep penetration threshold can be characterized using an
analytic description with P/d values per material.

2.2. Pressure Balance in the Keyhole

Theoretical considerations describe the keyhole formation based on a pressure balance,
with the opening pressure inside the keyhole counterbalancing the closing pressure consist-
ing of surface tension pressure p¢, hydrostatic pressure py and hydrodynamic pressure
PDdyn- Shares of the opening pressure are the recoil pressure pp,| resulting from material
evaporation and the differential vapor pressure A(py — po) with atmospheric pressure py,
depicted in Equation (1) [12].

pabl + A(Pv — Po) =Po + PH + PDyn 1

The complexity of this pressure balance is immediately apparent, as the material and
laser properties as well as the environmental conditions influence the equilibrium. Among
others, the energy input, the metal vapor characteristics, the melt flow, and the atmospheric
pressure pg are affecting factors. Ref. [13] Induced shear stresses on the keyhole wall by
outflowing metal vapor partly cause the melt flow around the keyhole and in the melt
pool. Furthermore, the varying pressure distribution along the keyhole axis influences
the evaporation temperature at its wall, thus determining the energy deposition into the
welded sample. Subsequently, the emerging temperature distribution defines the final weld
seam geometry [14].

It has been shown that deviations from this balance can cause oscillatory deformations [15],
and the keyhole is not steady in general but strongly fluctuates [16]. Investigations in [17]
observed individual dominant frequencies in copper welding that could be determined by
sine fits, supposing the mutual influence of radial and axial frequencies in different keyhole
areas. In general, the periodic behavior is experimentally determined with higher frequen-
cies and amplitudes compared to the aforementioned model-based approaches, which can
be explained by keyhole instabilities [18]. These are described as the root causes for the
formation of seam imperfections like pores and spatter formation in laser beam welding of
copper [19]. A further common defect, regardless of processing laser wavelength, is melt
ejection with consecutive hole formation [20].

The pores and voids are classified as spherical gas-containing inclusions, whereby the
authors in [21] distinguish between gas and process pores. The former are usually formed
by the precipitation of dissolved gases during solidification; the latter are inclusions of
inert gas and metal vapor [22]. Holes are critical defects for seam performance (electrical as
well as mechanical) and are typically observed as a result of melt ejections or particularly
large spatters. These defects are predominately reported at low feed rates (v < 8 m/min for
copper). Their emergence is described as starting with a bending of the keyhole tip against
the welding direction and a subsequent bulge formation. Growing in size rapidly as long as
the surface tension of the melt pool balances the pressure inside, parts of the surrounding
melt pool (or, in an extreme case, the entire melt pool) are ejected after exceeding a critical
state. Afterwards, a new formation of the keyhole and melt pool begins, as the phenomenon
leaves a hole surrounded by solid material. The authors assume the cause of the defect to
be the increased absorption due to a bending of the capillaries and the associated increased
evaporation [23].

Furthermore, spatter formation influences the resulting process quality and can dam-
age surrounding components, clamping devices, or optical components. The spatter is
generated as a consequence of the complex melt flow conditions if a local melt volume
attains enough momentum perpendicular to the melt surface to break free of the main
body of the melt. The escape threshold is formulated by a combination of the local acting
forces, with surface tension being the most important one (spatter release criterion, see
ref. [24]). The contamination area of the droplets emerging from the interaction zone is
large due to their comparatively high velocities. Further, the typical dimensions of spatter
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are reported to be between 50-200 pm in diameter. Researchers in [25] investigated a
decreasing probability of occurrence when reducing the laser power and increasing the
feed rate, accompanied by a change in the spatter formation area.

Overall, a multitude of important findings about the pressure balance in the keyhole
and the associated formation mechanisms of process instabilities are available, but their
appearance in copper welding has not yet been clarified conclusively.

2.3. Copper Welding Using Visible Wavelength

The basic physical mechanism for energy coupling in laser material processing is
the interaction between the electromagnetic radiation and the material to be processed.
When laser radiation hits a metal surface, a certain amount of the irradiated laser power
is reflected. The remaining portion penetrates the material and is absorbed during propa-
gation. Additionally, because the metals have a low optical penetration depth, which is
significantly lower than the wavelength used, the transmission can be set to zero regardless
of the material thickness [2]. The absorptivity (A =1 — R — T) thus defines the portion of
the irradiated laser power that is absorbed in the material and is available as heat in the
interaction zone.

The absorptivity behavior of copper, aluminum, and steel is shown in Figure 1a,
calculated from the reflectivity [2] with measured data for the refractive index n and the
absorption index k from [26].
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Figure 1. (a) Absorption spectra of Cu, Al, and Fe at room temperature; (b) temperature dependence
of the absorptivity of copper at 0.5 um and 1.0 um; (c) angular dependence of the absorptivity of
copper at 0.5 um and 1.0 um at room temperature (RT) and elevated temperature (ET = 1400 K).

It becomes apparent that the absorptivity differs greatly for the metals and that,
especially in welding applications with copper, the use of laser beam sources with shorter
wavelengths in the range of 515 nm might be advantageous, as the absorptivity value in the
case of perpendicular beam incidence at room temperature is ten times higher compared to
commercially available near-infrared lasers (see green and red vertical lines). The increased
absorption in the process was also experimentally confirmed by the use of calorimetric
measurements [5]. According to the authors in [17], welding of copper using near-infrared
beam sources can only be performed in the deep penetration regime due to the factor
mentioned above, where the high power density of the laser beam vaporizes the metal.

Due to the changed state of aggregation, the absorption properties of the metal can
change, which depend on the temperature and the angle of incidence, among other influ-
encing factors [27]. The angular dependence of the absorptivity comes into play especially
in the keyhole welding process when the laser beam is absorbed on the inclined, molten
capillary front wall. The absorptivity of copper versus temperature at A = 0.5 um and
A =1.0 um, extracted from literature values in [28] and [29], is depicted in Figure 1b. The
influence of the angle of incidence 6 was calculated using the Fresnel equations for unpolar-
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ized light with values for the complex refractive index (n+i-k) from measurements for room
temperature (RT) performed in [30] and for an elevated temperature (ET) of T = 1400 K
from [29], see Figure lc.

For the near-infrared wavelength, a positive jump in the absorptivity of about 5%
upon melting is followed by a further increase with rising temperature. This jump is
accompanied by a reduction of the absorptivity in the case of the green wavelength. The
angular dependence is observed to have a comparably small influence at both 0.5 um and
1.0 pm wavelengths, which decreases with increasing temperature at 0.5 um but vice versa
at 1.0 pm. These circumstances, as they directly affect the energy input into the material,
influence the resulting temperature field and the process conditions during copper welding,
which might therefore differ depending on the laser wavelength used.

Experimental investigations confirm improvements in copper welding by changing
the processing wavelength from near-infrared (IR) to green regarding the aspects of re-
producibility and process stability [3]. The authors in [31] observed higher porosity when
welding copper at 515 nm wavelength; nevertheless, this setup gave the most stable weld
results with the fewest fluctuations. In addition, copper processing with a green laser
wavelength is characterized by enabling higher penetration depths and higher feed rates
compared to IR laser welding using comparable beam characteristics and laser power as
well as a lowered deep penetration threshold [32]. Further, with regard to surface quality,
weld seams produced on Cu-ETP with a green laser wavelength show increased roughness
due to increased spatter formation and stronger cratering compared to IR [8]. The theoreti-
cal calculations in [33], based on the energy balance in combination with thermophysical
material properties and taking into account the aforementioned dependence of the optical
properties, support the experimental findings and confirm a higher process stability of spot
welds on copper with green laser radiation.

However, a more conclusive understanding of the change in defect formation and a
look at the differences in the interaction zone have not yet been given. A blue wavelength
is not considered in this work since the A(A,T) of copper is very similar to green radiation,
and the beam quality of existing direct-emitting blue diode lasers is currently an order of
magnitude higher than green disk-laser technology.

2.4. Process Observation Using the X-ray Phase Contrast Method

In comparison to visual and thermal imaging, in situ X-ray tomography enables a
deeper investigation of laser-based processes in metals by visualizing the phase boundaries
at high spatial and temporal resolution. However, since the damping of the X-ray photons
penetrating a metal depends on the mass density b of the irradiated material, which is
lower in a gas-filled keyhole than in the solid sample (pGas < Psolid ~ PLiquid), conclusions
regarding the geometrical conditions of the laser-matter interaction zone in the metal
can be drawn from the detection of the transmitted intensity. Therefore, a scintillator for
converting the attenuated X-ray into visible light and a conventional high-speed camera
are typically used in the experimental setup.

This diagnostic method is an adequate tool to understand and counteract the complex
processes ongoing in the keyhole and melt pool. It was applied to study the effect of
keyhole behavior on spatter and pore formation in copper using a microfocus tube as an
X-ray source at a 1 kHz acquisition rate [23]. The system enables a resolution of the X-rayed
object of 67 pixels/mm at a frame rate of up to 5 kHz, which is suitable for the investigation
of laser welding [34] and cutting [35] processes. The resolution limitations caused by edge
blurring due to the X-ray source aperture and image noise originating from the low photon
flux can be overcome by using a synchrotron source. Due to the high-brilliance X-ray
spectrum generated, the phase contrast is greatly enhanced, and the phase boundaries
between solid-liquid (melt pool) and liquid-gaseous (keyhole) become visible [36].

The improvement of the temporal and spatial resolution of the X-ray imaging enables
novel process insights, as demonstrated, for example, in powder bed fusion with frame
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rates up to 40 kHz in [37]. In [17], it was also used to investigate the high dynamic behavior
of the keyhole when welding copper with a multimode fiber laser.

In sum, the current state of the art compromises a broad knowledge of the influencing
factors on the process behavior of keyhole welding of copper as well as suitable methods
for more in-depth in situ process investigations. In order to extend the fundamental process
understanding of laser beam welding of copper in the infrared and green wavelength
ranges, in this study the capabilities of in situ high-speed synchrotron imaging in terms of
the detailed visualization of the keyhole behavior and its interactions with the surrounding
melt pool are used to determine the visible physical differences. Therefore, X-ray imaging
was used in side- and front-view at an acquisition rate of 1000 fps with a spatial resolution
of 417 pixels/mm and a radiated area of approximately 2 mm in diameter during laser
beam welding of Cu-ETP with disk lasers (A = 1030 nm) and frequency-doubled disk lasers
(A =515 nm) in a wide parameter range of laser powers and feed rates. The phase contrast
videos are used to study the geometry of vapor capillaries and the emergence of process
instabilities in copper for 515 nm and 1030 nm processing wavelengths resulting from
dynamic keyhole behavior.

3. Materials and Methods

In this paragraph, the synchrotron X-ray welding setup is introduced at the beginning.
Afterwards, the experimental procedure is described, followed by the data processing
approaches and methods for analyzing the measurement results.

3.1. Laser Beam Welding Setup

In this work, laser beam welding of copper with both a disk and a frequency-doubled
disk laser was investigated in the high energy beamline P07-EH4 of Petra 3 at the Deutsches
Elektronen-Synchrotron DESY in Hamburg [38]. The customized experimental setup for the
investigation is based on the setup presented in Ref. [39], which was realized in cooperation
with the RWTH Aachen University and the Fraunhofer Institute for Laser Technology (ILT).
The installed setup at beamline P07-EH4 is shown in Figure 2.

.I : » Welding optics =L EH

Laser beam

‘ / X-ray
it ¥

g
Il

Sample

Motorized S|
clamping device | Gas

nozzle
’ High-speed
camera

Scintillator

X/y-motion
system

Figure 2. Experimental setup for phase contrast observation of laser welding; left: CAD-model,
scintillator distance not to scale (left); real setup (right).

The X-ray imaging system consisted of the DESY-synchrotron which provided the
X-ray source (light yellow), a scintillator (blue), and a high-speed camera (grey). The
beamline and imaging parameters are presented in Table 1.



Metals 2023, 13, 135 7 of 21
Table 1. Synchrotron setup and parameters for the experimental investigation.
Dimension Unit Petra 3 Beamline P07
Operation mode [-] Low Beta
Photon energy [keV] 89
Beam area [mm?] 2x2
Scintillator material [-1 Ce:GAGG
Scintillator size [mm?] 11 x 11
Scintillator thickness [um] 600
Distance scintillator—material sample [mm] 3500

The monochromatic X-ray beam from the electron accelerator ring DESY in operation
mode “Low Beta” with an energy of 89 keV and an average beam diameter of approximately
2 mm irradiated the copper sample during the welding process. Locally varying sample
topography due to the melt pool swelling and different attenuation coefficients depending
on the aggregate state of the sample in the interaction zone led to locally varying attenuation
of the X-ray beam. Using a ce-doped Gds Al, Gaz O, scintillator, the attenuated X-ray
projection behind the sample was converted into visible light, which was recorded from the
backside by a high-speed camera. The scintillator size was 11 x 11 mm? with a thickness
of 600 um and was mounted in a tension-free clamping device at a distance of 3.5 m from
the material sample. A high-speed camera (i-SPEED 727, iX Cameras) capturing at a frame
rate of 1 kHz using an image size of 1536 x 2072 pixels was mounted inside the optical
tower of the beamline for optimum surrounding darkness. An exposure time of 1 ms was
used for all investigations. The resulting image sequence is referred to as “X-ray video” in
the following.

A similar system using a microfocus tube as the X-ray source was previously used
to study the welding process in ref. [39], and high-speed synchrotron X-ray imaging
experiments were performed at the European Synchrotron Radiation Facility (ESRF) at
Beamline ID19 using a multi-mode fiber laser on copper [17]. However, the herein presented
in situ observations of the keyhole and melt pool geometry were achieved using high-speed
X-ray imaging in side- and front-view at a frame rate of 1000 fps with a spatial resolution
of 417 pixels/mm and a radiated area of approximately 2 mm in diameter. Since the
divergence of the X-ray beam is between 0.0018 mrad and 0.027 mrad [40], the influence of
the penumbra on the observed blurring is negligible.

In the investigation of the influence of absorptivity on the laser beam welding process
of copper, two disk lasers from Trumpf were used within the experiments: a frequency-
doubled, pulsed disk laser (TruDisk Pulse 421, Trumpf GmbH, Ditzingen, Germany) and the
CW-beam source (TruDisk 6001, Trumpf GmbH, Ditzingen, Germany). The specifications
of the laser sources and the optical setups used are presented in Table 2.

Table 2. Laser beam sources and optical setup used for the investigation.

Dimension Unit Trumpf TruDisk Pulse 421 Trumpf TruDisk 6001
Wavelength (A) [nm] 515 1030
Laser power (Pmax) [W] 400 (cw) /4000 (pulsed) 6000
Fiber diameter (dp 1) [um] 100 100
Focal length collimator (fc) [mm] 80 80
Focal length optics (fg) [mm] 163 163
Focal diameter (dg, measured) [um] 222.5 213.2
Diffraction factor (M?2) -1 23.5 11.95
Divergence angle (9) [mrad] 71.5 75.9
Beam parameter product (BPP) [mm-mrad] 3.98 4.05

Additionally, in order to achieve comparable beam characteristics between the green
and infrared laser beams, galvanometer scanners (Newson NV, Dendermonde, Belgium)
with appropriate coatings for each laser wavelength and a collimation length of fc = 80 mm
and f-theta lenses with a focusing length of fp = 163 mm were used. The variable working
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distances were compensated by a motorized linear stage in order to process the samples in
the focal plane of the beams at z = 0 mm. The beam-delivery fibers had a core diameter of
dirk = 100 um so the beams were focused to a spot diameter of dr = 222.5 mm for the green
laser and dg = 213.2 mm for the infrared laser in top-hat intensity distribution, respectively,
with a comparable divergence angle 0 as measured with a Primes MicroSpotMonitor
(Primes GmbH, Pfungstadt, Germany).

The copper specimens (Cu-ETP/CWO004A) with a ground top surface were fixed by
a motorized clamping device mounted on an electromagnetic high-speed x-y-axis stage
(Jenny Science AG, Rain, Switzerland) to move the welding sample through the intersection
of the laser beam and the synchrotron beam while processing. The sample was moved with
welding speed v while the mirrors of the galvanometer scanner were set to zero position
in order to ensure the recording of the keyhole during the whole experiment in side-view
setup. A single frame taken from an X-ray video is presented in Figure 3, showing an
extract of the radiated area, including the keyhole, the melt pool, and the base material.

Melt pool
swelling

Laser beam

Material surface [
\\
\
\
//.
Melt pool 3
Z \

Figure 3. High-speed synchrotron X-ray image of laser beam welding of Cu-ETP with a 515 nm-
wavelength laser at a 1 kHz frame rate (P = 4000 W, v = 200 mm/s).

The partial penetration welds were performed on Cu-ETP samples with a thickness
of 2 mm, a length of 100 mm and a height of 30 mm. In obtaining additional information
about the melt pool swelling and the formation of spatter, the area above the material
surface was also recorded. Due to the reduced attenuation of the X-ray beam in the metal
vapor-containing keyhole compared to copper in a solid or liquid state, an increased gray
value is detected on the camera sensor in that region. Furthermore, as can be seen in
Figure 3, the phase boundary of the melt pool can be distinguished, but this is not the
case at the keyhole front wall. As investigations on steel (55304) have shown a limited
thickness of the molten material moving down the front wall starting from approximately
20 um at 100 mm/s [41], the changed thermodynamic properties of copper (in particular
the higher heat conductivity) would require an increased magnification in the setup for in
situ identification and separation.

Furthermore, the laser beam was aligned to the center of the specimen at t/2 for all
side view experiments. For individual parameter sets, additional investigations with laser
beam trajectories oriented in the X-ray direction were carried out in order to analyze the
lateral dimensions of the keyhole and the melt pool. As a result, the sample was stationary,
and the beam movement was performed by the galvanometer scanner. In order to suppress
increased beam attenuation in the case of welding with green laser radiation (see ref. [42]),
nitrogen was used for process zone coverage, supplied through a lateral nozzle against the
welding direction. A compressed air-fed cross jet mounted above protected the optics from
spatter and metal fume.

The process parameters investigated in the experimental campaign are listed in Table 3.
Note that the laser power was emitted in one single rectangular pulse over the whole weld
seam at a constant feed rate up to v = 18 m/min, and not the full parameter matrix consisting
of laser power P, and feed rate v was covered for both wavelengths. The investigations
were planned in order to, on the one hand, achieve maximum keyhole depths that could
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still be fully detected by the camera sensor and, on the other hand, result in comparable
weld depths or line energies for both laser beam sources. As the maximum energy per
pulse of the TruDisk Pulse 421 is 40 J, the pulse duration was adjusted to the maximum
possible value at a given laser power Py, This limit is not present for the infrared cw-beam
source TruDisk 6001, so weld seams of length lyeq = 50 mm with pulse length tp selected
respectively were performed.

Table 3. Overview of the used process parameters for welding in partial penetration mode.

Dimension Unit Choice of Parameters
Material of sample [-] Cu-ETP
Feed rate (v) [mm/s] 66.7;133.3; 200; 300
Power of laser (Pp) [kW] 1;15;2;25;3;4
40 = const. @ A =515 nm/
Energy of pulse (E) ] var. @ A = 1030 nm
40-PL[kW]" ! @A =515 nm/
Pulse length (tp) [ms] 3-v[m/min] ! @ A = 1030 nm
Frame rate X-ray (fx.ray) [kHz] 1 = const.

3.2. Image Processing and Data Evaluation

In order to ensure that the grayscale values result from local density variations in the
metal and not from the intensity profile of the X-ray beam, a post-processing procedure was
used: First, a shading algorithm was applied to every single image for contrast enhancement
and to reduce background noise and vignetting caused by the X-ray beam. Therefore, the
grayscale values in the individual images of the welding process were normalized by
dividing the brightness value pixel by pixel by the same row and column values of an
averaged background image (the mean image from a recording of the synchrotron beam
shape). The resulting image was multiplied by a correction factor to increase the image
intensity to the level of the averaged background image. Additionally, after the subtraction
of the averaged background image from the normalized X-ray videos, the phase contrast
is already enhanced. Further, Kalman filtering [43] was applied to reduce the statistical
noise in the processed image sequences. Finally, the color space of the images was adjusted
to facilitate the recognition of the image features [44]. For algorithm implementation, the
software MATLAB R2022b (MathWorks Inc, Carlsbad, CA, USA) was used.

The evaluation of the keyhole geometry was conducted using a mean value image
calculated by averaging all relevant individual images of the stationary process from the
X-ray video. The keyhole depth was calculated as the distance from the material surface (see
Figure 3) perpendicular to the tip of the keyhole. The keyhole tip position was determined
in a manually preselected image area by column-wise identification of the highest gradient
in the brightness values and subsequent selection of the pixel position having the largest
row distance from the material surface.

4. Results and Discussion
4.1. Observation of the Laser Welding Process of Copper with Visible and Infrared Laser Radiation

An overview of the generation and behavior of the keyhole is given by the use of an
image sequence reflecting typical effects of the laser welding process on copper at these spot
diameters and laser beam intensities. The process understanding is extended by discussing
the effects of limiting the process window and the influence of processing parameters on
keyhole behavior in more comprehensive investigations in the later sections.

In addition, single frames of an X-ray video generated at a feed rate of v = 66.7 mm/s
with a continuously linearly increased laser power starting from 500 W to 1500 W with
515 nm laser radiation are shown in Figure 4. The laser power is indicated along with the
corresponding time t in the X-ray images.
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Figure 4. X-ray video sequence of laser beam welding of copper using 515 nm laser radiation,
P =500 W-1500 W, v = 66.7 mm/s.

The material surface and the vapor capillary can be clearly identified. Furthermore,
the solidified phase is visible, which allows the inference of processes taking place in the
metal to the resulting weld seam surface, and the liquid melt pool is recognizable to a
limited extent. The melt film thickness on the front wall is below the spatial resolution. To
ensure better visibility, the phase contrasts of interest are traced.

Further, as t = 0 ms indicates the point immediately after starting the laser emission, the
copper material is heated up, and a convex melt lens can be identified at t =5 ms. Increasing
power to P = 875 W at t = 15 ms, the melt pool starts to depress (induced by the recoil
pressure; see Section 2.2), and a keyhole with an aspect ratio <1 is formed. The keyhole
depth progression can be subsequently observed from the time steps t = 16-39 ms, which is
attributed to the efficient increase of the total absorption by multiple reflections inside [10].
The average capillary shape is nearly vertical with a small width and high aspect ratio.
Since the single frames show motion blur in the keyhole area, it can be concluded that the
geometry fluctuates at more than 1 kHz.

The angle of the keyhole front wall in relation to the laser axis, which is perpendicular
to the workpiece top surface, is measured to be <3° for the image sequence. This angle o
is identified as a feed-dependent parameter, as can be seen in connection with the X-ray
image sequence in Figure 5. As a result, single frames of an X-ray video generated at a feed
rate of v = 200 mm/s and the same laser power versus time profile (starting from 500 W to
1500 W for tp = 40 ms) using green laser radiation are shown. The corresponding top view
of the weld seam is depicted in the lower part of Figure 5.

Furthermore, comparable to the findings for v = 66.7 mm/s, the formation of a melt
pool depression is observed at a laser power of P = 875 W and becomes pronounced
at t =18 ms and P = 950 W. Thus, no significant influence of the feed rate on the deep
penetration threshold (P/d) is stated for copper welding using green laser radiation.

The inclination angle « of the keyhole front wall is calculated to have an average value
of 12.3°, which is about four times the value of the lower feed rate. The increase of the
front wall inclination for higher feed rates is in good accordance with the investigations in
Ref. [11] using a glass-metal sandwich setup for observation of the interaction zone. The
transition from heat conduction mode to deep penetration welding can also be identified
from the observation of the seam top surface, as a sudden increase in the seam width is
found at the transition point between t = 18 ms and t = 19 ms (corresponding X-ray images
indicated by vertical dashed lines) alongside the keyhole depth increase. Furthermore, a
wavier seam surface with higher surface roughness is present in keyhole welding mode.
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The phase contrast between the liquid and gaseous phases becomes less visible for the
higher feed rates investigated, as the fixed exposure time leads to increased dynamic noise
in the X-ray videos.

feed v
e

t=10 ms

t=18 ms t= 39 ms

P=750W 200 uym || P=950 W P=1475 W

Figure 5. (Upper) X-ray video sequence of laser beam welding of copper using 515 nm laser radiation,
P =500 W-1500 W, v = 200 mm/s; (Lower) corresponding top view of the weld seam.

In investigating copper welding with infrared laser radiation, a similar keyhole de-
velopment process is observed; nevertheless, the laser power was adjusted in the range of
P =2000-3000 W, as the deep penetration threshold of Cu-ETP is 12.500 W/mm [32]. The
previously discussed irregular seam surface structures observed for 515 nm wavelength
are less remarkable for 1030 nm, which is consistent with the studies in [8].

In addition, with regard to the quantification of the keyhole depth progress as a func-
tion of the feed rate and the laser wavelength, the measured depth difference (keyhole depth
e(t + 1)—e(t)) was divided by the corresponding laser power difference (P (t + 1)-Pp(t))
between the single frames of the X-ray videos. Thus, the determined keyhole depth sen-
sitivity, depicted in Figure 6, indicates the keyhole growth 2 ms after formation and was
extracted from the data points by averaging. It becomes apparent (as is already evident
from Figures 4 and 5), that the increase in keyhole depth in relation to the laser power
applied decreases with increasing feed rate for green laser radiation. The sensitivity value
is found to be 58% smaller for v = 200 mm/s compared to v = 66.7 mm/s. This trend can
also be observed for the investigations using near-infrared laser wavelength (sensitivity
difference (v = 200 mm/s—v = 66.7 mm/s): 49%). If the sensitivity of the keyhole depth to
the feed rate is compared between the laser wavelengths, a difference becomes apparent.
The sensitivity value for the 1030 nm laser is higher for the lower feed rate of v = 66.7
mm/s compared to the 515 nm laser, whereas the ratio is reversed for the higher feed rate
of 200 mm/s.

A reason for this behavior is assumed to be the higher laser power in the case of
near-infrared laser welding (necessary to overcome the deep penetration threshold), which
leads to an increased amount of energy absorbed in the sample compared to the green laser
radiation. However, since the absorptivity of liquid copper at 1030 nm is lower compared
to that at 515 nm (see Section 2.3), the absorbed energy is predominantly deposited in the
lower keyhole region by an increased number of multiple reflections. This effect is further
discussed in Section 4.3. The increased angular dependence of the absorptivity of copper
for 1030 nm laser radiation in combination with the observed inclination of the keyhole
front wall leads to increased reflection losses [12] for the increased feed rate. Therefore, the
sensitivity of the keyhole depth is lower for 1030 nm compared to 515 nm laser radiation at
v =200 mm/s. This assumption is also supported by the results presented in [39], where



Metals 2023, 13, 135

12 of 21

an increased feed rate dependency is found for copper welding with a near-infrared beam
source compared to a green one.
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Figure 6. Keyhole depth sensitivity evaluated from linear welds for feed rates v = 66.7 mm/s and
v =200 mm/s for linearly increased laser power (P = 500 W-1500 W for A = 515 nm laser radiation;
P = 2000 W-3000 W for A = 1030 nm).

The lower keyhole depth sensitivity at a higher feed rate in the case of both laser
wavelengths may be of particular interest for applications requiring low deviations in the
weld seam depth. It should also be noted that the actual seam depth may vary less as it is
affected by the heat conduction between the melt pool surrounding the keyhole and the
solid metal, which is more inert than the processes in the keyhole.

Figure 7 shows the heat conduction welding of copper with near-infrared laser ra-
diation, which is hardly feasible according to the state of the art [17]. In the X-ray image
sequence, the formation of the melt lens can be followed from t = 29 ms on, whereas in
the lower part of the compilation, the microscopic view of the weld seam is presented. In
the generation of this seam, the identical optical setup and BrightLine functionality of the
TruDisk 6001, equipped with a double core fiber, were used. Thereby, a spot diameter of
800 um (P (ring) = 100%) was achieved on the sample surface in the focal plane.

—

Figure 7. (Upper) X-ray video sequence of laser beam welding of copper using 1030 nm laser
radiation, P = 4000 W, v = 133.3 mm/s, dg = 800 um; (lower) corresponding top view of the weld seam.
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It becomes obvious that heat conduction welding of copper using 1030 nm laser
radiation is rather difficult to control. However, 40 ms after the start of the laser emission, a
convex melt pool is present that does not enlarge with further time. The initiation, starting
from t = 32 ms, is attributed to locally increased surface roughness and preheating of the
sample, leading to increasing absorptivity in the laser-matter interaction zone [45]. After
formation, the melt pool remained dimensionally stable, and no collapse of the process was
observed. Since the depth of the melt pool is measured below 100 pm, only a small amount
of the irradiated laser power is absorbed in the metal at the first interaction, resulting in
low process efficiency (power required to melt the volume/irradiated laser power). In
addition, the smooth weld seam is narrower compared to the laser spot diameter and is
symmetrically surrounded by zones in the feed direction, indicating heating effects.

4.2. Investigation of the Formation of Weld Seam Imperfections
4.2.1. Melt Ejection/Spatter Formation

Figure 8 shows the interaction zone during laser beam welding of copper at different
times using 1030 nm laser radiation at a laser power of P = 2500 W at a feed rate of
v =66.7 mm/s. The X-ray image series reveals a representative section of the process,
showing different effects starting at t = 12 ms.

The gaseous phase boundary appears relatively steep (small angle x), as expected
for the selected process parameters and the focal diameter of approx. 200 pm. A narrow
aperture at the sample surface and a high aspect ratio are visible. In the following, two
expansion sequences of the keyhole, starting from the lower region—so-called keyhole
bulging—can be traced for t = 35-44 ms. In general, the bulging at the keyhole bottom was
found to be more pronounced compared to the middle or upper regions. It also becomes
visible that several bulges occur in different areas and alter rapidly over time. The shape
deviations originate from bulging on the rear wall as well as on the keyhole front wall (c.f.
t = 41 ms et seq.). These dynamics are transferred to the liquid meld adjacent the keyhole,
causing melt dynamics and the melt pool to swell (upward movement of the melt) at the
sample surface. The liquid-solid phase boundary is exemplary indicated by the dashed
line for t = 35 ms.

This bulging phenomenon may arise as a consequence of a small angle of the keyhole
front wall relative to the beam axis. The irradiated laser power at the keyhole front is
preferably reflected into the lower keyhole area, inducing strong fluctuations there due to
the time-varying energy input. In considering the pressure balance, the lower amount of
absorbed energy in the upper keyhole area leads to a changed temperature distribution,
which in turn influences the recoil pressure due to the evaporation that counterbalances
the closing pressures acting on the keyhole.

However, as the bulge against the feed direction grows in size rapidly and the pressure
inside exceeds the surface tension of the melt pool, melt ejection (spatter formation) is
observed. In the case of t = 45-51 ms, the bulge indicated by the white arrow subsequently
enlarges and pushes almost the entire melt pool aside. During this time, the keyhole
aperture at the sample surface was found to have significantly increased. Due to the melt
ejection, a crater-shaped seam surface remains, which cannot be filled by the remaining
liquid copper. The generated hole, also visible from the top view of the generated weld
seam, is highlighted in the lower part of Figure 8. Afterwards, a new formation of the
keyhole and the melt pool begins, as can be observed for t = 49-51 ms.

This defect formation mechanism in copper welding was predominantly observed for
feed rates v < 8 m/min, which is in good accordance with the literature [21]. At higher feed
rates, the increased inclination of the keyhole front wall and the changed fluid dynamic
conditions in the melt pool led to a widening of the keyhole aperture, especially for the
1030 nm laser radiation. Thus, the reflection losses are increased; also see Figure 11 in
Section 4.3.1.
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crater

t= 49 ms

Figure 8. (Upper) X-ray video sequence of laser beam welding of copper using 1030 nm laser
radiation, P = 2500 W, v = 66.7 mm/s; (lower) corresponding top view of the weld seam.

4.2.2. Pore Formation

The pore formation could not be resolved from the side view experiments due to
the motion blur. Therefore, the additional investigations using laser beam trajectories
oriented in the X-ray direction (a stationary sample and beam movement performed by a
galvanometer scanner) were used to study the processes ongoing in the melt pool. Figure 9
shows a sequence of X-ray images of the laser beam welding process of copper using green
laser radiation at P = 3000 W and v = 66.7 mm/s.
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Figure 9. X-ray video sequence of laser beam welding of copper using 515 nm laser radiation,
P=3000W, v =66.7 mm/s.

The lateral dimensions of the keyhole and the melt, ejected at the top (spatter forma-
tion) and deposited on the sample surface starting at t = 1 ms, can be followed in time.
The geometry is further discussed when evaluating the keyhole width in Section 4.3.2.
Moreover, pore formation becomes significant at t = 4 ms. In the following X-ray images,
the expansion of the porosity into the seam depth can be observed, as indicated by the
dashed white line for t = 4 ms—12 ms.

This weld seam imperfection is also visible in the longitudinal section in the inves-
tigations presented in [42] for Cu-ETP welds produced with 515 nm laser radiation. A
similar phenomenon with regard to the porosity was revealed for both wavelengths and
parameters (P = 3000 W, v = 66.7 mm/s, A = 1030 nm) in the in-situ synchrotron investi-
gations. However, the effect seems to be weaker for near-infrared laser radiation, which
is in accordance with the findings in [8]. Due to the consecutive propagation from the
sample surface, an interaction with the ambient atmosphere is suspected. This behavior
can be explained by the findings in [46], where the authors conclude that the dominant
pore formation mechanism in copper is the chemical reaction of nitrogen and oxygen from
the ambient gas. However, the porosity can be caused by hydrogen if the raw copper has
an increased oxygen content, as in the case of Cu-ETP. The reduction of the oxygen-rich
copper melt by hydrogen from the atmosphere dissolved in the melt pool liberates water
vapor, as a result of which pores can be formed. Nevertheless, this effect is small compared
to the former mechanism.

4.3. Influence of Process Parameters and Laser Wavelength on Keyhole Morphology
4.3.1. Evaluation of Keyhole Depth Sensitivity

The image processing methods presented in Section 3.2 were further used to evaluate
the time series of the recordings by means of mean-value images of the welding processes.
In Figure 10, the resulting keyhole depths and front wall angles as a function of the feed
rate for the investigated parameter sets for 515 nm (left) and 1030 nm (right) laser radiation
are presented. The data points represent the average of three measurements, and the length
of the error bars indicates the standard deviation within the three measurements of the
mean X-ray image. The dashed lines correspond to the inclination angles, whereas the solid
lines indicate the keyhole depth. In this context, the feature dependence in relation to the
laser power Py, feed rate v, and laser wavelength A is of interest.
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Figure 10. Keyhole depth and front wall inclination angle versus feed rate for selected laser powers
using 515 nm (left) and 1030 nm (right) laser radiation.

Furthermore, as shown in the graphs, it can be seen that the keyhole depth increases
with increased laser power for both wavelengths. With increasing feed rate, the keyhole
depth decreases, whereas the decrease is higher for welds at a wavelength of 1030 nm than
for 515 nm. For the inclination angle of the keyhole front wall (short: keyhole inclination
angle), an increasing trend when the feed rate is increased and a decreasing trend when the
laser power is increased are visible in the cases of 515 nm and 1030 nm. The different feed
sensitivity between the two lasers, earlier discussed in Section 4.1, can also be observed. In
addition, starting at an equal keyhole depth of about 1.4 mm at v = 66.7 mm/s (data points:
P1,(515 nm) = 2 kW; Pp (1030 nm) = 3 kW), the keyhole depth at 1030 nm wavelength is
reduced by 1.08 mm, whereas the keyhole depth at 515 nm wavelength is only reduced by
0.72 mm if the feed rate is increased to 300 mm/s. The calculation of the average reduction
of the keyhole depth with increasing feed rate for all examined parameter sets reveals a
41% reduced value for 515 nm compared to 1030 nm. In summary, the copper welding
process using a 515 nm wavelength is less sensitive to feed rate variation compared to
welds generated with an equal spot diameter and a 1030 nm laser wavelength. In addition,
the green laser offers the opportunity to obtain small keyhole depths <0.6 mm in different
fluid dynamic regimes. Further, the deep penetration threshold for the infrared laser is
higher; as a result, an adaptation of the optical setup or a different laser source is needed
when processing copper with a near-infrared wavelength at feed rates of v <200 mm/s.

Furthermore, a similar sensitivity of the keyhole inclination angle versus feed rate is
found for P =1 kW at 515 nm and P = 2.5 kW at 1030 nm, right after exceeding the deep
penetration threshold. This indicates that the shorter laser matter interaction time in the
case of increasing the feed rate is the driving force for the inclination of the keyhole front
wall, as a lower amount of energy is absorbed per unit time. However, the inclination
leads to an increase in the average absorbed irradiance. As the laser power is increased,
the aspect ratio of the keyhole also increases, and the influence of multiple reflections
inside the keyhole gains importance, which is why the behavior for 515 nm and 1030 nm
wavelengths is observed differently. In general, steeper keyholes were observed for 515 nm
laser radiation at v = 66.7 mm/s, which persisted at the higher feed rates investigated.
For example, in the case of applying equal laser power of 3 kW, «(515 nm) is found to
be 6.6°, whereas «(1030 nm) is measured at 18.7° (keyhole depths (515 nm) = 1.30 and
€(1030 nm) = 0.47 mm, respectively). As discussed in [3], the different behavior for both
laser wavelengths may also be caused by differing radiation attenuation in the copper
vapor containing keyhole. The relationship described above is supported by the simulation
conducted in [39], concluding that radiation attenuation has a significant influence when
welding copper with green laser radiation and that the keyhole generation is mainly
influenced by Fresnel absorption on its wall.

In comparing equal keyhole depths, predominantly the feed rates of v > 133 mm/s
could be assessed due to the aforementioned reasons and the X-ray beam diameter of
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2 x 2 mm. The observed increased formation of seam defects at low feed rates was dis-
cussed in Section 4.2.1. Figure 11 shows the compilation of X-ray video sequences and
corresponding top views of the weld seams during laser beam welding of copper using
515 nm (left) and 1030 nm (right) laser radiation at a keyhole depth of e ~ 0.4 mm and a
feed rate of v = 200 mm/s. The laser power was Pr, = 1000 W for the green laser, while
P, = 3000 W was used for the near-infrared disk laser.

Melt pool
swelling
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Figure 11. Compilation of X-ray video sequences and corresponding top views of the weld seams
during laser beam welding of copper using 515 nm (left) and 1030 nm (right) laser radiation at a
keyhole depth of e = 0.4 mm, v = 200 mm/s; further parameters see insert.

The gaseous-liquid and liquid-solid phase boundaries are traced to ensure better
visibility. The changing shape of the capillary with increased feed rate is clearly visible
for A = 1030 nm in comparison to Figure 8. An enlarged keyhole aperture is present for
the infrared laser. This opening of the keyhole at the sample top surface is not visible in
the case of green laser welding. The keyhole front wall angle is found to be comparable
(0515 nm) = 19.2°; x(1030 nm) = 19.9°) for both investigated parameter sets.

The higher irradiated laser power during 1030 nm copper welding and the lower
absorptivity lead to an increased energy distribution on the keyhole’s side and back walls
by reflection. This fact is also supported by the increased spatter and melt ejection observed
at 515 nm compared to 1030 nm, indicating increased process dynamics in the interaction
zone at 515 nm due to the higher amount of energy absorbed in the keyhole front wall. In
consequence, the melt pool is found elongated in the case of 1030 nm, and an increased
melt pool swelling is detected. Moreover, the significantly narrower seam width for 515 nm
wavelength than for 1030 nm can be attributed to this effect.

4.3.2. Evaluation of Keyhole Width

The increasing effect of multiple reflections in the case of copper welding using
infrared laser radiation in particular becomes observable when evaluating the keyhole
width from the X-ray videos. For an improved evaluation between the parameter sets and
laser wavelengths, all images after the fast depth progress of the keyhole (see ref. [47]) were
averaged using a median filter. Thereby, the contrast between the phases becomes more
apparent. Further, after applying an adaptive threshold filter, the results were binarized
and no further smoothing was applied.

The resulting keyhole shapes in width direction (view against feed direction) for
515 nm and 1030 nm laser radiation at a feed rate of v = 66.7 mm/s and v = 200 mm/s at a
laser power of Py, = 3 kW in each case are shown in Figure 12. Due to the short weld seam
length of 1.5 mm, the keyhole depths are lower than the values presented in Section 4.3.1.
The qualitative progression and relative behavior are, however, meaningful.

At the feed rate of v = 66.7 mm/s, a significant bulge in the lower keyhole area in the
case of the infrared wavelength can be noted, whereas a comparably straight keyhole with
almost parallel sidewalls is observable for 515 nm in the width direction. Furthermore, the
keyhole depth is smaller for the 1030 nm wavelength for equal laser power considering both
feed rate settings, as discussed earlier in this work. These findings support the increased
influence of multiple reflections in the copper welding process using a 1030 nm laser
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wavelength. Additionally, when the feed rate is increased to 200 mm/s, the keyhole length
decreases and the bulge at 1030 nm diminishes, becoming only slightly visible between
0.2 and 0.4 mm from the sample top surface. The 515 nm keyhole outline at 200 mm/s
also becomes shorter; however, the reduction rate is higher for 1030 nm, confirming the
experimental investigations discussed in Sections 4.1 and 4.3.1.
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Figure 12. Keyhole shapes in width direction (view against feed direction) for laser beam welding

1.60

of copper using 515 nm and 1030 nm wavelengths for feed rates of v = 66.7 mm/s (left) and
v =200 mm/s (right), Pp, =3 kW.

5. Conclusions

In this work, X-ray phase contrast observations of the laser beam welding process of
copper using visible and infrared laser radiation were conducted. Further, in order to obtain
a more holistic picture of the decisive effects of the welding process and its possibilities, the
analysis with a high-brilliance synchrotron beam source was used. Additionally, two laser
beam sources with 515 nm and 1030 nm wavelengths, respectively, were used with optical
setups achieving equal focal diameters. Finally, a wide range of process parameters (v, Pp)
was covered on Cu-ETP with a thickness of 2 mm to investigate the influence of the laser
wavelength on the welding process.

The material phase contrast analysis was successfully applied to distinguish keyhole
and melt pool phase boundaries in copper with high temporal and spatial resolution during
the welding process with an acquisition rate of 1 kHz in side view. Further, apart from the
X-ray video acquisition, additional image processing was used to bring the effects of the
metal to light more clearly. In situ observations, both perpendicular and in the welding
direction, were presented. The results were compared based on measures extracted from
the post-processed X-ray video sequences. In this study, the depth progress of the keyhole
and the correlation with its front wall inclination were especially investigated. A deeper
insight into the keyhole formation in copper was presented at the beginning. Furthermore,
the characteristic formations of weld seam imperfections, namely melt ejection, spatter
formation, and pore formation, were investigated. The challenges of strong fluctuations
(keyhole bulging) and highly dynamic effects were revealed. Lastly, the influence of process
parameters and laser wavelength on the keyhole morphology was quantified and discussed.
The investigations revealed the characteristics of the currently available beam sources for
copper processing.

The following conclusions can be drawn:

e  The high-speed phase contrast imaging of laser beam welding of copper enables the
detailed observation of the dynamic processes inside the metal during the interaction
between the laser beam, keyhole, and melt pool.

o  The keyhole depth sensitivity for the 1030 nm laser is higher for the lower feed rate of
v = 66.7 mm/s compared to the 515 nm laser, whereas the ratio is reversed for the feed
rate of 200 mm/s when the laser power is continuously and linearly increased.
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e  The feed rate sensitivity decreases with increasing feed rate, which is attributed to the
increasing inclination of the keyhole front wall in the case of both laser wavelengths.

e In general, the keyhole in the copper welding process using a 515 nm wavelength
is observed to be less sensitive to changes in feed rate compared to the keyholes
generated with an equal spot diameter and a 1030 nm laser wavelength.

e  Multiple reflections have an increased effect in the case of infrared laser radiation, as
the absorptivity for 1030 nm is lower compared to the 515 nm wavelength.

e  This effect becomes particularly visible when looking at the keyhole in the width
direction, where a decisive bulge is found in the lower keyhole area.

e  The weld seam imperfections limit the usable parameter space, where especially key-
hole bulging in the lower region at low feed rates (v < 133 mm/s) is caused by the
highly dynamic energy input for low keyhole inclination angles, which in consequence
can result in spatter formation or complete ejection of the melt pool.

e  The pore formation is observed as a time-progressive phenomenon in copper welding
and is assumed to be caused by the chemical reaction of nitrogen and oxygen in the
ambient gas.

In sum, the green laser radiation enables less sensitive keyhole behavior for welding
applications with a variety of different feed rates. These findings are expected to be
beneficial for further welding process optimization. It should be noted that due to the
greater inert heat conduction between the melt pool surrounding the keyhole and the solid
metal compared to the dynamic processes in the keyhole, the actual weld seam depth may
vary less.

Therefore, future investigations will focus on an in-depth metallographic analysis of
copper welding using a 3 kW CW frequency-doubled disk laser (515 nm) in comparison
to a 1030 nm laser beam source. Additionally, future work will also cover potential
applications in e-mobility, such as, inter-battery connections and the assessment of electrical
and mechanical seam properties. Furthermore, efficiency calculations are of interest for
economic and resource-efficient manufacturing.
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