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Abstract

The increasing demand for contacting applications in electric components such as
batteries, power electronics and electric drives is boosting the use of laser-based cop-
per processing. Laser beam welding is a key for an efficient and high-quality electric
vehicle production due to its local, non-contact energy input and high automation
capability enabling reproducible weld quality. Nevertheless, a major challenge in
process design is the combination of energy-efficiency and precise process guidance
with regard to weld seam depth and defect prevention (i.e. spatter, melt ejections),
partly caused by the high thermal conductivity of copper. High power lasers in the
near infrared range and emerging visible laser beam sources with excellent beam
quality can provide a suitable joining solution for this purpose. However, the under-
lying physical phenomena are currently only partly understood and a reflection on
the challenges of laser beam welding of copper compared to well researched steel
processing has not yet been carried out. In order to improve the understanding of
the effect of the different material properties and the influence of process parameters
on the vapor capillary and melt pool geometry in laser beam welding, in situ syn-
chrotron investigations on Cu-ETP and S235 using 515 and 1030 nm laser sources
were conducted. The material phase contrast analysis was successfully used to dis-
tinguish vapor capillary and melt pool phase boundaries during the welding process
with high spatial and temporal resolution up to 5 kHz. A significantly different vapor
capillary geometry and sensitivity to parameter variation were found between the
steel and copper material. In addition, the visualization of characteristic melt flows
revealed different melt pool dynamics and a pronounced eddy close to the melt pool
surface for copper, which is assumed to be causal for the observation of pronounced
spatter formation during copper welding in a certain process window.
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Introduction

Climate change and environmental devastation are existential threats to Europe and

the world, which is why the European Green Deal aims to transform Europe into
a modern, resource-efficient, and competitive economy. For achieving sustainabil-
ity of the internal combustion engine dominated transport sector, this implies a tar-
get reduction of 50% in net greenhouse gas emissions for cars and trucks by 2030
[1]. To achieve these goals, the market segment of zero-emission and low-emission
vehicles in particular must be developed in order to enable a more environmentally
friendly and smarter mobility.

The production of batteries, power electronics and electric motors plays an essen-
tial role in the efficient and high-quality production of this vehicles. As an analysis
by the VMDA shows, the market for battery production equipment is growing con-
stantly, forecasting a market volume of € 20 billion on global investment in lithium-
ion battery production machinery in 2023. For these large-scale productions, reliable
manufacturing technologies are needed, whereby the laser is an important solution
provider for material processing, especially for joining applications [2].

Because of its local, non-contact energy input and the high automatability of
laser beam welding processes, the technology offers great potential for the increased
amount of joints of metallic materials compared to the drivetrain of internal com-
bustion engines [3]. In addition, laser beam welding offers flexibility in the design of
the joining area, which may be required considering the disruptive nature of current
developments in battery production [4].

A comparison of the joined materials between conventional combustion technol-
ogy and electrified/ electric powertrains reveals a shift from steels to an increas-
ing use of copper materials for power transmission. While strength and geometry
requirements or challenges resulting from highly corrosive environment like in the
exhaust system, e.g. in throttle valves, were the main focus of conventional driv-
etrains, electrified drives add weld seam requirements like current carrying capacity,
heat transfer capability or leak tightness specifications [5]. This is accompanied by
a diversification of material thicknesses, required weld seam depths (ranging from
um-thin foils for example for arrester tab welding [6] to mm-thick copper hairpins
[7] or busbars) and the number of welds per assembly.

A simple transfer of the well-researched laser beam welding process using bril-
liant beam sources in the near-infrared (NIR) wavelength range from steels to cop-
per materials does not meet the aforementioned requirements: Investigations of the
welding process of copper with NIR laser radiation report a lack of reproducibility
and the occurrence of weld seam defects like pores, enhanced spatter formation, and
irregular weld seam depth [8]. The reason for the small process window is seen in
the material-specific physical properties of copper [9]. Improvements are observed
through the use of currently intensively investigated approaches of changing the pro-
cessing wavelength [10], the modification of the local and temporal energy input
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[11], as well as the surface reflectance reduction through laser-based pre-processes
[12].

However, to optimize the laser beam welding process of copper in combination
with energy-efficiency and precise process guidance with regard to weld seam depth
and defect prevention, the changes in the underlying physical phenomena when
changing material from steel to copper and applying visible laser radiation need to
be better understood.

In this work, the effect of different material-specific physical properties and the
influence of process parameters on the vapor capillary and melt pool geometry dur-
ing laser beam welding are studied through in situ synchrotron X-ray imaging inves-
tigations on Cu-ETP and S235 using 515 and 1030 nm disc lasers. In this way, the
phase boundaries of vapor capillary and melt pool can be observed with high spatial
and temporal resolution during the welding process and their dynamic behaviour can
be analyzed. The aim is to identify the challenges and changes in laser beam weld-
ing of copper in order to improve the final weld quality by addressing the observed
aspects in the design of the welding process. This should enable a more efficient and
controllable joining process.

State of the Art
Material-Specific Physical Properties of Steel and Copper

Selected physical properties of steel and copper are listed in Table 1. Apart from a
higher density, the temperature range between melting and evaporation temperature
is 275 K wider for copper. Because of its high electrical conductivity, which is about
one power of ten higher than that of steel at room temperature, copper is well suited
as a conductor of electricity.

As the material property of high electrical conductivity is associated with high
thermal conductivity (Wiedemann-Franz rule [14]), the material poses a major chal-
lenge in a welding process. The thermal conductivity of copper at room temperature
is about 8 times higher compared to steel and this ratio increases at elevated temper-
atures, as the decrease for copper over increasing temperature is lower [15]. Figure 1
illustrates the impact on the interaction zone for a heat conduction limited welding
process, indicating a lower temperature gradient from the melting temperature in the
weld seam to the surrounding base material for copper compared to steel.

Table 1 Physical properties of

Parameter Unit Steel Copper
steel and copper [13]

Density p kg /m3 7850 8935

Melting temperature T, °C 1471 1084

Evaporation temperature Ty, °C 2672 2560

Thermal conductivity Ay, (T=20°C) W/m*K 45 394

Electrical conductivity 6 (T=20°C) 1/ Q*m™ 9,9%10° 59+%10’
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In the case of copper, the energy is dissipated to a greater extent into the base
material, which is thus no longer available for melting. So to generate and main-
tain a stable welding process, a concentrated heat input must be applied or a pre-
heating of the component has to be carried out [16]. In addition, this conduc-
tion leads to a more size- and geometry-dependent processing window in copper
welding [17]. Engler observes a significant dependence of the weld seam width
on the feed rate for laser beam welding of stainless steel, which significantly
increases with decreasing feed rate at constant penetration depth. This correla-
tion can be explained by the low thermal conductivity of the material, leading
to an increased heat accumulation in the interaction zone using slow feed rates
due to the higher line energy. For copper on the other hand, no dependence was
found [9]. As copper is often used as a pure material (Cu-ETP, Cu-OF) [18], it is
characterised by a melting point, in contrast to steels which, due to the alloying
of various elements, have a melting interval leading to abrupt liquefaction and
solidification of the non-ferrous metal. In combination with a lower surface ten-
sion [15], dynamic effects in the interaction zone are thereby promoted: Due to
the lower surface tension, the counteracting forces for spatter detachment accord-
ing to existing spatter formation models [19] decrease and the self-damping of
the dynamics, induced by the time-varying energy input in the interaction zone,
is reduced. Thermal expansion, which is increased by a factor of 1.4 [20], and
about twice as much structure-related shrinkage occurring during solidification
compared to steels additionally impedes the design of the welding process due to
induced large deformations and resulting stresses [16].

Beside the aforementioned factors, a major issue in laser beam welding of cop-
per is the high reflection at room temperature. Especially when using infrared
wavelengths, the current industrial standard, high intensities are required to initi-
ate a deep penetration welding process [21]. Depending on the wavelength, the
absorption of copper is less than 5% a room temperature. Starting from a wave-
length of about 700 nm the absorption however rises significantly with declining
wavelength, as indicated in Fig. 2. The plot shows absorptivity behavior of cop-
per, aluminum, and steel, calculated from the reflectivity [3] with measured data
for the refractive index n and the absorption index k from [22].
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Moreover, it is assumed that the low absorptivity causes the observed high sen-
sitivity of the laser welding process of copper to variations in surface conditions
such as oxidation or roughness [23]. As the absorptivity for infrared radiation signif-
icantly rises at the phase transition from solid to liquid, the welding process is of a
rather unstable nature between low and almost full energy coupling [8]. Comparing
absorptivity values for copper and steel reveals a factor of 10 between both materials
for perpendicular beam incidence at room temperature. In addition, the absorptivity
of steel compared to copper for infrared radiation shows less temperature depend-
ence and a reduced dependence on the processing wavelength is observed. It is also
interesting to note that the absorptivity value of steel is close to that of copper for
green laser radiation, where investigations have shown altered laser beam welding
process behaviour compared to NIR laser radiation [24]. In sum, all of these factors
make copper a difficult to process material for laser beam welding.

Laser Beam Welding and Analytical Model Representations

In general, two welding regimes are distinguished in the laser beam welding pro-
cess: Heat conduction welding and deep penetration welding. An incident laser
beam with a low power density heats the material locally. If a certain power den-
sity is exceeded, the melting point of the material is reached, and local melting on
the material surface in the irradiated area takes place. By moving the laser beam or
the material sample, a heat-conduction weld is formed [3]. Being characterised by
single laser-matter interaction, this process regime can only generate limited pen-
etration depths that do not exceed an aspect ratio (quotient of seam width and seam
depth) of one. Consequently, it is primarily the heat conduction properties that are
decisive for the weld seam characteristics (see Material-Specific Physical Properties
of Steel and Copper section).

A further increase in power density causes the deep penetration threshold to be
reached, i.e. the threshold at which the temperature of the melt pool on the sam-
ple surface is sufficient to transform material into a vaporous state. This evapo-
ration leads to a deformation of the melt pool (induced by recoil pressure) and
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consequently to increased reflections of the laser beam. A vapour capillary (key-
hole) is formed, efficiently increasing the total absorption by multiple reflections
inside [11]. The resulting aspect ratio can easily reach 10:1.

Theoretical considerations of the authors in [25] stated that the deep penetra-
tion threshold can be characterized using an analytic description with P/d values
per material. These findings have been confirmed by [8] based on experimental
investigations on steel and copper using infrared and green laser beam sources.
Back reflections at the onset of the welding process, however, which persist until
the deep welding process is fully developed, can damage optical elements or even
the beam source itself [12]. This phase of process setup also reduces the effective
joining length, especially noticeable for copper welding using NIR laser radia-
tion, as it was found to be influenced by wavelength-dependent absorptivity [26].

Various dynamic and static model representations have been developed to ana-
lyze the relationships in the vapor capillary, the flow conditions in the melt pool
or the entire laser beam welding process in deep penetration mode [27]. Beck
for example developed a comprehensive model taking into account, the absorp-
tion of the laser radiation in the plasma, Fresnel absorption at the vapour capil-
lary including multiple reflections, heat conduction, melt pool and metal vapour
flow dynamics at low and high processing speeds, as well as wall shear stresses
induced by the metal vapour flow [28]. Derived analytical approximations for a
stationary laser beam welding process allow for a less complex analysis of influ-
encing parameters, for example on the influence of different process parameters
on the achievable penetration depth. Due to the high complexity of the dynamic
relationships, however, these models are only capable of providing accurate
results under simplified assumptions in limited parameter ranges.

Since a large part of the incident radiation is absorbed and reflected at the
capillary front wall [29], its inclination and shape are of particular importance
for the development of the deep penetration welding process. The formation of
the vapour capillary geometry in 1 mm thick steel sheets is investigated by the
authors in [30] mainly from the lateral displacement of the melt, starting from
the capillary front wall. Based on this model representation, the vapour capillary
geometry was investigated in several publications as a function of the process
parameters welding speed, laser beam intensity and material properties. The com-
parison with experimental observations revealed findings about the inclination of
the vapour capillary, the formation of spatter, and the resulting weld seam quality
[31, 32].

Investigating the effect of higher feed rates on the welding process, the authors
in [33] analyzed the capillary shape to determine the potential of feed rate increase
in terms of process efficiency and the influence of the capillary geometry. Observ-
ing a strong correlation between the capillary geometry and the feed rate, a shape
transition from a U-shape to a wedge shape for increased feed rate is detected with
an aperture to the sample surface far higher than the applied beam diameter. The
results further indicate that the absorptivity is related to the capillary geometry.
As the thermal efficiency of the laser beam welding process is known to increase
with increased feed rate [34], the feed rate should be chosen as high as the humping
limit in order to achieve a high process efficiency. In laser beam welding of copper,
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increased feed rates [35] as well as power modulation [36] have been observed to
stabilize the welding process.

Process Observation Using in Situ X-Ray Imaging

The analysis and fundamental understanding of the geometry of the vapor capil-
lary as well as the physical processes within are major research questions since the
beginning of the process investigations on laser beam welding. Conclusions about
the width, length, inclination, and shape of the vapor capillary have been derived
experimentally mainly by metallurgical evaluation of the weld seam or by introduc-
ing contrasting materials with higher melting points than the base material into the
melt pool [37]. Furthermore, camera-based observation techniques are widely used.

In comparison to visual and thermal imaging methods, in situ X-ray tomography
enables a deeper investigation of laser-based processes in metals by a visualization
of the phase boundaries. Since the damping of the X-ray photons penetrating a metal
depends on the mass density of the irradiated material, which is lower in a gas-filled
capillary than in the solid material (Qg,s < Qsolig ~ Quiguia)s conclusions regarding the
geometrical conditions of the laser-matter interaction zone can be drawn from the
detection of the transmitted intensity [38]. Therefore, a scintillator for converting the
attenuated X-ray into visible light and a conventional high-speed camera are typi-
cally used in the experimental setup [39].

Using a microfocus tube as an X-ray source at a 1 kHz acquisition rate, the effect
of keyhole behavior on spatter and pore formation in copper welding was studied
[40]. The authors in [41] investigated the highly dynamic behavior of the vapor
capillary when processing copper with a multimode fiber laser. A comparison of
the copper welding process using infrared and green laser radiation with identical
optical setup revealed a lower feed rate sensitivity using 515 nm wavelength com-
pared to 1030 nm wavelength. In addition, it was stated that multiple reflections
have an increased effect in the case of infrared laser radiation, as the absorptivity for
1030 nm is lower compared to the wavelength of 515 nm, becoming particularly vis-
ible when investigating the capillary in width direction, where a decisive bulge was
found in the lower keyhole area [26]. The authors in [42] performed porosity analy-
sis in CuSn6 weld seams for same processing parameters for 515 and 1030 nm laser
sources using in situ synchrotron observation. The green laser beam was observed
to lead to a higher porosity, which is more evenly distributed over the entire capil-
lary depth. It is assumed that this fact is related to the higher absorptivity of 515 nm
compared to 1030 nm when impinging inside the vapor capillary.

As the pixels of the grey value pictures of the X-ray video contain information
about the remaining effective thickness of the processed material, the authors in [43]
developed a method for the three-dimensional reconstruction of the vapor capillary
based on a calculated attenuation coefficient for each material. This reconstruction
of the capillary can be used to investigate the locally absorbed irradiance as well as
the total absorptivity in the interaction zone applying a ray tracing algorithm includ-
ing the actual laser properties [33].
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In addition, the use of tracer particles with a high melting point, e.g. tungsten
powder, enables the observation of the fluid flows in the melt pool, whereby vortex
areas, for example, become visible [44] .The authors in [45] investigate the influ-
ence of the focal position on the melt flow during laser beam welding of steel by
means of evaluating the characteristic melt flow based on tracer particle trajectory
analysis. A significant dependence of the capillary shape, the melt flow direction,
and the melt pool geometry mainly in the upper half of the melt pool on the focal
position was observed. In situ X-ray imaging therefore provides a viable method for
the derivation of process knowledge on laser beam welding in the deep penetration
regime, especially since the boundary conditions are closer to the real welding pro-
cess compared to investigations carried out using a glass-metal sandwich setup [46]
or capillary observations obtained from the welding of transparent media like water
or ice [47].

In sum, the state of the art provides a broad knowledge of the factors influenc-
ing the process behavior of keyhole welding of copper and steel, together with suit-
able methods for in situ process observation. As the materials properties and pro-
cess parameters are the key factors influencing the laser-metal interaction and melt
pool geometry [48], the understanding and control over the underlying phenomena
is essential to maximize efficiency and minimize defect susceptibility. In order to
extend the fundamental process understanding on the effect of different physical
properties of copper and steel material on the laser beam welding process and the
challenges in copper processing, this study uses the capabilities of in situ high-speed
synchrotron X-ray imaging in terms of the detailed visualization of the keyhole
behavior and its interactions with the surrounding melt pool. The results analysed in
the literature raise the following research questions for this work:

— How do the different physical properties of steel and copper affect the process
zone shape and capillary geometry when applying 515 and 1030 nm laser radia-
tion with equal beam diameter?

— How do the main process parameters (laser power P, feed rate v) influence the
vapor capillary geometry?

Due to the fact that the capillary front wall is the first point of interaction between
laser radiation and metal, which is of great importance for the formation of the weld-
ing process, it will be studied in detail. The material samples are analyzed by means
of material phase contrast method to investigate the dynamic behavior of boundaries
between solid, liquid, and gaseous material phases for Cu-ETP and S235JR mild
steel.

Experimental Setup and Methods
In this section, the synchrotron X-ray welding setup and the experimental procedure

are presented. Afterwards, applied methods for data processing and evaluation of the
measurement results are introduced.
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Fig.3 Schematic sketch of the
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Synchrotron and Laser Beam Welding Setup

The HEREON high-energy beamline PO7 (EH4) of Petra III at the German Elec-
tron Synchrotron DESY in Hamburg, Germany [49], provided the basis for conduct-
ing the in situ synchrotron welding experiments. A customized experimental setup
was installed, which is shown schematically in Fig. 3. The synchrotron beamline and
imaging parameters are listed in Table 2.

The main elements of the X-ray imaging system are the DESY-synchrotron which
provides the X-ray source (blue), a scintillator (green), and a high-speed camera
(black). The synchrotron beam with an area of 2 X2 mm? irradiates the moved sam-
ple with a dimension of 100X 30 X2 mm?3, which is laser processed from the top side
(laser beam propagation in z-direction). The laser and synchrotron beam are aligned
perpendicular to each other in the region of interest. The penetrating X-ray photons
are damped in the workpiece dependent on the mass density, which is lower for a
gas-filled capillary compared to the solid sample. The transmitted, attenuated beam
is converted into visible light using a Cer-doped GaGG:Ce (Gadolinium Aluminum
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Gallium Garnet(Ce)) scintillator with a thickness of 1000 pm. The intrinsic glow of
the scintillator screen stimulated by the X-rays was recorded from the back site with
a high-speed camera (i-SPEED 727, iX Cameras) and a magnification lens. The vid-
eos were recorded at a resolution of 1536 x2072 pixels with a frame rate of 5 kHz
and an exposure time of 0.2 ms. This setup enables a spatial resolution of 396 pixels/
mm with an evaluable area of about 2 mm in diameter. Considering the divergence
of the X-ray beam is between 0.0018 mrad and 0.027 mrad [50], the influence of the
of the penumbra on the observed blur is negligible.

For the presented investigations, the beamline was in Low Beta operation mode
using a photon energy of 89 keV. The representation of the resulting X-ray images
can be seen in the insert on the right-hand side of Fig. 3. It indicates material phase
contrast in the interaction zone, characterized by different intensity levels and
noticeable peaks at the transition [51]. The resulting image sequence is referred to as
“X-ray video” in the following.

The laser beam welding setup consisted of two disc lasers, galvanometer scan-
ning optics and a linear axis for applying the feed rate v. The parameters and proper-
ties of the laser beam sources and the optical setup used are given in Table 3.

A frequency-doubled disk laser emitting at a wavelength of A=515 nm and a
disk laser emitting at A=1030 nm from the company Trumpf (TruDisk Pulse 421,
TruDisk 8001, Trumpf GmbH, Ditzingen, Germany) were used within the welding
experiments. The beam-delivery fibers coupled to the 2D-galvanometer scanners
with appropriate coatings for each laser wavelength (Newson NV, Dendermonde,
Belgium) had a core diameter of d;; x = 100 pm. Using a collimation length of f, =
80 mm and f-theta focusing optics with a focal length of fz = 163 mm, a magnifica-
tion ratio of 1:2 was obtained in each case. A spot diameter of dg = 222.5 mm in
almost top-hat intensity distribution was measured with a Primes Micro-SpotMoni-
tor (Primes GmbH, Pfungstadt, Germany) for the green laser welding setup, and dg
= 214.6 mm for the infrared laser welding system respectively.

The metal specimens consisting of mild steel S235JR and Cu-ETP (CWO004A)
with a ground top surface were fixed in a motorized clamping device mounted on an
electromagnetic high-speed x-y-axis stage (Jenny Science AG, Rain, Switzerland).

Table 3 Parameters and properties of the laser beam sources and the optical setups used in this investiga-
tion

Parameter Unit Trumpf TruDisk Pulse 421 Trumpf
TruDisk
8001
Laser medium - Disc Disc
Wavelength A nm 515 1030
Laser power P, w 400 cw / 4000 pulsed 8000 cw
Fiber diameter d; um 100 100
Focal length collimator f mm 80 80
Focal length F-Theta focusing optics fi mm 163 163
Focal diameter dg um 222.5 214.6
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Fig.4 a Schematic illustration of the interaction zone in deep penetration laser beam welding and
b X-ray image of laser beam welding of Cu-ETP t=2 mm, A=1030 nm, di = 200 pm, P; = 3500 W,
v=133 mm/s

500 pm

The maximum travel speed is limited to 2000 mm/s. The laser beam was aligned
to the center of the specimen at t/2 for all side view experiments. The focal posi-
tion was set on the workpiece top surface. In order to ensure the recording of the
interaction zone during the whole experiment in side-view (x-z-plane), the sample
was moved with feed rate v while the mirrors of the galvanometer scanners were
set to zero position (intersection of the laser beam and the synchrotron beam while
welding).

The schematic illustration of the interaction zone in deep penetration welding and
a single image taken from an X-ray video of the copper welding process (t=2 mm,
A=1030 nm, dp = 200 pm, P; = 3500 W, v=133 mm/s) are presented side by side
in Fig. 4. Analyzing the extract of the irradiated area, the characteristic elements
vapor capillary, melt pool, and the resolidified melt in the weld seam become visible.

Due to the reduced attenuation of the X-ray beam in the metal vapor-containing
capillary, an increased gray value is detected on the camera sensor in that region.
The shape of the melt pool is indicated by the white dashed line, separating the lig-
uid phase from the base material in front of the capillary and from the solidified
weld seam in the back (against feed direction). The associated melt pool dynamics
can be recognized well from the melt pool swelling at the material surface, where
melt flows around the capillary from different flow directions are meeting each other.
In addition, capillary bulging, i.e. the rapid change in geometry, can be observed,
which is assumed to be related to the time-dependent absorption of the irradiated
laser power.

The process parameters investigated in the experimental campaign are listed in
Table 4.

Partial penetration welds at a length of ly,;q = 50 mm with pulse length t, selected
respectively were generated using the NIR laser beam source. 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 P;. This allows comparable
weld seams with limited length to be produced. Nitrogen was used for process zone
coverage, supplied through a lateral nozzle against the welding direction for both
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Table 4 Overview of the used

- Dimension Unit Choice of Parameters
process parameters for welding
in partial penetration mode Material of sample - S235JR, Cu-ETP
Feed rate v mm/s  66.7; 100; 133.3; 200; 300, 500
Laser power P w 500-4000
Energy of pulse (E) J 40 = const. @ A =515 nm/
var. @ A = 1030 nm
Pulse length (tp) ms 40-PL(kW)'l @ A =515nm/
3ev(m/min) '@ A = 1030 nm
Focal position zg mm 0 (top surface)
Shielding gas - N2, 50 I/min
Frame rate X-ray (fy.,,) kHz S=const.

metals. To protect the welding optics from spatter and metal fume, a compressed
air-fed cross jet was installed. The laser power was emitted in one single rectangular
pulse of length t, over the whole weld seam at constant feed rate up to v=>500 mm/s.
Note that not the full parameter matrix consisting of laser power P}, feed rate v, and
wavelength A was conducted for both materials: The welds were planned in order
to achieve penetration depths that could be fully imaged on the camera sensor and
resulted in comparable penetration depths or line energies in deep penetration weld-
ing regime.

Data Evaluation - Image Processing and Analysis of the Velocity Field of the Melt
Pool

To ensure that the greyscale 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, which is described in detail in our previous study [26]. Consisting of a
subtraction of an averaged background image from the normalized X-ray videos, the
phase contrast is further enhanced by Kalman filtering [52] and adjusting the color
space of the images to facilitate the detection of image features [39]. This shading
algorithm, applied to each individual image, reduces background noise and vignet-
ting caused by the X-ray beam.

The capillary geometry was evaluation using the temporal average of the pixel
values, taking into account all relevant images of the stationary welding process
from the X-ray video. The capillary depth was determined as the distance from the
surface of the material (see Fig. 4) perpendicular to the capillary tip (lowest point in
z-direction) and its front wall inclination o was measured. By calculating the tempo-
ral standard deviation of each pixel according to Eq. (1), temporal variations within
the X-ray videos can be identified, which highlight variations of the geometry of the

n i=1""t ’
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Where x; is the current pixel value at time i and X is the average intensity value of
the considered time interval. Thus, if sigma is large or there are bright pixels in the
average intensity image, the individual image values at this position are scattered
and widely distributed relative to the mean value.

In addition, tungsten particles were used to visualize the melt flow during laser
beam welding. The tungsten particles were inserted in drilled holes with a diam-
eter of dpyjip, = 300 pm on the top surface of the sample, which was subsequently
welded. The particles are characterized by a mean diameter of d=60 pm, the dis-
tance between two consecutive holes in welding direction measures 10 mm. The par-
ticle movement was recorded at a frame rate of 5 kHz during the welding process. A
comparable procedure is reported in [45], introducing tungsten carbide tracer parti-
cles into the weld. Since the authors and investigations in [53] do not observe signif-
icant differences in the velocity distribution for different particle sizes, it is assumed
that there is only a negligible influence of the size of the tracer particles on the
measured melt flow. By tracking the particle movement in side-view (projected onto
the x-z plane) using synchrotron X-ray imaging from frame to frame until the parti-
cle solidifies in the weld seam (qualitatively determinable from the point at which a
single particle’s movement becomes a uniform displacement against welding direc-
tion at the same feed rate as the workpiece), the visualization of the melt flow in the
interaction zone becomes possible. To facilitate a statistically relevant analysis of
the characteristic melt flow, an algorithm based on the method described in [45] was
applied, involving averaging over multiple tracer particle trajectories. The workflow
is illustrated in Fig. 5.

The tungsten particles can be clearly identified as numerous black marks in the
melt pool of the post-processed X-ray video (Introduction section). Numerous indi-
vidual particles were successively tracked frame by frame, resulting in at least 30
trajectories per parameter set (see State of the Art section). Afterwards, each parti-
cle’s continuous trajectory was interpolated from the measured positions recorded at
equidistant imaging times using a cubic spline function [53]. This procedure ensures
that the calculated trajectory passes through all detected positions with minimum
acceleration of the tracer particle [54]. The interpolated particle trajectories are then
evaluated in terms of their time- and position-dependent velocity and acceleration
components (Experimental Setup and Methods section). Finally, an averaged melt
pool velocity distribution was calculated by averaging over trajectories identified at
different times during the laser beam welding process. A smoothing of the calculated
flow distribution was performed by the inclusion of nine equidistantly interpolated

Processed X-ray video Tracking of particle Cubic spline interpolation, Calculation of flow distribution
trajectories analysis of velocity & acceleration using weight function

R
&
o

“r

Fig.5 Schematic illustration of the workflow for the calculation of the characteristic melt flow during
laser beam welding from tracer particle trajectories
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points between two measured positions. The averaged melt flow velocity was calcu-
lated near the nodes of an equidistant x-z-meshgrid with a spacing of 2.5 pm. For
every node, the vectorial velocities at their positions were averaged according to the
equations of Ref. [45] using the weight function, taking into account only the points
on spline curves located within a radius closer than 0.1 mm around the actual node.
An example result indicating flow directions and color-coded velocity regions can
be seen in “Results and Discussion” section of Fig. 5.

Results and Discussion

Vapor Capillary Geometry of Steel and Copper Using 1030 nm Processing
Wavelength

Figures 6 and 7 show the evolution of the vapor capillary geometry for laser beam
welding of steel and copper for laser power P, = 0.5 kW and 1 kW and feed rate v
from 66.7 mm/s to 300 mm/s using 1030 nm laser radiation. For copper the laser
power needs to be increased as the deep penetration threshold for NIR laser radia-
tion was observed experimentally at 12.500 W/mm [24] and comparable penetration
depths are of interest.

To evaluate the dynamic behavior, images of the standard deviation are given
in addition to the temporal averaged X-ray images. If the capillary geometry and
the development versus process parameters are compared for both materials, clear
differences become apparent. For S235JR, the capillary shape at low feed rate
(v=66.7 mm/s) is characterized by an almost I-shape (see orange illustration).
As the feed rate is increased, the aperture at the sample surface increases and the
average shape becomes similar to a V-shape with a bulge at the back wall in the
lower part of the capillary. As a result, the reflection losses of the irradiated energy
increase [28]. In line, the penetration depth into the material decreases with increas-
ing feed rate, illustrated through Ae, which corresponds to the first finding. The
third observed geometry variation is a significant increase of the capillary front wall
angle a, if the sample is moved faster through the laser beam. If the laser power is
increased, the penetration depth increases, which is associated with a more upright
capillary for all feed rates investigated. The capillary is drilled more in laser beam
direction as the power is increased, generating a higher recoil pressure on its front
wall.

The plotting of the standard deviation for steel reveals a limited dynamic rim
of the capillary at low feed rates, which increases significantly as the feed rate and
the laser power are increased. This becomes particularly evident when looking at
the back wall for P, = 1 kW, v=200 mm/s, and v=300 mm/s respectively, where
an enlarged white area is noticeable, indicating a varying energy coupling in that
region. Theoretical assumptions in [55] and experimental investigations in [55] con-
firmed that the effects of the reflected laser radiation on the capillary back wall are
more pronounced as the inclination of the capillary front increases.

In general, the vapour capillary geometry of copper using 1030 nm laser radia-
tion shows a more bulbous shape for the investigated parameter range. The widest
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Fig.6 Comparison of the vapor capillary geometry for laser beam welding of S235 JR, t=2 mm,
A=1030 nm, dg =200 pm, f=5000 Hz; a temporal average and b standard deviation representation

part of the capillary in welding direction is found located near the keyhole tip for
low feed rates. Increasing the welding speed changes the geometry into a U-shape
(see schematic illustration in Fig. 7), as the bulge reaches the surface, causing a
higher loss of reflected laser radiation. It is assumed that this finding is related to the
increased number of multiple reflections caused by the lower absorptivity of copper
for NIR radiation, as the absorptivity dependence of copper and steel on the angle of
incidence is comparable at the melting temperature of the materials [8]. This aspect
takes effect especially at high aspect ratios of the capillary respectively high line
energies (low feed rate, increased laser power). The different areas and degrees of
bulging can be identified by the added standard deviation images in Fig. 7, which,
like for steel, particularly affect the rear wall. The widening of the capillary to the
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Fig.7 Comparison of the vapor capillary geometry for laser beam welding of Cu-ETP, t=2 mm,
A=1030 nm, dp =200 pm, f=5000 Hz; a temporal average and b standard deviation representation

upper sample surface is already noticeable from a feed rate of v=133 mm/s, which
is attributed to the lower surface tension of copper compared to steel, which acts as
a closing pressure on the capillary [56]. At both laser powers presented, the penetra-
tion depth shows a stronger decrease, while the capillary front wall angle seems to
be less sensitive to parameter changes compared to mild steel. This finding corre-
lates with a shifted point of transition of the capillary into a V-shape, detectable for
v=>500 mm/s at P; =4 kW, where the inclination of the front wall leads to a minor
effect of the reflected laser power on the back wall.
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Fig. 8 Longitudinal sections of laser welds of S235 JR (left), P, = 1 kW and Cu-ETP (right), P, = 3 kW
using A= 1030 nm laser radiation

Table 5 Comparison of geometric circumstances in the laser matter interaction zone using in situ syn-
chrotron X-ray imaging and metallographic preparation method for 1030 nm laser radiation

Dimension (A66 mm/s — 300 mm/s) Unit  S235JR,P=1kW  Cu-ETP,P =3 kW
Average depth decrease of the vapor capillary Ae mm 1.05 (74%) 1.08 (78%)
Average penetration depth decrease Ae,.y mm 0.97 (70%) 1.09 (77%)
Average capillary front wall angle increase Aa deg 22.3 (2108%) 20.5 (493%)
Average capillary front wall angle increase Ao,y deg 21.8 (1211%) 19.2 (505%)

A comparison of the results with longitudinal sections from weld seams with
selected parameter sets is shown in Fig. 8. The geometric conditions of the laser-
matter interaction zone can be estimated by the analysis of an interrupted weld, i.e.,
when the laser is suddenly turned off and the keyhole front stays in a frozen state
[57]. For this purpose, the weld seams were cut in their plane of symmetry in weld-
ing direction polished and prepared by electrochemical etching.

The quantitative comparison of the metallographic evaluation and of the deter-
mination of geometrical capillary features from in situ analysis using synchrotron
X-ray imaging is given in Table 5. The X-ray results for Cu-ETP, P=3 kW are taken
from our previous investigation, presented in [26]. The relative ratios, calculated
with reference to a feed rate increase from v=66.7 mm/s to 300 mm/s, are listed in
brackets. A good consistency of the in-situ analyses and metallographic findings is
observed, especially for copper.

The higher degree of deviation for steel identifiable from the ratio compari-
son of the capillary front wall angle is assumed to be caused by the increased heat
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accumulation according to the sample design in the in situ observations, as this
leads to an excessive heat input at low feed rates in correlation with an underestima-
tion of the capillary front wall angle (also compare Fig. 1). For copper welding, the
high dynamics at low feed rates using NIR laser radiation can be observed from the
highly fluctuating penetration depth in combination with an uneven, crater shaped
sample surface at P| = 3 kW, v=66.7 mm/s.

Vapor Capillary Geometry of Steel and Copper Using 515 nm Processing
Wavelength

Figures 9 and 10 show the evolution of the vapor capillary geometry for laser beam
welding of steel and copper for laser power P, = 0.5 kW and 1 kW and feed rate
v from 66.7 mm/s to 300 mm/s using 515 nm laser radiation. For copper the laser
power was set to 1.5 kW and 2 kW to produce weld seams in deep penetration mode.

(a)

500 W

Sample surface

1000 W

66.7 mm/s 100 mm/s

(b) I

500 w

Sample surface

1000 W

feed direction

250 ym

66.7 mm/s 100 mm/s 133 mm/s 200 mm/s 300 mm/s

Fig.9 Comparison of the vapor capillary geometry for laser beam welding of S235 JR, t=2 mm,
A=515nm, dg = 200 pm, £=5000 Hz; a temporal average and b standard deviation representation
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Fig. 10 Comparison of the vapor capillary geometry for laser beam welding of Cu-ETP, t=2 mm,
A=515 nm, dg = 200 pm, f=5000 Hz; a temporal average and b standard deviation representation

The qualitative comparison of Figs. 6 and 9 does not reveal significant differ-
ences in the geometry of the vapour capillary using 515 and 1030 nm laser radia-
tion and their dynamic behaviour when analysing the standard deviation images.
A similar behaviour in terms of the influence of the increase of laser power and
feed rate variation with regard to the decrease of the capillary depth, the bulging
of its back wall, as well as the increase of the front wall angle are observed. This
finding can be attributed to the similar absorptivity of steel (approximated by
optical data for iron, [58]) for both laser wavelengths, which is about 8% icreased
for 515 nm compared to 1030 nm radiation at melting temperature.

For copper, on the other hand, the use of green laser radiation considerably
alters the vapour capillary geometry in the investigated parameter range of laser
power and feed rate: The decrease in capillary depth is found significantly lower
compared to the results for copper processing using NIR laser radiation pre-
sented in Fig. 7; a quantitative characterization will be given later in this work
in combination with the discussion of the capillary front wall inclination. Com-
pared to 1030 nm wavelength, the growth of the capillary aperture when the feed
rate is increased (especially when the bulge reaches the sample surface) is not as
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pronounced. Bright areas wider than the capillary entrance at the sample surface
against the feed direction are recognizable at 66.7 mm/s and 100 mm/s in their
lower half from standard deviation images, which can be attributed to the rapid
geometry change when looking at the individual X-ray images. The mechanism of
bulge formation is also observed in [26], although the increase in width is found
less pronounced at 515 nm (also compare spatial expansion of vapor capillary
geometry for feed rates v <100 mm/s for 1030 nm and 515 nm laser radiation in
Figs. 7 and 10). At higher feed rates v> 100 mm/s and both laser powers inves-
tigated, the bulge is concentrated to a limited area around the capillary tip, with
the capillary geometry at the same time showing a smaller depth and an increased
front wall angle.

In general, the fluctuating region is observed more concentrated in laser weld-
ing of copper using 515 nm laser radiation compared to the results for NIR laser
radiation presented in “Vapor Capillary Geometry of Steel and Copper Using 1030
nm Processing Wavelength” section. This finding can be attributed to the increased
absorptivity of copper for green laser radiation, which changes the energy distribu-
tion for a comparable aspect ratio of the capillary, as a higher amount of energy
is deposited in the cavity wall with the first reflection. The decreasing white rim
around the tip of the capillary (most distant point from the sample surface) is in
good accordance with the lower depth variation of the final weld seam in longitudi-
nal section shown in Fig. 11.

For steel, no significant differences can be observed from the comparison of the
in situ observations and the metallographic results for 515 nm laser radiation and
from the results for steel presented and discussed in “Vapor Capillary Geometry of
Steel and Copper Using 1030 nm Processing Wavelength” section. In the case of

Fig. 11 Longitudinal sections of laser welds of S235 JR (left), P, = 1 kW and Cu-ETP (right), P, =
2 kW using A=515 nm laser radiation
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copper, it can be observed that the capillary geometry converges to the capillary
shape of steel due to the change in processing wavelength, while the diameter is
of the same order of magnitude as the laser beam diameter. In addition, a less cra-
ter shaped sample surface of copper is found compared to NIR laser radiation for
the low feed rate of v=66.7 mm/s, which is in good accordance with the investiga-
tions presented in [24]. Since the capillary bulge is observed in a more concentrated
shape and also the dynamically fluctuating area around, the corresponding increase
in vapour pressure is less pronounced and the ejection of larger parts from the melt
pool is avoided.

The quantitative evaluation of the metallographic analysis together with the deter-
mination of the geometric capillary features from in situ analysis using synchrotron
X-ray imaging is shown in Table 6. Again the relative ratios, calculated with refer-
ence to a feed rate increase from v=66.7 mm/s to 300 mm/s, are listed in brackets.
Good agreement is found between the in-situ analyses and the metallographic find-
ings, whereby again the discrepancy is greater for steel. As discussed in the previous
section, the lower thermal conductivity of the material is assumed to be the reason
for this result.

It can be noted from the capillary geometries that the transition point from an
elongated cylindrical to a V-shape of the vapour capillary is observed at increased
processing speed for copper compared to steel (observation at v=300 mm/s for
steel, v=500 mm/s for copper welding). This observation is consistent for both
materials at both laser wavelengths. This effect is related to the lower sensitivity
of the inclination of the capillary front wall to the feed rate for copper compared
to steel, recognisable from Tables 5 and 6. The turning point is characterized by an
inclination angle at which the front wall is inclined to the point that the irradiated
energy and the evaporation pressure induced thereby expand the capillary back wall
against the capillary closing pressure (consisting of surface tension pressure, hydro-
static pressure and hydrodynamic pressure [28]) in feed direction. Since this state is
a function of the beam diameter and the capillary front wall inclination angle [59],
this situation arises at increased feed rate for copper compared to steel. This V-shape
is reported to be correlated to the formation of humping and undercuts of the seam
surface, for example when processing Aluminum described in [60]. This fact lead to
an increased processing window for copper towards higher feed rates compared to
steel for equal spot diameters, which is in good agreement with the results in [61],
where the authors report on the calculation and measurement of the humping thresh-
old for different materials.

Table 6 Comparison of geometric circumstances in the laser matter interaction zone using in situ syn-
chrotron X-ray imaging and metallographic preparation method for 515 nm laser radiation

Dimension (A66 mm/s — 300 mm/s) Unit  S235JR,P=1kW  Cu-ETP,P=2kW
Average depth decrease of the vapor capillary Ae mm 1.07 (74%) 0.72 (53%)
Average penetration depth decrease Ae,.q mm 0.99 (72%) 0.74 (54%)
Average capillary front wall angle increase Aa deg 24.1 (2407%) 11.3 (487%)
Average capillary front wall angle increase Aa,q  deg 20.4 (703%) 10.9 (507%)
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Influence of Process Parameters on the Front Wall Inclination of the Vapor
Capillary

The geometric conditions of the vapor capillaries described qualitatively in the
two previous sections are plotted in Fig. 12 using mean values for all investigated
parameter sets. In subgraphs (a) and c), the influence of the feed rate on the capillary
front wall angle a is plotted for different laser powers and both laser wavelengths
(515 nm/ 1030 nm) for steel at the top and copper at the bottom. The subgraphs (b)
and d) on the right show the influence of the capillary depth (respectively aspect
ratio of the capillary as a constant beam diameter is used in all investigations) on the
capillary front wall angle for different laser powers and 515 nm as well as 1030 nm
laser radiation for steel at the top and copper at the bottom respectively.

As already discussed in “Vapor Capillary Geometry of Steel and Copper Using
1030 nm Processing Wavelength” and “Vapor Capillary Geometry of Steel and Cop-
per Using 515 nm Processing Wavelength” sections, the inclination angle of the
front wall increases with an increase of the feed rate for both materials and both
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Fig. 12 Influence of process parameters on the front wall inclination of the vapor capillary: Left: Capil-
lary front wall inclination versus feed rate for different laser powers and 515 and 1030 nm laser radia-
tion; Right: Capillary front wall inclination versus capillary depth for different laser powers and 515 and
1030 nm laser radiation; Top: Results for mild steel S235JR (a) and ¢)); Bottom: Results for Cu-ETP (b)
and d))
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wavelengths across all investigated laser powers. For steel, the values for P, =
0.5 kW and P, = 1 kW are well in line between the two wavelengths, which can be
attributed to the similar absorptivity of the material in the investigated wavelength
range of the laser beam sources. The data trend reveals lines through the origin that
especially deviate at the feed rate of v=66.7 mm/s due to the underestimation of
the inclination angle caused by the disproportionate heat accumulation in the inter-
action zone (see Vapor Capillary Geometry of Steel and Copper Using 1030 nm
Processing Wavelength section). The slope of the data lines increases with increased
laser power. Therefore, for the welds of S235JR (Fig. 12a), at the same feed rate of
133 mm/s, a capillary front wall angle of approx. 24 ° can be detected for a laser
power of 0.5 kW whereas the value decreases to approx. 9 ° for P, = 1 kW. As the
feed rate increases, the capillary front angle increases, which is observed in compa-
rable ratios for both laser wavelengths. These experimental findings suggest that by
selecting the laser power, the front wall angle can be adjusted proportionally. How-
ever, the maximum angle per feed rate is limited by the deep penetration threshold
of the material since the choice of a lower laser power will not initiate a deep pen-
etration welding process.

The same behavior is evident for the Cu-ETP welds, nevertheless the data points
for A=1030 nm, P; = 2.5 kW and A=515 nm, P, = 1 kW do not follow the deter-
mined trend. The welding process in these cases is not assumed to be developed as
a total deep penetration welding process assuming a significant effect of multiple
reflections, as the laser power was just above the material- and wavelength-depend-
ent deep penetration threshold. Due to the stronger growth of the front angle with
increasing feed rate for 1030 nm compared to 515 nm for equal laser power of P,
=3 kW, a capillary front angle of a=6.5° is achieved for 515 nm at a feed rate of
v=200 mm/s whereas a capillary front angle of «=18.7° is observed for 1030 nm at
200 mm/s. This difference is attributed to the increased effect of multiple reflections
during copper welding using NIR laser radiation, since more energy is lost through
reflections due to the opening of the aperture (see Fig. 7 compared to Fig. 10). In
addition, less energy is deposited per beam interaction due to reduced absorptivity
of NIR compared to green laser radiation.

The analysis in subplots b) and d) relates the inclination of the capillary front
wall to the measured capillary depth, resp. aspect ratio. It can be seen that the
values for both steel and copper show a quadratic decrease of the front wall incli-
nation for an increased capillary depth. This trend can be observed for both laser
wavelengths. By the selection of a higher laser power, an increase in the capillary
depth can be generated for equal capillary front wall inclination angles, for exam-
ple for copper the laser power increase from P, =1.5 kW to 2 kW at an inclina-
tion of approx. a=8 ° is observed to increase the capillary depth for 515 nm laser
radiation by Ae=0.1 mm. For 1030 nm wavelength, the increase from 3.5 kW to
4 kW at an inclination angle of approx. 10 ° leads to a measured depth increase
of Ae=0.05 mm respectively. This stronger increase in capillary depth for
AP=0.5 kW for 515 nm is assumed to be related to the altered absorptivity for
515 nm compared to 1030 nm wavelength, leading to a more pronounced “drill-
ing” of the capillary in beam propagation direction through the increased energy
input. In addition, the aperture at the sample surface was observed narrower (see
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Vapor Capillary Geometry of Steel and Copper Using 515 nm Processing Wave-
length section), leading to less reflection losses compared to NIR laser radiation.
This effect is also strengthened by the observation of a slightly deeper vapor
capillary at the same front wall angle for NIR welding experiments over all data
points on copper, which suggests that more energy is reflected into the capillary
depth.

These results are in good agreement with the model developed in [59], where
the author states that the maximum achievable penetration depth during welding
is not achieved only by a single reflection of the incident laser radiation. Rather,
the individual partial beams are directed into the capillary depth according to the
principle of multiple reflection and result in an increase in capillary depth, which
is drilled deeper with higher laser power. This fact also means that the number
of internal capillary reflections decreases as the capillary depth decreases or a
wider vapor capillary is present, equivalent to an increase in the capillary inclina-
tion angle with at constant feed rate. In the upper region of the capillary which is
directly illuminated by the projected beam area, the characteristic beam param-
eters focal diameter and laser power in combination with the feed rate determine
the capillary inclination angle a. Furthermore, the capillary depth increase due to
the impact of multiple reflections results in the final capillary depth, whereby the
inclination angle o tends to be increased, as the reflected beam is less energetic.

The results from Fig. 12b and d in combination with experimental findings for
the capillary geometry of stainless steel reported in [62] are plotted in Fig. 13.
In addition, the analytic description of the capillary inclination o from [59] in
Eq. (2) is shown as an orange dashed line.
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Fig. 13 Front wall inclination of the vapor capillary as a function of the aspect ratio of the vapor capil-
lary (e/dg) for varied laser power and feed rate using 515 and 1030 nm laser radiation for copper and steel
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1 . e
a=c.arctan<)—c>,w1thx=a )
where c is a correction factor which was assumed to be 0.8 for our investigations, e
is the capillary depth, and dy describing the focal diameter. Schematic illustrations
of the capillary geometry for different aspect ratios are also shown.

The overlay of our investigations to the results of other researchers and theoreti-
cal descriptions in the interaction zone shows a good agreement. Figure 13 empha-
sizes that the capillary inclination angle decreases with increasing aspect ratio (e/
dp) of the weld seam. A closer look at the values also reveals that an increase of
the line energy results in smaller inclination angles of the capillary geometry. For
example, the data points P; =4 kW and v=133.3 mm/s (red x) and P, = 3 kW and
v=66.7 mm/s (red cuboid) for A=1030 nm when processing copper for an aspect
ratio of approx. 7, resulting in line energies of E; = 30 J/mm and E; = 45 J/mm
respectively, are observed with a Aa=1.5 ° smaller inclination angle of the capil-
lary front wall for the higher E; . This effect is observed to be stronger for copper at
515 nm wavelength looking at the spatial separation of the trend lines, as the absorp-
tivity for copper in the NIR wavelength range is significantly lower compared to
green laser radiation.

According to the findings of Weberpals [59], due to a self-regulating mechanism
between the capillary front wall inclination and the irradiated intensity, the absorbed
intensity on the front wall is only dependent on the feed rate v. Consequently, if the
feed rate is constant, the inclination of the capillary front wall decreases due to an
increase of the irradiated intensity, equivalent to an increase of the line energy at
constant spot diameter as in this work. This correlation is shown in Eq. (3), where I,
denotes the irradiated intensity.

v-d;?
A~ —~
Iy Py

3)

When looking at the results for steel welding, the data points are observed fol-
lowing the same behavior, however significantly lower line energies for the same
spot diameter are needed compared to copper (as the feed rate range is identical in
the presented investigations, see significantly lower laser power used). This fact is
assumed to result from the different thermal conductivity of both materials (see.
Table 1), promoting the energy input in the interaction zone and lowering the heat
flow into the surrounding base material for steel compared to copper. In addition,
by the inclusion of the results presented in [62] it can be seen that with increasing
beam diameter di (dgz = 400 pm in Ref. [62]) and thus decreasing focusability, the
respective data points move downwards. A similar front wall inclination angle is
thus obtained at smaller aspect ratios of the capillary, indicating that capillary inter-
nal reflections decrease as a result of the lower focusability.

It is therefore assumed that the use of a smaller beam diameter has an increased
effect on the process zone shape for copper using 1030 nm laser radiation compared
to 515 nm laser radiation, since multiple reflections are observed to be increased for
the former (see capillary geometries for laser welding of copper using 1030 nm laser
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radiation, which show a pronounced widening in feed direction in temporal average
images from in-situ observations, Fig. 7).

Analysis of Energy Coupling in the Capillary Front Wall

In order to quantify the interaction of the vapor capillary geometry with the laser
radiation, a pixel-wise measurement of the capillary front wall profiles was car-
ried out using image processing of the temporal average images by binarization and
median filtering. The results are shown as an example for Cu-ETP using 1030 nm
processing wavelength at a laser power P, = 3500 W in Fig. 14. Based on these
curves, the local angles of incidence of the laser radiation on the vapor capillary
front wall were calculated as a function of the capillary depth e, assuming a smooth
capillary surface and a beam incident perpendicularly on the capillary, see Fig. 14
on the right.

Since the capillary front wall at P, = 3500 W and v=66 mm/s is almost verti-
cal in the middle capillary region, angles of incidence close to 90° are observed
for this parameter set. It is also noteworthy that the local angles of incidence for
feed rates between 66 mm/s and 133 mm/s at vapor capillary depths between
2.1 mm and 1.5 mm are found in a similar range of values between 70° and 90°.

(a) X-position of capillary front wall in mm (b) Laser beam inclination anlge & in °
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0 T T — 0
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5 5
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20 152
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2 ——vVv =66 mnys 2
'/ ——v =100 mm/s
v =133 mm/s
v =200 mn/s
——v =300 mm/s
2.5 2.5

Fig. 14 Capillary front wall profiles (a) and local angles of incidence calculated from these (b) as a func-
tion of feed rate and capillary depth e for Cu-ETP, P; =3500 W, A=1030 nm

@ Springer



Lasers in Manufacturing and Materials Processing (2024) 11:37-76 63

If the feed rate is increased further, the local angles of incidence decrease, reach-
ing values at around 50° at v=300 mm/s and P; = 3500 W. For all feed rates
investigated, the angles of incidence decrease sharply from about 3% of the maxi-
mum capillary depth, as the capillary bottom forms there.

The angular dependence of the absorptivity of copper and iron is shown in
Fig. 15, calculated from the reflectivity [2] with measured data for the refrac-
tive index n and the absorption index k from [22] for copper and [58] for iron.
In the graphs (a) and (b) a difference between room temperature and an elevated
temperature close to the melting temperature can be identified for both materials.
For copper, the wavelength dependent difference between 0.5 and 1 pm decreases
with increasing temperature, while the brewster maximum becomes slightly more
prominent. For iron, on the other hand, a slightly higher difference between the
wavelengths can be observed in combination with a strong reduction of the angu-
lar dependence (Best identifiable near the brewster maximum between 70° and
80°). For the evaporation during deep penetration welding, the absorbed intensity
distributed on the irradiated surface is decisive, which can be described according
to Eq. (4) as

I, =1, A8, A) - cos(5) )

where I, denotes the irradiated intensity, A the angle and wavelength-depend-
ent absorptivity and 6 the angle of incidence. As only the projection cos(é) of
the surface perpendicular to the direction of incidence serves as the effective
receiving surface in the case of irradiation under an angle, a multiplication by the
cosine factor is introduced.
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Fig. 15 Angular dependence of the absorptivity of copper (a) and iron (b) at 0.5 and 1.0 pm at room
temperature (RT) and elevated temperature (ET,copper = 1400 K; ET,iron= 1800 K).
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Based in Fig. 15 and Eq. (4), the ratio 1,/1, in % is plotted for the capillary
front wall profiles to illustrate the energy coupling for the first laser interaction for
both materials and both laser wavelengths in Fig. 16. Due to decreasing angles of
incidence with increasing feed rate, the average ratio I1,/I, for Cu-ETP increases
for 515 and 1030 nm laser radiation, meaning that a higher portion of the irradi-
ated energy is introduced into the front wall. This trend can also be observed for
steel in the visible wavelength range (515 nm). In contrast, a slightly negative
trend is present for S235JR with NIR laser radiation, caused by the presented
behavior of the optical properties. In quantitative terms, the ratio I,/I; at 515 nm
and copper is well above 10% for v> 100 mm/s, while at 1030 nm it is observed
to be <15% for all parameters investigated. Therefore, less energy is deposited
per beam interaction due to the reduced absorptivity of NIR compared to green
laser radiation (also see Fig. 15). For the mild steel, 1,/I-values in the range of
30—40% are identified from a velocity v> 100 mm/s at 1030 nm, and at 515 nm
slightly above that. Over the materials and wavelengths, the 1,/I;, values drop to

Laser beam inclination anlge & in L/l in % laser beam Inclination anlge & in ® 1/l in %
100 80 60 10 20 0 20 30 100 80 60 10 20 0 0 10 20 30

Capillary depth e in mm

——V = 66mny's
——v =100 mm/s
v =133 mm/s’

V=200 nun/s 2

v =300 mny/s

laser beam Inclination anlge & in ® L/l in % laser beam Inclination anlge & in ° L/l in %
100 80 60 40 20 0 0 20 40 6 [ 100 s 60 40 20 0 0 20 40 60

depthe in mm

Capillary depth ¢ in mm

Fig. 16 Local angles of incidence calculated from capillary front wall profiles (each left) and I,/I; as a
function of capillary depth e and feed rate v (color coding applies to all subgraphs) for Cu-ETP (top) and
S235 JR (bottom), further process parameters see inserts
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single-digit values at low feed rates due to the small local inclination angles, as
evident from the dark blue curves in Fig. 16. Consequently, the direct irradiation
of the capillary front wall plays a subordinate role for energy coupling in this
situation, and multiple reflections are significantly involved.

In Fig. 17, the calculated ratio in % is plotted for the mean values of the local
angles of incidence (see Fig. 16), with the capillary bottom excluded from the
calculation. Again, the values for the optical material constants shown in Fig. 15
are used. The dashed lines depict linear fits of the data points per material and
wavelength. It becomes apparent that the trend curves describe the feed rate
dependency of the I,/I, ratio very well.

The calculated ratio between absorbed intensity and irradiated inten-
sity increases approximately linearly with increasing feed rate from 0.7% at
v=66 mm/s to 5.7% at v=300 mm/s for Cu-ETP using P, = 3500 W 1030 nm
laser radiation. Assuming that the intensity distribution is constant for all feed
rates, an increased feed rate is thus accompanied by an increase in the absorbed
intensity at the capillary front wall. This ratio roughly triples when 515 nm
instead of 1030 nm laser radiation is used for copper (Cu-ETP), which reinforces
the statements and explanations of the observations presented in the previous
sections.

In a comparison of the materials, the proportion of energy that is coupled
into the capillary front wall of mild steel during the first interaction is signifi-
cantly increased for NIR and green laser radiation compared to copper and ranges
between 10% and 23% for v> 100 mm/s. Only the underestimation of the front
wall inclination caused by the disproportionate heat accumulation in the interac-
tion zone (see Vapor Capillary Geometry of Steel and Copper Using 1030 nm
Processing Wavelength section) shifts the data trend for S235JR and 1030 nm
laser radiation to lower I1,/I, values for v <100 mm/s.

©3=1030nm, Cu-ETP
® }=515nm, Cu-ETP
0=1030nm,S235JR

A=515nm, S235JR %

1/, in %
s

0 50 100 150 200 250 300 350
Feed rate v in mm/s

Fig. 17 1,/1, calculated according to Eq. (4) for mean values of the local angles of incidence versus feed
rate for Cu-ETP and S235JR using 515 and 1030 nm laser radiation
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Analysis of Vapor Capillary Bulging

So far, the front wall inclination of the capillary and their local curvature have been
widely considered during this work. The melt flow and the resulting surface quality
of the weld seam are also strongly influenced by the vapor capillary geometry. To
study the observed bulging and its relation to the surface quality of the weld bead
in more detail, geometrical analyses based on the temporal average images and the
final weld seams were carried out. Different parameters were evaluated, i.e. time-
averaged characteristics were obtained for the capillary aperture at the sample sur-
face d, the capillary depth e, the maximum of the capillary bulging a and the depth
of the maximum bulging ey (see insert in Fig. 18). The value maximum bulging a
represents the maximum width of the vapor capillary in feed direction, meaning that
the inclination of its front wall is also taken into account. Using the ratio formation,
the maximum bulging a is related to the capillary aperture d and its depth ey to the
capillary depth e. The ratio ey / e for copper and mild steel using 515 and 1030 nm
laser radiation is plotted versus a / d in Fig. 18.

The larger dot per data series represents the mean value, together with the stand-
ard deviation of the depth of the maximum bulging (eg / €) and the ratio a / d calcu-
lated from the individual data points. For the capillaries investigated in mild steel, a
limited bulging with a / d ratios around 1 at 80% of the capillary depth is observed,
not indicating significant differences for NIR and green laser radiation. For Cu-ETP,
the mean value for 515 nm wavelength is close to these values with ez / €e=0.77 and
increased a / d=1.2, while a promoted bulging (a / d=1.47 at an average of 64% of
the capillary depth) is found for 1030 nm laser radiation. This behavior is correlated
with the increased number of multiple reflections for NIR laser radiation and copper,
as analyzed in the previous sections.

The evaluation of the seam surface roughness for the welded copper sam-
ples by scanning with a 3D-profilometer (Keyence VR-6000, Keyence GmbH,
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Fig. 18 Position of maximum bulging and related enlargement of the keyhole in feed rate direction
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Neu-Isenburg, Germany) and averaging five line profiles in the weld direction, sum-
marized to a mean value of the surface roughness Ra, is shown in Fig. 19. The val-
ues are plotted versus the measured aspect ratio of the weld seam on the x-axis with
the penetration depth divided by the weld seam width. Since the seam with is meas-
ured wider for 1030 nm and Cu-ETP in the investigated parameter range (also see
investigations in [8]), the metallographic aspect ratios are smaller for 1030 nm laser
radiation.

For both laser wavelengths, trends towards higher average surface roughness of
the weld seam Ra for increased aspect ratios are observable. Reasons for this behav-
ior are higher dynamics in the interaction zone due to the increased evaporation
pressure (Influence of Process Parameters on the Front Wall Inclination of the Vapor
Capillary section).

A combination of the evaluations from Figs. 18 and 19 reveals that the observed
bulging behavior can be associated with increased Ra values of the weld seam sur-
face for copper using 1030 nm laser radiation. Consequently, the capillary bulging is
related to the surface quality through its effect on the flow characteristics in the melt
pool, which are discussed in the following section.

Analysis of the Characteristic Melt Flow During Laser Beam Welding

To better understand besides the influence of the process parameters also the
changes in the characteristics of the dynamic effects in the melt pool caused by the
recoil pressure of evaporation in the capillary and the melt flow around, the method
described in “Data Evaluation — Image Processing and Analysis of the Velocity
Field of the Melt Pool” section was applied to selected X-ray videos in order to cal-
culate the characteristic melt pool for laser welding of copper and steel using the
same spot diameter of dr = 200 pm. For the purpose of comparison of the process
zone for both materials, a similar capillary depth at a feed rate of v=133 mm/s was
selected for 1030 nm laser radiation. Temporal average images and the standard
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80 @ )=515nm, Cu-ETP
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Fig. 19 Average surface roughness and measured aspect ratio of the weld seam for laser beam welding of
copper, dg = 200 pm
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deviation representation in a square region of interest around the vapor capillary are
shown in Fig. 20. It can be clearly seen that the capillary when welding copper using
NIR laser radiation is much wider in feed direction compared to steel and a strongly
fluctuating area is present near their rear wall. In addition, the melt pool is found
increased for copper, which indicates, that more energy is absorbed in the irradi-
ated area. By contrast, the calculation of the melt efficiency according to [63] for
both parameter sets (copper: P, = 3.5 kW, steel: P, = 1 kW, material properties
see Table 1) reveals a 60% icreased value for steel compared to the copper welding
process. The melt pool depth below the capillary decreases approximately linearly
towards the sample surface for both metals. The analysis of single images from the
X-ray videos shows that not just the capillary geometry alters over time caused by
varying energy input on their front wall [64], but also the shape of the melt pool and
its depth follow the dynamic changes of the latter. The observation of the parameter
variation reveals that the change in the capillary geometry over the feed rate is also
correlated with a change in the shape of the melt pool. For increasing feed rate the
melt pool elongates and its shape alters from a quarter circle to a wedge like shape
that follow the geometry of the vapor capillary. This behavior was also observed by
the authors in [65] during laser beam welding of high-alloyed aluminum specimen.

The comparison of characteristic melt flows in the laser-matter interaction zone is
shown in Fig. 21. For this evaluation, the shape of the melt pool was extracted from
the average images, which give an average representation of the quasi-stationary
welding process over time. Additionally, the vapor capillary geometries are shown
in grey.

The velocity field is very inhomogeneous and dominated by eddies for steel as
well as for copper. At the upper part of the capillary, the melt is observed to be
driven partly downwards (clockwise rotating eddy) for steel, while at the lower

Sample surface

5 i
S235IR, Cu-ETP,
P, =1000 W P, =3500 W

feed direction 500 pm

Fig.20 Comparison of the vapor capillary geometry and melt pool dimensions for laser beam welding of
mild steel and copper, t=2 mm, A=1030 nm, dgp = 200 pm, f=5000 Hz
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Sample surface

1250 800

vin vin
Feed direction —

mm/s mm/s

$235 JR,
Pp = 1000 W

Cu-ETP,
500 um P, =3500 W

Fig. 21 Distribution of the averaged melt flow velocity for a S235JR, P; = 1 kW and b Cu-ETP, P, =
3.5 kW at a feed rate of v=133.3 mm/s, t=2 mm, A=1030 nm, dg = 200 pm, f=5000 Hz. The color and
length of the arrows represents the local melt flow velocity, the direction of the arrow indicates the flow
direction. The black contour shows the mean melt pool shape also extracted from the X-ray images; the
grey area shows the vapor capillary geometry

part the melt is driven towards the tip of the capillary. These flow patterns arise
from an interaction of the capillary flow, the metal vapor induced flow as well as
effects of the surface tension of the processed material [3], resulting in different
flow directions and melt velocities depending on the melt pool region. For cop-
per, the lower eddy in the region of the capillary tip is observed to be less pro-
nounced, while the melt pool region close to the sample surface indicates a strong
material movement from the deeper melt pool area towards the back rim end of
the capillary and above. The observations for steel are in good accordance with
investigations in [45] and experimental results from [66].

With regard to the maximum flow velocities, significantly higher values are
found for steel compared to copper when considering the equal capillary depth.
The maximum velocities are generally observed close to the bulging areas of the
capillaries, thus in the case of steel at the capillary tip close to the deepest point
of the melt pool, where the formation of process pores has been observed by other
researchers, for example in [67]. For copper, the regions are close to the melt pool
top surface located at the upper end of the bulging area and secondly near the cap-
illary tip. The quantitative values confirm theoretical considerations and simula-
tions in [28], which state that the maximum velocity of the melt can exceed 1 m/s
and is thus significantly higher than the feed rate used. In addition, it is concluded
that the flow around the capillary dominates in this feed rate range for steel, while
the influence of this flow is less pronounced for copper and becomes predominant
only at higher feed rates [28]. The influence of the melt flow around the capillary
increases with decreasing thermal diffusivity and especially with decreasing dif-
ference between evaporation and melting temperature, which is experimentally
observed in higher melt flow velocities for steel compared to copper. Therefore,
the melt flow in this feed rate range for copper is more strongly determined by the
metal vapour emerging from the capillary, inducing shear stresses on its wall, and
the temperature dependence of the surface tension. All of these mechanisms lead
to recirculating melt flows, mixing the liquid metal in the melt pool, changing the
temperature distribution, and influence the weld seam geometry.
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Moreover, the part of the kinetic energy transported through the melt flow to
the end of the melt pool can be observed, which leads to melt pool swellings on
the sample surface (also see Fig. 4). This swelling is particularly pronounced in
copper welding using 1030 nm laser radiation near the back wall of the vapour
capillary. This dynamic area can be correlated with the initiation region of spat-
ter formation investigated in [19] Comparing the mass loss from defect genera-
tion during the welding process, which was determined by weighting the samples
prior and after welding and relating this value to the molten volume from cross-
sectional analysis, a percentage of 0.4% i obtained for steel, while a value of 1.5%
i observed for the copper parameter set. It is therefore assumed that the identified
difference in melt deflection at the surface for copper compared to steel initiates
the pronounced defect formation.

Accordingly the vapor shear stress increases when 515 nm laser radiation is
applied in copper welding, as the capillary geometry is found to be narrower in
welding direction. Since for the green laser setup the weld length is limited (for
kW-laser power) due to the pulsed operation mode the system was used in, data
points for the analysis of the average melting velocities are currently not available
for the evaluation. However, this statement can be correlated with the observation
of a steady and also at higher feed rates increased formation of melt ejections for
copper for 515 nm compared to 1030 nm laser radiation reported in Ref. [24].

Conclusion

The aim of this study was to reveal the changes and challenges in copper weld-
ing compared to well studied laser beam welding of steel, also looking at the
capabilities provided by the use of visible laser radiation available in kW-class
nowadays. In-situ synchrotron X-ray imaging was used to obtain a 2D view of the
laser-matter interaction zone for Cu-ETP and S235JR with high temporal and spa-
tial resolution using 515 and 1030 nm laser radiation with equal beam diameter.
The generated X-ray videos were qualitatively and quantitatively evaluated using
statistical measures and complex methods providing an insight on dynamic and
averaged process conditions not accessible with conventional process observation
techniques. Thus the effect of the different material properties and the influence
of process parameters on the dynamic behavior of the vapor capillary and melt
pool geometry in laser beam welding could be studied. Considering that the cap-
illary front wall and its inclination is a complex physical phenomenon influenced
by the irradiated laser power, which is mostly absorbed there, and the fluid flow
around, and that its characteristics are of essential relevance for the formation of
the laser welding process, its parameter dependency was investigated in detail.
By comparing the experimental results with existing model representations and
incorporating the results obtained from other researchers, the basic understanding
of the phenomena dominating the interaction between irradiated laser radiation
and the welded metal could be expanded.
The following conclusions can be drawn:
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— The capillary geometries of copper generally show an increased dynamic behav-
ior compared to mild steel, evident from the bulging of their back wall when
examining the standard deviation of the X-ray videos. These dynamics are
observed to be more pronounced for 1030 nm compared to 515 nm laser radia-
tion due to an increased amount of capillary internal multiple reflections.

— The increase of the feed rate leads to an inclination of the vapor capillary front
wall against feed direction and the increase of the laser power at constant feed
rate causes a decrease of the inclination angle due to the increasing forces
induced by the recoil pressure of evaporation.

— Considering 1,/1, at the front wall of the capillary during the first interaction,
an increased feed rate is accompanied by an increase in the absorbed intensity
there. No significant differences are identified for mild steel, while the calcula-
tion based on optical properties of the materials reveals a tripled ratio for 515 nm
compared to 1030 nm laser radiation.

— A different sensitivity of the capillary geometry versus parameter variation is
found for mild steel compared to copper, with the transition point of the capillary
from an elongated cylindrical shape to a V-shape detected at higher feed rates
for copper. The comparison with model representations and correlations derived
therefrom shows that the capillary inclination angle decreases quadratically with
increasing aspect ratio (e/dg) of the vapor capillary, which applies consistently
for both materials investigated.

— By the selection of a higher laser power, an increase in the capillary depth can be
generated for equal capillary front wall inclination angles.

— A combined evaluation of the geometric features of the capillary bulging and
the surface roughness of the final weld seams reveals a wavelength-dependent
correlation for copper. The promoted bulging using 1030 nm laser radiation, on
average closer to the sample top surface, is associated with increased Ra values
(rougher weld seam).

— The analysis of the characteristic melt flow from tracer particle trajectories
reveals that the velocity field is very inhomogeneous and dominated by eddies
for steel as well as copper. Differences in terms of maximum average melt veloc-
ities and the area of their occurrence are detected. The different material-specific
physical properties, especially thermal conductivity and surface tension, lead to
varying melt pool dynamics and a pronounced eddy close to the melt pool sur-
face for copper using 1030 nm laser radiation, which is assumed to be causal for
the observation of pronounced spatter formation during copper welding in a cer-
tain process window.

In sum, the laser beam welding process of copper shows significantly increased
dynamics in the interaction zone, both in the vapor capillary and through the
observed strong melt acceleration near the sample surface. As shown, a change in
energy input and its distribution over the capillary depth can be addressed through
the use of 515 nm laser radiation, nevertheless, the calming of the dynamics is a
major challenge for future work. Thereby, a combination of energy-efficiency and
precise process guidance with regard to weld seam depth and defect prevention
should result.
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