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Operando X-Ray Tomoscopy of Laser Beam Welding

Paul Hans Kamm,* Stephan Börner, Tillmann Robert Neu, Christian Matthias Schlepütz,
Dirk Dittrich, John Banhart, and Francisco García-Moreno

The phenomena occurring in a weld seam during advancement of a laser
beam over a metallic component are still under dispute. The occurrence and
evolution of porosity and the occasional blowout of melt need to be
understood. Here, a recently developed X-ray tomoscopy setup is applied,
providing one hundred 3D images per second to capture the temporal
evolution of the melt pool in an AlSi9Cu3(Fe) die-casting while a laser beam
advances. The number of pores, their size, shape and distribution are
quantified with 10 ms time resolution and reflect a complex dynamic pattern.
Apart from conventional welding, a variant involving a dynamic beam
modulation superimposed onto the linear motion is studied. Reductions of
porosity and surface roughness are observed and explained by increased pore
mobility and stepwise degassing as the beam repeatedly cuts through pores.
The keyhole formed in the melt pool integrated over 10 ms is represented
in 3D.

1. Introduction

The amount of aluminum and aluminum alloys for lightweight
applications is steadily increasing, especially due to the increas-
ing electrification of vehicles.[1] More intensive cooperation be-
tween aluminum producers, job-shop operators and end man-
ufacturers ahead could open further potential for the use of
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aluminum alloys. In that sense, advanced
joining technologies such as laser beam
welding are the connecting link between
them.[2,3]

Laser beam keyhole welding is a fusion
process in which the required energy is
supplied by a laser. The working principle
is that the energy of the laser beam fo-
cused onto a workpiece is absorbed near
the surface, which induces local melting.
When the vaporization temperature of the
material is reached, the out-flowing metal
vapor creates a capillary (keyhole) in the
molten pool.[4] A pressure of several thou-
sand Pa prevailing in the vapor capillary
is in equilibrium with the surface tension
and the hydrostatic and dynamic pressure
of the melt. This is why the capillary is
maintained even for a superimposed rela-
tive movement. A weld seam is created by

such a relative movement between the laser beam and the work-
pieces, after which solidification sets in and joins the pieces.[4]

One challenge in laser beam welding applications is the avoid-
ance of pores, especially with aluminum materials. Several mech-
anisms can lead to those irregularities. Various investigations
in the literature show that the main causes for pore formation
are the increased solubility of hydrogen and other gases in the
molten material, contaminations, or inclusions, as well as key-
hole phenomena like strong fluctuations and constriction of the
keyhole during the process.[5–9] Aluminum alloy die-cast pieces
are difficult or almost impossible to weld due to the high solu-
bility of hydrogen and pressurized gas in cavities. This can lead
to strong pore formation and melt ejections during welding and
consequently to inferior local properties around the welding zone
such as low stiffness, ductility and fatigue strength.[1,10] One po-
tential solution to counteract these issues is the usage of beam
oscillation—as a superimposed movement of the beam during
the feed motion—to stabilize the keyhole as well as the welding
process.[1,7,11,12]

The interactions inside such molten weld seams are hard to
observe in situ. 2D time-resolved X-ray radioscopy up to 50 000
fps was applied successfully in the past to explore the welding
process.[7,13–19] With its help, it was possible to study fast phe-
nomena inside the complex weld zone. However, the knowledge
gained in these studies suffers from the usual limitations of 2D
radioscopy, namely application only to thin samples with lateral
thermal constraints and overlap of information in the beam direc-
tion, thus avoiding proper time-resolved quantitative 3D analy-
ses. X-ray tomography avoids the ambiguities and interpretations
of radiography caused by the superposition of features in one
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direction and the associated loss of information. “Tomoscopy” is
a synonym for time-resolved tomography, which sometimes is
also called 4D tomography.[20] In the field of materials science,
it has proven to be a method that provides unprecedented in-
sights into dynamic processes on the micrometer scale.[21] Some
applications are the observation of phase transformations: For ex-
ample, the formation of pores during the production of metallic
foams, the observation of the solidification process in metals, the
formation of structures during freeze casting or the investigation
of the behaviour of materials under stress, e.g., the propagation of
cracks.[20–25] In the context of additive manufacturing, tomoscopy
has also been used to monitor the formation and evolution of de-
fects during the laser powder bed fusion process, facilitating the
optimization of printing parameters to improve material proper-
ties and structural integrity.[26] The limits of the method are pri-
marily the achievable rates using conventional techniques and
the associated loads on the sample, which limit its final dimen-
sions. However, the development of modern synchrotron sources
and detectors allows continuous improvements in the spatial res-
olution and the time span to be acquired.

To study the welding process of aluminum sheets and ex-
plore fast phenomena related to the process quantitatively, time-
resolved and in 3D, the newly developed X-ray tomoscopy setup
was employed in this work at the Swiss Light Source.[21] It al-
lows for studying the formation and temporal evolution of the
weld melt pool, as well as porosity formation and evolution dur-
ing melting and solidification. The advantages over conventional
X-ray radioscopy are the determination of the true location, for
example in the width of the welding seam, and the shape and
orientation of the porosity and keyhole, especially for non-linear
beam guidance. Through in-situ X-ray analysis, the investigation
of the underlying stabilization mechanisms of laser beam weld-
ing with an oscillating beam is possible and enables a deeper un-
derstanding of the process and the associated pore formation.

2. Results and Discussion

Rendered images of X-ray tomograms extracted from the end
of the tomoscopic series of the welding process of cylindrical
samples are shown in Figure 1. The alloy is transparent, while
the porosity is represented by colors. Mostly spherical pores are
seen within the circular weld seam. There is a clear reduction
of the amount, volume fraction and size of the pores when go-
ing from the linear beam feed without oscillation, also referred
to as “static” from now on (Figure 1a), to the dynamic, oscillating
condition (Figure 1b). The region marked with a black cuboid
in Figure 1b in the sample welded with an oscillating beam is re-
solved in further detail and time in Figure 1c–f. In Figure 1c pores
in the melt pool directly around the keyhole (position represented
by a red cylinder) can be seen, of which some can escape or coa-
lesce with others and can no longer be observed 10 ms later, see
Figure 1d. Figure 1e,f shows the sporadic formation of elongated
pores near the solid-liquid interface, which develop in tens of mil-
liseconds and are oriented upwards at an angle of ∼45 ° to the
laser beam. Figure 1g shows that most of the pores have a small
elongation between 0 and 0.2. The relative frequency of elongated
pores (0.6–1) in the final state after welding is higher for the sam-
ple welded under dynamic beam guidance, while the frequency
of round pores (0–0.4) is lower compared to the static condition.

From quantitative image analysis, the temporal evolution of
porosity volume and pore number for both welding conditions
is obtained. Figure 1h shows a reduction in the number of pores
by 38 % in the sample produced with beam oscillation compared
to the static condition. The number of pores increases within
the first 100 ms at an average rate of ∼0.5 (ms)−1 and later at
∼0.67 (ms)−1 for the sample treated with an oscillating beam,
while the rate for the static case is higher and more irregular.
The total number of pores given in Figure 1h comprises pores in
already solidified areas as well as bubbles in the molten region
around the keyhole. The latter can vary much more and more
rapidly, both in terms of sizes and numbers, which leads to an
irregular increase of the curves in Figure 1h. Oscillation reduces
pore volume by 75 % and gives rise to a slower and more continu-
ous growth of pore volume, thus avoiding the sudden steps seen
for the static beam.

Figure 2a,b shows time-resolved rendered tomograms of the
sample surface (in grey) and the evolution of porosity in the weld
seam beneath the surface represented by colored pores for both
conditions and three selected times. The beneficial effect of beam
oscillation can be seen very clearly. Bubbles in the molten region
close to the keyhole change in their size and shape and occasion-
ally coalesce. In the static case, a big bubble and a large hole at
the surface appear already after 60 ms (Figure 2a) but recover to a
certain extent as welding advances due to inflowing melt. In the
dynamic case (Figure 2b), a much more homogeneous course of
the weld seam can be seen over most of the surface, with fewer
and smaller reinforcement of the weld bead. In Figure 2c, the
temporal evolution over an interval of 10 ms, i.e., between two
successive tomograms, of the region marked by a black cube in
Figure 2a is shown in detail. Under the static condition a 3D rep-
resentation of the keyhole integrated over 10 ms can be gener-
ated. The position and shape of the ∼0.6 mm long and ∼ 30 μm
thick keyhole (in orange) varies in time, i.e., the keyhole fluctu-
ates, and moves with the laser beam in the welding direction, re-
sulting in a slight blurring. Furthermore, the positions and sizes
of the surrounding bubbles change very fast. They appear, coa-
lesce, or vanish in milliseconds as can be observed in the short
period shown in Figure 2c. For the oscillating beam, the record-
ing speed of 100 tomograms per second (tps) is not sufficient to
resolve the keyhole structure without blurring owing to the os-
cillation at 1 kHz. The welded area can be extracted as shown in
transparent green in Figure 2d,e. The seams, that follow a cir-
cle with a diameter of 2 mm, vary slightly in width and show a
typical weld bead on the surface. They reach their largest width
of ∼ 800 μm at the sample surface and their volumes differ only
slightly with 2.5 mm3 for the static and 2.3 mm3 for the dynamic
beam. Since almost all the porosity is concentrated in the weld,
the same picture emerges as for the absolute porosity volume,
where the porosity of the statically welded seam is about 1.45 %,
that of the dynamically welded only 0.35 %.

The time dependence of the volume-weighted equivalent
pore diameter distributions is displayed in Figure 3a,b. For the
static beam, a bimodal equivalent pore diameter distribution of
small and large pores with a pronounced volumetric fraction
in the first 20 to 50 ms can be observed in Figure 3a, with
populations around 30 μm and 100 μm. After the initial 250 ms
the distribution is almost entirely determined by large pores
distributed around an equivalent pore diameter of ∼ 100 μm.
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Figure 1. Rendered tomograms showing the porosity distribution represented by separated, colored pores in the circular weld seam of cylindrical die-
cast AlSi9Cu3(Fe) samples, welded a) with a linear beam feed (static) and b) with a dynamic beam oscillating with a frequency of 1 kHz, both in the final
state after welding (t = 400 ms). Welding follows the green arrow (a). The black (a) and red (b) arrows point at irregularities on the seam surface. c–f)
Magnification of the inset in b) showing time-resolved the formation, growth and disappearance of bubbles and the formation of elongated pores at
the liquid-solid interface between 120 ms and 150 ms. The keyhole is schematically represented by a light red cylinder and the bubbles are color-coded
according to their elongation. g) Distributions of pore elongation in the final state. h) Temporal evolution of porosity volume and pore number in samples
shown in a) and b).
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Figure 2. Rendered images of the upper sample surface observed from inside the sample and porosity distribution represented by separated, coloured
pores in the circular weld seam at selected times recorded operando during laser welding: with a a) static and b) dynamic beam. Same sense of beam
feed as in Figure 1. The black arrow in a) marks melt blowout, the red arrow in b) a seam interruption at the sample surface. c) Magnification of the
inset in a) viewed from above, showing in detail the evolution of the keyhole and bubbles in a time increment of 10 ms. d,e) Rendered tomograms of
the isolated weld seam (transparent green) and pores (red) in the final state after welding for the d) static and e) dynamic condition.

On the contrary, the oscillating beam produces only pores with
equivalent diameters smaller than 60 μm in the first ∼120 ms
(see Figure 3b). After that, additional larger pores of about 90 μm
form suddenly, leading again to a bimodal distribution towards
the end of the experiment, but this time with markedly smaller
porosity volume, as shown previously in Figure 1h.

Figure 3c,d shows radioscopic X-ray images of the rotating
samples during the measurements. They can help to understand
the process in more detail due to the higher temporal resolution,
although they do not provide the same depth of information
as 3D volumes. Due to the short exposure time of 75 μs per
image, the keyhole can be observed (see e.g., red arrow in lower
Figure 3d). Owing to the influence of phase contrast, also the
liquid-solid interface can be detected around the keyhole, see
black and red contour lines in Figure 3c,d. The extension is
similar in both conditions, with a slightly larger expansion of
the melt pool behind the keyhole in the direction of movement.
The evolution of the liquid-solid interface and of the keyhole
can be better observed in the supplementary material (Video S1,
Supporting Information).

In the static welding condition, Figure 3c, a bubble appears
due to the action of the keyhole at 122.40 ms and is inflated
to a large bubble at 122.64 ms, associated with strong material
blowout from the marked melt pool. The large bubble remains

captured by the keyhole for longer than 7 ms and the keyhole’s
shape fluctuation can be recognized by the vertical position and
shape change of the bubble (indicated by a black arrow). However,
for the oscillating beam, large bubbles vanish quickly in less than
1 ms as shown in Figure 3d between 134.32 and 135.20 ms. The
keyhole oscillations can also be observed indirectly through the
relative movement of the formed bubbles that follow this motion
(red arrow in Figure 3d; Video S1, Supporting Information).

In conventional welding with static laser beam guidance,
porosity can be caused by the release of gas enclosed in the mate-
rial like hydrogen, whose solubility in the molten aluminum is 20
times higher than in the solid state.[10] Another cause for porosity
are instabilities of the keyhole, when parts of the keyhole cut off
and can no longer degas due to the ongoing solidification.[27,28]

By observing the welding process by X-ray imaging it could be
found out, that a piercing of pressurized cavities that frequently
occur in die-cast alloys lead to high porosity and blow outs as
well.[1,7] Their quantity and distribution in the base material is
important. During our welding experiments, only a volume of
about 10−4 mm3 of spatially resolvable cavities, distributed over
a small number of locations (see Figure S1, Supporting Informa-
tion), is passed over by the melt pool. The cavities can be seen in
the distributions of the equivalent diameter in Figure 3a,b at the
beginning in the range between 10 μm and 60 μm. Tomoscopy
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Figure 3. Temporal evolution of the equivalent diameter of pores formed at the circular seams recorded in situ during laser welding: a) static, b) dynamic
beam. Data derived from tomoscopic images. c–d) Selected time-resolved radiograms of the evolving keyhole and porosity of both conditions. The solid-
liquid interfaces of the molten areas are outlined in black and red.

allows to determine the positions of these local gas sources with
respect to the melt pool and to correlate them with increased bub-
ble formation (see Figure S2, Supporting Information). Thereby,
the volume of newly generated gas pores, as seen by the steps in
the porosity in Figure 1h, is many times higher for the maximum
difference between two tomograms with up to 22.5 × 10−3 mm3

for the static and 2.5 × 10−3 mm3 for the oscillating beam.
When the melt pool touches a gas cavity, the pressure conditions
around the capillary change immediately: A large bubble forms
rapidly and molten material is ejected. In the radiographies of the
statically welded specimen shown in Figure 3c, the relationship

between entrapped gases and weld irregularities like blow outs
and cratering is evident. Such irregularities are marked by black
arrows in Figures 1 and 2 and are known from the literature.[7]

Bubbles formed in the melt tend to remain spherical due to
the influence of surface tension, but move fast inside the molten
region due to strong convection in the melt. At some point they
settle at the edge of the melting line, get pinned at the liquid–
solid interface and turn into spherical pores as the material
around the bubbles solidifies after the keyhole and the associ-
ated molten region has advanced. The large bubble shown in
Figure 3c grows to a diameter of more than 380 μm and remains
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Figure 4. a) Welding and tomoscopic setup at TOMCAT beamline, with laser beam path marked in red and X-ray beam path in yellow. b) Welded arch
on the sample as seen by the camera in the laser head with dynamic beam modulation drawn in red with the number of turns reduced by a factor of
10. The direction of movement of the sample and the laser are indicated by green arrows, but are not represented in their actual proportion. c) Sample
placed on a graphite crucible, which is mounted on the rotation stage. On the left is the supply line for inert gas. d) Set-up from c) with laser operating
and creating flying spatters.

in place for a long time (∼11 ms until complete degassing—see
Video S1, Supporting Information). The energy is introduced in
a very concentrated manner, resulting in a strong temperature
gradient in the melt pool. Therefore, the large bubble formed
in the vicinity of the keyhole are presumably also due to the
hydrogen intake of the molten aluminum alloy. Since such large
bubbles only persist over one to two tomograms, this creates
peaks in the porosity volume as seen in Figure 1h.

In contrast, for dynamic beam oscillation, large bubbles van-
ish rapidly in less than 1 ms as shown in Figure 3d, because of
the stepwise degassing to the surface of the melt pool. Addition-
ally, the pressurized cavities were pierced stepwise and smaller
bubbles appeared, which are easier to degas. The positive effect
from the repeated transition of the keyhole through the bubbles
reduces the number of pores and the volume fraction of poros-
ity (Figure 1h), as the trapped bubbles have several chances to
vanish.[1,7,29] Furthermore, there is a stabilization effect through
the higher local speed of the keyhole itself and the melt flow is
changing, too. In contrast to the static beam guidance the energy

input is more widely distributed, which leads to smaller temper-
ature gradients and less accumulation of hydrogen. Occasionally
beam oscillations can also lead to gas concentrations in pinned
single bubbles, squeezing them to elongated pores in the weld-
ing direction through the high dynamic movement of the keyhole
(Figure 1e,f).

The detailed cut-out in Figure 2c shows the keyhole shape and
position in 3D as the laser beam advances. The fluctuation of
the vapour capillary is a highly dynamic process and can only
be represented to a limited extent in the static laser welding
condition considering the available tomoscopic recording rate
of 100 tps which corresponds to an integration over 10 ms for
each tomogram. The keyhole center moves with 1 mmin−1, i.e.,
by ∼ 167 μm within 10 ms, while the fluctuation of the capillary
shape takes place in fractions of a millisecond.[7,30,31] Through
the superimposed 1 kHz oscillation, the absolute velocity of the
beam rises to values of ∼331 mms−1, 20 times higher than the
16.7 mms−1 for static beam guidance, which prevents 3D recon-
struction of the keyhole during beam oscillation. Nevertheless,
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the effect of the beam oscillation on pore formation and weld de-
fects such as blow outs are clearly visible in both cases and con-
firm previous studies.[1,7,29,32]

3. Conclusion

We studied the keyhole and bubbles in the melt pool in all
three spatial directions during the welding process at a realistic
technological rate of 1 mmin−1 for a conventional static and
a dynamic beam guidance condition with a superimposed
beam oscillation during welding of an aluminum alloy. We
found that dynamic beam guidance with a frequency of 1 kHz
reduced porosity by 75 % and improved seem surface rough-
ness attributed to a reduced temperature gradient in the liquid
weld seem due to a more distributed energy introduction and
by the fast release of pinned large bubbles by the oscillating
keyhole. This knowledge could help reduce defects in the
welding of materials such as aluminum die-casting alloys and
enable targeted optimization of welding parameters, espe-
cially for multi-parameter approaches such as dynamic beam
modulation.

4. Experimental Section
Tomoscopy Setup: By acquiring many X-ray radiographs from different

angles of view and reconstructing the 3D distribution of absorption coef-
ficients mathematically, one can obtain a tomogram. Tomography avoids
the ambiguities and misinterpretations of radiography caused by the su-
perposition of features in one direction and the associated loss of informa-
tion. Tomoscopy expresses time-resolved tomography at high repetition
rates and is sometimes also called 4D tomography. An intense white X-ray
beam was provided by a superconducting 2.9 T bending magnet at the
TOmographic Microscopy and Coherent rAdiology experimenTs (TOM-
CAT) beamline of the Paul Scherrer Institute’s Swiss Light Source, Villigen,
Switzerland and filtered with 5 mm of glassy carbon and a 325 μm-thick Si
wafer to reduce the low-energy radiation impact to the system. The ra-
diation transmitted through the sample was detected by a 150 μm-thick
LuAG:Ce scintillator (Crytur, Czech Republic), and the visible image cre-
ated projected through a 4× magnification high-resolution macroscope
(Optique Peter, France)[33] onto the GigaFRoST camera system,[34] which
allows for fast recording for long times. The frame rate was 12 500 images
per second, the effective pixel size 2.75 μm (measured spatial resolution
at 100 tps of 7.6 μm)[21] and the field of view 3 mm × 0.8 mm. The samples
were placed in a graphite crucible mounted on the rotation stage and ro-
tated with 50 Hz while tomograms were recorded every 180°, which leads
to 100 tomograms in a second.

Sample Preparation and Laser Welding Setup: Die-cast aluminum alloy
AlSi9Cu3(Fe) samples were used to study the laser welding process in
operando. For this purpose, cylindrical samples of 5 mm diameter and
6 mm height were prepared out of 300 mm × 200 mm × 6 mm plates.
A portable single-mode fibre laser system (600 W max. power, 1070 nm
wavelength) was used for the bead on plate welding experiments. It
includes a system for rapid beam control (“remoweld®FLEX” welding
optics) which was installed above the rotating sample (see Figure 4). A
slight flow of nitrogen (10 Lmin−1) as a shielding gas was blown over the
sample to provide uniform conditions and reduce oxidation. The laser
was operated at 400 W and focused onto the sample surface, yielding a
spot of 33 μm diameter. The quality/brilliance of the laser beam and the
small spot enable a stable coupling of the beam into the material and
are necessary for a successful usage of the dynamic beam modulation
explained below. A circular movement of 1 mm radius of the laser beam
concentrically aligned with the rotation axis of the tomoscopy setup was

created using the programmable positioning system of the laser system.
This movement allowed to produce a circular weld seam on the rotating
sample advancing at a tangential speed of 1 mmin−1 relative to the
requested tomographic rotation (50 Hz), while continuously recording
tomograms at 100 tps. To complete a circle, the laser was operated for
377 ms, during which 38 tomograms were acquired. Additionally to the
laser beam revolution, a superimposed oscillatory beam modulation
during the feed motion is made possible by the integrated welding optics.
In the studied case, a 2D circular oscillation with a frequency of 1 kHz
and an amplitude of 0.05 mm was applied for dynamic beam guidance.
More detailed information about the laser setup can be found in previous
work.[7]

Data analysis: Tomoscopy allows for operando time-resolved imaging
in 3D of the porosity formation and evolution during welding. Dynamic
features and processes were studied with realistic welding parameters
(laser velocity and power), whereby the sample size was adapted to the
tomoscopy method, taking into account the X-ray transmission and cen-
trifugal forces. Segmented volumes were extracted from series of tomo-
grams and time-dependent quantitative analyses such as of porosity, num-
ber of pores, equivalent pore diameter distribution (calculated from the
pore volume assuming a spherical shape), etc. performed and weighted
to characteristic values such as the pore or weld volume. The shape pa-
rameter expressing pore elongation was determined via a principal com-
ponent analysis of the voxels belonging to a pore and is described by 1
minus the ratio of the mean to the largest eigenvalue of their covariance
matrix. If these variances are equal (as for spherical objects) a zero value
is obtained, while elongated objects have a value approaching 1. After the
welding process, a separate tomogram of each sample was recorded with
2000 projections over 0.5 s. Due to the higher contrast in the microstruc-
ture and its change after melting and solidification, the welds can be well
distinguished and segmented from the base material by means of variance
filters and morphological operations.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The Deutsche Forschungsgemeinschaft funded the work through
Reinhart-Koselleck project 408321454 and the German Bundesminis-
terium für Bildung und Forschung through project 05K18KTA. This work
was supported within the Fraunhofer and DFG transfer programme
“FastShape”. The authors acknowledge the Paul Scherrer Institut, Villi-
gen, Switzerland, for provision of synchrotron radiation beamtime at the
TOMCAT beamline X02DA of the SLS.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
dynamic beam modulation, keyhole, laser welding, pore formation, X-ray
tomoscopy

Adv. Sci. 2025, 2413108 2413108 (7 of 8) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202413108 by T

echnische U
niversitaet B

erlin, W
iley O

nline L
ibrary on [14/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Received: October 17, 2024
Revised: December 16, 2024

Published online:

[1] D. Dittrich, A. Jahn, J. Standfuss, E. Beyer, J. Laser Appl. 2017, 29,
022425.

[2] D. Wallerstein, A. Salminen, F. Lusquiños, R. Comesaña, J. d.
V. García, A. R. Rodríguez, A. Badaoui, J. Pou, Metals 2021, 11,
622.

[3] A. I. Taub, A. A. Luo, MRS Bull. 2015, 40, 1045.
[4] G. Mathers, The welding of aluminium and its alloys, CRC

Press/Woodhead Pub, Boca Raton, FL 2002.
[5] N. Seto, S. Katayama, A. Matsunawa, Weld. Int. 2001, 15, 191.
[6] W. Gref, Doctoral thesis, Universität Stuttgart, 2005.
[7] S. Börner, D. Dittrich, P. Mohlau, C. Leyens, F. García-Moreno, P.

H. Kamm, T. R. Neu, C. M. Schlepütz, J. Laser Appl. 2021, 33,
012026.

[8] M. Hummel, C. Hagenlocher, A. Haeusler, S. Hollatz, J. Lind, A.
Olowinsky, A. Gillner, F. Beckmann, J. Moosmann, R. Weber, T. Graf,
C. Häfner, J. Mater. Process. Technol 2023, 312, 117862.

[9] C. Hagenlocher, J. Lind, R. Weber, T. Graf, Appl. Sci. 2020, 10,
2077.

[10] F. Ostermann, Anwendungstechnologie Aluminium, Springer, Berlin,
Heidelberg 2014.

[11] M. Sokolov, P. Franciosa, D. Ceglarek, in LiM 2021 proceedings: Con-
ference on Lasers in Manufacturing, German Scientific Laser Society,
Munich 2021.

[12] C. Schäfer, ATZproduktion 2020, 7, 44.
[13] LaserDepthDynamics / University of Stuttgart (IFSW), Simultane-

ous X-Ray and ICI monitoring of keyhole welding #2, https://www.
youtube.com/watch?v=HEAQKc2_EFg (accessed: April 2022).

[14] L. Aucott, D. Huang, H. B. Dong, S. W. Wen, J. A. Marsden, A. Rack,
A. C. F. Cocks, Sci. Rep. 2017, 7, 40255.

[15] P. Berger, H. Hügel, T. Graf, Phys. Procedia 2011, 12, 241.
[16] M. Boley, F. Abt, R. Weber, T. Graf, Phys. Procedia 2013, 41, 488.
[17] M. Gao, Y. Kawahito, S. Kajii, Opt. Express 2017, 25, 13539.

[18] T. Le-Quang, S. Shevchik, B. Meylan, F. Vakili-Farahani, M. Olbinado,
A. Rack, K. Wasmer, Procedia CIRP 2018, 74, 649.

[19] B. J. Simonds, J. Tanner, A. Artusio-Glimpse, P. A. Williams, N. Parab,
C. Zhao, T. Sun, Procedia CIRP 2020, 94, 775.

[20] F. García-Moreno, P. H. Kamm, T. R. Neu, F. Bülk, R. Mokso, C. M.
Schlepütz, M. Stampanoni, J. Banhart, Nat. Commun. 2019, 10, 3762.

[21] F. García-Moreno, P. H. Kamm, T. R. Neu, F. Bülk, M. A. Noack,
M. Wegener, N. von der Eltz, C. M. Schlepütz, M. Stampanoni, J.
Banhart, Adv. Mater. 2021, 33, 2104659.

[22] P. H. Kamm, T. R. Neu, F. García-Moreno, J. Banhart, Acta Mater.
2021, 206, 116583.

[23] P. H. Kamm, K. Yin, T. R. Neu, C. M. Schlepütz, F. García-Moreno, U.
G. K. Wegst, Adv. Funct. Mater. 2023, 33, 2304738.

[24] U. G. K. Wegst, P. H. Kamm, K. Yin, F. García-Moreno, Nat. Rev. Meth-
ods Primers 2024, 4, 1.

[25] E. Maire, C. Le Bourlot, J. Adrien, A. Mortensen, R. Mokso, Int. J. Fract.
2016, 200, 3.

[26] F. García-Moreno, T. R. Neu, P. H. Kamm, J. Banhart, Adv. Eng. Mater.
2023, 2201355.

[27] P. Heinen, F. Eichler, A. Haeusler, A. Olowinsky, M. Aden, A. Gillner,
R. Poprawe, J. Laser Appl. 2019, 31, 022013.

[28] F. Fetzer, P. Berger, H. Hu, R. Weber, T. Graf, in Proc. SPIE 10525,
High-Power Laser Materials Processing: Applications, Diagnostics, and
Systems VII (Eds: S. Kaierle, S. W. Heinemann), SPIE, Bellingham,
WA 2018.

[29] F. Fetzer, M. Sommer, R. Weber, J.-P. Weberpals, T. Graf, Opt. Laser.
Eng. 2018, 108, 68.

[30] C. Leyens, J. Standfuß, A. Wetzig, F. Brückner, M. Barbosa, J.
Hauptmann, E. Lopez, M. Seifert, D. Dittrich, P. Herwig, H. Hillig,
L. Stepien, S. Gruber, PhotonicsViews 2021, 18, 32.

[31] J. Volpp, Doctoral thesis, Universität Bremen, 2017.
[32] L. Wang, M. Gao, C. Zhang, X. Zeng, Mater. Des. 2016, 108, 707.
[33] M. Bührer, M. Stampanoni, X. Rochet, F. Büchi, J. Eller, F. Marone, J.

Synchrotron Radiat. 2019, 26, 1161.
[34] R. Mokso, C. M. Schlepütz, G. Theidel, H. Billich, E. Schmid, T. Celcer,

G. Mikuljan, L. Sala, F. Marone, N. Schlumpf, M. Stampanoni, J. Syn-
chrotron Radiat. 2017, 24, 1250.

Adv. Sci. 2025, 2413108 2413108 (8 of 8) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202413108 by T

echnische U
niversitaet B

erlin, W
iley O

nline L
ibrary on [14/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com
https://www.youtube.com/watch?v=HEAQKc2_EFg
https://www.youtube.com/watch?v=HEAQKc2_EFg

