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Abstract

In deep-penetration laser welding, the associated vapor plume leads to an attenuation of the laser beam and deformation of the phase front. These
effects dynamically modify the intensity distribution on the workpiece, resulting in significant fluctuations of the weld penetration depth. In this
study, high-speed X-ray imaging was used to quantify the effect of the fluctuations of the vapor plume on the capillary depth during welding.
Identical welding parameters for stainless steel (1.4301) were applied in two cases: one without a cross-jet and one with a cross-jet positioned
20 mm above the capillary to remove the plume. The results show that with a cross-jet, the capillary geometry experienced only negligible
fluctuations, and its depth remained largely constant. In contrast, without a cross-jet and with increasing plume formation, the welding depth
decreased significantly, occasionally leading to complete capillary collapse. These findings highlight the direct impact of the plume on the laser
beam and its connection to the penetration stability and resulting welding depth.
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1. Introduction beam attenuation [2—6]. At the same time, refractive index
gradients in the plume and heated air can cause a phase-front

In deep-penetration laser welding!, vapor exiting the  deformation of the beam [7]. Together, these effects
capillary generates a plume that interacts with the incident laser ~ dynamically alter the intensity distribution on the workpiece,
beam through scattering and absorption [1]. This results in  varying the energy absorbed in the capillary and, consequently,

!'In this work, deep-penetration welding is used to denote welding with a
capillary (keyhole), in contrast to heat-conduction laser welding. In the present
context, this term does not imply a minimum weld depth or a specific weld
aspect ratio.
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the weld penetration depth [4]. This effect is most significant at
low welding speeds, especially if the plume is not removed by
shielding gas or cross-jets [8].

In this work, we investigate the influence of the vapor plume
on the weld capillary depth, particularly relevant in remote
welding applications without a cross-jet close to the welding
zone, by comparing welding of stainless steel (1.4301) with and
without a cross-jet. High-speed X-ray imaging is used to
precisely assess the capillary depth during the welding process,
while metallographic analysis is employed to evaluate the
resulting weld geometry.

2. Experimental set-up

Fig. 1Fehler! Verweisquelle konnte nicht gefunden
werden. shows a schematic of the experimental set-up, which
was used for all results presented in this work. A 2 mm thick
stainless steel (1.4301) sample was mounted on a sled and
moved in the x-direction at 3 m/min. Bead-on-plate welding
was performed using a Trumpf TruDisk 8001 laser
(A =1030 nm), operated at a power of 800 W. The laser beam
was delivered by a fiber with a core diameter of 100 pm,
collimated with a lens of focal length 150 mm, and focused
with a lens of focal length 400 mm. This optical set-up resulted
in a focal diameter of 267 pum on the surface of the sample. For
the reference experiment, a cross-jet was positioned 20 mm
above the sample surface to remove the vapor plume.
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Fig. 1. Schematic of the experimental set-up for welding stainless steel
(1.4301), including the synchrotron X-ray system used for inline imaging of
the capillary. Welding was conducted both with and without an active cross-

jet, which was positioned 20 mm above the capillary to remove the vapor
plume.

The synchrotron X-ray imaging system at the high energy
material science (HEMS) beamline P07, operated by Hereon,
at PETRA III at Deutsches Elektronen-Synchrotron (DESY) in
Hamburg, was used to capture high-speed images of the
capillary during the welding process. The collimated X-ray
beam was transmitted through the sample, see Fig. 1, where it

was attenuated according to the local material thickness and
density [9]. A GaGG:Ce scintillator crystal was positioned in
the X-ray beam path behind the sample to convert the
transmitted X-rays into visible light. The back side of the
scintillator was magnified by a microscope optic and recorded
by an i-SPEED 727 high-speed camera from iX Cameras, set
at a framerate of 10 kHz, providing a spatial resolution of
390 pixels/mm. To protect the camera’s electronics from direct
X-ray exposure, a mirror was used to redirect the beam path of
the visible light.

3. Results & Discussion

Fig. 2 shows selected frames from the high-speed X-ray
recordings. In Fig. 2a, the changing geometry of the capillary
over a time period of 25 ms is displayed in 5 ms steps for
welding with an active cross-jet positioned 20 mm above the
capillary. While the capillary fluctuates slightly in depth and
width, deep-penetration welding is maintained over the whole
sequence. Fig. 2b shows the capillary changes over the same
25 ms time frame, leading up to a complete loss of deep-
penetration welding (at 260 ms — fourth image from the left),
when a cross-jet was not employed. These results demonstrate
that, without the cross-jet, both the capillary depth and its
lateral expansion vary considerably.
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Fig. 2. High-speed X-ray images of the capillary in steps of 5 ms: (a)
capillary evolution during welding with a cross-jet to remove the plume, and
(b) capillary evolution during the 25 ms leading up to the first full collapse at
260 ms for welding without a cross-jet. The welding speed was 3 m/min with

the laser power set to 800 W for both scenarios.

To determine the deep-penetration threshold for the welding
set-up used in this work, a separate experiment was conducted
in which a descending laser power ramp from high to low was
applied. With the cross-jet active, this experiment revealed a
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deep-penetration threshold of 287 W. At this point, the length-
specific power P/d, marks the deep-penetration threshold,
according to the definition of [10]. This ratio must be high
enough to generate sufficient evaporation to form a capillary in
the melt pool under the given process conditions. Assuming a
constant welding speed and spot size, this deep-penetration
threshold corresponds to 36 % of the laser power used in the
experiments with and without the cross-jet shown in Fig. 2.

During welding without a cross-jet, occasions in which this
deep-penetration threshold was not achieved are attributed to
beam-plume interactions. This includes partial absorption and
scattering of the beam by the plume, reducing the effective
power delivered to the workpiece, as well as an increase in the
effective spot diameter due to plume-induced defocusing or
rapid beam displacement. After the loss of deep-penetration
welding, the capillary begins to recover within tens of
milliseconds, see Fig. 2b, suggesting that beam attenuation and
deflection rapidly decrease again once the vapor ejection
ceases. This effect was observed in multiple repetitions using
identical parameters.

To quantitatively evaluate the influence of the vapor plume
on capillary stability, the capillary depth was extracted for one
representative weld, selected as an example of this reproducible
behavior, from every fourth frame of the high-speed X-ray
recordings (0.4 ms intervals), as shown in Fig. 3.
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Fig. 3. Capillary depth extracted from the high-speed X-ray images during
welding of stainless steel: (a) with a cross-jet to remove the vapor plume, and
(b) without a cross-jet. The welding speed was 3 m/min with the laser power

set to 800 W for both scenarios.

With the cross-jet active (Fig. 3a), the capillary reached its
maximum depth of approximately 1.4 mm after about 40 ms.
During the 1 s welding duration, it maintained an average depth
of 1.23 mm with a standard deviation of 0.12 mm. Although
fluctuations were present, the process remained largely in a
steady-state regime.

Without the cross-jet (Fig. 3b), the capillary initially
reached a similar maximum depth of 1.3 mm. However, the
depth then continuously decreased, leading to a complete
collapse around 260 ms, after which the process transitioned to
heat-conduction welding, see Fig. 2b. After this, the capillary
re-formed repeatedly but never recovered its original depth.
Across the entire weld, the average depth dropped to 0.56 mm
with a significantly higher standard deviation of 0.30 mm
compared to welding with a cross-jet.

Fig. 4 shows longitudinal sections of the weld seams (a)
with a cross-jet and (b) without a cross-jet. The welding depth
is marked by the dotted red line. Welding with the cross-jet
produced a relatively constant capillary shape, resulting in a
uniform weld seam with a depth of approximately 1.6 mm.
Prior to about 250 ms, the apparent welding depth increases
over time, which is likely attributable to a combination of slight
sample misalignment during welding and a section tilt
introduced during metallographic preparation. The melt pool
extended roughly 0.1 mm deeper than the maximum depth of
the vapor capillary. High-frequency fluctuations in capillary
depth, as observed in Fig. 3a, are somewhat smoothed in the
solidified weld seam shown in Fig. 4a, indicating that the
inertia of the melt pool effectively damps out these rapid
variations of the capillary depth.
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Fig. 4. Longitudinal cross-sections of the first half of the weld seams: (a) with
a cross-jet to remove the vapor plume, and (b) without a cross-jet. The red
dotted line indicates the measured weld seam depth, while the blue boxes
highlight regions where the capillary is not observed in the X-ray images,

corresponding to a transition from deep-penetration (capillary) to heat
conduction welding.
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Similarly, fast fluctuations in capillary depth during welding
without the cross-jet are also less pronounced in the resulting
weld seam of Fig. 4b. However, the reduction in capillary depth
over the first 260 ms (Fig. 3b), leading to the first full capillary
loss and the loss of deep-penetration welding, remains clearly
visible in the weld seam depth in Fig. 4b. The subsequent
occasions where heat conduction welding occurred, rather than
deep-penetration welding with a capillary, are marked by the
blue boxes. The welding depth is reduced to approximately
0.65 mm during the periods of heat conduction welding and
repeated capillary loss and initiation, corresponding to a



Johannes Wahl et al. / Procedia CIRP 143 (2026) 196—199 199

reduction of 60 % compared to welding with effective plume
removal.

Several factors can reduce beam-plume interaction in
practical applications compared with the results shown here.
Faster welding speeds change the capillary orientation and the
plume angle, reducing overlap with the processing beam.
Similarly, moving the laser with a scanner or robot, as is typical
in industrial welding, prevents the beam from constantly
interacting with the plume, unlike static sample set-ups like the
one presented here, which are often used for diagnostics in
research. Also, most industrial processes employ at least one
cross-jet to protect the optics, which also removes the upper
part of the plume and mitigates its impact. In our ongoing work,
the influence of the plume on local beam attenuation and phase-
front deformation is further investigated by implementing
different cross-jet positions. Overall, this work demonstrates
the benefit of effective plume removal to prevent adverse
effects on the resulting weld.

4. Conclusions

Welding was performed on a stainless steel sample moving
at constant speed using a static laser beam, both with and
without a cross-jet. High-speed X-ray imaging was used to
measure capillary shape and depth, and metallographic
longitudinal sections were analyzed to assess the resulting weld
seam. It was observed that, without proper plume removal, the
vapor plume substantially reduces the capillary depth, even as
far as causing the welding process to transition repeatedly from
deep-penetration welding with a capillary to heat conduction
welding. To the best of our knowledge, a complete loss of deep-
penetration welding, with the capillary absent for periods on
the order of tens of milliseconds, caused solely by beam-plume
interactions, has been demonstrated for the first time. In this
case, the weld seam depth is reduced from approximately
1.6 mm when welding with a cross-jet to as low as 0.65 mm
without a cross-jet, corresponding to a reduction of up to 60 %.
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