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1. Introduction 

Laser welding of high-alloy steels, particularly of AISI 304 
(X5CrNi18-10), is widely used in the fabrication of tubes, 
containers, and tanks for medical technology, the chemical 
industry, and the food industry [1]. In these cases, laser welding 
allows a high degree of automation, high welding speeds and 
reduced cycle time as well as distortion [2]. Laser welding of 

AISI 304 has been described in detail in the literature with 
regard to keyhole and spatter formation and its dependence on 
welding speed [3]. However, a shift in process behavior with 
increasing welding speed leads to an increase in both the 
quantity and size of spatter, making spatter formation a major 
challenge in laser welding [4]. In particular, the state of the art 
provides a classification of the process behavior into distinct 
process regimes based on high-speed images of the sheet top 
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Abstract 

Laser welding of high-alloy steels leads to characteristic spatter formation at welding speeds above 8 m min-1 within the Single Wave and 
Elongated Keyhole regimes, which reduces seam quality due to material loss and adhering spatter. Spatter formation is strongly influenced by 
the melt flow dynamics, particularly by the local flow velocity and direction. Although current literature provides model-based descriptions of 
the upward melt flow along the keyhole rear wall and the flow around the keyhole, experimental measurements of these flow velocities are of 
particular interest. In this study, melt flow directions and velocities are quantified using high-speed synchrotron X-ray imaging combined with 
tungsten carbide particle tracking. As the welding speed increases and the process shifts from the Rosenthal to the Single Wave regime, the 
upward melt flow along the keyhole rear wall accelerates, resulting in the detachment of comparatively large spatter from a melt swelling behind 
the keyhole. At even higher welding speeds within the Elongated Keyhole regime, an enhanced flow around the keyhole promotes the detachment 
of multiple spatter from a single melt swelling. 
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side. In [5], these process regimes were obtained by increasing 
the welding speed at constant laser power and may vary 
depending on the specific welding setup. Welding speeds 
below 8 m min-1 [6] result in the detachment of small spatter 
from the keyhole rim in all directions. Additionally, a nearly 
circular keyhole shape is characteristic of the so-called 
Rosenthal regime [5]. An increase in welding speed of up to 
14 m min-1 results in the formation of a melt swelling behind 
the keyhole opening [6]. This process regime is therefore 
referred to as Single Wave regime and is characterized by 
spatter detaching from the melt swelling on the rear side of the 
keyhole, spatter detaching and flying opposite to welding 
direction [4]. The keyhole elongates in the welding direction 
and is therefore referred to as Elongated Keyhole regime for 
higher welding speeds over 16 m min-1 [7]. During this regime, 
a melt swelling is still present behind the keyhole, from which 
spatter detaches. With a further increase in welding speed, no 
melt swelling forms, instead a periodic formation of humps 
occurs [8]. This behavior is initially referred to as the 
Pre-Humping regime and, once the humps are fully formed, as 
the Humping regime [5]. Within these regimes, no relevant 
spatter detachment is observed [5]. 

In general, spatter detach from the melt pool when the local 
kinetic energy of the melt is higher than the sum of the kinetic 
energy of the fluid portion leaving the melt and the surface 
energy required to form a spatter [9]. Consequently, the melt 
flow direction and velocity are highly relevant for spatter 
formation, as they directly determine the kinetic energy of the 
fluid [10]. The upward melt flow along the keyhole rear wall 
primarily determines spatter formation in the Rosenthal regime 
[9]. In contrast, the effect of the melt flow around the keyhole 
becomes increasingly important in the Single Wave and 
Elongated Keyhole regime [11]. However, an experimental 
quantification of these melt flow velocities is still pending. 

Therefore, high-speed synchrotron X-ray imaging in 
combination with the tracking of tungsten carbide (WC) 
particles inside the melt pool enables the investigation of melt 
flow directions and velocities [12]. Tungsten carbide has a 
higher melting temperature and density than high-alloy steel 
and is therefore visible within the melt pool due to increased 
attenuation of synchrotron radiation [13]. 

2. Materials and methods 

Welding experiments were conducted on AISI 304 
(X5CrNi18-10) specimens with dimensions of 
100 mm × 30 mm × 2 mm (length lSpec × height h × thickness t). 
The specimens were laser cut with an offset and subsequently 
milled to a height of 30 mm (see Fig. 1). They were aligned 
vertically in the experimental setup using a suitable clamping 
device, providing an effective thickness of 2 mm and thus 
sufficient contrast between the keyhole and the bulk material 
for high-speed synchrotron X-ray imaging. Welding was 
performed along the top side of the specimen with a weld seam 
length lW of 50 mm. 

A disk laser (Trumpf TruDisk 8001) with a wavelength of 
1,030 nm was used in combination with a stationary welding 
optics (Precitec YW52). This setup resulted in a spot diameter 
of 268 μm on the specimen surface. To induce different 

welding regimes, welding speeds of 6 m min⁻¹, 12 m min⁻¹, 
and 18 m min⁻¹ were applied, corresponding to the Rosenthal, 
the Single Wave, and the Elongated Keyhole regime. The laser 
power was individually adjusted in increments of 100 W to 
achieve a keyhole depth of 1.3 mm for each process regime and 
is listed in Table 1. 

Table 1. Welding parameters. 

Process regime Rosenthal  Single 
Wave  

Elongated 
Keyhole  

Welding speed vW / m min-1 6 12 18 

Laser power PL / W 1,100 2,200 3,200 

The welding experiments were conducted at the high-energy 
materials science (HEMS) beamline P07 (Experimental 
Hutch 4) at the synchrotron radiation facility PETRA III 
located at DESY and operated by Hereon, using a photon 
energy of 74 keV. The transmitted synchrotron X-ray radiation 
was converted into visible light using a cerium-doped 
gadolinium aluminum gallium garnet (GaGG:Ce) scintillator 
with a thickness of 1.2 mm, positioned 3.5 m downstream of 
the sample. The keyhole region appears brighter in the recorded 
images because the attenuation within the keyhole is lower than 
that of the surrounding base material. 

Fig. 1. Schematic illustration of the experimental setup. 

For visualization of the process zone with high local 
(2.55 μm pixel-1) and temporal (10,000 images s-1) resolution, 
a high-speed camera (i-Speed 727, iX Cameras Ltd.) was used. 
The top edge of the field of view, with a height of 2.3 mm, was 
positioned 0.6 mm above the specimen top side, enabling 
simultaneous observation of the keyhole geometry with a depth 
of 1.3 mm and spatter formation above the top side. 

Tracer particles of tungsten carbide (WC) were used to 
investigate the melt flow directions and velocities. The particle 
diameters were measured using a microscope and automatic 
measurement, yielding values of 123.66 μm ± 24.03 μm and an 
average circularity of 0.83 ± 0.05. The particles were applied 
to the welding process using three grooves in the specimen top 
side (see. Fig. 2). These grooves were manually produced using 
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a center punch and positioned at 12.5 mm, 25 mm and 37.5 mm 
of the weld seam. They had a diameter at the top of 
approximately 1 mm and a depth of 0.3 mm. The particles were 
placed manually into the grooves after clamping the specimen, 
therefore the amount could vary between individual 
experiments. One weld with tracer particles was conducted for 
each of the three investigated process regimes. 

Fig. 2. Schematic illustration of the particle placement. 

Melt flow characteristics were determined by tracking 20 
tracer particles during one welding experiment. The particles 
were selected from positions distributed along the entire weld 
seam length but restricted to regions where no apparent 
influence of the particle placement on the welding process was 
observed. They were tracked yielding particle trajectories with 
a temporal resolution of 0.1 ms (see Fig. 1). Subsequently, 
particle velocities were determined using a Python-based 
evaluation script. 

3. Results and discussion 

In addition to the particle trajectories, Fig. 3 represents a 
sketch of the keyhole geometry derived from the X-ray imaging 
at the synchrotron facility. An upward melt flow could be 
identified in the upper region of the keyhole rear wall for all 
three investigated process regimes, corresponding to different 
welding speeds (see Fig. 3). To characterize this melt flow, 
only particles moving upward in positive z-direction at the 
keyhole rear wall were tracked. 

In the Rosenthal regime, the upward melt flow extends to a 
depth of approximately z = -0.5 mm and is associated with a 
straight keyhole front of low inclination (see Fig. 3a). With the 
transition to the Single Wave regime, the melt flow along the 
keyhole rear wall extends to a depth of up to z = -0.9 mm for 

individual particle trajectories (see Fig. 3b). In addition, the 
keyhole geometry elongates in negative x-direction, the 
inclination of the keyhole front increases, and a bulge forms at 
the keyhole bottom. The grey region observed behind the 
keyhole opening at the top does not belong to the keyhole but 
results from an undercut of the melt pool. A further increase in 
welding speed (Elongated Keyhole regime) leads to an increase 
in the number of tracked particles in the lower region of the 
keyhole rear wall. This indicates a more pronounced melt 
transport in deeper regions (approx. 0.9 mm, see Fig. 3c) along 
the rear side of the keyhole and correlates with a more 
pronounced bulging at the keyhole bottom, while the 
inclination of the keyhole front wall is comparable to the Single 
Wave regime. 

To quantify melt flow velocities in addition to flow 
directions, the particle trajectories were analyzed in terms of 
their velocity. Previous studies have already revealed that the 
velocities measured using tracer particles are almost 
independent of particle density and size [14]. Consequently, the 
particle velocity is referred to as the melt flow velocity in the 
following. 

The maximum magnitude of velocity vFl,max was determined 
for quantification, corresponding to the highest speed within a 
particle trajectory (see Fig. 4). In addition, particle motion was 
separated into x- (horizontal, vFl,max,x) and z-component 
(vertical, vFl,max,z). Consequently, the maximum value of each 
component was evaluated for every particle trajectory. Positive 
velocities in the x-direction refer to a melt flow directed toward 
the keyhole rear wall, whereas positive velocities in the 
z-direction refer to an upward melt flow. Melt flow velocities 
in the x-direction were corrected by vectorially adding the 
welding speed to account for the motion of the specimen. 

In the Rosenthal regime, the average of the measured 
maximum magnitude of velocity for the upward melt flow 
along the keyhole rear wall is approximately 1.0 m s-1 (see 
Fig. 4a). With the transition to the Single Wave regime, the 
velocity increases to 1.3 m s-1. With a further increase in 
welding speed, transitioning the process to the Elongated 
Keyhole regime, a comparable melt flow velocity is observed. 
A closer examination of the x-component of the velocity, 
representing the melt flow directed toward the keyhole rear 
wall, reveals an increase in melt flow velocity with increasing 

Fig. 3. Upward melt flow at the keyhole rear wall: (a) Rosenthal regime; (b) Single Wave regime; (c) Elongated Keyhole regime. 
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welding speed. In the Rosenthal regime, the mean velocity 
amounts 0.6 m s-1. In the Single Wave regime, the melt flow 
velocity increases to 0.8 m s⁻¹, while the transition to the 
Elongated Keyhole regime results in an additional increase of 
to 0.9 m s⁻¹. Due to its direction toward the keyhole rear wall, 
this melt flow tends to affect the closing of the keyhole. 
However, the increased metal vapor stream originating from 
the keyhole front counteracts this effect and promotes keyhole 
elongation.  

In general, the melt flow velocity of the z-component is 
higher than that of the x-component (see Fig. 4c), indicating 
that the magnitude of velocity is primarily determined by the 
z-component. With a mean melt flow velocity of 0.9 m s-1 in 
the Rosenthal regime, the flow velocity increases to 1.1 m s-1

in the Single Wave regime due to an increased material 
evaporation at the keyhole front. In the Elongated Keyhole 

regime, the melt flow velocity is slightly reduced to 1.0 m s-1. 
However, all velocities measured in the Elongated Keyhole 
regime fall within the range of values observed in the Single 
Wave regime. Therefore, the melt flow velocities in these two 
regimes are considered comparable. 

Notably, the increase in melt flow velocity during the 
transition from the Rosenthal to the Single Wave regime, 
accompanied by an increase in spatter formation as described 
in the state of the art, suggesting that this flow component plays 
a significant role in the enhanced detachment of spatter from 
the melt swelling behind the keyhole opening. 

In addition to the upward melt flow along the keyhole rear 
wall, the melt flow around the keyhole is essential for spatter 
formation at higher welding speeds. Therefore, this flow is 
quantified in the following. Particles drawn into the melt pool 
from the specimen top side at the keyhole front and 

Fig. 4. Measurement of the melt flow velocities on the keyhole rear wall: (a) Magnitude of velocity;  
(b) Horizontal velocity (x) in welding direction; (c) Vertical velocity (z) directed to the top side. 
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subsequently flowing around the keyhole can be identified for 
all three process regimes (see Fig. 5). These particles were 
tracked from the moment they entered the melt pool until they 
reached the keyhole rear wall. Separating the particle motion 
into x- and z-component provides additional insight into the 
underlying melt flow dynamics. In particular, the negative 
z-component represents the downward melt flow along the 
keyhole front, whereas the negative x-component is indicative 
of the melt flow around the keyhole, which is closely related to 
spatter formation. Furthermore, it should be noted that the 
evaluation of particle trajectories provides only a 
two-dimensional information about the three-dimensional flow 
around the keyhole and will be discussed below. 

The particles are drawn into the melt pool to a depth of 
z = -0.2 mm welding in the Rosenthal regime. In the Single 
Wave regime, particles are entrained to greater depths of 
z = -0.5 mm. In isolated cases, particles can be drawn to a depth 
of more than z = -1 mm. The particles exhibit a similar depth 
within the melt pool in the Elongated Keyhole regime. Owing 
to the elongated keyhole geometry in the x-direction, the 
tracked particle trajectories are correspondingly longer. 

Analysis of the melt flow velocities reveals that the average 
of the maximum magnitude of velocity increases with higher 
welding speeds, as predicted by Beck [11]. The mean melt flow 
velocity rises from 1.2 m s-1 during welding in the Rosenthal 
regime to 1.5 m s-1 in the Single Wave regime and further to 
1.9 m s-1 in the Elongated Keyhole regime (see Fig. 6a). 
Furthermore, the absolute values of the flow velocity in 
negative x-direction increase, which are attributed to a melt 
flow around the keyhole (see Fig. 6b), starting with a mean 
melt flow velocity of 0.9 m s-1 in the Rosenthal regime. In the 
Single Wave regime, the melt flow velocity increases to 
1 m s-1, followed by a slightly larger increase to 1.3 m s-1 in the 
Elongated Keyhole regime. During the same time period, more 

material melts at the keyhole front, which must flow around the 
keyhole faster. To account for the two-dimensional particle 
tracking of a three-dimensional melt flow, the measured 
velocities can be corrected by applying a factor. Assuming a 
circular keyhole opening, a factor of 1.6 is obtained from the 
difference between the particle path measured in the recordings 
and the actual path around the keyhole. This factor is also used 
to estimate the melt flow velocities of a flow around an 
elongated keyhole. The correction yields melt flow velocities 
ranging from approximately 1.4 m s-1 to 2.1 m s-1 for this flow 
component, depending on the process regime.  

In addition to the melt flow around the keyhole, the melt 
flow velocity of the downward melt flow at the keyhole front 
also increases with higher welding speeds. This behavior is 
described by the vertical velocity component in the negative 
z-direction (see Fig. 6c). The absolute mean melt flow velocity 
rises from 0.9 m s-1 to 1.3 m s-1 by transitioning from the 
Rosenthal to the Single Wave regime. In the Elongated 
Keyhole regime, the melt flow velocity increases only slightly 
to 1.5 m s-1. 

Based on the velocity measurements of the upward directed 
melt flow along the keyhole rear wall and the melt flow around 
the keyhole, the following conclusions can be drawn about 
spatter formation. Increased spatter formation in the Single 
Wave regime, as determined by weighing the specimens before 
and after the welding process [7], is primarily driven by the 
upward melt flow along the keyhole rear wall. The velocity of 
this flow increases as the process shifts from the Rosenthal to 
the Single Wave regime. In contrast, previous investigations 
reveal that multiple spatter detach from a single melt swelling 
in the Elongated Keyhole regime [7], a behavior not observed 
at lower welding speeds. This change in spatter formation is 
attributed to a higher kinetic energy of the melt, resulting from 
the higher melt flow velocity around the keyhole. 

Fig. 6. Measurement of the melt flow velocities at the keyhole opening: (a) Magnitude of velocity;  
(b) Horizontal velocity (x) in welding direction; (c) Vertical velocity (z) directed to the top side. 
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4. Conclusion 

This publication provides an experimental quantification of 
melt flow directions and velocities in laser welding of high-
alloy steel depending on the process regimes. Therefore, high-
speed synchrotron X-ray imaging combined with the tracking 
of tracer particles was used. The results enable a direct 
correlation between process regime, melt flow dynamic, and 
spatter formation. An upward melt flow along the keyhole rear 
wall and melt flow around the keyhole are present in the 
Rosenthal, Single Wave and Elongated Keyhole regime. 
Welding at comparatively low welding speeds within the 
Rosenthal regime results in the lowest melt flow velocities and 
negligible spatter formation (see Fig. 7a). Transitioning to the 
Single Wave regime increases the velocity of this melt flow, 
which can be directly correlated to the spatter formation from 
the melt swelling behind the keyhole opening (see Fig. 7b). In 
the Elongated Keyhole regime, the melt flow around the 
keyhole becomes increasingly dominant. The higher melt flow 
velocities promote multiple spatter detachment from one melt 
swelling (see Fig. 7c). In summary, the melt flow velocities of 
the upward flow at the keyhole rear wall, as well as the flow 
around the keyhole, were quantified and, for the first time, 
directly linked to spatter formation. Understanding of the melt 
flow dynamics can help to adapt methods to reduce the melt 
flow velocities. Furthermore, the melt flow velocities measured 
can be used to validate simulation models. 
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