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Abstract 

During laser welding, the formation of spatter results from instabilities of the capillary, which are associated with adverse 
conditions in the melt flow surrounding the capillary and in the vapor flow at the capillary opening. 
A change of the characteristics of these flows in the melt pool and in the capillary requires a change of the shape of the 
capillary and/or the surrounding melt pool. In order to influence the stabilize the capillary the intensity distribution was 
varied by means of a ring-core fiber system. Analysis of the resulting welds shows a significant effect of the intensity 
distribution on the stability of the capillary shape and considerable changes in the melt flow direction and velocity. These 
findings identified an optimum capillary shape, which results from a specific power share in the ring-core fiber 
combination.  
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1. Introduction 

During laser welding, with sufficient intensity of the laser beam on the sample’s surface, a capillary is 
formed by the recoil pressure of the evaporated metal. This type of welding is called deep-penetration 
welding, since the formation of a capillary enables deep and narrow welds. During deep penetration welding 
metal droplets (spatter) may be ejected out of the capillary or the melt pool and can land on the component 
itself or the clamping device and cause damage to the product. The detachment of spatters from the melt 
requires a sufficient force. In literature one can find three major mechanisms associated to the formation of 
spatter.  

One, the formation of spatter is attributed to fluctuations and collapses of the capillary as described by 
Volpp, 2017. The avoidance of such spatter requires a stable capillary shape, which is addressed by beam 
shaping strategies in M. Jarwitz et al., 2019 or by highspeed welding in Fetzer et al., 2018.  

Two, the formation of spatter is attributed to the friction between the outflowing metal vapor and the 
liquid surface of the inner wall of the capillary as described by Kaplan and Powell, 2011. The higher the 
outflowing metal vapor velocity the more friction is present to detach molten particles from the melt pool as 
described by Weberpals and Dausinger, 2008. One way to decrease the vapor velocity is to widen the diameter 
of the capillary opening. A volumetric flow 𝑉̇𝑉of the metal vapor, as described by Bernoulli shown in Decher, 
2022 can be described as a flow cross-section A passing a distance d over time t. 

 
 
𝑉̇𝑉 =

𝑑𝑑 ∙ 𝐴𝐴
𝑡𝑡

= 𝑢𝑢𝑣𝑣𝑣𝑣𝑣𝑣 ∙ 𝐴𝐴 (1) 

 
Assuming a constant volumetric flow, the flow velocity 𝑢𝑢𝑣𝑣𝑣𝑣𝑣𝑣 decreases when the flow cross-section 𝐴𝐴 of 

the capillary opening increases. A reduced vapor velocity 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 results in less friction between the metal vapor 
and the inner wall of the capillary.  

Third, the formation of spatter is connected with the melt flow velocity around the capillary as described 
by Eriksson et al., 2011. During deep penetration welding, the liquid in front of the capillary flows towards the 
back of the melt pool and passes the capillary through the channel between the side wall of the capillary and 
the side of the weld pool, as stated by Beck, 1996. According to Beck, 1996 the melt flow velocities are at 
maximum in this channel and the maximum melt flow velocity  

 
 
𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚,𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑢𝑢𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 �2 ∙

𝐵𝐵𝐾𝐾
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− 1� (2) 

 
depends on the width of the melt pool 𝐵𝐵𝐾𝐾 at the laser position, the radius of the capillary 𝑟𝑟𝑘𝑘𝑘𝑘𝑘𝑘 and the 

welding velocity 𝑢𝑢𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤.Furthermore the melt flow velocities around the capillary increase with the welding 
speed as shown by equation (2) and by Berger and Hügel, 2013. 
Assuming a constant or increasing volumetric melt flow in the case of increasing the welding velocity, as 
described by equation (2) a reduction of the channel’s cross section significantly increases the melt flow 
velocity. In order to decrease these high melt flow velocities, the channel’s cross section between the side of 
the capillary and the side of the weld pool has to be extended. This can be addressed by heating the sample 
at the surface surrounding of the capillary, as presented by Nagel et al., 2018. 

From the present literature one can conclude that the reduction of spatter formation requires an 
optimization of the capillary shape to and reduce fluctuations and collapses of the capillary, as well as influence 
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of the vapor and the melt flow mechanisms. These topics can be addressed by shaping the intensity 
distribution with a core-ring-fiber-system. 

The aim of this work is reducing spatter formation by influencing the major mechanisms, which effect 
capillary shape and melt pool flow characteristics, by means of ring-core intensity distributions. In order to 
analyze the effects of the intensity distribution changes, synchrotron X-ray imaging was used to determine the 
shape of the capillary and highspeed cameras to analyze the generation of spatter. To investigate changes in 
the melt bead formation and therefore the melt flow mechanisms, metallographic cross sections of the welded 
samples were made.  

2. Setup 

The generation of spatter and the shape of the capillary during deep penetration welding of stainless steel 
1.4301 was investigated using a “HighLight FL-ARM” laser from Coherent, which generates a beam with a 
wavelength of 1.070 µm. The laser beam is delivered to the processing optics by a multi-core fiber with a core 
fiber with a diameter of 25 µm in the core and a surrounding ring fiber with a diameter of 125 µm. This allows 
for a range of ring-core intensity distributions on the surface of sample as described in detail in Hollatz et al., 
2023 - 2023. The power can be modulated independently up to maximum laser power of 1500 W in the core 
fiber and 2400 W in the ring fiber. Using processing optics with an aspect ratio of 2.7, the beam of the core 
fiber was focused on the sample`s surface to a spot diameter of 67.5 µm and the beam of the ring fiber was 
focused to an outer diameter of 450 µm. The relative movement between sample and laser beam was 
achieved by moving the sample with a feed rate of 12 m/min. The intensity distribution was controlled by 
varying the power which transmitted in the core fiber and ring fiber, as listed in Table 1. The relation between 
the power in the core fiber and the power in the ring fiber is given by the ring-core power ratios, listed in the 
first column of Table 1. The aim of the experiment was to observe welding characteristics at ring-core power 
ratios of 1:0, 0.5:0.5. 

The Setup of the X-ray imaging system at Deutsches Elektronen-Synchrotron (DESY) is presented in detail 
in Kaufmann et al., 2023. To get high framerates with high contrast the samples had a thickness of 2 mm and 
the frame rate of the camera (i-SPEED 727, iX Cameras) was set to 10 kHz, with a spatial resolution of 390 
pixels/mm. To convert the X-ray radiation into visible light a GaGG scintillator crystal was used with a thickness 
of 1.6 µm.  
The X-ray recordings were post-processed with a flat-field correction, to increase contrast, as described in 
Wagner et al., 2021. 

The high-speed camera (OS8, IDT Vision) to record the spatter was equipped with a Navitar zoom lens and 
was arranged perpendicular to the welding direction with and an angle of 9 ° from the sample surface. To be 
able to track fast and small spatters, the frame rate was set to 8 kHz with a spatial resolution of 800 pixels/mm. 

In order to investigate the influence of the shape of the capillary and especially the capillary opening on the 
formation of spatters, the penetration depth of the capillary was kept constant at about 900 µm.  
Table 1 lists the relevant laser powers of core and ring fiber at a welding velocity of 12 m/min and at different 
intensity distributions. 

Table 1. Investigated laser power distributions 

Laser power configurations in core and ring fiber Laser power core fiber [W] Laser power ring fiber [W] 

100 % core – 0 % ring 400 0 

50 % core – 50 % ring 390 390 
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3. Results 

The image sequences of the X-ray and high-speed videos were evaluated to determine the influence of the 
intensity distributions on the shape of the capillary and the melt, and the ejection of spatter. 

To quantify the spatter formation with regard of the number and preferred direction of the spatter the 
maximum gray scale values of each frame in a video sequence were analyzed after the process achieved steady 
state conditions. 

Fig. 1 represents the formation of spatter by the local grey scale maxima of a high speed video during deep 
penetration welding. The welding direction is towards the right, with a welding velocity of 12 m/min and a 
laser power of 400 W in the core fiber. The ring fiber was turned off in this experiment. Fig. 1a shows the 
generated spatter as an overlay of the maximum gray scale value of 100 images, which corresponds to a 
welding distance of 10 mm. The white spots represent spatter, which can be detected by the high speed 
camera due to the thermal emissions of the hot droplets. The trajectory of a spatter can be determined by 
following the in-line spots in the image. The red line represents the laser beam hitting the surface of the sample 
with an angle of 7 degree. 

Fig 1b shows describes a similar image but at a different welding configuration, in this case with the ring 
fiber turned on. The laser power parameters were 390 W in the core fiber and 390 W in the ring fiber. 

 

 
Fig. 1. The formation of spatter during a welding distance of 10 mm as a stacked image of the maximum grey scale values of the 
recordings. In (a), maximum stack image of the laser configuration with 400 W in the core fiber is shown. In (b), the laser configuration 
with 390 W in the ring fiber and 390 W in the core fiber is shown. 

In case of combining ring and core fiber as listed in the second row of Table 1, the direction and volume of 
the ejected spatter was significantly reduced. 

 
As a next step, the capillary shape from the X-ray recordings was investigated. Fig. 2 shows the X-ray 

recordings of the capillary shape at time interval of 15 ms during the weld. The welding direction is towards 
the right, with a welding speed of 12 m/min and a laser power of 400 W in the core fiber. The ring fiber was 
turned off in this experiment. In Fig. 2a an elongated structure in a lighter grey is visible, representing the 
capillary. The shape of the capillary is long and narrow. b shows the capillary shape after 7.5 ms and the depth 
decreases by about the half. C show the capillary 7.5 ms after b) and capillary depth increased again like can 
be seen in a). Each frame of the recording was post-processed using the Flat-Field corrections method 
described in Wagner et al., 2021. 
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Fig. 2. X-ray recordings of the capillary shape in a time interval of 15 ms. (a) shows a narrow and deep capillary. (b) shows a decrease of 
the capillary depth at 7.5 ms after (a). (c) shows an increase of the capillary depth and a similar shape as seen in (a). 

The frame sequence shows a collapse of the capillary during the laser beam welding process. During a short 
period of time, the depth of the capillary decreased by half. These collapses cause turbulence and disturbances 
in the melt pool, contributing to the formation of spatters, as presented in Fig. 1a. 

Figure 3 shows the same setup with the same post-processing methods as Fig. 2, but this time the ring fiber 
had a power of 390 W, with a spot diameter of 450 µm on the sample’s surface, as listed in the second row of 
Table 1. Once again, the images show the capillary shape in a sequence with a separation of 7.5 ms. The depth 
of the capillary in a, b and c is almost identical.  

 
Fig. 3. X-ray recordings of the capillary shape in a time interval of 15 ms. All capillary shapes look similar during the welding process. 

With the ring fiber turned on the stability of the capillary was improved. Otherwise, the capillary shapes 
from Fig. 2c and Fig. 3b look very similar, which supports the assumption that the only difference in the welds 
regarding the capillary is the stability. 

To investigate the influence of the different intensity distributions on the melt pool, metallographic cross 
sections were made. Fig. 4 shows the cross sections for the investigated intensity distributions of Table 1. The 
cuts were made after the half weld length welding process. After cutting the sample, the surface was 
mechanically polished and etched for the sake of visibility. The image of the cross section was captured by an 
optical microscope and the outer contour of the melt pool was outlined for better visibility. Fig. 4a shows the 
cross section of the weld with only the core fiber turned on. The melt pool is narrow and deep as seen in Fig. 
2a. Following the outline of the melt pool from downwards, one can see that it has a meandering shape, 
indicative of instability. The penetration depth is 850 µm and the width of the melt pool at the sample’s surface 
is 276 µm. Fig. 4b shows the cross section of the weld with an optimized intensity distribution, which results 
from the conditions presented in the second row of Table1. The width of the melt pool in the upper region is 
clearly increased. The widened melt pool narrows with increasing depth until a narrow capillary shape as seen 
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in Fig 4a remains. The penetration depth is 930 µm and the width of the melt pool at the sample’s surface is 
447 µm. 

 
Fig. 4. Metallographically cross sections of the welded sample. The influence of different ring-core configurations on the melt pool is 
clearly visible. (a) shows a narrow melt pool. (b) shows a widened melt pool at the sample’s surface narrowing width increasing weld 
depth. 

The influence of the ring fiber is clearly visible. The profile is stable and the widening of the melt pool at the 
top indicates a change of the melt flow characteristics in this area. With reference to equation (2) the increase 
of the melt pool by the factor of 1.62, as seen in Fig. 4, and the same capillary shape, as seen in Fig. 3 and 
Fig. 2, should reduce the maximum flow velocity by 27 %. This reduction of melt flow velocity, in combination 
with the increased stability of the capillary contributes to a reduced formation of spatter as seen in Fig. 1b.  

4. Summary 

Deep penetration welds in steel at 12 m/min with different intensity distributions were conducted. The 
influence on the stability of the capillary shape and the melt and vapor flow was investigated, in order to 
reduce the formation of spatter. To record the fluctuations of the capillary and during the welding process an 
X-ray imaging system was used and recorded using Highspeed Cameras. The formation of spatter was recorded 
with a high speed camera orientated perpendicular to the welding direction. Metallographic cross sections 
were used to investigate the influence of the intensity distribution on the weld. 

The X-ray recordings show that when welding with power in the core fiber the capillary is narrow,unstable 
and collapses frequently. When the ring fiber was turned on, the capillary shape looked the same but the 
collapses could be reduced. The spatter recordings show a significant reduction of spatter in case of optimizing 
the instensity distribution with the ring fiber. Additionally, the cross sections show a widening of the melt pool 
at the sample’s surface in case of an enhanced intensity distribution.  

Further investigation will focus on the optimization of the ring/core power ratio and quantify the formation 
of spatter by angle and direction of the spatter. In Addition, the X-ray recording can be used to investigate the 
influence of the capillary shape and the outflowing metal vapor on the formation of spatter. 
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