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Abstract 
The stability of the keyhole decreases for deep penetrated high-power laser beam welding. 

The keyhole tends to collapse with increasing laser power and e.g. keyhole induced porosity 

can occur. This study deals with the observation of the keyhole during high-power laser beam 

welding in partial penetration mode by means of a high-speed camera. A butt configuration of 

25 mm thick structural steel and transparent quartz glass was used for the experiments. An 

oscillating magnetic field was applied perpendicular to the welding direction on the root side of 

the steel plate. The keyhole was highlighted with a coaxial diode laser. It was ascertained that 

the stability of the keyhole and the weld penetration depth were increased by applying an 

oscillating magnetic field with an oscillating frequency of 1.2 kHz and a magnetic flux density 

of 50 mT. 
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1 Introduction  
Recent developments in laser technology have brought a new generation of high-power laser 

systems in the power range between 10 kW to 100 kW to the market. Due to certain 

technological limitations their application for welding of thick sections is still far from real 

industrial scale and remains restricted to few cases mostly where the thickness of the parts 

does not exceed 15 mm for full penetrated welds. Welding results with a 100 kW fibre laser 

indicates that a weld bead penetration depth in partial penetration mode in the range of approx. 

55 mm at welding speeds below 1 m min-1 is possible [1]. Several studies regarding high-power 

laser beam-based welding process show that in the laser power range up to 20 kW the 



penetration is approx. 1 mm per 1 kW. From 20 kW to 100 kW there is a loss of penetration to 

approx. 0.5 mm per 1 kW laser beam power [2].  

One of the limiting factors and a possible reason for the loss of penetration is the increase of 

the process instability with the growing laser power applied for the welding process. The 

process instability in deep penetration welds is favoured mainly by keyhole collapses. The 

cavity is formed due to the evaporation of the material at a high power density of the laser 

beam above 106 W cm-2 and a multiple internal reflection of the beam within the keyhole. The 

generated keyhole makes the beam reach its bottom and the absorption of the laser beam 

intensity into the material for a deeper weld penetration depth is increased. The cavity is 

maintained through the equilibrium between opening forces and closing forces. Forces caused 

by the surface tension, the hydrostatic pressure and hydrodynamic pressure of the molten pool 

act to close the keyhole, whereas the opening forces arising from the material ablation and the 

recoil pressure [3-5]. With an imbalance of the acting forces, the keyhole periodically oscillates 

through the welding process and the shape and size of the keyhole fluctuates during welding. 

The higher closing forces can cause a constriction of the keyhole at the bottom, which finally 

can be separated from the rest of the keyhole and solidifies as a pore, especially at partial 

penetration. Since the laser beam welding process is known for its high welding speed and 

resulting solidification rate, the degassing possibility is limited. Several experimental and 

numerical analyses were performed, where a collapse of the keyhole was detected as a cause 

to keyhole induced porosity [6-8]. During the collapse of the keyhole a part of the laser beam 

power is lost for the maintaining of the keyhole, which can also cause a loss of penetration.  

Another influencing factor on the keyhole stability and penetration depth is the angle of 

incidence of the keyhole front. It could be demonstrated that the Fresnel absorptivity is 

dependent on the wavelength of the laser and the angle of incidence. For solid-state laser with 

a wavelength of 1064 nm, the Fresnel absorptivity reach its maximum of approx. 40 % at an 

angle of incidence between 6° to 10° [9]. With a further increase of the keyhole front angle the 

absorptivity decreases. The absorption depends on the angle of incidence of the beam [10].   

To increase the stability of the keyhole during high-power laser beam welding different 

strategies were used in recent studies. One of these is the application of a reduced ambient 

pressure or vacuum during laser beam welding. It could be shown that the penetration depth 

of the keyhole was increased with reduced ambient pressure. The reduction of the ambient 

pressure leads to a modification of the evaporation pressure inside the keyhole. The weld 

surface quality and penetration depth were improved with decreasing ambient pressure and 

the stability of the keyhole was improved [11-14]. Due to process-specific features and 

challenges such as the necessity of a vacuum chamber for laser beam welding in vacuum, 

alternative solutions need to be developed, especially for welding of large structures.  



With an addition of oxygen to helium shielding gas the stability of the keyhole was increased 

and the porosity formation was suppressed. The decrease of the surface tension by addition 

of oxygen was not the reason for a stable keyhole, since the experiments could not be 

reproduced for a sulphur addition, which is also a surface active element and reduces the 

surface tension. The main reason for the stabilization of the keyhole was attributed to the 

formation of CO in the keyhole. The increase in static CO partial pressure leads to a reduction 

of fluctuations and stabilizing the keyhole [15].  

As the state of the art shows, the keyhole behaviour is dependent on many welding parameters 

and needs to be investigated further, to understand the phenomena inside the keyhole. The 

dynamics of the keyhole has to be influenced to get a stable keyhole and welding process. 

First approaches to improve the keyhole stability by external static magnetic field in full 

penetration laser beam welding of 316L steel was demonstrated in [16], successfully. In 

previous studies dealing with laser beam based welding by use of an oscillating magnetic field, 

it could be shown that the melt flow dynamic could be influenced positive to e.g. reduce the 

porosity of laser beam welded aluminum die casting [17] or to improve the transport of the filler 

wire elements at hybrid laser arc welding through formation of a vortex within the melt pool 

[18]. This study deals with the influence of an external oscillating magnetic field during high-

power laser beam welding on the keyhole stability and on the laser beam incident angle.  

2 Experimental Setup 
The high-power Yb:YAG thin disk laser TruDisk 16002 with a maximum output power of 16 kW 

was used as the laser beam source. The emission wavelength and beam parameter product 

were 1030 nm and 8 mm x mrad, respectively. The laser radiation was transmitted through an 

optical fibre with a core diameter of 200 µm. A laser-processing head YW52 has been selected, 

which provides a magnification of 2.1 so that the laser beam can be focused into a spot with a 

diameter of 420 µm. To detect the keyhole during high-power laser beam welding a special 

setup was necessary. A butt configuration of 25 mm thick structural steel plate (S355J2) and 

quartz glass was conducted. This experimental setup has also used from several researchers 

to study the keyhole behavior during the laser welding such as in [19].  A diode laser with a 

wavelength of 808 nm and a max. output power of 100 W was mounted onto the optical head 

of the laser and introduced coaxially to the beam axis of the welding laser to illuminate the 

keyhole. The beam of the diode laser propagates inside the keyhole and illuminates it. Side 

views of the keyhole were taken with help of a highspeed camera Fastcam 1024PCI and 

interference band-pass filter at 808 nm and band width of 20 nm. The frame rate was 3600 

fps. An oscillating magnetic field generated by an AC electromagnet was applied to the root 

side of the weld specimen, where the magnetic field was perpendicular and induced electric 

current parallel or antiparallel to the welding direction. The schematic representation of the 

experimental setup is shown in Figure 1.  



The welding experiments were performed using 16 kW laser beam power at a welding speed 

of 1 m min-1. The focal position of the laser beam was set to -5 mm relative to the workpiece 

surface. The magnet was positioned 2 mm below the weld specimen and operated with an 

oscillating frequency of 1150 Hz, an AC power of 770 W and a magnetic flux density of 50 mT. 

This magnet parameters were chosen from previous study for welding the same materials 

thicknesses [20]. The oscillating frequency has an influence on the skin layer depth. As the 

frequency increases, the current flow moves to the surface, resulting in less skin depth. The 

calculation of the skin layer depth is as follows [21]: 

𝛿𝛿 = �
1
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where δ is the skin layer depth, f is the oscillating frequency, σ is the electrical conductivity and 

μ is the permeability. The electromagnetic pressure (pEM) which is acting upwards is influenced 

by the magnetic flux density (B) and can be calculated as follows [22]: 
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The impact of the magnet parameters such as the frequency and the magnet power are not a 

part of the study therefore were kept constant for all experiments. The aim is to investigate the 

influence of the magnetic flied during deep penetration welding on the keyhole stability.    



Figure 1. (a) Schematic representation of the experimental setup and (b) experimental setup 

3 Results and discussion 
Thanks to the additional laser beam inserted into the main laser beam path, and the application 

of the appropriate interference filter in front of the camera lens, the recorded videos represents 

only the keyhole surfaces through the quartz glass as a result of the multiple laser beam 

reflections on its surface. Two different keyhole types can be identified based on the high-

speed recordings. Figure 2 shows four sequences for the longitudinal profile of the keyhole 

with application of the magnetic field (a) and without it (b). Two significant differences can be 

clearly identified, firstly the keyhole shape and secondly the keyhole depth. In the case where 

the magnet is applied, the keyhole profiles take conical shape, is much deeper and has a 



pointed end in contrast to the case where the magnetic field is not applied, where the keyhole 

showed rounded root and almost take a cylindrical form.  

 

 
Figure 2. (a) Observed longitudinal profile of the keyhole during the welding under 

electromagnetic field (EMF) for four sequences; (b) without EMF  

 

For a better evaluation of the keyhole profile and the weld penetration, the image processing 

technique (edge detection) using a Matlab routine for finding the boundaries of the keyhole for 

all video sequences was employed. Additionally, two cross-sections were taken in two places 

to determine the welding depth. Figure 3 (a) and (b) show the comparison between the cross-

sections, the high-speed images and the estimated keyhole profiles with and without applying 

the EMF, respectively. Very good matching can be for this comparison noted.  

 



 
Figure 3. Comparison between the estimated keyhole and the corresponding cross-section (a) 

with EMF and (b) without EMF 

 

Figure 4 (a) shows side-by-side plotted longitudinal profile of the keyhole over the time. The 

red dashed line represents the time of shutting down of the EMF. Figure 4 (b) shows the fused 

material traces on the quartz glass welding and Figure 4 (c) the overlapping of the estimated 

longitudinal welding profile on the glass. Very good concordance can be established between 

the experiments and the estimation technique. The difference in welding depth can be clearly 

recognized. At the beginning, almost continuous keyhole through the specimen thickness can 

be detected and after turning off the EMF the keyhole depth decreases and fluctuates between 

18 mm and 15 mm in a weld length of approx. 50 mm. After that time the penetration depth is 

constant at 15 mm.  

 



 
Figure 4. (a) Side-by-side plotted longitudinal profile of the keyhole over the specimen length, 

(b) side view of the quartz glass after the welding, (c) the estimated keyhole profiles overlapped 

on the glass  

 

Another phenomenon was also observed. The incidence angle α between the keyhole front 

and laser beam axis, is significantly higher in the case without EMF, as shown in Figure 5. The 

incidence angle has a major impact on the absorption coefficient [23]. This, together with other 

factors, plays an important role on the welding depth. The incidence angle was measured on 

different high-speed images. In the case of EMF and without EMF the inclination angle was 

8.2° ± 1.6° and 16.4° ± 1.1° respectively. The reduction of the incidence angle has already 

been observed by [16]. By the application of an external magnetic field, the incidence angle 

was reduced and thus the degree of absorption of laser beam increased. 

 



a) 

 
b) 

 
 

Figure 5. Comparison of the incidence angle α of the keyhole front between (a) under EMF 

and (b) without EMF 

 

It can be assumed that the magnetic forces acting on the melted material have a direct 

influence on the flows in the keyhole surrounding, which helps to keep the keyhole open.  

The keyhole having a cylindrical shape in the first approximation does not experience any 

resistance in the flow of a surrounding liquid due to boundary conditions associated with the 

sliding of the liquid along the interphase boundary, similar to the case of a solid sphere 

surrounded by a flow of an ideal liquid in contrast to the case of a solid sphere surrounded by 

a flow of a viscous liquid, where the viscous boundary layer forms in the near of the solid body 

surface. In the latter case, the drag force can be calculated using the known Stokes formula:  

𝐹𝐹𝑆𝑆 = 6 𝜋𝜋 𝜌𝜌𝜌𝜌 𝑟𝑟 𝑢𝑢 

where ν is the kinematic viscosity, r is the radius of the sphere, u is the velocity and ρ is the 

mass density of the fluid. 

Under the conditions of the action of an electromagnetic field and, in particular, the flow of an 

induced electric current, there is an additional resistance force associated with the action of 

the rotary component of electromagnetic forces.  



Due to the fact, that the keyhole is a vapor filled capillary and the electrical conductivity is very 

low, the course of the electric current is redirected and concentrated at the keyhole side wall. 

The Lorentz force, which is always perpendicular to the magnetic field lines and to the direction 

of the movement of the electric charge (right-hand rule) consists of two components a potential 

and a rotatory component (as rot FL = rot [B x j ] ≠0 due to the inhomogeneous course of the 

electric current, which becomes not orthogonal to the magnetic field lines). A scheme of the 

magnetic and electric field during laser beam welding of steel/quartz glass configuration with 

EMF is shown in Figure 6. The order of magnitude of the resistance force can be calculated 

according to the formulas given in the work [24] with an accuracy to correcting coefficients in 

case of nonconductive sphere: 

𝐹𝐹𝑡𝑡 = 𝐹𝐹𝑆𝑆 + 𝐹𝐹𝐸𝐸𝐸𝐸 = 6 𝜋𝜋𝜋𝜋𝜋𝜋 𝑟𝑟𝑟𝑟 �1 +
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3 +
𝜇𝜇0𝑗𝑗2𝑟𝑟2

𝜌𝜌𝑢𝑢2 �� 

where μ0 is the magnetic permeability in a classical vacuum and j is the electric current density.       

Based on characteristic values for laser beam welding with parallel influence of induced 

electromagnetic fields, it can be hundreds of times higher than the resistance forces calculated 

on the basis of the Stokes formula for body movement in a flow of viscous fluid. The rotary 

component is similar to a friction force and leads to significant slowing down the flow velocity 

in the vicinity of keyhole surface. Due to the action of the viscous electromagnetic forces, the 

decrease of the hydrodynamic pressure, which is proportional to the square of the local melt 

velocity at the keyhole surface, takes place. This contributes to achieving a force balance at 

the keyhole surface corresponding to the lower evaporation temperature and therefore much 

lower vapor recoil pressure. According to [25] the magnetic flux density and the generated 

Lorentz force cause a reduction of the melt displacement within the molten pool, suggesting 

that the homogeneity of the heat distribution in the thickness direction increased and the 

utilization of the laser energy was improved by the magnetic field. 

In other words, the EMF could have an important influence on the stabilization of the keyhole 

during the deep laser beam welding process, like the case of laser beam welding under 

reduced pressure. 

This of course helps the laser beam to melt more material in the keyhole root instead of using 

laser power to open the keyhole again in the case of a fluctuating keyhole. That is probably 

the main reason for the difference between the welding depths with and without using magnet 

technology.  

 



 
Figure 6. Scheme of the magnetic and electric field during laser beam welding of steel/quartz 

glass configuration with EMF 

4 Conclusion 
In this short communication paper, the authors would like to draw the attention to a very 

interesting observations of keyhole behaviour by using the EMF and its influence on the 

welding depth. A high-speed camera was employed to record the keyhole profile longitudinally 

through a quartz glass prepared in butt configuration with a steel plate. Significant differences 

were found by applying the EMF compared to the case without the EMF.  Firstly, the keyhole 

was deeper in the case of applying the EMF. Secondly, the keyhole profiles in the case without 

EMF, show higher incidence angles between the keyhole front and laser beam axis  
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