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Fig. 1 Experimental setup 

 

Fig. 2 Overview of the positions of the thermocouples for the measurement of the: a)-b) laser 
drilling time and c) time-temperature curves 
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RESULTS AND DISCUSSION 

VALIDATION OF THE NUMERICAL RESULTS 

To validate the numerical results, several experimental data were measured and analyzed 
in accordance with the ISO/TS 18166 standard [66]. By comparing the averaged drilling 
time, the weld pool length, the shape of the fusion zone, and the thermal cycles, the multi-
physics model was first validated for the 8 mm thick EH36-N sheets. Following the 
validation of the model, further results, such as for 12 mm thick sheets, were verified by 
comparing the fusion line and process efficiency.  

Comparison of the averaged drilling time 

The drilling time was measured using a high-speed camera similar to the experimental 
setup shown in Fig. 1. To determine an average value for the drilling time at 8 mm thick 
sheets, the experiment was carried out three times. Table 2 lists the parameters of the 
process. Two frames recorded by the high-speed camera from one of the three 
measurements are displayed in Fig. 5. As a result, a) denotes the moment of the first 
reflection on the top surface of the specimen, and b) the moment when complete 
penetration is achieved. The measurement tolerance was 1 ms because the frame rate was 
set to 1000 Hz. The drilling time is calculated from the frames and is approximately 197 
ms. The second and third measurements took roughly 164 ms and 224 ms, respectively. In 
addition, based on the thermocouple values, the drilling time was determined, see Fig. 2 
a)-b). Around 7 mm ahead of the welding start point, complete penetration was achieved. 
The drilling time is estimated to be 210 ms. Thereby, the average of all measurements is 
198 ms. The numerically obtained drilling curve is shown in Fig. 5. c). As seen, the 
drilling time is approximately 191 ms, which agrees well with the experimentally 
obtained values. 



Mathematical Modelling of Weld Phenomena 13 

116 
 

 

Fig. 5 Drilling time measured by a high-speed camera: a)-b) experimental, c) numerical 
drilling time 

Comparison of the weld pool shape 

The precise prediction of the molten pool and the flow pattern therein was one of the 
objectives of the numerical model. The solidus isotherm, Tsol, defines the weld pool 
interface and enables for the extraction of the numerical fusion line from a cross-section 
as well as the weld pool length on the top surface. Three metallographic cross-sections 
were taken from the quasi-steady state region of the weld seam, as shown in Fig. 2, to 
account for the experimental tolerances c). Fig. 6 a)-c) show the shape of the experimental 
fusion lines for the 8 mm thick sheets. As illustrated in Fig. 6 d), the experimental 
tolerance is estimated from the overlap of the three fusion lines. In Fig. 6 e), the 
numerical fusion line is compared to the experimental average, showing good correlation. 
The multi-physics model was validated for the partial penetration situation of welding 8 
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mm thick sheets, as stated above. By comparing the fusion line shape and process 
efficiency, the numerical figures computed for sheets with a thickness of 12 mm were 
validated as well. The experimentally measured and numerically estimated fusion lines 
for the 12 mm thick sheets are shown in Fig. 7. As observed, there are rather small 
differences between the fusion lines, which are attributable to the experiment and model's 
tolerances. Finally, the weld pool geometry is verified by comparing the measured and 
simulated weld pool lengths, as shown in Figure 8. The numerical model predicted an 8.2 
mm weld pool length, which was slightly shorter than the experimentally measured value 
of 8.6 mm. It should be noted that the weld pool length varied along the weld seam. 
Therefore, a tolerance value is defined as a difference below 5%.  

 

Fig. 6 a)-c) depict three metallographic cross-sections extracted from the middle of the weld 
seam of the 8 mm thick sheets. Colored lines are used to highlight the fusion line's shape. In 
d), the overlap of the three fusion lines defines the experimental tolerance range. The fusion 
line from b) is compared to the calculated fusion line in e) 
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Fig. 7 a) depicts a metallographic cross-section extracted from the middle of the weld seam 
for 12 mm thick sheets. A white line highlights the fusion line's contour. b) points out the 
difference between the experimental and numerical fusion lines 

 

Fig. 8 a) shows the high-speed camera recorded weld pool length from the middle of the 
weld seam. b) shows the simulated weld pool length at t = 0.33 s 
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Comparison of the thermal cycles and the process efficiency 

The next stage in the validation process is to compare the measured and predicted 
values for the thermal cycles and process efficiency. The thermal cycles are essential to 
the welding process because they allow for the prediction of the local microstructure and 
mechanical characteristics of the component to be joined. The comparison of the 
measured and calculated time-temperature curves is shown in Fig. 9. Note that a number 
of time-temperature curves have been obtained experimentally. But for the purposes of 
comparison, the curve with the highest measured temperature is used. The thermal 
behavior of the welded sheets is accurately predicted by the numerical model, as shown in 
Fig. 9. The calculated process efficiency in the model is taken as a validation parameter in 
addition to the time-temperature curves. The quantity of energy absorbed during the 
calculations of the complete and partial penetration cases of the 8 mm thick sheets is 
shown in Fig. 10. The average efficiency in the simulations for both complete and partial 
penetration was around 79% and 83%, respectively. This agrees well with experimental 
findings [67] using similar laser powers and processing speeds. It should be noted that the 
drilling stage of the process was taken into account into the averaged values. The average 
amount of absorbed energy declines as the process approaches complete penetration at 
around 200 ms, resulting in a reduced overall averaged amount. The fluctuations of the 
absorbed heat during partial penetration, on the other hand, are much smaller, caused 
primarily by fluctuations of the keyhole surface, which have a direct impact on the 
multiple reflections. 

 

Fig. 9 Comparison of calculated and measured thermal cycles on the top surface of an 8 mm 
thick sheet 
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Fig. 10 Amount of absorbed energy computed with the multi-physics model 

TRANSITION BEHAVIOR OF THE BULGING EFFECT 

The multiphysics model described and validated in the previous sections allowed for the 
investigation of the fluid flow and thus of the formation of the bulging region. Several 
experiments and calculations with various sheet thicknesses and welding parameters for 
the partial penetration case have been carried out in order to estimate the transition from a 
slight bulge to a fully developed bulging, which can be considered to have a significant 
impact on the weld seam quality. Based on the numerical results, it was revealed that the 
flow pattern in the model's longitudinal plane is characterized by two vortexes with 
opposing directions, regardless of the presence of a bulge region. The thermo-capillary 
driven flow dominates the upper region of the weld pool, creating an elongated weld pool 
surface. The weld pool length, as shown in Figs. 11 and 12, is strongly dependent on the 
dynamic behavior of the keyhole due to transient fluctuations and varies along the 
penetration depth. The vortex in the lower region of the weld pool is rather small, because 
of the recoil pressure on the keyhole bottom, which is dependent on the amount of 
absorbed energy and determined by the multiple reflections in the keyhole. The liquid 
metal in the upper region flows backwards away from the keyhole rear wall, then 
downwards and forward in the welding direction at about half the length of the weld pool. 
The molten material at the bottom is pushed backward and redirected upward along the 
solid-liquid boundary. The two circulations collide and change course toward the rear 
wall of the keyhole. The interaction of these circulations contributes to the formation of a 
bulging region. When the recoil pressure-induced circulation in the bottom part of the 
weld pool, which pushes the liquid metal to the rear part of the weld pool, and the 
subsurface backflow in the top region, which is a result of mass conservation, collide, a 
narrowed zone between these is formed. The narrowing of the weld pool geometry leads 
to a stronger separation of the two main circulations in the top and bottom region of the 
weld pool, causing an accumulation of molten material in the bottom region. As a result, a 
bulging effect is formed.  
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Fig. 11 Temporal evolution of the calculated weld pool shape in the longitudinal plane during 
partial penetration welding of 8 mm thick sheets 

 

Fig. 12 Temporal evolution of the calculated weld pool shape in the longitudinal plane during 
partial penetration welding of 12 mm thick sheets 

Even though the flow pattern in the weld pool appears to be independent on the bulging 
region, a bulging region forms when the size and magnitude of the circulations are large 
enough. The flow directions in the longitudinal section of both the 8 mm and 12 mm thick 
steel sheets are very similar, as observed in Figs. 11 and 12. In the case of 8 mm thick 
sheets, however, the two vortexes are not large and strong enough to form a narrowed 












