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Empirical formulas obtained from a series of experiments for the depth of heat source for zero defocus (= 0D ) versus 

welding speed (= weldV ) were provided for power of 6.0kW ( 0,6.0kWD ) and 8.9kW ( 0,8.9kWD ) on the assumption that the depth of 

molten zone would be the same as depth of keyhole and melting depth.  

0.689
0,6.0 9.7752kW weldD V  

 (2) 

0.793
0,8.9 16.772kW weldD V                                         

From the above defined 0D , the depth heat source for negative defocus ( 1D ) can be simply calculated as the following formula. 

1 0 dfD D D   (3) 

Laser heat energy multiplied by total welding efficiency (= , 0.5) is uniformly distributed over the keyhole volume. This 

volumetric heat source distribution is assumed to be developed right after material inside keyhole changes into plasma condition. 

The power density ( Q ) can be defined as  

P
Q

V

 
   (4) 

P  is the power of welding and V  is the volume of heat source. When defocus is 0mm, V  is 

2
0 0 0

1

3defocusV R D    (5) 

when defocus is negative, V  is 

  2 2 2
0 1 1 0 1 0 0

1

3defocus dfV R D R D D R D                                 (6)  

where, 0
1

1 0

1df

R
D D

R R

 
    

 

HETERO-LAYERED APPROACH 

For an assessment of welding deformation, 3D solid FE model has been employed for heat transfer analysis and thermal 

elatsto-plastic analysis in order to reflect heat load distribution across the thickness. However, even if a high performance 

computer is utilized, the assessment of welding deformation using 3D solid FE model is still quite time consuming. It is a big 

burden for prediction of welding deformation for a real scaled model. 

For example, when thermal elasto-plastic analysis is performed for a 0.5m × 0.5m model using solid elements, the total 

number of elements is 15,000 and it takes 8 hours. In the case of shell element model, the number of element is 7,000 and the 

analysis time is remarkably reduced to one and half hours. Computational time of nonlinear FE analysis using solid elements 

surges as the model size increases. Thus, it is practically impossible to perform a thermal elasto-plastic analysis for a model of 
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real size, for instance, 3m × 9m with 10 cores. This study employs shell element model and suggest a new method to apply heat 

source at the joint of face plate and core which leads to nearly the same heat distribution as that of solid elements.  

Suggestion of ‘HLA’ in shell element model 

FE model of T-Joint with shell element has one node connection between face plate and web plate as shown in Fig. 3(a). 

Some layers need to be defined in shell element in order to impose heat distribution in thickness direction. In Fig. 3(b), the face 

plate and the core have four layers and three layers (including top and bottom layers) across thickness, respectively.  
 

  
(a) Shell model. (b) Shell elements with layers. 

Fig. 3 T-joint modeling using shell elements with multi-layers. 

 
This study proposes a method to define different number of layers for face plate from core and to distribute unevenly. Its 

purpose is to impose heat load only for the face plate at the joint. Fig. 4 depicts a shell model with seven layers for face plate 

and three layers for core including top and bottom surfaces. Between top (=T ) and bottom (= B ) layers, intermediate layers 

(= ILs ) and corresponding virtual nodes (=VN s ) can be defined. Heat load can be applied to the connection node along 

with a designated layer. If the top layer is designated, heat load is imposed on both a virtual node at top layer ( TVN ) of the 

face plate and that of the core. This causes unexpected welding deformation of core. On the other hand, if IL5, IL4, IL3 and 

IL2 are designated, the unintended application of heat load to core could be avoided since those intermediate layers don’t 

exist in the core. 

The locations of layers need to be carefully set up. IL5 and IL2 are located quite closely to top and bottom layers, 

respectively. It is intended to impose heat loads of TVN  and BVN  to 5ILVN , and 2ILVN , respectively. Therefore, specific 

heat distribution can be achieved by assigning specific heat load values to evenly distributed virtual nodes ( 2ILV , 3ILVN , 

4ILVN , 5ILVN ) across the thickness. This approach is named HLA in this study. 

The proposed HLA can be verified in a simple thermal elasto-plastic analysis as depicted in Fig. 5. The analysis model is a 

simple T-joint constructed with shell elements. The size of the model is 50mm × 50mm × 25mm and thickness of plate and 

core is 3mm. Fig. 5(b) is the resultant welding deformation when the same number of layers is used for the face plate and the 

core. That is the same heat load is applied to both the face plate and the core. This leads to incorrect welding deformation of 

core. The different temperature distribution at top and bottom layers causes bending of the core as well as the face plate.  

 

  
Fig. 4 An example of hetero-layers approach. 
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(a) Along plate edge perpendicular to the welding line.  (b) Along plate center line perpendicular to the welding line. 

 

   
(c) Along plate centerline parallel to the welding line.      (d) Along plate edge parallel to the welding line. 

Fig. 10 Comparison of vertical welding deformations for a verification of HLA. 

 

As listed in Table 3 the difference between shell model with HLA and the experiment is close to that of solid model. 

When HLA is not employed, unintended heat load causes a deformation of core and it affects to the deformation of face 

plate as well.  

 

Table 3 Comparison of max. deformations. 

 Max. vertical deformation(mm) Average error 

Experiment 2.71 - 

Solid model 2.94 7.25% 

Shell with HLA 3.05 9.22% 

Shell without HLA 3.51 25.9% 

Comparison of computational time of shell model with HLA and solid model 

In the previous section, the prediction of shell model with HLA shows a good coincidence with solid model. More cases are 

compared to validate the advantages of shell model in terms of computational time. Three cases are defined as follows and the 

FE models are summarized in Table 4.  

 

- Case I  : single-sided model with one core 

- Case II : single -sided model with four cores 

- Case III  : double-sided model with three cores 
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distribution on the cross section in the vicinity of the welding joint is observed to be nearly the same as that of solid element 

model. A thermal elasto-plastic analysis shows a good agreement of welding deformation between shell element model and 

solid element model.  

With respect to computational time, three case studies are carried out. Thermal elasto-plastic analyses are carried out for 

both solid element model and shell element model and out-of-plane welding distortion and the computational time are com-

pared. From the study, the proposed HLA can reduce the computational time by about 1/8 to 1/16 and the difference of maxi-

mum welding deformation remains below 5%. Conclusively, the application of HLA to thermal elasto-plastic analysis using 

shell elements is expected to cut down the computational time drastically while keeping the accuracy within tolerable level. 

This advantage may be more remarkable when predicting the welding deformation for real scaled sandwich panel.  

The proposed method is expected to be applied to other welding methods to require deep penetration like electron beam 

welding for thick plate or laser welding at fillet joint. The target of the welding simulation can be also extended to other types of 

sandwich panels with different cores like corrugated cores, cup shaped cores, honeycomb cores, and so on. HLA is expected to 

enable an optimization the welding condition to enhance weldability while reducing welding deformation through a drastic 

reduction of computational time. 
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