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Abstract

This article presents a numerical analysis of laser-welded flange pipe joints. 
The presented results concern the welding of low carbon S235JR and stainless 
316L steels using a CO2 laser in lap and fillet joint configurations. The estimation 
of welding parameters was achieved using Simufact Welding software and 
numerical simulation, where output power, feed rate, efficiency and intensity 
distribution (Gaussian parameter) were analysed. In accordance with the 
established model, a thermo-mechanical simulation was performed. The 
calculated joint geometries show good agreement with experiments; therefore, 
the obtained results were used to study selected joint properties of both 
joint types. Stress-strain distribution was estimated on the basis of thermo-
mechanical analysis. Weld bead geometry obtained from numerical simulation 
was compared with the results from trial joints. The numerical model established 
for both joint configurations shows good agreement with experimental results 
and were assumed to be accurate. The results of the performed analysis shown 
some advantages of the use of this configuration of lap joints in flange pipe joints. 

Keywords: laser welding, numerical simulation, flange pipe joint, circumferential laser welding, 
stress-strain analysis
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1. Introduction

The process of laser beam welding (LBW) can be use for deep material 
penetration via the keyhole effect. High energy density enables the performing 
of welding through more than one material without the requirement for a plug 
weld. High velocity of laser welding combine with high energy density affect 
in relative low temperature accumulation, therefore, stress concentration 
and material deformation are lower than in classical arc welding methods. 
Parameters of welding processes that include LBW often are selected using 
experimental procedures, nevertheless this method requires many welding 
trials and some knowledge of the principals of laser welding (Kik, 2019). These 
parameters can also be estimated using analytical or numerical methods. 
Analytical methods provide fast results, although paying due consideration 
to flange pipe joints is problematic and numerical methods are required. An 
important challenge during numerical simulation is to determine the relevant 
geometry of heat sources (HS). Realistic results can be obtained using the 
finite elements method (FEM) and an accurate model (Kogo, 2018). Simufact 
Welding software are dedicated for simulation of welding applications. 
However Simufact use some  simplification, where heat transfer are limited 
to conduction of solid material. The Marc solver includes the calculation of 
convection and other phenomena but not always directly (Piekarska 2011). 
Material selected for welding is low carbon structural steel of grade S235JR 
and stainless steel of grade 316L. Used steels are characterized as a good 
weldable, however differences in thermo physical properties and materials 
microstructure affect in some difficulties in welding. The welding of flange pipe 
joints due to joint configuration is problematic for classic welding methods and 
requires fillet joint. However, using deep material penetration via the keyhole 
effect, a lap welding method can be used. The stress-strain concentration can 
lead to cracks, that why by controlling state of stress for example by maximum 
principal stress those potential defects can be eliminated (Andersson, 
2017). Moreover, different joint types give different properties, therefore,  
a comparative study of these properties is presented in this paper.

2. Numerical simulation of the laser welding of flange pipe 
joints

The numerical simulation of laser welding uses volumetric heat sources (HS), 
where conical sources are usually used to simulate the keyhole effect and a disc 
heat source is used to simulate the interaction of the laser with the material 
surface. Calculations using the Simufact Welding program are performed 
based on Fourier’s law, which considers three-dimensional heat conduction 
(Danielewski, 2019).

The programmed simulation used both aforementioned HS, where the 
Gaussian parameters and the efficiency of both sources are programmed 
(Dziopa, 2020). The dimensions of volumetric heat sources were adopted from 
a separate study, where the upper radius of the conical HS is 0.4 mm, the lower 
radius is 0.15 mm and the height of HS is 7 mm. The disc HS has a radius of 
0.45 mm and a depth of 0.01 mm. The nominal size of the finite element is equal 
to 0.25 mm and 0.125 mm in area hear welding trajectory . 

The performed simulation is based on a thermo-mechanical solution, where 
fusion zone geometry and maximum principal stresses were calculated. In 
boundary conditions, rigid restraints for welded elements are used (Dal, 2016). 
A disc-shaped sheet plate with a thickness of 4 mm of grade S235JR and 
with a cylindrical-shaped pipe of grade 316L were meshed using “ringmesh” 
with hexahedral finite elements. Weld trajectories along contact lines were 
determined. Simulations of welding were conducted for S235JR and 316L steels 
and a materials library with parameters dependent on temperature (calculated 



No. 2021/030

3https://doi.org/10.37705/TechTrans/e2021030

using JMatPro software) was used (Phanikumar, 2011). Numerical simulation 
for both analysed joint were performed (Fig. 1). Simulation consider time of heat 
source movement and cooling time, equal to 30 s.

Welding simulations were conducted in order to estimate process parameters 
for complete penetration in fillet joints and melting 2 mm into bottom material in 
lap joints. For the aforementioned simulation, a constant speed rate of 1 m/min 
was programmed. HS efficiency was adopted as 0.65 with Gaussian parameters 
of disc HS equal to 1.0 and 2.8 for conical HS. The laser output power required 
for full penetration in the fillet joint was 6 kW; therefore, the same parameters as 
those used for lap welding were chosen (Fig. 2) (Evdokimov, 2017). 

The welding of circumferential flange pipe joints is problematic due to 
the forced position of welding head orientation which results in limitations 
and some discrepancy for both methods. The results of numerical simulation 
provided realistic results of the welding process with a convex weld face (Ozkat, 
2017). Significant differences in the welds built for fillet joints and lap joints was 
observed. 

3. Laser welding of trial joints

The process parameters of the considered types of joints were estimated via the 
performed numerical simulation. The trial joints of laser welding was performed 
by a Trumpf TruFlow 6000 CO2 laser mounted on TruLaserCell 1005 work centre. 
For complete joint penetration in fillet joints, output power is equal to 6  kW 
and a speed of 1 m/min was adopted according to simulation results. Similar 
parameters were used for lap joint configuration. Trial welding was performed 
using a welding head with a focal length of 270 mm. In order to reduce the 

Fig. 1. Heat expansion in laser-welded fillet 
joint closing

Fig. 2. Simulated results of fusion zone 
geometry of: a) fillet joint, b) lap joint
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plasma effect, helium with a coaxial flow rate of 15 l/min was used as a shielding 
gas (Fig. 3) (Radek, 2018). 

A circumferential flange pipe joint using a laser welding process was obtained 
(Fig. 6). Complete penetration was achieved, nevertheless through the forced 
position of welding process head, not all joining edge was melted (region I). The 
obtained joints have a typical build for low carbon steel, where HAZ and BM 
welds can be identified (Węglowski, 2017).

The native ferritic-pearlitic structure of low carbon steel and the austenitic 
structure of stainless steel during the welding process lead to the creation of new 
material in the fusion zone, which is a combination of BMs. The metallographic 
study revealed a complex structure affected by phase transformation during 
crystallisation.

The properties of the material is related to its microstructures. Basic strength 
parameters can be obtained using destructive tests; however, considering the 
study of the flange pipe joint presented in this study, a mechanical tests are 
problematic. Therefore, a numerical simulation based on a thermo-mechanical 
solution gives the possibility to estimate some joint parameters.

Phase transformation of welded material and heat expansion 
generated thermal stress, which can be reduced by additional heat 
treatment; however, any additional heat treatment extended welding 
time. The maximum principal stress existing in the joint zone determine 
joint strength, and if stress exceeds the maximum acceptable value, it can 
lead to structure failure. In some cases, an additional heat treatment for 
stress limitation can be recommended (Derakhshan, 2018).

Fig. 3. Trial laser welding of flange pipe joint: 
a) fillet joint, b) lap joint

Fig. 4. Trial laser welding of flange pipe joint: 
a) fillet joint, b) lap joint configurations

Fig. 5. Maximum principal stress 
distribution in: a)fillet joint, b) lap joint
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Differences in maximum stress concentrations are significant, the highest 
values occur in the root of the weld in both analysed cases. In the lap joint, they 
occur along the contact line of the welded elements. Wider zones of maximum 
principal stress are observed in the fillet joint. The maximum calculated 
values are similar for both joint configurations. The values of stress calculated 
in numerical simulation do not exceed 510 MPa in fillet joints and 450 MPa 
in lap joints, where the highest concentration occurs in the weld region. Stress 
values in HAZ are elevated with respect to BM, and the values calculated in the 
base material are relatively low. Due to high energy density in the LBW, heat 
accumulation compare to conventional welding methods is low, therefore 
stress-strain value are lower (Radek, 2020). The stress states in the welded joint 
need to be controlled; however, the obtained results shows that no additional 
heat treatment is required.

The welding configuration affect the welded elements displacement; therefore, 
this case study was analysed in cross section for both configurations (Fig. 6).

The highest values of total displacement are similar for both configurations, 
and occur in the fusion zone. In the lap configuration, greater displacement 
occurs in the plate, however welds over two materials provides sealed joint. In 
fillet joint greater displacement value occur between both materials and can 
affect in bending phenomenon.

4. Summary

Numerical simulations of laser flange pipe joint welding were performed for 
two joint configurations. Thermo-mechanical analysis was used to estimate the 
process parameters and determine selected properties of fillet and lap joints. 
Using an estimated value of output power equal to 6 kW and a welding speed 
1 m/min, trial joints were performed. The obtained simulation and experimental 
trial welding results showed good agreement. However, due to the welding 
forced position and width of fusion zones, no full penetration of welded materials 
was obtained. Stress analysis based on numerical simulation showed low stress 
concentration. Some stress value were identified only in weld and HAZ in both 
configurations. Higher values of maximum principal stress occur in fillet joints. 
Moreover, total displacements of welded elements are less favourable in this 
joint configuration. The presented study has shown an alternative possibility 
for flange pipe joint welding, where properties in lap joint relative to fillet joint 
welded with the same process parameters show some advantages. Depending 
upon weld requirements, lap joints can be used for performing flange pipe joints 
as an alternative joint configuration.
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