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Abstract: The main structural material used in the building of Fast Breeder Reactors (FBR) is stainless steel of type 
316L(N). Finite Element Model (FEM)-based simulations were carried out to understand the effect of various welding 
processes on the residual stresses induced in 316L(N) stainless steel primary sodium-carrying pipes with an inner 
diameter of 208 mm and a wall thickness of 5.6 mm. The welding processes considered include multi-pass Tungsten 
Inert Gas (TIG) welding, A-TIG, laser, hybrid laser-TIG, and Hybrid laser-Metal Inert Gas (MIG). First, single or 
hybrid heat sources are chosen based on the welding process, and then weld bead profiles obtained during simulation are 
made to match with that of the actual weld bead profiles obtained during experiments. Then, the optimised heat source 
is employed for the thermal analysis. The thermal analysis output is then successively linked and provided as input to 
the mechanical analysis, which uses an isotropic hardening model to predict hoop and axial residual stresses in pipe 
weld joints. The results show that the A-TIG weld joint exhibited lower hoop stress (165 MPa at inner diameter and -2 
MPa at outer diameter) in comparison with that of the other weld joints. The lower residual stress is attributed due to 
the straight-sided weld bead, lower peak temperature, and slower cooling rate of the A-TIG welding. Therefore, A-TIG 
welding is recommended among the chosen fusion welding processes for welding of 316L(N) stainless steel primary 
sodium carrying pipes to minimise the residual stresses and mitigate the premature failure of the pipe weld joints.
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1. Introduction
The type of heat source and consumables utilised are the main factors used to categorise welding operations. 

Fusion welding procedures fall into two categories: arc-based processes and beam-based processes, depending on the 
heat source. In the past, engineering components were most frequently manufactured using arc welding procedures. The 
main advantage of arc welding is its minimal initial investment. However, it has some drawbacks, including a high heat 
input, groove preparation, and numerous passes for thicker materials. As a result, productivity is decreased, and welded 
components are more likely to distort. In the engineering sector, laser welding is used to overcome the drawbacks of 
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arc-based welding procedures. The laser can be concentrated in a very small area, resulting in a higher power density 
and higher penetration, which will help to reduce the need for multiple passes. In addition, compared with arc welding 
procedures, the heat input associated with laser welding is smaller. The weld metal volume will be reduced, and the 
narrower the Heat-Affected Zone (HAZ), the lesser the residual stress and deformation will be. However, there are 
certain disadvantages to laser welding as well, such as costly capital expenditure, tightly fitting weldable components, 
hot cracking, and porosity issues.

Arc and laser welding are combined to create a single weld pool by hybrid welding in order to overcome their 
drawbacks and reap their benefits. High melting efficiency, wide gap-bridging ranges, and high productivity are the key 
benefits. TIG or MIG can be used as the arc welding source. The depth of penetration will increase by more than 250 
percent when the low-power laser welding equipment is connected to the available arc heat source.

Bouchard has investigated many variables that impact the intensity and range of residual stresses and deformation 
in welded components. Its engineering performance is impacted by the welding process (heat input, number of 
passes), weld geometry (including the impact of structural restraint), weld and base material properties, as well as 
microstructural alterations and related transformation plasticity [1]. The Heat-Affected Zone (HAZ) of the weld metal 
contains the welding residual stress peak values. As the welding heat input reduces, the residual stress value also 
decreases [2]. Chen et al. utilised a thermometallurgical-mechanical model and looked into how groove type affected 
welding residual stress and deformation at weld sites. The findings demonstrate that the groove type significantly affects 
the temperature history, residual stress distribution, and simulated deformation [3].

Therefore, it is preferable to measure or anticipate the amount of residual stress and deformation generated by the 
various welding procedures prior to bringing it into service.

To measure and estimate the degree of deformation in the components, simulation and numerical modelling of 
the welding process are useful tools. At any location in the structure, it provides and quantifies the evolution of stress, 
strain, and temperature. Wen et al. used ideal welding process parameters to minimise the welding-induced deformations 
after analysing the submerged arc welding process [4]. Thus, FEM is a useful tool for process development and can 
be used to better understand the welding process. Jiang et al. employed heat sink technology to lower the residual 
stress in type 316L stainless steel joints caused by an increase in the average heat transfer coefficient. They verified 
the created model and discovered a twenty percent decrease in the maximum tensile longitudinal stress in weld joints 
[5]. The Hybrid Laser-MIG (HLM) weld joint’s narrower weld bead geometry showed a much narrower tensile stress 
distribution than the arc-based hot wire TIG weld joint [6]. The computational results demonstrate that the welding 
residual stress distribution is highly influenced by the weld metal volume and that the residual stress prediction accuracy 
depends on hardening models [7]. Using three-dimensional finite element analysis, temperature, and residual stress 
distributions in SS304 materials for the nuclear industry are successfully studied using ANSYS. Transverse analysis 
of residual stress provides insight into structural stability [8]. Residual stresses caused by weld repair on weld joints 
made of austenitic stainless steel are increased by more than 100 percent. The stresses assessed by the Finite Element 
(FE) analysis are consistent with the experimental pattern [9]. The FEM model supports the practicality of overlay 
welding for pressure pipe repair welding, which may result in compressive residual stress within the weld seam [10]. 
A weld overlay effectively prevents crack propagation in subsequent operations by applying compressive loads to the 
pipe’s inner surface [11]. The nature of residual stress and its distribution depend on the type of material, heat source, 
number of thermal cycles, geometry, constraints, type of welding process, heat treatment procedure, and various other 
factors. The relationship between the peak tensile residual in the welded components and the material yield strength was 
proportional [12].

Miyasaka et al. has developed a simulation model to simulate the welding of a pipe and plate and found that the 
geometry of the workpiece significantly affects heat flow. The shape of a modelling workpiece must be as similar to 
the real one as possible for a modelling simulation to be effective [13]. Using the restraint factor, a highly effective 
computational approach for modelling welding residual stress might be created for materials used in nuclear reactors [14]. 

Duranton et al. proved that the 3D model produces a more accurate and realistic stress calculation than the 2D 
model by analysing the FEM of multipass welding type 316L stainless steel pipe with an adaptive mesh methodology 
[15]. Xu et al. performed a pipe welding simulation for axisymmetric 2D models and 3D pipes in order to determine the 
residual stress. The 3D model results showed that the welding pool’s maximum temperature ascended along the entire 
welding line throughout the welding process, and that the welding pool’s width and depth likewise increased as the 
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heat source moved. In addition, the residual stress values for the 3D model are greater than those for the axisymmetric 
2D model [16]. The residual stress of an arc-welded austenitic pipe was predicted using an ensemble of artificial 
neural networks utilising experimental data, and the results demonstrate that the predictions for the axial and hoop 
residual stresses were significantly closer to the experimental measurements [17]. The maximum values of the tensile 
and compressive residual stresses will decrease when longer sleeves are employed for in-service welding of pipelines, 
according to FE modelling of the effect of sleeve length on residual stress [18].

Deng and Murakawa modelled the thermal history and residual stress in multi-pass welds on stainless steel 
pipes. They observed that the welding residual stress patterns and temperature cycles predicted by the 3D FE model 
corresponded extremely well with the experimental observations [19]. The welding residual stress is significantly 
influenced by the weld metal yield strength. Findings from Kermanpur et al. showed that for the welding of thin-
walled pipes, a volumetric arc heat input best matched the thermocouple data. Additionally, it was demonstrated that 
increasing the heat input caused the heat-affected zone’s peak temperature to increase and the weld pool root to spread 
out, which was in accordance with the findings [20]. Kiyoshima et al. examined how a heat source model affected 
the welding of residual stress and distortion in a multi-pass J-groove weld. The numerical results demonstrate that 
heat source models have an impact on the distribution and distortions of the welding residual stress. When prediction 
accuracy and computation time are balanced, it is observed that the strategy based on variable-length heat sources may 
predict a reasonable result for residual stress while reducing a significant amount of time on numerical analysis [21]. 
When residual stress in a 316L electron beam weld joint was predicted using plastic parameters obtained from a crystal 
plasticity finite element model, excellent agreement was seen between the results and the residual strain data from X-ray 
diffraction [22]. The simulation findings demonstrate that the sample without flux has a higher maximum temperature. 
It is relevant to the evaluation of welding-induced residual stress and distortion in A-TIG welding of duplex stainless 
steel [23]. The internal and surface residual stresses of the thick plates are symmetrical along the paths perpendicular to 
the weld seam, with asymmetry occurring in the weld seam and the heat-affected zone where the stress varies [24]. The 
double-side welding techniques used resulted in residual axial and hoop stresses that were tensile at the inner and outer 
surfaces of the dissimilar weld joint [25]. 

A 3D FEM model predicted a strong stress peak near the weld start point, approximately 74% of the material’s 
yield strength, and a non-uniform residual stress distribution in the circumferential and through-thickness directions 
[26]. Through-wall bending dominates the residual stress distribution in thin-walled pipes with few passes and is caused 
by the tourniquet contraction of the whole weld line. A cosinusoidal distribution of stress, caused by the deformations 
created around individual passes, is superimposed on any through-wall bending as the thickness and number of weld 
passes increase [27]. The base metal variation significantly influences the axial stress fluctuations in the inner and outer 
surfaces. The number of passes has a less significant impact on residual stresses than on pipe material type, particularly 
on the outer surface of the same thickness. For the SUS304 pipe, preheating at least 325 °C is necessary to maintain the 
tensile axial residual stress below the base metal yield strength [28].

The welding speed and heat input significantly impact the hoop stresses more than the axial stresses. In addition, 
compared to a two-pass welding method, a three-pass welding procedure produces substantially lower stress [29]. It 
has been discovered that the effect of external restriction works primarily in the cooling process by increasing tensile 
plastic strain to lower the shrinkage force in both the axial and hoop directions. As a result, the welding deformation and 
residual stresses are noticeably reduced [30].

Deng and Kiyoshima performed a laser welding simulation of residual stresses in a stainless steel pipe while 
accounting for the influence of the initial residual stress. The numerical results show that the initial residual stresses 
before welding significantly affect the residual stresses after welding in the pipe model [31]. Arif et al. carried out a 
thermal analysis of a spiral laser-welded tube and showed that the high-stress zone narrowed as welding speed was 
increased at consistent power [32]. Xu et al. compared residual stress produced by TIG and Laser Beam Welding 
(LBW) in welds of AISI 304 stainless steel pipes via numerical modelling and validation. Considering residual stress, 
deformation, and production efficiency, the results indicated that the LBW is preferable to the TIG for welding AISI 304 
stainless steel pipes [33]. When using advanced welding processes with low welding passes and which have seen low 
thermal cycles, the tensile residual stress behaviour was 25% less evident than when using conventional welding, which 
exhibits high tensile behaviour in the hoop direction up to a depth of more than 50% of the thickness [34].

Kong et al. developed a Finite Element Model (FEM) to investigate residual stress in hybrid laser-Gas Metal 
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Arc (GMA) welding. The findings suggest that higher welding speed might effectively lower the residual stress 
concentration. The created model might enhance the operational parameters for hybrid laser-GMA welding and other 
welding methods [35]. A thermodynamic study of multi-pass TIG and A-TIG welding of 2.25 Cr-1Mo steel was carried 
out by Pavan et al. They found that the distortion in the multi-pass TIG weld joint was more pronounced because it 
required more weld passes to fill the V-groove, which increased the volume of the weld metal. The thermomechanical 
analysis utilised in the comparison study showed that employing the A-TIG welding process will significantly reduce 
the degree of distortion [36]. The welding start point of circumferential welds determines the welding-induced plastic 
deformation and residual stress [37]. The development of potentially dangerous tensile stress creation at existing weld 
root toes, which can be detrimental to Stress Corrosion Cracking (SCC) and reheat cracking in ageing welds of power 
and process piping structures, can be seen in the residual stress distribution on pipe inner surfaces between neighbouring 
weld root toes [38]. The HAZ of the circumferential weld’s resistance to SCC is reduced by coarse grains. The principal 
factor causing SCC is the high axial stress component produced by the welding residual stress and working loads [39]. 
The welding highly sequences influence the induced residual stresses and distortions in intensity and distribution. Full 
circumferential welding on both the inner and outer surfaces shows the most consistent distribution of axial residual 
stress [40]. The uphill side is crucial as residual stresses increase with the tube’s inclination degree. Residual stress 
decreases with the thickness of the tubes. Axial and hoop residual stresses tend to increase when the yield strength of a 
material increase [41]. The welding process significantly impacts the residual stress on the pipe’s inner wall, whereas the 
residual stress on the pipe’s outer wall is less affected. Although the residual stress level can be altered, the distribution 
of the residual stress cannot be modified by changing the welding sequence [42].

Yaghi et al. performed a numerical simulation to examine the effects of wall thickness and bead count on residual 
stresses in stainless steel welded pipes. The results demonstrate that pipe diameter significantly affects residual axial and 
hoop stresses at the outer side in thick-walled FE models but has no effect on axial and hoop stresses at the inner side 
in thin-walled FE models [43]. Deng and Kiyoshima computed residual stresses in a girth-welded pipe, highlighting 
the focus of stress at the start/end of the weld. The findings reveal substantial gradients in the hoop and axial residual 
stresses at the weld start/completion area, which differ noticeably from those in the steady range [44]. Liu et al. 
examined the development and concentration of residual stress in multipass narrow-gap welds on thick-walled stainless 
steel pipes. The results show that the weld’s through-wall hoop residual stress is primarily tensile. Maximum tensile 
stresses and changes in the axial and hoop stress distributions are almost identical when the groove is finished to a 
particular height [45].

Austenitic stainless steel of type 316L(N) is an important structural and piping material in fast reactors. The 
literature on numerical modelling of residual stress caused by various welding methods, including the beam type that 
is being considered for use in the manufacturing of sodium transporting pipes, is scarce. Traditional TIG, A-TIG, and 
cutting-edge welding procedures, including laser, hybrid laser-TIG, and hybrid laser-MIG processes, are all considered 
in this work. In order to predict the axial and hoop residual stresses in 316L(N) stainless steel pipe weld joints, which 
are employed as the major sodium transportation pipes in fast reactors, this work discusses numerical modelling. 
Depending on the welding process, single and hybrid heat sources have been employed to precisely predict the residual 
stresses.

2. Finite element analysis
In general, welding modelling consists of a structural analysis made from the thermal output, followed by a thermal 

analysis that shows the thermal process during welding and culminates by exhibiting the temperature gradients related 
to welding. The mechanical analysis uses the results of the thermal analysis, such as the thermal history, as input. The 
residual stress, stresses, and deformation in the welded component are the outcomes of the mechanical study. In this 
paper, the sequential coupling technique is used for this type of analysis. The impact of welding processes is described 
in this paper using a numerical simulation method that relies on thermal elastic-plastic FEM and related heat source 
models on final residual stresses after welding in an austenitic stainless steel model pipe using SYSWELD® software, 
which is used to do realistic simulations of the processes under consideration. A 3D finite element model with a fine 
mesh in the weld and heat-affected zone is required for the estimation of welding residual stress, which is greatly 
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influenced by the type of heat source. The interaction between the material and the heat source, heat transport, and 
thermomechanical phase changes need to be described with greater accuracy for numerical modelling of the welding 
process.

2.1 Model geometry and material properties

On steel pipes with an inner diameter of 208 mm and a thickness of 5.6 mm, which resemble the primary sodium-
carrying pipes in FBRs, the welding (circumferential) procedures have been simulated. The FEM technique has been 
used to model the TIG, A-TIG, laser, hybrid laser-TIG, and hybrid laser-MIG welding processes. In the weld area, a 
minimum element size of 0.46 × 0.5 × 2 mm was used for accurate temperature distribution prediction. A larger element 
size is used outside the HAZ and weld zones. In Figure 1, the model is displayed.

Figure 1. Finite element model in the butt joint configuration model

Figure 2. Thermophysical properties

The model’s underlying presumptions are listed below. 
• The fluid dynamics of the weld pool are not considered. 
• To achieve the heat convection effect in the weld pool, increased thermal conductivity is used above the melting 

Temperature [K]

Density (10 kg/m3)
Specific heat (J/kgK)
Thermal conductivity (10-1 W/mK)

Ph
ys

ic
al

 P
ro

pe
rti

es

200
0

200

400

600

800

1,000

1,200

400 600 800 1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400

z

x y



Engineering Science & Technology 70 | M Ragavendran, et al.

point. 
• Does not consider convection and fluid flow in the weld pool; ignores the influence of shielding gas on heat 

extraction.
• On the basis of the weld bead dimensions transported from the weld crater at the end of the weld, weld geometry 

measurements can be approximated and fine-tuned.
• The effects of the laser-arc interaction are not considered.
• The filler material’s elemental constitution is similar to that of the base material.
Figures 2 and 3 depict the mechanical and physical response of the parent material to temperature [46], [47].

Figure 3. Thermomechanical properties

Incorporating the heat transfer effects arising from fluid flow within the molten pool is essential. Consequently, in 
the analysis, the thermal conductivity value was increased to 2-3 times above the melting temperature to accommodate 
the heat transfer caused by molten metal flow. Several researchers employed a similar approach to account for the heat 
transfer effects resulting from fluid flow [6], [36], [48]-[50].

2.2 Boundary conditions and governing equations

The initial temperature was 30 °C. The total heat losses are considered, including radiation heat loss in the weld 
pool, convective and conductive heat losses far from the weld pool, and additional heat losses. All of the model’s 
surfaces, except the symmetry plane, experienced convective and radiative losses. The welding pipes are suitably 
restrained to stop translational and rotational vibrations, similar to those in the lab.

When welding with restricted heating, most of the heat transfer occurs in the conduction mode. The thermophysical 
properties of the material, the amount of weld volume created, and the shape of the weld all affect the amount of heat is 
transferred. Heat conduction is defined by finding the solution to the underlying equation.
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where, ρ is the density (kg/m3), C is the specific heat (J/kg °C), k is the thermal conductivity (W/m °C), and Q is 
the volumetric heat flux (W/m3). After welding, the molten material starts to cool to room temperature because of 
convection and radiation. The convection heat transfer rate is determined by Newton’s law of cooling equation [51].
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2.3 Heat source modelling 

The selection of an appropriate heat source model facilitates the precise estimation of the temperature distribution 
and weld bead shape. For the thermal analysis of the hybrid welding process, the combined heat source model was used. 
The most widely used double ellipsoidal heat source model was used for the TIG and A-TIG welding procedures [7], 
[51]-[53]. The laser heat source was modelled using a 3D conical and cylindrical shell [54]. Plate welds were used to 
calculate the physical weld bead parameters for the heat source model. Here the temperature-dependent thermophysical 
properties (Figure 2) were considered. 

The double ellipsoidal heat source equations are as follows:
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where af is the front length of the ellipsoid, ar is the rear length, c is the depth of penetration, and b is the half width. The 
front and rear fractions of the heat source ff and fr , ( fr + ff = 2), qr and qf are power densities (W/m3) inside the front ( f ) 
and rear (r) half ellipsoids, respectively. 

For the laser, the conical heat source model is given by the following equations,
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where Qr is the heat source intensity, Q0 is the maximum intensity, re and ri are the surface radii in planes, and z = ze 
and z = zi correspondingly [6], [54]. Figures 2 and 3 represent all of a material’s thermophysical and thermomechanical 
properties in relation to temperature. Figure 4 lists the heat source models employed in this research. It has been 
observed that the influence of the heat source characteristics varies for various welding situations. The width ‘a’ 
and depth ‘b’ parameters greatly increase their contribution to the model at lower weld current cases. However, the 
length parameter ‘c’ contributed more than the other two as the power increased. The interaction between the width 
and depth parameters in both situations contributes significantly [55]. Weld joint fabrication and the parameters 
required for modelling were fully explored in our prior work by Ragavendran et al. [56]-[58]. When paired with 
laser welding process parameters, the heat source model may provide highly accurate stress variation prediction and 
deformation control during the welding process [59]. The heat source model for pipe welding simulation is fed with the 
corresponding welding parameters for each welding procedure.

3. Results and discussion
From the weld centerline, the temperature profile in the transverse direction is depicted. In the vicinity of the 

weldment, the generated peak temperature is nearly identical. Heat sources have no effect on distances further from 
the weldment. When the heat source moves along its trajectory during welding, the maximum temperature varies. 
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Since the heat source hits a respective node and continues to cool as it moves further, all of the nodes are heated to 
their maximum temperature. All thermal cycles, fusion geometry, and residual stress profiles generated by the welding 
processes are provided at the location with 180° central angle. With the exception of the temperature histories at the 
weld start/endpoint with a 0° central angle, the other three temperature histories at 90°, 180°, and 270° locations have 
almost identical cycles in shape and magnitude. Figure 5 shows the TIG weld model and temperature distribution in 3D 
model. In the quasi-state scenario, the profiles are acquired. The temperature contour of TIG welding is shown in Figure 
6 and the validated profile is presented in Figure 7. The simulated pipe welded using the TIG welding process is shown 
in Figure 8. The thermal cycles observed in the TIG welding process are presented in Figure 9.

Figure 4. Heat source models

The predicted residual stress profiles for TIG pipe joints at the inner and outer diameter are presented in Figure 
10 and Figure 11. The TIG weld macrograph exhibited the highest weld metal volume due to the incorporation of filler 
wire and groove design. The tensile stress distribution width is higher with the TIG joint because of the application of 
multiple thermal cycles to fill the groove with high heat input. The peak temperature exhibited in the top pass of the TIG 
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hardening and high-temperature gradient associated with more thermal strains produced by high heat input of the TIG 
welding. The axial stress is compressive at the weld centre in the outer diameter, whereas the hoop stress is tensile. 
Apart from the weld centre, the tensile hoop stress values are lower than the axial stress values.
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Figure 5. a) TIG weld model and b) temperature distribution in 3D model

Figure 6. Predicted TIG weld macrograph
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Figure 7. Validated TIG weld macrograph

Figure 8. Simulated pipe welded using the TIG welding process

Figure 9. Thermal cycles for the TIG weld joint
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Figure 10. Predicted residual stress distribution across the pipe in the TIG at the inner diameter

Figure 11. Predicted residual stress distribution across the pipe in the TIG at the outer diameter

The temperature contour, temperature distribution, and residual stress prediction for A-TIG pipe welding 
simulation are given in Figures 12-16. The A-TIG weld metal exhibited lower volume among the arc welding processes 
than the TIG weld metal. The peak temperature determined in A-TIG weld joint is 1,650 °C. For A-TIG, no groove 
preparation is required. Due to this reduced restraint in A-TIG, the tensile residual stress dispersion is lower than in the 
TIG welding process. At the inner diameter, the axial stress values are higher than the hoop stress values for the A-TIG 
joint - the maximum residual stress values are within the yield limits. Axial stresses are fully compressive at the weld 
centre, and hoop stresses are almost compressive at the outer diameter. Away from the weld, the axial stress values are 
more significant than the hoop stress values.
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Figure 12. Predicted A-TIG weld macrograph

Figure 13. Validated A-TIG weld macrograph

Figure 14. Predicted temperature distribution across the pipe in A-TIG weld joint
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Figure 15. Predicted residual stress distribution across the pipe in the A-TIG at the inner diameter

Figure 16. Predicted residual stress distribution across the pipe in the A-TIG at the outer diameter

The laser welding simulation results are given below. The laser weld contour is shown in Figure 17, and the 
validated profile is shown in Figure 18. The thermal cycles observed in laser welding are shown in Figure 19. The laser 
weld exhibited a narrow weld metal volume among all the weld joints owing to the maximum power density associated 
with the laser beam. The peak temperature manifested in the laser weld joint is 2,187 °C. This process exhibited the 
rapid cooling rate because of a high heat sink and lower heat input. The increased amount of tensile residual stress in the 
laser weld is due to the low heat input associated with the laser heat source.
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Figure 17. Predicted laser weld macrograph

Figure 18. Validated laser weld macrograph

The higher hoop residual stress in the laser weld is due to the narrow weld bead geometry and the greater 
longitudinal constraint. At the inner diameter, the hoop stress values are greater than the axial stress at the weld centre 
in the laser weld joint. The axial stress is completely compressive at the weld centre at the outer diameter, whereas 
the hoop stress is tensile. The tensile stress distribution is narrow in the case of the laser joint due to low heat input. 
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However, at the same time, the hoop stress values are above the yield strength of the material due to a sharp temperature 
gradient, which aids in the formation of peak tensile hoop stress at the welds. Figure 20 and Figure 21 show the residual 
stress spread across the laser weld joint at the inner and outer diameters.

Figure 19. Predicted temperature distribution across the pipe in laser weld joint

Figure 20. Predicted residual stress distribution across the pipe in the laser weld at the inner diameter
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Figure 21. Predicted residual stress distribution across the pipe in the laser weld at the outer diameter

Figure 22. Predicted hybrid laser-TIG weld macrograph

The hybrid laser TIG welding simulation results are shown from Figures 22-26. In this process, the weld is made 
of a single pass, and a hybrid heat source is used in which the laser source influences the hoop stress. The hybrid laser-
TIG weld exhibited a distinctive weld geometry; the top portion was entirely controlled by the TIG source and the root 
portion by a laser. The peak temperature indicated in the hybrid laser-TIG weld joint is 2,103 °C.
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Figure 23. Validated hybrid laser-TIG weld macrograph

Figure 24. Predicted temperature distribution across the pipe in the hybrid laser-TIG weld joint

The hybrid laser-MIG welding simulation results are shown below from Figures 27-31. In this process 
configuration, the laser is leading, the keyhole is produced by the laser, and the top portion is fully influenced through 
the MIG source. The hybrid laser-MIG weld joint exhibited a distinctive wine cup-shaped weld. The peak temperature 
manifested in the laser weld joint is 3,421 °C. The cooling rate of this process is higher than those of the hybrid laser-
TIG and arc-based TIG and A-TIG processes. The tensile stress distribution is narrower than that of the hybrid laser-
TIG welding. The peak hoop stress values at the inner diameter are higher than the peak axial stress values at the weld 
centre. Moreover, like all processes, away from the weld centre, the axial stress has a slightly broader and higher tensile 
stress than the hoop stress at the internal and external diameter. The peak tensile hoop stress at the weld centre is greater 
than the yield strength of the material. At the outer diameter, the axial stress in the weld centre is compressive, whereas 
the hoop stress is tensile.
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Figure 25. Predicted residual stress distribution across the pipe in the hybrid laser-TIG weld at the inner diameter

Figure 26. Predicted residual stress distribution across the pipe in the hybrid laser-TIG weld at the outer diameter
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from the weld, the hoop stress values are nearly compressive; in contrast, the axial stress values are tensile at the outer 
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Figure 27. Predicted hybrid laser-MIG weld macrograph

Figure 28. Validated hybrid laser-MIG weld macrograph

Table 1 shows the welding processes heat input, the peak temperature-induced by welding, and the associated 
cooling rates. The total heat input associated with the TIG process is 2.84 kJ/mm, and the average heat input per pass for 
the TIG process is 0.71 kJ/mm.
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Figure 29. Predicted temperature distribution across the pipe during hybrid laser-MIG welding

Figure 30. Predicted residual stress distribution across the pipe in the hybrid laser-MIG weld at the inner diameter

The predicted axial residual stress dispersal across all the 316LN pipe weld joints at inner diameter is shown in 
Figure 32. From this, it was observed that the peak residual stress values are all of the order of yield strength of the base 
material. The width of the tensile residual stress distribution aligns with the heat input applied to produce the joints. The 
greater the heat input employed, the higher is the tensile residual stress width. Therefore, the arc-based joints presented 
a higher tensile stress distribution width than the laser-based welding processes.
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Figure 31. Predicted residual stress distribution across the pipe in the hybrid laser-MIG weld at the outer diameter

Figure 32. Predicted axial residual stress distribution across the 316LN pipe weld joints at the inner diameter
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Figure 33. Predicted hoop residual stress distribution across the 316LN pipe weld joints at the inner diameter

Table 1. Thermal results of welding processes

S. No Welding process Total heat input
(kJ/mm)

Peak temperature
(°C)

Cooling rate
(°C/s)

1 TIG 0.71 2,219 6.8

2 A-TIG 0.98 1,650 9.5

3 Laser 0.12 2,187 195.5

4 Laser-TIG 0.41 2,103 15.9

5 Laser-MIG 0.28 3,421 25.4

The predicted hoop residual stress distribution across all the 316LN pipe weld joints at inner diameter is shown in 
Figure 33. From this, it was found that the TIG joint revealed the highest hoop stress than the other joints. All the laser-
based joints exhibited the same amount of peak hoop tensile stress on the inner side, which is entirely influenced by the 
laser. Among the joints, A-TIG showed the lowest hoop tensile residual stress than the other joints.

The predicted axial residual stress distribution across all the 316LN pipe weld joints at outer diameter is shown in 
Figure 34. At the weld centre, all the pipe weld joints manifested the compressive residual stress, away from the weld 
joints exhibiting the tensile residual stress, which is lower than the yield strength of the material.
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Figure 34. Predicted axial residual stress distribution across the 316LN pipe weld joints at the outer diameter

Figure 35. Predicted hoop residual stress distribution across the 316LN pipe weld joints at the outer diameter

The predicted hoop residual stress distribution across all the 316LN pipe weld joints at outer diameter is shown in 
Figure 35. It is observed that the laser joint exhibited the highest peak tensile hoop stress at the outer diameter than the 
other joints. The higher hoop stress is due to the constraint, thermal shock and rapid cooling rate of the laser welding 
process. At the outer diameter, the peak hoop residual stress values are lower than the yield strength of the material. A-TIG 
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joint shown the lowest hoop stress among all the pipe weld joints. 

Figure 36. Axial stress variations from the inner to the outer surface of type 316L(N) stainless steel weld joints

The hoop and axial stress distribution across the weld centerline at the inner and outer diameter in the present 
study (the axial stresses are tensile at the inner surface, whereas the stress is compressive in nature at the outer surface. 
But the hoop stress at the weld in both the top and bottom surfaces are tensile) are similar and agreeing with the results 
presented by Deng and Kiyoshima [31].

In general, both plate and pipe weld joints exhibit residual stresses due to the inhibition of thermal contraction 
caused by the processes and the weld joint configurations. However, it was demonstrated that the self-constraining 
tubular shape results in a stress state that is markedly different from that observed in plates, which are discussed in our 
previous work [60]. This is especially true for stresses transverse to the weld joint, i.e., in the axial direction of the pipes, 
which are compressive on the outside and tensile on the inside. Whereas hoop residual stresses in tubular welds are 
equivalent to longitudinal stresses in plates, axial residual stresses are not. The significant amount compressive stresses 
are most noticeable around the weld toe and can only be found to a minimal extent in welded plates. The tubular shape 
explains the large discrepancy. Because the degree of confinement in welded plates is substantially lower than in pipes, 
the transverse residual stresses are relatively modest. The controlling mechanism for these effects is a circumferential 
shrinkage of the weld joint, which may cause pipe necking and pipe wall bending. On cooling, the weld joint shrinks 
circumferentially, generating a radial contraction or necking of the pipe. The resulting bending of the pipe wall creates 
axial stresses that are compressive near the weld joint and tensile at distances greater than 20 mm at the outer surface. 
The obtained outcomes are in agreement the with the work of Hempel et al. [61].

The axial stress and hoop stress variation from inner to outer surface (in through thickness direction) is shown in 
Figure 36 and Figure 37. From these, it is observed that the axial stress values are within the yield stress limit and at the 
outer surface the axial stress at all the welds are compressive in nature. The hoop stresses are more detrimental in pipes 
than the axial residual stress because it promotes earlier crack initiation and easier crack propagation in welds. Laser 
welding results in higher amount of hoop residual stress in weld joints when compared to other welding processes.
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Figure 37. Hoop stress variation from inner to outer surface of type 316L(N) stainless steel weld joints

4. Conclusion
The effect of various welding processes on the residual stress induced in 316L(N) stainless steel pipes of inner 

diameter 208 mm with thickness 5.6 mm resembling the primary sodium transporting pipes in FBRs is studied in the 
present work. Numerical modelling was used to explore the residual stress state prediction on the internal and external 
surfaces of butt-welded pipe joints. The conclusions are given below.

• Laser pipe weld joint exhibited the highest tensile hoop stress value of 413 MPa and a hoop stress value of over 
200 MPa at the outer diameter. Presence of higher hoop stress values at the outer diameter may lead to cracking and 
premature failure of the pipe weld joint. Similarly, hybrid laser-arc weld joints exhibited higher tensile hoop stress 
values at the outer diameter.

• Conventional TIG pipe weld joint exhibited a hoop tensile residual stress value of over 300 MPa at the inner 
diameter. However, at the outer diameter the hoop residual stresses are compressive in nature. TIG pipe weld joint 
exhibited a large gradient in residual stress values from inner to outer diameter.

• A-TIG weld joint has exhibited lower hoop stress of 165 MPa at the inner diameter and -2 MPa at the outer 
diameter. Also there is no large gradient in residual stress variation from inner to outer diameter.

• The lowest residual hoop stress observed in A-TIG welded pipe joint is due to the straight-sided weld bead, lower 
maximum temperature and slow cooling rate.

Therefore, among the welding processes chosen in the present study, A-TIG welding is recommended for welding 
of 316L(N) stainless steel primary sodium carrying pipes in FBR.
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