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Abstract 

This study used the Finite Element (FE) method to numerically analyze the thermo-mechanical behavior and residual stresses in 
dissimilar welded T-joints. Residual stresses induced by the fusion arc-welding of steel joints in power generation plants are a 
concern to the industry. The structural integrity assessment of welded structures requires the consideration of weld-induced 
residual stresses for the safe operations in power plants, which may be compromised by their presence. Details on the used 
thermo-mechanical FE model and the results analysis are herein presented.  
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1. Introduction 

Thanks to the well-known benefits it offers, welding is among the most relevant joining techniques used in the 
structural field. Even if it is commonly used, several criticalities could compromise the efficiency of welded 
structures. Among these, residual stresses and distortions, which are induced by the localized heating and the 
subsequent non-uniform cooling (Masubuchi (1980)), play a critical role and must be avoided by designers, since 
they can become dangerous for the structure safety if combined with the in-service loading conditions (Citarella et 
al. (2016), Boccarusso et al. (2017)).  
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In addition, residual stresses could cause several problems during the assembly phase (Dong (2005)).  
The evaluation of the residual stresses induced by fusion arc welding of steel joints is of great importance in 

power plants. In fact, in power plants, welded joints made of dissimilar materials are widely used to connect ferritic 
steel components and austenitic steel piping systems (Fellinger et al. (2018)). 

Nowadays, many destructive and non-destructive techniques are available to achieve information about the stress-
strain state, in terms of both amplitude and distribution, involving welded structures. However, their accuracy does 
not allow achieving very accurate information. In this scenario, numerical models can be very helpful for designers 
(Mollicone et al. (2006), Sarkani et al. (2000)).The numerical evaluation of residual stresses in dissimilar material 
welds is generally more challenging than that of residual stresses in similar ones because of the differences in the 
thermo-mechanical and metallurgical properties of the materials to be joined. Over the last two decades, there have 
been significant research activities using FE simulations focusing on welding residual stresses in dissimilar steel 
welded joints. 

Akbari and Sattari-Far (2009) evaluated welding residual stresses in a dissimilar pipe joint made of A240-TP304 
stainless steel and A106- B carbon steel by using 3-D finite element method (FEM). Deng et al. (2009) developed a 
simplification methodology to compute residual stresses in a dissimilar metal pipe joint with considering cladding, 
buttering, post weld heat treatment and multi-pass welding. Sepe et al. (2017) used FE model based on the “element 
birth and death” technique to calculate the residual stresses distribution in butt-welded joint of dissimilar material. 
Yaghi et al. (2013) report the FE simulation of residual stresses, due to the arc welding, of a P92 steel pipe using a 
nickel-based alloy (IN625) as filler material. 

This paper deals with the development of a FE model for the prediction of residual stresses in welded T-joints 
made of dissimilar steels AISI 304 stainless, for the web, and S275JR carbon steels, for the flange. FE model is 
based on the “element birth and death” technique widely used in literature (Armentani et al. (2007), Armentani et al. 
(2012) Sepe et al. (2015)). FE model has been developed by means of ABAQUS® code. According to the performed 
simulations, T-joints have been made through two welding beads between web and flanges. The simulation is 
referred to a welding process performed by Shielded Metal Arc Welding (SMAW) technique. 

Each welding bead has been made in a single pass with uniform speed and under room temperature condition. 
The development of this FE model is carried out in order to simplify the setup of the real welding process that 
authors intend to perform on such kind of joints. Moreover, it will be used for the investigation of the residual 
stresses that will affect the T-joints after the welding operations. In fact, at the Stat-of-the-Art, experimental methods 
do not allow investigating accurately on such aspect. 

2. Geometry, material properties, and welding parameters 

The geometry of the welded T-joint considered in this study is shown in Fig. 1. The T-joint is made of AISI 304 
stainless steel plate, used for the web of the joint, welded to an S275JR carbon steel plate used for the flange. To 
join the two plates, two welding beads were performed, by using as filler material the S275JR carbon steel. The 
properties of the materials (base and filler) are taken from Boyer and Gall (1985), Holt (1996) and reported in Figs. 
2 and 3. Between the two welding beads, a cooling phase, 179 s long, has been considered. 

The heat input, per mm of weld length, Q, supplied by the welding machine, is defined by the following equation (1): 
𝑄𝑄 = (η ∙ 𝑉𝑉 ∙ 𝐼𝐼)/𝑣𝑣  (1) 
where η is the efficiency, V is the voltage, I is the electrical current and v is the welding speed, as reported in 

Table 1.  
The energy Qw supplied to the welding seam during the simulation is equal to: 
𝑄𝑄𝑤𝑤 = 𝑄𝑄 ∙ 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (2) 
where: Lseam is the length of welding bead. 

Table 1. Parameters of the welding process. 

Pass η I [A] V [V] v [mm/s] Q [J/mm] Qw [J] 
1 0.7 85 28.5 3.0 565.25 57316.35 
2 3.0 565.25 57316.35 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2020.02.071&domain=pdf
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 Fig. 1. Test article dimensions (in mm) and thermocouple locations. 

 
Fig. 2. S275JR steel material properties: a) thermal properties; b) mechanical properties; c) stress-strain curves at different temperatures. 
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Fig. 3. AISI 304 stainless steel material properties: a) thermal properties; b) mechanical properties; c) stress-strain curves at different 

temperatures. 

3. FE model 

The uncoupled approach has been used in order to perform the thermo-mechanical simulations as well as to 
reduce the computational costs. Such approach consists in two consecutive analyses: the former, performed by 
solving independently the thermal analysis, allows achieving the temperature distribution resulting from the welding 
process; the latter considers the temperatures distribution, previously predicted as nodal thermal load, to evaluate the 
mechanical behavior. Thermal properties, shown in Fig. 2 and 3, have been implemented in the thermal analysis, 
while mechanical ones have been implemented in the mechanical simulation. 

All analyses have been performed in ABAQUS® code, v. 6.14. FE model is based on the element birth and death 
technique that allows simulating the weld passes. Concerning the mesh, 8-nodes 3D finite elements have been used. 
Specifically, DC3D8 finite element has been used for the thermal analysis, allowing introducing the temperature as 
unique degree of freedom for each node, and C3D8 finite element, characterized by the three translations as degrees 
of freedom for each node, has been used for the mechanical analysis. FE model counts a total of 12168 finite 
elements and 14715 nodes. As shown in Fig. 4, a finer mesh has been developed for the chamfer region; a transition 
mesh for the HAZ (Heat Affected Zone) region and a coarser mesh, with a linear bias, for the other parts of the joint 
have been generated. 

According to Fig. 4, it can be noticed that the modelling of the welded T-joint involves also the weld bead 
modelling. However, with reference to birth and death technique, the first analysis step is addressed to deactivate it, 
by multiplying finite elements stiffness that compose it by a reduction factor (i.e. 10-6). In this way, it is possible to 
exclude it from the analysis.  

The progressive reactivation of the finite elements composing the weald bead, with the main goal to simulate the 
added material provided during the welding process, is carried out by separating the two weld beads in 26 groups of 
finite elements, respectively. Subsequently, when the groups of elements need to be reactivated, in order to simulate 
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the added material, the reduction factor previously multiplied for their properties is being progressively removed, 
according to the welding velocity. 
 

 

Fig. 4. FE model. 

The energy Qw (Table 1) was applied to each group of elements during the time tweld (which is the time needed to 
cover the length of each single group) as volumetric flux. 

Before starting the simulation of the second weald bead, an analysis step, 179 s long, is arranged to simulate the 
cooling time, which usually elapses between the two operations. Finally, a load step, 2112 s long, has been set to 
model the plate cooling phase up to the room temperature, of about 50 °C.  

Concerning the boundary conditions, specific film conditions have been applied on T-joint free-surfaces in order 
to simulate the heat transfer with the environment and, in particular, the convective and radiative heat losses. For this 
purpose, and in order to simplify the modelling, a unique temperature dependent convective film coefficient (Fig. 5), 
given by the sum of the temperature dependent convective and radiative film coefficients, has been introduced in the 
model for characterizing the T-joint free-surfaces. 

Concerning to the numerical characterization of the materials, all thermo-mechanical properties have been 
introduced in the FE model as a function of the temperature, as shown in Fig. 2 and 3.  

 

 

Fig. 5. Heat loss convective coefficient. 

6 De Luca A. / Structural Integrity Procedia  00 (2019) 000–000 

4. Results 

Fig. 6.a shows the temperature distribution during the first weld pass at welding time of 16.9 s. The center of the 
welding arc at this time is positioned at y = 50.7 mm. It can be noticed that, in the selected frame, some elements 
have to be still reactivated. Fig. 6.b shows the temperature distribution involving the flange along the transverse 
direction (x) calculated when the welding torch passes the midsection (y = 50.7 mm) at z = 2.5 mm. 

 
 

Fig. 6. a) Temperature distribution (in °C) at time t = 16.9 s in the T-joint; b) Transverse temperature distribution in the flange at midsection (y = 
50.7 mm and z = 2.5 mm) during passing arc t =16.9 s. 

Fig. 7.a shows the temperature distribution during the second pass, at welding time of 212.8 s. The center of the 
welding arc at this time is positioned at y = 50.7 mm. It can be noticed that, in the selected frame, some elements 
have to be still reactivated. Fig. 7.b shows the temperature distribution of the flange along the transverse direction 
(x) calculated when the welding torch passes the midsection (y = 50.7 mm) at z = 2.5 mm. 

 
 

Fig. 7. a) Temperature distribution (in °C) at time t = 212.8 s in the T-joint; b) Transverse temperature distribution in the flange at midsection (y = 
50.7 mm and z = 2.5 mm) during passing arc t =212.8 s. 
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Fig. 8 shows the temperatures histories predicted in correspondence of the seven nodes, six on the flange and one 
on the web, shown in Fig. 1. 

From Fig. 8 it can be observed that the variations of temperature versus time have the same tendency for all seven 
selected locations. During the first pass, before the arrival of the welding arc (t < 16.9 s), the temperature remains 
close to the room one. When the welding torch approaches the cross section at y = 50.7 mm (t = 16.9 s), the 
temperatures of these points increase to their respective maximum at different rates. The values of temperature at 
points 4, 5 and 6, placed closer to welding torch, are higher than that at points 1, 2, and 3, placed on the opposite 
side and far from the welding torch. As the welding torch moves away from the cross section (t > 16.9 s), the 
temperatures at these points decrease gradually at different rates. 

Similarly, during the second pass, when the welding torch approaches the cross section at y = 50.7 mm (t = 212.8 
s), the temperatures at these points increase to their respective maximum at different rates. The values of 
temperature at points 1, 2 and 3 (placed more close to welding torch) are higher than that of the points 4, 5, and 6 
(placed on the opposite side and far of welding torch). Anyway, in this case, the values of temperature at points 4, 5, 
and 6 are higher than that at points 1, 2 and 3 during the first pass. In fact, in correspondence of the first instant of 
the second pass, the temperature of plates is about T = 70 °C, which is higher than the room temperature. Although 
the overall tendency of these temperatures versus time curves is essentially the same, there are significant 
differences in the peaks, as better shown in Fig. 9, by setting the time upper limit to 500 s. 

 

 

Fig. 8. Predicted temperature histories (at y = 50.7 mm) at different distances from the central line. 
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Fig. 9. Predicted temperature histories (at y = 50.7 mm) at different distances from the central line up to 550 s. 

Fig. 10.a shows the transversal residual stresses distribution over the joint while Fig. 10.b shows the transversal 
stresses distribution along the transverse directions, x-axis, with respect to the welding bead, after the cooling phase.  

Fig. 11.a shows the longitudinal residual stresses distribution over the joint, while Fig. 11.b shows the 
longitudinal stresses distribution along the transverse directions, x-axis, with respect to the welding bead, after the 
cooling phase.  

It is possible to observe how the longitudinal stresses (Fig. 11) reach higher values than the transversal ones (Fig. 
10) and how both distributions are quite symmetric with respect to the joint axis, with some differences due to the 
non-symmetric temperatures distribution, caused by the two welding operations. 

 
 

Fig. 10. a) Transversal residual stresses distribution σx (Pa); b) Transversal residual stresses σx (MPa) along the x direction at the joint midsection 
(y = 50.7 mm and z = 2.5 mm). 
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Fig. 11. a) Longitudinal residual stresses distribution σy (Pa); b) Longitudinal residual stresses σy (MPa) along the x direction at the joint 
midsection (y = 50.7 mm and z = 2.5 mm). 

5. Conclusions 

The main goal of this paper was to investigate a FE model, based on birth and death technique, for the prediction 
of temperature and residual stress distributions achieved during a Shielded Metal Arc Welding (SMAW) process, in 
a dissimilar T- joint.  

Considering as input the evaluated thermal load, a subsequent mechanical analysis allowed estimating the 
distribution of residual stresses within the joint. The use of numerical models, able to simulate welding processes, 
can be useful for designers, giving accurate information about the residual stress distribution, not provided as 
accurately by the current experimental methods. 
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