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Abstract. The objective of this study was to define conditions for performing the welding operations to develop lower 
levels of residual stresses, reducing the appearance of cracks. The material used in this study was ASTM AH36 steel 
and welding currents used were 142A, 152A and 162A. The aspects related to the mathematical modeling of complex 
welding procedures were pondered with the FEM: variations in the physical and mechanical properties of the 
materials as a function of the temperature, the transience and the speed of the welding process, the material phase 
transformations, the different mechanisms of heat exchange with the environment (convection and radiation), all them 
associated with a high level of nonlinearity. The heat source used in this analytical model for heat supply was the 
double ellipsoid model proposed by Goldak, in which a 60 mm x 50 mm and 3 mm rectangular ASTM AH36 steel plate 
was used for the TIG process simulations.  Differences were observed in the levels of residual stresses due to variation 
of welding current. 
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1. INTRODUCTION 
 

The multiplicity of phenomena affecting a welding process and their microstructural heterogeneity has been a 
complicating factor for the theoretical analysis and prediction of the physical and mechanical properties of welded 
joints (Tsirkas et al., 2003; Monin et al., 2000).  

The resulting heterogeneous and complex microstructures followed by residual stresses cause the mechanical 
properties of a welded joint to be harder do forecast. Residual stress has been defined as any existing tension in the 
volume of a material without applying any external load (Masubuchi, 1980 and Bhadeshia 2004). The state of residual 
stresses is an important factor that determines the load capacity and the lifetime of a structural element. Residual 
stresses greatly influence the characteristics of the mechanical strength of the structural elements, considering their 
development after several technological processes as well as welding, thermomechanical processes, surface or 
thermochemical treatments, all caused by heterogeneous plastic deformation, sometimes supported by thermal action 
and / or phase transformations.   

Studies on residual stresses have been used to define the conditions to carry out welding operations, developing 
lower levels of residual stresses and reducing the development of cracks. In this study, an experimental methodology 
was developed to numerically determine the residual stresses of a welded joint. This numerical model is based on the 
coupling of different physical phenomena of thermal, mechanical and metallurgical natures existing in a welding 
operation. In order to do that, an analytical heat source double ellipsoid model proposed by Goldak et al. (2005) was 
used to model the heat input. This model can be easily adopted by the industry because the input parameters of the 
welding process, such as electrical current, voltage and welding speed, can be controlled.   

In the fusion arc welding process, the energy is concentrated in one region of the joint where the welding is being 
performed while the remaining material stays at lower energy regions. Under these conditions, a complex temperature 
field is generated as a function of both position and time producing a non-uniform and transient (time-changing) 
temperature distribution. Thus, the expansion of the natural hot regions is limited by the adjacent and less heated 
regions, generating a non-uniform plastic deformation. These heterogeneous deformations besides the cordon are 
responsible for much of the residual stresses produced by the welding.  

According to Gurova et al. (2008) and Castello et al. (2008), another factor that may lead to the development of 
residual stresses are the volume changes (expansion or contraction) occurring during the phase transformations in solid. 
In summary, according to Macherauch et al. (1986) and Bhadeshia (2004), the development of residual stresses in 
welding is due to: 
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• Contraction during cooling in regions that are heated and plasticized differently (heterogeneous plastic deformation);  
• More intense superficial cooling;  
• Phase transformation;  
 

The development of longitudinal residual stress during welding is shown in Fig. 1, where the heat-affected area 
(section AA') presents no temperature variations and the material remains free of tensions. Near the welding pool 
(section BB') the heated material tends to expand. Nevertheless, this expansion is constrained by cooler neighboring 
regions, so that a compressive stress is generated near ZF regions, while tensile stresses are induced in them further 
away. When the yield strength is reached, the heated material is plastically deformed by compression forces. In the weld 
pool, as the material is liquid, there is zero stress. During the solid welding metal cooling, the material begins to 
contract, being interrupted again by the cooler neighboring regions. These results in tensile stresses along the cord are 
actually strains; while in the most remote regions the stress is of compressive nature (section CC '). These tensions 
increase their intensity leading to the flow of heated regions. After complete cooling (section DD'), the residual stress in 
the welding center increases and reaches the material yield strength. 
 

 
Figure 1 - Development of longitudinal residual stresses during welding (Modenesi, 2001).  

 
Due to the intense outside cooling, a temperature gradient is established along the thickness of the piece, which 

combined with the temperature decline in both longitudinal and transverse directions of the cord causes residual stresses 
along the thickness. Residual stresses tend to increase in thicker plates due to their higher thermal gradient, considering 
only the faster cooling effect on the surface. 

 Changes in volume (expansion or contraction) occurring during the phase transformations in the solid state can 
also lead to the development of residual stresses. In steels, the austenite-ferrite transformation occurs with volume 
expansion which is hindered by the unprocessed welding bead neighboring regions (Francis et al., 2007). The intensity 
of residual stresses in the welding bead is related to the degree of restriction of the mechanical structure, which is 
usually 100% in the longitudinal direction of the weld joint. 

Temperature variations in cause plastic deformations due to the thermal expansion phenomena. The deformations 
are accompanied by an irreversible material yield, thus resulting in a dissipation of energy in the form of heat in the 
material. In a numerical model this dissipative energy must be taken into account adding one more source term to the 
heat equation to achieve a thermo-mechanical coupling. However, a 1% plastic deformation during the loading of 400 
MPa rises the temperature by approximately one degree, which can be negligible considering the welding process 
temperature (Danis et al., 2010; Kerrouault, 2000). The thermo-mechanical problem of the welding can be attributed to 
a weak coupling, in which the thermal problem that will serve as the load for the mechanical calculation will be solved 
in the first place. Under these conditions, the mechanical setting has no influence on the thermal field. Residual stresses 
can be obtained from the deformations generated during a welding process. These deformations can be either elastic 
( El ), plastic ( Pl ), visco-elastic ( VE ) or thermal ( T ), so the total strain can be determined by Eq. 1.  

 

TVEPlElTotal                                        (1) 
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2. MATERIALS AND METHODS 
 

For the simulation of residual stresses, a 60mm x 50mm and 3mm rectangular ASTM AH36 steel plate was used, 
considering the use of a TIG (tungsten inert gas) in the welding process. Tab. 1 shows the chemical composition of the 
alloy. 

Table 1 - Chemical composition of the sample of ASTM AH36 
 

C Cr Mn Ni Si V Al Cu S P Sn Nb 
0,130 0,026 1,418 0,012 0,346 0,056 0,028 0,015 0,007 0,023 0,002 0,020 

 
Numerical simulations were performed with a software program (Abaqus) based on the finite element method 

(FEM). The board was divided into elements type DC3D8 sum to a total of 18788 elements. This mesh presented more 
refinement in the fusion zone and in the heat affected zone (HAZ), because those were the areas where the most 
important phenomena in the welding process occurred. This mesh refinement is shown in Fig. 2 and in Tab. 2.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 - Mesh and regions used for problem solving thermal and mechanical 
 
 

Table 2 - Elements that make up the mesh for the FEM calculation 
 
 Region 1 Region 2 Region 3 
Number of Elements 4336 9272 4880 
 

These elements are continuous - 3D of linear formulation and each one of them contains 8 nodes (Fig. 3). For all 
elements, edges along the 0,75mm thick were always used, remaining four elements along the thickness of the plate.  
 

 
 

 
 
 
 

Figure 3 - Element DC3D8 - 8 nodes and linear formulation (Hibbit et al., 2007). 
 

Region 2 

Region 1 

Region 3 

 
Welding line 
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For the thermal boundary conditions, the exchange of convection and radiation was considered during the welding 
process. These boundary conditions were imported to the model. Five sides of the plate were welded, except the lower 
surface, which rested on the table during the welding operation. Heat exchange by convection and radiation was 
expressed by Eq. 2 (Newton's law) and Eq. 3 (Stefan Boltzmann’s law), respectively. 
 

 0TThqc                     (2) 

 

 44
 TTqR                     (3) 

 
where h is the convection coefficient,  is the Stefan-Boltzmann’s constant and   represents emissivity. Literature 

values were used to model heat exchange and the assumed convection around the board. The ambient temperature 
considered was 25° C and emissivity 0.7. The values used for the convection coefficient (h), specific heat (Cp) and 
thermal conductivity (k) are shown in Fig. 4 (Tsirkas et al. 2003) as a function of temperature.     

                                                                                                                                                                                                                 

 
Figure 4 - Variation of material properties as a function of temperature (tsirkas et al., 2003). 

 
The source used in this study was the double ellipsoid model proposed by Goldak, shown in Fig. 5. The geometric 

parameters af, ar, b, c and the energy parameters ff and fr were obtained with the support of the relationships found in 
references suggested by Gery et al (2005) and Goldak et al. (2005) (Tab. 3). During the modeling, a FORTRAN 
DFLUX subroutine (Hibbit et al. 2007) was developed to displace the heat source. This function determines the torch 
position versus time, and calculates the heat input in all points of the board. Only one mechanical boundary condition 
was established because the plate was attached through a 4 mm diameter hole, as shown in Figure 2 (Danis et al. 2008).  

 
Figure 5 - Schematic representation of double source ellipsoid. 

 
Table 3 - Geometrical parameters and energy from the heat source (Goldak & Akhlaghi, 2005, Danis, 2008). 

 
Parameter Value 

af 0,0025m 
ar 0,0015m 
b 0,0025m 
c 0,003m 
ff 0,6 
fr 1,4 
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For the numerical simulations performed, in this study the value of the voltage and efficiency source were kept 
constant and equal to 14 V and 80% respectively. The variations in electrical current were applied. Welding parameters 
used in this work are shown by Tab. 4. 
 

Table 4 - Parameters of heat input used in the numerical simulation. 
 

Current (A) voltage (V) Efficiency (%) Speed (m/s) 
142 14 80 0,001 
152 14 80 0,001 
162 14 80 0,001 

 
The isotropic elasto-plastic hardening was the model used to determine residual stresses, and these strains were 

obtained from those generated during the welding operation. These deformations were considered elastic, plastic, and 
thermal in nature, so the total strain was determined by Eq. 4. 
 
 

TPlElTotal                                  (4) 
 

Both elastic and plastic deformations were obtained by tensile tests, and thermal deformations were obtained from 
the coefficient of thermal expansion as a function of temperature. Equation 5 was used. 

 
 

 0TTT                                                  (5) 
 

Considering that  is the expansion coefficient, T0 is the room temperature and T is the temperature of a specific 
point, the values of the mechanical properties as a function of the temperature are shown in Fig. 6 (Tsirkas et al. 2003). 

 

 
Figure 6 - Variation of mechanical properties of the material - α ( thermal expansion coefficient), υ (Poisson´s ratio) and 

E (Young´s modulus) as a function of temperature (tsirkas et al., 2003). 
 

The residual stress numerical model was also compared to the stress measurement method using X-Ray diffraction. 
A portable diffractometer was used to determine the tensions in the field. This equipment, by means of a specific 
software program, determines the stresses in the longitudinal directions of the welding. These stresses were determined 
at seven different points, as shown in Fig. 7, after the sample had been submitted to a chemical cleaning with 2% Nital 
solution. 
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Figure 7 - Schematic representation of the points measured by X-Ray diffraction. 

 
 
3. RESULTS AND DISCUSSION 
  

Residual Stresses in the longitudinal direction to the weld after cooling plate are shown in Fig. 8 and the residual 
stresses in the transverse direction to the weld are shown in Fig. 9. 

 

 
(a)       (b) 
 

 
 
(c) 
 

Figure 8 - Range of Residual Stresses [MPa] in the longitudinal direction for a welding current of 142A (a), 152A (b) 
and 162A (c). 
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(a)       (b) 

 
 

 
 
 
 
 
 
 
 
 
 

(c) 
 
Figure 9 - Range of Residual Stresses [MPa] in the transverse direction for a welding current of 142A (a), 152A (b) and 

162A (c). 
 

 
Figure 10 shows the behavior of the longitudinal stresses of the welded points on seven different measurements 

obtained by X-Ray diffraction and by the numerical model for a welding current of 152A.  
 

 
Figure 10 - Performance of residual stresses in the longitudinal obtained by the methods of X-Ray diffraction and 

by the numerical model for a welding current of 152A 
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With the cooling and solidification of the weld after the material passes to contract being prevented by colder 
regions and away from the weld, giving rise to tensile stresses along the cord compression and in more remote regions. 
As for the behavior of these strains shows this model to be consistent in terms of compressive and tractive. After 
cooling completely, the residual stresses in the center of the solder to reach levels of the same order of magnitude of the 
yield strength of the material. 

The model developed with the ABAQUS software program was quite satisfactory in determining the residual stress, 
considering the stress measured by the X-Ray behavior, which is an established method (Monin et al. 2000; Assis et al. 
2000]. The model presented higher values than those experimentally measured by X-Ray diffraction, because the 
welded plate recrystallized during cooling, after welding. Recrystallization is a phenomenon that is not considered by 
the model. In addition, it should be observed that a manual process was used; then the energy absorbed during welding 
was not uniform, and this had direct impact on the field under stress. The knowledge about the field where residual 
stresses occur in a welded joint is very important to optimize the welding procedures currently adopted in the industry, 
considering the reduction in the stress levels. Due to the complexity of the phenomena involved during welding, this 
model still needs further adjustments.  

This study is just the beginning of the prediction of residual stresses, contributing to the improvement of the 
welding processes, particularly in establishing restrictions for the fixation of the plates during the process. 

 
4. CONCLUSIONS 

 
The residual stresses on the behavior of this model have shown to be consistent in terms of tractive and compressive. 
 

       After cooling completely, the residual stresses in the center of the weld reach levels of the same order of magnitude 
of the yield strength of the material, but still has high values in some points, requiring additional adjustments. 

 
The determination of the temperature field in TIG welding can be simulated with ABAQUS to determine 

subsequent residual stresses, considering all thermo-mechanical effects. By observing phase transformation () 
during virtual welding, this model presented results consistent with the practical experience. 

 
Based on this study, it is possible to optimize a welding process by reducing residual stresses, particularly with 

regard to the setting of restrictions widely applied in large assembly structures in the petrochemical and shipbuilding 
industries. 
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