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Abstract. A three-dimensional metallo-thermo-mechanical analysis of bead on plate welding is 

performed in this work. This coupled model enables to capture the microstructural development 

and temperature history at local region. As a result, the residual stress is evaluated based on the 

temperature-dependent mechanical properties computed by the mixture of individual phase. 

Isotropic hardening is assumed in the finite element (FE) analysis. At the same time, the 

distribution of residual stress is also predicted by treating the mechanical properties as integral 

values of sheet metal. The two simulated fields of stress and strain after welding are analysed 

and compared. Moreover, as it is known that welding changes the mechanical properties of the 

original material, especially in fusion zone (FZ) and heat affected zone (HAZ), the stress and 

strain data at interested areas (HAZ and FZ) are subtracted for comparison. The predicted stress 

and strain fields are imported to subsequent simulation of standard tensile test. The stress-strain 

curves are compared with the one of base material. It is found that residual stress has significant 

influence on the structural performance of weld joints.   

1.  Introduction 

Residual stress in welded structure or component can result in increasing degradation of mechanical 

performance. In existence of residual stress, the corrosion is accelerated and fatigue cycle is shortened 

[1]. Therefore, understanding the generation of residual stress and predicting its distribution are of the 

utmost importance for welding process.  

The welding simulation is always performed in finite element (FE) code as an efficient tool for 

prediction of residual stress and strain [2-4]. However, some of the researchers [3, 5] simply treated the 

steel as an overall material and adopted temperature-dependent properties of specific steel for 

simulation. Other authors [2, 6] included the effect of phase transformation in analysis but only the main 

product martensite is evaluated. To predict residual stress in a more reasonable way, the development 

of all transformation products need to be tracked [7]. The most common metallurgical model is the 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [8], which describes the isothermal transition 

and is often implemented with the additivity law [9-11] for anisothermal process. One flexible model is 

proposed by Leblond et al. [12] in which the volume fraction is expressed in an incremental function of  

equilibrium volume fraction and characteristic time. The function is capable of predicting 

microstructural development in arbitrary thermal history. Although widely used, parameters in both 

models need to be calibrated with time-temperature-transformation (TTT) and/or continuous cooling 

transformation (CCT) diagrams. Differently, Bhadeshia et al. [13-16] published a series of research 

http://creativecommons.org/licenses/by/3.0
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works which amount to a metallurgical model that is independent of metallurgical diagrams. In the 

present work, the model of Bhadeshia et al. [13-16] is chosen to track the microstructural evolution. 

As the microstructure is determined, the expansion coefficient, elastic modulus, Poisson’s ratio and 

yield stress are interpolated linearly according to the volume proportion. Two plastic models, i. e. 

perfectly plastic and linear hardening, are performed. To analyze the effect of phase transformation, 

simulation which treats the material as an overall unit is also conducted. The resultant residual stress of 

all the three simulations and the distribution of product phases are extracted and presented for 

comparison. Finally, the residual stress is imported to another model to conduct tensile test simulation.  

2.  Experimental setup 

Bead-on-plate specimen is manufactured from low-alloyed sheet metal S700 by Gas Metal Arc Welding 

(GMAW). The thickness of the plate is 8.0 mm and the length 800 mm. Although the metallurgical 

model is independent of continuous cooling transformation (CCT) diagram, the chemical compositions 

of plate and filler material (FM) are needed, which are listed in Table 1. The welding speed is controlled 

at 300 mm/min so that continuous bead is obtained.  

 

Table 1. Chemical composition of S700 and filler material 

 

 Main alloying elements (wt.%) 

C Si Mn Ni + Mo + Cr 

Plate 0.06 0.05 1.9 0.7 

FM 0.1 0.9 1.5  

 

3.  Finite element analysis 

Finite element analysis (FEA) should be well conducted and may require experiences and skills. FEA 

has been widely used in the literature for many engineering applications that have been recently 

published [17-34]. The commercial FE code ABAQUS is used to conduct the coupled thermo-metallo-

mechanical analysis. Figure 1 shows the bead geometry after welding predicted by another commercial 

software. It is seen that the resultant bead geometry is not symmetric. Therefore, the whole dimension 

model rather symmetric model is built for simulation.  

 
Figure 1. Geometry of the cross-section of bead-on-plate 

 

An approximated heat source proposed by Goldak et. al. [35] is used to simulate the development of 

temperature field during the whole process. The power distribution 𝑞 in front quadrant is expressed as 

[35]: 

  𝑞(𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑓𝑓𝑄𝑖𝑛𝑝

𝑎𝑓𝑏𝑐𝜋√𝜋
𝑒−3[𝑥+𝑣(𝜏−𝑡)]2 𝑎𝑓

2⁄ 𝑒−3𝑦2 𝑏2⁄ 𝑒−3𝑧2 𝑐2⁄   (1) 
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The fraction of front ellipsoid is denoted by 𝑓𝑓. Parameters 𝑎𝑓, 𝑏 and 𝑐 are the lengths of ellipsoid 

semi-axes. 𝑄𝑖𝑛𝑝 is heat input rate, 𝑣 is the welding speed and 𝜏 a lag factor needed to define the position 

of the heat source at 𝑡 = 0. The distribution in rear quadrant is written in the same way, but with different 

fraction 𝑓𝑟 and semi-axis 𝑎𝑟. The calibrated parameters are listed in Table 2. The heat source is applied 

in ABAQUS by writing user subroutine DFLUX. 

 

Table 2. Calibrated parameters in heat source 

𝑎𝑓 

(mm) 

𝑎𝑟 

(mm) 

𝑏 

(mm) 

𝑐 

(mm) 

𝑓𝑓 𝑄𝑖𝑛𝑝 

(W) 

7.0 19.5 4.8 3.2 1.5 5474 

 

Moreover, the temperature-dependent thermal properties are used in order to precisely capture the 

temperature. The value of the specific heat (𝒄) and heat conductivity (𝒌) are shown in Figure 2. The 

thermal properties at 1400°C will be used for situation where temperature exceeds 1400°C. 

 

 
Figure 2. Temperature dependent thermal properties 𝒄 and 𝒌 [3] 

To analyze the influence of microstructure, the volume fractions of each phase or micro-constituent 

are predicted by the metallurgical framework of Bhadeshia [13-16]. In his model, the start and finish 

transformation temperatures are estimated based on thermodynamic theories rather than empirical 

function. For transforming kinetics, the model assumes the reconstructive transformation to occur at 

grain boundaries but also includes the possibility of inclusion nucleation. The nucleation rates were 

treated as temperature-dependent and the growth rates were determined by solving carbon diffusion 

equations [13]. The initiation of bainite growth was assumed to be displacive with a strain energy of 

400 J/mol [36]. The advantages of this framework are: 1) it omits the necessity of determining 

parameters with known results and 2) it requires only the basic information of the chemical composition, 

the temperature history and the austenite grain size for input. Totally, five products, allotriomorphic 

ferrite (𝛼), Widmannstätten ferrite (𝛼𝑤), pearlite (𝛼𝑝), bainite (𝛼𝑏) and martensite (𝛼′) are considered 

in the simulation. The sequence in which the individual phase is arranged is listed in Table 3. 

  

Table 3. The sequence of field variables and corresponding phase 

 

FV1 FV2 FV3 FV4 FV5 FV6 

𝛼 𝛼𝑤 𝛼𝑝 𝛼𝑏 𝛼′ 𝛾 
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The material property are assigned in two ways. As the base material and the beam are treated as 

single unit, the whole model is applied unique temperature-dependent mechanical properties, which are 

shown in Figure 3. The Poisson’s ratio is considered to be constant value of 0.29 over whole temperature 

range. 

 

 
Figure 3. Temperature dependent yield stress, Young’s modulus and thermal expansion [3] 

 

The second method, which treats the material as an assembly of phases or constituents, applies 

mechanical properties to individual microstructure. The mechanical properties are listed in Table 4. The 

overall mechanical properties are obtained by linearly interpolating the individual properties with 

corresponding volume fractions. The property of 𝛼𝑊 is not listed in Table 4 but it is considered the same 

as 𝛼 and 𝛼𝑝. With interpolation, two hardening cases, i. e. perfectly plastic and isotropic hardening (the 

tangent modulus of which is assumed to be 2000 MPa) are simulated.  

  

Table 4. The sequence of field variables and corresponding phase [37] 

   
Temperature (°C) 

Property Phase 0 300 600 800 

Elastic modulus, GPa 𝛾 200 175 150 124 

 𝛼 and 𝛼𝑝 210 193 165 120 

 𝛼𝑏 210 193 165 120 

 𝛼′ 200 185 168 -- 

Poisson’s ratio 𝛾 0.29 0.31 0.33 0.35 

 𝛼 and 𝛼𝑝 0.28 0.30 0.31 0.33 

 𝛼𝑏 0.28 0.30 0.31 0.33 

 𝛼′ 0.28 0.30 0.31 -- 
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Expansion coefficient, K-1 𝛾 2.1×10-5 

 𝛼 and 𝛼𝑝 1.4×10-5 

 𝛼𝑏 1.4×10-5 

 𝛼′ 1.3×10-5 

Yield strength, MPa 𝛾 190 110 30 20 

 𝛼 and 𝛼𝑝 360 230 140 30 

 𝛼𝑏 440 330 140 30 

 𝛼′ 1600 1480 1260 -- 

 

The main algorithm is summarized in Figure 4. The thermal analysis is run before metallurgical and 

mechanical analyses in order to calculate the cooling rate. Therefore, the proposed model is sequential 

coupled, which ignores the effects of latent heat and plastic work. However, it is reasonable since the 

amount of energy produced by these two terms is far less than the welding power [38, 39]. The initial 

temperature of the whole structure is assigned to 20°C and the convection coefficient is 30W/m2°C.  

 

 

  
Figure 4. Flow chart of the fully coupled model 

 

After the simulation of welding process, the structure is further subjected to a tensile load along the 

welding direction. The stress and strain curves are plotted in different region to show the influence of 

residual stress on mechanical performance of weld structure. 

4.  Results and discussion 

The temperature histories of two nodes, A and B as shown in Figure 5, are plotted. Node A is selected 

inside melt region and Node B lies at the boundary between FZ and HAZ. It is seen that the maximum 

temperature that Node B experiences is about 1400°C, which is in agreement with the experimental data 

[3]. This accordance shows the reasonability of the calibrated heat source model. The distribution of 𝛼𝑊 

(Widmannstätten ferrite) at the end of simulation is also presented. Since the temperature at A drops 

faster than B and the transformation to 𝛼𝑊 is displacive, the volume fraction of 𝛼𝑊 at A should be 

higher than the value at B. This conclusion is validated by the contour plot of FV2 in Figure 5.  
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Figure 5. Temperature histories of nodes and contour plots of temperature and 𝛼𝑊 

 

As it is mentioned in section 3.  three different approaches are used to apply mechanical properties. 

The first approach is to interpolate the values corresponding to phase volume fraction at various 

temperature and assumes a linear hardening tangent modulus of 2000 MPa (IPLH). The second way 

interpolates the mechanical properties similarly but assumes perfectly plastic (IPPP). The third approach 

simply uses overall mechanical properties as shown in Figure 3 and assumes perfectly plastic as well 

(OPPH). 

The transverse residual stress at the plate surface of middle section is presented in Figure 6. In all 

three cases, the transverse residual stress is tensile. This is reasonable since as the weld cools down, the 

material of this region begins to shrink. However, the tensile stress is not equally distributed. It increases 

at first as it approaches to the centreline and drops to minimum value at the boundary between HAZ and 

FZ. All the three simulation results share the same distribution pattern. The peak value of transverse 

stress in linear hardening case is highest among the three analysis, which means that the tensile stress 

caused by cooling is large enough to yield the material. When the material is assumed to be perfectly 

plastic, the transverse stress in FZ calculated by interpolating properties is lower than using overall 

properties. In this region, the stress state is not sufficient to cause a global yield and as a result, the 

influence of individual phase becomes clear. Since 𝛼𝑊 and 𝛼′ possess higher specific volume than 𝛾, 

the transition from 𝛾 to 𝛼𝑊 and 𝛼′ will lead to an extra expansion. This expansion releases the tensile 

stress partially, which explains the lower value of transverse stress when using interpolated properties.   

 
Figure 6. Transverse residual stress at middle cross section and volume fractions of 𝛼𝑊 and 𝛼′ 
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Finally, a homogenous load is applied to the welded structure in longitudinal direction (or welding 

direction). The stress-strain curves are plotted at three positions, A, B and C. It can be seen that in 

existence of residual stress (A and B), the relation between stress and strain is no longer linear. The bead 

is subjected to tensile stress in longitudinal direction in initial, which leads to a faster yielding. In 

contrast, the material in HAZ is subjected to compressive state.  

 

 
Figure 7. The stress-strain curves of selected points 

 

5.  Conclusion 

A fully coupled thermo-metallo-mechanical model is developed to predict the distribution of residual 

stress and analyse its influence on mechanical behaviour. The metallurgical model proposed by 

Bhadeshia et al. [13-16] proves an efficient way to track the microstructural development. To evaluate 

the influence of phase transformation on residual stress, mechanical properties are interpolated with the 

phase volume fraction. By comparing with the result from an overall model, it is found that the volume 

expansion due to transition will affect the magnitude and distribution of residual stress, especially in FZ. 

In the zone where material is already yielded, the difference of residual stress is not so significant. 

Moreover, a tensile test simulation is performed subsequently after the welding simulation. The stress-

strain curves of three typical regions show that the material in FZ and HAZ does not behaves linearly 

even in elastic region. As the welded structure is subjected to external load, the residual stress will 

accelerate yielding in some areas while retard yielding in other areas, which makes the prediction of 

structure failure even more complicated. 
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