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ABSTRACT 

Generally, any welding process produces high compressive or tensile residual stresses in the 
heat affected zone depending on the method, shape and procedures of the weldment. In particular, 
the tensile residual stresses have a considerable effect on the material strength, fatigue strength and 
corrosion cracking.  For this reason, it is important that some knowledge of the internal stress state be 
deduced either from measurements or from modeling predictions.  In this study, the residual stresses 
after a multi-pass welding process for DVI nozzle welding joint were evaluated by a numerical 
simulation method. The welding joint considered three weld joint angles of 40o, 6o and 2o. 
Computations were made using a 2-D finite element model based on the simulation of cooling from 
the heat treatment temperature to room temperature with two cooling conditions at the inside surface. 
In these results, it is shown that the residual stress increased at the inner surface, when water cooling 
was applied to the inner surface, and axial compressive residual stress increased at the inner surface 
when the joint angle was decreased. 

1 INTRODUCTION 

It is well known that high residual stresses occur after any welding process due to the high 
thermal gradient and mechanical history at the heat affected zone during the welding process.  These 
residual stresses, especially the tensile stresses, have a significant effect on the material strength, 
fatigue strength and resistance to corrosion cracking.  For this reason, it is important that some 
knowledge of the internal stress state be deduced either from measurements or from modeling 
predictions.  However, prediction of distortions remains difficult, as it requires simulations, which take 
accurate account of the constraining conditions induced by the weld bead.  Moreover, the problem is 
far more difficult when considering multi-pass welding. Indeed, computation of residual stresses and 
distortions induced by these processes, using the usual finite element method, requires very a refined 
mesh to correctly describe the properties and stress gradients in the heat-affected zone along the path 
of the weld. 

In this study, the residual stresses after a multi-pass welding process for DVI nozzle welding 
joint were evaluated by a numerical simulation method. The thermal, metallurgical and mechanical 
analyses were performed with Sysweld’s Multi-pass Advisor technology. 

2 MODELING THE PHYSICS OF WELDING 

Numerical simulation of residual stresses and distortions due to welding needs to take accurate 
account of the interactions between heat transfer, metallurgical transformations and mechanical stress 
fields. The phenomena involved in the heat input such as arc, material/laser interactions as well as 
fluid dynamics in the weld pool are not accurately described. 

From the thermo-mechanical point of view, the heat input can be seen as a volumetric or 
surface energy distribution, and the fluid flow effect, which tends to homogenize the temperature in the 
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molten area, can be simply taken into account by increasing the thermal conductivity over the fusion 
area.  The different phenomena involved and their interactions are given in Figure.1 

 
 

 
Figure 1: Physical phenomena involved and their interactions 

 
2.1 Heat transfer and metallurgical transformation modeling 

Heat transfer in solids is described by the heat Eq (1): 
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Where ρ , H , λ  and T  are, respectively, the density, enthalpy, thermal conductivity and 

temperature. In Eq. (1), Q  represents an internal heat source. In Eq. (2), n  is the outward normal 
vector of domain Ωδ  and q  is the heat flux density that can depend on temperature and time to 

model radiant and convective heat exchanges on the surface. pT
 represents a prescribed 

temperature.  The heat input coming from the welding process is represented by an internal heat 
source. The spatial distribution of its energy density can be calibrated using an inverse method.  For 
conventional welding processes, the semi-ellipsoid heat source proposed by Goldak4 et. al. is 
commonly used (Figure. 2). The heat input energy can be estimated directly from the process 
parameters, but the fitting of the shapes is a more difficult task that may require some experiments 
such recordings of thermocouples or macrographic sections to correlate the real and computed heat 
affected zone (HAZ).  The internal heating due to plastic dissipation can be neglected considering the 
small transformation rates generated by a welding operation5. 
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Figure 2:  Modeling of the heat input (semi-ellipsoid internal heat source). 

 
For steels undergoing metallurgical transformations it is necessary to compute the phase 

proportion evolution at the same as the heat transfer. Indeed diffusion transformations are dependant 

on the heating or cooling rate. The steel is then characterized by the proportions  
∑ =
phase

t plp )1(
 of the 

different metallurgical phases of austenite, ferrite, bainite and martensite. For diffusion transformations, 
kinetic computations are based on the phenomenological model proposed by Leblond and Devaux6, 
which can be written in the case of one transformation ( P  being the formed phase proportion): 
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)(
θτ
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=

•

                                                                                                                            (3) 
 

This approach is based on the modeling of transformations under isothermal conditions. For 
welding applications, the operating conditions always lead to fast cooling or heating rates. 
Consequently, models based on CCT diagrams seem to be the most suitable. The parameters 

)(θp and )(θτ , which represent the phase proportion obtained after an infinite time and a time delay 
respectively at temperature θ  are adjusted for each transformation in order to fit the CCT diagram. 

For martensitic transformations, the Koistinen-Marburger law7 is used: 
 

)))(exp(1()( θθ −−−= Msbpp A                                                                                             (4) 
for Ms≤θ  

 

Ap represents the austenite proportion to be transformed, and Ms and b  respectively 
characterize the temperature of the beginning of transformation and the evolution of transformation 
with temperature. The complete model has been generalized for multiple phase transformations6, 8. 

In Eq(1), the thermal conductivity λ and the enthalpy H are approximated by a linear “mixture 
rule” from the thermal properties of each phase: 
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Eq (6) includes both thermal inertia effects and latent heat of transformation. Indeed, enthalpies 
of the phases differ not only by their slopes, which represent the specific heats of the phases, but also 
by their ordinates at the origin. In the case of one transformation between two phases it can be written: 
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 represents the equivalent specific heat of the phase mixture and 
)( 12 HH −  the latent heat of transformation. 

 
2.2 Mechanical analysis 

The mechanical analysis is based on the usual equations describing the static equilibrium. As 
the plastic dissipation is neglected in the thermal analysis, thermal and mechanical analyses can be 
treated successively. Thus, the mechanical calculation is achieved using the temperature fields 
computed previously by the thermal analysis. The materials are supposed to follow an elastic–plastic 
behavior with isotropic hardening. The parameters (Young’s modulus, Poisson’s ratio, yield stress, 
strain hardening) as well as the heat expansion coefficient are temperature dependent. As soon as 
steel with metallurgical transformations are considered, it is necessary to take into account the 
following effects: 

 
• The volume changes due to the transformations that are the major cause of the residual 

stresses and strains, 
• The influence of the phases on the behavior law (generally, the yield strength of phases are 

higher if they have been created with high cooling rates), 
• The metallurgical transformation induced plasticity. 
 
To include those metallurgical changes in a computation, a simple solution consists in changing 

the standard thermal strain into the following thermal and metallurgical strain: 
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                                                                                                            (8) 

 

Where 
th
lε  represents the thermal strain of each individual phase l. The plasticity induced by 

metallurgical transformations is computed with the model proposed by Leblond and co-workers9.  
 

3 RESIDUAL STRESS CALCULATION  

3.1 Computation methods and FE modeling 

The finite element method is well adapted to the computation of residual stresses and strains 
due to welding processes. A welding process computation can be split into two steps. First, the 
temperature and phases evolution are determined as a function of time. Then, the mechanical 
computation uses the previous results to get displacements (at nodes) and stresses (at integration 
points).  
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Figure 3:  FE Model of DVI Nozzle weldment 

 
Generally, for practical reasons, the mesh used for the heat transfer computation is also the one 

used for the mechanical analysis. However, the main difficulty comes from the extremely high 
gradients around the heat source for the temperature and consequently for the stresses. This heat 
source is moving and the mesh must be refined along the weld path leading to very large finite 
element models. In most cases, the computation time for industrial parts are unacceptable for normal 
project planning. Other methodologies must be investigated depending on the expected results. One 
solution to reduce the number of elements of the model is to use an adaptive meshing procedure. This 
method requires developing some data transfer procedures from one mesh to another. 

 
3.2 Modeling of Materials 

The DVI Nozzle welded joint consists of four components, Base shell, Buttering Area, Joint Area, 
Safe-end. A schematic of the DVI Nozzle welded joint is shown in Figure. 4 and the materials for each 
component are listed in Table 1. 

 

 
Figure 4: A schematic of DVI Nozzle welding joint 

 

Table 1: Materials list of DVI Nozzle components 

Components Material 
Shell SA-508 
Buttering Area SB-166 
Safe-End SA-182 

Already deposited SB-166 
Deposit SB-166 + Bead Material Welding 

Joint 
Not yet deposited Dummy Weld Material 

 
In case of the welded joint, the materials need to be updated according to the welding process 

and those materials are managed automatically with Multi-pass Welding Advisor. 
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3.3 Modeling of Welded Joint 

In this study, three different joint angles (40o, 6 o, 2 o) were modeled and FE mesh was created. 
Figure. 5 shows the different joint angles and bead shapes for DVI nozzle. 

 

               
a) 40o                                                                            b) 6o                                                c) 2o 

Figure 5:  Different Joint Angles and bead shapes for DVI Nozzle 

 
3.4 Modeling of Heat Source and Thermal Cycle 

 
The heat source for each Joint Angle was defined considering the welding process. A GTAW 

welding process condition was used and the heat source was defined to meet the real welding 
process conditions using Heat Input Fitting Tool. A 2D transient thermal calculation was performed 
using the fitted heat source on one of the beads. Thermal history of each node on the bead area was 
plotted and then averaged. 

 

             
a) Extracted thermal cycle                                               b)   Averaged thermal cycle 

 Figure 6: Extracted and averaged thermal cycle from 2D Transient thermal calculation 

 This extracted thermal cycle was applied as a thermal loading to each bead according to the 
welding process. 

 
3.5 Cooling conditions 

Two cooling processes during welding were modeled in this study. 
 
a) Air cooling 
b) Water cooling 
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Air cooling was applied to the exterior skin of the component as a standard cooling process and 
water cooling was applied to the root area of welding joint as a proposed cooling process to decrease 
residual stresses during welding. Figure. 7 shows applied cooling conditions in this study. 

 

 
a) Standard cooling condition 

 
b) Water cooling condition 

 

Figure 7: Different cooling conditions for DVI Nozzle 

4 RESULTS AND DISCUSSION 

2D transient thermal, metallurgical and mechanical calculations were performed for multi-pass 
welding process and the results of different welding joint angles and different cooling conditions were 
evaluated. Figure. 8 shows hoop and axial stress results at the inner surface of DVI Nozzle for each 
joint angle.  As the joint angle decreased, the hoop stress at the inner surface moved toward tensile 
residual stress. But, in case of axial stress, negative residual stresses occurred at the inner surface 
when the joint angle was decreased.  

The results of standard air cooling and water cooling were compared to evaluate the effect of a 
high cooling rate.  As shown in Figure 9 and 10, when a high cooling rate is applied on the root area of 
the welding joint, the residual stresses shift to negative values, which means that more compressive 
residual stresses can be expected at the inner surface with a high cooling rate. The summary of 
residual stresses at the DVI nozzle joint is listed in Table 2. 

Air cooling condition 

Air cooling condition 

Water cooling condition 
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a) Hoop Stress comparison                                            b) Axial Stress comparison 

Figure 8: Residual Stress comparison results at the inner surface.(Results of different cooling conditions) 

                   
a) Standard Air Cooling                                                b) Water Cooling 

 

Figure 9:  Hoop stress results for different cooling rate 

                      
a) Standard Air Cooling                                                    b) Water Cooling 

Figure 10: Axial stress results for different cooling rate 

Table 2: Comparison of residual stress according to joint angle and cooling method.(Unit : ksi) 

Standard 
Cooling Water Cooling Joint Angle 

(Degree) 
Hσ  Aσ  Hσ  Aσ  

40 -21.71 67.98 -31.22 19.78 

6 -241 -23.76 -5.47 -26.90

2 7.37 -28.95 3.22 -30.11

Note) Hσ : Hoop Stress, Aσ  : Axial Stress 
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5 CONCLUSIONS 

To evaluate the effect of different joint angles and different cooling rate for multi-pass welding 
joint of DVI Nozzle, 2D transient multi-pass simulations were performed.  The results from various 
conditions showed that  

 
1) When the joint angle decreased, tensile hoop stress region increased toward the inner 

surface. 
2) When the joint angle decreased, tensile axial stress region decreased toward inner surface. 
3) When water cooling was applied to the inner surface, the compressive residual stress 

increased at the inner surface.  

6 NOMENCLATURE 

ρ    :   Density 
H   :   Enthalpy 
λ   :   Thermal conductivity 
T   :   Temperature 

Ap   :   Austenite proportion to be transformed 
Ms  : characterize the temperature of the beginning of transformation  
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