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ABSTRACT 

 

Stress corrosion cracking (SCC) is a cracking mechanism induced by the combination of tensile stress and 

corrosive environments. Due to a complex field of weld residual stress, the crack propagation of an 

existing defect is difficult to predict in the heat affected zone of a weld joint. However this problem needs 

to be addressed in order to evaluate the structural integrity of reactor components. In this paper, we assess 

the remaining life of a weld joint in Steam Generator (SG) degraded by SCC in PWR environment. 

Firstly, a complex field of weld residual stress is presented and used as an initial stress boundary 

condition in the Finite Element Method (FEM) model which will be used to simulate the SCC 

propagation. Secondly, Extended Finite Element Method (XFEM) is used to predict  the crack 

propagation direction according to the weld residual stress filed. Meanwhile a J-integral method is 

implemented in our ABAQUS model to calculate the stress intensity factors at cracking tips. Then, SCC 

propagation rates are calculated based on relation between SCC propagation rate and Stress Intensity 

Factor (SIF). Finally, the service life of weld joint is estimated by taking into account the variation of 

SCC propagation rate along the crack path. 
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INTRODUCTION 

 

Weld joint serving in an environment with high temperature and pressure water is very sensitive to 

environmental damage for its inhomogeneous microstructure and mechanical properties. Experience 

suggests that stress corrosion cracking (SCC) at a weld joint is a main environmental damage in a primary 

circuit in a PWR, and it has become one of the key issues affecting the long-term security of the nuclear 

power plant. 

Much effort has been made to understand the underlying mechanism of environmentally assisted cracking 

(EAC) or stress corrosion cracking (SCC) in the components and structures of reactors in order to assess 

the structural integrity and to predict service life. The Ford–Andresen (FA)[1-2] model, which adopts crack 

tip strain rate as a central parameter, is widely used to predict the SCC rate. By combining the Ford–

Andresen model, a crack tip creep model and an elastic–plastic finite element method, F.Q. Yang et al.[3] 

proposed a new quantitative prediction model of SCC rate for nuclear structure materials in high 

temperature water. Based on pre-set crack propagation path, Yongkui Li et al.[4-5] predicted the remaining 

life of the core shroud due to SCC failures in boiling water reactor (BWR) conditions via SCC 

propagation time calculations.  

Due to the complex welding residual stress, especially in the heat affected zone of a weld joint of a Steam 

Generator in PWR, the crack propagation of an existed defect is difficult to predict. In the traditional 

approach, a predefined propagation path of crack is used. However when the crack is located in a position 

where the residual stress filed is not symmetrical, the direction of crack propagation could not be 

predicted by traditional approach and the path may not be predefined correctly. Therefore, in this work 

the Extended Finite Element Method (XFEM) which can simulate propagation of a discrete crack along 
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an arbitrary, solution-dependent path without the requirement of remeshing is used to predict the crack 

propagation direction.  

This paper is organized as follows. Firstly, a complex field of weld residual stress is presented and used as 

an initial stress boundary condition in the Finite Element Method model which will be used to simulate 

the SCC propagation. Secondly, Extended Finite Element Method (XFEM) is used to predict the crack 

propagation direction according to the weld residual stress filed. Meanwhile a J-integral method is 

implemented in our ABAQUS model to calculate the stress intensity factors at cracking tips. Then, SCC 

propagation rates are calculated based on relation between SCC propagation rate and Stress Intensity 

Factor (SIF). Finally, the service life of weld joint is estimated by taking into account the variation of 

SCC propagation rate along the crack path. 

 

DESCRIPTION OF STRUCTURE AND RESIDUAL STRESS DISTRIBUTION OF WELD 

JOINT 

 

The 3D structure of the weld joint for connecting safe end to pipe-nozzle in SG is presented in Figure.1-b. 

It is found that the real 3D problem could be simplified as an axisymmetric problem. Thus, the FEM used 

in this study is a two-dimensional model which is a longitudinal section of the 3D weld joint. Based on 

this model, 2-D crack propagation will be studied subsequently.  

As shown in Figure.1-a, the length of the weld joint is about 430mm, the thickness is about 150mm, the 

width of the weld seam is about 20mm. The purple area on the right represents nickel based alloy 

buttering layer connected to the pipe-nozzle of SG. The blue area on the left represents stainless steel of 

the safe end pipe. The red area represents the weld seam connecting the safe end pipe and the pipe-nozzle, 

which is Inconel 690. The weld seam is an asymmetric double-U groove. The material properties under 

750°C can be found in the ASME BPVC section2. The material properties above 750°C is estimated by 

extrapolation method. The element size in numerical study is about 1.5mm. 

 
(a) 2D axisymmetric model 

 
 

(b) 3D sketch of weld joint 

Figure.1 Structure of the weld joint of SG tube 

 

By simulating the multi-pass welding process of the double-U groove, a complex field of weld residual 

stress can be obtained. The multi-pass welding process is simulated by using finite element method 

incorporated with element birth and death technique. Bilinear elastoplastic models (temperature 

Stainless Steel 

x 
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dependent) with hardening modulus are adopted for Inconel 690 and stainless steel. The details of this 

simulation can be found soon in an upcoming paper.  Here we use directly the simulation result as an 

initial stress boundary condition to study the SCC propagation. The simulated residual stresses are shown 

in Figure.2. It is found that the distribution of residual stresses have the following characteristics. 

(1) The stress concentration is most obvious in the welding seam and the heat affected zone; 

(2) For the stress filed in the S22 direction, tensile stresses are found on both inner surface and outer 

surface of the welding seam area, the maximum tensile stress is about 422 MPa. Compressive stresses are 

found in the center of the welding seam area, the maximum compressive stress is about 418 MPa. It 

seems there is a slightly asymmetry in residual stress field, which may be caused by the different material 

properties of the two sides of weldment. The bottom side of the weldment in Figure.2 indicates the safe 

end pipe which is made of stainless steel. 
 

       
Figure.2 Residual stress fields (Mises and S22) of the weld joint(MPa) 

 

It is noted that the residual stresses are served as one initial stress boundary condition for the FEM model. 

Besides the residual stresses, an inner pressure (service stress of 17.2 MPa) and a longitudinal traction are 

also included in the FEM model in order to study the 2-D SCC crack propagation. Fixed constraints are 

applied on the bottom line of the model shown in Figure.2. The boundary condition is the same for both 

the XFEM and the traditional approach. We assume that an initial crack is present in the weld after the 

welding process. 

 

INITIAL CRACK 

In order to investigate the effect of crack location on the crack propagation direction, we consider two 

types of initial crack which are shown in Figure.3-a and Figure.3-b.  

(1) A 1mm radial crack is set on the inner side of weld joint in the center of the nickel based alloy weld 

seam (Figure.3-a); 

(2) A 1mm radial crack is set on the inner side of weld joint in the heat affected zone of stainless steel, 

where the S22 tensile stress is highest (Figure.3-b). 

Centre table title above the table and figure caption below the figure. Allow one line of space between the 

table title and table and between the figure and its caption. Allow one line of space between the table, 

table title, figure or figure caption and the adjacent text.  Tables and figures may be in colour. 

 

 
(a) Initial crack in weld metal 
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(b) Initial crack in HAZ of stainless steel 

Figure.3 Sketch of the position of an initial crack 

 

CRACK PROPAGATION IN THE RESIDUAL STRESS FIELD 

According to Ford–Andresen (FA), crack propagating rates are related to Stress Intensity Factors (SIFs) at 

the crack tip of propagating cracks. In this present paper, the Stress Intensity Factors (SIFs) are obtained 

according to a quasi-static crack of given length and direction computed from XFEM in the framework of 

linear elastic fracture mechanics.  Own to the driving overstress obtained by linear elastic computation, 

this quasi-static crack is unstable and propagates  until  the driving overstress reaches to a critical value of 

material under consideration. In reality, the dissipated energy during the crack propagation includes 

plastic dissipation and elastic dissipation. For simplification, as mentioned above, the linear elastic 

mechanics is used and possesses higher safety margin than elastic-plastic model. 

According to Ford–Andresen (FA), crack propagating rates are related to Stress Intensity Factors (SIFs) at 

the crack tip of propagating cracks. In this present paper, the Stress Intensity Factors (SIFs) are obtained 

according to a quasi-static crack of given length and direction computed from XFEM in the framework of 

linear elastic fracture mechanics.  Own to the driving overstress obtained by linear elastic computation, 

this quasi-static crack is unstable and propagates  until  the driving overstress reaches to a critical value of 

material under consideration. In reality, the dissipated energy during the crack propagation includes 

plastic dissipation and elastic dissipation. For simplification, as mentioned above, the linear elastic 

mechanics is used and possesses higher safety margin than elastic-plastic model. 

 

Initial Crack At Weld Metal 
In this part, both XFEM and traditional approach are used to estimate the ‘SIF vs. Crack length’ relation. 

Noted that a ‘SIF vs. Crack length’ relation will be determined which is indispensable to the service life 

prediction in this study.  
 

(1)XFEM Approach 

XFEM is used to predict the crack growth direction. XFEM -based cohesive behavior combined with the 

maximum principal stress criterion is used to predict the crack growth. The maximum principal stress 

failure criterion is selected for damage initiation, and an energy-based damage evolution law based on a 

power law fracture criterion is used for damage propagation. The formulae and laws that govern the 

behavior of XFEM-based cohesive segments for a crack propagation analysis are very similar to those 

used for cohesive elements with traction-separation constitutive behavior and those used for surface-based 

cohesive behavior.  

This damage modelling allows us to simulate the degradation which begins when the stresses or the 

strains satisfy specified damage initiation criteria and the eventual failure of an enriched element. The 

newly introduced crack is always orthogonal to the maximum principal stress direction when the fracture 

criterion is satisfied.  

Figure.4 shows crack propagation and residual stress evaluation predicted by XFEM approach. It is found 

that the crack begins to propagate in the tensile stress field, and finally stops in the field of compressive 

stress in the center of weld seam. It is noted that in Figure.4 the exact crack tip is at the location where the 

tensile stress is significant. The “crack” beyond this significant tensile stress is “potential crack path” or 

“cohesive zone” calculated by the damage modelling. 
 

x 
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Figure.4 Crack propagation in the weld seam and residual stress evaluation (MPa) 

 (predicted by XFEM approach)   

 

(2)Traditional Predicting Approach With A Predefined Propagation Path 

According to the results obtained by XFEM approach, it is found that the crack path is similar to a 

straight line (because the crack growth direction is mainly affected by the symmetry of the tensile stress 

in the direction of S22). Therefore, we simulate Mode I fracture-Opening mode (a tensile stress normal to 

the plane of the crack) crack by traditional approach and evaluate the residual stress as the crack 

propagates. The simulation results are shown in Figure.5. It is noted that the grey color in legend indicates 

that the stresses larger than the defined maximum 500 MPa. 

 

 
Figure.5 Crack propagation in the weld seam and residual stress evaluation (MPa)  

(predicted by traditional approach) 

 

In Figure.6, we compare the results of ‘SIF vs. Crack length’ predicted by XFEM approach and by 

traditional approach. It is found that the two results are similar. The results predicted by traditional 

y 

x 

https://en.wikipedia.org/wiki/Tensile_stress
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approach are more stable. In Figure 6, there is a sudden jump for SIF value which occurs at roughly 

51mm.This phenomenon may be related to the bi-material interface of stainless steel and Inconel 690 

metal or due to the meshing quality. The reason still needs to be investigated.  

 

 
 

Figure.6 Comparison of ‘SIF vs. Crack length’ predicted by the by two methods 

 

Initial Crack At Heat Affected Zone of Stainless Steel 
In this part, we propose a combination of XFEM and traditional approach. This method can predict the 

crack propagation direction according to the weld residual stress filed and give a more reasonable ‘SIF vs. 

Crack length’ relation than the traditional approach which prejudges the crack propagation direction and 

sets in advance the crack propagation path.  
 

(1)XFEM Approach 

In the case of initial crack located at heat affected zone of stainless steel, XFEM approach is still valid to 

predict the crack growth. This method can predict the direction of mixed mode crack propagation under 

complex residual stress conditions. Noted that in 2-D problem, mixed mode is a combination of Mode I 

fracture - Opening mode (a tensile stress normal to the plane of the crack) and Mode II fracture - Sliding 

mode (a shear stress acting parallel to the plane of the crack and perpendicular to the crack front). 

Figure.7 shows the crack propagations simulated by the XFEM approach. 
 

 
 

Figure.7 Crack propagation in HAZ of the stainless steel and residual stress(MPa) evaluation 

 (predicted by XFEM approach) 

y 

x 

https://en.wikipedia.org/wiki/Tensile_stress
https://en.wikipedia.org/wiki/Shear_stress
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 (2)Traditional Predicting Approach With A Predefined Propagation Path 

Based on the crack path obtained by using XFEM approach at the previous step, static cracks are placed 

along the obtained crack propagation path. Then, using J-integral method, the SIFs are obtained 

quantitatively at different crack lengths. The simulated results are displayed in Figure.8. In Figure.9, we 

the result of ‘SIF vs. Crack length’ relation is shown in Figure.9. 

 

 
 

Figure.8 Crack propagation in HAZ of the stainless steel and residual stress (MPa) evaluation 

 (predicted by traditional approach) 
 

 
 

Figure9. ‘SIF vs. Crack length’ for the SCC propagation in HAZ of the stainless steel 

 

SERVICE LIFE PREDICTION 

According to [6], the relations between the SIF and the rate of SCC propagation of the stainless steel of the 

pipe safe end can be determinate by a fundamental crack tip strain rate equation. Supposing the curve of 

SCC propagation rate vs SIF of our stainless steel in this paper is shown in Figure.10. It is noted that 

MPa*m^(1/2)=sqrt(0.001)*N*mm^(-3/2) in Figure.10. 
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Figure10. SCC propagation rate vs. SIF 
 

When the crack grows, the stress at the crack tip will change. This will consequently affect the (SIF), 

therefore, the SCC propagation rate changes with crack length. The service life is assumed to be the sum 

of crack propagation times at these steps. The crack propagation time at each step is calculated by 

dividing the incremental length of the propagated crack by the SCC propagation rate. 

Supposing the time to initiate crack is 10 years, the SCC propagation is predicted in Figure 11. 

 

 
 

Figure11. SCC Crack length vs. service life 

 

CONCLUSION 

By using the XFEM-based traction-separation cohesive behavior approach, we constructed an FEM 

model to simulate SCC crack growth in the Steam Generator (SG) under a complex welding residual 

stress field and service stress (an inner pressure and a longitudinal traction). The stress concentration 

occurs at the cracking tip and finally dissipate when the SCC crack grows into and stops in the 

compressive stress zone. Using the J-integral method, the SIFs of the SCC crack were obtained at 

different lengths, and the SCC propagation rate at each cracking length was calculated. Finally, we 

estimated the service life by considering SCC cracking mechanism. The result shows that the Steam 

Generator (SG) may safely remain in service for about 90 years after an initial crack has been detected. 
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