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ABSTRACT 

 
Cast stainless steel (CASS) is widely used in primary coolant piping of pressurized water reactors 

(PWR) because of its high corrosion resistance and high strength. JSME Rules on Fitness-for-

Service for Nuclear Power Plants requires that an in-service inspection based on ultrasonic testing 

(UT) has to be conducted for weld joints of primary coolant piping. However, detection and sizing 

of flaws in CASS components are big challenges for UT. Ultrasonic waves are scattered and 

attenuated due to coarse grains, and anisotropic and heterogeneous properties in CASS lead to 

ultrasonic beam splitting and skewing.  In order to improve the accuracy of UT it is important to 

deeply understand wave propagation behavior in CASS. To achieve this, it is effective to simulate 

wave propagation in CASS with the consideration of microstructure. Experimental observation is a 

method to obtain a microstructure but is difficult to be applied to field CASS components.  If the 

microstructures in CASS can be predicted from the casting conditions, we can simulate wave 

propagation without the limit of experimental observation. In this study, statically cast stainless 

steel is focused as a first step of the microstructure modeling in CASS. We applied the cellular 

automaton coupled finite element model to predict the microstructures of CASS and carried out 

wave propagation simulation taking into account microstructures predicted. 
 

INTRODCUTION 
 
Cast stainless steel (CASS) is widely used in primary coolant piping of pressurized water reactors 

(PWR) because of its high corrosion resistance and high strength. JSME Rules on Fitness-for-

Service for Nuclear Power Plants [1] requires that an in-service inspection based on ultrasonic 

testing (UT) has to be conducted for weld joints of primary coolant piping. However, it is difficult 

to detect and size flaws in CASS components with high accuracy because of the following reasons: 

Ultrasonic waves are scattered and attenuated due to coarse grains, and anisotropic and 

heterogeneous properties in CASS lead to ultrasonic beam splitting and skewing. In order to solve 

such a problem, it is important to deeply understand wave propagation behavior in CASS. To 

achieve this, it is effective to simulate wave propagation in CASS taking into account 

microstructures. Experimental observation of cross-sections is a method to obtain a microstructure 

but is difficult to be applied to field CASS components. If the microstructures in CASS can be 

predicted from the casting condition, we can simulate wave propagation without the limitation of 

experimental observation. 

In this study, we prepared a statically cast stainless steel specimen, and observed its cross-sectional 

macrographs and wave propagation behavior experimentally. Then, we applied the cellular 

automaton coupled finite element model [2] to predict the microstructures of CASS, and compared 

predicted microstructures with experimentally observed ones. After that, we carried out wave 

propagation simulation based on FEM with the consideration of predicted microstructures, and 

compared wave propagation behavior calculated by FEM with that observed experimentally. 
 

COMPARISON OF GRAIN DISTRIBUTION 
 
A statically cast stainless steel specimen has been prepared as shown in Figure 1. Figure 2 and 

Table 1 show dimensions of the CASS specimen and its casting conditions, respectively. Figures 

3 and 4 show experimentally observed results of a vertical cross-section and a horizontal cross-

section, respectively. Using the casting conditions shown in Table 1, the microstructures of the 

CASS specimen was predicted by the cellular automaton coupled finite element (CAFE) model, 

which is often applied to prediction of microstructure of casting steels. In CAFE, heat flow 

analysis is carried out using the finite element (FE) method, and nucleation and growth of 

dendritic grains are simulated by using the cellular automaton (CA) method. In this study, a 

commercial software ProCAST 2015.0 was used for CAFE calculation. This software also has a 

function to output an euler angle of each grain. Grain distributions on the vertical cross-section 

and the horizontal cross-section predicted by CAFE are also shown in Figures 3 and 4, 

respectively. From these figures, tendencies of the grain distributions predicted by CAFE are 

similar with those macrographs. Tables 2 and 3 show statistical distributions of grain area for 



grains within the domain surrounded by white dashed lines shown in figures 3 and 4, respectively. 

As for the vertical cross-section, the statistical distribution of grain area predicted by CAFE is 

consistent with that obtained by macrograph. On the other hand, as for horizontal cross-section, 

the statistical distribution of grain area predicted by CAFE is not in good agreement with 

experimental one. 

 

 

                     
Figure 1 Overview of CASS specimen                   Figure 2 Dimension of CASS specimen 

 

 

Table 1 Casting conditions of CASS specimen 

 
 

 

 
Figure 3 Experimentally observed result and CAFE result of vertical cross-section 

 

 
Figure 4 Experimentally observed result and CAFE result of Horizontal cross-section 
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Mold material Ceramic beads

Mold temperature (˚C) 18.1

Casting temperature (˚C) 1525

Heat treatment 1100˚C x 7.5h



 
 
 

Table 2 Statistical distribution of grain area on vertical cross-section 

 
 

Table 3 Statistical distribution of grain area on horizontal cross-section 

 
 

COMPARISON OF WAVE PROPAGATION BEHAVIOR 
 
Wave propagation analysis taking into account microstructures predicted by CAFE was carried 

out based on FEM. Analysis model is shown in Figure 5, in which a transmitter is a normal 

incidence transducer with nominal frequency of 1 MHz. Table 4 shows material properties used in 

this analyses [3]. In this study, a commercial software ComWAVE Ver. 8 was used for FEM 

analyses. Furthermore, using the wave propagation visualization system [4], ultrasonic wave 

propagation behavior in the CASS specimen was observed experimentally. Figure 6 shows a 

comparison of wave propagation behavior predicted by FEM with that in experiment. From this 

figure, the directions of leading wave propagation, which are shown as arrows in Figure6, are in 

good agreement between numerical and experimental results. However, wave propagation 

behaviors observed in experiment are more complicated than those in FEM. This complicated 

behaviors are considered to be caused by the difference in incident wave between experiment and 

simulation, and the effect of out of plane deformation. 

 

 
Figure 5 FEM analysis model 

 

Table 4 Elastic stiffnesses and density used in wave propagation analysis [3] 

 
 

 

Experiment CAFE

Number of grains 308 367

Average grain area (mm2) 74.8 72.5

Standard deviation of grain area (mm2) 142.0 139.9

Maximum of grain area (mm2) 961.4 1113

Minimum of grain area (mm2) 0.12 0.25

Experiment CAFE

Number of grains 648 1167

Average grain area (mm2) 47.7 27.8

Standard deviation of grain area (mm2) 87.5 38.2

Maximum of grain area (mm2) 820.3 485.5

Minimum of grain area (mm2) 0.10 0.25

Elastic constants (GPa)
Density (kg/m3)

C11 C12 C44

204.6 137.7 126.2 7,937



 
 

 
 

Figure 6 Comparison of ultrasonic wave propagation behavior between experiment and FEM 

simulation. 
 

CONCLUSION 
 
In this study, we prepared a statically cast stainless steel specimen, and observed its cross-sectional 
macrographs and wave propagation behavior experimentally. Then, we applied the cellular 
automaton coupled finite element model to predict the microstructures of CASS, and compared 
predicted microstructures with experimentally observed ones. After that, we carried out wave 
propagation simulation based on FEM with the consideration of predicted microstructures, and 
compared wave propagation behavior calculated by FEM with that observed experimentally. The 
comparison of microstructures shows that the statistical distribution of grain area of the vertical 
cross-section is in good agreement between numerical and experimental results, but not for 
horizontal cross-section. Furthermore, the comparison of wave propagation shows that direction of 
wave propagation is in good agreement between numerical result and experimental one. However, 
wave propagation behavior observed in experiment is more complicated than that in FEM. 
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