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Abstract. Numerous studies have been undertaken by EDF R&D in the last years in 
order to demonstrate and improve the performance of the ultrasonic NDT process 
implemented on the primary circuit of French nuclear pressurized water reactors. The 
numerical simulation has become a keytool which enables to predict the performance 
of an NDT process and to evaluate its sensitiveness to the inspection parameters. In 
this framework, EDF R&D has developed since 2000 a finite element code dedicated 
to the simulation of the ultrasonic propagation in metallic components: the ATHENA 
Code, which exists in a 2D and a 3D version.  
 The studies conducted by EDF R&D with the ATHENA Code have mainly been 
focused on the influence of the metallurgical structure of inspected components on 
the reliability and performances of the NDT process. The ATHENA code has thus 
been applied to the inspection of various components such as austenitic stainless steel 
welds, coarse-grained components, and centrifugally or static cast stainless steel. 
Regarding the ultrasonic propagation, the metallurgical structure of such components 
can be seen as heterogeneous and anisotropic media. Different methodologies have 
thus been developed to select the appropriate level of description of a complex 
structure as a function of the complexity and accuracy of the expected simulation 
results. 
 In the case of austenitic stainless steel welds, the structure is described by a rather 
small number of homogeneous and anisotropic domains, which enables to reproduce 
the main beam disturbances (splitting, skewing and mode conversion). In more 
complex structures (coarse-grained structures, cast stainless steel components), the 
material is described at the scale of the grains (crystallites) of the metallic structure. 
The simulation methodology called grain-scale modeling enables to reproduce the 
different phenomena due to the multiple scattering of ultrasonic waves in coarse 
grained structures – where the average grain size is equivalent to the ultrasonic 
wavelength. Thus structural noise level and anisotropic attenuation coefficient can be 
predicted and compared with experimental data. 

1. Introduction and context 
Numerous studies have been undertaken by EDF R&D in the last years in order to 
demonstrate and improve the performance of the ultrasonic NDT process implemented on 
the primary circuit of French nuclear pressurized water reactors. The numerical simulation 
has become a keytool which enables to predict the performance of an NDT process and to 
evaluate its sensitiveness to the inspection parameters. In this framework, EDF R&D has 
developed since 2000 a finite element code dedicated to the simulation of the ultrasonic 
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propagation in metallic components: the ATHENA Code, which exists in a 2D and a 3D 
version. The code is equipped of a DNT dedicated Graphical User Interface: MILENA 4. 
The studies conducted by EDF R&D with the ATHENA Code have mainly been focused on 
the influence of the metallurgical structure of inspected components on the reliability and 
performances of the NDT process. The ATHENA code has thus been applied to the 
inspection of various components such as austenitic stainless steel welds, coarse-grained 
components, and centrifugally or static cast stainless steel. Regarding the ultrasonic 
propagation, the metallurgical structure of such components can be seen as heterogeneous 
and anisotropic media. Different methodologies have thus been developed to select the 
appropriate level of description of a complex structure as a function of the complexity and 
accuracy of the expected simulation results.  

2. Tools and methodology 

The methodology implemented at EDF R&D relies on the use of a Finite Elements code for 
the simulation of the ultrasonic propagation and with an accurate description of the complex 
materials. 

The finite Elements code ATHENA and MILENA4 

The ATHENA 2D code is a Finite Elements (FE) code developed by EDF R&D. This code 
solves the elastodynamic equations expressed with the stresses and the velocities of the 
displacements by a finite element method [1-3]. It simulates the ultrasonic propagation in 
anisotropic and heterogeneous media. The model uses a regular Cartesian 2D mesh for the 
calculation zone. Absorbing conditions can be set on the boundary of the computation zone 
with the use of Perfectly Matched Layers. It enables to avoid edge reflection and thus to 
simulate a virtually infinite area. 
The ATHENA code is linked of a fully NDT dedicated Graphical User Interface: MILENA 
4. The MILENA 4 GUI is equipped of a raytracing model which eases the configuration 
preparation and analysis. A large variety of probes can be implemented (contact or 
immersion, tandem, TOFD). The GUI also supports different input formats which enable to 
set highly complex configuration. For illustration, the GUI supports the definition of more 
than 20.000 geometrical domains (polygons) representing the grains of a microstructure.  
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2.1. Complex material description 

The complex materials can be described at different level depending of the physical aspect 
of the inspection that are investigated. 
The complex weld can be described as an assembly of large domains in of homogeneous and 
anisotropic area. The anisotropy of each domain is fully described by the elastic tensor of the 
material and 3 angles (the Euler angles in the Roe convention) describing the local 
crystallographic orientation. The map of crystallographic orientations can be obtained either 
from image analyses of metallographic pictures when a sample is available or either from the 
MINA model. The MINA code (co-developed by EDF) enables to simulate the 
crystallographic orientation in welds from the data available in the welding notebook 
(electrode diameters, number of layers, sequence of welding,…). 
 

 
The microstructure of complex materials, especially coarse-grained and highly textured 
materials, can be described at the level of the grains. The geometric subdivision into grains 
is done with the use of Voronoi tessellation. The elastic properties of each grain correspond 
to the elastic tensor of a cubic single crystal and each grain differs from its neighbour by its 
crystallographic orientation. The difference of crystallographic orientation between 2 grains 
induces a scattering of the wave. The use of such material description enables to simulate the 
phenomenon linked with the multiple scattering of the ultrasonic waves occurring in such 
coarse grained media (structural noise and attenuation). 
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3. Results and illustrations 

3.1. Illustration 1 : Ni-based alloy weld inspection 

The first illustration is the immersion inspection of a Ni-based alloy repair weld. The weld 
repair is inspected by a focused single element ultrasonic probe at the frequency of 8 MHz 
with longitudinal waves at a refraction angle of 50° in Ni-based alloy. The probe is designed 
in order to get a good sensitivity of the ultrasonic beam in the range of 3 to 10 mm depths in 
steel. The Figure 1 shows the inspection configuration. The map orientation of the weld has 
been determined after metallographic observations and image analysis. The weld has been 
discretized into square domains of 2 mm after what the full configuration has been meshed 
for the Finite Elements computation into regular squares of 100 µm.  

 
Figure 1 : Simulation configuration of a Ni-based alloy austenitic weld. 

Table 1 show the experimental and simulated amplitudes of the echoes of tip notches of depth 
5 mm and 10 mm. The tip diffraction echoes are always slightly overestimated by the 
simulation and the higher discrepancy is 5.5 dB. Nevertheless the average of the simulation 
to experiment difference on the notch echoes is only 2.3 dB. 
 

Table 1 : Experimental and simulated amplitudes of tip notch echo. 

Experimental / Simulation data 

  Dir Depth  Expe Simulation 
Expe / Simu 
difference 

Notch 
Echoes 

Amplitude 

D1 
5  -21,4 -20,4 1 

10  -26,7 -23,4 3,3 

D2 
5  -18,7 -18,5 0,2 

10  -28,6 -23,1 5,5 
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Figure 2 : Simulated ultrasonic field of the inspection of a 10 mm notch 

In addition to the good prediction of the echo amplitudes, the simulation tool also enables to 
reproduce the beam disturbances. In particular, the heterogeneous orientation map of the 
weld causes beam splitting and deviation which is at the origin of the appearance of artifacts. 
The beam simulations of Figure 2 show beam splittings and deviations which have been 
identified to cause the appearance of spurious echoes in the echogram.  
The simulation configuration based on a fine characterization of the weld structure and the 
implementation of a model for the scattering attenuation shows very good performances to 
predict the amplitude of notch tip diffraction echoes. 

3.2. Illustration 2: 2D Grain-scale modeling for the determination of anisotropic 
attenuation 

The gain-scale modeling method has been used to simulate the anisotropic attenuation in 
textured materials. 
 
The attenuation was calculated with the multiple backwall echoes method. A 10 mm-thin 
metal slab with parallel faces is inspected with an immersion ultrasonic probe of diameter 
12.7 mm in normal incidence. The water height is adapted so that the sample is located in the 
far field of the probe. The attenuation is computed from the decay of the amplitude of 
successive backwall echoes (Figure 3).  
 

 
Figure 3 : Schematic principle of the method of determination of the contribution of the 

microstructural scattering to the ultrasonic attenuation. a) grain-scale simulation. b) – homogenized 
simulation. 

The attenuation computation was also based on the comparison between the attenuation 
obtained with a grain-scale simulation and with the homogenized configuration. The two first 
backwall echoes were taken into account for the calculation of the attenuation. First the 
backwall echoes are selected and windowed with a Hanning function. A Fourier transform is 
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then applied to the windowed echo. The contribution of the scattering by the microstructure 
to the attenuation ��岫�岻 is obtained by the following relation: ��岫�岻 = �弔岫�岻 − �張岫�岻 = 202� ��� 峭�怠弔岫�岻�態弔岫�岻 . �態張岫�岻�怠張岫�岻嶌 (1) 

With )( S , the attenuation coefficient due to grain scattering, )( k  the global attenuation 

calculated from simulation, )(k
i  the frequency spectra of the ith back-wall echo (with k = 

G or H respectively for Grain-scale and Homogenized simulation) and e the sample 
thickness. 
 
The attenuation was then computed after different simulations with 
different grain orientations. It has thus been possible to estimate the 
variation of the attenuation coefficient as a function of the angle 
between the beam direction (direction perpendicular do the sample 
surface) and the grain orientation. The microstructure has been simulated with an average 
grain size of 5x0.25 mm². 
The attenuation values obtained with the grain-scale simulation method have been compared 
with experimental data available from other studies. Figure 4 shows the experimental data of 
attenuation as a function of the grain orientation obtained on a 316L stainless steel austenitic 
weld (red cross) by Ploix et al [4]. These experimental data are compared with attenuation 
values calculated with grain-scale simulation on 316L stainless steel. Only the results for the 
grain orientation of 45° and 60° are available for this material (blue circles). Nevertheless in 
order to comprehend the general trend observed on a similar material with grain-scale 
modeling, the data for Ni-based alloy 182 are also displayed (open gray triangles).  
The two points available for the austenitic stainless steel and Grain-Scale modeling approach 
show a very good agreement with the experimental curve. The gap between simulated and 
experimental data is respectively 12% and 2% at 45° and 60°.  The simulation enables to 
predict an attenuation value very close to the experimental one. Finally although the 
experimental validation of the grain-scale approach has been performed on a very limited set 
of data, the very good agreement of the simulated data with experimental data suggests that 
the method is very efficient to estimate variation of attenuation in complex structures.  
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Figure 4: Comparison of experimental [4] and simulated data of the attenuation as a function of the 

grain orientation for 316L stainless steel (and Ni-based alloy 182) at the frequency of 2.25 MHz. 

4. Conclusion 
In conclusion, EDF R&D as establish a methodology which enables to accurately simulate 
the ultrasonic propagation in complex materials. The use of the Finite Elements code 
ATHENA with its Graphical User Interface MILENA 4 enables to configure and compute 
the ultrasonic propagation in highly complex materials from coarse-grained structure to 
anisotropic and heterogeneous welds. Different level of description can be implemented. For 
example, a fine description of the crystallographic orientation map of an austenitic weld 
(obtained either from metallographic analysis or from phenomenological simulation) enables 
to predict the beam disturbances at the origin of the appearance of spurious echoes. 
In addition, the implementation of the grain-scale modeling approach enables to account for 
the phenomenon linked with the scattering of the ultrasonic of the grain boundaries. The 
preliminary results of this approach have shown promising ability to predict the variation of 
the anisotropic attenuation in textured welds. 
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