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ABSTRACT  

 
The inspection of cast reactor system components can considerably vary from one metallurgical 
structure to another. Most difficulties in testing CSS come from the effects of coarse grains, their 
distribution pattern, and associated anisotropy. They strongly affect the propagation of ultrasound by 
causing severe attenuation, changes in velocity, and scattering of ultrasound energy. Thus, the 
presence of a macrostructure is a limiting factor of ultrasonic inspection capabilities and it must be 
taken into account when designing new NDE methods. This study focuses on a better understanding 
of ultrasonic propagation related to CSS micro and macrostructure properties as part of a project 
founded by the French Institute for Radiological Protection and Nuclear Safety (IRSN). It would 
enable an optimization of inspection methods and the classification of CSS microstructure according 
to their ultrasonic inspectability.  

First, the work aims at evaluating the level of detectability in two different cast stainless steel 
structures. In that way, the detection of the end-of-block corner echo considered as a large defect of a 
centrifugally (CCSS) and a statically (SCSS) cast stainless steel components were studied with low 
frequency dual element probes. Experimental results of UT inspections conducted on these two 
specimens show a worst level of controllability on the CCSS specimen. This experimental result is 
related to the perturbations induced by the coarse grained structure. The improvement of the level of 
controllability of the CCSS specimen with a 500 kHz probe was evaluated on the whole 
circumference of the specimen. The detection of the end of block corner echo was evaluated along 
360°. The main variations observed are loss of amplitude in very localized area. We determined the 
length of the diminished signal which is suggested as an indication of flaw length that could go 
undetected due to a loss of signal effect from the coarse material structure.  

Modelling work has been underway at CEA-LIST in the software CIVA to describe the main 
perturbations induced by the heterogeneous coarse grained structure. The morphological properties of 
the structure are mimicked using Voronoi diagrams. This mathematical tool allows modelling the 
beam distortion in polycrystalline material.  We present the validation of simulation tools dedicated to 
the beam distortions in the CCSS specimen with a 500 kHz and 800 kHz dual element probes. We use 
the same approximated description of the structure of the CCSS specimen for each inspection 
frequency in order to evaluate the transposability of the Voronoi approach.  

 
 

STUDY OF ULTRASONIC PERFORMANCES ON DIFFERENT CAST STAINLESS STEEL 
SPECIMENS 

 
This part aims at experimentally evaluating the controllability level of cast steel specimens. In that 
way, two different cast stainless steel specimens were inspected in laboratory using 800 kHz phased 
arrays  i) a centrifugally cast stainless steel specimen (CCSS) with large grains up to 10 mm and 
bands of solidification and ii) a statically cast stainless steel specimen (SCSS) made of three layers: 
one layer of equiaxed grains of 2 mm in diameter, and two layers of columnar grains of 20 mm long. 
Experiments were conducted to assess the end-of-block corner echo detectability, that may be 
considered as a large defect. 

 
Metallurgical structure of the studied samples 

 
The piping segment is a centrifugally cast stainless steel (CCSS) pipe which represent material that 
was used in the primary loop piping of the cooling system of French PWR  (Figure 1, left).  
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This specimen does not contain any artificial defects. The geometrical and material properties of the 
specimen are listed below:  

 
o Material: Z3 CN 20 09 M – ferrite content 7% (bands of coarse grains)  
o OD:  937 mm 
o ID: 787 mm  
o Thickness: 75 mm 
o Longitudinal wave velocity: 5700 m/s 

 
A planar sample made of statically cast stainless steel was also studied (Fig. 1, right).  This 

specimen includes several artificial defects not considered in the framework of this study.  
 

o Material: Cast stainless steel – ferrite content: 30% 
o Length: 390 mm 
o Width: 210 mm  
o Thickness: 70 mm 
o Longitudinal wave velocity: 5650 m/s 
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Figure 1 - Geometry of the centrifugally cast stainless steel specimen (left) and statically cast stainless 

steel specimen (right) 
 
Metallurgical examinations were done to evaluate the size and the geometry of the grains, as 

well as the proportion of the different phases (ferrite and austenite) constituting the cast stainless steel.  
As shown in Figure 2 (left), the structure of CCSS specimen appears quite heterogeneous with 

the presence of coarse and elongated grains of solidification (columnar grain structure), as well as fine 
equiaxed grains of solidification. These two kinds of grains form a layered arrangement in successive 
macro-structural bands. Each layer is composed of a band of large grains followed by a band of small 
grains. Depending on the examined zone, the number of layers varies between 6 and 8. The average 
height of the band composed of coarse grains is up to 10 mm, and the band composed of the fine 
grains is about 2 to 6 mm.  The average rate of ferrite observed in the bands of coarse grains is around 
7 %, while it is around 13 % in bands of fine grains.  

As shown in Figure 2 (right), macrographic view of SCSS specimen shows three different 
layers: two columnar grain layers and one equiaxed grain layer. The average height of the columnar 
grains is around 20 mm, while that of the equiaxed grain is around 2 mm. The average rate of ferrite 
observed is around 30%. 
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Figure 2 - Metallographic examination of the centrifugally cast stainless steel specimen (left) and 

statically cast stainless steel specimen (right) 



Acquisition with the 800 kHz phased array 
 
Experimental setup for the measurement of the end-of-block corner echo on the CCSS and SCSS 
specimens 

 
The 800 kHz probe is composed of two identical matrix phased arrays also configured as dual element 
probe. Each matrix is a 2D array of 36 elements (3*12) and the active aperture is 88.5*48 mm2. These 
two matrix can be screwed on two different wedges depending on the inspected specimen. For both 
wedges, the probe naturally generates longitudinal waves refracted at 45° in steel.  

The probe was configured with delay laws to generate 45°-longitudinal waves focused at 75 
mm deep. Figure 3 shows the experimental setup carried out in laboratory to inspect the CCSS (left) 
and SCSS (right) specimen. Probe displacements on the CCSS specimen (Fig. 3, left) are motorized to 
perform a scan along the generatrix line (Z axis) with an increment along the circumference (θ). 
Similar acquisitions to those performed on the CCSS specimen were done on the SCSS specimen. An 
automated XY-scan was done as illustrated in Figure 3. 
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Figure 3 - 800 kHz phased array – Experimental setup on the CCSS (left) and SCSS (right) 

specimens. 
 

All amplitudes obtained on the CCSS and SCSS specimens with the 800 kHz phased array and 
mentioned in this document are expressed comparatively to the reference amplitude obtained 
respectively with the configuration on the Ø3-SDH at 70 mm deep (Ref. 2) in the cylindrical 
calibration block and on the Ø2-SDH at 70 mm (Ref. 3) deep in the planar calibration block. Defect 
response simulations were made using CIVA to evaluate the difference in sensitivity between 
references. A difference of 1 dB is noted in favor of the Ref.2. 

 
Estimation of quantitative parameters of the end-of-block corner echo 

 
Results of acquisition performed in the 90° angular sector on the CCSS specimen is shown in Figure 4  
(left). The same acquisition was performed on the SCSS specimen with the 800 kHZ phased array 
(Fig. 4, right). We add that, in the 3D view, the C-scan is projected on the OD surface at the probe 
positions (Fig. 4, top left and right). The Dscan cumulated view is shown on Figure 4 (bottom) and 
gives an information about the amplitude along the increment axis as a function of time around the 
end-of-block. The maximum value of the Dscan for each increment position is displayed on Figure 4 
(bottom and right). As can be seen in Dscan (Fig. 4, bottom and right), the corner echo is detected 
throughout the increment axis on the SCSS specimen. Results of acquisition on the CCSS specimen 
show a lower corner echo detectability (Fig. 4, bottom and left).  



Table 1 reports the quantitative parameters characterizing the corner echo signal. The first of 
these parameters consists of the averaged amplitude of the corner echo response determined with 
several probe positions. Another parameter was defined and used to characterize the corner echo 
signal fluctuations due to the perturbations induced by the heterogeneous coarse grained structure. It 
is computed from the standard deviation of the set of values that is formed from the measurement of 
the corner echo signal amplitude for each probe position. This value is then compared to the mean 
amplitude value that was previously defined and computed. A mean signal to noise ratio was 
measured by dividing the mean amplitude of the corner echo by the mean noise level. Thus, 
comparatively to the SCSS specimen, the corner echo detected in the CCSS specimen has smaller 
average amplitude (respectively -5 dB and -16 dB), higher amplitude fluctuations (respectively 5% 
and 25%) and lower signal-to-noise ratio (respectively 15 dB and 5 dB). The difference of the 
controllability level is related to the interaction of the acoustical wave with two different 
heterogeneous coarse grained structures which are characterized by morphologic and elastic 
properties.The acoustical waves propagates through a larger grains of size equal or greater than the 
wavelength in the CCSS specimen and the beam is more disrupted by the structure in that case.   

In order to improve the controllability level of the corner echo signal of the CCSS specimen, we 
have designed a new optimized probe at 500 kHz. 

 

 
Figure 4 - 800 kHz phased array – CCSS (at left) and SCSS (at right) specimens - End-of-block 

corner echo detection 

 

Table 1 - 800 kHz phased array - Synthesis of measurements done on the  
CCSS and SCSS specimens 

15 dB5 dBSNR3

Amplitude fluctuation2

-5 dB (/Ref. 3)-16 dB (/Ref. 2)Corner echo amplitude1

SCSS specimenCCSS specimen

15 dB5 dBSNR3

Amplitude fluctuation2

-5 dB (/Ref. 3)-16 dB (/Ref. 2)Corner echo amplitude1

SCSS specimenCCSS specimen

± 25 % ± 5 % 

 
1 Average value relative to Ref.2 for the CCSS specimen and to Ref.3 for the SCSS 
specimen 
2 Fluctuation of the corner echo amplitude around the average value 
3 Signal-to-noise ratio: average value of the corner echo / average value of the noise 
level 

 
Improvement the corner echo detection of the CCSS specimen with a 500 kHz phased array  
 
The parameters of a 500 kHz dual element phased array probe were optimized for the geometry of the 
CCSS specimen. The aperture, the number of elements and the wedge were optimized to allow 
focusing at 70 mm in depth with 45° L-waves. This probe consists in two identical matrix phased 
arrays configured as dual element transducer. Each matrix is a 2D array of 32 elements (4*8) and the 
active aperture is 71*51 mm2.  



All amplitudes obtained on the CCSS specimen with the 500 kHz phased array and mentioned in this 
document are expressed comparatively to the reference amplitude obtained with the configuration on 
the Ø3-SDH at 70 mm deep (Ref. 1) in the cylindrical calibration block. 

Acquisitions were performed to measure the end-of-block corner echo with 45° L-waves. The 
transmitted beam was simulated in a homogeneous stainless steel specimen (Fig. 5, right) to verify the 
ability of the probe to focus at 75 mm in depth with a 45° refracted angle.  A 2D scan was acquired 
over a 150 mm long axial displacement and a 360° circumferential rotation around the end-of-block 
corner (Fig. 5). Eight acquisitions were performed around the specimen by step of 45°.  
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Figure 5 - Measurement of the end-of-block corner echo (top) and the simulations of the beams 

created by the 500 kHz phased array arrangement for 45° 
 
Results of acquisition obtained on the angular sector from 90 to 135° can be seen in Figure 6. 

This area of inspection contains the zones 1, 2 and 3 previously studied in the metallurgical 
examination.  

The Dscan image (Fig. 6, bottom left), represents the corner echo detection along the 
circumferential direction. The echodynamic curve (Fig. 6, bottom right) displays the corner echo 
amplitude; the average amplitude is measured at -11 dB/ref.  
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Figure 6 - 500 kHz phased array – CCSS specimen - End-of-block corner echo detection 

 
Table 2 reports the corner echo amplitude, the amplitude fluctuation and the signal to noise ratio 

obtained in all sectors of acquisition: 
 

o The average corner echo amplitude varies between -11 dB to -9 dB,  
o The amplitude fluctuation varies between ±14 % to ±19 % around the average 

value, 
o The signal-to-noise ratio varies between 10 dB to 13 dB. 

 
 



Table 2 - 500 kHz phased array – Synthesis of measurements done on the CCSS specimen 

11 dB13 dB12 dB9 dB11 dB11 dB11 dB11 dBSNR3

±17 %±19 %±17 %±14 %±19 %±14 %±19 %±16 %
Amplitude 

fluctuation 2

-10 dB-9 dB-10 dB-11dB-10 dB-11 dB-10 dB-11 dB
Corner echo 
amplitude 1

315°-360°270°-315°225°-270°180°-225°135°-180°90°-135°45°-90°0°-45°
Angular 
sector

11 dB13 dB12 dB9 dB11 dB11 dB11 dB11 dBSNR3

±17 %±19 %±17 %±14 %±19 %±14 %±19 %±16 %
Amplitude 

fluctuation 2

-10 dB-9 dB-10 dB-11dB-10 dB-11 dB-10 dB-11 dB
Corner echo 
amplitude 1

315°-360°270°-315°225°-270°180°-225°135°-180°90°-135°45°-90°0°-45°
Angular 
sector

 
1 Average value relative to Ref.1 
2 Fluctuation of the corner echo amplitude around the average value 
3 Signal-to-noise ratio: average value of the corner echo / average value of the noise 
level 

 
It was observed that the corner echo amplitude is higher than the one measured at 800 kHz and 

the noise level is smaller. The perturbations induced by the heterogeneous coarse grained structure are 
much smaller at 500 kHz than 800 kHz: the ratio between the size of the band of coarse grains and the 
wavelength is between 0.6 and 0.9 for the 500 kHz probe. This ratio is between 1 and 1.4 for the 800 
kHz probe.  

Table 2 shows that the corner echo detectability remains similar all around the CCSS specimen. 
The mean amplitude and fluctuations of the corner echo are quite similar from an area to another. This 
result is in accordance with the weak variability observed on the macrographic pictures taken at 
various circumferential positions of the CCSS specimen. Just for a single area, the length of echoes 
below the maximum noise level was measured. In this area, the corner echo amplitude decreases 
whereas the noise remains constant. The example of the measurement is illustrated on Figure 7. The 
main variations observed are loss of amplitude in localized area with length lower than 40 mm (Fig. 7, 
left). This localized variation could be related to the presence of a much larger coarse grained band at 
the same position (Fig. 7, right).   
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Figure 7 - Measurement of the length of the corner echo exceeding the maximum noise level (left) and 

macrographic examination (right) 
 
 
MODELLING 

 
The disruption of the transmitted field leads to a degradation of the detection capabilities. In order to 
model metallurgical coarse grained structures typical of CCSS specimen and induced perturbations, a 
mathematical tool called Voronoi diagrams was developed and connected to heterogeneous 
functionalities of CIVA software [1]. This tool was used to evaluate the ability of models to reproduce 
the main perturbations observed experimentally with the 500 kHz and 800 kHz probes in the CCSS 
specimen.  

 
 



An approach developed at CEA: Voronoi diagrams 
 

In the modelling approach developed at CEA, the first step consists in giving a qualitative 
representation of polycrystalline structures. This is done thanks to the Voronoi diagrams which are 
decompositions of space in convex cells [1]. The synthetic structure can be either constituted of 
equiaxed or columnar shaped grains. It is also possible to define mixed-banded structures (Fig. 8). In a 
second step, the beam-Voronoi interaction is calculated by adjusting two parameters: the size of 
grains and the fluctuation of quasi-longitudinal velocities. Theses fluctuations are obtained by 
randomly generating longitudinal wave velocities from a uniform statistical distribution. The 
parameters of distribution are Vl, the average L-wave velocity and ∆Vl, the distribution width. ∆Vl, 
controls the fluctuations of velocities from one macrograin to the other. The estimation of the input 
parameters is an important step in the approach described here. It can be done by adjusting both 
parameters and computing a Bscan image for each couple of values. The results are then compared to 
the experimental ones obtained in the same inspection setup.  

 

 
Figure 8 - Illustrations of Voronoi decompositions obtained using the Voronoi decomposition 

algorithm proposed in the CIVA software 
 

The next step was to simulate the ultrasonic field propagation in the Vornoi polycrystal. First, 
the field radiated in the coupling medium by an arbitrary transducer is computed using the Rayleigh 
integral model. The beam transmitted at any position in the macrostructure is then computed using the 
pencil method [2] which is an extension of a ray theory. Here, the macrostructure is modelled as an 
aggregation of homogeneous volumes. 
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Figure 9 - Computation of the transmitted beam using the pencil method 

 
Therefore, the propagation from the transducer to a specific position in the specimen involves 

transmission and reflection at several interfaces (Fig. 9). The propagation of the central ray of a pencil 
is governed by the geometrical optics laws. As the pencil is propagated through a succession of 
interfaces, the wavefront deformation is also taken into account. Thus, this method can be computed 
using an iterative algorithm and is well adapted to model wave propagation in heterogeneous media. 

 
Description of the CCSS specimen 
 
In a first approach, the CCSS structure was approximated by an equiaxed structure based on an 
average grain size of 8 mm. Figure 10 shows the structure defined in CIVA to approximate the 
macrograins of a cross-section of CCSS specimen. 



 
Figure 10 - Voronoi diagram of CCSS specimen 

 
The input parameters to describe the structure in CIVA are the distribution of longitudinal 

velocity, the size and shape of grains. The larger the distribution width is, the larger the dispersion of 
velocity will be. We simulate the corner echo detection in CCSS specimen with different values of 
∆V l.  

The propagation of the elastic field was simulated through a homogeneous sample, and the 
coarse grained CCSS sample with three L-wave velocity distributions ∆V l = 3%, 5% and 10%. The 
delay law was computed in a homogeneous sample to generate L-waves at 45°.  
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Figure 11 - Elastic field generated by 500 kHz probes through (a) a homogeneous sample, (b) with 

∆V l = 3%, (c) ∆V l = 5% and (d) ∆V l = 10%. 
 
As it is shown in Figure 11, the presence of Voronoi diagram strongly disrupts the transmitted 

beam with the variation of ∆V l. 
 

End-of-block corner echo simulated with 500 kHz and 800 kHz probes – Comparison with 
experimental results 

 
In CIVA, a first scanning was done along y-axis to determine the position of probes to obtain the 
maximum amplitude of corner echo, and then a second scan was done along θ-axis with the delay law 
used for experiments (Fig. 12). Simulations were performed on the cylindrical geometry of the 
specimen.  
 

 
Figure 12 - Description of computed scanning of corner echo 

 
Figure 13 compares experimental results to simulated ones obtained for a distribution of L-wave 

velocity ∆VL=5%. A good qualitative agreement for the corner echo response with the 500 kHz probe 
is observed.  



 

 
Figure 13 - Comparison between experimental (left) and simulated results (right) 

 
Table 3 summarizes the quantitative numerical results obtained with the 500 kHz dual element 

probe with two different values of ∆VL. 

 
Table 3 - Experimental and numerical results of the corner echo detection for two  

values of ∆VL for 500 kHz probe 

19 %-10 dBExperience

24 %-8 dBCIVA ∆Vl = 5%

12 %-2 dBCIVA ∆Vl = 3%

Fluctuations of 
amplitude

Mean amplitudeCorner echo détection
500 kHz probe

19 %-10 dBExperience

24 %-8 dBCIVA ∆Vl = 5%

12 %-2 dBCIVA ∆Vl = 3%

Fluctuations of 
amplitude

Mean amplitudeCorner echo détection
500 kHz probe

Mean
time of flight

Fluctuations of 
time of flight
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39 µs

0.02 %

0.05 %
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500 kHz probe
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24 %-8 dBCIVA ∆Vl = 5%
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amplitude

Mean amplitudeCorner echo détection
500 kHz probe

Mean
time of flight

Fluctuations of 
time of flight

38.7 µs

39 µs

0.02 %

0.05 %

36.8 µs 0.9 %

 
 

The experimental average amplitude for the corner echo varies from -9 dB to -11 dB depending 
on the circumferential section. The simulated corner echo amplitude is of the same order for the 
distribution velocity ∆VL=5% (Table 3). Amplitude fluctuations for ∆VL=5% are also well predicted. 
Time of flight fluctuations are underestimated for ∆VL=5%. But it has to be mentioned that 
experimental time of flight may include additional fluctuations due to slight variations of the 
geometry of the specimen.  

 
The same description of the structure of specimen (size and shape of grains and fluctuation of 

longitudinal velocity) was used to evaluate the mean amplitude and amplitude fluctuations of the end-
of-block corner echo in the 800 kHz configuration.  

The experimental average amplitude for the simulated corner echo is around -16 dB and the 
amplitude fluctuation is 25 %. Table 4 shows a good agreement on mean amplitudes between 
experiments and simulation. The amplitude fluctuation is also well predicted. 

 

Table 4 - Comparison of experimental and computed results for 800 kHz probe 
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Mean amplitudeCorner echo detection
800 kHz probe
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800 kHz probe

Mean
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Mean
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time of flight

Fluctuations of 
time of flight

36 µs

38.6 µs 0.3 %

0.8 %  
 
The first results show that the Voronoi approach allows for large grain structure predicting the 

mean amplitude and the time of flight of echoes and their fluctuations with the good magnitude order. 
Simulation results obtained with the 500 KHz and the 800 KHz frequencies with the same structure 
description are in good agreement with experimental results. This validate the transposability of the 
model as far as the grain size is equal or greater than the wavelength. Modeling could thus be very 
useful to optimize the characteristics of probes for the UT inspection of a cast stainless steel 
component. 

   
 



CONCLUSION 
 

Ultrasonic examination were conducted with two specimens to evaluate the end-of-block corner 
detectability: a multi-layer structure of centimeter size grains (CCSS specimen) and a statically cast 
stainless steel plate with one layer of equiaxed smaller grains of 2-3 mm and two layers of columnar 
grains of 20 mm long (SCSS specimen). The experimental study allowed to quantify the inspection 
capabilities of two different cast stainless specimen: the corner echo detected in the CCSS specimen 
has a much smaller average amplitude than the one measured on the SCSS specimen (respectively -16 
dB and -5 dB), a much higher amplitude fluctuation (respectively 25% and 5%) and a lower signal to 
noise ratio (respectively 5 dB and 15dB). This result is in accordance with the metallurgical properties 
of the specimen ; the beam is more disrupted in the CCSS specimen which has more larger grains than 
the SCSS specimen.  We have shown that the inspection of CCSS specimen can be improved using 
the 500 kHz dual element phased array probe. Very few variations were observed between 45° 
circumferential sections of the specimen. This result is in accordance with the weak variability 
observed on the macrographic pictures taken at various circumferential positions of the specimen. The 
main variations observed are loss of amplitude in localized area with length lower than 40 mm. These 
experimental results underline the need to optimize the phased array probe using simulation tools.  

For this objective, a modelling approach was developed in CIVA to take into account for 
metallurgical coarse grained structures typical of cast stainless steel materials. First, the model was 
evaluated on the CCSS specimen with the 500 kHz dual element phased array. A good agreement was 
observed between simulation and experiment on an approximated description of the CCSS specimen 
which is made of large equiaxed grains with velocity distribution width of 5%. This value seems to be 
high considering the estimation made from the elastic properties of the homogenized macrograin in an 
equiaxe structure (∆VL=2%, [1]). With a lower value, it would be necessary to take into account 
additional sources of attenuation, especially the attenuation due to the substructure, to complement the 
approach. Therefore, it will be necessary to verify the value of the fluctuation of longitudinal velocity 
from elastic properties which are dependent on the ferrite content.   

We have simulated the mean amplitude and the fluctuations of amplitude in CCSS specimen 
inspection with a different probe which is a 800 kHz dual element phased array. The same description 
of the CCSS specimen was used in the Voronoi functionality. In this case, results show also a good 
agreement between experimental and numerical results.  

These first results show that a new efficient probe based on phased array technology along with 
a dual element technique could be optimized using Voronoi approach for the medium with large size 
of grains. The following study will be to evaluate the ability of the Voronoi approach to reproduce the 
main perturbations in cast stainless steel specimen with different morphologic (for example different 
grain sizes) and elastic properties (for example different ferrite contents). 

A model is also developed at CEA to simulate structural noise, using as entry parameters 
microstructural properties of the material such as the size and the elastic constants of grains. The 
method uses a single scattering model to compute scattering coefficients based on a description of the 
microstructure. It will be tested on CSS material in order to evaluate the relevance of this approach for 
testing configurations where the grain size is similar to ultrasonic wavelengths.  
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