
Development in Ultrasonic Inspection I 
 

Nuclear Applications of Smart Flexible Probes  
O. Casula, O. Paris, CEA LIST, France 
L. Roumilly, EDF CEIDRE, France 
B. Chassignole, EDF R&D, France 

 
 

ABSTRACT 
 
The examination of circuits located in pressurized water reactor pipes is a great challenge because of 
their geometries including nozzles, elbows and variable curvature. Moreover, the presence of butt-
welds, overlays and wavy surfaces may disrupt the controls. The use of conventional monolithic 
wedge transducers, with fixed shape is not adapted to evolving geometries, and do not allow to ensure 
proper location and sizing. Performing efficient inspections requires the development of reliable 
probes and data analysis. Taking into account these requirements, CEA-LIST has focused its 
researches on the development of new techniques, in order to bring adapted and high performance 
solutions, such smart flexible UT probes which has been designed and developed to inspect 2D and 
3D parts. The flexible probes are composed with linear or matrix arrays of independent piezoelectric 
elements. A profilometer embedded in the probe, measures and provides the local surface distortion to 
an algorithm which computes the adapted delay laws. The process ensures to master the 
characteristics of the focus beam in the part whatever the inspected geometry.  

In parallel, recent developments added to the CIVA software allow to optimize by simulation 
the design of these smart probes by evaluation of acoustical performances on complex configuration 
with limited accessibility and strong distortion. The flexible probes are manufactured by Imasonic and 
the real time computation of delay laws is available on the M2M’s apparatus. 

In this paper, we will present results of detection and sizing performances of flaws located 
under 2D and 3D complex geometries by using smart probes. One of the 3D geometry is a mock-up 
representative of a Chemical and Volume Control System (CVCS) weld nozzle in terms of material 
and welding process. Results obtained on artificial notches have shown the ability of the flexible 
probe to perform defect characterization in such complex configurations. A post-process, appended to 
CIVA, ensures to reconstruct in a 3D-view, the experimental data according to the 3D-probe 
positions. Another application of the device consists in the real time reconstruction of external and 
internal complex surfaces representative of butt-weld geometries.  

 
 

INTRODUCTION 
 
Ultrasonic inspections of complex geometries are usually performed with contact methods using 
conventional monolithic wedge transducers. The active aperture is adapted to a defined surface but in 
case of an irregular surface, the fixed shape of wedge cannot match to all inspected zones. Acoustical 
mismatching between the surface profile under test and the base of the wedge produces an irregular 
coupling layer which leads to beam distortions and can reduce the inspection performances. The 
development of flexible ultrasonic arrays answers to the lack of adaptability to complex geometry of 
common ultrasonic probes. 2D flexible arrays, suita
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The second part presents an application of 3D flexible phased-arrays. This study focuses on 
demonstrating the performance of a 3D-flexible probe for the ultrasonic inspection of nozzles through 
the welded zone. The objective is to assess methods for detecting and characterizing fatigue crack 
initiated in the inner radius of the nozzle. A modelling study with CIVA-software allowed optimizing 
inspection configurations (probe position, delay laws..) in the outer radius region of the nozzle with 
the assumption of an isotropic material. We present ultrasonics testings performed on a mock-up 
representative of a welded nuclear nozzle containing radial artificial notches. 

 
 
2D FLEXIBLE PHASED-ARRAY TRANSDUCERS 
 
Principle 

 
The flexible array transducer is composed of 32 linear piezoelectric elements, mechanically 
assembled to obtain a structure able to deform its shape to a bending radius of 15 mm (see Figure 1). 
This ultrasonic sensor is housed with two other systems: a mechanical device pushing the elements on 
the surface and an instrumentation measuring the irregular profile fitted by the transducer. The profile 
measurements are then processed in real time by an algorithm calculating the delay laws matched to 
the profile. This technology ensures to master the beam’s characteristics (i.e. orientation, focusing 
depth, steering). The probe is manufactured by IMASONIC Company. 

 

 
 

Figure 1 - 2D flexible transducer and the acquisition system Multi-X 128 parallel channels 
 

The transducer is fixed to an arm, driven by stepping motors. A real time UT acquisition system 
(provided by M2M Company) controls the scanning, the electrical excitation of each element, the 
adaptive process and the data storage. The real time calculation of the delay laws is performed by the 
FPGA component of the system. These delay laws take into account the focus characteristics and the 
actual deformation of the emitting surface given by the instrumentation. The repetition rate can be up 
to 500 times per second to calculate and to apply one delay law. This particular operating mode using 
the embedded calculation functionality of the acquisition system requires the hardware Multi-X 
acquisition system. 

 
Experimental detection under a 2D irregular geometry 
 
To demonstrate the ability of the flexible probe in real time adaptive mode, experiments have been 
carried out with a complex profile mock-up containing artificial reflectors (see Figure 2). The mock-
up is representative of a welded component with an irregular surface, measured on a realistic profile 
measurement.  



The component contains two identical sets of four Side Drilled Holes (SDH) of 2 mm diameter, at 20, 
30, 40 and 50-mm depth. The first set of SDH is located below a flat interface, as reference reflectors, 
while the second set is placed below an irregular profile. The mock-up inspected is a planar extrusion 
so the validation had been done using the 2D flexible transducer. 

To cover the zone of interest for one mechanical position of the probe, acquisitions were carried 
out in longitudinal waves by focusing 30 focal points between 0° to 55° at 40 mm depth. In this 
configuration, the repetition rate of the embedded process is about 300 Hz for the application of the 
30 delay laws. This rate is compatible with the resolution of acquisition and displacements of the 
probe on irregular surfaces. 

Figure 2 shows ultrasonic signatures for two positions of the probe. In both cases, the set of 
SDH are detected with a good sensitivity and accurately positioned. These results show that the self-
adaptive process allows to master the characteristics of the different focused beams below the plane 
surface as well as below the irregular profile (orientation, focusing depth, steering). 

 

 
Figure 2 - Sides Drilled Holes detection under a 2D realistic profile using a multi-shots configuration 
 
Real time reconstruction of the external and internal geometry  
 
A new real time functionality allowing the reconstruction of the complete 2D geometry of a complex 
component has been developed. This functionality uses the profilometer to reconstruct the external 
geometry. Then, the control of a focusing beam LW0° along the scanning allows to measure the local 
thicknesses (from the time of flight of the back-wall echo), and then to deduce the internal geometry 
of the component.  

Figure 3 illustrates the real time geometry reconstruction of a mock-up representing a realistic 
butt weld. Both external and internal profiles are reconstructed with a good accuracy, i.e. ±0.1 mm for 
the external profile, and ±0.4 mm for the internal one. 

The reconstructed geometry can be saved as a CAD file and used in CIVA software for other 
applications. 

 
 
 
 
 



 

 
Figure 3 - Real time reconstruction of the external and internal profiles of a complex component  

with a 2D flexible phased-array 
 
 
3D FLEXIBLE PHASED-ARRAY TRANSDUCERS 
 
In order to extend the application field of the flexible phased-array to 3D geometries, 3D sensors have 
been developed. The aperture is now a matrix distribution of piezoelectric elements molded in a soft 
resin. The 3D array presented in Figure 4 is composed of 12x7 elements (1.8x2.5 mm²) molded in a 
50mm-diameter resin. The effective aperture of the probe is 32x 26 mm². The mechanical part is 
composed of 3 by 3 matrix pistons which push the array to the surface of the component and measure 
the deformation of the surface, by means of displacement sensors. As the 2D concept, the 3D flexible 
phased-array probe is also manufactured by IMASONIC Company.  

The MultiX-UT acquisition system presented previously is used to monitor, both the signals and 
the voltages coming from instrumentation (deformation measurement).  
 

 
Figure 4 - Inspection of a nuclear welded nozzle mock up 

 
Experimental detection of a 3D weld nozzle 
 
We present a laboratory study on ultrasonic inspection of welded nozzle connecting Chemical and 
Volume Control System (CVCS) and the primary coolant piping of pressurized water reactor circuits. 



For studying the metallurgical aspect of this component the laboratory planar mock-up 
presented in Figure 5 has been realised. The geometrical characteristics of this austenitic weld with a 
K chamfer are given in Figure 5a. This 'CVCS weld' results from a multi-pass process realized in flat 
position by manual arc welding with coated electrodes of 316L steel. A macrography of this weld in a 
transverse section with the direction of welding is shown in Figure 5b.  

 
 

a) Dimensions of the weld of  CVCS set in branch pipe b) Macrography of the weld  
Figure 5 - Dimensions and macrograph of the 'CVCS weld' set in branch pipe 

 
A 3D mock up representative to the 'CVCS weld nozzle' component visible in Figure 6 has been 

studied. The nozzle presents a welded zone similar in dimensions to the one described in Figure 5. 
The outer diameter of the piping is 820mm. Two radial defects located in the inner radius of the 
welded nozzle have been machined. The height of the defects is around 10mm and their extension are 
respectively 20 and 60mm.  
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Figure 6 - Mock-up of 'CVCS weld nozzle' 
 

Procedure of optimization 
 

The difficulties for inspection comes both from the complex 3D-geometry of the outer radius surface 
and the weld anisotropic structure that may disturb the UT propagation. The effects commonly 
observed are possible splitting and distortion of the UT beam associated to attenuation and structural 
noise [4,5].  



Due to experimental constraints, the measurements have been performed without displacement 
of the transducer. An angular scanning was applied from an optimized position of the probe in order 
to be geometrically sensitive to the detection of the top of the defect (diffraction echoes).  

The optimization is based on simulation assuming an isotropic medium. The general approach 
is illustrated through the example of the defect A12 (see Figure 6): 

  
- the transducer is positioned in order to focus a L-waves with an angle close to 45° from the 

surface of the notch (Figure 6.a)  
- a Cscan is simulated on a large area around the notch : the scanning is performed along the 

radial axis and the increment along the angular position θ ; at each step of the scanning a 
delay law is calculated in order to focus the UT beam on the bottom edge of the defect 
(Figure 6b) 

- the 'optimized probe position' is determined at the position where the corner amplitude echo is 
maximum in Cscan image;  
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Figure 6 - optimisation by simulated Cscan 

 
In that position, the orientation of the probe is adjusted to optimize the transmitted beam on the 

notch. Then an angular scanning is applied perpendicularly oriented to the extension of the defect.  
 
Ultrasonic testing on the weld nozzle mock-up 
 
Two radial defects locating in inner radius of the weld nozzle were inspected. As mechanical 
displacements weren't possible due the huge dimensions of the mock-up, the positioning of the probe 
was performed manually.  
 
Detection of defects A7 and A12 

 
For both defects the optimised probe positions are located on top of the welded zone. At these 

positions the ultrasonic beam path within the weld is weak, see Figures 7, less than 20% of the total 
path. 

 



A corner : - 7 dB / Φ2

A diff : - 16.5 dB / Φ2

Defect A7 L20mm, H10mm

Defect A12 L60mm, H10mm

A corner : - 13 dB / Φ2

A diff : - 15.5 dB / Φ2

 
Figure 7 - experimental results from angular scanning 

 
The S-SCAN of A7-defect on figure 7 shows diffraction and corner echoes with respective 

amplitudes of -7dB/φ2 and -16.5 dB/φ2 where φ2 refers to the amplitude of a side drilled hole 
detected at 60mm depth in L45°. The signals to noise ratios are 20dB and 10dB respectively for the 
detection of the corner and tip diffraction echo. We note a very good reconstruction of the echoes 
considering an isotropic medium. This shows the negligible influence of the weld on the 
reconstruction in that configuration. 

Reconstructed image of defect A12 on figure 7 shows diffraction and corner echoes with 
amplitudes of -13 dB/φ2 and -15.5 dB/φ2. The signal to noise ratio is 15 dB for the detection of the 
corner echo and 13 dB for the diffraction echo if we neglect in the estimation the echo produced at 
shorter depth by the side lobes. We observe a shift in depth of the reconstructed echoes in the Bscan 
image. This shift can be due to the errors driven by the manual positioning of the probe or to the fact 
the weld is not taken into account for calculating the reconstructed image.  

Another configuration, presented on Figure 8, for the same fixed position of the probe has been 
tested in order to check the beam orientation for the detection of A12. 
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Figure 8 - Experimental result for inspection along the defect A12 



According to the optimization procedure, the maximum of energy is supposed to be localized in 
the center of the defect but we observe an important shift towards the left edge of the defect. The 
experimental path is longer than the theoretical central path beam used for reconstructing Bscan 
image: this may explains the shift in depth observed in experimental reconstruction of Figure 8. 
Further experiments are in progress to identify the origin of this shifted position and determine if it 
results from the propagation through the weld or from an uncertainty on the probe position on the 
nozzle. 

 
 
CONCLUSION 

 
2D and 3D smart flexible phased-array transducers were developed to improve ultrasonic inspections 
of complex geometry components. For 2D or 3D geometries, the experimental results carried out on 
realistic components have shown their abilities to detect different type of defects with a good SNR. 
Moreover, the embedded functionalities of the acquisition system offer many perspectives of 
development for real time interfacing of phased-array sensors, which will be easily implemented since 
no hardware modification is needed. For instance, a new real time functionality allowing 
reconstructing the external and internal profiles of a complex component has been presented. 

A 3D complex geometry study has demonstrated the ability of a 3D-flexible probe to detect and 
characterize radial defects from the outer radius of a welded nozzle. An optimisation procedure using 
CIVA simulation tools has been lead in order to determine the parameters of inspection. This study 
has been based on geometrical analyses without taking into account of the weld. A modelling module 
is under development in CIVA in order to integrate the anisotropic structure of a weld in nozzle 
geometry. Future work will consist in simulating ultrasonic testing and studying the influence of the 
beam path through the weld on sizing accuracy. 
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