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Abstract. The evaluation of the integrity of the nuclear plant components is a major 
issue. It is mandatory to assess the degradation due to the aging. NDE aim is to 
detect potential defects, resulting of thermal fatigue, and to be able to evaluate their 
dimensions. Ultrasonic non destructive testing has demonstrated its efficiency for 
detection and characterization of such defects and industrial probes offer satisfactory 
results in various applications.  
 However, the complex geometry of some components (nozzle, …) severely 
limits the inspection performances. Indeed, the use of conventional probes is 
restricted to regular surfaces. Flexible transducer arrays technology provides an 
attractive solution in ultrasonic NDT for the inspection of complex geometry 
components. Its ability to conform to the wavy surface of the component and to 
ensure a good coupling when the limits of conventional probes are reached, makes it 
suitable for the characterization of a defect detected in a nozzle. 
 To develop and implement a flexible probe inspection of a nozzle weld, several 
skills are needed: especially ultrasonic, robotic, simulation skills. Moreover, an 
innovative tool dedicated to delay laws and probe position calculation is used to 
optimize the performance of such phased array probes. 
 In the framework of a partnership, EDF, the CEA LIST and AREVA have 
developed a robotic inspection tool able to be operate on nuclear site, in order to 
characterize defects located in the inner radius of a nozzle with a flexible transducer 
array. 
 The article describes the use of the new tools developed for the nozzle case. It 
also presents acquisition results and the contribution of this technology of potential 
defect characterization. These results are compared to classical phased-array 
methods. 

Introduction 

The aim of this project is to characterize defects in some nozzles. Conventional phased-
array methods are limited to defect characterization in simple geometry components. 
Flexible transducers have been developed and simulation studies were led in order to know 
the best use parameters [1]-[5]. In this study, first experiments before an industrial 
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application are presented. They are performed on representative mockup of a nuclear power 
plant nozzle. 
First, the developed UT system is described. Then, experimental results are shown. Finally, 
some parametric studies made with simulation tools are presented in order to understand 
some limitations. 

1. Method description 

1.1. Conventional methods limitation 

Conventional phased-array methods are efficient in order to detect defects in nozzles. They 
can also be used to characterize defects in simple configurations, like butt welds, but are 
inefficient in configurations with evolutionary profile (saddle shape). 
Indeed, defect characterization, especially defect dimensioning, uses two kinds of echoes: 
corner effect and diffraction echo. 
Corner effect optimization requires that a beam be orthogonal to the defect. Diffraction 
echo amplitudes are generally weak, so conditions have to be optimal to detect this kind of 
signal. 
For nozzle inspection, there are several disadvantages with traditional phased-array method 
use: 

- the profiles are evolutionary: with a conventional transducer, nozzle geometry limits 
its scanning access to in well-adapted areas (for example, primary cylinder or cone 
geometry). From these areas, the surface or volume where the defect is situated may 
not be totally accessible with a beam with the desired orientation. 

- an austenitic weld links a primary cylinder and an auxiliary pipe; this weld disturbs 
ultrasonic signal because of its granular nature and its anisotropy. 

- the pipe material’s attenuation requires the shortest possible sound path in order to 
maintain a large enough diffraction echo amplitude. 

 

1.2. Flexible probe inspection description 

To deal with this issue, conformable transducers allow a perfect adaptation to the entire 
surface. This kind of probes was developed a few years ago but had never been used in an 
industrial situation. They are composed of a flexible membrane in which imbedded 
piezoelectric elements form a matrix probe. A spring system placed in the elements’ back 
face compensates the surface deformation and is able to measure this deformation in real 
time. Thereafter, the measurement can be used to adapt delay laws to the surface. 
Two solutions were considered to adapt laws to the surface: the use of the instrumented 
mode presented above or the use of pre-computed values for delay laws. The first solution 
allows any scan pattern and variable surface but involves more developments to know and 
correlate probe positions and orientations. The second solution simplifies the 
implementation because only probe position information is needed as an input. Moreover, 
the precise component geometry has to be obtained before the inspection and the 
correlation between pre-computed configuration and real-time inspection has to be 
accurate. 
In this project, with a very tight development schedule, the non-instrumented mode seems 
to be the more viable option: although 3D-profile measurements are time-consuming, it 
requires only a preliminary work and a good match between CAD and the actual 
component. 
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1.2.1. Flexible probe features 

 
Fig. 1: Flexible probe used to characterize defect in nozzles 

 
The probe shown in Fig. 1 has following features:  

- frequency: 2 MHz  
- 84 elements 
- elements dimensions: 1.8 mm x 2.5 mm; 
- spacing between 2 elements : 1 mm x 1,5 mm 
- 13 pistons 

 
Matrix allows 10 mm flat deformation and 30 mm curved deformation as illustrated by Fig. 
2. For a curved deformation, the central piston remains in the initial position and the others 
evolve around it. The scan pattern has to be determined in order to limit deformation to the 
values defined previously and to find probe orientation, which balances pistons stress.  

 
Fig. 2: allowed deformations for the flexible transducer (left : plan deformation; right: curved 

deformation) 
1.2.2. Robotic arm 

First, the restricted access around the region of interest must be dealt with: it must allow 
any position and orientation of the transducer in the zone suspected of containing the defect 
but with a limited probe displacement. The non-instrumented mode involves a robotic arm 
with high precision and reliability. Its position has to be perfectly known to ensure the 
correlation between precomputed and real scan pattern. 
A positioning tool illustrated by Fig. 3 helps in placing precisely the robotic arm support in 
a reproducible way. A laser tracker estimated positioning accuracy to be less than 1 mm 
along the x, y and z-axis in component coordinates and repeatability within ± 0.5 mm. 

Altitude 0
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Fig. 3: robotic arm fixations; on the left, a plate is fixed in order to guide arm support positioning. On 

the right, the guide is removed before fixing the robotic arm. 
 

1.2.3. Simulation and analyze tools 

A special tool has been developed in CIVA software in order to calculate positions and 
delay law sets, which are optimized to detect both diffraction and corner effects. [6] 
In the case of the 3 inch nozzle mockup, a set of 5 scan patterns with 36 positions makes up 
the global trajectory. 11 delay laws are applied to each point. 

2. Results 

2.1. Experimental results  

Experimental validations were performed on a representative model: the model is 
composed of a nozzle with a TOCE weld. Some notches with different dimensions were 
inserted: 10 mm x 60 mm, which is the target, 8 mm x 30 mm and 5 mm x 20 mm. Fig. 4 
represents the mockup drawing.  

 
Fig. 4: 3D view of the nozzle’s representative mockup. The three defects are shown in red : the 10 mm x 
60 mm defect is along the +x-axis; the 8 mm x 30 mm and the 5 mm x 20 mm defects are placed around 

the -x-axis  . 

X 
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Some pipes placed around the model simulate the real environment, in order to check that 
the robotic arm movements are compatible with the obstacles around the nozzle (Fig. 5). 

 
Fig. 5 : Robotic arm on the representative model and its simulated environment 

 
As explained previously, the inspection is broken down into several steps: 

1) 3D-CAD defect approximate position and orientation are necessary as input data; 
2) the beam angle is defined by simulation in order to maximize defect detection; 
3) transducer positions and associated delay laws are computed with 3D-CAD data and 

CIVA software to cover the entire defect surface by an orthogonal beam with the 
angle calculated at step 2; 

4) transducer positions and associated delays sets are transferred in robotic commands; 
5) UT data are acquired; 
6) UT data are analyzed with CIVA Analysis module in order to extract relevant delay 

laws.  
 
Table 1 compares theoretical and measured defects characteristics. Repeatability and 
reproducibility tests are performed with a 10 mm x 60 mm defect. 
 
Table 1: Comparison between theoretical characteristics of the planed defects and the measured 
characteristics. 

Length (mm) Height (mm) Depth (mm) Angular position (°) 
Theoretical Measured Theoretical Measured Theoretical Measured Theoretical Measured 

60 
50.3-
50.7 

10 
11.6 – 
11.9 

61 59 – 65.9 180 
180.9 – 
185.6 

30 29.7 8 8.5     
20 18.7 5 4.9     

 
The three defects are detected by the system and accurately classified as planar defects. 
There is a good correlation between theoretical and experimental dimensions. 
Measurements variations are conform to the project requirements. There is one exception 
with the length of the 10 mm x 60 mm defect: the system measures 50 mm length. This 
error is due to the weld: the missing 10 mm are placed exactly in the weld. Scattering and 
anisotropy causes partial lack of detection. 
 

2.2. Parametric study based on simulation 

Simulation studies, computed with CIVA software, evaluated process robustness by 
changing input parameters: defect height and trajectory precision. 
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2.2.1. Defect height influence 

Initially, the defect to be detected is 10 mm high and 60 mm long. In order to know the 
method limitations, the signal amplitude of the diffraction echo is computed by simulation 
for 3 to 40 mm high defects.  
There are two effects: for small defects, it is difficult to separate diffraction echo and corner 
effect, which are too close to each other. For large defects, initially calculated delay laws 
are less adapted to detect diffraction echo. Fig. 6 and Fig. 7 illustrate these effects.  
First, the A-Scans associated to 3, 6 and 9 mm high defects show that only a 9 mm high 
defect allows echo separation. Moreover, simulation does not take into account component 
noise and bandwidth. Those disruptive factors may enlarge signals and limits measurement 
of both echoes. 
With larger defect height, one limitation is beam deflection; indeed, the comparison 
between focalization parameters on defect tip and diffraction echo amplitude shows a 
correlation between large tilt angles and decreased amplitude (Fig. 7). This drop in 
amplitude is more important for larger defect height. 
 

 
Fig. 6: diffraction echo amplitude vs Scan position for several defect heights. The 0-scan is near the 

inner surface of the nozzle. Diffraction echo is weak near the center before deflection beam is important 
(cf Fig. 7) 

 
Fig. 7: Deflection angle vs focal point on the defect for several defect heights 
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2.2.2. Scan pattern influence 

This experiment is performed first by computing the best scan pattern. Then, the scan 
pattern is offset to few millimeters around the θ-axis (see .  
 

 
Fig. 8: the impact 2 kinds of offset are evaluated: offset to few millimeters around the θ-axis and to few 

degrees on the probe orientation 
 
Defect position remains unchanged and only nominal laws are considered.  
 

 
Fig. 9: Corner effect (left) and diffraction echo (right) variations along the scan axis for offsets of 0 to -

10 mm. 
 

Table 2: Impact of scan pattern offset on the signal amplitude at defect center. 

 
Variation of the amplitude at defect center 

for different offsets  

Offset 
(mm) 

Corner effect 
(dB) 

Diffraction 
(dB) 

Defect length 
(mm) 

-10 -6,0 -3,5 60,2 
-8 -5,0 -3,0 60,7 
-6 -3,0 -2,0 60,3 
-4 -1,5 -1,5 59,5 
-2 -0,5 -0,5 59,0 
0 0,0 0,0 58,1 
2 -1,0 0,0 57,6 
4 -1,5 0,0 57,0 
6 -3,5 1,0 56,5 

Scan (mm) 
Scan (mm) 
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8 -6,0 1,0 56,0 
10 -9,0 1,0 55,0 

 
This study shows that a positioning error has an impact on corner and diffraction echoes but 
the impact on the length sizing is low. Simulation does not take into account all scattering 
effects. Therefore, some positioning errors can be a problem for diffraction echo detection, 
who already has a low amplitude. 
Then the same work were performed for various transducer orientations. Results are 
presented in Fig. 10 and Table 3. In this case, diffraction echo, coin echo and defect length 
are impacted by changing the transducer orientation. This means that it is important to be 
able to place probe with accuracy. A consequence of this effect is the need for knowing the 
real 3D-profile of the nozzle, in which a defect has to be characterized.  
 

 
Fig. 10: Corner echo (left) and diffraction echo (right) variations along the scan axis for offsets of 0 to -

10° on probe orientation. 
 

Table 3: Impact of probe orientation offset on the signal amplitude at defect center 
 Variation of the 

amplitude at defect center 
for different offsets 

 

Offset 
(°)  

 Corner 
effect (dB) 

 Diffraction 
(dB) 

Defect length 
(mm)  

-10 -5,0 -1,5 55,0 
-8 -3,5 -0,5 62,0 
-6 -2,0 0,5 60,0 
-4 -1,0 0,5 59,0 
-2 -0,5 0,5 60,0 
0 0,0 0,0 58,0 
2 -0,5 -1,5 55,0 

Scan (mm) 
Scan (mm) 
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4 -0,5 1,0 54,0 
6 -2,0 -6,0 48,0 
8 -3,5 -9,0 46,0 
10 -5,0 -13,0 41,0 

 

Conclusion 

Simulation and experimental results showed that the flexible transducer is a technology, 
which can now be used in industrial configurations. It is able to characterize defects in 
complex geometries such a saddle shape with a good precision.  
Experiments show that austenitic welds remain a significant obstacle to high-performance 
characterization: when the beam propagates through the weld, it is possible to detect 
coherent signals but defect areas placed inside the weld do not allow the characterization.  
Besides, this study was limited to a defect placed in a specific angular part of the nozzle. 
Characterization in other angular parts may also be possible but this is not yet supported by 
experimental data from this project. It may also be possible to extend this technology to 
other nozzles or complex geometries. It would require extracting their 3D-profile, then 
performing simulations in order to extract pre-computed values for transducer positions and 
delay laws. Moreover, the robotic arm seems to be adapted to small deployment but it 
would be useful to assess its compatibility test it with the obstacles present in each new 
inspection environment.  
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