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Abstract 
 

In many industrial areas, such as nuclear, aircraft and oil industry, there is an increasing need for versatile 
Non Destructive Testing methods, able to ensure the reliability of complex structures. Ultrasonic (UPA) 
phased arrays have been widely studied for several years, since they provide a powerful tool for improved 
adaptability to a wide range of applications. These phased arrays rely on transducer splitted into an array of 
elements individually driven, which allows one to master the ultrasonic beam thanks to delay and amplitude 
laws. One advantage is the capability of phased array to increase productivity of industrial application. A 
simple example of a thickness measurement will be developed in order to show how fast phased array can be 
compared to conventional techniques. One other advantage of phased array is their capability to overcome 
difficult geometrical problems thanks to their adaptability: electronic commutation, beam-steering and 
focusing in complex geometries. A specific flexible phased array probe will be presented and applied on a 
nozzle inspection. This phased array is able to conform to a complex component, without degrading the 
radiated UT beam.  
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Introduction 
The application of phased arrays techniques in ultrasonic Non destructive testing (NDT) are now commonly 

used in various industrial fields, thanks to their intrinsic versatility, combined to increase performances of 
commercially available acquisition systems and array probes. These skills allow carrying out fast inspections of 
complex components with new operating modes, which may combine basic advantages of phased arrays, such as 
electronic commutation, sectorial scanning, dynamic focusing…  

These techniques rely on the application of delay and amplitude laws to all, or to groups of, elements of an 
array. Indeed as soon as complex structures are dealt with (complex profile, non homogeneous and/or anisotropic 
materials…) the laws have to be optimized in order to compensate phase aberrations due to geometrical or 
material properties variations and this is done within suitable modeling based algorithms. The French Atomic 
Commission (CEA) has developed for years semi-analytical models dedicated to UT. These simulations tools, 
which are developed in the CIVA software [1] are gathered in the M2M phased array systems, allow computing 
delay laws, beam propagation as well as imaging tools. Those different features are available for simple 
(circular, linear) or more sophisticated (1.5D or 2D matrix arrays, sectorial arrays) patterns. 

 
Principle of phased array technology 

A phased array probe is transducer, made of many elements according to a spatial arrangement that is 
generally chosen depending on the final application. Some examples are presented Figure 1: linear array, matrix 
array, sectored array probes. 

 

 
Linear array  

Matrix array  
Sectored array 

Figure 1: Examples of phased array designs 
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Each element is connected to an electronic device that drives the probe. This electronic system generate, for 
each element, an electric signal (generally identical for all elements) but delayed (or not) from some fraction of 
microseconds. The application of these individual delays to all the elements is generally called « delay law ».  

 
If all the elements are activated at the same time by the electronic device, the probe behaves like a 

conventional probe of the same emitting surface: same UT beam properties in term of near field length, focal 
spot size and so on… If a delay law is applied, the beam can be deviated from its nominal angle or focused as 
indicated in Figure 2.  

 
Figure 2: Principle of beam deviation 

 
The delay law basically corresponds to the difference of propagation time from each element to the focus 

point. It is quite easy to compute it when the probe and the focus point are embedded in the same media. In most 
of NDT UT configuration, the probe is located in a coupling media surrounding the component to be focused in. 
If the surface of the component is planar or cylindrical, the delay laws are still not too difficult to be computed. 
Nevertheless, when the geometry of the surface is complex, a simulation tool is then necessary to accurately 
compute these delay laws. Indeed as soon as complex structures are dealt with (complex profile, non 
homogeneous and/or anisotropic materials…) the laws have to be optimized in order to compensate phase 
aberrations due to geometrical or material properties variations and this is done within suitable modelling based 
algorithms. The French Atomic Commission (CEA) has developed for years semi-analytical models dedicated to 
UT. These simulations tools, which are gathered in the CIVA software [1], are then necessary to drive a phased 
array system.  

 
Application of phased array technology to industrial configurations 

Thanks to modern electronic systems, it is possible to modify extremely rapidly the focal laws applied to the 
probe. The pulse repetition frequency (PRF) of M2M phased array systems for example is about 30 kHz 
including the change of focal laws between two shots. This aspect is widely used in various industrial fields. The 
different uses of phased array technology are presented bellow: 

 
Sector scanning: 
In this application, the beam is deviated according to an angle range. At each step, a Signal is collected and 

they are gathered in order to form a picture of the component. Figure 4 presents a Sector scan of a calibration 
block.  



 

 

 

Figure 3: Sector scan of a calibration block 
 
It is widely used when the access on the surface of a component is limited, for example, during a weld 

inspection. Figure 5 shows an example of a nozzle weld inspection. The sector scan is used in order to scan the 
weld – base material junction without moving the probe. All the data can be represented in the component frame 
in order to get an easy understanding of the echoes arising from the structure. 

 
The example presented on Figure 5, also present a weld inspection. Using conventional techniques, 3 or 4 

probes are usually mandatory (L0, T45, T60 and T70°) as well as many mechanical displacements to scan the 
whole weld section. For this kind of inspection, a phased array probe is performing an angular scan 
perpendicular to the weld joint. The probe is then moved along the weld joint. In Figure 5,a Cscan image of the 
weld can then be created, representing the welded joint with the different defects in it.  

 

 250 mm 250 mm 
150 mm 

 

 

Figure 4: Weld examination using a phased array system 
 



 

 

Figure 5: Detection of defects and representation on a Cscan image of the welded joint 
 

Electronic scanning: 
The electronic scanning is widely used in the industry for scanning large surface with a fast inspection rate in 

order to increase their productivity. A group of elements is activated on a large probe. For example, a group of 
16 elements on a 128 elements probe. These 16 elements are activated electronically along the probe as 
represented on Figure 6. This electronic displacement can be extremely fast compared to a mechanical 
movement. In order to illustrate this aspect, an example of the scanning speed is calculated on a 128 element 
probe at 2 MHz. The elements are typically 1 mm x 15 mm. This prove is used to scan a 30 mm steel plate. The 
16 active elements are moving with a step of 8 elements. The PRF of such a system, taking into account of the 
Ultrasonic propagation would be 22 kHz. Between two shots, there is a 8 mm gap which gives a electronic 
scanning speed of 180m/s which is much faster than an accurate mechanical movement. It is then possible to 
scan large surfaces faster and more accurate compered with conventional techniques.  

 

 
Shot 1 

 
Shot 2 

 
 

….. 

Figure 6: Principle of electronic scanning 
 

This speed is used in piping inspection system in the steel industry when the whole pipe has to be inspected. 
The inspection of pipes can be drastically improved thanks to these techniques avoiding rotating heads.  

  
 



 
Adaptability of phased array to complex geometry: 
One of the advantages of the M2M systems is that the CIVA simulation software is embedded [2] – [3]. This 

software can compute the focal laws over complex irregular profiles as well as in heterogeneous materials.  
 
The effect of an irregular geometry can be seen on the Fig. 7  where UT beam simulations are presented for 

an immersion phased array transducer. The focal laws are represented in blue. In the first line of the below table, 
the focal law computed above a planar interface applied to the irregular profile and heterogeneous material. In 
the second line of the table, the focal laws are adapted to the irregular profile and the irregular profile and 
heterogeneous material. The beam characteristics (beam size, focusing depth…) are preserved thanks to these 
focal laws calculated by CIVA. Knowing the CAD geometry as well as the material characteristics allows the 
inspection to be performed. 

  

 

 
Planar interface 

 

 
Irregular profile : focal laws not 

adapted 

 

 
Irregular profile + heterogeneous 
material: focal laws not adapted 

 

 
Planar interface 

 

 
Irregular profile : focal laws 

adapted 

 

 
Irregular profile + heterogeneous 

material: focal laws adapted 
Figure 7: phased array focal laws and beam profile computed in complex geometry and materials 

 
Smart flexible probes: 
It can be seen from the previous example that immersion phased array probes can be used to compensate the 

effect of an irregular geometry. Nevertheless, in a lot of applications, ultrasonic contact transducers are more 
suitable. There, the quality of the coupling between the array and the part under test remains a major limitation 
of contact methods. This usually makes necessary to conceive sensors adapted to each situation or geometry. 

The development of flexible ultrasonic arrays [4] answers this lack of adaptability to complex geometry of 
common ultrasonic sensors. 2-D flexible arrays, suitable for 2 or 2.5-D pieces, have been developed by the 
French atomic energy commission (CEA). A 3-D smart flexible probe has also been built with the support of 
EDF in order to improve inspections of 3-D geometries. 

This 3-D array plotted (Figure 8) is composed of 8x8 piezoelectric elements (2.5x2.5 mm²) moulded in a 
flexible matrix of resin. This disk of diameter 50 mm presents an effective aperture of 27x31 mm². Pistons tackle 
the array to the surface of the piece under test, 9 of them (3 by 3 square-matrix) are used to measure the 
deformation of the surface, thanks to displacement sensors. Each of the 64 piezoelectric elements is linked to his 
own independent emission-reception channel. The MultiX UT acquisition system (64 parallel US channel, 
emitting pulses up to 200 Volts and receiving with 10bits ADC, sampling up to 100MHz) is used to monitor, 
both the US signals and the voltages coming from instrumentation (deformation measurement). 



 

 

 

 
 

 
Figure 8: 3-D flexible 8x8 elements array and the acquisition system MultiX 64 parallel channels 

 
The M2M system allows the computation of the focal laws, directly in the embedded calculation processor of 

the MultiX acquisition system: this real time calculation of the delay laws is performed by the FPGA circuitry of 
the system. With this mode, the real time delay law takes into account the focus characteristics and the actual 
deformation of the emitting surface given by instrumentation. The repetition rate of the whole system is limited 
to 100 Hz in this mode, but can be easily improved by mean of algorithm optimization.  

 
This probe and the associated system are used to detect a flat bottom hole (FBH) artificially machined along 

the bisector of the cone/cylinder junction of the nozzle as indicated in Figure 9a. This nozzle mock-up 
reproduces the upper part of pipes junctions present in circuits of nuclear power plants. This nozzle is scanned 
thanks to a robotic arm describe in Figure 9b. 



 
 
 

 

3 mm FBH 

 
a) 

 
b) 

Figure 9: a)location of a 3mm diameter flat bottom hole in the nozzle and b)experimental facility. 
 

The Figure 10-a illustrates the Bscan image acquired during the robot scanning process. The -6dB threshold  
method (relatively to the maxima of the FBH echo), gives a size of 3.1 mm for the defect which is very close to 
the real dimension (3mm) of the FBH. Moreover, Figure 10-b shows the reconstruction in the CAD of the 
component with LW mode, incident at 0° on the flat bottomed hole (diameter 3 mm, height 10 mm). This 
representation allows an interpretation of echoes (coming from flaw, back wall, coming from pre-hole) and an 
accurate positioning of the defect (angular position and depth). 

 

3.1 mm 

 
 
a) segmentation process and sizing of the defect 

 

Nozzle top view 

 
b) reconstruction in the CAD of the component 

 
Figure 10: reconstruction of the Bscan image in the component coordinates 

 
 

Conclusion 
    This paper has presented some illustrations of industrial application of phased arrays techniques. The basic 
sectorial scan and the electronic scan has been presented. Following by examples shown phased array capability 
to overcome distortion of the beam radiated in complex surface and multi material component. Finally, a smart 
flexible probe has been presented and shows a great advantage in the real time compensation of geometrical 
problems. 
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