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ABSTRACT:  
 
One of the interesting functions offered by the phased array technology for defects characterization is 
the Full Matrix Capture (FMC) associated with the reconstruction algorithm Total Focusing Method 
(TFM). 
The defects Characterization using this function depends on the ultrasound beam shape, which 
depends itself on the choice of some control parameters such as: central frequency, transducer opening 
(pitch and number of elements), angle of refraction, transducer position and attenuation. 
The aim of this paper is, firstly to study the influence of these parameters on the ultrasonic beam and 
especially on the FMC-TFM resolution. Secondly, these parameters are optimized in order to allow a 
quantitative characterization of defects. 
A series of simulations with CIVA software were performed to carry out this study according to an 
experimental design approach, which was established taking into account all the previous parameters.  
The obtained results show the importance of certain parameters such as number of elements, frequency 
and attenuation on the ultrasonic beam width and consequently on a quantitative defect 
characterization. 
 
Key words: 
Phased-array, Non-destructive testing, Full matrix capture, Total focusing method, Excitation 
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1. Introduction 
 
For obvious safety reasons, the presence of an indication in a weld of an item of Pressure Equipment 
requires knowledge of its harmfulness. This is why the indication needs to be best characterized 
through various destructive or non-destructive testing methods. Currently, the non-destructive methods 
used to inspect welds are surface methods (such as dye penetrant inspection and magnetic particle 
inspection) as well as volume methods such as conventional ultrasounds, X-ray examinations and 
Time Of Flights Diffraction (TOFD). All these methods are standardized. 
Due to the possibilities that it offers, ultrasonic phased array technology represents an interesting 
alternative to X-ray examination (reference but costly and harmfulness method for people and the 
environment) for detecting and characterizing defects [1]. Phased array ultrasonic inspection does not 
yet propose acceptance criteria nonetheless; there are promising possibilities of defect 
characterization.  
A number of interesting functionalities for characterization such as Full Matrix Capture (FMC) 
associated with the TFM (total focusing method) reconstruction algorithm can be obtained with this 
technology [2]. 
The aim of this study is to use the FMC functionality coupled with the TFM reconstruction algorithm 
to examine how certain phased array ultrasonic inspection parameters influence the characterization of 
defects. 
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 These parameters include in particular the frequency, transducer opening (pitch and number of 
elements), the angle of refraction, the position of the defects regarding the axis of the transducer and 
the defect placement depth. Series of simulations were carried out with the CIVA software for this 
study according to an experimental design approach taking into account all the previous parameters. 
The first part of the paper is an overview of the principles of the FMC functionality and the TFM 
algorithm as well as a few points of theory regarding the ultrasonic beam. The second part analyses the 
results of the experimental design implemented to optimize the testing parameters and thereby 
improve defect characterization. 
 
2. Reminders: FMC-TFM and focusing of the ultrasonic beam 
 
Figure 1 below explains the principle of the FMC functionality. 

Figure 1: Block diagram of the FMC operation [3] 
 
The FMC functionality involves successively transmitting with each element j of the transducer and 
receiving for each shot all the elementary signals i received by the elements of the network. A set of 
NxN elementary signals kij(t) is therefore recorded in a matrix referred to as an Inter-element Matrix, 
where N is the number of activated elements transmitted and received. Once the inter-element matrix 
is acquired, the entire data is post-processed with the TFM reconstruction algorithm. 
This post-processing implemented in the CIVA software involves defining a reconstruction zone ROI 
(position, dimensions and meshing), then calculating the theoretical time of flight Tij(P) for each point 
P of the zone corresponding to the time of flight between the transmitter j and the receiver i through 
point P (see Figure 2). 
The synthetic focusing is carried out by adding in each point P the amplitudes Aij(P) extracted from 
the signals kij(t) at the time of flight t = Tij(P) [4]. 
This algorithm is also used to reconstruct the image I in each point P:      |∑ ∑               |         (1) 

Where: Aij(P) = kij[ t =Tij(P)]  at point P. 

Transmission Reception
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Figure 2: Principle of the TFM reconstruction. (CEA) 

A fine characterization of the defects requires control of a few parameters directly influencing the 
characteristics of the ultrasonic beam. The main characteristic is the beam opening which depends on 
the geometric dimensions of the active element, the frequency and velocity of propagation of the 
inspected medium. 
Two zones are considered in the propagation axis of the ultrasonic beam from a non-focused 
transducer: the Fresnel zone and the Fraunhofer zone. 
The Fresnel zone (near field) is characterized by a severely disturbed acoustic field which makes it 
difficult to inspect this zone. The pressure field suffers a succession of amplitude maxima and minima 
[5]. The last acoustic pressure maximum corresponds to the limit of the near field zone, which, for a 
circular tip, depends on the square of the diameter of the transducer D and the wavelength λ.                    (2) 

In the case of a phased array transducer (linear arrangement), the length of the near field depends on 
the active transducer opening D (mm) which depends on the number of active elements N, pitch p and 
the inter-elements space ei, the frequency f (Hz), the velocity in the medium v (m/s) and a correction 
factor K to switch from a circular transducer to a rectangular transducer. This factor K depends on the 
ratio between the width and the length of the active transducer opening [6].                     (3) 

Where,        , and       is the wavelength. 

Beyond the Fresnel zone is the Fraunhofer zone (or far field), where the ultrasonic energy is optimum 
and features a regular attenuation profile. This latter zone is also characterized by a divergence of the 
beam, which has negative effects on the assessment of the defects [5]. 
The TFM algorithm is used to focus the ultrasonic beam in all points. This TFM reconstruction 
applied to the inter-element matrix in a point P amounts to determining the ultrasonic energy in this 
point when N elements are used with a focusing type delay law in this point. The focusing region is 
called the focal zone. The width of this focal zone at -6dB depends on the focal distance F of the 
transducer opening D and the wavelength λ.                                   (4) 
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Note that according to equation 3 and equation 4 if the opening and the frequency of the transducer 
increases then the length of the near field increases and the width of the beam decreases.  
This study of the influential parameters on the characterization of the defects is presented below. 

3. Definition of the influential parameters 

In NDT domain, it is becoming increasingly common to firstly study the phenomena with numerical 
simulations for economic reasons and also to help interpret experimental results. Moreover, it is often 
difficult to study several parameters involved in a phenomenon all the more so as there are many and 
that there may be interactions between them. It is therefore advantageous to organize the simulations 
to be carried out within the framework of an experimental design. 
 
Table 1 presents the various parameters studied with their low level (-) and high level (+). The 
definition of the values of the parameters stems from the usual NDT configurations. 
 

No. 1 2 3 4 5 6 

Parameters 
 
 
 

Level 

Depth of the 
defect 
(mm) 

Position of the 
defect with 

regard to the 
axis of the beam 

(mm) 

Angle of 
refraction (°) 

Number of 
elements 

Pitch 
(mm) 

Frequency 
(MHz) 

- 10 0 0 16 0.5 5 

+ 30 2 45 64 0.8 10 

Table 1: Parameters taken into account 

The studied defects are side drilled holes (SDH) of 0.2 and 3 mm diameters located to 10 and 30 mm 
in depth.  
The strategy of the experimental design adopted to carry out the simulations involves taking into 
account all the parameters and all possible interactions between them. This amounts to implementing a 
type 2k factorial design (k is the number of parameters to be studied and the Figure 2 refers to the 
number of levels given to each parameter) [7]. For this study, k = 6 and therefore 64 simulations must 
be carried out for each SDH diameter where the level of a single parameter is changed by switching 
from one testing configuration to the other. The width of the dynamic echo at -6 dB of the wave/defect 
interaction signal was designated as the result of a simulation. The best testing configuration will be 
that which will give a width of the same order of magnitude as the diameter of the studied SDH. 
This experimental design approach will make possible to prioritize the 6 parameters studied with 
respect to their effect on the result. 
 
4. Results and discussion 
The results of the parameters influence on the width of the dynamic echo obtained on the SDH will be 
presented in this section. This study will allow us to define the best configurations for characterizing a 
defect independently to its size. 
 
4.1 Widths measurements 

 
Figure 3 shows the width of the dynamic echo at -6 dB as a function of the applied configuration for 
the two SDHs of 0.2 mm and 3 mm diameters. 
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Figure 3: Width of the dynamic echo obtained for the 0.2 and 3 mm SDH 

Two groups of configurations can be identified from figure 3:  
 

1. Those configurations which give the same results irrespective to the SDH size. They are not 
suitable for the defect characterization. 

2. Those configurations whose results differ as a function of the SDH size. Amongst these, the 
configurations with wide variations (see Table 2) will be analysed to select the optimum 
configuration for the defects characterization. 

 

Test 
numbers 

Depth of 
the SDH 

(mm) 

Position of 
the defect 

with respect 
to the axis 

of the beam 
(mm) 

Angle of 
refraction 

(°) 

Number of 
elements 

Pitch 
(mm) 

Frequency 
(MHz) 

Width 
obtained 
on SDH 
(3 mm) 

Width 
obtained 
on SDH 
(0.2 mm) 

9 10 0 0 64 0.5 5 2.2 0.57 

11 10 2 0 64 0.5 5 2.1 0.54 

25 10 0 0 64 0.8 5 2.4 0.5 

27 10 2 0 64 0.8 5 2.4 0.5 

41 10 0 0 64 0.5 10 1.8 0.28 

43 10 2 0 64 0.5 10 1.9 0.3 

Table 2: Configurations for Group 2: The result varies as a function of the SDH diameter 

Note that configurations 9 and 11 yield the most varied results compared with the other configurations 
in the table as regards the actual width of the studied defects. These configurations are therefore not 
suited to characterization of the indications. 
Configurations 41 and 43 are suited to the testing of 0.2 mm SDH whereas configurations 25 and 27 
are better suited for the 3 mm SDH. The only difference between configurations 41 and 43 
(respectively 25 and 27) concern the position of the centre of the SDH with respect to the beam axis. 
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This parameter therefore does not have a lot of influence on the result (width of the dynamic echo) as 
both SDHs are always positioned in the transducer field.  
However, the difference between configurations 25 and 41 (respectively 27 and 43), which justify 
selecting one over the other for a given SDH, concerns parameters involved in the construction of the 
ultrasonic beam that is to say the frequency (5 MHz /10 MHz) and the pitch (0.8 mm / 0.5 mm). 
Nonetheless, and in the reality of an industrial testing, the size of the defects is unknown in principle 
hence the need to find a testing configuration which helps to characterize the defect irrespective of its 
size. To this end, the focus will now be placed on assessing the deviations obtained for all 
configurations between the measured width and the actual diameter of the SDHs. 
 
4.2 Dimensioning deviation 
The deviations obtained between the measured width and the actual diameters of the SDH are 
displayed on figure 4.  
Many configurations give markedly different measured values than the actual value (deviation 
exceeding 400 %). For the purpose of clarity, only the configurations for which the deviation is less 
than 400 % are displayed. 
 

 

Figure 4: Measurement deviation for each configuration 

Figure 4 makes it possible to identify: 
 

1. The best configurations as a function of the defect. As was previously mentioned, 
configuration 41 is best suited to characterizing the 0.2 mm diameter defect as here it 
generates the lowest deviation (~40 %). However, by analysing the measurement deviations, 
configurations 5 and 7 are best suited to characterizing the 3 mm diameter defect (10 %). 
Between configurations 5 and 7, only the position of the defect with regard to the beam axis 
changes. 

2. Configuration 41 gives both the lowest and the same measurement deviation (40 %) 
irrespective of the SDH size. Therefore, this last configuration is selected for characterizing 
the defects ranging between 0.2 and 3 mm. 
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4.3 Analysis of the results 
The 40 % deviation obtained with configuration 41 for the dimensioning of the 0.2 and 3 mm diameter 
SDHs is very significant. This deviation is partly explained by the cylindrical shape of the reflecting 
surface of the SDH. The ultrasonic energy is therefore reflected in all directions and not only towards 
the transducer. 
 
In order to validate this assumption, configuration 41 was applied on two flat defects of 0.2 mm and 
3 mm in width. 
 

  

Figure 5: Echo dynamic curves obtained with configuration 41 on a flat defect  
of 0.2 mm width (left) and 3 mm with (right). 

The width obtained for the 0.2 mm defect is equal to 0.33 mm i.e. 65 % deviation and that obtained for 
the 3 mm defect is equal to 3 mm, that is 0% deviation. 
It is clear that this configuration has improved the characterization for the 3 mm defect. In this case, 
the previous assumption is validated according to which the ultrasonic energy reflected by a flat defect 
is fully returned to the transducer. However, the width measured (0.33 mm) for the flat 0.2 mm defect 
remains comparable to that obtained for the SDH (0.28 mm) and the deviation is still significant. By 
calculating the field for configuration 41, the following beam is obtained: 
 

 

Figure 6: Beam generated by configuration 41 with focus at 10 mm depth (left) and width of the focal 
zone at this depth (right). 

Note that the width of the beam at 10 mm depth (0.4 mm) is greater than the size of the defect studied 
(0.2 mm). Consequently, a defect that is smaller than the width of the beam irrespective of its shape 
cannot be finely characterized. 
In a theoretical point of view, the length of the near field of the transducer with this configuration is 
equal to 425 mm (equation 3), i.e. forty times more than the depth of the SDH at 10 mm. Moreover, if 
the focal distance is small with respect to the limit of the near field (in our case the focal distance is 
equal to 10 mm), the width of the focused beam decreases (see equation 4). This configuration is 
therefore logically more optimal for characterizing a defect irrespective of its size. 
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The same configuration is thus applied for the defects located at 30 mm in depth (configuration 42). 
The results are given in the table below. 
 

Size of the defect 0.2 mm 3 mm 
Deviation for the SDHs 180 % 70 % 

Deviation for the flat defects 200 % 0 % 

Table 3: Deviations obtained with configuration 42 for the studied defects. 

Compared with configuration 41 (defect at 10 mm depth), a degradation of the results for the 0.2 mm 
defects (almost constant with an absolute value) is noted. In fact, the focal distance (30 mm) increases 
with respect to the limit of the near field and accordingly the width of the focused beam also increases. 
The width of the beam is once again markedly higher than the size of the defect (see image below). 
  

 

Figure7: Beam generated by configuration 42 with focusing at 30 mm depth 
and width of the focal zone at this depth 

With regard to the 3 mm defect, a degradation of the result in the case of the SDH defect (70 % 
deviation instead of 40 % previously) can be noted whereas the flat defect is properly characterized 
(0 % deviation). This degradation stems, on the one hand, from the width of the beam which increases 
with the focal distance (30 mm) and, on the other hand, the cylindrical shape of the SDH. 
Applying the TFM algorithm to the matrix obtained by FMC therefore amounts to generating a beam 
focused at the indication depth. 
 

5. Conclusions and perspectives 
 
In this paper, an experimental design was carried out to study as accurately as possible, how the 
testing parameters such as frequency, transducer opening (pitch and number of elements), the angle of 
refraction, the position of the transducer with respect to the defect and the depth of the defects, 
influence the characterization of the defects by using the FMC functionality and the TFM 
reconstruction algorithm. The configurations which are not suited to the defect characterization were 
identified given that the results obtained were identical irrespective of the size of the defect. 
Furthermore, the configuration which gives the same deviation for the dimensioning of two defects of 
different size was identified. This configuration proves to be optimal for the characterization of 
defects. As a matter of fact, the deviation obtained even though it was significant due to the type of 
defect modelled (SDH), was greatly reduced on a flat defect. However, a defect that is smaller than the 
beam cannot be accurately characterized. The field calculations confirmed this truth that has been long 
known in NDT. The electronic focusing applied by the phased array ultrasonic technology or 
synthetically applied using the FMC coupled with the TFM algorithm, improves the characterization 
up to a certain limit with regard to the smallest-sized defect that can be detected (function of 
wavelength and beam size). 
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For the future work, this experimental design should help to firstly calculate effects of the various 
parameters studied on the width of the wave/defect interaction beam. Secondly, it should help to 
establish a mathematical model that compares the results of the simulations and consequently saves a 
significant amount of time. The interest of this model will be calculating all the responses of the 
studied domain without being obliged to perform the tests (simulation or experiments). Finally, these 
results will be applied to the inspection of welds. 
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