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ABSTRACT 
Phased Array ultrasonic testing is now widespread in the NDT practices and is also accredited by standards in 

most industries. It has a lot of benefits compared to conventional ultrasonic testing: fast, reliable, with higher 

resolution and better detectability to name a few. On the other hand, with all the advances in the technology, 

novel imaging techniques like FMC/TFM are now getting more accessible. They are powerful techniques that 

can provide results beyond standard ultrasonic inspection methods. Unfortunately, these advanced imaging 

techniques are not yet recognized by standards. They can’t be used alone for specific detection and inspection 

but can be a big help in the case of defects characterization. In this paper, we will demonstrate that the 

combination of Phased Array and advanced imaging techniques can improve the defects characterization 

process for many applications where the use of linear scanning is common practice. 
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1. Introduction 
 
While the phased array ultrasonic equipment haven’t changed a lot in the past few years, the software 
advances on signal treatment have had major breakthroughs. One of the last improvements in the 
NDT world is the full matrix capture (FMC) and Total focusing Method (TFM). A new era of 
portable devices equipped with these features have followed the industrial systems. The FMC is the 
ultrasonic acquisition of the Area and the TFM applies an algorithm on this acquisition to create an 
image, where each pixel is a sum of the resulting delays at every coordinate. In this technique, the 
ultrasonic emission only requires one element but all elements contribute to the reception. This 
enhances the focusing capability and the extracted images can show different travel paths and 
velocities solutions. These transmitted and received patterns are known as modes. The NDT 
community is currently trying to standardize this new approach who had advantages and 
disadvantages compared to phased-array. This paper would compare the two techniques and show 
some pro and cons of each approach.  
 

2. Basic Principles 
 

2.1 Phased-Array 
 
Phased Array ultrasonic is based on real A-scans; the amplitude along the propagating beam is 
predictable according to the laws of physics. The ray tracing area is simple but usually part of a 
mandatory inspection plan.  The UT data recorded will remain the same unless the inspector changes 
the gain or some other filtering effects. Once generated, one beam or A-scan, inside a Linear scan is 
defined by the same properties (Aperture, Frequency and Focal distance) as conventional UT and post 
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analysis tools can be limited. The criteria of calibration and rejection of this technique are more or 
less an adaptation of the conventional UT. It is now widespread across the NDT world as the go to 
ultrasound technique for complex inspections. 
 
2.2. FMC/TFM 
 
In Full Matrix Capture (FMC), the raw A-scan data is collected by using a single element as 
transmitter and all elements as receivers [1]. The TFM imagery is based on colored pixel 
representations of a specific area inside the part [2]. This image is based on huge matrices of 
ultrasonic A-Scan obtained thru the FMC acquisition process. The TFM result is an image that is not 
necessarily predictable according to the conventional ultrasonic physics. By itself it doesn’t have the 
signal information once generated. However, different image outputs could be extracted from the 
FMC depending on the chosen analysis mode (L-L, L-T, L-T-T). The amplitude and delay of the A-
scans are summed, on an X-Y coordinate datum (with a given resolution) and the color signature 
indicates a “presence” regardless of its direction or amplitude. Also, the extracted image would be 
focused in every point, and because of that, the sizing accuracy should be better compare to a single 
focusing point data set, while using the same transducer. While calibration and rejection criteria are 
not yet define for these techniques, being able to stock the FMC A-scans during the acquisition should 
help on that front as it permits the TFM image to be analyze like standard phased array results. For 
example, one of the main advantages of stocking this information is that the image can be altered 
afterwards using different processing tools, which are already common in the ultrasonic inspection 
world.  
 
The following sections of the paper will show the results comparing a standard linear scan at 0 degree 
longitudinal wave (L-Wave) with an L-L TFM image. Amplitude response, TFM resolution output 
and sub-sampling effect for the raw recorded A-scans will be discussed.  
 

3. Results 
 
For this study, all data were acquired using Sonatest Veo+ instrument and all data were analyzed 
using Sonatest UTstudio software. 
 

3.1. Sensitivity 
 
First, we have taken amplitude measurement from A-scan extracted from a linear pulse echo (PE) 
phased array setup and TFM images. The extracted A-scans from the phased-array setup have been 
generated using 1, 8 and 16 elements active aperture. Six references holes have been used for the 
measurement, with diameter going from 2.38 mm SDH at 80% FSH down to a 0.4 mm SDH. For 
every acquisition, the signal response of the reflector was brought to 80% FSH. For the FMC 
acquisition, the reference amplitude has been set using a 1 element aperture in L-L mode 
configuration. On the TFM image, the amplitude value was taken from the binary digital pixel value, 
which was converted into the digital full scale of the ADC (Analog digital converter) of the 
equipment and then normalizes to 80%FSH. The maximum amplitude information shown in Figure 1 
has been automatically found using standard software feature: 
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Figure 1: Necessary gain on the ASTM block to get SDH from 0.4mm to 2.4mm at 80%FSH. 

 
Figure 1 illustrates 5 the necessary gain in dB of different techniques, three PE Phased-array data sets 
(1, 8 and 16 active elements) and a TFM image, to bring the corresponding SDH to 80%FSH. The 
TFM image is generated using an apodization function, which decreases the weight of high angle 
beams using a coefficient factor based on known models. The effect of apodization model normally 
produces a better image to fit the realistic loss of ultrasonic energy of high angle beams. As one could 
have expected, the TFM image requires more gain to bring the defects to the desired amplitude but it 
does not affect the signal to noise ratio (SNR) as it can be seen on Figure 2: 
 

1E PA 8E PA 16E PA TFM  

    

31 dB 12.1 dB 5.9 dB 43 dB* 
Figure 2: Sensitivity of a 0.4mm SDH, according to the compared techniques 
*Reference to the sampled image peak value then converted into FSH and dB 

 
Figure 2 shows screenshots of the image generated by the different apertures phased array technique 
and the TFM. They have been taken on the 0.4mm SDH with the maximum signal response of the 

-10

0

10

20

30

40

50

0 0.5 1 1.5 2 2.5

Ga
in

 (d
B)

SDH Diameter (mm)

Sensibility response of phased-array beam of different apertures 
and a TFM image on SDH of different diameters

PA 1E

PA 8E

PA 16E

TFM



15th Asia Pacific Conference for Non-Destructive Testing (APCNDT2017), Singapore. 

 [ID216]  4 

reflector set at 80% FSH.  Generally speaking, for the phased-array images, the more elements used 
for the acquisition, less amplification is needed, just like the laws of physics would predict. The 
principal advantage of using many elements aperture with phased array is the noise reduction; there is 
an average improvement of 24 dB using 16 instead of 1 element aperture. This is mainly due to the 
fact that the more elements used, more energy is transmitted into the inspected part. However, the 
benefits are less prominent with aperture of more than 16 elements, since the width of the beam is 
getting smaller at its focal point and doesn’t particularly suits most applications. 
 
For this TFM image, the FMC acquisition was realized at the same gain as the 1 element Phased-array 
scan (31dB). The equivalent gain was deducted in post-analysis by comparing the amplitude obtained 
and adjusting it according to the instrument signal scale conversion. An equivalent gain of 41 dB was 
found. The color palette of the TFM image is set automatically using an equivalent palette as standard 
Phased Array. Interestingly, even if the equivalent gain used on the TFM image is higher (43dB) 
compare to PA (31dB), the signal to noise ratio of the TFM image is much better. This is clearly a 
main advantage of the FMC/TFM approach; the gain used during the FMC acquisition is far less 
critical for detection and sizing of defects. In the post analysis phase, it is possible to create the digital 
images and compensate with software gain without inducing useless noise, even if the acquisition has 
been done without the proper sensitivity.  
 

Another advantage compared to Phased array is that there is no residual noise besides the SDH 
compared to conventional phased array, even on the smallest diameter SDH image. The focusing 
effects of TFM enhance the signal response and build the image by positive interference. Since the 
UT noise is everywhere and random, its contribution is destroyed by the algorithm and does not 
appear in the TFM images. This is a clear advantage for a high gain inspection with a high frequency 
probe for instance. 
 

3.2. Sizing  
 
While the FMC acquisition needs more gain to bring a standard defect to the same %FSH level than 
the linear, we can also see that this increase gain does not produce undesired noise in the TFM 
images. This interesting property of the TFM imaging could certainly be used to help solving sizing of 
critical indications. The AWS resolution block has been selected for this demonstration because it got 
3 SDHs close to one another, which are usually difficult to detect in Phased-array. The diameter of the 
SDH is 1.5mm and the distance between each of them is 4 mm. Figure 3 compares the two techniques 
for the same probe position and SDHs: 
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8E. L-Scan 16E. L-Scan 32E. L-scan TFM Image 

Figure 3: AWS Resolution Block with 3 SDH Vertically Aligned 
 
For the linear scan, the focal distance was set on the first SDH. The focal effect and the beam 
diversion effect after the focal point are visible on the 3 images. The first hole is getting smaller and 
the beam divergence after the focal point increases as the number of active elements increases. 
Indeed, the 32 elements aperture (0.8mm pitch) configuration, hardly see the last SDH because of that 
phenomenon. The properties of the linear scan like the number of elements per focal law and the 
focusing depth have an effect on the first SDH sizing, and also on the probability of detection of the 
other two. On the other hand, with the FMC acquisition and the TFM imaging, one can successfully 
detect and size the dimension of all 3 SDHs with precision. It is also interesting to note that both 
detection and sizing are improved with the TFM imaging but also that they are not affected by the 
scan or probe properties. 
 

3.3. Lateral Resolution  
 
 

 
(a) (b) 

Figure 4: (a) Linear Scan and (b) TFM image  
 
The spatial resolution in the probe axis can be considerably improved by recording the indication with 
the FMC as well. In Figure 4, you can see the results of both techniques on a standard test block. The 
SDHs diameters are 1mm with 3mm in between each of them. In Figure 4a, we can see that the linear 
scan cannot size properly these SDHs because the amplitude drop between each SDH is less than 6 dB 
(A-scan amplitude is comprised between 50% and 80% FSH in the holes region). With the linear 
scan, the lateral resolution cannot be improved for the same probe as it already has a 1 element by 1 
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element step between focal laws. The only way to improve lateral resolution would be to use another 
probe with smaller element pitch. In the case of the FMC acquisition and TFM imaging, the algorithm 
triangulates the position of all beams which has the effect of improving the lateral resolution 
limitation from the physical size of the probe elements to the wavelength of the ultrasound beam. We 
can see in Figure 4b that the TFM image can size properly the SDHs, with a clear amplitude drop 
between each of them. The focusing ability of this imaging technique proves again how it can achieve 
a better level of resolution.  
 

3.4. Effects of Resolution Parameters on TFM Images 
 
The resolution chosen to create in the TFM algorithm is a critical parameter which can create errors 
on the output images. Starting from a matrix that has 1024 A-scans (32 element FMC), you can 
extract a 256 by 256 pixels image. Using a resolution of 0.1 mm2, it represents a 25 X 25 mm region. 
Decreasing pixel resolution does not change center position but the software gain needs to be 
increased to achieve the same result. We can see in Figure 5 that both detection and sizing are not 
affected if the resolution is increased from 0.1 mm2 to 0.2 mm2. The wavelength in this setup being 
1.2 mm, a 0.3 mm2 resolution could be used without affecting too much the amplitude, as predicted by 
the Nyquist theorem. Increasing image resolution permits to increase the maximum region size of the 
image or reduce the computing time for a same set of data, without affecting the sizing potential of the 
technique.  
 

0.1 mm2 0.2 mm2 0.5 mm2 1 mm2 

    

Figure 5: Pixel Resolution Comparison 
 
A similar comparison can be made by removing samples directly in the raw A-scans. In our example, 
the size of a frame could be cut in half to save memory space, without affecting the end result. The 
images are shown in Figure 6. We can see that the amplitude is not so different from the first sub 
sampling 1:1 compare to 1:2 but the image is considerably altered for the 1:16 sub sampling. In 
numbers here, using a sub sampling of 1:2 for a 50.8 mm range will reduce the sample density from 
42 samples/mm to 21 samples/mm. It still respects the 5 to 1 ratio of the acquisition frequency to the 
probe frequency. This sampling rate has virtually no impact at this wavelength of 1.2 mm. The FMC 
frame size is smaller of 2 MB (4 to 2MB). For a 300mm long encoded scan, this represents 600 MB 
of memory instead of 1.2 GB, which is not negligible.  

1:1 1:2 1:8 1:16 
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Figure 6: Sub-Sampling A-scan Effect 

 
3.5. Real Crack Sizing Comparison 

 
We can now compare a fairly optimized linear scan to an FMC scan on a real defect. They both have a 
1 mm encoder step resolution and are 100 mm long. In Figures 7 and 8, the two techniques are a 
linear scan of 8-element aperture and a 32:32 FMC rendered in L-L mode TFM algorithm. In order to 
perform an accurate sizing, the TFM image appears clearer. It has a better response on higher angles 
and that’s why the profiling method is better.  
 

Figure 7: (a) Linear Scan – 8 element aperture, 4.66 mm 
long; (b) Top View rendering 

 
(a) 

 
(b) 

Figure 8: (a)TFM L-L image,  5.51 mm long; (b) Top 
View Rendering  

 
(a) 

 
(b) 

 
 
The convex shape of the defect is not showing up in the linear scan view and seems to appear smaller. 
In Figure 8, the left portion of the crack is present while the same frame in the phased array linear 
scan misses it. The crack orientation may respond on a different angle where the linear scan would not 
catch it. The analysis through time is a critical action where growing rate is a major threshold 
parameter for repair. The absolute measurements, like flaw length, are almost the same since the 
passive aperture is identical but the projected top view does not render the same dynamic profile. The 
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defect zone measurement at both -6dB amplitude is 33 mm2 for the TFM and 37 mm2 for the linear 
scan.  
 
4. Conclusion 
 
This paper has shown that sizing of defects using an FMC acquisition and a TFM image provides 
noticeable advantages compare to the standard 0 degree L-wave phased array technique. First, during 
the acquisition phase, the parameters used such as the gain are far less critical than for the linear scan. 
Furthermore, the SNR is also improved where small indications require huge focusing capability and 
results has shown that the TFM works better compare to a standard phased array techniques. The 
spatial resolution, which is also a key for critical sizing, is not only better in all dimensions for a TFM 
image but is also not limited by the beam properties. The orientation of the defect is critical as well in 
sizing and this is exactly one limitation that the linear scan can’t overcome, with its fixed beam angle 
during the acquisition. With the FMC, all information is available and the produced TFM image 
enhances the assessment method. The power of phased array is then improves by the FMC and can 
now be used in many modes and orientation.  
 
The FMC acquisition should continue to grow.  Even if, FMC still has the issue of producing large 
chunks of data, it could be easily solved with compressed A-Scan which once filtered will not 
compromise image quality. Also, larger memory capabilities will be commonly used and multiple 
scans are going to be recorded at the same time. A fast connectivity will counter this issue by 
transferring data in the cloud or direct into your computer. Ultimately, TFM techniques will be 
possible using different algorithms, thus improving quality of the image produced as different 
processing could be more suitable for each type of indications to be size. The TFM image size could 
also be reduced by using antialiasing rendering to zoom in a part of the acquired data. Another way to 
improve TFM rendering, is done by using superimposes the data of different wave modes into the 
same image. The desired echo from each mode can be overlaid and grants a better image reliability 
for complex geometries, thus easing analysis.  
 
In the near future, improvements to these new techniques should come from already available 
methods of phased array, like the possibility to calibrate and/or to adjust sensitivity using a TCG-like 
feature for example. Furthermore, as the usage of these novel approaches gets more and more 
mainstream, standard procedures will be developed which will facilitate the integration of them in 
different NDT applications. 
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