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Abstract. Close to welds, corrosion-erosion phenomena may occur. When the weld 
is not ground, ultrasonic measurement through the weld crown is a very difficult 
task to achieve. Then, for this application, we have used an adaptive method able to 
deal with the geometrical variation linked to the external geometry of the welded 
pipe. This method is an Adaptive Total Focusing Method (ATFM), where we are 
using a linear phased transducer in a local immersion technique above the weld. In a 
first time we acquire a Full Matrix Capture of ultrasonic data. In an embedded 
computer, we then extract the external profile of the pipe; in a second step, with the 
same set of raw data, we compute the time of flight in the weld link to the geometry, 
and then produce an image of the component. Using a ultrasonic Phased array 
portable instrument, we are able to produce images at 10 frames per second. The 
details of the real time acquisition are shown for different pipes (Thickness from 
10mm to 40mm). The results are discussed: accuracy of the thickness measurement, 
practical issues, reliability of the method.  

Introduction  

Carbon steel pipe are commonly used in power plant to circulate water and steam. 
Corrosion-erosion may occur close to welds made of carbon steel due to the presence of 
humidity. A consequence of these phenomena is local lacks of thickness which could 
jeopardize the assembly. Such internal corrosion-erosion is difficult to detect in case of 
welded pipe. Inspection cannot always be applied from the inside of the pipe, and testing 
from outside can be difficult to perform because of external geometry, especially when the 
weld is not grounded on the outside wall. In this case, ultrasonic measurement is very 
difficult to achieve due to the varying profile of the weld cap.  
 
For this application, we have used an adaptive method able to deal with the geometrical 
variation of the external geometry of the welded pipe. This method has been developed at 
CEA, it is an Adaptive version of the Total Focusing Method (TFM) [1], so called ATFM 
[2]. It is carried out using a linear phased array probe in a local immersion technique above 
the weld.  
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TFM has showed good capabilities to measure and to describe the surface profile of a 
component immersed in water. The extracted profile can then be used to compute the TFM 
image below the surface in order to measure the profile of the back wall and so the residual 
thickness.   
 
This ATFM process has been implemented on a portable phased array equipment to be 
applied on the field.  
 
M2M and COMEX Nucléaire have carried out several experiments on machined samples 
and welded mock-ups to evaluate the performance of ATFM for profile and thickness 
measurements. These results are presented in this article.  
 

1. An Adaptive version of Total Focusing Method for complex profile component 

1.1 Total Focusing Method for real imaging  

Total Focusing Method is an evolution of the Synthetic Aperture Focusing Techniques 
(SAFT) reconstruction applied to phased array probes. It allows producing realistic image 
by combining complete raw ultrasonic information, and optimized focusing at every point 
forming the requested image. Among several methods of data acquisition, the Full Matrix 
Capture is the most complete process to describe all possible contributions between the 
array probe and each point of the image. For a linear array transducer of N elements, it 
consists of N successive elementary shots where each element transmits signal while all 
others receive. A matrix of N by N signals is produced that will feed the image 
reconstruction process. 
 
The TFM image is obtained by coherent summation of all contribution at each point of the 
image. Each contribution is defined by a couple of transmitter-receiver and a focusing point 
P. The time of flight between the transmitter and the receiver is defined according to the 
propagation of the ultrasonic wave through the coupling medium and the component (see 
fig. 1) to the focal point P (see figure 1). Thus the amplitude A(P) is obtained as follow: 
 
 
 
 
 
This method allows focusing at each point of the requested image, using all coherent 
information supplied by the array transducer. 
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Fig. 1. Principle of the TFM and example of image on side drilled holes.  

 

1.2 Profile measurement using TFM 

TFM appears as an efficient method to image the surface profile of an immersed 
component. Tests and comparisons [3] showed the advantage of TFM on others phased 
array methods like linear scanning applying pulse echo and pitch catch modes. The ability 
of TFM to focus at every position and for all angles allows better describing a varying 
profile. The main reason for the TFM advantage is the complete information supplied by 
the FMC process, when all other methods use a reduce amount of information. Figure 6 
shows 3 TFM images on various profile shape with very good results [4].  
 

 
Fig. 2. TFM images of surface profiles carried in immersion 

 using a 2 MHz linear array probe of 64 elements, and 50 mm total aperture length  
 

1.3 Adaptive TFM 

Adaptive TFM stands for the ability to apply the TFM in immersion below an irregular 
surface profile, especially when this profile is not known. Previous paragraph showed the 
ability of TFM to learn various profile in immersion. Extraction and filtering of the actual 
profile lead to the adaptive process by including the profile information to compute a 
second TFM image from the same FMC data. 
The time of flight EP separating each element E of the probe from a point P of the image 
(see figure 3) is expressed as : 
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Where the impact point M on the component surface is determined according to the Fermat 
principle [5] applied in an iterative process :  
 
 
 
 

 
Fig. 3. Ultrasonic path between element E and focal point P, 

 through the impact point M on an irregular profile. 
 

The ATFM has been developed by CEA, in a first step for evaluation using Matlab and the 
CIVA simulation software. A real time version has then been implemented on a portable 
phased array equipment [6]. A Full Matrix Capture (FMC) of raw data is used twice to 
extract the surface profile and then to compute the image below the resulting surface 
profile. 2 TFM images are achieved on the fly by a fpga, and the profile is extracted using 
an embedded cpu, which also computes the time of flight according to the actual profile.  
 
The implementation on the electronic architecture has been optimized in order to reach a 
repetition rate of 30 Hz (30 frame per second) for standard TFM and 10 Hz (10 fps) for 
ATFM. This performance concerns images made of 256x256 pixels. 

 

2. Application to measurement of surface and back wall profiles. 

Measuring the residual thickness close to pipe weld is a very difficult task due to the 
limited access and to the varying profile of the surface. ATFM appears as a relevant 
candidate for this application.  
 
2.1 Evaluation of ATFM for thickness measurement 

Experiments have been achieved on a 40 mm thick stainless steel mock up (see figure 4) to 
estimate the performance and accuracy of the ATFM process to describe surface and back 
wall profiles. This mock up doesn’t include any weld but its shape has been machined to be 
representative of a realistic weld profile. This profile is accurately known from a CAD file.  
 
A 2 MHz linear array with 128 elements is used in immersion to apply FMC. 
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Fig. 4. Experimental setup in immersion for ATFM. 

 
First ATFM tests have been done using Matlab and CIVA to evaluate the process. FMC 
data acquisition has been achieved using a MultiX++ equipment with 128 parallel channels. 
Figure 5 shows TFM image around the surface and ATFM image around the back wall, 
computed thanks to the profile extracted on the first TFM image. Both views use the same 
FMC data. 

 

 
Fig. 5. TFM and ATFM image of surface (up) and back wall (down). 

 
Both profiles have been extracted from each TFM image to better quantify the difference 
with the reference profiles from the CAD file. Extracted profiles were processed using a 
Stavinski-Golay regression filter. Figure 6 superimposes extracted and reference profiles 
with a good compliance. The curve below shows a maximum error of 0.3 mm on the local 
thickness measured from CAD profiles and ATFM. These results outline the very good 
accuracy of the propose ATFM process to measure residual thickness between profiles. 
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Fig. 6. TFM and ATFM image of surface (up) and back wall (below). 

 
2.2 Real time application of ATFM for thickness measurement 

Next step consists in applying the same ATFM process on the same mock up using a 
portable phased array equipment. ATFM has been implemented on the specific hardware of 
this equipment to improve the processing rate (10 fps) and to make this method available 
on the field. 
 
Up to now, the ATFM is available on the hardware and it displays the profile extracted 
from the first step TFM around the surface, as well as the ATFM image around the back 
wall. The analysis part which aims to extract the back wall profile from the ATFM image 
and to compute the difference between profiles is not yet available on the equipment. 
 
A different linear probe has been used for this test since the equipment is limited to 64 
channels. A 3 MHz array probe with 64 elements has been used in immersion. A screen 
copy of the portable equipment presents the reconstructed surface profile and the ATFM 
image around the back wall (see figure 7). Although the view is reversed compared to 
figure 5 and 6, both surface and back wall are well reconstructed. 
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Fig. 7. Screen copy of the portable equipment showing extracted surface profile 

 and ATFM image of the back wall. 
 
First experiments have been achieved on a mock up with a 2D machined profile, and a flat 
horizontal extension in the other direction. 
 
Another experiment was carried out on a carbon steel weld joining 2 plates of 15 mm thick. 
The joint on this sample results of a manual welding process that produces an irregular 
profile along the weld. The varying profile along the weld can be a difficulty to measure the 
targeted surface. The width of the linear probe total aperture (the length being along all 
aligned elements) may integrate various profile information, which will produce an average 
value for the local profile and decrease the accuracy. This lack of accuracy will result on an 
approximate surface profile. As a consequence, the ATFM image around the back wall can 
be affected and it will not figure the real back wall. A solution consists in using a probe 
with small width to reduce this effect. 
 

 
Fig. 8. Picture (up) of the carbon steel weld and surface and back wall profiles (below) achieved using ATFM  

 
A 10 MHz linear array probe has been used in immersion for this test. The probe width has 
been limited using stickers on the active surface. Figure 8 presents a side picture of the 
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welded plate. The ATFM process was applied in the middle of the plate, one a different 
profile of the weld due to the manual welding process. The screen copy shows the good 
quality of the extracted surface profile and back wall image. 
 
There is no digital description available of this sample, so the residual thickness cannot be 
estimated and compared. The continuity of the back wall curve figuring the profile 
demonstrates that the process works well in this case; a non-relevant surface profile will 
lead to a blurred and discontinued back wall image. 

3. Conclusion  

The ATFM has been demonstrated to be a relevant method to measure in a same process 
the outer and inner profiles of a component with irregular shapes. The residual thickness 
can then be measured with accuracy, bringing a solution to measure thickness of uncovered 
areas until now. 
 
The application on carbon steel weld thickness measurement is very promising and the 
process can be applied on the field thanks to a real time tool implemented on a portable 
phased array equipment. 
 
Manual welding can be difficult to inspect due to irregularities along the weld deposit. An 
array probe with a smaller width on the total aperture will reduce this effect. Welds 
achieved with automatic processes present small irregularities compared to manual, which 
are not disturbing for ATFM. 
 
ATFM requires local immersion. An alternative solution can be achieved thanks to flexible 
membrane filled with water [2]. Such shoe allows using the linear array probe with ATFM 
as any other contact probe, but without the limitation of irregular geometry. 
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