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Abstract 
This work presents an algorithm for calculation of ultrasonic fields of phased array probes using SAFT or 
FMC/TFT technique. An analysis was made of theoretical models presenting the operation of phased array 
probes developed in literature. Experimental tests of butt welded joint containing artificial imperfections were 
performed. Tests are carried out using equipment OMNISCAN X3 with 5MHz phased array probe mounted on 
angle wedge by SAFT and FMC/TFT techniques, according to active standards. Results are displayed by 
software product OMNI PC. The sizing is performed on reflected and / or diffraction signals. The test results 
obtained by SAFT and FMC/TFT techniques are compared. An analysis of the compared results was made. 
 
Keywords: ultrasonic welding inspection, phased array ultrasonic, full matric capture / total focusing technique, 
synthetic aperture focusing technique. 
 
1. Introduction 
 
In technological process of welding elements of installations and equipment, a number of 
imperfections is initiated in welded joints, which are a factor for their fracture due to external 
environmental influences. These influences can be mechanical, thermal, chemical, a 
combination of them, etc., and with regard to their mode of action, they can be shock, cyclic 
with constant or variable impact, for a short-term or long-term period. The combination of 
imperfections and external influences leads to impossibility of using the structure or 
equipment as intended, according to the technical specification or in the worst case to its 
destruction, sometimes accompanied by human casualties. 
Avoiding or slowing down development of defects in welded joints when external influences 
are present, is controlled by selecting the appropriate material, properly performed welding 
process and constant monitoring for defects in welded joints at the stage of production and 
operation. The ultrasonic method is one of the main methods used to detect defects and 
monitor them over time. It inspects the entire volume of the welded joint along with the heat-
affected zone. 
In this report, experimental tests of butt-welded joint were performed to detect, size and 
evaluate the quality of welded joint by innovative SAFT and FMC/TFT ultrasonic inspection 
technologies using a modern ultrasonic testing system.  
 
2. Theoretical research 
 
The current level of development and implementation of multi-element phased array probes 
with the ability to present data in two-dimensional images has been reached after numerous 
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theoretical studies with classical mathematical equations, further developed as mathematical 
algorithms by a number of researchers [1-14]. The first theoretical studies of a phased array 
probe were made for a linear multi-element probe in the seventies of the last century [3, 5, 8]. 
Mathematical algorithms use the basic mathematical equations for propagation of ultrasonic 
waves in unrestricted media, derived based on postulates under certain assumptions 
(constraints). As a result of the calculations performed, the amplitude change is obtained of 
received ultrasonic field in relation to the transmitted one in acoustic media containing 
discontinuities located at a certain distance in front of the transmitter or containing no 
discontinuities. 
Modern ultrasonic devices using phased array probes have the ability to display the collected 
information in form of a two-dimensional image of the type of B – E- and C – images, etc. To 
build one-dimensional curves (distance amplitude for a certain reflector diameter – DAC or 
DSG) or two-dimensional images, for the amplitude of a reflected signal from a distance, of 
an active group of phased arrays (PA) probe, in most cases an algorithm with the following 
steps is used. 

(i) selection of acoustic medium (speed and attenuation) and characteristics (shape and 
frequency) of propagated pulse transmitted by the probe; 

(ii) determination of inspected area geometry with a probe and reflector with a coordinate 
system, location of the PA probe elements in relation to reflecting surface 
(determination of the reflection and transmission coefficients, as well as the angles of 
refraction at interface of two media and probe and reflector orientation); 

(iii) selection of mathematical ratios describing transmission in the acoustic medium of 
tested object and reflection from the modeled reflectors (characteristics of directivity 
of probe and reflector); 

(iv) setting a law of delays for the focus law used (delays for transmission and reception of 
signals of individual elements in the active group of the phased array probe, relative to 
each other); 

(v) application of a method of reconstruction of a bounded space of the tested area in one-
dimensional curves (ADD or DAC) or in two-dimensional B-, E- and C-images and 
their filtering. 

Nowadays, there are many software products based on finite element method programs, such 
as CIVA, ANSYS, MATLAB, ABAQUS to calculate the fields of multi-element phased array 
probes. There are also many literature sources offering mathematical models for calculating 
the transmitted and received fields of multi-element phased array probes in media containing 
discontinuities or free of discontinuities [9-16]. 
Mathematical ratios used in steps (i) to (iv) of the algorithm are basic equations derived from 
acoustic physics for propagation of sound waves. There are differences in the models 
developed in step (v), in selecting the reconstruction of received signals for image display. 
Usually, for step (i) the models developed use a bell-shaped pulse with various number of 
wavelengths in it [15, 16]. The calculations are performed with the pulse spectrum. The 
attenuation in the acoustic medium is determined by classical ratios. In most cases, it is 
Rayleigh, which attenuates exponentially е-x.α, where x is the distance travelled, α – 
attenuation in dB / m or Nep / m, e = 2.71828 – Euler number. 
In step (ii), a coordinate system is determined with the location of a probe and reflector, 
taking into account the angle of inclination between them. A classical equation is used to 
determine the reflection coefficients and crossing the boundary of two or more media, taking 
into account the angle of refraction according to Snell's law [7].  
In step (iii), a classical equation is used again from acoustic physics to calculate the 
directional characteristic of the ultrasonic field emitted by a phased array probe and then 
reflected by a reflector. To display the reflected ultrasonic field reflectors of simple geometric 
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shape are used, such as a round disk or a sphere. The elements of commercial phased array 
probes are, in most cases, also of a simple geometric shape – rectangular or square [3, 6, 10-
12].  
In step (iv) of the algorithm presented above, the delays of transmission and reception are set 
of signals from each individual element of the PA probe active group [10-12, 17].  
Main types of approaches used in step (v) for reconstruction of collected information signals 
in commercial ultrasonic devices are CSM (common source method), SAFT (Synthetic 
aperture focusing technique), and FMC/TFT (Full matric capture/Total focusing technique) 
[11].  
The more data contained in the presented image, the better the image resolution. Two-
dimensional images are composed of summed up A-images that are composed of simple A-
scans. The simple A-scans used in SAFT are equal to the number of active group elements 
multiplied by the number of active groups in the phased array probe, while in FMC/TFT they 
are equal to the square of the number of active group elements. For one active group of 8 
elements in SAFT we have 8 simple A-scans, while in FMC/TFT we have 82 = 64 simple A-
scans. 
Some devices use such theoretical calculations for post-processing – reconstruction of 
information in order to build two-dimensional images. The images obtained are of improved 
resolution. Such devices are the modern ultrasonic units of SAFT and FMC/TFT technology, 
manufactured by TWI, OLYMPUS, Eddyfi Technologies, General Electrics, ZETEC, 
SONATEST, etc. 
 
3. Preliminary information of the test performed 
 
3.1. Scope of test (general information) 
 
The test was performed in manual mode. Two test techniques were used, SAFT and 
FMC/TFT with a multi-element phased array probe. A butt weld was tested.  
 

 

Fig. 1. Schematics of butt welded joint with coordinate system for determining the location and 
conditional dimensions of detected indications. 

 
In Figure 1, a schematic of welded joint and coordinate system for determining the location 
(X, Y, Z) of detected indications, as well as their conditional dimensions (Lx – in length, Ly – 
in width and h – in height) is given. Zero (index) point "O" and direction of X coordinate axis 
are marked on the tested specimen. The position on X axis is measured from the index point 
to the probe center. The position on Y axis is measured from the welded joint center with a 
plus sign in probe direction and with a minus sign in direction of probe transmission when the 
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phased array probe is placed in position at 90°skew angle and vice versa when probe position 
is at 270° skew angle. The location on Z axis is determined from the welded joint surface in 
direction of its root. 
 
3.2. Test object with artificial discontinuities 
 
The test was performed on a V-shaped butt welded joined of overall dimensions of 
300x245x14 mm. Weld bevel is 30°. The distance in the root between the two plates is 2 mm. 
Weld crown is 2 mm. Four discontinuities were made in the weld. Two of them are located at 
both ends of the welded joint. They are made by drilling holes with a drill of 3 mm diameter. 
The other two discontinuities are made using an angle grinder with a disk 0.5 mm thick. They 
are located at the root of the welded joint. A schematics of test specimen and artificial 
discontinuities in it is given in Figure 2. The index point is placed at the end of the welded 
joint at the drilled hole at a distance of 5 mm from the root.  

 

Fig. 2. Test specimen with discontinuities located in the welded joint 

 
3.3. Test instruments and probes 
 
The tests were performed by a modern OMNISCAN X3 ultrasonic equipment manufactured 
by OLYMPUS. The unit operates in 16:64PR mode, using a multi-element phased array 
probe. Possibilities are available to work in modes: conventional with single-element or dual 
probe, TOFD with two single-element or phased array probes, SAFT and FMC/TFT with 
phased array probe. 
The phased array probe used for the tests is linear type, model 5L64-A32. It is used in set with 
an angle wedge SA32-N55S-IHC. HELLING gel is used as contact medium. 
 
3.4. Reference blocks and setup of equipment 
 
A standard reference block V1 is used to adjust the wedge delays. To adjust the angular 
sensitivity (equalization of amplitude for different transmission angles) and TCG a reference 
block made according to the standard EN ISO 13588 is used, fig. A.1. The diameter of the 
side drilled holes is 2.5 mm. 
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3.5. Standard scanning plans and type of information received 
 
When using SAFT technique, a sectorial scanning is applied in manual mode with a fixed 
position of the probe relative to the welded joint, as shown in Figure 3. The sectorial scanning 
is set to angles from 40° to 70°, and 1° increments. Using elements from 40 to 55 of the 
phased arrays probe the active group consists of 16 elements. This group of elements showed 
best coverage of test area. The test information is obtained in the form of A- and S-images. 
The test technique used is in accordance with the requirements of EN ISO 13588, test level A, 
where scanning is carried out only on one side of the welded joint.  

    

Fig. 3. Plans for sectorial scanning of a welded joint with a fixed position of the phased array probe in set 
with an angle wedge  

When using FMC/TFT technique, the manual scanning (moving) of the probe is as shown in 
Figure 3. The resulting image is a side view of the welded joint (Side View). Scannings were 
performed on both sides of the welded joint. Schematics of scanning methods used are shown 
in Figure 4.  
Two scanning modes were selected, by direct and reflected T-TT / TT-T transverse waves 
(self-tandem) and by reflected TT-TT transverse waves (pulse echo). The test technique used 
is in accordance with the requirements of standard ISO 23864, test level A. A region of 
interest is identified to cover the welded joint volume and heat affected zone. It is determined 
depending on position of probe relative to welded joint and on selected scanning methods of 
Figure 4. 
Using both techniques the phased array probe is fixed at a position 12 mm from the welded 
joint centerline in order to cover the entire test volume of welded joint together with heat-
affected zone. 
 

  

 

 

(a) (b) (c) 

Fig. 4. Scanning schematics according to the requirements of ISO 23864,  
T-TT / TT-T method (a) and (b), TT-TT method (c) 
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3.6. Scope and procedure to perform test 
 

- Checking the operability of probes and ultrasonic flaw detector used. 
- Visual inspection of the near-weld and ultrasonic test zone for discontinuities in the 

probe scanning path. 
- Making familiar with the type and geometric dimensions of the welded joint and base 

metal. 
- Adjusting ultrasonic flaw detector using reference blocks. 
- Marking the index point and testing the welded joint. 
- Analysis of test data and recording results in the instrument. 
- Evaluation of measured features of detected imperfections on a computer using 

software product OMNI PC. 
- Comparison of test data obtained by the two techniques SAFT and FMC/TFT. 
- Preparation of a table and images of indication characteristics and conclusions. 

 
3.7. Localization, sizing and evaluation of indications 
 
The location of an indication along the welded joint length (X axis) is determined by the 
location of probe relative to the index point when the reflected signal has a maximum 
amplitude. The location in depth (Z axis) and in Y axis are determined from the equipment 
screen reading the reflected signal maximum amplitude. 
Indication length sizing is carried out by moving the probe on the welded joint surface along 
the X axis until the amplitude decreases to twice the maximum value. The sizing along the 
other two Y and Z axes is carried out by reading the dimensions of the two-dimensional S – 
image at a certain level (-6 dB is selected) of maximum amplitude. When using two-
dimensional images to size indications both reflected and diffraction signals are used. 
Evaluation of imperfections is carried out according to the workmanship criteria, which is 
more stringent than engineering critical assessment (ECA) criterion. Standard EN ISO 5817, 
welded joint quality class C is used for evaluation according to the workmanship criteria. The 
acceptance or rejection evaluation is performed by amplitude and size of indication. 
 
4. Results 
 
4.1. Phased array probe SAFT  
 
Results of the four obtained indications in test by SAFT technique are shown in figure 5 in the 
form of A- and S- images. The images show the welded joint depth along Z axis and its width 
along Y axis. The depth is given in mm along the coordinate marked in purple in the images, 
and the welded joint width is indicated in green. The illustrated scans are for a skew angle of 
90°. OMNI PC software product was used to visualize results. Dotted lines indicate the 
welded joint and heat-affected zone. The reflected signal (reflector indications) amplitude is 
shown in color code in the S–image. 
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a) 

 
b) 

 
c) 
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d) 

Fig. 5. A-image on the left and S-image on the right, for a pore type indication a) and d) and root 
incomplete penetration type indication b) and c) of a test with SAFT technique and sectorial scanning 

 
In cases where diffraction signals appear, they are used to size the indication. Where no 
diffraction signals appear, as in Figure 5a, the signal reflected by discontinuity is used for its 
sizing. 
 
4.2. Phased array probe FMC/TFT  
 
Results obtained in test by FMC/TFT technique are illustrated in Figure 6 in the form of a 
side view of welded joint. The results are shown for a skew angle of 90°. Amplitude fidelity 
value is lower than 2 dB for all images. The image resolution is about 0.17 mm per pixel. The 
left image shows echo-pulse TT-TT transmission mode, and the right image shows TT-T / T-
TT tandem transmission mode. Dotted lines indicate the welded joint and heat-affected zone. 
The image coordinates in purple color are for welded joint thickness along the Z axis in mm, 
and in green color for welded joint width along the Y axis in mm. 
 

 
a) 
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b) 

 
c) 

 
d) 

Fig. 6. Side view – image for scanning method echo-pulse TT-TT on the left and self tandem TT-T / T-TT 
on the right of the figure; a) and d) for pore type indication and b) and c) for incomplete root penetration 

type indication of testing by FMC/TFT technique. 
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Some of the indications are clearly visible in one mode of transmission-reception, while in the 
other selected mode of transmission-reception they are not visible. 
As an outcome of the testings' performed, the results are recorded of location and size of 
detected indications. The results are illustrated in Table 1. The true dimensions of the 
imperfections produced in welded joint and their type are given in table 1 in the discontinuity 
column, and can also be seen in Figure 2. Z shows location of the side drilled cylindrical hole 
center from the surface of the welded joint to its root. In the column for indication is given a 
letter from a to d, corresponding to the indications in images of Figure 5 and figure 6 with the 
same letter designations. The results are filled in the table according to data from the images 
for a fixed position of the probe relative to the welded joint on Y axis. When it is impossible 
to determine the size of an indication from the image, a blank space is left in the table. 

Table. 1. Values of discontinuities in the welded joint 

Inspection 
technique 

Type of defect 
and dimension, 

mm 

Scan with 
indications 

X, 
mm 

Y, 
mm 

Z, 
mm 

Lx, 

mm 
Ly, 

mm 
h, 

mm 

Max Ampl., 
dB over 

TCG 
SAFT  SDH, 3; Z=9 Fig. 5a 15 +1 11 30 2.3 3.1 5  

notch, h = 7 Fig. 5b 77 -2 14 33 - 7.8 3 
notch, h = 4 Fig. 5c 220 +0.8 14 28 1.7 6 2 

SDH, 3; Z=6 Fig. 5d 277 +0.5 8 30 3.6 2.5 3 
FMC/TFT SDH, 3; Z=5 Fig. 6a 15 -2 9 30 2.9 3.1 5 

notch, h = 7 Fig. 6b 78 +0.3 14 30 0.52 6.7 12 
notch, h = 4 Fig. 6c 222 +0.3 14 25 0.47 4.7 10 

SDH, 3; Z=8 Fig. 6d 276 -0.4 8 29 3.6 3.1 3 
 
The reflection amplitude of the round indications is identical in both techniques. In average, 
they are 4 dB larger than the reflection amplitude of the reference reflector of 2.5 mm 
diameter. 
There are differences in the flat-shaped defects at the weld root, reaching up to 10 dB 
compared to the reference side drilled hole reflectivity. The reflection amplitudes obtained by 
FMC/TFT technique are in average 10 dB larger than those of the reference reflector, while 
this difference in SAFT is only 3 dB. Therefore, FMC/TFT technique is more sensitive to the 
detection of flat defects at the root than SAFT technique. 
Location and length of indication along X axis did not differ significantly in the results 
obtained by the two test techniques. Differences up to 3 mm may be due to errors in 
determining by hand the probe position. 
Defects located at the welded joint root are sized more precisely by FMC / TFT than SAFT. 
Results obtained by FMC/TFT for Ly and h are close to the true values. The differences 
obtained by sizing the indications and the true dimensions of Ly are of the order of 0.03 mm, 
and for h are of the order of 0.7 mm. 
SAFT technique with a probe fixed position does not allow to determine the size Ly for flat 
defects in the root when there are no diffraction signals, as in Figure 5b. The depth dimension 
h by SAFT technique is read from the indications with a difference of 2 mm compared to the 
discontinuity true values. 
Round defects are well recognized and sized by both techniques. Values of round indications 
obtained by both techniques differ from the actual dimensions of the round discontinuity by 
about 0.7 mm. 
None of discontinuities comply with class C for welded joints according to the requirements 
of EN ISO 5817. 
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5. Conclusion 
 
Based on the analysis of theoretical dependences of physical acoustics and developed models 
of theoretical calculations for the phased array probe operation, a generalized algorithm is 
proposed to develop a theoretical model. 
The tests performed by both techniques registered all available artificially introduced 
discontinuities in the tested sample. 
Flat-shaped defects such as incomplete root penetration are sized more precisely by 
FMC/TFT technique. The values of the flat-shape indications determined by FMC/TFT and 
the actual dimensions of the artificial flat discontinuities differ for Ly by 0.03 mm and for h 
by 0.7 mm. 
Defects of a round shape of pore type are sized with sufficient practice precision by both 
techniques used. The differences between the size of the round indication determined by the 
tests and the actual size of the round discontinuity are about 0.7 mm. 
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