
Development in Ultrasonic Inspection I 
 

SAFT and TOFD – Compared in Ultrasonic Defect Detection 
J. Kitze, D. Brackrock, G. Brekow, J. Prager, M. Gaal, M Kreutzbruck 
BAM, Federal Institute for Materials Research and Testing, Germany 

D. Szado, K. Kuti, G. Paczolay 
Paks Nuclear Power Plant, Hungary 

 
 

ABSTRACT   
 
Extensive tests were carried out on a cladded mock-up model of a pressure vessel section using the 
Federal Institute for Materials Research and Testing’s phased array technique. In the actual test block 
with a thickness of 149 mm, artificial test reflectors were inserted in the weld seam and the cladding 
area and they were tested using phased array probes at various frequencies, angles of incidence and 
directions of incidence followed by a signal performance analysis. 

A SAFT algorithm that takes into account the variation of the angles of incidence has been 
developed for the reconstruction of reflector signals. For comparison, TOFD technique was used to 
investigate the reflectors. The objective of the investigations was a direct comparison of the suitability 
of the SAFT and TOFD technique for the quantitative determination of reflector dimension. 

 
 

INTRODUCTION 
 
The current state of the art raises new and particularly increasing demands on the quality of 
components and materials. Non-destructive detection and quantitative assessment of defects play a 
particular role. Knowing of the existence and especially, the dimension, of defects in materials is 
essential for safety and determining the hazard potential of heavy-duty components. In particular, 
detecting and evaluating defects in safety components related to the nuclear industry is of crucial 
importance [1]. 

Non-destructive ultrasonic testing offers an approach that makes it possible to detect and 
quantitatively evaluate defects at an early stage [2]. Ultrasonic tests on defective components provide 
echo amplitudes, phase position and echo delay time of a known reflector for further analysis. If a 
signal is identified as a defect in the material, then accurate data on shape, type and size are needed 
based on these parameters. However, the effects of diverse variables prevent an exact visualization. 
Conventional methods such as DGS or the reference block method can only provide comparative 
estimations for the reflection performance of reflectors. They are not suited to determining either the 
geometry or orientation of the defect. If the performance of a reflector has a high degree of dispersion 
or its orientation is unfavourable, the defect cannot be properly assessed quantitatively. Consequently, 
imaging methods such as SAFT and TOFD have been developed for detection and sizing of defects. 

 
 

THE SAFT PRINCIPLE 
 
The SAFT analysis is a travel time based measurement method with subsequent image reconstruction. 
Reconstruction uses the „Synthetic Aperture Focusing Technique“ where the volume scanned by the 
ultrasound waves during the scanning process is divided into a pixel grid in which the echo signals are 
arranged according to their time of flight and angle. 

High-frequency (HF), digitized ultrasound data received from an angular range of the test 
specimen as wide as possible are a prerequisite for the reconstruction. Accordingly, the test article is 
scanned using a divergence angle as large as possible in a meander or linear shape. Large divergences 
can be achieved using a conventional probe with a small transducer area or by phased array probes 
using a swivelled sound beam. 
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In the SAFT algorithm the test volume within the acoustic irradiation plane is divided into 
individual volume elements or pixels and each of them is considered successively as a reflector. In the 
numerical superimposition of the time-of-flight-dependent echoes the phase positions are taken into 
account and constructive interference provides a large resulting echo for actual reflection spots. For 
all other pixels the superimposition yields only small or no resulting echoes due to a destructive 
interference. Finally, amplitude values are attributed to each pixel, from which the image can be 
reconstructed. Figure 1 shows the schematic view of the SAFT principle. 
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Figure 1 - Schematic principle of SAFT reconstruction 

 
A transducer using a focusing lens suitable for the reflector site is simulated using a scanning 

and numerical procedure, with the transducer size corresponding to the scanned area. In this way the 
scanning procedure simulates or synthesizes the transducer aperture and lens, this is why the method 
is called „Synthetic Aperture Focusing Technique“. High signal to noise ratios (SNR) can be achieved 
by averaging the signals because a part of noise signals are deleted due to their statistically irregular 
phase position. The SNR is limited when small conventional probes with a large beam divergence are 
used since a large number of scattering signals are included. 

In order to further increase the SNR and improve resolution capability, phased array probes 
whose transducer area no longer needs to be small to achieve high beam divergence can be used 
instead. These enable angle swivelling where the superimposition of the various trigonometric 
functions provides a divergent sound field with sufficient sound pressure and a sufficiently large 
synthetic aperture [3], [4]. 

In practice, it has been proved that ultrasonic testing using longitudinal waves combined with a 
consecutive SAFT reconstruction is best. Using transverse waves is also suitable for defect analysis, 
but longitudinal waves have proved to be better for defect detection [5]. The objective is to create a 
corner reflection and diffraction echoes and to determine therefrom the defect size. 
 



THE TOFD PRINCIPLE 
 
TOFD stands for time of flight diffraction technique. TOFD is an ultrasonic test technique, with two 
angle probes arranged in V-transmission. Figure 2 shows a typical experimental set-up.  
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Figure 2 - TOFD technique using longitudinal waves 

 
The transmitter probe transmits a longitudinal lateral wave which propagates along the surface 

of the test specimen on a direct path to the receiving probe. This appears in the TD (time - 
displacement) image as a signal with the shortest time of flight. A further echo signal is produced by 
the reflection of the longitudinal wave which returns from the back wall in the test specimen (viz. 
Figure 2). The times of flight of these two signals remain constant. Defect-related diffraction signals 
are between these two signals. The depth of the reflectors can be determined from the times of flight 
of the diffraction echoes. If the signals from the top and bottom edge of the reflector can be resolved 
in the TD image, the defect size can be ascertained from the difference of these times of flight. [6] 

A typical characteristic of TOFD is that neither the strong direct reflection nor the corner 
reflector echo of a defect is recorded, but weak diffraction signals which result from Kirchhoff's 
diffraction at the edges of the defect. Thus, TOFD provides the possibility for defect detection and 
defect size determination. 

Normally, longitudinal waves are applied in TOFD due to a shorter time of flight. Therefore 
they enable a more accurate signal identification than transverse waves. In addition, in the case of a 
reflector of unknown orientation, longitudinal waves depend less on the impact angle. Unlike 
transverse waves, there is a more favourable defect size to wavelength ratio at the same frequency. 

The probes are at a fixed distance and operate in the transmission-receive-mode in the tests. The 
probe spacing depends on the wall thickness of the test specimen and is selected in such a way that the 
two beam axes of the expected defect depth intersect. The diffraction signals from the test volume of 
the defect are shown in TD images. The A-scans of all probe positions are stored in a measurement 
file and correlated during evaluation. 

 
 

TESTS 
 
The cladded mock up model of a reactor pressure vessel was used as the test piece on which extensive 
ultrasonic tests were carried out to determine the possibilities and limits of SAFT and TOFD in defect 
identification and size determination (Figure 3).  

The steel wall was 140 mm thick with an additional cladding layer of 9 mm and artificial test 
reflectors of known dimension and position which had been inserted in the weld seam and cladding 
area. They were detected using phased array probes at various frequencies, angles of incidence and 
directions of incidence and their correspondent signal performance was analyzed. 



 

 
Figure 3 - Cladded mock up model of a reactor pressure vessel, measurement set-up (right) 

 
It was the aim of the investigations to detect these defects using ultrasonic SAFT and TOFD 

methods and, if possible, determining their dimensions. 
The tests were controlled by a manipulator (viz. Figure 3 on the right) using the Compas XL 

phased array equipment [7] and integrated SAFT software. The equipment and the software were 
developed by the Federal Institute for Materials Research and Testing. Individual phased array probes 
were used in pulse-echo mode in the ultrasonic tests for analysis of the measurement data using the 
SAFT algorithm as one method, and two phased array probes in each case using the TOFD technique, 
as a second. 

 
 

RESULTS 
 
The respective techniques have been assessed to see if they are capable of detecting and quantitatively 
determining the dimensions of the reflectors and this enabled a direct comparison of the suitability of 
SAFT and TOFD for quantitative reflector size determination. In order to ensure that the test defects 
are optimally hit in the various ranges of the pressure vessel test wall within the sound beam range, 
several tracks were run in a meander shape. 

The test results from an 8-mm deep notch within the cladding and a 5-mm ceramic disk at the 
edge of a weld seam were analyzed exemplary. 

 
SAFT results 
 
Ultrasound tests were carried out in impulse-echo mode in the cladding and weld seam area using a 
1.5-MHz and a 2.25-MHz phased array probe. A 19° wedge was used for the acoustic irradiation by 
longitudinal waves. In the cladding area the tests were performed at a swivel angle range of 0° and 30 
to 60° in each case in both horizontal and vertical tracks. The test volume within the weld seam range 
was also scanned at a swivel angle range of 0° and 30 to 55° both horizontally and vertically. Figure 4 
shows the rectified SAFT reconstructions of the 8-mm deep notch in the cladding area for the two test 
frequencies. 
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Figure 4 - SAFT reconstruction: 8-mm deep notch in plating area,  

schematic experimental set-up (top) 
 

The images indicate that the notch dimension can be determined with a relative accuracy 
directly from the SAFT reconstruction using the two signals. In addition to the reflector at 720 mm, 
the reconstruction indicates a laterally side-drilled hole on the left which was created at the cladding 
limit at 690 mm. 

The images clearly show the effect of frequency on the resolution capability. Both axial and 
lateral resolution capabilities improve with increasing test frequency. Therefore the defect size 
determination is somewhat more accurate at 2.25 MHz. 

The weld seam area was first scanned at angles of incidence of 30° to 55° horizontally along 
several tracks to obtain an overview of the defects. Figure 5 illustrates the SAFT reconstruction of the 
total weld seam area and the schematic experimental set-up. It can be seen that the scan finds all the 
defects. The two first reflectors on the left in the image are an exception: due to the experimental set-
up, it was not possible to move the probe far enough to hit these reflectors vertically within the sound 
beam. In order to obtain accurate data on defect orientation and dimension in the areas of the defects, 
additional vertical tests were run along several tracks so that the various defect positions within the 
weld seam were covered. 
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Figure 5 - SAFT reconstruction of the weld seam area, schematic experimental set-up (right) 

 
Figure 6 illustrates the rectified SAFT reconstructions of the 5-mm ceramic disk in the weld 

seam edge at various test frequencies. 
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Figure 6 - SAFT reconstruction: 5-mm ceramic disc in the weld seam edge,  

schematic experimental set-up (top right) 
 

The images indicate that the dimension of the ceramic disk can be fairly accurately determined 
directly from the SAFT reconstruction at both frequencies applied. The effect of frequency on the way 
in which details can be recognized can also clearly be seen. The reconstruction based on a higher test 
frequency, thus higher resolution, even shows that the reflector has a slight inclination along the weld 
seam edge. 

 
TOFD results 
 
The tests using a TOFD arrangement were also carried out at two different test frequencies in the 
cladding and weld seam area.  

The various angles needed to achieve the required depth ranges in the test body were calculated 
before the tests. The probe spacing could be varied in its support. The phased array probes enabled the 
sensitivity zone to be adapted to the required depths of 30 mm, 80 mm and 115 mm by varying the 
acoustic irradiation angle in V-transmission and allowed the measurement to be made in one pass. 

In the plating and weld seam areas the ultrasonic tests were carried out in transmission – receive 
- mode using two 1.5-MHz and 2.25-MHz phased array probes in each case and a 19° wedge. All tests 
were run horizontally and transversely to the notches to find the most suitable method of defect size 
determination. 

In the cladding layer the tests were carried out at a swivel angle range of 20 to 50° in horizontal 
and vertical tracks in each case. Within the weld seam area the test volume was scanned at a swivel 
angle range of 25 to 70°. 

Figure 7 shows the HF TD image of the 8-mm deep notch in the plating range and the 
schematic experimental set-up. The images indicate that the dimension of the notch can be fairly 
accurately determined using the diffraction signal at the upper edge of the notch and the signal of the 
cladding limit, however, the deviation from the actual depth is greater than that of SAFT 
reconstruction. 
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Figure 7 - TD image: 8-mm deep notch in cladding area, schematic experimental set-up (bottom) 

 
The weld seam area was first horizontally scanned at acoustic angles of incidence of 25° to 70° 

along several tracks to obtain an overview of the defects. Figure 8 illustrates the TD image of the total 
weld seam area for an acoustic irradiation angle of 25°. At this angle the sensitivity range is at a depth 
of approximately 115 mm for constant probe spacing. When evaluating the data from the TOFD 
measurements, each depth must be examined separately because different acoustic irradiation angles 
were necessary for the various defect depths. Therefore, it is not possible to provide an overview 
similar to that in ultrasonic measurements with subsequent SAFT reconstruction. Only images of the 
weld seam area at various depths can be displayed. Figure 8 shows only two or three signals out of 5 
reflectors at a depth of 115 mm. TOFD is unable to detect two out of the five reflectors. 

 

  
Figure 8 - TD image: full weld seam area at an angle of incidence of 25°, 1.5 MHz, schematic 

experimental set-up (bottom) 

 

 



 

68        80         93        105        m
m

       129

440             mm           480            500             520            540            560          580          600      620      

diffraction echo 1

diffraction echo 2

7,5
scanning

 
d

irectio
n

 
Figure 9 - TD image: 5-mm ceramic disc in weld seam edge, schematic experimental set-up (right) 

 
Additional vertical tests were run in the defect areas along several tracks in order to provide 

accurate data about defect orientation and the dimension of individual reflectors. This allows to 
appraise the various defect positions within the weld seam. 

The image shows that the dimension of the ceramic disk can be determined with a relative 
accuracy using the two diffraction signals. The TD image also shows the slight inclination of the 
reflector along the weld seam edge. 

 
 

COMPARISON EXAMPLE OF SAFT AND TOFD 
 
Both techniques were first used as search methods for identification of defect areas and later as 
analysis methods under optimized parameters for the quantitative determination of defect dimension 
and orientation. 

It has been shown under the existing weld seam test conditions that the SAFT algorithm enables 
a fast and almost complete overview of the various defects. Due to the test specimen thickness, 
however, the depths had to be represented at various angles of incidence, thus sensitivity ranges, 
during the evaluation of the TOFD tests. An overview of the test defects in the volume tested was not 
possible in this case. 

Basically, it has been shown that both methods are suited to defect characterization on plated 
components in ultrasonic tests.  

Figure 10 illustrates the proportional suitability of the two methods for reflector detection and 
size determination at a test frequency of 1.5 MHz. 
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Figure 10 - Percentages based on the total number of reflectors for SAFT and TOFD 
 showing detection and reflector size determination at 1.5 MHz 

1. detection percentages for similar tracks 

2. sizing percentages for similar tracks 

3. detection percentages for all tracks 

4. sizing percentages for all tracks 
 
 
CONCLUSIONS 
 
Current boundary conditions of test bodies, the available test technique, defect orientation, time and 
costs essentially determine which method should be used as a search and/or analysis method. The 
results obtained clearly indicate that SAFT is more suited to an analysis method, i.e. for determining 
defect sizes, than TOFD. SAFT as an imaging method offers the benefit of high-resolution defect 
detection accompanied by simple interpretation of the signals. However, due to the large amount of 
raw data, SAFT has only limited suitability as a search method. In the event of large components and 
unknown defect orientation, TOFD is the best choice. 
The advantages and disadvantages of the two methods can be summed up as follows. 
 
Advantages of SAFT: 
 

• Summing up of the amplitude values eliminates stochastic errors, SNR increases 
• determination of position and dimension is possible in one pass 
• calculated SAFT reconstructions are easier to interpret  
• scanning of the total weld seam width including the heat-affected zone 
• ultrasonic testing of weld seams also for one-sided accessibility and weld upset 
• sequential build-up of probe aperture within the swivel angle range enables an angle-

dependent subsequent reconstruction to detect and identify artefacts and help with error 
analysis. 

 



Disadvantages of SAFT: 
 

• Large amount of raw data  
• it can only be used as an analysis method because of a large amount of raw data 

produced when the test specimen are big and the defect orientation is not known. 
 
Advantages of TOFD: 
 

• Determination of position and dimension in one pass for thin-walled components 
• the use of diffraction signals enables error detection in any inclination with regard to the 

projection plane 
• high test speed 
• defect determination and assessment in simple weld seam tests is fast and simple when 

there is no priority requirement for crack detection.  
 
Disadvantages of TOFD: 
 

• Position identification is more difficult due to sickle-shaped signals 
• access from both sides of the weld seam needed 
• dead zone of about 2*λ near the surface and the counter surface  
• small cracks and defects at an angle close to perpendicular to the projection plane are 

difficult to detect. 
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