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ABSTRACT 
 
Qualification of non-destructive examination procedures for in-service inspections of nuclear 
power plant components is performed using different types of artificial flaws. The assessment of 
the reliability of a procedure requires sufficiently representative flaws compared to the real ser-
vice-induced flaws. 

Fatigue cracks can nowadays be produced artificially as thermal fatigue or mechanical fa-
tigue cracks. Thermal fatigue crack production is very well controlled in matter of size and 
opening. That kind of cracks are very realistic option compared to the real service-induced 
cracks. Mechanical fatigue crack production is well known and widely used method and can 
produce very realistic cracks as well. 

Ultrasonic indications are highly dependent on defect characteristics like roughness, crack 
opening, tilt and branching. This work studies the influence of different reflector properties on 
flaw indications. Two kinds of artificial cracks from different manufactures and one EDM refer-
ence notch were made in austenitic stainless steel test blocks. Flaws were examined using 
phased array ultrasonic testing (PAUT), scanning acoustic microscope (SAM) and time-of- 
flight diffraction (TOFD) techniques. Flaw images produced by two digital radiography tech-
niques are used as reference. The aim of the study is to get a wider perspective to the differences 
in similar type of flaws from different manufacturers. 
 
INTRODUCTION 
 
This study was conducted to compare two different types of artificial defects to test and study 
the influence of different reflector properties on indications in non-destructive examination. 
Another objective was to produce new data on artificial reflectors for the needs of qualification 
as well as inspection. 

There are many ways to produce artificial defects in different materials. Different defects 
produce different responses when they are inspected and it is crucial for the reliability to know 
how well artificial defects correspond to service-induced cracks. Fatigue cracks can nowadays 
be produced using thermal fatigue or mechanical fatigue. In this study thermal fatigue and 
mechanical fatigue cracks of similar size were produced in two test samples. These artificial 
defects were examined using manual and mechanized phased array ultrasonic testing (PAUT), 
scanning acoustic microscope (SAM) and time-of-flight diffraction (TOFD). Also digital 
radiography was used for crack imaging. 

 
EXPERIMENTS 

 
Fatigue crack samples 
Two different fatigue samples were studied. Both samples were made of austenitic stainless 
steel 316L (ASTM) plate with a thickness of 25 mm. Samples were butt welded of two pieces 
and both weld face and root sides were ground. The cracks were produced on the root side along 
the fusion line (Figure 1 a). One of the samples contained one thermal fatigue crack and EDM 
reference notch and the other contained two mechanical fatigue cracks. Liquid penetrant 
indications of both thermal and mechanical fatigue cracks are shown in Figure 1 b and c. The 
branching shape of the thermal fatigue crack is well visible. The dimensions of the cracks in 
both samples were targeted to be 15 mm in length and 5 mm in depth. These dimensions will be 
confirmed after the final destructive investigation in 2013 as a part of the Finnish Research 
Programme on Nuclear Power Plant Safety 2011 - 2014 SAFIR2014 MAKOMON project [2]. 
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Figure 1. a) Schematic picture of the sample and liquid penetrant indications of b) thermal fa-
tigue crack and c) mechanical fatigue crack. 

 
Phased array ultrasonic examination 
Phased array ultrasonic examination was performed using OmniScan 16/128PR with software 
control by UltraVision. Scanning in TRS and TRL techniques was carried out using Zetec’s 
Manual Pipe Scanner and in the other techniques using motorized scanner (Phoenix ISL’s SPI-
DER). More detailed information on the examination parameters can be seen in Table 1 and 
more detailed probe parameters in Table 2. The data was analysed using UltraVision software. 

Table 1. Phased array examination details. 

Technique Description 

TRS 
TRL 

Scanning from weld face side using dual matrix PA probes with sectorial scan in pitch and catch 
mode. Line scanning from both sides of the weld using manual encoded scanner with several scan 
lines along the weld. Technique is qualified to be used in in-service inspections of piping welds in 
nuclear power plants in the USA. Procedure: Zetec OmniScanPA01 rev. C. 

Sectorial 2 
Sectorial 5 

Scanning from weld face side using linear pulse-echo PA probes with sectorial scan. Raster scan-
ning with a resolution of 1 mm from both sides of the weld using motorized scanner. 

45° SW 
55° SW 
70° SW 

Scanning from weld face side using linear pulse-echo PA probe with linear scan. Raster scanning 
with a resolution of 1 mm from both sides of the weld using motorized scanner. 

MC 
Scanning from weld face side using linear pulse-echo PA probe with sectorial scan generating inner 
surface creeping wave. Raster scanning with a resolution of 1 mm from both sides of the weld using 
motorized scanner.  

Table 2. Phased array probe parameters. 

Technique Probe Wedge Wavemode Angles Frequency 
(MHz) 

Focus 
(mm) 

Aperture 
(mm) 

TRS 1.5M5x3E17.5-9 ADUX576A Shear 40° - 70° 1.5 25 TD 2x(9x17.5) 
TRL 1.5M5x3E17.5-9 ADUX582A Longitudinal 40° - 70° 1.5 25 TD 2x(9x17.5) 

Sectorial 2 2L16A10 SA10-N55S Shear 40° - 70° 2.25 25 TD 9.6x10 

Sectorial 5 5L32A11 SA11-N55S Shear 40° - 70° 5 25 TD 9.6x10 
45° SW 
55° SW 
70° SW  

5L32A11 SA11-N55S Shear 45°, 55°, 70° 5 25 TD 9.6x10 

MC 5L16A10 SA10-N60L Longitudinal 60° - 89° 5 50 HP 9.6x10 
 
 
 
 
 
 
 
 
 

a) b) c) 
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Scanning acoustic microscope 
The probe used in examination with scanning acoustic microscope (SAM) was a 5 MHz probe 
manufactured by Panametrics. The focal distance of the probe was 3 inches (76.2 mm) and the 
probe diameter 0.5 inches (12.7 mm). To evaluate the flaws in the test samples, a 45 degree 
transverse wave was chosen for examination. To produce a 45 degree transverse wave in steel, 
the probe was tilted 19 degrees in water according to Snell’s law. 

 
v1/v2 =sin(α1)/sin(α2) (1) 
 

where v1 is the velocity of longitudinal wave in water, v2 is the velocity of transverse wave in 
steel, α1 is the transverse wave angle in steel and α2 is the longitudinal wave probe angle in wa-
ter (i.e. probe angle) [1] 

 
 
Time-of-flight diffraction  
The examination using time-of-flight diffraction (TOFD) was performed using basic 60° setup 
with 2.25 MHz and 5 MHz probes manufactured by Panametrics. The probe diameter was 0.25 
inches (6.35 mm). OmniScan 16/128PR with manual scanner (Olympus HST-Lite) was used in 
data acquisition and the data was analysed using UltraVision software. 
 

 
Digital radiography 
Digital radiography was used to gather more information on the crack size, tilting, possible 
branching etc. Digital radiography examinations were done at Federal Institute of Material Re-
search and Testing, Division 8.3, Radiological Methods in Berlin. The used methods included 
Vidisco RayzorX flat panel detector and TomoCAR which is equipment for X-ray tomography. 
The TomoCAR equipment has an ENIQ certification for detecting cracks in the tube with 25 
mm wall thickness, the total penetration thickness 50 mm. The certified crack opening is min. 
100 µm and the tolerance in crack height sizing is ±1 mm. In the equipment the X-ray tube 
moves along a straight bar over the examined specimen taking 400 images. The Cadmium tellu-
ride detector is made by AJAT Finland. The size of the detector is 100 mm x 25 mm with 0.1 
mm pixel size. Tomographic data was processed and analysed using Analytical RT Inspection 
Simulation Tool (aRTist). 
 
RESULTS 
 
Signal-to-noise ratio (SNR) in phased array ultrasonic examination 
In near side examination, all the flaws were detected with all techniques (Figure 2). Average 
SNR for crack MF A is a little bit lower than that for the other cracks. Variance in SNR with 
different techniques is clearly highest for TF crack and clearly lowest for EDM notch. The low-
est SNR values are approximately 6 dB so also the techniques with higher frequency performed 
well. 

As can be seen in Figure 2, the highest SNR values for mechanical fatigue cracks MF A 
and MF B were measured when scanning was performed from the crack side. The highest SNR 
value for crack MF A was measured when inspected with longitudinal wave and mode conver-
sion technique whereas highest SNR value for MF B was measured when share wave was used. 
The highest SNR value for TF crack was measured with mode conversion technique. The lowest 
SNR for botch TF crack and EDM notch was measured with longitudinal wave. 

430



 

 

In far side examination, thermal fatigue crack is detected with only one exception and 
EDM notch is detected with all of the techniques. Mechanical fatigue cracks are detected only 
with longitudinal wave, mode conversion and TRS techniques. There is only a minor difference 
in SNR between the flaws with longitudinal wave and mode conversion techniques. With mode 
conversion technique, the SNR for both mechanical fatigue cracks is similar when measured 
from crack side and vice versa. The highest SNR values in far side examination were measured 
for EDM notch. Variance between techniques is similar for both crack TF and EDM notch. The 
SNR for TRS technique is higher for both TF crack and EDM notch compared to the SNR of 
near side examination. 

 

Figure 2. Signal-to-noise ratio in phased array examination. 

Figure 3 (MF B) and Figure 4 (TF) show the examination results for TRS technique with similar 
gain settings. Difference in amplitude between inspection directions near/far side is remarkable 
with crack MF B. With thermal fatigue crack the amplitude is slightly higher when scanned 
through the weld and the indications are nearly similar regardless of the scanning direction.  
 

TRS near side TRS far side 

Figure 3. D and B-scans of crack MF B inspected with TRS technique. 
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TRS near side TRS far side 

Figure 4.  D- and B-scans of crack TF inspected with TRS technique. 

 
Frequency response  
Frequency response was measured using FFT (Fast Fourier Transform). The results for each 
flaw with low frequency techniques are shown in Figure 5. There seems to be no remarkable 
difference between near/far side examinations. 

 
 

Figure 5. Center frequency for flaws with low frequency phased array techniques. On the left 
scanning from the flaw side. On the right scanning through the weld. 

 
Amplitudes 
Near side amplitude comparison for each flaw with phased array techniques is shown in Figure 
6. The lowest amplitudes were measured with TRL technique. Variance between techniques is 
highest with thermal fatigue crack. 

Figure 6. Near side amplitude comparison for each flaw with phased array techniques. 
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Scanning acoustic microscope (SAM) 45° transverse wave 
B-scan images of examination with scanning acoustic microscope (SAM) are shown in Figure 7. 
Crack tip signal was detected for both of the mechanical fatigue cracks but not for the thermal 
fatigue crack. The amplitude of thermal fatigue crack indication is 9 dB higher than that of me-
chanical fatigue crack A. The difference in amplitude between the two mechanical fatigue 
cracks is 2 dB. There seems to be more interaction with crack morphology in the indications of 
mechanical fatigue cracks. The rather smooth indication of thermal fatigue crack does not show 
up the branching shape of the crack. 

 

MF A MF B TF 

Figure 7. B-scans of crack indications with SAM, 5 MHz 45° transverse wave. Crack tip signals 
are pointed with arrows. 

Time-of-flight diffraction (TOFD) 
The B-scan images of TOFD examination with 2.25 MHz probes are shown in Figure 8 and  
Figure 9. The challenge of TOFD inspection of rather shallow cracks in austenitic steel welds is 
realized in the images where no diffraction echo is detected. The result was rather similar with 
some more noise when 5 MHz setup was used. However, the amplitude drop in the back wall 
echo clearly proves the existence of surface-breaking flaws. The amplitude drop measured from 
the A-scans was significantly higher with EDM notch and thermal fatigue crack compared to the 
mechanical fatigue cracks: from 6 up to 12 dB. 

Figure 8. TOFD examination of mechanical fatigue cracks. 
 

 
Figure 9. TOFD examination of EDM notch and thermal fatigue crack. 
Digital radiography 
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Data collected with TomoCAR system was reanalysed and visualised at VTT. Crack surface 
was extracted and visualised from the original data using Matlab. Crack is very clearly visible in 
tomographic image as can be seen inFigure 10. Tomography shows the shape and the size of the 
crack relatively clearly. The confirmed results of the shape and the size will be evaluated and 
published after the destructive testing which will be done later this year. 

Figure 10. Thermal fatigue crack. On the left conventional digital radiographic image. On the 
right visualised tomographic image. 

DISCUSSION 
 

In this paper only some results of the on-going study concerning the differences in NDE reflec-
tors are briefly presented. Flaw sizing results will be presented later together with the results of 
destructive examination. Even in these results it is clearly seen that the defect characteristics 
have a significant impact on indications – not only between different types of fatigue cracks but 
also between two similarly targeted mechanical fatigue cracks. Results presented in this paper 
encourage studying this subject more. Cracks examined in this study are rather shallow and 
short so the crack images do not show much variation caused by crack morphology.  

Both the thermal fatigue crack and EDM notch were detected with almost all PAUT tech-
niques also when scanned through the weld. In qualification process it is important to know how 
that kind of result corresponds to the real service-induced flaws to avoid overestimating the 
performance of a procedure.  

Low frequency PAUT techniques which typically are preferred in the examination of aus-
tenitic welds did not show much interaction with crack morphology. Crack tip detection seems 
also be difficult which will make the height sizing more or less unreliable.  

A very clear difference between cracks was seen in the examination by scanning acoustic 
microscope with 5 MHz 45° transverse wave. There is much more interaction with crack mor-
phology in the B-scans of mechanical fatigue cracks while the image of thermal fatigue crack is 
rather smooth. Also the images of two mechanical fatigue cracks differ from each other.  

The small changes in the coupling and in the shape of the scanning surface or in probe po-
sition together with flaw morphology can cause variation in the FFT measurements and dimin-
ish the repeatability of them. Signal response depends on the angle and measurement position.  

Nowadays the interest for the use of digital radiography is rising also in the nuclear indus-
try. Digital tomography seems to be performing well for crack characterization and sizing.  
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CONCLUSIONS 
  More interaction with crack morphology was observed in mechanical fatigue cracks 

compared to thermal fatigue crack studied here.  Higher frequency in ultrasonic testing can give more information of crack morphology 
and can also enable accurate height sizing of shallow cracks. Even then, e.g. branching 
of a crack may not be visible and noise can cause problems.  Due to branching, a crack can be more easily detected when scanned through the weld.   Both side access and weld cap removal makes a 5 MHz transverse ultrasonic technique 
applicable for crack detection in austenitic welds with thicknesses at least up to 25 mm.  More measurements would be needed for reliable conclusions whether FFT measure-
ments are applicable for crack characterizing.  TOFD inspection of austenitic stainless steel weld is challenging and a basic setup does 
not seem to have a benefit compared to phased array or digital radiographic examina-
tion.  A combination of PAUT technique (crack detection and sizing) and digital tomography 
(crack characterizing and sizing confirmation) can be effective in increasing the ISI re-
liability. 
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