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ABSTRACT 
 

To reliably assess the integrity of components, several factors need to be considered. One important 
factor is the uncertainty in the determination of the relevant parameters for calculations. Parameters 
provided by NDT are information about the presence of flaws and, ideally, the flaw size. The 
parameter “flaw size” can be based on theoretical considerations like the detection limit for applied 
NDT methods, usually plus some safety factor, or it can be based on NDT results in the form of 
applied acceptance criteria or measured flaw size. There are many sources of uncertainties in the 
determination of flaw sizes. Some examples of factors contributing to uncertainty will be shown and 
the effects on the assessment of integrity of components will be discussed. 

 
 

INTRODUCTION 
 

Calculations assessing the integrity of components are based on a number of parameters such as loads 
on the component, material strength, and size and location of flaws. Recent years have seen increased 
effort to include probabilistic analyses in the assessment of the integrity of components. The 
probability of failure (POF) is calculated based on statistical data for relevant parameters. One 
parameter that influences POF calculations is the probability of detection (POD) of a flaw of a certain 
size. Currently, the problem with including POD curves is the lack of reliable statistical data. There 
are too few test results, and those available are based on diverse testing conditions. This means that 
the POD curves themselves have rather large error margins. However, what can be done with 
reasonable accuracy is to analyze and consider the uncertainty in the NDT results for a particular test 
on a component. Depending on the information available for an influencing parameter, either a 
deterministic or a probabilistic analysis of the integrity of a component can be done. We will present 
three examples of factors influencing test results in ultrasonic testing and discuss how they affect the 
evaluation of the integrity of the component.  

 
 

ULTRASONIC TESTING FOR IGSCC IN AUSTENITIC STAINLESS STEEL 
 

To study how the reflection behavior of inter-granular stress corrosion cracks (IGSCC) differs from 
that of other types of planar flaws, several test blocks with different flaws were manufactured at MPA 
Stuttgart [1, 2]. Each test blocks consists of a block of austenitic stainless steel with rectangular cross 
section, dimensions 400 mm x 40 mm x 32 mm (length x width x wall thickness). The test flaws are 
listed in Table 1. For the purpose of comparing EDM notches and stress corrosion cracks with respect 
to their properties as test reflectors for ultrasonic testing, test blocks without welds are preferable. The 
macroscopic elastic anisotropy of an austenitic weld would affect ultrasound propagation and thus 
lead to additional variations of the signal amplitudes. As such, all flaws are positioned in the base 
metal, not in or near a weld. 
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This study considered the case of testing for surface-breaking flaws at the inner surface of a 
component wall where direct access to the surface is not possible. A typical ultrasonic testing (UT) 
technique for this task is a pulse-echo measurement with an angle beam shear wave transducer 
coupled to the outer surface. The angle of incidence is chosen such that the beam hits the inner surface 
at an angle of 45° in order to use the strong reflection from the corner formed by a surface-breaking 
flaw and the inner surface of the component. For the rectangular test blocks, an angle of incidence of 
45° and a frequency of 2 MHz were used. An automated inspection system was used, consisting of a 
personal computer connected to a scanning unit and a pulser-receiver. The x-y-scanner moved the 
transducer across the surface in a meandering scan pattern, and ultrasonic signals were recorded in 
steps of 1 mm in each direction. For reproducible calibration of the ultrasonic pulser-receiver, a 
standard angle-beam calibration block was used. For each scan, the maximum signal amplitude was 
determined. Figure 1 shows the signal amplitude vs. flaw depth for all flaws. While the EDM notches 
and the fatigue cracks produce similar amplitudes, the signal amplitudes for the IGSCCs are 
considerably lower for comparable crack depth. For example, the ultrasonic amplitude of the 
reflection at the 10 mm deep IGSCC is 6 dB below the amplitude for a 2 mm deep EDM notch. This 
means that from this type of experiment, the crack depth for IGSCC is greatly underestimated. The 
signal-to-noise ratio in the base metal is sufficient to detect the smallest IGSCC with a depth of 
3.5 mm. However, in case of an amplitude-based evaluation of the test results, with an amplitude 
threshold set as a recording limit, cracks with a considerably larger depth than the reference notch 
might not be recorded, which is equivalent to not being detected.  

In this case, the uncertainty in the inspection result consists of inaccurate conclusions for the 
flaw depth caused by differences between the real crack and the reference flaw. The results of the 
study on different test flaws showed that a 10 mm IGSCC may be detected but the depth would be 
estimated to be less than 2 mm, based on the comparison with the reference flaw. The effect on the 
assessment of the integrity of a component where such an IGSCC is present was investigated using 
the example of the austenitic surge line of a German PWR plant. The parameters used for the fracture 
mechanics assessment are outer diameter Do = 330 mm, wall thickness t = 32 mm, yield strength and 
ultimate strength according to KTA 3201.1 (flow stress = 3.0Sm, Sm = 136.67 MPa for room 
temperature and Sm = 116.67 MPa for 300°C), and the crack initiation value Ji = 373 N/mm. Two flaw 
sizes were considered: a flaw of depth a = 2 mm and a flaw of depth a = 10 mm, each with a length of 
2c = 40 mm. The assessment was performed for temperatures of 20°C and 300°C, a constant internal 
pressure pi = 155 bar, and a superimposed bending moment up to crack initiation. For the fracture 
mechanics assessment the MPA software XPiPE-R6/P [3] was used to calculate the critical bending 
moments based on the R6-method, Opt. 1. To evaluate the influence of the differences in crack depth, 
the ratio of the critical bending moments for the crack depths of 10 mm and 2 mm was calculated. The 
calculated ratio Mb,crit(10 mm)/Mb,crit(2 mm) is equal to 0,74 for room temperature and 0,79 for 300°C. 
So, for this specific example the variation of factor 5 in crack depth results in a variation of the critical 
bending moment of about 20% to 25%.  

This study was conducted for flaws in the base metal. One can assume that with the presence of 
an austenitic weld, it will be even harder to detect and correctly evaluate cracks because of increased 
scattering and deflection of the sound beam. 
 
 



 
Table 1 - Test Reflectors for UT 

Test Reflector Type Depth [mm] 

1.5 
2.0 

EDM notches, length 20 mm 

3.0 
2.0 
4.0 
10.0 

EDM notches, length 40 mm 

32.0 
2.5 
3.5 
5.75 
6.0 
10.25 
13.5 

Stress corrosion cracks, length 
40 mm 

16.0 
7.75 Fatigue cracks, length 40 mm 
23.75 
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DISSIMILAR METAL PIPE WELD WITH AXIAL CRACK 
 

The second example for an influencing factor in ultrasonic testing is the choice of the UT technique 
for the case of an axial IGSCC in a dissimilar metal pipe weld. Depending on the technique used, the 
realistic flaw in the weld is either not detected at all, or the flaw size is underestimated. 

Cases of stress corrosion cracking in nuclear power plants around the world have raised interest 
in test blocks with realistic flaws for UT. Within the scope of a project contract issued to MPA 
Stuttgart by the German Federal Ministry for the Environment, Nature Conservation and Nuclear 
Safety (BMU), a test block with a transverse IGSCC in a dissimilar metal weld was manufactured [4]. 
The dissimilar metal butt weld is a circumferential pipe weld connecting an austenitic stainless steel 
pipe with a ferritic low alloy steel pipe. The test block has an outer diameter of 327 mm, a wall 
thickness of 29.5 mm, and a total length of 435 mm. The structure of the weld is shown in figure 2; 
also, the position of the IGSCC relative to the weld is indicated. The ferritic side has an austenitic 
cladding on the inner surface; an austenitic buttering of 20 mm thickness was applied before 
connecting the pipes with a U-groove austenitic weld. By applying a circumferential load and a 
corrosive medium at a localized position on the inner surface, initiation and growth of an IGSCC of 
approximately 20 mm length and 6-7 mm depth was achieved. In addition to the IGSCC, there are 
several EDM notches of different depths, both in the weld and in the austenitic base metal.  

The ultrasonic testing was done with an automated scanning system. The transducers were 
moved in the axial direction, while circumferential scanning was achieved by rotating the pipe around 
its axis. The step size for each scanning direction was 1 mm.  

Single probe pulse-echo techniques that require scanning of the transducer across the weld and 
result in a sound path exclusively in the weld material at the position of the flaw showed a too small 
signal-to-noise ratio for reliable detection of the test flaws. In some cases, the flaw was not detected at 
all. This is shown in figure 3 for a scan with a 58° 2 MHz longitudinal wave transducer across a 
section of the pipe with two 5 mm deep EDM notches, one in the weld, and the other in the austenitic 
base metal. With the angle of incidence of 58° at the given curvature of the pipe, the sound beam hits 
the inner surface at an angle of approximately 90°. Usually, this technique would be considered 
suitable for detecting the test flaws at the inner surface. However, the test flaw in the weld cannot be 
detected. 
 

 
Figure 2 - Structure of the dissimilar metal weld with indicated position 

of the axially oriented flaw;  
  A: ferritic side; B: austenitic buttering and cladding; C: austenitic weld;  
  D: austenitic base metal 
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Figure 3 - UT scan, 58° 2 MHz longitudinal wave, single transducer;  
5 mm EDM notches (circles) 

 
Better results were obtained using a set-up with two separate transducers in pitch-catch mode 

with one transducer acting as sender, the other acting as receiver. The same type of 58° 2 MHz 
longitudinal wave probes were used. The two transducers were positioned and oriented such that their 
sound paths intersect at the inner surface of the pipe. When testing the weld region, the two 
transducers are located on the two sides of the weld, so that a large portion of the sound path lies in 
the base metal, not in the weld material, resulting in an improved signal-to-noise ratio. The UT scan 
using this technique on the section with the IGSCC in the weld and a 3 mm deep notch in the 
austenitic base metal is shown in Figure 4. The signal-to-noise ratio in the weld is much better, and 
the IGSCC is detected. However, comparison with the 7 mm deep notch (Figure 5) shows that the 
flaw depth would be underestimated if amplitude evaluation were applied. 

weld 



 
Figure 4 - UT scan, 58° 2 MHz longitudinal wave;  
dual probe set-up; IGSCC and 3 mm EDM notch 

 

 
Figure 5: UT scan, 58° 2 MHz longitudinal wave; dual probe set-up; 

7 mm EDM notches 

The worst case scenario here would be an in-service inspection using a non-optimized UT 
technique, which greatly increases the risk that a flaw in the weld would not be detected. In the case 
of a flaw which grows exclusively within the weld material, the crack might reach through-wall depth 
before it is detected. This will result in a leak which is clearly undesirable but does not have a major 
effect on the integrity of the component. In the base metal, achieving sufficient signal-to noise ratio is 
generally not a problem, so that one can assume that an axial flaw can be detected when its length 
increases such that it reaches the base metal. This leaves only the question of whether an IGSCC 
growing in axial direction into the base metal will be correctly evaluated, leading back to the case 
considered in the previous section.  



MANUAL INSPECTION AT A REACTOR PRESSURE VESSEL MOCK-UP 
 

The reactor pressure vessel mock-up at MPA Stuttgart (“MPA Großbehälter”, Figure 6) is a full-scale 
reactor pressure vessel (RPV) of a boiling water reactor type, in which several test flaws of different 
types have been implanted. It was chosen for a study on human factors influencing the results of 
manual UT [5]. Even though the situation of an in-service inspection in the plant cannot be fully 
recreated this way, the set-up provides a non-laboratory environment with a number of well-
documented flaws to systematically study human factors affecting UT results.  
 

 

 
Figure 6 - MPA “Grossbehaelter”; full-scale RPV (BWR) 

 



Three positions at the RPV with different types of flaws were chosen for the study. Most flaws 
were circumferential planar flaws – notches or cracks – at or near the inner surface of the vessel. The 
experienced UT personnel participating in the study had knowledge of the presence of flaws in the 
area to be inspected but no information about flaw type or flaw size. The task was to scan the 
specified area with two angle beam shear wave transducers and to document maximum amplitude and 
– for all indications reaching a specified recording limit – also the length of the flaw using the 6-dB 
drop method. For calibration of the UT equipment, a test block was provided. The main variation in 
the testing conditions was the change of the time available to perform the task. In addition, a number 
of psychological factors such as mental demand and stress resistance were evaluated.  

As expected, the collected data show a clear dependence between the pressure perceived by the 
UT inspector and performance. Limited time and resources allowed only a relatively small set of data 
to be collected in the study. Despite the limitations, a detailed statistical evaluation of the data was 
done for the study. In this paper, we will focus on just the variation in the NDT results for crack 
length and the implications on the assessment of the integrity of the component.  

For the above example of the austenitic surge line these NDT results were used for a 
probabilistic fracture mechanics assessment. The NDT results for the crack length can be described by 
a normal (Gaussian) distribution. As an example, the distribution of one of the NDT data sets gives a 
mean value of 66.9 mm and a standard deviation of 29.4 mm. All other input parameters are 
considered as constant values. The calculation was performed for two values of the crack depth: a/t = 
0.2 and a/t = 0.5 (a: crack depth, t: wall thickness). The results of the assessment are shown in Figure 
7. For the flaw depth of a/t = 0.2, the calculated mean value for the critical bending moment is 
Mb,crit = 807 kNm, and the standard deviation s = 24 kNm; for the flaw depth of a/t = 0.5, Mb,crit = 635 
kNm and s = 35 kNm.  
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Figure 7- Calculation of the probability of failure (PoF) due to the  

variation of flaw length acc. to NDT results using R6-Method, Opt. 1.  
 

This results show that for confidence values of PoF = 1% and 99%, the variation of the critical 
bending moment for the flaw depth of a/t = 0.5 is between 553 kNm to 717 kNm (∆Mb,crit = 164 
kNm). This is about 25% of the mean value. This means that the uncertainty in the NDT parameter 
“crack length” alone already causes considerable uncertainty for the critical bending moment; 
additional uncertainty in the determination of the crack depth was not considered here.  
 



CONCLUSIONS 
 

Whenever NDT results are included in the assessment of the integrity of a component, the reliability 
of these results needs to be considered. This can be done by using POD curves to evaluate the risk that 
one or more flaws of a particular size have not been detected. These curves are often based on test 
results that were obtained under varying experimental conditions or modeled using generalized 
assumptions and are therefore not necessarily very accurate for the actual NDT used on the 
component. An alternative to using POD curves is to evaluate particular uncertainties for the NDT 
techniques applied for the inspection of a component. In this paper, three examples of uncertainties 
related to ultrasonic testing were considered.  

In the case of ultrasonic testing, it is common to specify recording limits for indications in the 
form of amplitude values which are based on values obtained from artificial calibration reflectors. The 
studies on inter-granular stress corrosion cracks have shown that the size of that crack type may be 
considerably underestimated when amplitude evaluation based on artificial reference flaws is applied. 
Depending on crack growth rate and inspection interval, this could affect the ability to detect the crack 
before a leakage occurs. One way to minimize the risk is to use automated inspection with encoding 
relating the UT data to the position. In the image representation of the data, indications will be visible 
even if their amplitudes are below the specified recording limit, and indications with crack-like signal 
characteristics would be detected by qualified personnel. 

Based on the results of the study comparing IGSCC to artificial reference flaws and fatigue 
cracks, the critical bending moment for a model component (austenitic surge line of a German PWR 
plant) was calculated for two crack depths. Underestimating the crack size by a factor of 5 (crack 
depth 2mm instead of 10 mm), will result in a decrease of 20-25% in the value for the critical bending 
moment. 

Among materials susceptible to stress corrosion cracking are austenitic welds, which present 
additional challenges for UT. The macroscopic anisotropy in the weld affects sound propagation and 
reduces the signal-to-noise ratio. This was shown for a dissimilar metal weld, where the wrong choice 
of UT technique might result in a severely reduced probability of detection for flaws in the weld 
metal. This emphasizes the need for performance demonstrations using test blocks which accurately 
represent the component. 

Statistical data for NDT results were considered for the case of human factors in manual 
ultrasonic testing. Ultrasonic amplitude and flaw length were recorded for a number of artificial and 
realistic flaws in the reactor pressure vessel mock-up at MPA Stuttgart. A strong variation in test 
results was found. From the data for the flaw length, the probability of failure for the above-
mentioned model component was calculated.  
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