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Abstract 
Nondestructive Testing (NDT) and fracture mechanics are two different disciplines in applied engineering science. 
Both areas are very important for the evaluation of the component integrity. Unfortunately the technical understanding 
in both disciplines is not identically, what lead to misunderstandings. In the present paper, the basic ideas about 
fracture mechanics and the input parameters coming from the NDT side are explained, concerning the integrity 
evaluation of the components. The widely used NDT methods are magnetic particle, dye penetrant, electrical eddy 
currents, radiography and ultrasonics. But not all of these common NDT methods can deliver parameters satisfy the 
fracture mechanics requirements. The first two can detect only surface-breaking or immediately sub-surface defects. 
Eddy current can also find defects in deeper sub-surface layers, while radiography and ultrasonics can also find 
embedded, remote defects. These three methods have furthermore a high potential for defect sizing and are therefore 
predestined to provide fracture mechanics input parameters. At the example of steam generator tube inspection the 
interplay of eddy current and fracture mechanics as related to tube integrity will be explained. 
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1.  Introduction 

The assessment of component integrity during operation requires NDT methods and monitoring. 
Material properties and the design are the mostly influencing parameters for the integrity during 
operation. In Germany, for safety relevant components in the nuclear industry, the so called Basis 
Safety Concept (BSC) was developed [1]. That means, using material with high ductility, 
prepare a design to avoid strain peaks, guarantee optimized fabrication and inspection 
technologies, regard the knowledge and evaluation of defects, consideration of the medium and 
provide monitoring and periodically inspections systems. This concept covers also break 
preclusion and leak before break. Nevertheless, for critical failure assessment defect sizes are 
essential especially the sizes of planar failures like cracks. Sensitive for detection of defects are 
all the common NDT methods, but size means in that case through wall and length extension [2]. 
For this requirement, only eddy current, ultrasonic and computer tomography using x-rays have 
sizing potentials compatible with fracture mechanics needs. Used in conjunction with fracture 
mechanics, these three NDT methods have proved a powerful technique for demonstrating 
component integrity.  

In general, the detectability of failures employing NDT methods is influenced by a lot of 
parameters depending on the material properties, the NDT technique applied, physical interaction 
with the failure and last but not least from the operator. All these influences are summarized in 
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the so called Probability of Detection (POD) curves [3]. The POD curve is considered to be a 
tool for quantitative NDT system assessment. In conjunction with fracture mechanics, NDT data 
and their relevance to the reality are often discussed, but it is impossible to detect each of 
possible failure characteristics with the same likelihood and assess them in size. Awareness of 
the defect characteristics, location and orientation is helpful too. Anyway, the scattering of the 
failure sizes must be considered by the safety factor using in the fracture mechanics analysis. In 
summary, NDT methods must have a high detectability of the assumed defects as well as a high 
potential for defect sizing, especially the sizing of crack like defects. This size is one of the most 
important input parameter for component integrity assessments because the fracture mechanics 
model will use this date for crack growth estimation by given loadings. From this follows the 
estimation of critical crack size and break preclusion against unstable behavior and the specified 
leakage during the whole life time of the component. The conjunction fracture mechanics and 
NDT is the guarantee to avoid catastrophic failure of components together with preventive 
methods. 

 
2.  Basis for fracture mechanics analyses 

The existence of flaws in engineering structures is acknowledged and tolerated as long as they do 
not compromise the structural integrity. To meet this condition, components must to be inspected 
and safety important failures timely detected. NDT methods are principally employed for defect 
detectability without acting future usefulness of the inspected component. But important for 
fracture mechanic analysis is the size of the defect. In addition to date like the geometry of the 
component, the material behavior defined by yield and tensile strength and the young modulus, 
also the defect size is an essential input data for fracture mechanics. Fracture mechanics can by 
briefly described as a theory that predicts the effect of cracks in materials under stress and strain. 
Crack initiation and growth are one of the results of the analyses. Especially for crack growth the 
reliability of crack sizes, measured by an NDT method is of an essential importance. As already 
mentioned, POD curves are the reference for a quantitative assessment of the NDT method used 
and are influenced by number of parameters.  

In Figure 1 such POD curves are plotted for flaws with different depth extensions /4/. At a first 
look, it can be misleading that the curves for the flaws with shorter depth extension lie left of the 
curves for deeper flaws, which means a higher POD in a conventional POD diagram. The 
interpretation of the diagram is as follows. If the same flaw area is assumed than the shorter deep 
flaw has a larger length extension than the deeper. For example, a flaw with an area of about 10 
mm2 and 5 mm deep has a POD of about 2%. A flaw of the same area but only 1.5 mm deep will 
have a POD of around 80%. This example shows that the depth extension is an important 
parameter for POD assessment but not the only one. 

Anyway, a high detection probability is an essential for reliable NDT methods. Sizing of detected 
flaws is required for fracture mechanics analyses. In the most cases NDT methods can measure 
only idealized flaw sizes and not real ones, i.e. real shapes and geometries of flaws as generated 
e.g. by the cooling process of welding seams. Such idealized sizes are circular disks or 
rectangular shaped sheets according to which NDT method was employed. The simplest way by 
the application of ultrasonic techniques is given by the flaw reflectivity behavior and compares it 
with the diameter of a circular disc, but for fracture mechanics this disc must be transfer to an 
elliptical shape. Figure 2 shows schematically this process whereas the disc and the ellipse have 
the same area. Further the ratio of the ellipse axis must follow the equation a/c = 0.4, as printed 
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in the figure. Further conditions in relation to the half axis of elliptical and semielliptical failures 
are required as shown in the figure. There is a difference of 1/2 for embedded and for surface 
breaking failures. Using the axis 2a and 2c the crack growth can be calculated when the load is 
known. 

 

Figure 1: Comparison of conventional and multi-parameter POD (after /4/) 

 

 

Figure 2: Transfer of NDT results for fracture mechanics demands 
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The ratio of 0.4 between the half axes of the elliptical shaped crack depends on the stress 
intensity factor. This value is given at the maximum of the stress intensity factor Kmax for the 
semi-elliptical and the embedded crack. This behavior shows Figure 3. A safety factor SFNDT 
considering NDT uncertainties is furthermore used, whereas SFNDT is 3 for discs <1.5d and 1.7 
for discs >4d (Figure 2). Equivalent considerations as made for ultrasonic testing are also 
possible for other NDT methods. In principle, failure sizes measured by NDT must be transfer to 
the fracture mechanics demands, i.e. assumed cracks into an elliptical shaped geometry. For 
surface breaking cracks a semi-elliptical geometry come up the fracture mechanics demands. The 
result of crack growth calculation (a, 2c) for an elliptical crack size (a, 2c) regarding a 
specified or measured load during operation is after an assumed time as follows: 

a0 = a +a 
2c0 = 2c + 2c 

The assumed time must correspond with the time for periodical in-service inspection. NDT 
methods used for in-service inspection must be adapted on the crack growth rate, i.e. the 
sensitivity of the methods must guarantee a detectability of the crack sizes of a02c0. 

 

 

Figure 3: Stress intensity factor for an elliptical and semi-elliptical crack 

 

For the integrity assessment of components based on measurements using NDT methods, e.g. 
eddy current surveillance methods, the knowledge of the critical defect sizes is necessary. The 
employed NDT method must have a detection capacity which guaranties failure detection smaller 
than those of the allowable l crack size; it means critical crack size divided by a safety factor. It 
must be excluded the event of an unacceptable total tube rupture (Crack opening area > 2F) and 
there must be sufficient time available to take counteractive measures. That requires safety 
margins for allowable defect sizes in steam generator tubes. Such margins are documented in the 
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Reg. Guide 1.121 USNRC, “Bases for plugging degraded PWR Steam Generator Tubes”, August 
1976. In this guide a safety margin of 3 for surface breaking defects, as well as for through-wall 
defects, is required under operational conditions to minimise the risk of (avoid) tube rupture. For 
default conditions the safety margins should be consistent with the margins used for the stress 
analyses. For axial defects the following conditions are required: 

 S ≥ 3 for loading level A and B (A loading level during operation; B loading level 
regarding stress intensity) 

 S ≥ 1.5 for loading level C (only primary loadings are considered) and D 
(whereby S = Safety margin) 

Applying these safety margins for the calculation of the axially oriented cracks in a straight tube 
area under internal pressure, the results achieved are shown in the diagram in Figure 4 [5]. The 
grey dots in the diagram characterise the critical through-wall crack sizes and the black dots the 
acceptable crack sizes. The smallest acceptable axial through-wall crack length of 2c = 8 mm 
was calculated for loading level B with a safety margin of 3 and a ratio between the crack depth 
and the wall thickness of 0.62. The pressure difference p was 9.7 MPa and the temperature T 
was used to 320° C. This calculated acceptable axial through-wall crack length is approximately 
half the critical crack size of 2c = 17 mm, which was calculated for loading level D. This 
diagram will be afterwards used for the evaluation of the NDT results. 

 

 

Figure 4: Leak before break diagram 

 
3.  Steam generator tubes inspection 

Steam generator (SG) tubes within nuclear pressurised water reactor (PWR) coolant systems are 
part of the primary circuit and therefore part of the pressure retaining boundary. SG tube walls 
maintain a separation between the primary and the secondary circuits. To avoid the leakage of 
radioactivity from the primary into the secondary circuit, SG tube integrity is verified using in-
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service inspection methods. Typical defects include corrosion due to wastage near the top of the 
tube sheet and near the, plus fretting wear [6-8] near the tube support plates. Stress corrosion 
cracking (SCC) has also been a particular problem for Inconel 600 steam generator tubes [9-12]. 
Due to recent indications of damage within Inconel 800, starting from the outer diameter (OD) of 
the tubes (secondary circuit), this degradation mechanism must now be considered too. These 
different damage mechanisms are related to the design of the steam generator (Figure 5). There 
are geometrical parts in the tube sheet area, but limited to the outer tube bundle periphery, as well 
as in the support grid area, in which deposits can be built up. In these deposits an enrichment of 
corrosive species, for example sulphur species, can occur, resulting in a decrease in the pH-value, 
consequently increasing the potential for SCC. In the particular case related to this paper, an 
increase in stress corrosion cracking growth was detected between two code-required inspection 
intervals. Eddy current testing is currently the method used for SG tube inspection.  

Various research laboratories have conducted investigations to optimise these techniques, 
especially for the detection of cracks starting from the inner diameter (ID) or OD, since 
volumetric defects such as fretting or wastage are, in general, not a real challenge for ET due to 
the high sensitivity of eddy current (EC) for such defects. Nevertheless, depending on the 
technique being employed, the measured ET probe response gives information about the defect 
location (inner or outer diameter of the tube) and the relative defect orientation (axial, 
circumferential), as well as the electrical properties of the tube.  

 

Figure 5: Defective areas detected using eddy current techniques. 

 

Nevertheless, depending on the technique being employed, the measured ET probe response 
gives information about the defect location (inner or outer diameter of the tube) and the relative 
defect orientation (axial, circumferential), as well as the electrical properties of the tube. As 
mentioned before, optimised EC probes have a high detection capability but also a good potential 
for defect characterisation, i.e. estimation of defect extent in length and depth. For this purpose, 
the application of so-called array eddy current probes [13-18] has some advantages. In [18] it is 



 

 
 2014 COG CINDE 

mentioned that the biggest evolution in eddy current sensor technology is eddy current arrays, 
because eddy current array technology increases the detection capabilities for surface inspection 
due to the kind of coil arrangement (Figure 6). The principle of these probes is described, with 
the emphasis especially on crack extent measurement, as follows. 

 

 

Figure 6: Principle of an EC array probe 

As shown in the example of Figure 6, the complete eddy current probe consists of a number of 
single coils arranged in three parallel rows (see also picture at the top right). At the bottom of this 
Figure, the flexibility of the probe and cable arrangement at a SG U-bend tube is shown. The 
number of coils depends on the inner diameter of the tube; however, with an increase in the inner 
surface (enlargement of the diameter) the number of coils must also be increased to achieve the 
same resolution along the surface. At present, EC probes with 8 to 18 single coils are available 
on the market. A further increase in effective coil density is achieved by switching coils between 
transmitter (T) and receiver (R) mode, respectively. For detection and estimation of the length 
extent of axially oriented cracks in the SG tubes, the following alternative measurements may be 
conducted: 

 Signal transmission is initially made using the transmitter coil T1 and signal reception 
using the receivers R1and R2. The measurement steps continue with the transmitter coil 
changed from T1 to T2 and the receiver coils to R2 and R3,and subsequently following the 
algorithm Tn+1, Rn+1 and Rn+2, respectively. By means of this procedure, an examination 
of axial defects in the whole tube circumference is achieved. 

 For the detection and sizing of circumferentially oriented defects, the transmitter coils are 
T1 and T2 and the receivers are R4 and R5. The circumferentially oriented display is 
developed following the transmitter-receiver algorithm analogous to the axial sequence 
described above.  
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A criterion for defect detection is the sensitivity of the eddy current probe which depends among 
others on the aperture size (extension of the coils or distance between the coils), the electrical 
properties of the specimen and the defect geometry. An example of the sensitivity of the eddy 
current probe of Figure 6 is shown in Figure 7. In the Figure the signal height versus the defect 
length is printed as theoretically expected and received during measurements. The theoretical 
curve describes the measured behavior very well; the sensitivity is increasing with increasing the 
defect length until a maximum. 

 

 

Figure 7: Sensitivity of an EC array probe measured at a surface breaking crack 

 

The maximum is achieved when the defect length is equal the aperture (aperture, that is the 
distance between the transmitter (T) and receiver (R) coils). In this particular case the aperture 
was approximately 14 mm. The theoretical curve fits the measured well only the sensitivity 
maximum is shifted a little bit to shorter defect extensions. And the used theoretical model is 
more conservative than the measurement. Further the signal decreases lightly for defect length 
larger than the aperture size and change over to a saturation. The signal maximum can be 
explained as the influences of the edges of the defect when the defect length achieves the 
aperture size. The solid line is presenting the signal of the middle of the defect when the defect 
length is larger the aperture. However, the signal saturation is achieved by a little bit longer 
defect extensions due to the weaker geometry influence in the middle of the defect.  

 

An example of measured results employing the above described EC array probe is printed in in 
Figure 8 [19, 20]. The plotted three-dimensional image, in the middle of the Figure, shows clear 
the information of a crack-like defect with two deeper extensions. Also the main orientation in 
axial direction is recognizable. Evaluation of the depth of these two measured peaks gives crack 
depths of 73% (C1) and 42% (C2) of the wall thickness, respectively. 



 

 
 2014 COG CINDE 

 

Figure 8: Comparison of the results received with EC techniques and fractography [21] 

 

For validation of the EC inspection results, and for investigation of the degradation mechanism, 
this tube was pulled from the steam generator. From the fractography on the left-hand side and in 
the middle, a maximum crack depth of 1.05 mm was obtained. This is equivalent to a wall 
thickness reduction of 80% if a wall thickness, whereas a 1.30 mm thick SG tube is assumed. 
Comparing these results with the eddy current estimate shows good agreement. A cross-section 
of a second IGSCC crack is printed on the right-hand side of the Figure. The estimation of the 
smaller crack depth gives a wall thickness reduction of 0.38 mm. This is equivalent to 
approximately 30% of the wall thickness. This result compared with the EC result shows a bigger 
difference, may be due to the interaction between the signals from the two cracks. Nevertheless 
the result goes in the right direction, i.e. such a marginal oversizing is, from the safety point of 
view, always better than an undersizing. Further, the investigation showed that IGSCC cracks 
start in general on corroded surface areas, as also seen in the Figure on the right-hand side. When 
the total defect region is evaluated, an axial length of 25 mm is measured. The fracture mechanic 
analyses deliver for that length and the relative crack depth a/t of 80% a critical crack for the 
stress stage D (see Figure 4). 

 

Additional results received from a second removed SG tube are shown in Figure 9. Again, on the 
left and right side at the bottom of this Figure the measured 3D eddy current results using the 
array probe are shown. The wall degradation was estimated at 56%. From the fractography, a 
reduction of the wall thickness due to IGSCC of 0.86 mm was measured at that position, which is 
equivalent to a wall thickness degradation of 66%. Depending on the circumferential position, 
the evaluation of the opened cracking position delivers two intergranular cracks: one has the 
mentioned reduction of wall thickness of 66% and the second one has a reduction of 51 %. In the 
EC signal plots of Figure 9, only one defect is clearly recognisable. The two separate cracks in 
close proximity to each other cannot be clearly distinguished. The reason in this particular case is 
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the large aperture of the EC coils with relatively limited lateral resolution and therefore the weak 
separation of these two close cracks. However, the resolution is always under discussion in the 
application of non-destructive testing methods and also, of course, the application of EC 
techniques. If the distance between defects is similar to the aperture size then a separation is 
impossible. The plotted result is an integral of all signals beneath the aperture. The logical 
solution to this problem is to design an EC probe with a smaller aperture, but this poses 
additional problems with wire density, depth of penetration etc., so trade-offs must be made to 
optimise the probe design. 

 

Figure 9: Comparison of the results received with EC techniques and fractography 

 
4.  Conclusion 

Eddy current testing is the favoured SG tube in-service inspection technique. Tube plugging is 
based on these measurements. The detection of IGSCC at SG tubes near the TS is one of the 
challenges for EC inspection techniques. In the past, the EC inspection of this area was difficult 
due to the big carbon steel mass of the tube sheet. With the application of eddy current arrays, the 
detection of cracks in this area has become more reliable. The results presented in this paper 
show the advantage of the technique in relation to defect detection, sizing and characterisation by 
image presentation. . The failure mechanisms such as IGSCC at Inconel 800 SG tubes have been 
considered within the integrity assessment of these tubes by the calculation of cracks using the 
fracture mechanics procedures. For an axial crack the calculated critical crack length is 17 mm 
for a relative crack depth of 0.75 without a safety factor and the stress stage D. Acceptable crack 
length of 8 mm was calculated for the stress stage B and a safety factor of 3. The results received 
with the employed EC technique and with the calculation based on fracture mechanics shows that 
with the application of both disciplines an assessment of the SG tubes integrity is possible. 
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