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ABSTRACT 
 
Trans-granular stress corrosion cracking (TGSCC) commonly affects nuclear infrastructure integrity 
due to the chemically induced stress into material surfaces. Although eddy current testing has been 
successfully used to detect such flaws in non-ferromagnetic material, the complex geometry of a vent 
line in a hard-to-reach area prevented inspection until now. 

The need to inspect a 50 mm, 4 mm wall thickness 304 stainless steel vent line in a North 
American nuclear power plant represented a challenge due to the complex geometry caused by several 
tight 1.5D, 90° bends, the presence of circumferential welds, a radioactive environment, the 
deployment in a hard-to-reach location and the aim of full volumetric inspection, thus calling for the 
best of modern multiplexed eddy current array technique combined to a clever and adaptive 
mechanical probe design. 

This paper presents the application of an eddy current array sensor offering full coverage over 
360° and sensitivity to both axial and circumferential TGSCC, and unveils the custom collapsible and 
flexible probe design developed to comply with complex line geometry and to sustain eddy current 
array (ECA) performance. Numerous tests were conducted as part of the technique qualification 
process on a line replica including TGCSS inserts and results showed adequate detection of 0.4 mm 
deep TGSCC in the straight sections and 1 mm deep in the bends. 
 
 
INSPECTION REQUIREMENTS 
 
North American nuclear power plants constructed in the 70’s are now aging structures and planned 
maintenance programs are established to ensure safe operation of power generation activity. For more 
than a decade, TGSCC has been identified to be present in austenitic stainless steel piping in nuclear 
power plant [1, 2]. In a preventive aim, these maintenance programs take into account material 
concerns that date from the time of construction to ask for the current condition of a vent line where 
the degradation mechanism is suspected to be trans-granular stress corrosion cracking (TGSCC).  

The 304 stainless steel vent line to inspect is 50 mm in diameter with 4 mm wall thickness. 
Figure 1 shows it has two 90° bends with radius of curvature 1.5 times the diameter, so 75 mm, and 
shows several circumferential weld roots on its inner diameter. Inspection is only possible from the 
inside, with an entry point located in a larger pipe where the estimated dose rate is in excess of 50 
Sv/hr. Access to the entry point is granted by a crawler robot. 
 

 

Figure 1 - 50 mm 304 SS vent line, 4 mm WT with 2 90° bends 
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On the inside, conservative engineering calculations established the target surface breaking 
crack size to 4.0 mm long per 0.4 mm deep (10% of WT) in any orientation. The depth of flaws being 
unknown calls for 100% volumetric inspection. 

The location of the vent line, its dimensions and overall geometry, as well as its complex access 
impede the use of most of NDT techniques for this inspection, forcing the use of a custom eddy 
current solution. The probe design would need to take into account a variety of key elements, such as 
the nature of the material, the type of expected flaws, their location, etc. [3]. 
 
 
PROBE DESIGN 
 
Eddy current sensor 
 
At first, several laboratory tests were conducted on 304 SS samples with sets of EDM notches of 
various depths around the target flaw size. While relatively small coils are suitable for detection of 
shallow surface breaking TGSCC, basics of eddy currents call for pancake coils larger than the wall 
thickness for acceptable discrimination of deep defects in non-ferromagnetic materials [4]. In this 
case, Figure 2 illustrates that 4 mm pancake coils arranged in long transmit-receive topology showed 
satisfying performance on both requirements. 
 

  

Figure 2 - Impedance plane obtained on 10, 25, 50 and 75%WT deep notch on near side, and 50, 75 and 
100% on far side with 4 mm pancake coils in long transmit-receive topology 

The transmit-receive configuration provides deeper through-wall penetration and lift-off 
allowance, but once transposed into eddy current array (ECA) architecture also requires the coils to be 
arranged on 2 circumferential rows, which elongates the mechanical probe design in the axial 
direction and becomes a challenge for navigability into the bends. 
 
 
Mechanical design to support ECA 
 
In addition to the obvious purpose of lodging the ECA offering full 360° coverage, the mechanical 
design requirements were to allow for navigability of the probe into the vent line and its 1.5D bends, 
to minimize lift-off of sensing coils when passing the bends, to deal with 10% change in ovality and 
to pass the circumferential welds roots. Additional requested functionalities was to keep friction as 
low as possible allowing for easy push and pull of the probe thus minimizing time of inspection, to 
carry optic fibre and light power wire for embedded visual inspection, and to be as simple as possible, 
with minimal moving parts and total parts count. 

The probe mechanical design shown on Figure 3 is based on 2 sensing modules, attached 
together by a flexible conduit allowing passing the bends. Each module has 3 independent flexible 
and collapsible sensors beds where the 2 rows of pancake coils reside. Beds flexibility is achieved by 
machining of grooves and thinness of critical areas, and allows for compliance to ovality changes. 
Beds and others parts of the sensing modules are made from high performance polymer. Foam stack 
provides the outward spring load effect keeping the beds in contact with the tube and allows for 
compression from 55.5 mm when fully expanded to 49.5 mm when fully compressed. Foam density 



and stiffness was selected to optimize beds contact in the bends while keeping friction forces low. 
Each  bed offers about 70° coverage at circumferential position 0°, 120° and 240° for the first module 
and 60°, 180° and 300° for the second module, thus closing the gap in between by a 10° overlap on 
each side. This configuration offers 15 axial channels and 12 circumferential channels per bed, 
shifting the probe total channels count to 162. 
 

  

Figure 3 - ECA probe modules with interleaved sensing beds for full 360° coverage; ECA pancake coils 
arrangement inside flexible bed 

The probe itself is shown in Figure 4 once attached to a “snake” like device designed and 
manufactured by Kinectrics [5]. It allows for navigation in the line thanks to its articulated links sized 
to almost fill up the line preventing buckling during the push cycle, but small enough to clear the 
circumferential weld roots. In front of the probe is a cone head embedding lights and the tip of a 
fiberscope for visual inspection. 
 

 

Figure 4 - Cone head embedding light and fiberscope; 2 ECA probe modules; articulated links “snake” 
device from Kinectrics 

 
 
LINE REPLICAS AND FLAWED SAMPLES 
 
To characterize ECA probe global performance on detecting target flaws, several line replicas were 
built for laboratory testing. One was in clear plastic tubing in order to visualize the behaviour of the 
probe when navigating inside the line and others like in Figure 5 were 304 SS straight sections with 
EDM notches for calibration purposes. Finally, a replica was made on the exact same shape and 
dimensions; it had cut out openings at several locations allowing for insertion of coupons containing 
known flaws. 
 



  

Figure 5 - Coupons with EDM and TGSCC flaws (left) embedded in line replica (right) 

Straight coupons were made with 360° circumferential and axial EDM notches for calibration 
purpose. For flaw detection testing and sizing evaluation, straight pipe and bent pipe coupons of 
Figure 6 were made with EDM notches with length varying from 2.0 mm to 16 mm, and depth from 
0.2 mm to 3.0 mm, others with simulated TGSCC in the circumferential welds with length varying 
from 4.0 mm to 39 mm, and depth from 0.4mm to 3.4 mm, and others with TGSCC flaws artificially 
grown thanks to 2 different processes. Most of the samples resulted in multiple cracks grouped 
together. The depth of the grown TGSCC could not be controlled at the time of making and therefore 
metallography was required to evaluate the cracks depth after testing. 
 

 

Figure 6 - Elbow and straight coupons with EDM notches at various locations 

 
 
RESULTS 
 
Over 500 scan cycles were executed with the probe assembly into the different line replicas for the 
development of the inspection procedures. Because displacement and speed of the probe was 
somewhat irregular at the push, measurements were always made during the pull.  
 
 
Mechanical Behaviour 
 
The objective was to isolate mechanical parameters affecting the sensors’ detection and sizing 
capabilities and determine if the probe design allows the sensors to maintain acceptable contact with 
the inspection surface in specific geometries. 

Probe passes in the 2 tight bends of the clear line replica showed that lift-off was present in the 
straight sections starting about 120 mm away from the bends and in the bends due to the lateral forces 
involved that tilted the probe modules. Precise lift-off measurements were not possible, but impact on 
detection performance in the bends has been later quantified. 



The force required to push the probe through the line was measured to ~11 kg to pass the 
delivery system up to the line entry, to ~15 kg and ~25 kg to pass the first and second bends, and to 
30 kg to pass the straight section up to the tee junction. Pull forces were significantly lower. 
 
 
Detection and sizing capability 
 
Scans were made on the calibration notch samples and raw signals obtained from each channel were 
rectified to equalize the channels sensitivity over a known reference notch. The uniform response for 
the ECA channels allows for the construction of sizing curves to evaluate flaws depth. Sizing curves 
were built using the signals obtained from an EDM notches set of known various depths, ranging from 
0.4 mm deep to 2.0 mm. Points are plotted within a graph (Figure 7) for each one of the calibration 
flaws and the MagnifiTM software extrapolates a sizing curve (allowing automatic depth sizing when 
positioning the measurement cursors over a flaw). 

To feed the analyst with as much information on flaw depth as possible, a multi-frequency test 
procedure was developed using frequencies ranging from 25 kHz to 200 kHz by increment of 25 kHz. 
ECA response being different for every frequency, individual sizing curve needs to be built for each 
of them and for channel groups (axial and circumferential). 
 

  

Figure 7 - Sizing curve built with data points (left) from signal amplitude measured on EDM notches 

 
Depth sizing is performed by measuring the amplitude of a flaw signal and estimating its depth 

by comparing the measurement to the reference notches.  It should also be noted that an evaluation 
needs to be made on multiple frequencies to obtain a confidence level for field measurements. 

The flaw response of the transmit-receive configuration of the ECA probe has a very low phase 
separation for surface breaking defects, the phase being roughly the same regardless of depth extent, 
which rendered depth sizing in relation to phase shift impracticable. On the other hand, notches with 
an identical width (of 0.12 mm in this case) respond with good difference in amplitude as depth is 
increased. 

In the straight sections, the 0.4 mm deep EDM notches were detected in both orientations, 
Figure 8 showing axial notch detection. 
 

 

Figure 8 - Detection and sizing of 4 mm long x 0.4 mm deep target flaw 
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In the welds, despite the magnetic aspect of the base material in the HAZ and the weld itself, 
both axial and circumferential 0.8 mm and deeper EDM notches were detected and showed clearly in 
C-Scans of Figure 9, although repeatable and reliable sizing was affected, while defect detection was 
not compromised. 
 

 

Figure 9 - C-Scans of axial (top) and circumferential (bottom) EDM notches in circumferential welds 

In the elbow sections, the lift-off generated by modules tilt decreased probe sensitivity such that 
1.5 mm and deeper notches are detectable from raw data. Lift-off impact was then simulated back in a 
straight section by adding layers of tape on one of the sensor bed and performing data acquisition on 
calibration notch. It is estimated that with a lift-off of 2 mm, a 0.4 mm deep EDM notch cannot be 
reliably and repeatedly detected like in Figure 10.  For smaller lift-off, a combination of filters and 
processing functions are necessary for detection and sizing of suspected flaw-like indications. Back in 
the elbow section, the use of data processing made possible the detection of flaws down to 1.0 mm 
deep in the extrados and 0.6 mm deep elsewhere, when the lift-off is not outside of the permitted 
range. Should this be the case, analyst will know from the impedance plane. 
 

 

Figure 10 - C-Scan of axial notches in elbow sample, close to the intrados and extrados. 

 
TGSCC flaw depth sizing was challenging due to the lack of valid controlled samples to 

establish a statistically supported relationship in depth sizing TGCSS with a reference sensitivity 
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N21 



based on EDM notches. TGSCC samples from one provider had a volumetric extent too important to 
allow any depth evaluation based on the measured amplitude of the ECA signal. On the other hand, 
some samples from another provider were not depth controlled, had the flaws too close to the coupons 
edges, had flaws areas consisting in multiple cracks grouped together and detected as a single 
indication by the ECA probe due to limited circumferential resolution. 

Eddy current flow being disturbed even by very tight cracks makes ECA technique very 
sensitive to such flaws. Figure 11 shows a case where ECA outperformed LPI in detecting TGSCC. 
Also shown is the case of 3 close to each other TGSCC flaws detected as a single large one by ECA.  

 

 

Figure 11 - (Top) Sample (left) with TGSCC flaw not detected by LPI (center), detected by ECA (right); 
(Bottom) Sample with 3 close TGSCC flaws visible by LPI and detected as a single flaw by ECA. 

 

The depth sizing mechanisms being based on the signal amplitude of the indications, the depth 
evaluation is actually based on the volume of the cracks.  Figure 11 illustrates two examples that 
demonstrate the limitations in depth sizing with the current data and sensitivity references. TGSCC 
flaw depth was either undersized to 0.4 mm while metallography showed it was 1.4 mm, or was more 
accurately sized to 2.1 mm compared to 2.3 mm. 

As metallography revealed in Figure 12, the under sizing in the first case (top of Figure 11) is 
due to the very low volumetric extent of the indication (actually too narrow to be precisely measured) 
when compared to the reference EDM notches, by opposition to the second case (bottom of Figure 11) 
where the evaluated depth is accurate, the volumetric extent of the main feature having a volumetric 
extent (0.08 mm wide) similar to the reference EDM notches (0.12 mm wide) 

 

 

Figure 12 - TGSCC metallography. Cuts at 3 locations along single tight flaw (left); Cuts of 3 flaws in 
close proximity, one having volumetric extend similar to EDM notch (right) 



 
It shall be noted, however, that given the fact that three cracks are present in the cut location, 

oversizing the depth in this case would have been reasonable.  This demonstrates that the sizing 
curves built from the reference EDM notches are most likely underestimating the actual depth when 
applied to actual TGSCC. At this time, a more advanced study on a wide variety of TGSCC would be 
required to establish a reliable correction factor. 

Depth sizing has been shown accurate for flaws up to 2.0 mm deep, or 50% of WT. Deeper 
cracks tend to be wider, thus yielding to imprecise sizing results. 

Flaw length sizing was performed based on encoded data and was shown reliable on 4 mm and 
longer notches in the straight sections. However, in the bends, measured flaws lengths are distorted 
depending on their position in the bends because probe displacement is based on center line 
measurement. The traveling distance of a bed located in the intrados of an elbow versus a bed located 
in the extrados being different, it affects the display of the data in the C-Scan, and made flaws 
appeared twice longer or twice shorter depending on location. The circumferential probe position 
being not known because of the freely rotating links of the “snake” device, it was not possible to 
apply measurement compensation based on position. However, detection was not compromised if 
within established parameters. 
 

 
CONCLUSION 
 
The need to inspect a complex geometry 50 mm, 304 SS vent line required the development of an 
ECA probe capable of passing tight 1.5D bends and offering 360° coverage for the detection of 
suspected TGSCC. A test procedure was developed for this probe thanks to a set of various samples 
coupons with EDM notches and artificially grown TGSCC, and overall performance was tested in line 
replica. 

The 4 mm long per 0.4 mm deep target flaw size detection capability was demonstrated in the 
straight sections of the line. The circumferential weld roots geometry and their magnetic aspect made 
the detection threshold at 0.8 mm deep. In the elbows, despite the lift-off between the probe and the 
inner surface, the detection of flaw down to 1.0 mm deep in the extrados and 0.6 mm deep elsewhere 
was possible through the use of data processing. 

TGSCC flaw depth sizing relied on sizing curves built from EDM notches measurements and 
was showed acceptable for TGSCC of width similar to EDM notches. Additional study on a large 
variety of TGSCC flaws would be necessary to establish a correction factor that could bring TGSCC 
sizing based on EDM notches to a high level of certainty. 
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