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Abstract. The inspection of carbon steel welds for surface cracks remains a 
significant inspection challenge. Established methods such as penetrant testing (PT) 
and magnetic particle inspection (MPI) are effective but lack practicality. The 
conventional eddy current inspection technique (ECT) represents an opportunity for 
improvement, however using a single coil ECT pencil probe results in protracted 
inspection times and results are adversely affected by material properties and 
geometry.  
 
Eddy current array (ECA) probes have always represented the ideal solution but, until 
recently, have been limited to non-ferrous materials or detection only in ferrous 
materials.  However, recent advances in ECA coil design and multiplexing patterns 
have contributed to the development of a new generation of ECA probes for carbon 
steel weld inspections.  The main objective behind the development of these new 
Tangential ECA (TECA) probes was to determine the optimal set of parameters for 
the probes to obtain a clear discrimination between surface breaking defects, lift off 
and permeability changes while still being able to monitor and quantify each signal 
individually.  By multiplexing and leveraging advanced data processing capabilities, 
this ECA solution allows inspections to be carried out (a) quickly (b) with accurate 
depth sizing of cracks and (c) without the need to remove protective coatings.  This 
new approach offers additional benefits such as state-of-the-art imaging (e.g. 2D and 
3D C-scan displays), improved surface coverage and ease of data archiving.  
Furthermore, the new sensor and technique developed allows inspections to be carried 
out under the mainstream ECT certification. 
 
This paper describes the concept of tangential eddy current array, supported with a 
recent Probability of Detection (PoD) study and inspection results obtained from 
various trials and in-service examinations. Comparisons are made against alternate 
methods and conclusions are drawn as to the benefits of tangential eddy current array 
in the context of carbon steel weld examinations. 

1. Context of the development 

Nearly every industry in the world today relies on carbon steel as a base metal for its 
manufacturing activities. The most common forms come at a relatively low cost and offer 
material properties that are suitable for a wide range of applications. The use of these 
materials plays a critical role in the public safety, reliability, and operational efficiency of 
power plants, refineries and countless key infrastructures.  
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Unfortunately, carbon steel welds are not spared from imperfections and developing defects. 
In fact, such joints are often prone to cracking, either in the weld centreline, the heat affected 
zone or the toe area [1]. The most common non-destructive testing (NDT) methods for 
surface inspections of such joints remain PT and MPI. Developed over half a century ago [2] 
these methods are effective but have known drawbacks, such as: the need for surface 
preparation (coating removal and cleaning operations), manual length sizing (without depth 
sizing) and lack of digital data (archiving and post analysis problems). 
 
Eddy current testing (ECT) is another method that has been successfully used for over two 
decades to carry out weld examinations [3]. However, a few reasons explain why this method 
is suboptimal. First, the active area of an ECT probe (often known as a “pencil probe” or a 
“WeldScan probe”) is typically only a few square millimetres. Therefore, numerous manual 
scans in various orientations are required to provide a thorough inspection of the surface. The 
examination with pencil probes although precise, can be highly operator-dependent as it 
requires a great deal of dexterity and concentration from the operator, and may require 
significant time to sufficiently cover large areas of concern. The second reason is that some 
ECT probes are designed to remove lift off signals produced by paint or coating over the 
weld being examined, rather than quantifying it. Considering that carbon steel can exhibit 
important magnetic permeability variations, the ECT inspection data is automatically 
adversely affected. In fact, the combined signal from lift off and permeability change can 
produce a signal greater than that of the defect itself, essentially relegating ECT examinations 
to crack detection only. 
 
Contrary to PT, MT and ECT, Alternating Current Field Measurement (ACFM) technology 
allows not only detection, but also depth sizing of surface-breaking cracks in carbon steel 
materials. ACFM, an electromagnetic technique considered as separate from eddy current, 
has been deployed successfully for a variety of applications over the last 25 years or so [4]. 
Although more “advanced” compared to other methods discussed, the technology often 
requires multiple passes to fully assess the integrity of a weld, and can offer varying degrees 
of sensitivity over the region of interest. Moreover, its ability to depth size is based on 
mathematical models and algorithms, rather than exact in situ measurements.  
 
Other methods currently in use for weld inspection include ultrasonic testing (UT) and phased 
array UT (PAUT). However, these technologies are more focused on assessing the weld 
volume, and to some extent, can be blind to shallow surface-breaking cracks, very much like 
time of flight diffraction (TOFD), another common ultrasonic method [5]. Furthermore, 
ultrasonic methods are prone to coupling issues which makes them somewhat more difficult 
to deploy for some in-service inspections. 

2. Tangential Eddy Current Technology 

2.1. Overall characteristics 

Recent advances in Eddy Current Array technology have produced improved coils designs 
and multiplexing patterns dedicated to the assessment and characterization of surface 
breaking cracks in carbon steel welds and structures (see Fig. 1). This new coil topology is 
called Tangential ECA (TECA). It combines signals similar to conventional eddy currents 
with the advantages of array technologies, which include greater coverage in a single pass, 
2D/3D imaging and digital data retention.  
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Fig. 1 Sharck probe optimized with TECA technology 

 
One of the main innovations in TECA probes is an improved defect response of surface 
breaking cracks in carbon steel welds due to a tangential arrangement of the array coils. As 
illustrated below, the TECA coil arrangement induces Eddy Currents (EC) that flow 
perpendicular to the scan direction. As these EC meet with longitudinal cracking, they tend 
to pass around the crack either by diving underneath it or by going around the extremities.  
 

 

 

 
Fig. 2 Simplified TECA working principle, 

(a) top view, (b) zoom-in top view near a defect extremity and (c) side view showing defect tip 
 
Depth sizing is made possible because the EC density is directly affected by any surface 
breaking defect and its associated dimensions. Indeed, as shown in Fig. 3, the deeper the 
flaw, the lower the EC density at the component surface. Moreover, whenever a flaw is 
present, the highest level of current density is present at its deepest point (crack tip) 
decreasing the density at the surface. 
 

(a) (c) 

(b) 
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Fig. 3 Variations of EC density for  
(a) a non-defective area, (b) a 1mm deep crack and (c) a 5mm deep crack 

 
On top of inducing EC in a different orientation compared to more conventional eddy current 
probes, the ones optimized with TECA technology enable to obtain an exploitable raw EC 
signal. Indeed, the TECA coil arrangement produces an impedance plane response that is 
well suited for additional processing in an effort to extract defect dimension and depth 
information. TECA EC signals exhibit the following characteristics: (see Fig. 4). 
  Almost flat and horizontal lift off signal;  All crack-like indications feature the same phase shift to the horizontal (strong vertical 

component - approximately 90°);  The vertical amplitude of the signal is directly linked to the flaw depth;  The horizontal amplitude of the signal is directly linked to the lift off (LO). 
 

 
Fig. 4 Typical TECA signal for surface breaking flaws showing: 

(a) Phase shift of 3 indications with no LO and (b) 5mm defect signal with LO varying from 0 to 3mm 

2.2. Lift off compensation 

For the same defect orientation and depth, the effect of lift off due to coatings or paint can 
reduce the vertical response of the signal significantly. Compensating the signal for this effect 
(lift off compensation) overcomes defect sizing and visualization issues. As shown below, 
the TECA coil design allows for lift off  monitoring and measurement which allows the defect 
signal to be adjusted accordingly (see Fig. 5). 

(a) (b) 

(a) (b) (c) 
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- Fig. 5 Effect of compensation to LO on a 5mm deep defect detected with 0, 1, 2 and 3mm LO 

(a) Data without LO compensation and (b) Same data but with LO 

2.3. Sizing capabilities 

Ultimately, the sizing capabilities of this technique rely on multiple depth curves. The choice 
of the best suited curve is dependent on the lift off value associated with the signal response 
monitored during scanning, and is handled automatically by the system. The result of the 
sizing curves is equivalent to a 3D “depth plane” allowing correlation between defect depth 
vs. defect amplitude and lift off, as illustrated in Fig. 6. The benefit of lift off compensation 
is to smooth the 3D “depth plane” improving data visualization and analysis.  
 

  

Fig. 6 3D “depth plane” integrated into the software correlating crack depth, signal vertical amplitude & LO; 
(a) Before LO compensation and (b) after compensation 

2.4. Analysis methodology 

Data is analysed by reviewing mainly two C-scans. Flaw-like indications are characterized 
by the presence of bright spots on the “Depth” C-scan and two aligned spots on the “Length” 
C-scan. The “Depth” C-scan is used to highlight the depth of surface breaking flaws, while 
the “Length” C-scan highlights the beginning (blue in the colour palette illustrated below) 
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and end of the crack-like indication (red in the colour palette illustrated below). From left to 
right, in the example below, a blue and red indication represents a true defect as this relates 
directly to the lobes formation of the differential signal in the associated impedance plane. A 
defect is sentenced whenever those patterns are at the same location in both C-Scans, i.e. 
aligned on both axes of the cursor. 
 

 
Fig. 7 Flaw-like indications and spurious indication 

 
When flaw-like indications are detected, they have to be isolated using the extraction cursor 
to obtain the sizing information (depth, length, lift off, and position). When optimizing the 
defect signal in the impedance plane view using the cursor, all measurements are 
automatically made and given to the operator. 
 

 
Fig. 8 Sizing information automatically provided by the system 
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3. Probability of detection work 

3.1. Objectives 

Following this development Eddyfi has decided to characterize better the capabilities of 
TECA technology through the Sharck probe. To do so, Eddyfi ordered a preliminary POD 
study to The Welding Institute (TWI). The main objectives of this study were to compare the 
results obtained with the Eddyfi Sharck array Probe to those obtained with Alternating 
Current Field Measurement (ACFM) and Magnetic Particle Inspection (MPI), and to 
characterize its overall capabilities on samples with known defects. 

3.2. Work undertaken & Methodology 

The work undertaken was carried out in two phases due to sample availability. The first phase 
took place on the 16th and 17th of March 2015 and concentrated on comparing TECA to 
ACFM. The second phase was carried out on the 1st of July and looked at both TECA and 
MPI. Although the type (butt welds with specific surface breaking defects) and number (12 
for phase I and 8 for phase II) of samples varied between both phases, the scanning 
methodology used remained the same. After sample selection, inspections were carried out 
by qualified operators. Each operator scanned the plate using one NDT technique. For the 
first phase, TWI provided an ACFM Level II operator, and Eddyfi provided a representative. 
For the second phase, both MPI and TECA data were collected by two TWI operators.  
 
All data collected was electronically recorded when the techniques enabled it. The indications 
found with the various techniques were all reported by the operators. As it was the intention 
to compare the equipment rather than the operators, an open discussion was allowed after the 
initial assessment so that the operators could reassess their scans and review their conclusion 
if desired. The results were then compared as follows: 
  Comparing both the length and the location of indications reported and confirmed by the 

master sheets, and providing a probability of detection.  Comparing calls not present on the master sheets.  Comparing qualitatively the indications. 

3.3. Results 

3.3.1. Detection 

Detection-wise, all three techniques detected most of the defects present in the butt welded 
samples. Both MPI and TECA methods provided mapping of the samples while ACFM data 
presented them as strip charts.  
 
In phase I, both ACFM and TECA techniques missed only one 10mm long flaw that was 
reported in the master sheets. This may be explained by the fact that the masters were created 
using MPI: the flaw could have had part of its length subsurface, explaining why it was not 
found by either ACFM or TECA. Apart from this defect, all the other existing ones were 
detected. In phase II, the TECA technique detected all the indications whereas the MPI 
method detected 8 of the 13 indications. 
 
Finally, one specific flaw (see Fig. 9) that was propagating from the edge of the plate was 
detected with all methods but did require multiple scans for both MPI and ACFM. Moreover, 
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its sizing proved to be challenging for the ACFM method due to the software algorithm 
behind the technique whereas it was both detected and sized in one single scan within 1mm 
of the results from that shown on the master datasheet by the TECA method. 

 

  
 

 
Fig. 9 Comparison of data collected from the same sample by all three techniques, 

(a) MPI, (b) TECA, and (c) ACFM 

3.3.2. Sizing & POD curves 

For both phases the lengths of the indications reported by all techniques were compared. Fig. 
10 presents the results of this comparison. It shows that the lengths reported by the techniques 
were similar, with a trend line close to 1:1.  
 
These data imply that the detection capability for the range of cracks tested is the same. 
 

  
Fig. 10 Comparison of detected indication length sizes reported; 

(a) by ACFM and TECA and (b) by MPI and TECA 
 
  

(a) (b) 

(c) 

(a) (b) 
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Based on those results, POD curves were generated based on the following methodology. A 
t-test refers to Student’s law t-Distribution; which is a probability distribution used when 
estimating the mean of a normally distributed population (in this case indication length 
according to different NDT devices or methods) in situations where the sample size is small 
and population standard deviation is unknown.  
 
The t-Distribution plays a role in a number of widely used statistical analyses, including 
Student’s t-test for assessing statistical significance of the difference between two sample 
means. For flaw detection, different methods are applicable according to whether the 
outcome of a trial is recorded as:  
  A binary variable (i.e. hit/miss data; typical of enhanced visual techniques such as MPI); 

or;   A continuous variable (i.e. signal amplitude relative to a given threshold; typical of UT 
or ECT). 

 
In the former case, the method of analysis is further divided into methods that group the data, 
and methods that treat it as a whole to calculate a probability of detection (POD) curve. In 
any event there are restrictions on the data set that can make this method cumbersome for 
experimental application. The second method (called 'response versus size' or â versus a) 
requires the signal amplitude and a threshold for detection. The POD is then produced from 
a set of data that contains more information than the hit/miss method, and this can allow a 
smaller number of flaws to be used [6]. The final POD curve presents a specific shape which 
corresponds to the initial data (â versus a); in an ideal solution where the initial data was not 
scattered and presented a linear trend, the POD would have a square shape. However, tests 
depend on operator’s performance, therefore a bell shape is more often observed.  
 
In this method, the lengths given by the inspection methods are treated as responses to the 
master data. Then, the shape of the curve is chosen and the rate of increase of probability 
with crack length is dependent on the scatter of the length comparison data (see Fig. 11 and 
Fig. 12).  
 
Moreover, 95% lower bound POD curves for each phase were traced. The 95% lower bound 
POD curves are in effect an estimate of possible errors; if additional tests were to be carried 
out with these methods, 5% of the results would fall below the 95% lower bound curve. It 
should also be noted that the shape of those POD curves could also be improved by increasing 
the number of samples and therefore the amount of data points generated with the tests. 
 
The first POD curves (see Fig. 11) generated from phase I of the study carried out back in 
March 2015, show that there was no difference between the TECA and the ACFM methods 
at the 5% level. This suggests that the probability of detection of both techniques were the 
same at the time of the study with a high degree of confidence.  
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Fig. 11 Comparison of Lengths plotted by POD during phase I, TECA and ACFM 

 
The second POD curves obtained following the tests carried out in July 2015, show that 
12mm is the value where the POD is at 90% (see Fig. 12). It should be noted that this value 
shows an improvement compared to the results of phase 1. This is explained by the fact that 
during the time separating both phases of this study, Eddyfi continued to work on TECA 
technology from the software side to further enhance its detection and sizing capabilities. 
 

 
Fig. 12 Comparison of Lengths plotted by POD during phase II, TECA 

 
It should also be noted that the MPI data was not included in the POD curves because the 
samples were originally mastered using this technique. Another method of inspection would 
have been required to create the masters in order to include the MPI POD in this study. 
However, some preliminary statistical calculations with the MPI data taken during this 
second part of the comparison study have shown MPI detection capabilities of confidence 
levels to be different from the TECA. It appears that for a 90% POD with MPI, the flaw 
would need to be larger than 12mm long.  
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3.3.3. False calls 

The false calls (i.e. indications reported not related to known defect presence) were more 
prevalent for both the ACFM and MPI methods. During the first phase, the ACFM operator 
reported 11 indications that were found to be false calls, while the TECA operator reported 
only 2. After discussion, the reported false calls could sometimes be associated with 
geometrical and weld features. Finally, during the second phase of the POD study, MPI 
operator also detected 5 false indications whereas the TECA inspector reported none. 
 
Although to some extent the false calls are operator dependent, the data collected by TECA 
technology enables a decrease in the number of uncertainties during the analysis stage due to 
the data mapping display. 

3.3.4. Overall operation & Analysis 

Overall it was highlighted that TECA technology offered some benefits over the other two 
methods. The main advantages compared to ACFM and MPI include the following: no 
particular care and/or preparation is required prior to scanning (plate marking is required for 
ACFM and cleaning and paint removal for MPI), only one single scan is required along the 
weld axis (minimum of 3 scans required for ACFM and multiple Yoke angles required for 
MPI), and C-Scan mapping allowing for rapid analysis.  
 
The ACFM operator took approximately an additional half a day to complete both scanning 
and analysis compared to the TECA operator. The MPI data collection and analysis took 
more or less the same time as the TECA, but it required additional time to prepare and clean 
the plate before and after the inspection and use of chemicals. 
 
Finally, regarding the data analysis, the MPI method proved to be fairly easy for a trained 
operator. For the ACFM, as soon as an area of interest was highlighted, the operator was 
required to carry out additional scans in order to accurately detect the indication edges and 
to characterize it in position, length and depth via both manual and computerized methods, 
affecting greatly the overall inspection time. The TECA method compared favourably against 
the other two techniques because the use of the array probe enabled the operator to simply 
carry out one single scan after performing a system calibration. Moreover, as all data were 
electronically recorded and encoded, the analysis proved to be simplified to isolate, locate 
and size the defects. 

4. TECA technology characterisation and deployment in real life 

4.1. TECA performances 

Following the POD study, additional work has been carried out to fully understand some of 
the limitation of the technique. The objectives were to assess and understand the influence of 
defect orientation and of defect length on the detection and sizing capabilities of the TECA 
technologies.  
 
To do so, first a known machined defect of 25mm long by 4mm deep has been scanned with 
a TECA element with an orientation varying from 0 to 90° with increments of 10° (see Fig. 
13). It was found that detection wise, defect in any orientation could be sentenced using one 
or more of the C-Scan. Indeed, both C-Scans called Depth (giving information on defect 
depth) and Transverse highlighted the presence of cracking at some of the orientations tested. 
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However, it was also found that with the C-Scan called Length (concentrating on showing 
defect start and stop), although the defect orientation affects the signal obtained, the defect 
remains detectable in all orientations. Moreover, it was noted that the blue-red signals typical 
of the defect start and stop was being reversed as the defect orientation was increased.  
 
Finally, it was assessed that a defect depth could be accurately assessed when the defect 
orientation was less than 20° shifted from the probe and scan axis. 
 

 
Fig. 13 ECA data showing C-Scan images exhibiting a defect detected with various orientation 

(from 0 to 90°, increment of 10° - Cursor on defect at 0°) 

 

   

   
Fig. 14 ECA data extracted from Fig.13 showing detailed information on defect in various orientations; 

(a) at 0°, (b) at 10°, (c) at 20°, (d) at 50°, (e) at 80°, and (f) at 90° 

(a) (b) (c) 

(d) (e) (f) 
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The effect of defect length on the technique detection and sizing capabilities has then been 
studied by scanning known machined defects of various lengths with one TECA element. 
Fig. 15a shows that in optimal conditions when the defect length is greater than the TECA 
element, the eddy current signal reaches a maximum and exhibits a plateau (function of the 
defect length) from which the depth measurement can be carried out. When the defect length 
is equal to the TECA element size, the maximum is still reached but the plateau exhibited is 
greatly reduced. Depth measurement is however still correct. When the defect length is 
shorter than the TECA element (see Fig. 15c), the signal maximal amplitude is then affected 
and impacts the sizing capabilities of the technique.  
 

   
Fig. 15 ECA data showing the impact of defect length on measured signal; 

(a) Cursor on 25mm long defect, (b), Cursor on 12.5mm long defect, and (c) Cursor on 10mm long defect, 

It has been estimated that any defect shorter than 12.5mm would be undersized if no 
compensation was applied to the sizing made. Indeed, the depth of a 10mm long defect would 
be undersized by around 20% and the depth of a 5mm long defect would be undersized by 
around 65% (see Fig. 16). 
 

 
Fig. 16 Signal shape (starting point to defect centre) and amplitude obtained with a TECA element 

Characterising the impact of those factors did help to train users on the technique and more 
particularly on the deployment and scanning techniques of the probe. It also enabled Eddyfi 
to develop a compensation methodology to better depth size short flaws. 

4.2. TECA use in the field 

Following the positive results obtained in this POD study and the knowledge acquired during 
the tests described above, the Sharck array probe that incorporates TECA technology has 

(a) (b) (c) 
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been deployed on a number of welded and un-welded samples exhibiting real life in-service 
surface breaking cracking. Some examples are presented below.  
Fig. 17 shows an example of data collected on an un-welded plate exhibiting shallow and 
short cracking. A total of 5 indications were highlighted out of which 4 were axial defects 
(i.e. same orientation as the scan axis) and one was transverse. Although the cracking proved 
to be very shallow (1.0 mm deep) the cracks were visible on the scan and were also 
quantified. The transverse cracking detected required an additional scan to be performed at 
90 degrees from the original scan orientation to be fully quantified.  
 

 
Fig. 17 Example of TECA data collected on a plate exhibiting short and shallow cracks 

 
Fig. 18 presents an example of data collected on a welded specimen that presented both main 
and seam welds. TECA technology enabled the detection of two areas of interest in one single 
scan. One proved to be an axial cracking on the weld cap and the other a cracking defect 
present in the seam weld. This latter is shown as a transverse defect in the middle of the scan. 
As previously stated the transverse defect required an additional scan for full analysis. 
 

 
Fig. 18 Example of TECA data collected on welded sample exhibiting cracking 
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Finally, Fig. 19 shows an example of data collected from a weld presenting multiple cracking 
on a weld cap. The photograph taken after MPI inspection shows the various orientations the 
defect presented. The data collected with the TECA method not only provided a full mapping 
of the weld but also showed that the technique enabled to determine that the cracking 
presented different characteristics from fatigue cracking. Indeed, the “Axial Depth” and 
“Transverse Depth” C-Scans presented known features of axial and transverse cracking while 
the “Length” C-Scan helped to determine that the defect could be seen as one long 
intermittent one. The depth measurement taken in this particular case would be the deepest 
point of the flaw. 
 

 
 

 
Fig. 19 Example of TECA data collected on welded sample exhibiting multi-orientated cracking, 

(a) photograph after MPI inspection, (b) TECA data 
  

(a) 

(b) 
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5. Conclusion 

An eddy current array technique has been developed for the detection and sizing of surface-
breaking cracks in carbon steel. TECA technology not only provides valuable defect depth 
and length measurements but also offers C-Scan imaging and lift off monitoring / 
compensation.  
 
Regarding phase I of the POD study, using a comparison of the detected lengths of flaws, a 
paired t-test showed that there was no difference between the TECA and the ACFM methods 
at the 5% level. This suggested that the probability of detection for TECA was the same as 
ACFM with a high degree of confidence. Indeed, comparing the two methods by reference 
to the master MPI produced almost identical POD curves for length measurement. The 
comparison between TECA and MPI showed more discrepancy, especially in the number of 
false calls obtained (with MPI generating false calls whereas TECA did not). However, little 
difference was noticed in the lengths assessment between the TECA and the MPI techniques. 
In light of phase II, TECA showed significant improvement, which suggests that it is now 
offering a superior POD compared to ACFM. 
 
It was also noted a difference in the overall time consumed for scanning and analysis between 
the three techniques. The time required for the ACFM inspection was greater than for the 
TECA (half a day longer, analyses included). Little difference was noted between the MPI 
and TECA inspection time-wise; with the exception that the MPI tests required both pre and 
post treatments (surface preparation and cleaning). 
 
Since the POD study, extensive work has been undertaken to better define the benefits and 
limits of this technology. Its use in the industry enabled to improve the probe mechanical 
design and to determine other design for various welded joints. Finally, dedicated 
experimental work allowed to determine the impact of few factors, such as: defect orientation 
in respect to scan and probe axis and defect length, on the technique detectability and sizing 
capabilities. It especially helped to develop a compensation tool for the depth sizing of short 
flaws.  
 
This characterisation work is still on-going to better address other type of defect and 
materials. 
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