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Abstract 
Eddy current testing (ECT) of tiny fatigue surface cracks are mostly carried out by means of differential probes. 
Among their various designs, Split-D reflection differential probes, named after their D-shaped internal cores and 
receiver coils, are particularly interesting because of their small footprint that makes them suitable for inspecting short 
surface cracks. In many of ECT theories and modelling trials that have been published on the interaction of fatigue 
cracks with the magnetic field of ECT probes, fatigue cracks are simplified and replaced by semi-elliptical notches. 
Therefore, in model-based ECT studies, electrical discharge machined (EDM) notches are frequently used since they 
are advantageous in terms of their low manufacturing cost as well as their usefulness in calibration and model 
verification procedures. Additionally, ECT signals obtained from EDM notches can roughly estimate those obtained 
from real fatigue cracks having the same size. Accordingly, in the present study a commercially available split-D 
surface probe is modeled based on its actual dimensions and material properties. The dimensions of the probe are 
extracted from a CT-scan reconstruction and inserted in the 3-D model. The probe scanning over 3 semi-elliptical 
notches having different sizes is simulated using the AC/DC module of COMSOL Multiphysics. A test frequency of 
500 kHz is considered in the simulations, and the test block containing the notches is assigned with material properties 
of aluminum. The effect of simulation parameters, such as mesh size and distribution, is investigated, and hence the 
parameters are finely tuned to achieve consistent results. Afterwards, the reliability of the simulation outputs is 
assessed by comparing them to impedance measurements of semi-elliptical surface notches in an aluminum block. 
This validation study shows acceptable matching of the probe’s impedance obtained from both simulations and 
measurements. After validation of the model, the sensitivity of eddy current signals to variations of the notch geometry 
(e.g., notch opening, depth and length) is studied using the 3-D simulations. The importance of studying the notch 
opening originates from the fact that by decreasing this opening in the simulations, a better approximation of a fatigue 
crack shall be achieved. On the other hand, the ECT signals obtained from different notch lengths and depths establish 
a size dependent signal archive at the selected test frequency. This archive can be used as a basis for inversion purposes 
using artificial intelligence algorithms to be pursued in future studies.  
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1. Introduction 
 

In the recent few decades, there has been an increasing demand from industries to employ 
quantitative non-destructive evaluations (QNDE) to optimize maintenance procedures. The 
quantitative evaluations developed in each domain of non-destructive testing (NDT) can efficiently 
provide a better understanding of the selected NDT technique, sensors and operational parameters 
used for the inspection as well as the imperfections that are subjected to test. Fortunately, the easy 
access to the diverse rapid computational tools in the recent years enabled users to employ them 
for the purpose of QNDE.  As one of the widely known computational tools, finite element method 
(FEM) is becoming more popular for the analysis of the complex setup geometries in eddy current 
testing (ECT). Publications in the field of ECT has been pursuing different intentions in their 
investigations, some being devoted to either design or configuration improvement of ECT probes 
[1, 2], and many others being focused on modelling of the interaction of simple ECT probes with 
defective samples as well as developing the inversion algorithms based on a database of signals 
simulated by FEM [3-5]. Although the more complex configurations of ECT probe, such as non-
axisymmetric split-D reflection differential probe, has been partially studied before using volume 
integral method [6-9], it would be advantageous to assess the capability of other computational 
methods for this task in order to investigate their potential strengths and shortcomings. Owing to 
the high importance of such probes in aerospace industries and considering the fatigue crack as a 
common defect occurring on both fuselage and wings [10], the modelling studies for these probes 
are majorly oriented toward explaining the interaction of ECT probes with fatigue cracks. Initiating 
such a study, however, always require introductory validation of the modelling approach [11]. 
Utilizing a narrow surface notch for approximating the ECT signal of a fatigue crack has been 
repeatedly used in the literature, since an EDM notch, despite its larger opening, can represent a 
fatigue crack to some extent if it is used with special care [12].  
Accordingly, in the present contribution FEM is extensively used to simulate the interaction of a 
split-D differential probe with 3 semielliptical notches having different sizes; subsequently, a 
validation study is carried out to evaluate the reliability of the modelling approach. Moreover, the 
effect of changes of the notch opening on the probe’s signal is investigated. The importance of 
studying the notch opening originates from the fact that by decreasing the opening in the 
simulations, a better approximation of the signal from a fatigue crack shall be obtained. 
Furthermore, dependency of the probe’s signal to the notch geometry is discussed. These ECT 
signals collected from different notch lengths and depths establish a size dependent signal archive 
at the selected test frequency. This archive can be used as a basis for inversion purposes by training 
artificial intelligence algorithms to be pursued in future studies [13]. 
 

2. Impedance Measurements for The Split-D Probe  
 

A commercial reflection differential split-D probe with a frequency range varying from 500 kHz 
to 3 MHz along with a Nortec 500S is used for impedance measurements. An aluminum 7075-T6 
block containing three semi-elliptical notches, whose dimensions are tabulated in Table 1, is 
mounted on an encoded micrometric X-Y table. As depicted in Figure 1(a), split-D probe is 
installed within an alignment device and the probe’s tip is leveled with the surface of the aluminum 
block. The orientation of the probe is also set in a manner that the flat surfaces of the D-cores 
become parallel to the notch side walls. An initial lift-off of 0.03 mm is used in all scans to avoid 



a tilt that might be caused by the contact between the probe and the block’s surface during scans. 
As shown in Figure 1(b), each of the abovementioned notches is scanned perpendicularly to the 
central line passing through the notch length. All the scans are done across the middle of the length 
of the notch. While both the horizontal and vertical gains of the Nortec 500S are set equal, real 
and imaginary components of the probe impedance are acquired through the analog voltage outputs 
of the instrument (respectively proportional to the horizontal and vertical positions of the measured 
data on the instrument screen). The following steps are taken for scanning the notches: 
1- In order to ensure the probe’s perpendicularity to the surface, an aluminum block containing a 

through width notch is repeatedly scanned by the split-D probe. The probe is then finely aligned 
to get the best possible symmetry for the resulting 8-shaped impedance trajectory from the 
notch. Scanning of the calibration notch reveals that the 8-shaped impedance trajectories of 
this particular probe is slightly unbalanced. According to the X-ray computed tomography of 
the probe (to be shown in the following section), it is believed that the slight difference in the 
sizes of the internal D-cores is responsible for that unbalance.  

2- After aligning the probe for perpendicularity, all three notches are scanned. For each test at the 
beginning of the scan, the probe’s centerline is positioned 2 mm away from the notch’s 
centerline, and the scan path continues for 4 mm. Hence, the probe has a total displacement of 
4 mm with increments of 0.05 mm. 

 

Table 1. Nominal dimensions of semi-elliptical notches in aluminum 7075-T6. 

L

D
W

Scan direction

 

Notch Length, L 
(mm) 

Depth, D 
(mm) 

Opening, W 
(mm) 

A 2.84 1.11 0.1 
B 1.62 0.63 0.1 
C 0.81 0.31 0.1 

 

(a) (b) (c) 
 

(d) 
Figure 1. (a) Setup for measuring the probe’s impedance as it scans the surface notches. (b) 

Orientation of the probe and its scanning direction with respect to the notch length. (c) A 3-D 
model of the split-D eddy current probe reconstructed by X-ray micro computed-tomography. 
(d) Side view of the probe showing non-parallelism of the two planes A and B tangential to the 
top and bottom of the cores, respectively, as well as the dissimilarity between the two D-cores. 
 

3. Finite Element Modeling/Analysis  
 

Although the configuration of the split-D probe is known, the characteristics of the internal 
components have to be ascertained in order to model it properly for finite element analysis. For 
this purpose, the probe was scanned using a Nikon XTH 225 X-ray micro tomography. The 3 
dimensional structure of the probe is shown in Figure 1(c). The dimensions of the internal 
components were measured from the reconstructed model and are presented in Table 2. According 



to the side view of the probe, which is illustrated in Figure 1(d), the slight difference between the 
D-cores is evident. If two planes are drawn, one located on the top and another tangential to the 
bottom of the ferrite cores, one can notice the non-parallelism of these two planes and the resulting 
difference in the dimensions of the cores. These imperfections happen during the manufacturing 
process and are inevitable. 
 
Table 2. The dimensions of internal components of the probe extracted from the 3-D reconstructed 

model. 
Wire diameter of the receiver D-coils 0.063 mm Gap between cores 0.224 mm 

Wire diameter of the driver’s coil 0.055 mm Shielding inner diameter 1.934 mm 
Number of windings of D-coils 20 Shielding outer diameter 2.528 mm 

Number of windings of driver’s coil 37 Shielding height 3.000 mm 
Height of the receiver and driver coils 1.260 mm Relative permeability of 

cores/shielding 
2500 

Core diameter 1.254 mm Conductivity of cores and shielding 0.2 S/m 
Core height 2.000 mm Test frequency 500 kHz 

According to the dimensions of the notch geometry and the probe’s components, a 3-D model for 
the assembly of the probe and block is built in COMSOL Multiphysics. Considering the plane 
symmetry of the assembly at every scan position, the model is cut in half to save time and 
computational resources. The most important material properties in the model, such as 
conductivity of 17.8 MS/m for the aluminum block and relative magnetic permeability of 2500 for 
the ferrite cores, are assigned to the related parts. A voltage of 6 V is applied to the driver’s coil 
and the current flowing into the receivers is set to zero. AC/DC module and magnetic field physics 
formulation is chosen for this analysis. Equation (1), embedded in the magnetic field physics 
formulation, is based on Maxwell equations solving for electromagnetic vector potential:   

2( ( )) / ( )0 r 0 r ej         A A J   , 1j    (1) 

In Equation (1), A is the electromagnetic vector potential, µ0 is the magnetic permeability in 
vacuum, µr is the relative magnetic permeability, ω is the angular frequency, Je is the externally 
applied current density, ε0 and εr are the electrical permittivity in vacuum and the relative electrical 
permittivity, respectively.   
The meshing process shall be carried out carefully, since the element size and size distribution are 
of high importance for the consistency and precision of the solutions. For this purpose, one should 
consider the standard penetration depth of eddy currents at the selected frequency in the block (i.e., 
according to the conductivity of the sample, the standard penetration depth is 0.16 mm). 
Afterwards, there should be at least 2 elements across the penetration depth (e.g., two elements per 
δ); however, it is more conservative to use 9 elements across the first 3δ [14]. It shall also be noted 
that the notch wall and tip are meshed with the same element size used in the first 3δ, since there 
might be current flowing from the sides and bottom of the notch depending on its geometry. After 
setting the element size and distribution for each domain, a free tetrahedral mesh composed of first 
order elements is generated for all domains. It is worth to mention that the first order elements are 
replaced by quadratic elements in all domains for notches as shallow as 0.3 mm deep. For all steps 
of the probe’s displacement during a single scan, it is preferred to keep the mesh unchanged on the 
probe and block domains to reduce the noise caused by mesh regeneration. 
A direct linear solver within COMSOL is used for electromagnetic field analysis of the probe 
scanning over each notch. This solver is changed to iterative for the cases where the elements are 
quadratic because of limitations in the server memory. The scan is simulated as 0.1 mm increments 



of the probe’s displacement. The probe’s center is initially positioned 1.5 mm away from the 
notch’s centerline and it finishes scanning by traversing the sample 1.5 mm across, forming in this 
way the half of the original impedance trajectories. Subsequently, the resulting complex voltages 
of VR1 and VR2, which are induced across the primary and secondary differential receiver coils, 
respectively, are captured at each probe’s displacement. In addition, the complex current flowing 
in the driver’s coil, ID, is recorded for every probe position along the scan direction. The impedance 
(ΔZ) of the probe at each position of the scan is calculated through Equation 2. Accordingly, the 
probe’s signal for each scan is plotted on the impedance plane.  

2 1( ) /R R D  V V IZ  (2) 

The simulated scans are listed as follows: 
1- Scans of the three notches, presented in Table 1, are simulated. The purpose of these 

simulations is to compare the measured and simulated signals from the notches in order to 
validate the simulations; 

2- In order to gain a better insight into the effect of the notch opening on the signal from the 
probe, scans are simulated for the three aforementioned notches while their openings are varied 
from 0.01 to 0.09 mm. 

3- A database comprised of the signals from the probe scanning semi-elliptical notches with a 
diversity of dimensions is created. The ratio of the notch depth to the standard penetration 
depth of eddy currents (D/δ) is varied from 1.88 to 6.88 by increments of 2.5. Besides, the ratio 
of the notch length to the driver coil’s diameter (L/D) is varied from 1 to 3 with increments of 
0.5 for each depth of the notch. The table instantly allows one to investigate the impact of the 
dimensional features and their proportionality on the signal and provides a set of data for 
training artificial intelligent based inversion algorithms.      

 
4. Results and Discussion 

 
The simulated scan results are organized here according to the numbered sequence presented in 
the previous section. Owing to the signals’ symmetry, only half of the complete signal is given in 
the remaining sections of this study. For comparison purposes, the horizontal and vertical gains 
are compensated for the signals recorded from Nortec 500S. Figures 2(a), 2(b) and 2(c) compare 
the simulated and measured signals from the probe for half of the scan line defined over the notches 
A, B and C, respectively. In order to facilitate the comparison, the scale of these planes are 
identical. It should be noted that measured impedance trajectories of all the three notches are 
rotated by 23 degrees on the impedance plane to be in-phase with simulated signals. This initial 
discrepancy of the signal phase observed between the measurements and the simulations could be 
connected to the biased phase angle of the Nortec 500S circuitries. The signal amplitude is 
overestimated by the simulation for each notch; however, these differences at their highest, 
happening for notch C, do not exceed 6 percent. This could be related to deviations of the material 
properties used in simulations from the actual values, such as the core’s permeability. It also could 
be caused by the notch geometries utilized in the modelling, since the nominal dimensions are 
inserted into the model. In terms of the signal shape, the agreement between the simulations and 
the measurements is satisfactory for the notches A and B. Regarding the signal from notch C, slight 
disagreement between simulation and measurement can be noted for the probe’s positions at the 
beginning and the end of the scan line. Since the depth of notch C is comparable to the penetration 
depth, the sensitivity of the simulation outputs to the modelling parameters, such as mesh size and 



distribution, increases. In general, the signal shape related issues can be resolved by both mesh 
refinement around the notch geometry and increasing the scanning probe’s positions along the 
scan line. Both of the aforementioned strategies have been optimized in these scans to favour the 
shorter simulation runs. Based on comparisons, the predictions of Comsol simulations are 
reasonably accurate for all three notches considering them having different sizes. Based on the 
results of the validation study, all simulations are assumed to be fairly reliable and will be further 
used to study the effect of notch opening, depth and length on the differential probe’s signal. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 2. Signals obtained by the impedance measurements and Comsol simulations are plotted 
together for   a) Notch A b) Notch B and c) Notch C. 

The impedance trajectories of the notches A, B and C as the notch opening varies are presented in 
Figures 3(a), 3(b) and 3(c), respectively. As demonstrated by the corresponding figures, the shape 
of the signals remains unchanged as the opening of the notches varies. The magnitude of the 
probe’s impedance is calculated through Equation 3 for each of the scan positions and 
subsequently, their maximum is taken as the signal amplitude. The angle ϴ which corresponds to 
the maximum impedance is also calculated as presented in Equation 3, and used as the signal 
phase.  

2 2
max max(Im( )) (Re( )) , (Im( ) / Re( ))Arctan   ΔZ ΔZ ΔZ ΔZ ΔZ  (3) 

The variations of the signal amplitude and phase are plotted in Figure 4 versus the changes of notch 
opening for all the three notches under investigation. According to these plots, it is evident that 
both the signal amplitude and phase decrease with a quasi-linear trend as the notch gets tighter. In 
order to explain the relative slope of these curves, it is necessary to consider the probe position 
with respect to the notch when the probe impedance reaches its maximum value. These positions 
are given in Figure 5. As it can be seen, for notch A, probe impedance reaches its maximum value 
when the notch is located underneath the D core while, for notches B and C, probe impedance 
reaches its maximum value when the tip of the notch is positioned beneath the driver coil. Such a 
difference is attributed to the fact that notch A has a length longer than the probe diameter while 
notches B and C are similar or even shorter than the probe diameter. This difference has an impact 
on the way the notch interrupts or deviates the eddy current flow. As shown in Figures 5 (d) and 
(e), in the first situation (notch A), eddy current bypass the notch mainly by flowing under it while, 
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in the second situation (notch C), eddy current bypass the notch by flowing beside it, along its 
length. In the case of notch B, a combination of both of the aforementioned situations occurs. 
As it can be seen in Figure 4(a), notch A has the highest changes in the signal phase compared to 
the others. The phase of the probe impedance is directly related to a weighted average of the phase 
lags of eddy currents flowing at different depths below the part surface. When a notch disturbs the 
eddy current flow, the aforementioned weighting function is modified accordingly. For notch A, 
any widening of the notch opening results in deeper eddy current flow and, since eddy current 
phase lag grows linearly with depth, the phase of the probe impedance increases. For notches B 
and C, even if notch opening is widened, most of the current flow stays on the surface resulting in 
a smaller variation of eddy current phase. 
In Figure 4(c), the signal amplitudes of each notch having different openings is normalized by the 
amplitude of the same notch with an opening of 0.02 mm. This figure shows that the sensitivity of 
the signal amplitude to notch opening is higher for notch C. This trend can be explained by the 
fact that, for notch C, a widening of notch opening broadens the gap between the two streams of 
current flowing parallel to the notch sides, thus heavily increasing resistance to such a flow. On 
the other hand, for notches A and B, an increase of the notch opening mildly lengthens the path of 
eddy currents flowing below the notch. They have, therefore, a slight impact on the signal 
amplitude. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 3. Simulated impedance trajectories as the notch opening changes for a) Notch A, b) Notch 
B, and c) Notch C. 
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Figure 4. Model based results for a) Variations of the signal phase with changes in notch opening, 
b) Signal amplitude versus the notch opening and c) Normalized signal amplitude versus the notch 

opening. 

The signature of the signal is highly dependent on the ratio of the driver’s coil diameter to the 
notch length. According to the dimensions provided in Table (1) and (2), the length of notch A 
exceeds the diameter of the driver’s coil, and the half signal shown in Figure 2(a) has one loop. 
Since the length of notch B is comparable to the coil’s diameter, the resulting signal has 2 loops 
and again the signal reduces to one loop as the length of the notch gets smaller than the driver’s 
coil diameter for notch C.  
Figure 6 demonstrates the changes in trajectories of the probe’s impedance when the length of the 
notch varies with a fixed D/δ ratio. In Figure 6(a), D/δ ratio is 0.3 mm and the corresponding L/D 
ratio is varied from 1 to 3. The notch length at its largest L/D ratio is 0.9 mm, which is still smaller 
than the driver’s coil diameter. Therefore, the shape of the signal does not change whereas the 
signal amplitude increases with notch length. It is interesting to point out that the maximum 
amplitude of the probe’s impedance occurs at a fixed probe’s position of 0.8 mm away from the 
notch center for all L/D ratios (Figure 5(c)). Figure 6(b) presents the impedance trajectories of the 
notches having the D/δ ratio of 4.38 and, similar to the former case, the L/D ratio is varied from 1 
to 3. In this figure, the shape of the signal transforms from one to double loops as the L/D ratio 
reaches 2.5, where the length of the notch is equivalent to the inner diameter of the receiver’s coil 
(i.e., 1.7 mm). By further increase of the L/D ratio to 3, the notch length exceeds the driver’s coil 
diameter and the resulting signal possess one loop again with a different phase. Furthermore, in 
Figure 6(c) the D/δ ratio is taken as 6.88 mm and the ratio is swept in the same manner. According 
to this plot, the shape transformation starts at a lower L/D ratio of 1.5, where the 1.65 mm length 
of the notch once more reaches the driver’s coil diameter. Following the observed behaviour of 
the impedance trajectories depicted in Figure 6, it can be concluded that the signal shape is mainly 
dictated by the notch length regardless the notch depth. Furthermore, the effect of the growth of 
the D/δ ratio on the increase of the signal amplitude is evident.  
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(e) 
Figure 5. Current density on the surface of the block for a) Notch A, b) Notch B, and c) Notch C 
as the relative impedance of the probe ΔZ is maximized through optimal position with respect to 

the notch.  How Eddy currents flow to bypass d) Notch A, and e) Notch C. 
 



 
(a) 

 
(b) 

 
(c) 

Figure 6. Changes in the impedance trajectories as the L/D ratio varies for a notch with 
D/δ ratio of a) 1.88, b) 4.38, and c) 6.88. 

 

5. Conclusions 
 

The impedance trajectories generated by the numerical modelling of the split-D probe within 
Comsol Multiphysics closely match the eddy current impedance measurements of the same semi-
elliptic surface notch using the commercial Nortec 500S. It has been observed that modelling of 
notches having a length smaller than the probe’s diameter shall be treated more carefully in terms 
of element size and distribution in order to achieve satisfactory results. 
The signal amplitude increases as the notch opening becomes wider. Variations of both phase and 
amplitude of the impedance trajectories versus changes of the notch opening is linear for all the 
notches investigated here, suggesting that signals from notches having an opening within this 
interval can be estimated by interpolations. However, extrapolation of signals for notch openings 
falling outside the simulated interval shall be done cautiously, since this linear behaviour might 
not hold true beyond the range considered in the present investigation.     
For notches shorter than the probe's diameter, the signal amplitude is highly sensitive to variations 
of the notch opening. Due to this high sensitivity, numerical simulations might not be the most 
suitable approach to reproduce signals from very tiny fatigue cracks, as the use of extrapolation of 
model based signals from EDM notches might result in large errors. On the other hand, larger 
notches have lower sensitivities to opening changes, and hence could be efficiently used for 
estimating signals from fatigue cracks having a similar geometry.   
There are three possibilities related to the shapes of signals from the split-D probe scanning semi-
elliptical surface notches, and these shape variations are only influenced by the ratio of the notch 
length to the driver’s coil diameter. The shape of a signal is thus a characteristic that complements 
the analysis of a measurement in order to assess the geometry of a fatigue crack. Moreover, 
numerical signals obtained for different sizes of notch enable one to establish a training set for 
inversion algorithms. This procedure is advantageous as it saves time and cost related to the 
manufacturing of calibration blocks.  
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