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ABSTRACT 
 
Transient eddy current inspection is being developed for detection of flaws located at depth 
in airplane wing structures. The input transient signal induces eddy currents, which interact 
with the flaws in a conducting structure to produce an output signal that provides 
information about the flaw. The output signal may depend strongly on a number of probe 
design parameters in addition to probe lift-off from the sample surface. The present work is 
aimed at investigating the effect of some of these parameters on the output signal by using 
three-dimensional finite element modeling employing the COMSOL Multiphysics 
commercial package. The model incorporates a reflection-type probe that consists of a 
driver coil, a pickup coil and a ferrite core and is placed on a multilayer aluminum structure 
with a variable lift-off. The parameters such as number of turns of the driver, length of the 
ferrite core and permeability of the core were varied to study the variation in current 
distribution and penetration depth within the sample. The modeled results were validated 
against experimental observations taken in the laboratory by using a probe configuration of 
identical geometry and electrical parameters.  A TecScan System was employed to record 
and analyze the data. The variation of pickup voltage with lift-off revealed the existence of 
a lift-off intersection point for flat plates in agreement with experiment. The variations of 
pickup voltage with number of turns of the driver, length of the core, and permeability of 
the core are presented and discussed. 
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INTRODUCTION 
 
Non-destructive transient eddy current (TEC) testing is an emerging technology that is 
being developed for investigation of multilayer aircraft wing structures where fatigue 
induced crack growth may occur in the inner layers [1-5]. Locations of cracks in the second 
layer are not normally inspectable by conventional techniques, such as eddy current or 
ultrasonics. TEC employs a square wave excitation of the coil to induce a transient 
response from electromagnetic field interactions deep within the conducting aluminum 
structures. Such electromagnetic inspections are advantageous over ultrasonic inspections 
(both with and without sealant) and applicable to aircraft inspections, such as CC130 hat 
section inspection and CP140 second layer wing plank inspection. A number of 
publications on this subject are aimed at theoretical understanding of the phenomenon, 
development of appropriate probes, improvements in experimental test systems, and finite 
element (FE) modeling of the input and output signals [6-12]. In a recent publication, the 
authors demonstrated the success of finite element modeling, using COMSOL commercial 
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software [13], to model coaxial and reflection type probes to simulate input and output 
signals that matched closely with those obtained from the experimental set-up of identical 
geometry and electrical circuit [14]. Thus the FE modeling has the potential to aid in 
optimizing probe characteristics for detection and sizing of cracks in multilayer structures. 
The present work is an attempt to improve the signal response of the flat reflection-type 
TEC probe by changing the probe parameters, such as number of turns of the driver, and 
length as well as permeability of the ferrite core, by using FE modeling that is validated by 
experimental observations. The effect of probe position relative to defect location on the 
pickup signal is also investigated.  
 
EXPERIMENTAL DETAILS 
 
The circuit diagram of a typical transmit/receive probe used for both experimental work as 
well as FE modeling is shown in Figure 1. The primary circuit consists of a driver of 
resistance RPC connected in series with a source of emf ε and internal resistance RIN of 
53 Ω. The driver current is determined by connecting an additional series resistance RPV 
of 2 Ω and measuring the voltage across it. The secondary circuit contains a pickup coil of 
resistance RSC that is coaxially coupled to the driver and connected across an external load 
of 51 Ω. The coil dimensions and other circuit parameters are given in Table 1.  
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Figure 1. Circuit diagram of a typical reflection-type probe. 
 

The experimental set-up of the TEC scanning system, also called pulsed eddy current 
(PEC) system, is shown in Figure 2. The pickup coil is located concentrically within the 
driving coil with a cylindrical ferrite core at the center to produce a reflection-type probe, 
as shown in the inset of Figure 3. The set-up uses a TecScan system manufactured by 
TecScan Systems Inc., Montreal and includes the TecView PEC software to capture and 
analyze the data. An external pulse generator (HP214B) is used to produce a driver signal 
of amplitude varying from 15 to 30 V, which is sent directly to the driving coil. The 
induced voltage in the pickup coil drives a current through the secondary circuit resulting 
in a voltage drop across 51-Ω termination to be sensed by the TecScan system. The System 
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also provides motion control capability through a THK X-Y gantry system, which moves 
the probe placed in a probe holder.  
 
The measurements were made on multilayer aluminum specimens produced by stacking 
thin plates (200 mm × 200 mm × 0.40 mm) of Al2024T3 on top of each other with the 
lowermost plate having a hole of diameter 5 mm. To eliminate the air gaps between the 
plates, the stack was placed inside a vacuum bag attached to a vacuum pump that 
maintained a constant pressure on the outer surface of the plates. The total lift-off of the 
probe from the sample surface was 0.23 mm. 
 

 
 

Figure 2. Block diagram of the experimental set-up used for the scanning system. 
 
FINITE ELEMENT MODELING 
 
The probe and samples described above were modeled using COMSOL3.4 Multiphysics 
commercial software. Both two-dimensional (2D) and three-dimensional (3D) models were 
used depending on the geometry of the measurement set-up. For example, it was 
convenient as well as economical to use a 2D model for a ‘no defect’ sample geometry that 
was used to study the effect of probe lift-off from the sample surface. For sample 
geometries involving localized defects, such as circular holes or rectangular cracks, 3D 
half-models were used. Figure 3 shows a typical 2D quarter-model of a driver-pickup probe 
placed over a set of three conducting plates. The plates have no defect, so it was possible to 
use cylindrical symmetry. The corresponding 3D half-model geometry of a multilayer 
sample with a hole in the lowermost layer is shown in Figure 4. The models were run for a 
number of plates varying from 0 (air case) to 10, each of thickness 0.4 mm. The modeled 
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plates had no air gap between them, so the plate region is essentially a continuum. The 
complete model parameters of three different probes used in this work are given in Table 1.  
 
Table 1.  Specifications of the probes used for experimental work and FE modeling. 
 

Driver Coil  
D400 D800 D1600 

Pickup Coil 

Length, mm 20.0 20.0 20.0 1.0 
Inner diameter, mm 18.9 18.9 18.9 5.9 
Outer diameter, mm 20.9 22.8 23.9 8.2 
Number of turns 405 809 1635 300 
AWG 34 34 34 44 
Resistance, Ω 26.0 56.2 121.6 63.2 
Length of ferrite core, mm 20, 30, and 40 
Diameter of ferrite core, mm 4.0 
Permeability of ferrite 1500, 2300, and 3100 
Conductivity of ferrite, S/m 0.5 
Conductivity of aluminum, S/m 2.46 × 107 
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Figure 3. Quarter section of a 2D FE model of a driver/pickup coil probe geometry near a 
set of three plates. The inset shows the experimental probe of the same geometry. 

4 

 



 
 
 

Ferrite Core 

 

 Driver 

 Outer 
Insulation 

 
Inner 
Insulation  

Pickup 
Coil  

 

 

 

 Conducting Plates Hole

 

Figure 4. Half-section of a 3D model of 9 plates with a hole in the lowermost plate. 
 

 
 

Figure 5. Driver voltage, Vp, and pickup voltage, Vs, for the ‘no defect’ model of 3 plates 
shown in Fig. 3. The corresponding experimental pickup signal is shown for comparison. 
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RESULTS  
 
(a) ‘No Defect’ Case (2D Model) 
 
Comparison of Modeled and Experimental Signals 
 
The variations of driver voltage and pickup voltage as a function of time are shown in 
Figure 5 for the ‘no defect’ case of 3 plates. The corresponding experimental pickup 
voltage is also shown for comparison. There is reasonably good agreement between the two 
signals considering that the model runs under ideal conditions. For example, the plates are 
all stacked together in the model, which may not be strictly true in the experiment. The 
surface current density at about 0.1 ms, which corresponds to the peak signal amplitude in 
Figure 5, is shown in Figure 6. It gives a visual distribution of currents that penetrate inside 
the conducting plates.   
 

 
 
Figure 6. Surface current density corresponding to the peak amplitude of the pickup signal 
shown in Figure 5. 
 
Effect of Lift-Off 
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The effect of lift-off was studied by increasing the distance between the probe and the plate 
up to 2.0 mm. The results are shown in Figure 7. The number of plates in each case was 10. 
All the pickup voltages, except the one for air, pass through a common point, which is 
called the lift-off intersection (LOI) point. The point has been observed experimentally by 
some researchers [2, 3]. The current models thus provide the experimental verification of 
the LOI point for flat plates.  



 

 
 
Figure 7. Variation of driver and pickup signals with lift-off for 10 plates case. 
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Figure 8. Variation of pickup signal with number of turns of the driver. 
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Variation of Pickup Signal with Number of Turns of the Driver 
 
The magnitude as well as shape of the pickup signal is significantly affected by the change 
in the number of turns of the driver. The pickup voltage obtained from three different 
probes designated as D400, D800, and D1600, where driver has 405, 809 and 1635 turns 
respectively, is shown in Figure 8. Since each driver uses the same wire gauge, there is 
concomitant change in the outer diameter, as given in Table 1. The driver D400, which has 
the least number of turns, produces the greatest signal amplitude that decays at the fastest 
rate. This is attributed to the cumulative effect of resistance and inductance of the driving 
circuit with inductance playing a dominant role. Higher inductance contributes greater 
relaxation time, which acts to slow down both growth and decay of the driver voltage, thus 
causing a corresponding variation in the pickup voltage. While a greater driver voltage is 
an advantage, a larger relaxation time is vital to detection of deep-lying defects by TEC 
where the diffusing currents usually interact with defects later in time. For the driver 
D1600, the signal amplitude gets too low. So the driver D800 seems to be a better trade-off 
between greater relaxation time and larger peak amplitude.  
 
Effect of Core Length and Permeability 
 
The pickup signal for three different core lengths is shown in Figure 9. The signal, in 
general, increases with the length of the core; the increase is more pronounced for a change 
in length from 20 to 30 mm than from 30 to 40 mm. Long cores generate flux that can 
penetrate deeper into the sample and produce greater current density throughout the sample 
parallel to the surface. Although a longer core can produce stronger signal, it makes the 
probe bulky. A core length of 30 mm was found to be optimum for the present work. To 
investigate the effect of permeability, models were produced with core permeability of 
1500, 2300 and 3000, but the pickup signal was found to be the same for each case. A 
ferrite core of permeability 2300 was used for the experimental work. 
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Figure 9. Effect of core length on pickup signal. 
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(b) ‘Defect Case’ (3D Model) 
 
Background-Subtracted Signal 
 
The pickup signal from ‘no defect’ case looks similar to the ‘defect’ case except for a slight 
difference in peak amplitude and shape. The information about defect is obtained only 
when the ‘no defect’, reference, or background signal is subtracted from the ‘defect signal’. 
An example of a reference-subtracted signal for a hole in a single plate is given in Figure 
10, which also shows the original pickup signals. The magnified subtracted signal (Figure 
11) shows two peaks, which have different magnitudes and opposite polarities with the 
smaller peak occurring later in time. As will be discussed later, the first peak occurs 
because of Lenz’s law, as in the case of sinusoidally excited eddy currents, while the 
second one is related to currents induced by the decay of the primary currents (transients). 
Although the amplitude and position of both the peaks are affected by the change in 
thickness of the multilayer structure, the shallower peak undergoes a greater shift in 
position and slower change in amplitude.  
 
Variation of Signal with Thickness of Multilayered Structure 
 
The variation of the reference-subtracted signal with increased number of plates (or 
thickness of the multilayer structure) is shown in Figure 12 for a particular probe position 
relative to the center of the hole. The hole exists in the lowermost plate. The amplitude of 
both the peaks decreased and the peaks shifted to later times with increase in thickness; the 
shift was more prominent in the second peak, which is associated with secondary induced 
currents within conducting structure. The signal response is believed to be associated with 
a diffusion wave, which penetrates through the thickness of the conductor with a velocity at 
the peaks that is given by the slope of the position-time plot, as shown in Figure 13. The 
plot corresponding to each peak is almost a straight line. The experimental points are also 
plotted for comparison and were found to be in good agreement with the model results. The 
velocity corresponding to the first and second peaks is about 22 and 8 m/s respectively. 
These results are discussed in the next section.  
 
INTERPRETATION OF RESULTS 
 
The electrodynamic response of the aluminum plate conductor to the application of a 
transient magnetic field can be described in terms of the induced electric and magnetic 
fields within the conductor.  For the timescales over which the measurements are obtained 
here (~10−4 s), this is a two stage process [15].  First, the expulsion of the dynamic electric 
and magnetic fields occurs and, second, the surface currents and wave fields are damped.  
The initial expulsion of electromagnetic fields from within the conducting material arises 
by induced eddy currents as expressed by Lenz’s law, with their depth of penetration 
limited by the skin depth [16]. Within the body of the sample, these induced currents, in 
turn, decay (are damped), and the changing magnetic field associated with this process, in 
turn, results in opposing eddy currents deeper within the sample. This may also be 
described in a process similar to that of a damped wave [17]. With the presence of the 
discontinuity this damping occurs more rapidly because of increase of resistance. 
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Figure 10. Original and subtracted pickup signals from a single plate sample. 
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Figure 11. Magnified reference-subtracted signal shown in Figure 9. 
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Figure 12.  Variation of reference-subtracted pickup signal with number of plates.  
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Figure 13. Time-to-peak versus total thickness of the conducting layers. 
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Referring to Figure 11, the initial positive peak is associated with the induced eddy currents 
produced due to the Lenz’s law. As the primary induced currents decay, the associated 
changing field induces currents deeper within the sample.  These currents are reversed and 
more diffused than the primary currents and are associated with the minimum response 
shown in Figure 11.  For deeper defects, the interaction of induced currents gets weaker 
and occurs later in time as is evident from Figure 12, which shows decrease in amplitude of 
both primary and secondary peaks, and peaks arising later in time.  The time position of 
both the first and second peaks varies linearly with thickness of the plate, as shown in 
Figure 13, with the second peak occurring at a proportionately later time (3×) than the first.  
This is attributed to the progression of diffusion wave fronts into the stack of plates.  Also, 
the rate of decay of the secondary peak is not as rapid as that of the first, suggesting that 
greater depth-of-penetration is possible with the secondary currents. Recent measurements 
have demonstrated that enhanced signal-to-noise of the hole can be attained with analysis 
techniques applied in the region of the second peak [11], which is consistent with the 
interpretation of the greater depth of penetration achievable with the secondary induced 
eddy current process.   
 
CONCLUTION 
 

FE modeling was successful in simulating the TEC response in multilayered aluminum 
structures containing circular defects. It verified some known experimental results, such as 
the existence of the lift-off intersection point, and contributed in investigating different 
probe configurations and finding the optimum probe parameters. The existence of two 
peaks and the shifts of the peaks were indicative of diffusion wave phenomena, where the 
second peak was associated with the secondary induced currents that have greater depth-of-
penetration within the material. The modeling appears to be a very promising technique to 
study multilayered airplane wing structures having cracks near the ferrous fasteners.  
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