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Abstract 
 

In this paper we study the use of the Eddy Current Testing (ECT) method for the detection of fatigue cracks 

in welded steel specimens. We focus on modeling the detection by using  FEM (Finite Elements Method) 

and we perform a qualitative comparison between theoretical results and experimental measurements in 

order to evaluate the capability of the theoretical model to accurately simulate weld testing conducted with 

the ISO 17643-2015 standard. 
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Introduction 
 

Eddy-current testing is an electromagnetic nondestructive testing method that uses electromagnetic 

induction to detect and characterize surface and sub-surface flaws in conductive materials. Major application 

areas include aerospace, petrochemical industries, nuclear and conventional power generation and metal 

processing industries (welds, etc.). The simulation models that are used to describe the eddy current 

phenomenon and applications in nondestructive testing, are very important tools for the design of probes 

and inspection procedures, for understanding of the underlying physics phenomena, for training and 

education, for automatic detection and clarification of defect, for interpretation of results and for evaluation 

of Probability of Detection (POD) curves. Furthermore, models are needed to simulate the intricacies of 

interactions of test geometries that are difficult, expensive or impossible to simulate experimentally. 

Examples of these difficult geometries include very thin discontinuities (cracks, etc.) or complex 

discontinuities geometries.  

According to Faraday’s law, eddy currents are generated in an electrically conductive part by applying a 

time-varying magnetic field [1]. The ECT method uses a coil, which is excited by an alternating electrical 

current. This coil produces an alternating magnetic field around itself, which oscillates at the same frequency 

as the current running through it. When the coil approaches a conductive material, currents opposed to the 

ones in the coil are induced in the material. The existence of a discontinuity in tested object leads to a change 

of the magnetic field that affects the impedance of the coil. The variation of coil impedance, and 

consequently the existence of discontinuity, is depicted in the impedance plane with characteristic curves 

that depend on various factors as materials properties, type of defect, etc. 

Regarding ferromagnetic materials the simulation is difficult because of the increased and inhomogeneous 

magnetic permeability. According to the skin depth formula, the penetration depth decreases when 

permeability increases. Ferromagnetic materials have large values of permeability resulting in low depth 

detectability. The equation defining the skin depth 𝛿 which describes qualitatively the eddy current 

penetration:     
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𝛿 = 1√𝜋𝑓𝜇𝜎 

 

where 𝑓 is the inspection frequency, 𝜇 is the magnetic permeability and 𝜎 is the electric conductivity. 

The fact that the permeability is not homogenous in the whole volume of the material but is changing is 

making the simulation even more difficult because it produce spurious signals and noise in the eddy current 

signals. 

For this reason the production of benchmark problems for ferromagnetic materials, for the comparison of 

theoretical and experimental measurements are very difficult.    
  
 

WeldScan Probe 
 

In order to detect defects in welds it is necessary to use a differential probe. Such a probe was designed to 

overcome limitations when using pancake type of probe. In this case, low sensitivity, small conductivity 

changes in the metallic part and the probe lift-off strongly compromise successful defect detection [2]. The 

probe currently used in welding inspection is described as differential cross-coil and consists of two coils 

braided in such way that they have the same lift-off. This geometry is immune to changes in conductivity, 

permeability and lift-off [5]. The disadvantage of this type of probe is its inherent directionality. Due to the 

subtraction of the signals of the two coils, it is possible to lose the signal from some defects. In order to 

understand this cross-coil geometry we took a picture of the probe by radiography as shown in Picture 1.   

 

 
Picture 1: WeldScan probe radiography. 

 

 

Welding Inspection 

 
For years, eddy currents were not considered as a mainstream method of non-destructive testing in 

industries. However, in 1980’s oil companies have begun to use the method for finding surface 

discontinuities in welds [4] and as a result an international standard has been established [6]. A great 

advantage of the eddy current method is its use in inspections of weld with either non-conductive or 

conductive coating. 

The defects that we can inspect in the welding area can be divided into two categories, the discontinuities 

due to the welding process and those due the reactions and microstructure phases changes we encounter due 

to metallurgy properties of metals [7]. 

The detectability of a discontinuity, depends on eddy current density in the area around it. For this reason, 

we can detect surface or very close to the surface defects because of the small skin depth. Therefore, the 

welding areas where we can detect discontinuities are located on the toe and the cap of welding as well as 

on the root. In welds, that are either butt joint or T-joint, the scanning in the toe area, the welding cap and 
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root of welding is transverse and longitudinal. In this way we reduce the danger that a discontinuity is lost 

due to the directional properties of the probe [5]. 
 

 

Simulation Model 

 
The numerical model replicates the coil geometry and parameters. The simulations are performed in 

COMSOL ® Multiphysics (version 5.3a), employing the AC/DC module. The selected studies are 

Frequency - Domain study, Material Sweep and Parametric Sweep for movement. This simulation entails a 

multi-turn coil moving above a conductive test piece, in order to detect the defect. The identification of the 

latter is accomplished by taking into account the changes in the coil impedance. 

The challenge in simulation of the WeldScan Probe is the complex geometry of the cross-coils. Because it 

was difficult to create this geometry, we have two cases to replicate differential probe, each for the direction 

of two coils. In all cases, we set the outer boundaries of the model area at a distance at least 10 times the 

outer coil radius. Moreover, we performed the simulation twice, first including the defect and then without 

it, exploiting the Parametric Solution via Material Sweep Step. “Without the defect”, means that the defect 
is present but assumes the host medium conductivity [8]. Between these two cases the mesh remains the 

same. The difference between those two calculations gives the signal due to the defect, without mesh 

influence. The coil is set as a multiturn coil with all parameters from “physic domain” list of COMSOL.  
We had two choices of movement, first to move the slot with the coil always placed at the center of the 

geometry away from the outer boundaries. We follow the second choice when we move the coil over the 

slot. The domain was defined as “coil” from the magnetic and electric Physics list. Finally, the difference 

between the signals of two coil’s directionality movement gives the differential probe signal.  

In the various problem domains we used different mesh system. In the slot area we used boundary triangular 

mesh and then sweep mesh mode for the slot domain. This domain is very narrow and it was difficult to 

create mesh inside defect. With ‘sweep mesh’ mode we only mesh the boundary and the mesh extends in 

the opposite boundary. The remaining domains we preferred auto tetrahedral quadratic elements. 

One more ‘trick’ that can be a critical factor in the simulation is the half geometry simulation. A lot of 

geometries have symmetry at least on one axis. It is possible to simulate only the half geometry with the 

appropriate boundary conditions. Hence, the number of element as well as the number of degrees of freedom 

(DoF) decreases in the half. Finally, the computational time is noticeably shorter, which is an important 

factor in the simulations. 

 

 

Experimental Measurements 

 
We used the Olympus MS5800 eddy current device, as well as Olympus MultiView 6.1 software to perform 

and acquire experimental measurements. We performed experiments in the calibration block and six (6) 

more educational test pieces with standard defects. All test pieces have one defect on the surface of weld 

area. The samples that we performed experiment are part of an educational kit from Sonaspection and 

sketches for two of them are shown in Figure 1, 2. All samples have the same dimensions and the same 

thickness.   
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Figure 1: The test sample MT1 sketch with toe slot. 

 
Figure 2: The test sample MT2 sketch with root slot. 

 

 

Calibration Block     

 

The calibration block’s material is the same with the material of inspected samples. We make measurements 

in the calibration block are shown in Figure 4 and has three slots of 0.5, 1 and 2 mm deep. The inspection 

movement is shown in Picture 2. The international standard for welding inspection provides calibration for 

coating inspection. For this reason, we simulate in COMSOL the 1mm depth crack of calibration block with 

and without 1 mm coating above plate. The frequency that we used in simulation was the same with the 

weldscan probe (100 kHz). All simulation results are shown in Figure 3. 

 
Picture 2: ECT Calibration Block. 
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Figure 3: Normalized real (a) and imaginary (b) components of coil impedance change ΔZ as a function of the distance between 

coil and slot centers and (c) impedance change ΔZ in impedance plane in COMSOL Multiphysics. 

a) 

b) 

c) 
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Figure 4: Experimental coil impedance change ΔZ from three standard calibration slots in impedance plane. 

 

The impedance change in simulation results was normalized. The normalized factor (Xo) is the coil reactance in air, 

Xo = 1397 Ω. 

   

Test Sample MT1     

 

The MT1 sample has a toe crack as shown in Fig. 1. The measurement frequency was 100 kHz. The 

movement is manual and we tried to keep a constant scanning velocity and probe angle. The experimental 

measurements are shown in Figures 5, 6. The scanning direction was parallel with weld direction in the toe 

and root. 

 

 
Figure 5: Real and imaginary components of coil impedance change ΔZ as a function of the distance between coil and slot centers 

in MS-5800 ECT instrument. 
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Figure 6: Impedance coil change ΔZ in impedance plane from MS-5800 ECT instrument measurement. 

 

 

Test Sample MT2     

 

The MT2 sample has a defect in the one side of the root. The inspection movement as well as the frequency 

is the same as in MT1 sample. The experimental measurements are shown in Figures 7, 8. 

 

 
Figure 7: Real and imaginary components of coil impedance change ΔZ as a function of the distance between coil and slot centers 

in MS-5800 ECT instrument. 
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Figure 8: Impedance coil change ΔZ in Impedance Plane from MS-5800 ECT instrument measurement. 

 

 

 

Simulation of Weld     

 
In order to simulate the weld area we created a geometry with the test sample dimensions and we used a toe 

crack as a defect. Simulation frequency is the same with the 100 kHz experimental frequency. The 

dimensions of the discontinuity were taken from the experimentally tested real sample crack dimensioning. 

The sketch that we build in COMSOL working area is shown in Figure 9. 

 

 
Figure 9: Simulation of weld geometry in COMSOL Multiphysics software.  
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For the simulation measurements we used a number of parameters like Material Sweep, Parametric Sweep 

etc. In order to have movement of a coil we must use Moving Mesh physic except AC/DC Module, because 

we want mesh recreation in each movement step of the coils.  For better results we made a lot of simulations 

with different meshes to find the best combination in each domain.  The excitation frequency is 100 kHz as 

the weld probe and the plate conductivity and relative permeability is 5 MS/m and 100 respectively. The 

average number of the elements for this simulation is 53,314 and the number of degrees of freedom (DoF) 

is 439,360. The computation time on a standard PC for each coil position is about 1 minute. The results 

from simulation are shown in Figures 10 and 11. 

 

 

 
Figure 11: Real (a) and imaginary (b) components of coil impedance change ΔZ as a function of the distance between coil and slot 

centers in COMSOL Multiphysics. 

a) 

b) 
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Figure 10: Impedance coil change ΔZ in Impedance Plane from COMSOL Multiphysics. 

 

 

Discussion and Conclusions 
 

In this paper, we test the capability of the COMSOL ® Multiphysics software for efficiently simulating 

eddy current nondestructive testing configuration and we provide a qualitative comparison with 

experimental measurements. Some good practice steps are provided for these simulations with COMSOL 

® Multiphysics software. We verified that the computational implementation of the ECT method in 

COMSOL ® Multiphysics software accomplishes reliable results for the simulation of welds inspection, as 

evidenced by the comparison with experimental measurements. 

The simulation of ECT phenomenon requires very good knowledge of the software to be used and the 

conditions governing this phenomenon. An important factor for successful simulation is the correct selection 

of the kind and size of mesh. Due to the required long computational time, we considered it preferable to 

perform the half scan because of the geometric symmetry. Making an assessment of the results, we notice 

that we probably did not use as dense the mesh as it should to get the best results. Work is underway for 

optimizing meshing parameters, boundary conditions etc. for better results and for reducing computational 

time.  

The crack depth capability is very limited. At 100 kHz a variation in amplitude is observe between 0.5 and 

3.0 mm. The difference between the 4.0 and 5.0 mm deep slots would is not recognisable as reported in [9] 

for similar experimental measurements. 
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