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INTRODUCTION 

For the past several years, we have been developing an eddy current model, using the 
boundary element method (BEM). Last year, in particular, a BEM algorithm based on the 
Hertz potential approach was found and shown to be effective in dealing with complex part 
geometry, while keeping the computational resource requirement to a minimum [1-3]. This 
paper concems a further extension of the model to include cracks. 

To recapitulate our overall objective [1-2], our task is to develop the so-called 
"measurement models", i.e. theoretical models ofprobe-flaw interactions, applicable to 
existing and newly developed inspection systems. The model is then implemented into 
software, so that one can analyze given inspection problems on computers, predict 
inspection performances, design probes [4], and mak:e possible improvements. 

To meet this objective, the scope of the model capabilities should be fairly general, 
requiring conceptual eddy current inspection systems (Fig. 1) to include coils, (ferrite) 
cores, parts, and any nurober of those in arbitrary shapes. The coils and cores may be 
assembled to form a complicated probe design of absolute and/or differential types. The 
part and defect geometry may be as complicated as a crack on edge. 

To the best of our knowledge, the BEM is the most suitable numerical technique to the 
task, striking the right balance between the required geometrical flexibility and limited 
computational resources [1-2]. Wehave demonstrated also that, among various possible 
BEM formulations of electromagnetism, the Hertz potential approach is the most 
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Figure 1. Illustration for a schematic eddy current inspection system. The proposed 
modeling algorithm allows the introduction of ferrite cores with minimal expense. lt 
makes no assumptions on object geometry. 

economical computationally, while being able to handle geometrical singularities such as 
edges adequately [1-4], without requiring any special treatment of edge nodes [5]. 

The model capabilities presented last year included most of the required features, 
except, primarily, for the crack model. Adding the crack modeling capability is therefore 
the focus of this paper. The following section contains a brief account of how the crack 
modeling has been formulated. In the subsequent section, we present example predictions 
of impedance signals and their comparison with experimental data. The last section is for 
conclusions. 

FORMULATION 

General Technical Approach 

As described in Introduction, our goal is to perform computer simulation of EC 
inspections. On the one hand, we need to solve Maxwell equations in complex geometry to 
achieve the objective. On the other hand, we wish to Iimit our computer platform to 
engineering workstations from the economical consideration. To satisfy both demands, we 
select the boundary element method. 

Also, we need the maximum flexibility in manipulating probe and part geometry. To 
this end, we have interfaced the BEM code to commercial CAD packages, and the approach 
has been found satisfactory. On the CAD package, one can perform tasks such as part 
geometry creation, probe design, mesh generation, and scan plan generation. 

3D EC BEM Model 

We describe the modeling algorithm here only briefly, partly because the Hertz 
potential formulation was described before [1-4], and partly because we plan to publish the 
detail elsewhere. 

lt suffices to state that the BEM casts the basic partial differential equations plus 
boundary conditions into a set of simultaneaus integral equations, which then are solved 
numerically via the standard element method. The procedure involves the use of Green's 
functions that helps to reduce the unknown degrees of freedom to surface fields only. 
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Last year, we reported a version of the BEM approach to electromagnetism via the 
Hertzpotentials [1-3]. We first introduced the magnetic scalar potential 'I', and wrote the 

magnetic field fi in air and ferrite cores as 

fi = fiO + vv . (1) 

We next expressed the electric ( E) and magnetic fields in conductors as 

(2) 

where fi ,'I' =Hertz vector and scalar potentials [6]. (In Refs. 1-4, ii was written as ii .) 
Equation (1) simplifies the problern substantially in air and core, while the symmetry 
between Eqs. (1) and (2) makes the continuation from air to metal straightforward. It 
should be noted, in passing, that we do not use the impedance boundary condition, which 
breaksdown at the edge-like geometrical singularities. (See, e.g, Ref. 5.) 

All necessary formulas may be found in Refs. 1-4, except for the reciprocity formula for 
the probe impedance calculation. The formula with the magnetic scalar potential may be 
found in Ref. 7 for a single coil case. For differential and reflection probes, the formula 
must be generalized to multiple coils (Fig. 2), analogous to the one in Ref. 8. The resulting 
formula reads, 

where z21 = transition impedance from coil 1 to coil 2, Ll221 = its change due to a flaw' 

Ia = current strength (a = 1,2), Ha = Vxa in the vicinity of S , and the un-primed 

[primed] quantities are those in the absence [presence] of the flaw. 

Crack Modeling Algorithm 

W e will next mention the key features of our crack modeling algorithm. 

First, we use the effective source description of defects. Namely, the presence of a 
defect is described mathematically by an equivalent source (denoted by s in Fig. 3), 

(3) 

Figure 2. Illustration for the part object and EC coils for which the reciprocity formula (3) 
is written. Although not drawn here, any number of core objects can appear in addition. 
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Equivalent source for defects 
I 

Figure 3. The equivalent source description of the defect. The electric field E<2>, 
generated by the source s at the defect position, cancels the incident field E<1> , so that 

E!1> + E!2> = 0 on the crack surface. 

instead of changing the part geometry explicitly. The defect source generates the electric 

field E<2> , which is added to the coil-induced incident field E<l) . The source s is the 

basic unknown, to be determined from the cancellation condition so that E!1> + E!2> = 0 on 

the crack surface. 

Second, we assume the crack to be tightly closed. Accordingly, we take the first 
moment (s) of the source s with respect to the width direction. In the tight crack limit, 

the only remaining component is (s.)(= cp ). Then, in terms of the Bowler potential cp, the 

above cancellation condition can be expressed as 

(4) 

where the r.h.s. is the crack-induced field ( E!2> ), in which the first term is the direct term 

while the second represents the surface reflection. 

Third, we exploit the fact that, in Eq. (4), the potential cp generates the field at its own 

location. We therefore saturate the r.h.s. of Eq. (4) by the most singular part of the direct 
term. Under this approximation (or the contact approximation), Eq. (4) reduces to 

(5) 

which determines cp with the appropriate regularization of the singular kerne! [9]. Having 

determined cp , one can finally compute the crack signal from cp and E~nc via the 

reciprocity formula [9]. Incidentally, the function Gin Eqs. (4) and (5) is the usual scalar 
Green's function in the medium. 

PREDICTED CRACK SIGNALSAND COMPARISON WITH EXPERIMENT 

In this section, we present two sets of example computations and their comparison with 
experimental data. The first example is about edge crack signals relative to flat-surface 
crack signals. The second example concems an absolute comparison of theory with 
experiment using an edge crack specimen. 
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Aat-Surface vs. Edge Cracks 

Here, we compare two different types of cracks on Ti-6Al-4V specimens (conductivity 

= 6.lx l05 S/m), one on a flat surface (length x depth = 0.99 mm x 0.33 mm) and the other 

at the straight edge (length x depth = 3.75 mm x 0.375 mm). (See the illustration in Fig. 4.) 

The probe used here is a commercial probe, which is absolute and axi-symmetric but 

otherwise its intemal parameters are unknown. We therefore used the equivalent coil 

description. Namely, we determined equivalent coil parameters as given in Fig. 4, so that 

computed crack signals reproduce the measurement data approximately for the flat-surface 

case (Fig. SA). Given the effective coil parameters, we then computed the edge crack 

signals, and compared the results with the measurement data. Figure SB shows the 

comparison of the absolute values of the probe impedance. 
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Figure 4. Illustration of the dimensions of the equivalent coil and the cracks. (A) is for the 

flat-surface crack, which is semi-elliptical of the length 0.99 mm with the aspect ratio 3 to 

1. (B) The edge crack isareetangular EDM notch. The coil parameters are determined 

empirically from the flat-surface data (Fig. SA below). See the text for details. 

0.25 1.00 

- X Data 
0.20 0.80 

Model 

E E 
.r. .r. 
0 0.15 0 0.60 
qj Q) 
<.> <.> 
c: c: .. .. 
"0 

0.10 "0 ., ., 0.40 a. a. 
.§ .§ 

0.05 0.20 

0.00 0.00 
0.0 4.0 8.0 12.0 16.0 0.0 2.0 4.0 6.0 8.0 10.0 

Probe position, mm Probe position, mm 

(A) (B) 

Figure 5. Probe impedance plots vs. probe positions. (A) is for the flat-surface crack. This 

is a fit from which the coil parameters shown in Fig. 4 are determined. (B) is the result of 

the comparison between the data and the prediction from the coil parameters thus 

deterrnined. 
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Edge and Edge Crack Signals 

The second example provides an absolute test for the computation because the coil 
parameters are known: the inner diameter = 1.07 mm, the outer diameter = 2.62 mm, the 
coillength = 2.93 mm, and the built-in Iift off = 0.62 mm, with 235 tums. The probe was 
operated at 500kHz. The specimen is made ofTi-6Al-4V and the EDM notch dimensions 
are I x d x w = 3.84mmx 0384mm x O.llmm. Figure 6 illustrates these dimensions. Figure 
7 shows the impedance plots as functions of probe positions. In this example, both the 
edge signals (Fig. 7 A) and the crack signals (Fig. 7B) are shown. In both cases, the probe 
starts from a on-metal position, move across the straight edge, and eventually go off the 
edge. Plotted in Fig. 7 A are the probe impedance changes when there is no defect under 
the probe path. The coil still picks up large signals due to the geometry (edge). When the 
scan path happens to go over the crack, the probe impedance changes by an extra amount 
due to the crack, in addition to the edge signals. Experimentally, therefore, it is necessary 
to subtract the edge signals from the measured total impedance, in order to obtain the crack 
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Figure 6. Illustration to indicate the dimensions of the crack and the coil, and their relative 
positions. The coil scans over the crack, parallel to the length direction. 
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Figure 7. Impedance plots vs. probe position. The coil is on metal when the position is 
0.0, and goes off the edge as the position value increases. The computed results and the 
experimental data (both real and imaginary parts) are plotted together. (A) is the edge 
signals, i.e. when the coil is away from the crack. (B) corresponds to the crack signals, i.e. 
the total impedance minus the edge signals. 
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signals plotted in Fig. 7B. Notice that the crack signals are an order of magnitude smaller 
than the edge signals. Computationally, the reciprocity formula provides the way to 
compute the small quantity (the crack signal AZ) directly in terms of the Bowler potential. 

The results of Figs. 5 and 7 indicate the quality of agreements achieved by the present 
model. Specifically, the results in Fig. 5 demonstrate that, by using the model, any 
empirical knowledge about crack signals obtained with simple flat-surface specimens can 
be extrapolated fairly accurately to more complex geometry cases such as edge cracks. 
Notice that measurements with flat-surface specimens do not yield any information about 
geometry signals. The model can fill this gap by predicting geometry signals as in Fig. 7 A, 
provided that the intemal probe parameters are known. Finally, the absolute comparison in 
Fig. 7B appears to be encouraging. Clearly, the agreement of the real parts is satisfactory, 1 

and so is the magnitude. The origin of the discrepancy in the imaginary parts is yet to be 
verified. It is likely, however, that the deviation will decrease if the volume effect of the 
EDM notch is properly taken into account. 

CONCLUSIONS 

This paper reports on the progress in the general 3D eddy current inspection model 
based on the BEM and the Hertz potential description. Specifically, a crack modeling 
algorithm has been developed and implemented into a software module. The module, then, 
has been incorporated into the previously developed incident-field code [1-3]. The 
combined code has yielded crack impedance predictions as shown in Figs. 5 and 7. From 
the numerical results presented there, we conclude ( 1) that the code has succeeded in 
yielding reasonable crack signal predictions for the selected problems at the accuracy of 
-10% Ievel, and (2) that the model can be used, even in its present form, to address 
practical problems such as extrapolating empirical knowledge about crack signals obtained 
with simple block specimens to crack detections in complex geometry such as holes and 
slots with edges. 

We believe that the model capabilities established to date are sufficiently encouraging, 
and thus plan to continue the development toward completion by further validating the code 
and add possible refinements. We also plan to incorporate the model into a software 
simulator to promote the model use toward industrial applications [10]. Specific 
application areas include aircraft engine components (fan disk inspections) and nuclear 
power plants (heat-exchanger tubing). 
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1 lt should be noted here that there was an error in the crack code which yielded the crack 
impedance that was too small by a factor 2, as reported at the Conference. The code has 
been corrected since, yielding the results shown in Fig. 7B. 
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