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Abstract 

The Eddy Current Testing (ECT) method forms part of the Electromagnetic Testing methods (ET) and is used to 

detect surface and subsurface discontinuities in conductive materials.  Testing of conductive samples is also 

possible through limited thickness non-conductive coatings or non-reinforced rubber lining.  

 

Complex shapes and hard to reach surfaces are difficult to inspect, since the orientation of the probe relative to the 

surface constantly varies.  Probe shoes and other alternatives are available that can limit the probe lift off or probe 

‘wobble’, however with various degrees of success. 

 

This paper discuss the use of profiled eddy current probes to inspect complex shapes such as turbine blade steeples, 

generator rotor bodies, gear teeth (girth and pinion gears), etc.  The probes are designed according to the component 

profile and thus aim to improve the detection and characterization of indications, while limiting the effect of lift-off, 

probe wobble or other factors related to the probe manipulation or magnetic coupling with the test sample.  Even the 

depth of indications can be determined under certain conditions viz. if suitable calibration blocks and representative 

reference samples are available.  
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1. Introduction 
 

Eddy current testing (ECT), which forms part of the electromagnetic testing methods (ET), is a Non 

Destructive Testing (NDT) method that relies on electromagnetic induction to detect discontinuities 

in conductive material.  Discontinuities such as geometrical changes, variations in material 

properties relating to conductivity and permeability and the presence of defects, both surface-

breaking and subsurface, can be detected. 

 

This indirect testing method measures the change in coil impedance due to the interaction between 

the generated primary magnetic field in the coil and the secondary magnetic field (due to induced 

eddy currents)  in the testing sample. The variation in coil impedance is determined by monitoring 

the extent and nature of signal deviation from an operating / balancing point (comparison between 

primary / generated and secondary / induced magnetic field when placed on a non-defective area of 

testing samples).  Signal parameters such as amplitude (relating to the eddy current distribution / 

concentration), phase lag (depth into the material), signal shape, signal to noise ratio, signal 

duration and frequency correlation (if utilising a multi-frequency method), provide information as 

to the nature of the discontinuity. 

 

Thus, the accuracy of eddy current detection and defect characterisation is primarily dependant on 

coupling ability (success is dependent on the secondary magnetic field which is generated inside the 

tested material) of the generated / primary magnetic field with the test samples and the detection 

ability of the secondary / induced magnetic field.  These factors are dependent on the design of the 

inspection probe; which determines the proximity and shape of the inspection coil, and thus the 

generated magnetic field.  The consequent detection in the change of the secondary magnetic field 

due to the presence of the defect indication relies on the coupling factor of the detection coils, the 

inspection surface and the induced / secondary magnetic field.  
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This paper qualitatively discusses the factors relating to the probe design and consequent signal 

response.  Quantitative / theoretical discussion is based on specific applications, and has been 

omitted in order to provide the reader with a better appreciation of the influencing factors 

involved.  Factors relating to probe cable, impedance matching and instrument settings regarded 

as being optimised and also excluded from the discussion.  . 

 

 

2. Standard practice for eddy current inspections 
 
2.1 Eddy current probes used 

 

The most commonly used eddy current probes for surface inspections, are surface / pancake 

coils, with the coil axis perpendicular to the inspection surface.  The coil windings are parallel to 

the inspection surface and can be single layered (pancake ) or multi-layered (surface). These 

probes utilise the internal magnetic field of the coil (primary magnetic field) to generate eddy 

currents into the material.  The eddy currents concentrate on the surface (skin effect) and exhibit 

an exponential decay deeper into the material.  The eddy current paths are parallel to the coil 

windings and the direction is governed by Lenz’s Law.  [1] 

 

The depth of penetration is mainly determined by the material properties and inspection 

frequency, however an increased coil diameter [2], also results in an increased depth of 

penetration (the detection capability for small indications are reduced due to the interference 

ratio change between the generated eddy current region and the influence of the defect),  

 

 

 

 

 

 

 

 

 

 

Figure 1.  Eddy currents generated in a flat conductive sample using a pancake coil with the coil axis 

perpendicular to the inspected surface. 

 

 

The internal primary magnetic field can be shaped (concentrated / focused), by using suitable 

ferrite cores, thus reducing the number of coil turns required to generate the amount of eddy 

currents suitable for defect detection. (The inductance, in air core coils, is however not affected 

by the current being conducted  

 

Detection of surface breaking defects is ideal on flat surfaces since magnetic coupling between 

the generated primary magnetic field and the induced secondary magnetic field is not influenced 

by the shape of the test sample nor of the inspection coil.  Probe lift-off and wobble is the main 

limiting probe factors contributing to errors in defect detection and characterisation.  

 

Optimum detection is achieved when the major axis of the defect geometry, is perpendicular to 

the direction of the eddy currents generated.  Laminations (planar indications parallel to the 

surface) is however difficult to detect since the generated eddy current is parallel to the defect 

plane.  This limitation can be overcome by changing the orientation of the coil axis relative to 



the inspection surface, from perpendicular to parallel, for example utilising the external magnetic 

field of an inspection coil wound such that the coil axis is parallel to the inspection surface. 

 

Probes are manipulated across the inspection surface in order to cover the entire area.  

Manipulation of the probe could be automated by using either rotating devices for internal bore 

inspections, or encoded surface manipulators (Automatic, semi-automatic or manual) to cover 

flat or curved surfaces. Manipulation of the inspection probe introduces additional sources of 

spurious signals related to, not only lift-off and probe wobble, but also probe orientation, edge 

effects, surface geometry, etc.  This could be limited by using suitable shoes shaped to fit the 

inspection surface or by using spring loaded coils to limit any effect of lift-off due to probe 

movement. 

 

Tube inspections are generally performed using an internal bobbin or encircling coil with the 

axis of the coil in both cases parallel to the axis of the tube.  The coil windings are parallel to the 

tube wall and eddy currents are generated in an outward (internal bobbin probes) or inward 

(encircling probes) radial pattern into the tube wall.  

 

The coil design parameters relates to factors influencing the self-inductance of the coil such as 

the number of coil turns, the number of rows, the closeness of coil turns, the length of the coil, 

the thickness of the coil wire, as well as the core material used. [2] These parameters in turn can 

be optimised for each inspection frequency and instrument output impedance (impedance 

matching)  

 

Detection capabilities are closely related to mutual inductance parameters; with orientation and 

distance between the coil and inspection surface being the dominant factors.  Should a second 

coil (differential mode) be used, then similar parameters need to be considered for the additional 

coil.  

 

The signal amplitude is generally used to determine the indication depth in surface inspections 

(the limited phase angle deviation is insufficient for suitable depth resolution), with the phase 

angle being used in tube inspections. 

 

Detection of defects is related to the amount of eddy current induced into the inspected material 

as well as the extent of eddy current modification as a result of the presence of defects.  Thus, 

detection is optimised by using coil design dimensions in the same geometric scale as the defects 

sought.  A 1mm diameter pore is therefore best detected by a 1mm wide inspection coil.  Thus, 

defect detection and characterisation is limited when the coil vs. the defect geometry is not 

comparable.  In this instance, defect geometry refers to either the volumetric extent of an 

indication as well as the spatial orientation relative to the generated eddy currents. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Optimum defect sizing for a 2mm hole is achieved using a 2mm wide bobbin coil (tube 

inspections)  Indications having a diameter of less than 1.2mm tends to be overestimated in depth and 

indications having a diameter of more than 3mm tends to be underestimated. 

 

 

2.2 Inspection modes 

 

Two major inspection modes are normally used viz. absolute and differential, with the older type 

reflection or bridge probes used for more specialised applications. 

 

The absolute inspection mode utilise a single inspection coil with an internal instrument balance.  

Absolute mode is sensitive to variations in temperature and lift-off and is generally used to find 

large volume indications in tube inspection applications or generalised wall loss areas on thin 

conductive samples. Surface crack detection is also performed with the signal amplitude used to 

quantify the indication depth. 

 

The differential inspection mode utilise two probes in close proximity to one another and 

comparing one surface area with another.  It is very sensitive for finding small indications and the 

effect of probe wobble and lift-off is also reduced since both coils are subjected to the same 

movement or distance influence. 

 

 

3. Field experience using normal surface probes 
 
Eddy current depth measurement is based in a signal parameter comparison between known 
artificial defects and real defects identified.  For surface inspections, amplitude vs. depth curve is 
used and for tube inspections a phase angle vs. depth curve is preferred. 

 

3.1 Flat surfaces  
 
Inspection of flat surfaces is reasonably simple, since probe manipulation errors are limited to 
lift-off compensation and orientation of the probe relative to the surface.  The major problem 
regarding signal depth measurement on flat samples is rather related to the artificial vs. real 
defect response thus:   

                                                 
 



CFFlat is the correction factor required to adjust the measured real defect signal amplitude in 
order to be comparable with the generated calibration curve created based on artificial known 
defects.   

 

3.1.1 Lift-off  

Increased lift-off, reduces the amount of eddy currents generated in the material, and thus the 
extent of the magnetic field modification related to the presence of discontinuities, detected / 
measured by the change in coil impedance.  Furthermore, the inspection coil is further from the 
surface, thus reducing the detection capability. 

 
3.1.2 Probe orientation  

The probe is calibrated with the coil axis being normal to the inspection surface and the coil 
windings parallel to the surface.  The consequent volumetric shape of the eddy current induced 
area, is determined by the probe design, coil orientation and frequency selection.  Acceptable 
calibration procedures and processes would ensure that a symmetric volume be induced inside 
the material and thus standardising the signal response regardless of the direction of the probe 
movement while controlling the coil orientation.  Since the inspection surface is also flat, the 
comparative calibration curve and the real defect detection parameters are similar and directly 
comparable.  
 
 
 
 
 

 
 
 
 

Figure 3.  Magnetic field distribution is shown for a typical surface probe.   

 
 
3.1.3 Artificial vs. Real Defect response.   

The only factor which cannot be controlled during the inspection process is the defect orientation 
and geometry relative to the generated eddy current volume.  Maximum signal amplitude 
response is obtained when the major axis of the defect is perpendicular to the eddy currents 
generated.  Thus any deviation, either in shape, dimensions, position or orientation, from the 
artificially manufactured notches, shall require additional correction factors relating reference 
notches to real defects. 

 

3.2 Curved surfaces : Concave / convex 

 

Curved surfaces, whether concave or convex pose additional problems relating to the varying 

surface profiles and the consequence modification of the eddy current distribution in the 

material. 

                                                   
 

CFCurved is the correction factor required to adjust the measured signal amplitude in order to be 
comparable with the generated calibration curve created, based on artificial, known defects or a 
representative flat calibration block.  

 
(Profiled calibration blocks limits the surface geometry factors, however the defect position 
relative to the geometry is of crucial importance. Effectively a calibration block has to be 
manufactured to cater for each possible orientation, making this option practically impossible)  
 



Apart from the factors already mentioned, additional influencing factors are introduced when 
curved surface are inspected such as: 

 

3.2.1 Surface Curvature / sample profile 

 

Curved surfaces modify the eddy current generation region due to the varying distribution of 
conductive material within the coil’s primary magnetic field region.  This has a significant 
influence on the eddy current distribution with a reduction of eddy current distribution on a 
concave surface and an increase on a convex surface.  The degree of curvature determines the 
multiplication factor by which the eddy current region increase or decrease.  

 

 

 

 

 

 

 

 

 

 

Figure 4.  Influence of surface curvature on region of eddy current generation. 

 

Complex three dimensional sample profiles are generally a combination of either flat or curved 
surfaces, and thus a combinatory effect needs to be considered.  In general, one geometry would 
be the dominant factor with secondary profiles introducing only small additional modifications 
to the eddy current distribution and thus to the signal detected. 

 

3.2.2 Probe diameter 

 
The coil diameter of the air cored probe, determines the distribution of eddy currents within the 
inspected volume.  It could also influence the lift-off distance from a specific surface curvature.  
Larger coils tend to distribute the primary magnetic field across a large area, making it more 
susceptible to modifications due to surface profile changes.  Smaller diameter probes are 
generally closer to the inspection surface and the generated eddy currents are less sensitive to 
variations in surface curvature.  

 
3.2.3 Core material 

 

By changing the magnetic permeability of the coil core, the primary magnetic field could be 
focused since the magnetic field prefers the higher permeable material than that of air.  Focusing 
the primary magnetic field reduce the effective detection area and increase the inspection 
sensitivity.  Thus unless the exact position of the defect is accurately determined, errors in the 
defect characterisation could easily be made.  The influencing effect of the surface curvature is 
reduced by focusing the primary magnetic field into a smaller surface region. 

 
3.2.4 Primary field coupling coefficient / induction vs. secondary field detection factor 

 

It is evident that the reduction in primary field coupling (eddy current generation) and the 
consequent secondary field detection (impedance change due to modified secondary magnetic 
field) combines to reduce the detection and characterisation capabilities when inspecting 
complex surfaces with normal surface inspection probes.  

 

 

 

 

 



3.3 Irregular surfaces. Probe movement possible 

 

Irregular surfaces are inspected by “colouring in” the inspection surface using a small diameter 
surface probe.  Signal amplitude is affected by all factors mentioned thus far and makes the 

quantification of any signal virtually impossible. Generally, inspection is possible if a 2-

dimensioal profile is extruded into a third dimension, as in the case of a generator body. 

 

3.4 Irregular surface: Probe movement limited 

 
Sharp edges, small openings, complex 3-dimensional surface, which prohibits any “colouring-in” 
actions, is virtually impossible to inspect and is generally referred to alternative NDT methods 
such as magnetic particle or liquid penetrant testing 

 
 

4. Experimental methods 
 

4.1 Coil design considerations  

 

Coil design parameters has been optimised through theoretical considerations and confirmed 

through practical experimentation and is thus not further discussed.  The objective of this paper 

is to consider the surface profile and how to optimise the coupling efficiency of the inspection 

probe by using profiled probes and thus to improve detectability and defect characterisation.  

Therefore, further discussion relating to the following parameters has been omitted: 

 

4.1.1 Wire dimension and resistivity, 

4.1.2 Coil dimensions, number of turns and rows, proximity of turns and symmetry 

4.1.3 Core material 

4.1.4 Self and mutual (differential setup) inductance  

4.1.5 Frequency optimisation  

4.1.6 Primary field distribution  

4.1.7 Instrument impedance matching  

 

4.2 Test sample configuration 

 
The three dimensional sample geometry has a significant influence on the eddy current 
generation and the consequent detection of indications.  The influence can be related to the 
variation in eddy current concentration, and inverse relationship of penetration depth (higher 
eddy current density on the surface equates to lower depth of penetration).  The amount of 
conductive material available within the primary magnetic field region varies, resulting in a 
complex eddy current distribution, unless the coil is designed and manufactured according to the 
surface profile. 

 

The central magnetic field of a coil is generally used to generate eddy current signals due the 
high flux density, the symmetry as well as the potential of focussing the field through high 
permeable core material. 
 
However, the external magnetic field is more useful when inspecting tubes.  By manufacturing 
inspection coils that follow the profile of the surface geometry, the external magnetic field 
created, generates eddy current parallel to the sample surface and thus reducing the detrimental 
effect of poor coupling and consequent modifications in the induced eddy current region.  
Defects, regardless of their position relative to the surface profile, could be detected due to the 
uniform eddy current distribution along the surface.    

 
 



 
 
 
 

 
 
 
 
 
 
 

Figure 6.  Primary magnetic field surrounding an AC excited coil [3].  The diagram on the right 

indicates the typical primary magnetic field distribution for internal bobbin coils used to inspect tube. 

 
 
Various probes have been designed and tested for specific applications.  The detection 
capabilities have significantly increased in all cases, improving the probability of detection 
(POD).  The accuracy of defect characterisation viz. depth measurement, depends on the 
availability of suitable reference blocks.  Under ideal conditions a significant improvement in 
the accuracy of depth measurement were noted. 

 

4.3 Design and manufacture 

 

4.3.1 Curved surfaces Concave / convex 

 

Coils have been designed according to the surface curvature.  Eddy current detection regions are 

parallel to the surface, increasing the detection capabilities of defects regardless of the position 

on the curve.  The coil width determines the sensitivity resolution, which is further enhanced by 

using a differential coil setup, to find small indications.  

 

 

 

 

 

 

 

 

 

Figure 7.  Coil designs to optimise the magnetic field coupling in convex and concave samples.  The 

lighter area shows the eddy current region generated by the external magnetic field of the coils. 

 

 

4.3.2 Irregular surfaces. Probe movement possible 

 

In the case of girth gear teeth, turbine blade steeples or generator rotor bodies, it is possible to 

slide a profiled probe along the surface of the serration.  In these cases, differential probes have 

been designed according to the surface profile.  Surface access is generally restricted, and only 

accessible to a specifically designed inspection probe.  Visual testing is only possible using 

suitable mirrors, lighting etc. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 8.  Inspection of girth gear and turbines serration using a normal surface probe.  Note the 

localised nature of the eddy current detection region.  The orientation of the probe relative to the 

surface is of utmost importance, for defect characterisation according to signal amplitude. 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Inspection of girth gear teeth and turbine blade serrations using profiled eddy current 

probes.  Note the uniform eddy current (generated using the external magnetic field of the coil) 

distribution along the entire inspection surface.  Tthe probe design limits the effect of lift-off and 

eliminates the orientation requirement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Examples of profiled probes used to inspect turbine blade serrations and generator rotor 

bodies. 

 

 

 

 

 

 

 

 



4.3.3 Irregular surface: Probe movement limited 

 
Surfaces that is too complex to allow for surface probe movement, but provides sufficient access 
for probes to be placed and removed, is inspected using a flat pancake coil moulded into the 
shape of the sample surface.  Detection of defects is based on the comparison between an 
operating / balancing point on a non-defective sample and a defective sample.  Alternative NDT 
methods such as magnetic particle or liquid penetrant testing could be used to verify the 
indication and to identify its position. 

 

 
Figure 11. Flat spiral probe cast into the shape of the inspection surface.  Defect detection is based on 

the deviation of the operating point when comparing a defect sample to a sample having no defect. No 

probe movement is required across the inspection surface. 

 

 

5. Results 
 

Profiled probes are preferred for detection of flaws in complex shapes.  Depth estimation is subject 

to defect orientation relative to the profiled coil.  This is only possible if suitable reference samples 

(or in depth theoretical analysis which is not the objective of the paper) are used to generate 

calibration curves.  Reference samples should have the same profile, contain characterised 

reference defects in the same position / orientation than the expected defects, and be manufactured 

from the same material. 

 

Depth estimation can be performed by small diameter focused probes which reduce the effect of 

surface profile.  However, the probe orientation, and thus the detection sensitivity, should be 

optimised relative to the defect position and orientation.  This can be achieved by casting a normal 

surface probe, having the correct orientation relative to the test surface, into a mould that could fit 

into the inspection profile.   Optimum sensitivity and defect characterisation is thus linked to the 

accuracy with which the position and orientation of the defect can be determined and the extent to 

which the inspection zone could be directed into this area. 

 

 

6. Conclusion 
 

Profiled probes provide fast means of detection limiting the detrimental, effects of lift-off and 

surface geometry.  Defect depth measurement is dependent on the availability of a suitable 

reference sample containing known artificial defects in similar positions and having similar 

orientation than the defects detected.  

 
References 
 
References should be written in the order in which they appear in the text in the following 
format: 

 



1. P Lorrain, Dale R Corson, F Lorrain, ‘Electromagnetic Fields and waves’, F H Freeman 

and Company, 1988 

 

2. V G Wellsby, ‘The theory and design of inductance coils’, John Wiley and Sons Inc, 1960 

 

3. S Zaglmayr, ‘High order finite element methods for electromagnetic field computation’, 
Jul 2006 


