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Abstract 

The estimation of eddy current (EC) coil impedance with high sensitivity is very important in many inspections 

especially when elevated operational frequencies and coils with low inductance are applied. For proper 

inspection results interpretation components of the coil impedance must be evaluated. In this paper new method 

for small impedance variations estimation based on phase measurement method is proposed. This technique is of 

particular important for processing the signal response of single coil (parametric) EC probe. It is possible to 

considerably reduce the effect of additive noise and amplitude variation by clipping the sine waveforms before 

measuring the phase shift. This shows a promise of enhanced sensitivity to small changes in real and imaginary 

components of the probe coil impedance. The next advantage of the phase method is the relaxed requirement for 

the Q factor of the resonant circuit, which includes the probe coil.  

 

Keywords: Eddy current (EC), EC coil, elevated operational frequency, impedance variations, phase response, 

frequency manipulation,  
 

1.  Introduction 
 

There are NDT problems when structural changes in thin surface layer with a thickness less 

than 0.1mm are needed to be evaluated [1-4]. To accomplish this task by eddy current (EC) 

methods the elevated operational frequencies are needed to be applied due to the skin effect.  

For example, to concentrate eddy currents in 100 microns depth surface layer in a titanium 

alloy workpiece with an electrical conductivity about 1 MSm/m it is necessary to use elevated 

frequencies [1]. In this case the air core EC coils of very small size (less than 1mm in 

diameter) with just few turns should be applied. The inductive part of impedance of such coil 

is very low even at these high operational frequencies. Therefore the estimation of low 

variations of the impedance of such probes is quite complicated.  

One of such particular problems is the detection of gas-filled (alpha) surface layers (cases) in 

titanium alloys by EC method [1,4]. Even small amount of air during heat treatment led to 

structural modification of titanium alloy in such surface layers. Thereby the material in 

surface gas-filled layer have increased amount of alpha structural component in comparison 

with the base material of workpiece. Such layers are more brittle and are characterized with 

diminished crack origination and growth resistance in comparison with titanium alloys before 

gas-filling modification. Eddy current method for such layers evaluation is based on their 

different conductivity. But gas-filled layers in titanium alloys are very thin (10 - 200 

microns), so the elevated operational frequencies (more than 100 MHz) are needed to be 

applied to receive good sensitivity. The method described in [1,3] uses the high-frequency 

double circuit self-oscillator with the sensing EC coil included in its working circuit. The 

device operation is based on detecting of oscillation failure when the probe is placed on 

surface with gas-filled (alpha) surface layer. Operational frequencies 100, 200 and 400 MHz 

were applied for evaluation of titanium alloys of different conductivity. In created instrument 

low inductance air-cored EC coils with only 1.5; 2.5 and 3.5 turns and only 0.5 mm in 

diameter were applied. To obtain so high operational frequencies the self-oscillator was 

situated very close to EC probe coil directly in EC probe case. 
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The proposed method was also successfully applied for detection of wear of aluminized layers 

in the blades made of heat-resistant alloys and for detection of grinding burns in ferrous steel 

elements. The possibility to create the instrument for conductivity measurement of titanium 

alloys in thin enough surface layers (20-100 µ m) also was shown [1,3].  

In such applications one can expect low Q  factor of the resonant circuit containing the 

sensing EC coil, which inductance is in the range of 1-10nH, and the impedance of its 

terminals makes a significant contribution. Such conditions can to complicate the design of 

EC inspection instruments with self – oscillators and reduce the inspection sensitivity. 

In this paper new method for small impedance variations of EC coil detection based on phase 

measurements is proposed [5].   

 

2.  New phase method for impedance variations estimation  

 
Proposed technique is of particular importance for processing the signal response of single 

coil (parametric) EC probe. In proposed method the EC probe coil with inductance L is 

included to a 2
nd

 order circuit (fig. 1), which is characterized by resonance frequency f0 and 

the Q factor depending on the values of the circuit components [6].  

 

 

 

Figure 1. Example of a 2
nd

 order circuit (a low pass filter) with EC coil L. 

 

Proposed method is based on the dependence of the phase response slope of the measuring 

circuit on the Q  factor. The Q  factor itself is a function of the EC coil impedance influenced 

by workpiece under inspection [6]. Phase responses of 2
nd

 order circuit for two different Q  

factors are presented in fig. 2. 
 

 
 

Figure 2. Phase response of the 2
nd

 order circuit (low – pass filter) for high (1) and low (2) Q -factors. 

 



Impedance components can be derived from the phase shifts measured at two frequencies near 

the 0f  (fig. 2). The slope of the approximately linear part of the phase response )( fϕ  

represents the Q  factor, while the point at 2πϕ =  corresponds to frequency 0f . The 

oscillator providing the excitation of the EC circuit should allow the frequency switching 

between two points, 1f  and 2f  situated on the linear part of this curve. It is easy to 

accomplish now by using a direct digital synthesizer IC. The output of the phase detector 

represents the response of the EC probe coil impedance on the manipulation of the excitation 

frequency between 1f  and 2f . It is a rectangle waveform with some asymmetry. Its peak to 

peak amplitude represents the slope of the phase response, thus providing the information on 

the Q  factor, while the asymmetry depends on the position of the 2πϕ =  point 

corresponding to 0f  frequency position in respect to 1f  and 2f . This asymmetry will be zero 

if the 0f  falls precisely between them. When the probe is installed onto a reference metal 

surface without defects (or without structural changes needed to be detected), one can record 

the background output of the phase detector, which will be used as a baseline for recognition 

of the anomalies or defects in the surface layer of the workpiece under inspection. Fig. 2 

shows two phase responses (curves 1 and 2) with phase deviations 1ϕ∆  and 2ϕ∆ , 

respectively. The surface defects, particularly the gas – filled areas are expected to have 

reduced electric conductivity. This will result in some reduction of the Q  factor, what will be 

represented by reduced slope of the phase response (see curve 2 and phase deviation 

2ϕ∆ against curve 1 and 1ϕ∆  in fig.2).  

Generalized block diagram of an EC inspection instrument based on phase measurements is 

shown in fig. 3. 
 

 
 

 

Figure 3. Block diagram of the EC device using phase method. 1 – oscillator, 

2 – second order circuit, 3 – EC probe coil, 4 – object under inspection,  

5 – phase detector or phase to code converter. 

 

It is known [7], that the phase response of reactive circuits is much more sensitive to the small 

changes in the impedances of their components than the amplitude one. For instance, it is 

shown in [8], that the phase shift of 1 degree corresponds to amplitude response variation of 

just 0.2 dB, for a 2
nd

 order network, and this result is independent of the Q  factor. The 

measurement of phase shift even with much higher accuracy, for example with resolution of 

0.1 or even 0.01 degree can be performed by considerably simpler and straightforward 

methods and circuits, unlike the high precision amplitude measurements. This shows a 

promise of enhanced sensitivity to small changes in real and imaginary components of the 

probe coil impedance. The measurement of the phase shift for detecting the small variations in 

a reactance was already used in [9]. Indeed, in that case the measurement of the Q  factor and 

independent determination of both reactive and active components was not considered.  



The same phase detector or phase to code converter (5, see fig. 3) provides both data points 

)( 1fϕ and )( 2fϕ , therefore the relative error components are mutually compensated. This 

signal can be evaluated by the dedicated processor (not shown in fig. 3) and the resulting 

impedance components can be derived from the phase shift values. These components can be 

plotted on the complex plane or further processed, depending on the task. Indeed, the 

sufficient information for detection of structural changes (for example, gas-filled surface 

layers) may be already obtained from direct observation of the phase detector output. A 

dedicated design of the EC probe may simplify the task of the output signal evaluation by 

making mostly one of two parameters (for instance, the Q  factor) of the 2
nd

 order circuit, 

sensitive to the state of the workpiece surface layer. In contrary to the methods using the 

phase response of a transformer type EC probe, which is a 1
st
 order circuit, the Q  factor is 

much more sensitive to small variations of the EC coil impedance, while the probe itself is 

remarkably simple. Other types of 2
nd

 order circuits, for instance, high – pass or selective ones 

can be used too for proposed method implementation. The basic principle of the output signal 

interpretation will be the same. One considers that the excitation oscillator is tuned to get the 

resonant frequency 0f  somewhere between or near 1f  and 2f . The difference 12 fff −=∆  is 

also adjusted manually to stay within the linear range of the phase detector. When the EC 

probe moves along the workpiece under test, the impedance changes of the probe coil result in 

the variations of the detector output. The latter is used to evaluate the state of the surface layer 

as it was described above, with a possibility for simplified calibration of the phase detector 

output (for example, in units of specific electric conductivity of surface layer). Such 

calibration can be performed with the series of reference workpieces. The precise positioning 

of frequencies 1f  and 2f  in respect to 0f  is not necessary as soon as the phase detector 

operates within the linear range. Since the phase detector is calibrated by reference phase 

meter and linear limits of its response are established, the instrument can operate with 

different EC probes with only adjustment of operating frequencies  1f  and 2f . Such 

procedure of measurement may fit very well the applications with low Q  probe coils, when 

the difference between 1f  and 2f  is considerably large in respect to 0f , so the instrument 

may need no retuning before the inspection of different workpieces.    

It is possible to reduce the effect of additive noise and amplitude variation by clipping the sine 

waveforms before measuring the phase shift, if the signal to noise ratio is sufficiently high 

before the detector. It is the same feature, which is used in FM demodulation. Actually the 

combination of a circuit with considerable phase shift variation near the frequency of interest 

and phase detector is a frequency detector, and the excitation provided by the generator can be 

considered a FM signal with high modulation index, or the frequency of manipulation 

between frequencies 1f  and 2f  is considerably lower than difference 12 fff −=∆  [6].   

 

3. Conclusions 
 

1) New method for measurement of impedance variations of small inductance EC coils 

possible to be applied in EC instrument based on elevated operational frequency excitation.  

2) The proposed method can be perspective to enhance the ability for thin surface layers 

inspection by EC coils with small number of turns (and low Q factor respectively), 

particularly when elevated operational frequencies are applied.  

3) The future researches are needed to simulate the response of the instrument and its 

calibration with series of test samples. Also the more complicated instrument may be 

developed for lift-off suppression and to avoid the manual adjustment of instrument. 

 



References 

 

1. V Uchanin, 'Elevated Frequencies in Eddy Currents - New Possibilities of Thin 

 Surface Layer Evaluation', 15-th World Conference on Nondestructive Testing, Rome,  

 www.ndt.net, 2000.  

2.   V Uchanin, 'Eddy current Estimation of Structure Changes in Thin Surface Layers on 

 Nonferrous Materials', Advances in Fracture Resistance in Materials, Vol. 4, New 

 Delfi: Tata McGraw-Hill Publ. Comp. Limited, pp. 659-663, 1996. 

3.   V Uchanin, N Kalinin and Ju Grabskij, 'Method of eddy current inspection of thin 

 surface layers', Int. Cl. G01N27/90, USSR; Filed 15.07.91 (in Russian).  

4. V Uchanin, N Kalinin and Ju Grabskij, 'Eddy current high frequency device for 

 detection of gas-filled layers in titanium alloys', Technical diagnostics and 

 nondestructive testing, № 4, pp. 68-71, 1989 (in Russian). 

5. V Uchanin, D Afanassyev, 'Method for eddy current inspection of thin surface 

 layers of electroconductive materials without destruction', Patent application of 

 Ukraine № a201406687, 2014 (in Ukrainian). 

6. A Agarwal, J Lang, 'Foundations of analog and digital electronic circuits', Morgan 

 Kaufmann, ISBN 1-55860-735-8, 2005.  

7. George S Moschytz and P Horn, 'Active Filter Design Handbook: For Use with 

 Programmable Pocket Calculators and Microcomputers', John Wiley & Sons Ltd, 

 ISBN-13: 978-0471278504, 324 p., 1981. 

8.     G Moschytz, 'Linear Integrated Networks: Design' , Van Nostrand Reinhold 

 Company, 694 p., 1975.  

9. D Afanassyev and A Vasilyev, 'Method for small inductance changes in low 

 current excitation and  instrument for realization', Ukrainian Patent № 100267, Publ.  

 10.12.2012, Bulletin № 23, 2012 (in Ukrainian). 

 


