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Abstract. In recent years, aging and deterioration of social infrastructure has 

become a major problem. A non-destructive testing technique for early detection of 

degradation (such as internal corrosion) is required to extend the lifetime of these 

structures. Currently, there are various methods used for inspection. Among these, 

non-destructive testing using magnetic fields is widely used due to advantages such 

as ease of use and high speed. However, magnetic inspection is generally employed 

only for inspection of the surface and subsurface, since it is difficult to inspect 

internal corrosion using this technique. Therefore, we have developed a device for 

detecting thinning of steel plates due to corrosion using multiple extremely-low 

frequencies and a high-sensitivity magnetic sensor. However, it is necessary to 

sweep multiple frequencies to obtain a frequency spectrum, and this is very time-

consuming, especially in extremely low-frequency ranges. In this study, we have 

developed an analysis method based on a multiple-frequency applied magnetic field 

and FFT (fast Fourier transform) analysis of the detection signal. Thus, we have 

successfully reduced the measurement time while maintaining high detection 

accuracy. 

1. Background 

Recently, corrosion defects due to age-related deterioration of social infrastructure have 

become a serious problem. Therefore, non-destructive testing for early detection of these 

defects is required. Among the available methods, non-destructive testing using magnetic 

fields has advantages such as ease of use and high speed, and is therefore widely used 

[1]. However, due to the skin effect, the signal is greatly reduced as the distance from 

the surface increases [2]. Therefore, application of magnetic methods is limited to the 

surface and subsurface, and investigating internal corrosion remains difficult. Therefore, 

application to internal inspection has been studied [3], [4]. 

 We have developed extremely low-frequency eddy current testing (ELECT) which 

enables internal detection by using extremely low-frequency magnetic fields and a high-

sensitivity magnetic sensor. In this study, we use our technique to detect thinning of steel 

plates by corrosion. In addition, as a method of estimating the plate thickness, a spectrum 

analysis of the magnetic field (SAM) using the intensity and phase of the magnetic signal 

detected by sweeping multiple extremely-low frequencies is reported [5]-[7]. However, 

when performing ELECT-SAM, since the frequency is very low, sweeping multiple 
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frequencies is very time-consuming. In the previous report, we have swept a single 

applied magnetic field frequency and detected using a lock-in amplifier [8]. In this study, 

we have improved the measurement system to shorten the measurement time. Since the 

system combines multiple frequency applied magnetic fields and FFT analysis of the 

detection signal, it does not use a lock-in amplifier. Because of this improvement, a 

shortening of measurement time was possible while maintaining high detection accuracy 

equivalent to the previous report. 

2. Methods 

I. Measurement system 

Figure 1 shows a schematic diagram of the measuring system, which consists of an 

oscillator, a current source, a magnetic measurement probe with an excitation coil, a 

cancelation coil, an anisotropic magnetoresistive (AMR) sensor, a sensor circuit, a DAQ 

(data acquisition module), and a PC. The multiple-frequency waveform is generated by 

the oscillator, the current is controlled by the current source, and samples are exposed to 

a multiple-frequency AC magnetic field induced by the excitation coil. The amplitude of 

each frequency in the multiple-frequency AC current was set to the same value, 65 mA. 

The secondary magnetic field, generated by the eddy current in the sample, is detected 

using the high-sensitivity AMR sensor. After the A/D (analog-to-digital) conversion of 

the detected signal with the DAQ, the intensity and phase of the detected signals at each 

frequency undergo FFT analysis. The built-in cancelation coil in the magnetic 

measurement probe is used to reduce exposure of the AMR sensor to the directly-coupled 

excitation magnetic field. The excitation coil and the cancelation coil have 50 turns and 

10 turns, respectively. Samples of 12 mm-thick steel plate were used, with areas of 200 

mm × 200 mm and different corrosion depths. The corroded, or reduced-thickness, area 

was 50 mm × 50 mm in the center of each plate. The thickness reduction is from 10% to 

80%. 

 

 

 

Figure 1. Measurement system 
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II. Spectrum analysis of magnetic field 

 ELECT uses an extremely low-frequency magnetic field to detect the steel plate 

thickness. Therefore, the magnetic field was measured with an AMR sensor with high 

sensitivity. The reported SAM technique was used to estimate the thickness. Figure 2 

shows the concept of the SAM and estimation of plate thickness from analysis of the 

magnetic field. Because of sweeping frequencies we call the change of magnetic vectors 

as the magnetic-field spectrum. The magnetic-field spectrum is represented by the 

detected magnetic vectors of intensity and phase at each frequency. The start point of 

each spectrum is shifted to the origin to correct for the magnetization of the steel plate. 

Since the magnetic spectrum is thickness dependent, the thickness can be evaluated by 

comparing the magnetic field spectra at each measurement point. 

 

 

 

 

Figure 2. Magnetic-field spectrum 

 
 

 

III. Multiple-frequency waveform and FFT analysis 

 Figure 3 shows the time waveform and frequency characteristics of the synthesized 

multiple-frequency waveform used in this study. The synthesized waveform, obtained 

by synthesizing five frequencies (1, 5, 10, 20, and 50 Hz), was used for the applied 

magnetic field. The current provided by the synthesized waveform was set to 65 mA at 

each frequency. To obtain a sufficiently high S/N ratio, the sampling frequency was set 

to 65536 Hz. Additionally, after receiving two cycles of the synthesized waveform from 

the DAQ, one cycle was FFT analyzed from the point where the half cycle phase was 

delayed. By performing this process, we ensure that FFT analysis is performed on a range 

which avoids both ends of the acquired signal and thus further reduce noise. 
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Figure 3. (a) time waveform and (b) frequency of waveform 

 

3. Results 

I. Evaluation of plate thickness 

 Six steel plates, SS400 and 12 mm thick and with different corrosion depths from 

10% to 80% of total thickness were measured. Figure 4 shows the magnetic-field 

spectrum of the steel plates with different corrosion depths. As the corrosion depth 

increases, the spectrum curve shifts counterclockwise. From this measurement, we have 

obtained the spectrum change corresponding to corrosion depth. Therefore, we can 

estimate the thickness change caused by the corrosion. 

 

Figure 4. Magnetic-field spectrum of steel plates with different corrosion depths. 
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II. Imaging 

For two-dimensional imaging of corrosion, an XYZ stage for moving the measurement 

probe was added to the measuring system shown in Fig. 1. Magnetic field were measured 

at several points to create an imaging of corrosion from the surface opposite the corrosion, 

i.e. a backside corrosion measurement was performed. The distance between the sensor 

and the measurement sample was 1 mm, and the 100 mm × 100 mm region in the center 

was measured at 10 mm intervals. To obtain the mapping that shows the corrosion area, 

it is necessary to evaluate the characteristics of the magnetic-field spectrum using one 

parameter. Therefore, after measuring with five frequencies from 1 Hz to 50 Hz, two 

frequencies suitable for thickness estimation were selected, and a differential vector was 

made. The magnetic vector at 1 Hz was subtracted from that at 20 Hz to obtain the 

differential vector. We use the phase parameter of the differential vector to reduce the 

effects of the steel’s magnetization fluctuation. Figure 5 shows the results from the 

backside corrosion samples (steel plates with thickness reduction from 10% to 80%) 

using the differential vector of 20 Hz to 1 Hz. The dotted lines in Fig. 5 correspond to 

the actual position of the backside corrosion. As demonstrated in the figure, we have 

successfully imaged thickness changes due to backside corrosion of more than 20% using 

the phase change of the differential vector. 

 

 

Figure 5. Backside corrosion imaging by subtraction of 20 and 1 Hz phase signals 

 

4. Conclusion 

 For the ELECT-SAM method, we have developed an analysis method using 

multiple-frequency magnetic field exposure and FFT analysis. Using our method, we 

successfully imaged the backside corrosion of steel plate samples by plotting the local 

phase change of the magnetic-field spectrum, while reducing overall measurement time. 
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