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Abstract

:

The use of eddy currents for detecting flaws in specimens is of considerable significance in the industrial sector. In this study, a new design of a rotating uniform eddy current (UEC) probe, termed the rotating butterfly probe, is presented. The probe consists of two pairs of excitation coils arranged perpendicular to each other, positioned in two layers, and in a detection coil. The excitation and detection coils were installed the pancake orientation, which provides larger induction and enhances the sensitivity of flaws detection. In addition, to generate a rotating UEC distribution with same amplitude in all directions, the number of turns between first and second layers of the excitation coils and the amplitude of excitation current were arranged. Finite element simulations were conducted to confirm that rotating UEC distribution has the same amplitude in all directions. The experiment with the rotating butterfly probe was then conducted. In the experiment, the measured results with the probe was indicated the self-differential and self-nulling properties. Moreover, the probe was successful in detecting flaws in all directions on an aluminum plate. This attribute can be used for the effective inspection of test pieces.
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1. Introduction


Eddy current testing using electromagnetic phenomena is a very useful method for detecting flaws such as cracks on the surface of a test piece, and is widely used in the industry [1,2,3,4,5]. Eddy current probes have been used to enhance the signal/noise (S/N) ratio [6].



Two approaches are employed for the development of eddy current probes. The first involves the increase in the intensity of the generated eddy current by modifying the position and shape of the excitation coils. The second is to improve the electromotive force of the detection coil by modifying its position and shape; this improvement in the electromotive force is a function of the interaction zone, the nature of self-differential, and self-nulling [7,8,9,10].



To achieve a high S/N ratio from the signal, a uniform eddy current (UEC) probe is used [11,12]. A UEC probe is a specially designed probe such that the configuration of the excitation coil provides UEC distribution, and the detection coils are characterized by self-differential and self-nulling features [4].



A Hoshi probe, as a fundamental UEC probe, was invented by Hoshikawa. It consists of a large tangential rectangular excitation coil and a small pancake circular detection coil whose position is in the backside surface of the middle of the excitation coil. A Hoshi probe was designed to detect flaws such as cracks on the weld zone having uneven surface a nonmagnetic material [11,13]. By improving the detectability of the flaw based on further studies by Hoshikawa, a cross probe and plus probe of the UEC probe were invented. The cross probe consists of a large tangential rectangular excitation coil and a large tangential rectangular detection coil, while the plus probe consists of a large tangential rectangular excitation coil and two tangential rectangular detection coils [14,15,16]. Another type, a developed tangential eddy current array probe, can provide a clear measurement signal of surface flaws despite changes in lift-off and permeability [17].



As one of the UEC probe types, UEC probe with a giant magnetoresistance (GMR) detector (that is, in conjunction with a magnetic sensor) was studied. The probe consists of one tangential rectangular excitation coil and a GMR detector. The probe can work at frequencies below 1 kHz, and thereby, can detect deeper flaws from the surface of the test piece [18,19,20]. A similar type, using a tunnel magnetoresistance sensor, with a rotating UEC orientation, was able to detect flaws in carbon fiber reinforced polymers with variation in orientation and length of the flaws [21].



The recent probe design that uses the UEC principle is a differential planar eddy current probe, was called the IOnic probe. The probe consists of one tangential rectangular excitation coil and two pancake semicircular planar coils as the detector, and is capable of detecting fine flaws. However, the production of the probe requires high precision as the symmetrical planar spiral detectors must be identical on both sides [22,23,24].



In the UEC probe, the excitation coils are tangentially oriented to generate UEC distribution. However, this orientation provides a weak induction on the test piece, resulting in low amplitude of UEC as well. Recently, a new UEC probe consisting of a pair of rectangular excitation coils and a pick-up coil that are pancake-oriented was developed by our research group and was called a one-directional butterfly probe by the authors [24,25]. This probe has a large electromagnetic field induction on the test piece, and thereby has the advantage of a large S/N ratio. However, the butterfly probe uses a unidirectional UEC, and it has the disadvantage of not being able to detect a flaw whose direction is parallel to the flow of UEC.



Therefore, to overcome this disadvantage, the one-directional butterfly probe was improved. In this study, a UEC probe consisting of two pairs of rectangular pancake excitation coils arranged in two layers and a circular pancake detection coil has been proposed. The configuration of the probe was designed so as to generate a rotating UEC that is able to detect cracks in all directions. This was called the rotating butterfly probe by authors. The UEC distribution by a rotating butterfly probe was analyzed via finite element simulation. Furthermore, experiments were carried out to examine the detectability of flaws in all directions on the surface of an aluminum plate.




2. Materials and Methods


2.1. Rotating Butterfly Probe Design


A one-direction butterfly probe proposed in a previous study [21] was modified into a rotating butterfly probe.



The structure of the rotating butterfly probe is shown in Figure 1. It consists of two pairs of rectangular excitation coils arranged in two layers whose longitudinal axes are perpendicular to each other. A circular detection coil is present at the bottom middle of the probe.



The number of turns of each excitation coil of pair #1 of excitation coils was 500, the total number of turns being 1000. The number of turns of each excitation coil of pair #2 of excitation coils was 1000; thus, the total number of turns was 2000. The purpose of a larger number of turns of coils for pair #2 was to induce the same induction strength to the test pieces as pair #1, considering that the former has a larger lift-off value (11.5 mm). The number of turns of the detection coil was 330 turns.



Figure 2 shows the rotating UEC distribution when using the rotating butterfly probe. Since the two pairs of the excitation coils were orthogonally installed, it is assumed that UEC1 generated from pair #1 of the excitation coils flows in y direction, while UEC2 generated from pair #2 of the excitation coils flows in x direction. UEC1 and UEC2 are, respectively, the UECs that are generated by pair #1 and #2 of excitation coils, using two excitation currents for which the phase difference is 90°. The rotating UEC is the resultant UEC (RUEC) of the UECs generated by pair #1 and pair #2 of the excitation coils, as given by the following equations:


  U E  C 1  = A   s i n       2 π t  T     



(1)






  U E  C 2  = A   s i n       2 π t  T    +  π 2   



(2)






  R U E C =       U E  C 1     2  +     U E  C 2     2     



(3)






   φ R  =   tan   − 1       U E  C 1    U E  C 2       



(4)




where T is the period of the excitation current, A is the amplitude of the UECs, and φR is the RUEC direction on the surface of the test piece. When two excitation currents are flowing in the same period, RUEC is rotated in all directions with constant amplitude.



The principles of the electromotive force of pancake circular detection coil with flaws and without flaws are the same as that of a one-directional UEC probe. There are two conditions of the detection coil in the butterfly probe: balanced and unbalanced. These conditions are determined by the response of the interaction zone of the detection coil against the UEC, as shown by the red dotted line in Figure 3.



Under the balanced condition, ε1 and ε2 of the electromotive force of the detection coil are of the same amplitude, but opposite in polarities, as shown in Figure 3a. As a result, they cancel each other out. This phenomenon is called self-nulling, where the detection coil output is zero. The output is also zero when the probe is positioned in the middle of a flaw, as shown in Figure 3b; this is because the eddy currents have the same disturbance on both the sides of the detection coil.



The model in which the edge of a flaw is located under the detection coil is shown in Figure 3c. Because the disturbance caused by the flaw caused ε1 and ε2 of the detection coil to have unequal amplitudes, an output is generated. When there is a flaw on the surface of the test piece, the rotating UEC has a position perpendicular to that of the flaw, as shown in Figure 3c,d. In this position, the signal of the detection coil picks up the disturbance due to the flaw, which provides a maximum signal during the measurement. Furthermore, the self-nulling characteristic of the pick-up coil maintains even under the rotating UEC distribution. Finally, to ensure high accuracy of the rotating butterfly probe, the resultant UEC generated from pairs #1 and #2 of the excitation coils should have the same amplitude in all directions. Moreover, the excitation coils and the pick-up coil must have a self-nulling characteristic.




2.2. Numerical Calculations


The distribution of rotating UEC on the surface of the test piece was analyzed with a time-harmonic analysis. In the analysis, with Magnet 7 version 7.4.1 (Mentor Graphics Corporation, Wilsonville, OR, USA), which used the current vector potential (T), the magnetic scalar potential (Ω) method was used. In conducting medium, the basic equations of the method are expressed by using Faraday’s law, Ampere’s law and constitutive relation:


  ∇ × E = −   ∂ B   ∂ t    



(5)






  B = μ H  



(6)






  E =     σ + ε  ∂  ∂ t       − 1   · J  



(7)






  J = ∇ × H  



(8)






  J = σ E + ε   ∂ E   ∂ t    



(9)




where the various quantities involved are defined as




	
E: Electric field intensity (V/m)



	
H: Magnetic field intensity (A/m)



	
B: Magnetic flux density (T)



	
J: Current density (A/m2)



	
t: Time (s)



	
ε: Material permittivity (F/m)



	
σ: Material conductivity (S/m)



	
μ: Magnetic permeability (H/m)








We then have the following equation by using Equations (5) to (8):


  ∇ ×       σ + ε  ∂  ∂ t       − 1   ⋅ ∇ × H   + μ   ∂ H   ∂ t   = 0  



(10)







The software is used together with Equations (9) and (10).



The element of the mesh was modeled as a linear superposition of polynomial basis function for high accuracy. The total number of meshes was 947,420. The analysis was carried out with the meshes of the rotating butterfly probe and the area under the probe as small a size as possible within the performance of a personal computer.



Figure 4 shows the analytical model set up of the rotating butterfly probe. The size and configuration of the rotating UEC probe were the same as those shown in Figure 1. In the analytical model, an aluminum plate test piece was modeled with dimensions of 120 mm in width, 120 mm in length, and 10 mm in thickness. Table 1 shows the electromagnetic parameters used in the analysis.



Pair #1 and #2 of the excitation coils were supplied with a 6.5 mA and 9.5 mA current, respectively, at a frequency of 10 kHz. The phase difference of the excitation currents between pair #1 of excitation coils was 90°.



Figure 5 shows the arrow plot of the UEC distribution on the surface of the test piece with the rotating butterfly probe. When the phases of excitation currents were 0 and 90°, respectively, the UEC from pair #2 of excitation coils was at a maximum, while that from pair #1 was zero. As a result, the resultant UEC was formed in y direction, as shown in Figure 5a. When the phases of excitation currents were 45°and 135°, respectively, the UEC from pair #1 and #2 of the excitation coils was of the same amplitude. Thus, the resultant UEC was formed at 135° as shown in Figure 5b. When the phases of excitation currents were 90° and 135°, respectively, the UEC from pair #1 of excitation coils was at a maximum, while that from pair #2 was zero. Therefore, the resultant UEC was formed in y direction, as shown in Figure 5c.



Similarly, as shown in Figure 5a–h, the distribution of UEC with the rotating butterfly probe was in a counterclockwise direction. The intensity of the rotating UEC in the area under the middle of the probe was almost the same although the intensity of the UEC at 90°and 270° was a little lower.




2.3. Experimental Setup


The test piece used for the study is shown in Figure 6, with dimensions of 315 mm in width, 315 mm in length, and 10 mm in thickness. Four flaws of different lengths and depths on the surface of the test piece were made; the specific dimensions are given in Table 2. The specifications of the coils are summarized in Table 3.



Figure 7 represents the experimental set-up using the rotating butterfly probe. Two excitation currents of sine wave with 10 kHz were generated using a synthesizer. Two excitation currents, with a phase difference of 90°, were then amplified to 6.5 mA and 9.5 mA for pair #1 and #2 of the excitation coils, respectively, using high speed bipolar amplifiers. The signal of the detection coil was analyzed via a two-phase lock in the amplifier to obtain the amplitude and phase of the signal. The acquired data were stored using a digital oscilloscope having a frequency of 4 Hz.



The rotating butterfly probe was moved by a positioning robot to scan the surface of the test piece. The robot’s speed was set to 10 mm/s and the scanning interval was 2.5 mm for both the x and y directions. The distance between the probe and the surface of the test piece was approximately 1.2 mm.





3. Experimental Results


Figure 8 shows the scanning direction of the rotating butterfly probe on the test piece. There are four patterns of scanning, as shown in Figure 8a,b. Scanning #1 was for the rotating butterfly probe moving along the y axis (blue line); it was repeated by shifting it in the x axis direction (red line). In scanning #2, the rotating butterfly probe moved along the x axis (red line), and then was shifted in the y axis direction (blue line).



In scanning #3 and #4, the position of the test piece was rotated by 90° from its position during scanning #1 and #2. Scanning #3 involved the moving of the rotating butterfly probe along the y axis (blue line), followed by shifting in the x axis direction (red line). In scanning #4, the probe moved along the x axis (red line), and then shifted in the y axis direction (blue line). In scanning #1 and #2, the flaws were parallel to the x axis, and the axis of pair #2 of the excitation coils was perpendicular to the flaw lengths. In scanning #3 and #4, the flaws were parallel to the y axis, and the axis of pair #1 of the excitation coils was perpendicular to the flaw lengths. These scanning paths allow further discussion regarding the orientation of the flaws and the scanning paths.



The measurement results from scanning #1 to scanning #4 are shown in Figure 9. In general, the measurement results clearly distinguish the signals from flaws, which is indicated by the presence of two peaks of amplitudes for each flaw. However, there were significant differences in the amplitude and peak patterns of the amplitude between the results of scanning #1 and #2 compared with the results of scanning #3 and #4. The repeatability of measured results with the rotating butterfly probe was investigated. As a result, similar results with a similar amplitude and distribution were obtained.



3.1. Measurement of Flaws in Scanning with Parallel to x Axis


In Figure 9a, the two peaks of the signal on the edge of the flaw were relatively similar. The signals of 40-4 and 20-4 were approximately 18 mV, and the signals of 40-2 and 20-2 were nearly 8 mV. The amplitude of the signal of flaw depth of 4 mm was twice as large as that of the flaw depth of 2 mm. Moreover, the distance between the peaks of the signal of each flaw corresponded to the flaw length itself.



Figure 9b shows the measurement result of scanning # 2. The signals were clear, although the two peaks of the signal from each flaw were not the same. The amplitude of peak at one end of a flaw, which was first scanned by the probe, was larger than that at another end of the flaw that was scanned subsequently.




3.2. Measurement of Flaws in Scanning with Parallel to y Axis


The measurement results of scanning #3 are shown in Figure 9c. All detection signals differed from the other measurement results, signifying that the signal did not have two peaks. However, the amplitude of the peak of the signal size was relatively similar to that in scanning #4.



Figure 9d shows the measurement result of scanning #4. Three flaws, 40-4, 20-4, and 20-2, were clearly detected with two signal peaks. The amplitude of the peaks of flaws 40-4 and 20-4 were approximately 11 mV, while the amplitude of the peaks of flaws 20-2 measure approximately 5.5 mV. However, the amplitude of the larger peak for the 40-2 flaw was approximately 5.5 mV, while the amplitude of another peak was almost half (approximately 3 mV).





4. Discussion


Based on the measurement results, two issues from experimental findings were analyzed. The first issue was that the peak amplitude of scanning #1 and #2 was approximately 1.5 times higher than those of scanning #3 and #4. This was caused by the influence of induction strength that dominates from pair #1 and #2 of excitation coils in the measurement. By considering the structure of the butterfly probe and the mounting condition of the probe to the positioning robot, the predominant factor affecting the amplitude of the peak of the signal was whether the axis of the excitation coils was perpendicular to the flaw length or not. In scanning #1 and #2, the axis of pair #2 of the excitation coils was perpendicular to the flaw length, while, in scanning #3 and #4, the axis of pair #1 of the excitation coils was perpendicular. Moreover, the number of turns of pair #2 of the excitation coils was twice than that of pair #1. In addition, the excitation current was also 1.5 times higher for pair #2 than that for pair #1. These differences between pair #1 and pair #2 of the excitation coils were intended to balance the strength of the induction to generate the rotating UEC with the same amplitude in all directions by considering the different lift off values, which were 11.5 mm for pair #2 and 4.2 mm for pair #1 of the excitation coils. However, the difference was insufficient to generate the rotating UEC with same amplitude in all directions. The induction of pair #2 of the excitation coil was larger than that of pair #1 of the excitation coils, so that the amplitude of the peak of the signal dominated by pair #2 was larger than that dominated by pair #1 of the excitation coils.



The second issue was that the amplitude of two peaks of the detection signal on the edge of each flaw were not relatively similar. This issue was evident from the results of scanning #2 and scanning #3. In these cases, the rotating probe moved toward the edge of the flaw and parallel to the flaw length; the UEC was of relatively high density, as it was compressed owing to the flaw, so that the signal of the electromotive force generated from the detection coil increased (Figure 10a). As the rotating probe moved away from the edge of the flaw, UEC at the area was relatively uncompressed, and the signal of the electromotive force generated from the detection coil decreased (Figure 10b). Meanwhile, in scanning #1 and #4, as shown Figure 10c, the rotating butterfly probe was moving toward the edge of the flaw and perpendicular to the flaw length. In these cases, UEC distributions on the edge of the flaw were almost same on both the edges of the flaw; as a result, the same amplitudes of the peaks of the signals were observed.



As described above, the amplitude of the two peaks of the detection signal on the edge of each flaw were not relatively the same. Moreover, in the measurement results of scanning #3, one peak of the detection signal on the edge of each flaw disappeared because pair #1 of the excitation coils, whose induction was weak, was dominant in generating the signal when the rotating butterfly probe was moving away to the edge of flaw parallel to the flaw length.



Finally, an essential requirement for improving the rotating butterfly probe is to determine the ratio of the number of turns between the pair of excitation coils, the excitation currents for each pair of the excitation coils, and the structure between the excitation coils to generate the rotating UEC with the same amplitude in all directions. Determining the position to meet the right balance between the excitation and detection coils to ensure self-nulling characteristic for a high S/N ratio is another aspect that merits further investigation.




5. Conclusions


In the present study, a rotating butterfly probe with two pairs of pancake-oriented excitation coils was proposed. An analysis with a finite element simulation and experiments with a rotating butterfly probe were carried out. The obtained findings of the study were as follows.



	
The rotating butterfly probe was successfully generated with the rotating UEC distribution, having almost the same amplitude in all directions.



	
The probe successfully indicated the self-differential and self-nulling characteristics.



	
The probe revealed the detection signal as having two distinct signal peaks as reliable information regarding flaw length and flaw depth.



	
The probe successfully detected flaws in all directions although the detectability of the probe, which was a function of the scanning direction.
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Figure 1. The structure of the coils in a rotating butterfly probe, all dimensions in mm, (a) top view (b) section view of A-A’. 
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Figure 2. Uniform eddy current (UEC) distribution with the rotating butterfly probe (a) t = 0, (b) t = π/4, (c) t = π/2, and (d) t = 3π/4. 
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Figure 3. The resultant UEC (RUEC) distribution patterns of the rotating butterfly probe based on the excitation signal cycle. (a) RUEC at 0 position, (b) RUEC at π/2 position, (c) RUEC at π/4 position, and (d) RUEC on 3π/4 position. 
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Figure 4. The analytical model set up of the rotating butterfly probe. 
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Figure 5. Arrow plot of the UEC distribution on the surface of the test piece with the rotating butterfly probe. (a) t = 0, (b) t = π/4, (c) t = π/2, (d) t = 3π/4, (e) t = π, (f) t = 5π/4, (g) t = 3π/2, and (h) t = 7π/4. 
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Figure 6. Specifications of test piece (units in mm). 
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Figure 7. Experimental set-up using the rotating butterfly probe. 
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Figure 8. Scanning direction of the rotating butterfly probe. (a) The flaws are parallel to the x axis. The axis of pair #2 of the excitation coils is perpendicular to the flaw lengths. (b) The flaws are parallel to the y axis. The axis of pair #1 of the excitation coils was perpendicular to the flaw lengths. 
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Figure 9. Measurement results (a) scanning #1, (b) scanning #2, (c) scanning #3, and (d) scanning #4. 
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Figure 10. UEC distributions due to the movement of the rotating butterfly probe (a) probe moving towards the flaw, (b) probe moving away from the flaw, and (c) probe moving toward the flaw perpendicular to the flaw length. 
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Table 1. Electromagnetic parameters used in analysis.






Table 1. Electromagnetic parameters used in analysis.





	Parameters
	Copper Wire of Coil
	Aluminum Test Piece





	Electrical conductivity, σ
	57.7 MS/m
	35 MS/m



	Relative permeability, μ
	1
	1
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Table 2. Size of flaws on test piece surface.






Table 2. Size of flaws on test piece surface.





	
Symbol of Flaw

	
Width (mm)

	
Length (mm)

	
Depth (mm)






	
20–2

	
0.5

	
20

	
2




	
20–4

	
4




	
40–2

	
40

	
2




	
40–4

	
4
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Table 3. Specifications of the rotating butterfly probe of 10 kHz.






Table 3. Specifications of the rotating butterfly probe of 10 kHz.





	
Component

	
Specification






	
Rotating butterfly probe

	
Pair #1 excitation coils

	
Wire diameter

	
0.2 mm




	
Turns

	
2 × 500




	
Resistance

	
127 Ω




	
Inductance

	
21.8 mH




	
Impedance

	
1.37 kΩ




	
Pair #2 excitation coils

	
Wire diameter

	
0.2 mm




	
Turns

	
2 × 1000




	
Resistance

	
240 Ω




	
Inductance

	
87.8 mH




	
Impedance

	
5.51 kΩ




	
Detection coil

	
Wire diameter

	
0.2 mm




	
Turns

	
330




	
Resistance

	
16.2 Ω




	
Inductance

	
1.42 mH




	
Impedance

	
91.0 Ω
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