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Introduction

Eddy Current Testing (ECT) is an efficient method of detecting and evaluating cracks in structures, and thus provides essential information on flaws for appropriate maintenance activities. According to its detection principle [START_REF] García-Martín | Non-destructive techniques based on eddy current testing[END_REF], ECT is performed with the assistance of reliable devices, among which the probe is of particular importance.

Different types of probe have been developed to adapt ECT to various inspection applications. Probes can be classified into two types in terms of their configuration: selfinduced and transmitter/receiver (TR) probe. A self-induced probe uses only one coil for both excitation and detection. The features of the integrated structure limit the sensitivity of the self-induced probe [START_REF] Rosado | A differential planar eddy currents probe: Fundamentals, modeling and experimental evaluation[END_REF]. A TR probe uses at least two coils for excitation and detection. In addition, the configuration of the TR probe can be customized to realize different spatial arrangements for various inspection tasks. Several common designs have been proposed; e.g., the uniform probe, plus point probe, and TR probe having separated coils whose axes are perpendicular to the specimen surface. The uniform probe has a large rectangular exciting coil and a small circular pickup coil beneath the center of the exciting coil. Uniform eddy current can be generated on the sample surface in the same direction as the winding of the exciting coil [START_REF] Repelianto | The improvement of flaw detection by the configuration of uniform eddy current probes[END_REF]. However, because the exciting coil is tangentially oriented, its signal is relatively weak [START_REF] Repelianto | A uniform eddy current probe with a double-excitation coil for flaw detection on aluminium plates[END_REF]. The plus point probe comprises an exciting coil and pickup coil that are rectangular and perpendicular to each other. This probe has reduced detection sensitivity to off-angle cracks at 45°, 135°, 225°, and 315° [START_REF] Lamtenzan | Detection and Sizing of Cracks in Structural Steel Using the Eddy Current Method[END_REF].

Therefore, one must design a scanning protocol where the probe is rotated incrementally to ensure suitable sensitivity for detecting cracks of unknown orientation. By contrast, the TR probe whose axes are perpendicular to the specimen surface is considered a promising option owing to its ability to detect cracks of any orientation. The geometrical position of the coils is an influencing factor of the performance and functionality of the probe. A previous study [START_REF] Daura | Wireless Power Transfer Based Non-Destructive Evaluation of Cracks in Aluminum Material[END_REF] introduced a probe called a wireless power transfer system, which has rectangular Tx and Rx coils. However, such a probe performs better in detecting wide cracks and has lower sensitivity to narrow cracks. A TR pancake probe with separated axes was thus proposed. This probe can be made compact using cylindrical coils. Additionally, multiple pancake probes can be fabricated to compose an array with a flexible arrangement of coils and different operation modes [START_REF] Huang | Design of an eddy-current array probe for crack sizing in steam generator tubes[END_REF][START_REF] Yusa | An arrayed uniform eddy current probe design for crack monitoring and sizing of surface breaking cracks with the aid of a computational inversion technique[END_REF][START_REF] Hughes | Near electrical resonance signal enhancement (NERSE) in eddy-current crack detection[END_REF]. Furthermore, cracks can be quantitatively evaluated using the arrayed probe [START_REF] Nagaya | Identification of multiple cracks from eddy-current testing signals with noise sources by image processing and inverse analysis[END_REF].

Owing to coupling of the two coils of the TR pancake probe, the signal amplitude is affected by the relative angle between the crack orientation and the centerline of the probe.

Nishimizu [START_REF] Nishimizu | Non-destructive examination using a flexible multi-coil eddy current probe for weld surfaces of core internal components of nuclear power plants[END_REF][START_REF] Endo | Signal evaluation system of flexible array ECT probes for inspecting complexly shaped surfaces[END_REF] detected cracks in a non-ferromagnetic material using an arrayed multi-coil probe with two scanning angles and demonstrated that the sensitivity was affected by the two angles. Mohseni [START_REF] Mohseni | A Study of the Automated Eddy Current Detection of Cracks in Steel Plates[END_REF] investigated the scanning angle for a ferromagnetic material with a split D-probe and found that the signal amplitude varied with the scanning angle. The changing trend for ferromagnetic material is opposite that for non-ferromagnetic material. However, the mechanism underlying opposite change was not clarified.

The present study investigates the directivity of the TR pancake probe for detecting cracks on ferromagnetic and non-ferromagnetic materials and clarifies the measurement mechanism of the probe for ferromagnetic material through experiments and numerical simulations. To this end, slits were fabricated on both ferromagnetic and nonferromagnetic materials to simulate cracks, and ECT using the TR pancake probe was carried out for different scanning angles. Numerical simulation based on the finite element method (FEM) [START_REF] Biro | On the use of the magnetic vector potential in the finite-element analysis of three-dimensional eddy currents[END_REF] was performed to verify the reliability of the experimental results. The relationships between the scanning angle and the corresponding signal amplitude for ferromagnetic and non-ferromagnetic materials were compared and a difference observed. Here, the presence of magnetic flux leakage in a ferromagnetic material is considered the main cause of the difference. In demonstrating that this is indeed the case, a numerical simulation was performed to monitor the distribution of the magnetic flux density and thus analyze the excitation source of the magnetic field [START_REF] Fi | FEM modelling techniques of magnetic flux leakage-type NDT for ferromagnetic plate inspections[END_REF].

Finally, the existence of magnetic flux leakage was verified and the mechanism underlying the directivity of the TR pancake probe was clarified.

Materials and Methods

Specimens and the TR pancake Probe

Carbon steel JIS G3106-SM490 (i.e., rolled steel for a welded structure, hereafter abbreviated to SM490) and austenitic stainless steel AISI316 were respectively used in the present study as the ferromagnetic and non-ferromagnetic materials of specimens for ECT. Plates were cut using a band saw to adjust the thickness. For both specimens, the length and width were 200 mm. The thickness for SM490 and AISI316 were 20 mm and surface of each specimen, were introduced adapting Electrical Discharge Machining with the length, width and thickness are being 200, and 0.5, 1.0 mm for AISI316, and 200, 0.3, and 1.0 mm for SM490, respectively. A photograph of the TR pancake probe is shown in Fig. 1 along with the coil dimensions. The two coils are fabricated identically and embedded in a case made of acrylic resin with the separation between the coils, W, being 5.0 mm. Both coils had 400 turns. The scanning conditions of the TR pancake probe were defined using the parameters illustrated in Fig. 2. The x-axis was set perpendicular to the slit, and the y-axis was set parallel to the slit. The origin of the coordinate system was defined as the center point of the square surface. The scanning angle θ relative to the slit was defined as the angle between the centerline of the TR pancake probe and the slit orientation. The x-component, Vx, and y-component, Vy, of the voltage were then recorded by software on a personal computer after processing by an A/D convertor. The probe was fixed on a horizontal turntable to control the angle precisely. The specimen was placed on an x-y stage. The lift-off and the frequency of the exciting signal were set as 0.3 mm and 25 kHz, respectively. The ECT signal was obtained by scanning the specimen from x = -10 to x = 10 mm with a pitch of 0.1 mm. A total of seven measurements were made for SM490 by increasing the angle from 0° to 90° in steps of 15°. The signals for scanning angle from 90° to 360° were derived from the aforementioned measurements on the basic of symmetry. Additionally, a total of 10 measurements were made for AISI316 by changing the angle from 0° to 90°in steps of 10° to present the changing tendency of the signal amplitude smoothly.

Experimental setup

Numerical analysis

The reduced magnetic vector potential method [START_REF] Fukutomi | Identification of crack depths from eddy current testing signal[END_REF][START_REF] Fukutomi | Numerical evaluation of ECT impedance signal due to minute cracks[END_REF], Ar method, based on the edgebased finite element method, was adapted in numerical analysis to verify the experimental results. According to the principle of this method, the whole problem is divided into an air region, conductor region, and boundary section, with the overall calculation region containing the conductor and air regions. Before performing the numerical analysis, the range of every region is designed because each part has different ferromagnetic parameters and governing equations.

In the simulation, models with a slit were constructed for AISI316 and SM490 to match the experimental specimens. To reduce the calculation time, the length, width, and thickness were respectively set as 40, 40, and 5.0 mm; this setting did not affect the accuracy of calculation considering the relative dimensions of the TR pancake probe and slit. The dimensions of the slit were respectively set as 40 mm (length), 0.5 mm (width), and 1.0 mm (depth) for AISI316, and 40 mm (length), 0.3 mm (width), and 1.0 mm (depth) for SM490. Table 1 gives the range of the overall calculation region and conductor region. The scanning path was set from x = -10 mm to x = 10 mm with a pitch of 0.2 mm. The excitation frequency was set as 25 kHz. The conductivity and the relative permeability for different conductors are given in Table 2. The dimensions of the TR pancake probe, number of turns, and lift-off were set the same as those in the experimental setup. 

Results

Calibration of ECT signals

Measurement of austenitic stainless steel AISI316

The maximum amplitude was identified from each measurement to investigate the relationship between the signal amplitude and scanning angle. The relationships between the scanning angle and the maximum amplitudes in experimental results and simulation results are shown on a radar chart (Fig. 5). The circumferential axis represents the scanning angle while the radial axis represents the maximum amplitude. It is seen that the results of the numerical analysis are well consistent with the experimental results. In the range of θ between 0° and 90°, the maximum amplitude is highest when the centerline of the TR pancake probe and the slit are parallel (θ = 0°). The probe therefore provides a strong signal when both the exciting and pickup coils are above the slit. As the angle θ increases, the maximum amplitude monotonically decreases until θ is approximately 40°, and then increases slightly until θ is 90°.

Measurement of carbon steel SM490

Figure 6 presents the relationships between the scanning angle θ and maximum amplitude in experimental and numerical results for carbon steel SM490. It is seen that the maximum amplitude decreases as θ increases from 0° to 30°. However, the amplitude shows monotonical increase when the scanning angle θ varies from 30° to 90°, with the strength of the amplitude reaching a maximum when θ is 90°.

Figure 7 (a) shows Vx and Vy scanned along the x-axis when the scanning angle set as 0°, 30°, 60°, 90° for SM490. When the exciting coil is immediately above the slit (Fig. 7 (b)), the distance L in the x-direction between the pickup coil and slit is proportional to the sine of θ. The symmetry axis of the signal shifts towards the positive x-axis as the angle increases from 0° to 90°, which indicates that the range of signals that can be detected is almost equal to the product of the distance between the two coils (5 mm) and the sine of θ. Furthermore, when the TR pancake probe is oriented perpendicular to the slit opening, the amplitude for SM490 is obviously much higher than that of the weak signal in Fig. 5, which raises the hypothesis that the induced voltage comes from not only eddy current but also another source.

Discussion

A comparison of Fig. 5 and6 shows that changes in the amplitude of the detected signals for austenitic stainless steel AISI316 and carbon steel SM490. Furthermore, according to the operation principle of ECT, the induced voltage declines with increasing distance between the pickup coil and detection target. Experimental results for austenitic stainless steel AISI316 effectively validated this theory overall because the source of the induced voltage was the eddy current induced by the secondary circuit alone. In contrast, the magnitude of the induced voltage had the opposite trend when the scanning angle θ was 90° for SM490.

The ferromagnetic nature of the material should be considered in clarifying the mechanism underlying the above phenomenon. When applying ECT to the nonferromagnetic material AISI316, magnetic flux is only generated by the secondary circuit according to the principle of electromagnetic induction. In contract, for SM490, the magnetic permeability of the slit region is much lower than that of the ferromagnetic material part, and the magnetic resistance increases accordingly in the slit region. As a result, magnetic flux lines are bent, leading to flux leakage above the material surface [START_REF] Mandal | A study of magnetic flux-leakage signals[END_REF], which was detected by the pickup coil simultaneously during ECT. This indicates that the magnetic flux field used in the detection for SM490 is generated by both eddy current due to secondary circuit effects and magnetic flux leakage. To verify the existence of the magnetic flux leakage in ferromagnetic material SM490, the numerical analysis Ar method was applied again to measure the distribution of the magnetic flux density near the slit. Because the signal characteristic can be investigated when the scanning angle is 90° and the application of a 90° scanning angle is highly feasible in real application, this section investigated the distribution of the magnetic flux density above the slit when the TR pancake probe is perpendicular to the slit orientation.

Setup of the numerical analysis

In the numerical analysis, the distance between the separated exciting and pickup coils was again set as 5.0 mm. The frequency of exciting signal was 25 kHz while the liftoff of probe was 0.3 mm following the previous setup. As shown in Fig. 8, the centerline of the TR pancake probe was vertical to the slit. To evaluate the distribution of the magnetic flux density, the TR pancake probe was placed at the position where the maximum amplitude was obtained. When the scanning angle was 90° in the experiments, the maximum amplitude was obtained with the x-position of the exciting coil at 4 mm. Additionally, to reduce the effect of the eddy current, the exciting coil is supposed to be arranged a distance away from the slit. Hence, in the numerical analysis, the x-position of the exciting coil was set at x = 4.0 mm. The picked-up signals were not evaluated in this part. Instead, the magnetic flux density of the layer around z = 0.15 mm (in the air) was recorded from x = -2.0 mm to x= 2.0 mm to observe the distribution of the magnetic flux density above the slit.

The magnetic field induced by the eddy current should be removed to check for the presence of magnetic flux leakage. Therefore, the relative permeability of the sample was set as 1 in numerical analysis and the calculated magnetic flux density was regarded as that generated by eddy current. By subtracting the magnetic flux density when the relative permeability is 1 from that when the relative permeability is 80 which is the relative permeability of SM490 plate used in the experiment, the residual part is supposed to be the density of the leaked magnetic flux. In the case of the z-component of the magnetic flux density (Bz), the signs of both real and imaginary parts change once around the slit region. This reveals that the orientation of the magnetic flux transforms in the z-direction above the slit region. By combining the characteristics of magnetic flux in the x-direction and z-direction, the shape of the magnetic flux lines can be depicted, as a peak forming above the slit. It is therefore verified that there is magnetic flux leaking above the slit. Additionally, referring to the characteristic of the magnetic flux leakage signals in [START_REF] Shi | Theory and application of magnetic flux leakage pipeline detection[END_REF], the existence of magnetic flux leakage is demonstrated in the ferromagnetic material SM490. The signal detected by the pickup coil includes this flux leakage component.

Distribution of the magnetic flux density

In contrast, AISI316 does not have magnetic flux leakage owing to its nonferromagnetic characteristic. Accordingly, the magnetic field is only generated by the eddy current for AISI316, while for SM490, the magnetic field is generated by both eddy current and magnetic flux leakage.

Conclusion

ECT signals affected by the directivity of a TR pancake probe were investigated in experiments and numerical analysis. The mechanism of this influence was clarified via numerical analysis. This study was the first to compare ECT signals between ferromagnetic carbon steel SM490 and non-ferromagnetic stainless steel AISI316. It was shown that the change in the maximum amplitude with scanning angle was appreciably different between the two materials. The amplitude reached a maximum when the scanning angle was 0° for AISI316 and when the scanning angle was 90° for SM490. The magnetic flux density was investigated in numerical analysis to clarify this difference.

The spatial distribution of magnetic flux was constructed on the basis of the results. It was demonstrated that magnetic flux leaked above the slit on ferromagnetic material, and this signal was sensed by the pickup coil. Furthermore, detected signals were different for different spatial positionings of the TR pancake probe and slit afforded by different scanning angles. As a result, there was a directivity characteristic when using the TR pancake probe to apply ECT.

It was found that when performing ECT to detect a slit in a ferromagnetic material, the magnetic flux field was the superposition of the magnetic fields induced by eddy current and magnetic flux leakage. Considering the real application, the identification of the relative angle formed by the TR pancake probe and the crack can be further investigated with the characteristics of the phase plane. Additionally, because magnetic flux leakage is affected by the status of the crack [START_REF] Liu | The axial crack testing model for long distance oil-gas pipeline based on magnetic flux leakage internal inspection method[END_REF][21], the existence of magnetic flux leakage in a ferromagnetic material provides us with new ideas about qualitatively estimating the crack size using the mechanism of the directivity of the TR pancake probe. 
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 3 Figure. 3 illustrates the experimental setup. A sinusoidal signal was generated by a

  After obtaining the ECT signals from austenite stainless steel AISI316 and carbon steel SM490, several calibration steps are needed to facilitate the comparison of signals. The calibration is based on a transformation matrix generated by the calibration steps applied to the signals collected when the scanning angle θ = 0°. According to the position of the coordinate origin, the end point of the original data is rendered as (0, 2) by rotation and augmentation, which gives the transformation matrix. Figure4shows the calibrated signals obtained by experiment and simulation when the scanning angle θ is 0° in the case of SM490. For intuitive comparison, all the signals corresponding to other scanning angles were calibrated using the transformation matrix. Figure4also shows the signals after calibration when θ is 90°. After calibration, the trajectories obtained by experiment and simulation are in good agreement, which supports the correctness of the experiment and the rationality of the calibration. Accordingly, the calibration procedures were applied to signals measured for austenite stainless steel AISI316. Different phase characteristics on the Vx-Vy plane are provided by different scanning angles, and the phase plane can thus be applied in the identification of the scanning angle in a real application.
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	Material	Conductivity (S/m)	Relative permeability
	AISI316	1.35× 10 6	1
	SM490	4.20× 10 6	80