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The eddy current magnetic signature (EC-MS) method is a relatively new method used to evaluate the residual stresses of ferromagnetic steels with higher sensitivity than other magnetic techniques. In this study, the effects of mechanical polishing and the ferrite-pearlite structure on the shape of the EC-MS signal were investigated in two experiments to clarify the effect of compressive residual stress on the EC-MS signal shape. In the first experiment, the work-hardened layers of the specimens were removed by electrolytic polishing and the EC-MS signals of the specimens were investigated. The second experiment involved the EC-MS measurements of materials with different pearlite contents, i.e., low-carbon steel with 0.17% and 0.27% carbon and pure iron. Specimens with different residual strains were prepared using a tensile test apparatus and their EC-MS signals were compared. In both experiments, the residual stresses acting on the specimens were measured adopting X-ray diffraction. The results reveal that the nonanisotropic compressive residual stress acting on the specimen surface changed the EC-MS signal in an anti-clockwise manner while the unidirectional compressive residual stress inside the specimen changed the EC-MS signal in a clockwise manner.

Magnetic non-destructive testing methods, such as the magnetic Barkhausen noise method [START_REF] Yelbay | Non-destructive determination of 28 residual stress state in steel weldments by magnetic Barkhausen noise technique[END_REF], harmonic analysis [START_REF] Dobmann | Magnetic tangential field-strength-inspection, a further NDT tool for 3MA[END_REF], the use of a magnetic point probe [START_REF] Cunfu | Evaluation of mechanical properties in medium carbon steel with a point mode electromagnetic sensor[END_REF], eddy current testing (ECT) [START_REF] Cai | A study on influence of plastic deformation on the global conductivity and permeability of carbon steel[END_REF], and the magnetic incremental permeability (MIP) method [START_REF] Dobmann | Industrial application of 3MA-Micromagnetic multiparameter microstructure and stress analysis[END_REF][START_REF] Yashan | Measurements and semi-analytical modelling of incremental permeability using eddy current coil in the presence of magnetic hysteresis[END_REF][START_REF] He | Nondestructive evaluation of plastic damage in a RAFM steel considering the influence of loading history[END_REF], have received attention as means to evaluating the mechanical residual stress and strain of ferromagnetic steels.

The eddy current magnetic signature (EC-MS) method is based on the MIP measurement and has high sensitivity in the lower range of plastic deformation of around several per cent for low-carbon steels [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF]. The MIP is defined as μΔ = ΔB/μ0ΔH, where μ0 is the permeability of free space, ΔB is the incremental magnetic flux density, and ΔH is the incremental magnetic field. In the magnetization process conducted to obtain a major hysteresis loop, a weaker magnetic field is superimposed using a pancake-type eddy current testing (ECT) coil placed on a specimen. The MIP is obtained as the impedance of the ECT coil. Here, the MIP curve is the modulus of coil impedance as a function of the applied magnetic field, but the EC-MS signal is the Lissajous trajectory of the coil impedance on a complex plane. The size, length, and direction of the signature depend on the residual stress of the steel [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF][START_REF] Matsumoto | Investigation of measurement conditions of eddy current magnetic signature method for evaluating plastic deformation in carbon steels[END_REF][START_REF] Matsumoto | Numerical model of the eddy current magnetic signature (EC-MS) non-destructive micro-magnetic technique[END_REF][START_REF] Zhang | Simulation tool for the eddy current magnetic signature (EC-MS) nondestructive method[END_REF].

The correlation between the amount of residual strain applied and EC-MS signal shape has been investigated by measuring specimens deformed in a 5 tensile test [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF][START_REF] Matsumoto | Investigation of measurement conditions of eddy current magnetic signature method for evaluating plastic deformation in carbon steels[END_REF]. Figure 1 shows the EC-MS signals of low-carbon steel JIS-SB410 specimens with various amounts of residual strain [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF]12]. When the applied strain is lower than the yield stress, the direction of the signal is anticlockwise and the phase is tilted to the right. With increasing residual strain, the phase of the EC-MS signal shifts, and when the strain reaches the Lüders deformation region, the shape of the EC-MS signal becomes a straight line.

The direction of the signal becomes clockwise and the EC-MS signal phase is tilted to the left when the strain reaches the plastic deformation region. In this way, an EC-MS signal can be roughly classified according to the amount of residual strain as (a) an anti-clockwise signal, (b) a straight-line signal, or (c) a clockwise signal. However, when the differently shaped EC-MS signals of specimens are measured during the loading of tensile stresses on the specimens using a tensile test apparatus, all the EC-MS signals show a straight-line shape regardless of the original shape as shown in Fig. 2 [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF]12]. In Fig. 2, the specimens with plastic deformation of 2% or less were studied.

The fact that the EC-MS signals are the same after straining means that the ECMS signal change is small for the plastic deformation of 2% or less.

Therefore, the difference in the EC-MS signal shape appears to be due to the compressive residual stress.

However, the reason why the EC-MS signal changes from a straight-line signal to an anti-clockwise signal rather than a clockwise signal or vice versa 6 even when the specimens have the same compressive residual stress has not been clarified. There are two possible hypotheses as to why compressive stress occurs. These hypotheses may have different effects on changes to the EC-MS signal, resulting in different signal orientations. The first hypothesis relates to the effect of the two-phase ferrite-pearlite structure of the lowcarbon steel SB410 [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF]12,[START_REF] Iwayanagi | Fundamental study of the residual stress measurement of carbon steel by the magnetostriction effect[END_REF]. The compressive residual stress is generated in the ferrite grains and the tensile residual stress is generated in the pearlite grains after plastic deformation owing to the difference in strength between the ferrite and pearlite phases. The magnetostrictive sensitivity of ferrite is known to be higher than that of pearlite [START_REF] Iwayanagi | Fundamental study of the residual stress measurement of carbon steel by the magnetostriction effect[END_REF], and the EC-MS signal appears to be more affected by the compressive residual stress of the ferrite phase on average even if the amounts of compressive and tensile stresses generated in these two phases are same [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF]. The second hypothesis relates to the effect of the mechanical polishing of the specimen. In previous research, the specimen surface is mechanically polished to remove the oxide layer and some contaminants before the EC-MS probe is placed [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF][START_REF] Matsumoto | Investigation of measurement conditions of eddy current magnetic signature method for evaluating plastic deformation in carbon steels[END_REF][START_REF] Matsumoto | Numerical model of the eddy current magnetic signature (EC-MS) non-destructive micro-magnetic technique[END_REF]. Generally, it is considered that this mechanical polishing forms a work-hardened layer on the material surface and compressive residual stress is generated, and this may affect the EC-MS signal.

This study investigated the above two hypotheses in two experiments to clarify the effect of compressive residual stress on the EC-MS signal shape.

7

The first experiment involved removing the work-hardened layers of specimens through electrolytic polishing. By comparing the EC-MS signals of the samples for various electrolytic polishing depths, the effect of the residual stress on the specimen surface due to mechanical polishing was investigated. The second experiment involved making EC-MS measurements for materials with different pearlite rates, namely low-carbon steels JIS-SB410 and JIS-SB450 and pure iron. Specimens with various amounts of the residual stress were prepared by conducting tensile tests on these materials.

By measuring the EC-MS signals of the specimens, the effect of the phase stress generated by the ferrite-pearlite structure on the signal shape was investigated. Residual stresses applied to specimens were measured adopting an X-ray measurement method. 

Experiments

Preparation of specimens

Tensile test specimens were prepared from plates of JIS-SB410 and JIS-SB450 carbon steel commercially used for boilers and pressure vessels and 99.5%-pure iron with a single-ferrite phase. The chemical compositions of the 10 SB410 and SB450 steel plates are given in Table 1. Figure 3 shows crosssectional optical microscope images of the steel plates. The region with lighter contrast is ferrite phase and the region with heavier contrast is pearlite phase. SB450 has more pearlite phase than does SB410.

Figure 4 shows the dimensions of an SB410 or SB450 specimen. A specimen was cut out so that its rolling direction and tensile direction were the same. The thickness of a specimen was 8.0 mm. Figure 5 shows the dimensions of a pure iron specimen. The thickness of the pure iron specimen was 5.0 mm. The center of a specimen surface was mechanically polished and the oxide layer and some contaminants were removed to place the EC-MS probe and strain gauge.

A tensile test was conducted to apply residual stress to the specimens. The tensile test was performed using an INSTRON 5582 at room temperature at ambient atmosphere. Figure 6 is an overview image of the tensile test.

Loading and unloading crosshead speeds were 0.5 mm/min and the displacement was controlled by measuring with a displacement sensor placed on a specimen. For SB410, the target residual strain was varied among 0%, 0.2%, 1.0%, 2.0%, 3.0%, and 5.0% to prepare six specimens. For SB450, the target residual strain was varied among 0%, 0.1%, 1.0%, and 4.0% to prepare four specimens. For pure iron, the target residual strain was varied among 0%, 0.35%, 2.0%, and 10% to prepare four specimens. The target strain is defined 11 as the value recorded by the displacement sensor attached to a specimen while the residual strain is defined as the value recorded by the strain gauge placed on the surface of a specimen after unloading.

Figure 7 shows the nominal stress-nominal strain curve for the SB410 specimens in the tensile test. The strains obtained by the strain gauge after unloading were 0.06%, 1.07%, 2.23%, 2.93%, and 5.55% when the target strains were 0.2%, 1.0%, 2.0%, 3.0%, and 5.0%, respectively. This stressstrain curve reveals an elastic deformation region at a strain of 0.2%, a Lüders deformation region at a strain of 1.0%, and a plastic deformation region at strains of 2.0%, 3.0%, and 5.0% applied to the specimens.

The nominal stress-nominal strain curve for SB450 specimens is shown in Fig. 8. The strains obtained by the strain gauge after unloading were 0.06%, 0.84%, and 3.88% when the target strains were 0.1%, 1.0%, and 4.0%, respectively. For the SB450 specimens, the stress-strain curve reveals a Lüders deformation region at a strain of 0.1% and a plastic deformation region at strains of 1.0% and 4.0% applied to the specimens.

Figure 9 shows the nominal stress-nominal strain curve of the pure iron specimens for comparison. For the pure iron specimens, the strains obtained by the strain gauge after unloading were 0.27%, 1.95%, and 8.77% when the target strains were 0.35%, 2.0%, and 10%, respectively.

12 Table 

Electrolytic polishing

The specimens were electrically polished using an electrolytic polisher (Rigaku Corporation) to remove the work-hardened layer and the residual strain on the surfaces of the specimens applied by the mechanical polishing.

The electrolytic polishing was performed under an applied voltage of 15 V.

Under this experimental condition, the specimen was polished to a depth of 12 to 15 μm in 1 minute of polishing, and polishing was thus performed multiple times to obtain the desired polishing depth. The actual depth was measured using a micrometer gauge because it was sometimes slightly different from the target depth.
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EC-MS method

The experimental setup for the EC-MS measurement was the same as that in a previous study [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF]. A schematic illustration of the experimental setup is shown in Fig. 10. A magnetization field was applied to a specimen by a magnetic circuit having a U-shaped yoke. The dimensions of the yoke legs were 10 mm × 20 mm and the inner distance between the legs was 20 mm.

The maximum amplitude of the magnetization field was set as 15 kA/m and the magnetization frequency was 0.10 Hz. A high-frequency magnetic field was superimposed on this magnetic state using a pancake-type eddy current testing coil. The outer diameter, inner diameter, height, number of turns, and wire thickness were 3.95 mm, 3.30 mm, 3.0 mm, 275, and 0.05 mm, respectively. The magnetization frequency of the ECT coil was 50 kHz. The coil impedance was measured using an LCR meter (ZM2375, NF Corporation) in current control mode. The tangential magnetic field of a specimen was measured using a Hall element (HG-302C, Asahi Kasei Microdevices Corporation) placed on the specimen. 17 

X-ray measurement of stress

To verify the validity of the relationship between the EC-MS signal and the applied residual stress, the residual stress was measured adopting an Xray stress measurement method that is referred to as the cosα method and is based on Debye-Scherrer rings [START_REF] Taira | A Method of X-Ray Microbeam Measurement of Local Stress and Its Application to Fatigue Crack Growth Problems[END_REF][START_REF] Sasaki | Single Incidence X-Ray Stress Measurement for All Plane Stress Components Using Imaging Plate of Two-Dimensional X-Ray Detector[END_REF][START_REF] Sasaki | Two-Dimensional Imaging of Debye-Scherrer Ring for Tri-axial Stress Analysis of Industrial Materials[END_REF]. The measurement conditions are given in Table 2. The cosα measurement was made at the central point of a specimen. The longitudinal direction was defined as the x direction and the orthogonal direction as the y direction.

In-plane averaging method of horizontally oscillating the specimen is used to improve the accuracy of the stress calculation because the Debye-Scherrer rings of the specimens were grainy and the measurement results were inaccurate by the standard point measurement method [START_REF] Miyazaki | Improvement in X-ray stress measurement using Debye-Scherrer rings by in-plane averaging[END_REF]. The specimen is oscillated by using an X-Y stage in a region of 5.0 × 5.0 mm 2 . This method provided accurate measurement results with a standard deviation of residual stress of approximately 6.0-13 MPa.

19 straight line with increasing polishing depth and became almost straight when the polishing depth was 49 μm or more. This result suggests that the EC-MS signal had a straight-line shape when there was no residual stress.

Figure 12 shows the results of X-ray residual strain measurements.

Immediately after the mechanical polishing, each specimen had residual stress exceeding -300 MPa along both x and y directions. With increasing polishing depth, the residual stress decreased but there was still residual stress of about -80 MPa acting on the specimen for a polishing depth of 96 μm. The residual stress became almost zero when the polishing depth was 148 μm.

These results reveal that a non-anisotropic compressive residual stress was generated on the specimen surface by mechanical polishing, and this residual stress converted the EC-MS signal to an anti-clockwise signal.

In addition, the EC-MS signal became a straight line when the polishing depth was 49 μm or more, but the X-ray measurements showed that residual 21 stress remained on the specimen surface even when the polishing depth was 96 μm. The penetration depth of X-rays is approximately 6.0 μm [START_REF] Sasaki | X-ray measurement of tri-axial stresses and[END_REF] while that of the EC-MS method is about 67 μm if calculating with the relative permeability μr = 70 and the conductivity σ = 5.3 × 10 6 S/m. The EC-MS method can thus obtain internal information better than the X-ray cosα method and is less sensitive to information on the surface of the specimen than the X-ray method. This appears to explain the difference in the results between the EC-MS method and X-ray measurements. It is therefore suggested that the EC-MS method obtains information from inside the specimen by separating the effects of the surface residual stress.

In a subsequent EC-MS measurement experiment conducted after the tensile test, specimens electrolytically polished to a depth of about 150 μm with a margin were used to completely eliminate the effect of mechanical polishing. 
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These results are consistent with the hypothesis that the compressive residual stress after the tensile test is generated by the ferrite-pearlite structure as suggested in a previous study [START_REF] Matsumoto | Investigation of electromagnetic non-destructive nondestructive evaluation of residual strain in low carbon steels using the eddy current magnetic signature (EC-MS) method[END_REF], because the tendency of the change in the EC-MS signal observed for SB410 and SB450 was not observed for pure iron. The difference in the ECT signal strength between SB410 and SB450 appears to be due to the ratio of the ferrite phase; i.e., the ferrite phase dominates the magnetization state of the whole specimen and the ratio of the ferrite phase is higher for SB410 than for SB450.

Figure 16 shows the results of the X-ray residual strain measurements of SB410 specimens after the tensile tests. By conducting the tensile tests, the residual stresses were applied to the specimens along the x direction; i.e., the tensile direction. Whereas the EC-MS signals of the samples having 2.93% and 5.55% strains were different, the residual stresses obtained by X-ray measurements were similar for these samples. This difference appears to be due to the difference in penetration depths between the X-ray and EC-MS methods as mentioned above.

The results suggest that the unidirectional compressive residual stress acting on a specimen because of the two-phase ferrite-pearlite structure was generated inside the specimen by the tensile test, and this stress changed the EC-MS signal in a clockwise manner. 
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 12 The effects of mechanical polishing and the ferrite-pearlite structure on the EC-MS signal shape were investigated in two experiments to clarify the effect of compressive residual stress on the EC-MS signal shape. The following results were obtained through the comparison with X-ray stress measurements. Isotropic compressive residual stress was generated in a region less than 150 μm from the specimen surface by mechanical polishing, and this residual stress changed the EC-MS signal in an anti-clockwise manner. The unidirectional compressive residual stress acting on a specimen because of the two-phase ferrite-pearlite structure was generated inside the specimen by a tensile test, and this stress changed the EC-MS signal in a clockwise manner. 31 stress gradient from diffraction pattern detected with imaging plate", Proceedings of the 31st Symposium on X-Ray Studies on Mechanical Behavior of Materials, (1995) 20-25 (in Japanese).

  

  

  1 Chemical compositions of JIS SB410 and SB450 carbon steel plates

	(mass %)							
	C	Si	Mn	P	S	Cu	Ni	Cr
	SB410 0.17	0.26	0.87 0.013 0.007 0.001 0.002 0.003
	SB450 0.27	0.26	0.85 0.014 0.002 0.01	0.02	0.2

Table 2

 2 Conditions of the X-ray stress measurement

	Experimental apparatus	PULSTEC μ-X360n
	Characteristic X-ray	CrKα
	Kβ filter	none
	Tube voltage (kV)	20
	Tube current (mA)	1
	Diffraction line (hkl)	αFe (211)
	Diffraction angle 2θ0 (deg.)	156.396
	X-ray incident angle Ψ0 (deg.)	35
	Sample distance D (mm)	39
	Irradiated time (second)	20-30
	Collimator inner-diameter (mm)	1
	X-ray elastic Young modulus (GPa)	224
	X-ray Poisson's ratio	0.28
	Determination method of peak position	Lorentz approximation method
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