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 A defect on the opposite-side of a steel plate is detected by an electromagnetic inspection 
method using a large static magnetic field and a small alternating magnetic field. However, in 
this inspection method, it is difficult for the inspection sensor to move because strong magnetic 
attraction is generated between the steel plate and the inspection sensor. To improve the 
practicality of this inspection method, it is necessary to weaken the magnetic attraction and 
improve the detection sensitivity. In this paper, an inspection method for opposite-side defects in 
a steel plate that uses an alternating magnetic field with high and low excitation frequencies is 
proposed. It is shown that the detection sensitivity of an opposite-side defect in a steel plate 
using the alternating magnetic field with the two excitation frequencies is higher than that using 
a large static magnetic field and a minute alternating magnetic field. The phenomenon 
underlying this technique is elucidated by analysis using 3D nonlinear finite-element method 
taking account of the hysteresis (minor loop) and eddy current.

1. Introduction

 Electromagnetic inspection, ultrasonic inspection, and so forth are applied for the 
maintenance inspection of petrochemical plants. Generally, an electromagnetic inspection 
method capable of high-speed inspection is required for defect inspection on the opposite side of 
a large-diameter steel pipe with a thickness of about 2 mm in such plants. For this inspection, an 
electromagnetic inspection method using a large static magnetic field and a minute AC magnetic 
field is being studied.(1–4) However, in this inspection method, a degaussing process is needed 
since large residual magnetism is generated inside the steel plate during the inspection.(5) 
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Moreover, it is also difficult for the inspection sensor to move because strong magnetic attraction 
is generated between the inspection steel plate and the inspection sensor. In this paper, an 
inspection method for opposite-side defects is proposed, in which a large static magnetic field is 
replaced with a large alternating magnetic field of low excitation frequency. Moreover, in this 
research, a steel plate with a thickness of 2 mm is examined assuming a large-diameter steel 
pipe. This method is investigated by a 3D nonlinear finite element method (FEM), taking 
account of the minor loop magnetism property in the steel plate, and a verification experiment is 
also performed.

2. Inspection Model and Conditions

 Figure 1 shows the proposed model for inspecting a steel plate (SS400) for opposite-side 
defects. This inspection sensor is composed of a magnetic yoke with two excitation coils of high 
and low frequencies, and a search coil for the x-direction. Excitation coil-1 with a low frequency 
is set to 5 Hz with 142 ampere-turns, and excitation coil-2 with a high frequency is set to 500 Hz 
with 14.2 ampere-turns. The detection coil is wound on a thin stainless steel plate with a 
thickness of 0.75 mm. The x-direction leakage flux (Bx) of the surface on the steel plate is 
detected.(6–10) A basic experiment is conducted to confirm the inspection sensitivity of the 
proposed method and clarify the detection principle. Therefore, a steel plate having a thickness 
of 2 mm is used. An opposite-side defect is assumed to have the shape of a slit. The depth (Dd) in 
the z-direction, width (Dw) in the x-direction, and length (Dl) in the y-direction of a defect are 1, 
0.5, and 100 mm, respectively. In this experiment and analysis, an opposite-side defect in the 
steel plate is detected at a pitch of 1 mm in the x-direction while keeping the z-direction distance 
(lift-off: Lo) between the sensor and the steel plate at 0.5 mm. In the 3D nonlinear electromagnetic 
FEM analysis, the flux density in the detection coil at the peak value of the alternating magnetic 

(a) (b)

Fig. 1. Inspection model for opposite-side defect in SS400 steel plate. (a) x–z plane and (b) x–y plane.
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field of high frequency (500 Hz) is evaluated when the large alternating magnetic field of low 
frequency (5 Hz) is at the peak value. The conditions of 3D nonlinear FEM and the verification 
experiment are shown in Table 1. The z-directions of the domain of the steel plate and the 
detection coil in the FEM analysis model are divided at a pitch of 0.2 mm. In the analysis results 
shown later, the mesh division line is displayed.

3. 3D Nonlinear FEM Taking Account of Minor Loop

3.1 Method of analysis

 The flux density and eddy current density due to the large magnetic field with the low-
frequency excitation current and the minute magnetic field with the high-frequency excitation 
current are calculated by 3D FEM analysis considering the minor loop magnetization curve in 
the steel plate.(11) Figure 2 shows the initial magnetization curve and the hysteresis loops of the 
examined SS400 steel plate obtained by measurement. First, only the large alternating magnetic 
field with the low frequency of 5 Hz is calculated up to the peak value of the sinusoidal wave in 
the steady state by 3D nonlinear FEM analysis using the initial magnetization curve in Fig. 2. 
Then, the minute alternating magnetic field with the high frequency of 500 Hz is added to the 
peak value of the large alternating magnetic field with the low frequency as shown in Fig. 3. The 
synthetic flux density in the steel plate is analyzed by 3D nonlinear FEM taking account of the 
minor loop magnetization characteristic using the hysteresis loops in Fig. 2. The basic equation 

Table 1
Conditions of calculation and verification experiment using synthetic magnetic fields of low and high frequencies.
Excitation coil-1 71 turns, 5 Hz, 2 A (rms)
Excitation coil-2 71 turns, 500 Hz, 0.2 A (rms)

Detection coil
60 turns, width in x-direction: 2.5 mm,
thickness in z-direction: 2.5 mm,
length in y-direction: 3.3 mm

Lift-off (Lo) 0.5 mm

Specimen

SS400 steel plate, 
maximum relative permeability: 1500
conductivity: 7.505 × 106 S/m, 
width in x-direction: 150 mm,
thickness in z-direction: 2 mm,
length in y-direction: 150 mm,
nonlinear calculation

Opposite side defect
width in x-direction (Dw): 0.5 mm, 
depth in z-direction (Dd): 1 mm,
length in y-direction (Dl): 100 mm

Magnetic yoke

laminated stainless steel plate,
maximum relative permeability: 10000
conductivity: 0 S/m,
linear calculation

Nodes and elements 29008, 25920

Convergence criterion N–R method: 1.0 × 10−6 T, 
Incomplete Cholesky Conjugate Gradient (ICCG) method: 1.0 × 10−5
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of this analysis using the A-ϕ method considering the minor loop magnetization curve is given 
by

 0rot(  rot )  gradv
t

σ φ∂ = − + ∂ 

AA J , (1)

 div 0grad
t

σ φ
 ∂ − =+  ∂  

A , (2)

where A is the magnetic vector potential, ϕ is the scalar potential, v is the reluctivity, J0 is the 
current density, and σ is the conductivity. Figure 4 illustrates the calculation procedure for the 
minor loop magnetization curve in the steel plate. In the analysis considering the minor loop 
magnetization curve, the upper curve of the minor loop is first modeled by linear interpolation 
using the hysteresis loops shown in Fig. 2.(12) Then, it is assumed that the obtained H and B are at 
point b (Hmin, Bmin) on the upper minor curve as shown in Fig. 4. If the calculated flux density Bc 
in the Newton–Raphson (N–R) iteration is larger than Bmin, then Bc will be located at point 
d (Hd, Bc) on the lower curve of the minor loop. Hd on the lower minor curve is given by the 
following equation if the upper minor curve is symmetrical with respect to the center point e:

 Hd = Hf + 2 (He − Hf). (3)

vd and ∂vd /∂Bc
2, which are necessary in the N–R iteration, are given by

   d
d

c

Hv
B

= , (4)

Fig. 2. In it ial magnet izat ion curve and the 
hysteresis curves of SS400 steel plate.

Fig. 3. Timing of addition of the minute alternating 
magnetic field with high frequency (500 Hz) to the 
peak value of the large alternating magnetic field with 
low frequency (5 Hz) in 3D FEM analysis.
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where ∂vd /∂Bc
2 at point d is obtained using the property that ∂vd /∂Bc

2 at point d is equal to that 
at point f.
 The minute alternating magnetic field is calculated up to the steady state by 3D nonlinear 
FEM analysis, taking account of the minor loop magnetization curve, using Eqs. (1)–(5).

3.2 Results of analysis

 Figure 5 shows the vector distribution of the synthetic flux density of the large low frequency 
and minute high-frequency fields inside the steel plate with and without an opposite-side defect. 
The displayed magnetic flux distribution is the distribution at the peak of the 5 and 500 Hz 
waveforms. This figure shows that the flux density is concentrated in the layer between the 
opposite-side defect and the surface steel plate when there is a defect. If there is an opposite-side 
defect, the flux density in the surface layer of the steel plate is increased from 1.16 to 1.63T. 
Since the flux density in the surface layer of the steel plate approaches magnetic saturation when 
there is a defect, the leakage flux to the air domain on the surface of the steel plate is increased. 
The peak value of the flux density Bx at the 500 Hz component inside the detection coil is 
increased from 1.319 × 10−2 to 1.54 × 10−2 T when there is a defect. The difference ΔBx of the 
flux density in the detection coil with and without a defect is 0.221 × 10−2 T. Since the leakage 
flux is increased near the defect position, the opposite-side defect is detected from the flux 
density Bx in the detection coil.

Fig. 4. Explanation of minor loop.
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3.3	 Comparison	 with	 synthetic	 magnetic	 field	 consisting	 of	 static	 and	 alternating	
magnetic	fields

 In an actual plant, the electromagnetic inspection method using large static and minute 
alternating magnetic fields is used for opposite-side defect detection in a steel plate.(2,3) 
Therefore, the detection sensitivity of an opposite-side defect is compared for a synthetic 
magnetic field consisting of a large static magnetic field and a minute alternating magnetic field 
and for a synthetic magnetic field consisting of a large magnetic field of low frequency and a 
minute magnetic field of high frequency. The inspection model using the large static magnetic 
field and the minute alternating magnetic field is the same as that in Fig. 1. The direct excitation 
current for the static magnetic field of excitation coil-1 is set to 142 ampere-turns, and the 
alternating excitation current of excitation coil-2 is set to 14.2 ampere-turns with a frequency of 
500 Hz. The inspection conditions of the calculation and experiment using the synthetic 
magnetic field consisting of the large static magnetic field and the minute alternating magnetic 
field with the high excitation frequency are shown in Table 2.
 The flux density inside the steel plate when the large static magnetic field is applied to the 
steel plate is calculated by 3D nonlinear FEM analysis using the initial magnetization curve in 
Fig. 2. Then, the flux density Bx of the synthetic magnetic field in the steel plate is analyzed up 
to the steady state by 3D nonlinear FEM analysis taking account of the minor loop magnetization 
curve, using Eqs. (1)–(5).
 Figure 6 shows the vector distribution of the synthetic flux density of the large static and 
minute alternating magnetic fields inside the steel plate with and without an opposite-side defect. 
The displayed magnetic flux distribution is that when the AC waveform is at its peak. This 
figure shows that when there is an opposite-side defect in the steel plate, the flow of the flux 
density bypasses the defect and the flux density is concentrated in the layer between the defect 
and the surface steel plate. If there is an opposite-side defect, the flux density in the surface layer 
of the steel plate is increased from 1.24 to 1.59 T. Therefore, the leakage flux to the air domain 

Fig. 5. Distribution of synthetic magnetic field of low (5 Hz) and high (500 Hz) excitation frequencies in the steel 
plate. (a) Without a defect and (b) with a defect.

(a) (b)
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on the surface steel plate is increased. The peak value of the flux density Bx at the 500 Hz 
component inside the detection coil is increased from 1.304 × 10−1 to 1.427 × 10−2 T when there 
is a defect. Moreover, the difference ΔBx in the flux density in the detection coil with and 
without the defect is 0.123 × 10−2 T.
 As shown in Figs. 5(a) and 6(a), when there are no defects, the low-frequency and high-
frequency synthetic flux density Bx on the surface layer of the steel plate is lower than the 
synthetic flux density of the large static and high-frequency magnetic field. This is considered to 
be because the eddy currents from both the low-frequency and high-frequency magnetic fields 
cancel the synthetic magnetic field. On the other hand, the difference in the flux density with 

Table 2 
Conditions of calculation and verification experiment for synthetic magnetic field consisting of large static magnetic 
field and minute alternating magnetic field.
Excitation coil-1 71 turns, direct current: 2 A
Excitation coil-2 71 turns, 500 Hz, 0.2 A (rms)

Detection coil
60 turns, width in x-direction: 2.5 mm,
thickness in z-direction: 2.5 mm,
length in y-direction: 3.3 mm

Lift-off (Lo) 0.5 mm

Specimen

SS400 steel plate, 
conductivity: 7.505 × 106 S/m, 
width in x-direction: 150 mm,
thickness in z-direction: 2 mm,
length in y-direction: 150 mm

Opposite-side defect
width in x-direction (Dw): 0.5 mm, 
depth in z-direction (Dd): 1 mm,
length in y-direction (Dl): 100 mm

Nodes and elements 29008, 25920

Convergence criterion N–R method: 1.0 × 10−6 T, 
ICCG method: 1.0 × 10−5

(a) (b)

Fig. 6. Distribution of synthetic magnetic field consisting of static and alternating (500 Hz) magnetic fields inside 
the steel plate with and without a defect. (a) Without a defect and (b) with a defect.
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and without defects in the steel plate is larger for the synthetic magnetic field of low and high 
frequencies than for the synthetic magnetic field of the static and alternating magnetic fields. 
Similarly, the difference in the leakage magnetic flux with and without defects in the steel plate 
is larger in the synthetic magnetic field of low and high frequencies than in the synthetic 
magnetic field consisting of the static and alternating magnetic fields. 
 Figure 7 shows the absolute value of the flux density inside the steel plate below the detection 
coil when there is no defect. The horizontal axis in this figure represents the depth from the 
surface of the steel plate when the synthetic magnetic field of the large static and minute 
alternating magnetic fields and the synthetic magnetic field of the large low frequency and the 
minute high frequency are impressed to the steel plate. This figure also shows the distribution of 
the flux density when only a low-frequency alternating magnetic field of 5 Hz is applied to the 
steel plate. The distribution of the flux density is gradually decreased from the surface layer to 
the opposite side of the steel plate when the alternating magnetic field of 5 Hz only is impressed 
to the steel plate. However, the flux density in the steel plate by the excitation frequency of only 
5 Hz is higher than the flux density of the static magnetic field due to the skin effect. Generally, 
when the alternating magnetic field is applied to the steel plate from the magnetic yoke shaped 
as shown in Fig. 1(a), the flux density in the surface layer of the steel plate is increased,(13,14) 
since the flux density is concentrated and distributed on the surface layer of the steel plate by the 
skin effect. When the excitation frequency is 5 Hz, the flux density inside the steel plate with the 
thickness of 2 mm is higher than that of the static magnetic field since the skin depth is about 
2.12 mm. Therefore, if there is an opposite-side defect in the steel plate, the leakage flux on the 
surface of the steel plate will be greater than that of the synthetic magnetic field consisting of the 
large static magnetic field and the minute alternating magnetic field. On the other hand, when 
the synthetic magnetic field of the large low frequency and the minute high frequency is applied 
to the steel plate, the flux density on the surface layer in the steel plate is slightly reduced due to 
the effects of eddy currents at the two excitation frequencies. This is because the synthetic flux 
density is canceled by the eddy currents from both the low-frequency and high-frequency flux 
densities. 

Fig. 7. Distribution of flux density inside the steel plate below the detection coil.



Sensors and Materials, Vol. 33, No. 7 (2021) 2519

4.	 Verification	Experiment	and	Discussion

 A verification experiment is carried out as shown in Fig. 8. In this experiment, the center of 
the opposite-side defect in the x-direction is set as x = 0 mm, and the inspection sensor is moved 
in the x-direction from −10 to 10 mm by 0.5 mm steps, keeping the lift-off at 0.5 mm. The peak 
value of the flux density Bx at the 500 Hz component inside the detection coil is measured. The 
excitation conditions are the same as in the 3D nonlinear FEM analysis shown in Table 1. In 
addition, an opposite-side defect in the steel plate is also measured using the synthetic magnetic 
field consisting of the large static magnetic field and the minute alternating magnetic field. The 
direct excitation current for the static magnetic field of excitation coil-1 is set to 142 ampere-
turns, and the alternating excitation current of the excitation coil-2 is set to 14.2 ampere-turns 
with a frequency of 500 Hz. 
 Figure 9 shows the change ΔBx of the flux density in the detection coil at each measured 
position. This figure shows that the inspection sensor can detect the opposite-side defect since 
ΔBx is increased at the position of the defect. Moreover, when the synthetic magnetic field with 
the large low frequency and minute high frequency is used, ΔBx is larger than that when the 
synthetic magnetic field consisting of the large static magnetic field and the minute alternating 
magnetic field is used. Figure 10 shows a comparison of the measured and calculated results of 

Fig. 8. (Color online) Verif ication experiment 
model using proposed.

 Fig. 9. Inspection results of ΔBx in the detection 
coil. inspection coil.

Fig. 10. Calculated and measured inspection results of peak value of ΔBx.
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the peak value of ΔBx at the position of x = 0 mm. This figure shows that the peak value of ΔBx 
of the synthetic magnetic field with the large low frequency and the minute high frequency is 
higher than that of the synthetic magnetic field consisting of the large static magnetic field and 
the minute high-frequency alternating magnetic field. Moreover, the measured results show the 
same tendency as the calculated results.

5. Conclusions

 The results obtained by this research are summarized as follows:
(1) An opposite-side defect in a thin steel plate is detected by a synthetic magnetic field 

consisting of a large magnetic field with a low frequency and a minute magnetic field with a 
high frequency. This is because the synthetic flux density is concentrated in the layer 
between the opposite-side defect and the surface steel plate when there is a defect, which 
increases the leakage flux.

(2) The detection signal of the synthetic magnetic field consisting of the large magnetic field 
with a low frequency and the minute magnetic field with a high frequency is larger than that 
of a synthetic magnetic field consisting of large static and minute alternating magnetic fields 
with a high frequency. Since the skin effect of the alternating magnetic field with the low 
frequency in the synthetic magnetic field using the two different excitation frequencies is 
manifested within the thickness of the steel plate, the flux density in the entire steel plate is 
increased. Therefore, if there is an opposite-side defect in the steel plate, the leakage flux on 
the surface of the steel plate is increased.

 The effects of the detection signal on the optimum frequencies used for the synthetic 
magnetic field and the shape of the defect will be the subject of future research.
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