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Abstract: The quantitative evaluation of defects is extremely important, as it can avoid harm caused
by underevaluation or losses caused by overestimation, especially for internal defects. The magnetic
permeability perturbation testing (MPPT) method performs well for thick-walled steel pipes, but the
burial depth of the defect is difficult to access directly from a single time-domain signal, which is not
conducive to the evaluation of defects. In this paper, the phenomenon of layering of magnetization
that occurs in ferromagnetic materials under an unsaturated magnetizing field is described. Different
magnetization depths are achieved by applying step magnetization. The relationship curves between
the magnetization characteristic currents and the magnetization depths are established by finite
element simulations. The spatial properties of each layering can be detected by different magneti-
zation layering. The upper and back boundaries of the defect are then localized by a double-sided
scan to finally arrive at the depth size of the defect. Defects with depth size of 2 mm are evaluated
experimentally. The maximum relative error is 5%.

Keywords: stepped magnetization; magnetic permeability perturbation; defect size evaluation;
ferromagnetic material

1. Introduction

Ferromagnetic components such as nuclear power second-loop pipeline boilers are
usually operated under extreme environments such as high temperature and high pressure
for a long period of time and are very prone to corrosion, cracks, and other internal
damage [1–3]. From a practical production point of view, an overestimation of the hazards
of the defective size would lead to unnecessary stoppages for repairs and significant
economic losses. By accurately evaluating the depth size of the defect, we can more
accurately determine the effect of the defect on the overall properties of the material. This
will help us to decide whether there is a need to stop the pile for repairs as well as the scope
and extent of the repairs. Therefore, the accurate detection of internal defects and obtaining
critical size information are extremely important.

In the current research, the common electromagnetic nondestructive evaluation meth-
ods for defect size evaluation include eddy current testing (ECT) [4–7], pulsed eddy current
testing (PECT) [8–12], and magnetic flux leakage (MFL) testing [13–15], alternating current
field measurement (ACFM) [16–18]. MFL [19–23] was limited by wall thickness, while
the signal for evaluating defects in thick-walled components is attenuated with increasing
wall thickness, and some of them [24–30] were often affected by skin effects or magnetic
shielding effects. Nowadays, some scholars [31–34] evaluated defects through signal char-
acterization with algorithmic optimization. Several academics investigated [6,15,35,36]
making defect evaluation possible by optimizing sensors such as array probes. These
required extensive experimental data analysis and mathematical modeling iteration. Some
scholars [7,14,19,23,37] evaluated defects by detecting principle innovations, such as com-
posite magnetic fields, propagation compensation factor (PCF), etc. The aforementioned
evaluation methods facilitate the reduction in data processing at a subsequent stage.
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It was widely accepted by scholars that when magnetization is applied to a ferro-
magnetic material, the density distribution of magnetic lines in the same cross-section of
a ferromagnetic member is uniform if there were no internal defects and no structural
mutations [38–40]. Furthermore, some scholars [41,42] also conducted research into in-
homogeneous magnetic fields. They achieved uniform magnetization in the horizontal
direction of the detection interval by changing the angle between the magnetic poles but
did not take the depth direction into consideration. In the previous study, the magnetic
permeability perturbation testing (MPPT) method based on the nonlinear magnetization
properties of ferromagnetic materials was proposed to detect internal defects and surface
defects in thick-walled steel pipes [43,44], but it cannot directly obtain the defect size
information from the time-domain signal [45]. Based on the non-uniform uneven pene-
tration property of the magnetic field, the magnetized layering is achieved by applying
a magnetic field of varying intensity. Layering information can determine the upper and
lower boundaries of the defect. In the case, the depth size information of the defects can be
obtained by double-sided scanning. The double-sided scanning allows for obtaining more
layers of information than other methods, which makes it easier to evaluate the depth size
of the defects.

The main structure is as follows: Section 2 analyzes the relationship between the
magnetization strength and the magnetization depth. Section 3 investigates the relation-
ship between the magnetization strength, magnetization depth, and defect depth size by
establishing a finite element model. Section 4 builds an experimental platform to verify the
effectiveness of the proposed method. Section 5 discusses the effect of defect width on the
peak value of the detected signal. Finally, brief conclusions are given in Section 6.

2. Layered Magnetization Mechanism

In this section, the magnetization model of a U-shaped magnetizer with a thick-walled
member is established as shown in Figure 1.
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Figure 1. Magnetization model.

Since the magnetic field excited by the U-shaped magnetizer is non-uniform, especially
near the magnetic poles, this non-uniformity is more prominent, and thus the magnetization
of the material is also non-uniform. To calculate the magnetic field distribution inside the
material, it is first necessary to calculate the magnetic field distribution of a U-shaped
magnetizer in a vacuum. The magnetic field strength Equation (1) can be obtained from the
Ampere loop theorem: ∮

l
Hdl = NI (1)

In Equation (1), N is the number of turns, I is the actual current value, and l is the
effective magnetic circuit length.
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In the magnetizing field of a U-shaped magnetizer, the magnetic field strength
→
H at

different points is calculated by the formula:

→
H =

NI
Lex

→
x +

NI
Ley

→
y (2)

In Equation (2),
→
H is the magnetic field intensity, N is the number of turns, I is the

actual current value, Lex is the effective magnetic circuit length in the horizontal direction,
and Ley is the effective magnetic circuit length in the longitudinal direction.

→
x is a unit vec-

tor in the transverse direction in 2D space, and
→
y is the unit vector in the vertical direction

in 2D space. In this article, the symbols
→
x and

→
y are solely utilized to denote directionality,

which is devoid of any inherent physical significance or quantitative representation.
Assuming that the magnetic field intensity decays to H0, H0 is an infinitesimal value,

and the point at this point is identified as the limit point of the magnetic field. When the
magnetized point is on the centerline of the magnetizer (i.e., when the transverse effective
length Lex is unchanged, see the red line in Figure 1), the decay distance required of Ley
increases as the magnetizing current increases and the magnetic field strength decays to H0.

In ferromagnetic material, the magnetic field increases with the applied DC magnetiz-
ing field H. The magnetic permeability gradually increases to a maximum value and then
shows a decreasing trend, as shown in Figure 2.
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Figure 2. Ferromagnetic member B − H and µ − H curves.

The relationship between magnetic field strength and magnetic induction is expressed as

B = µ0µr H = µH (3)

In Equation (3), µ is the magnetic permeability of the component, µ0 is the vacuum
permeability, and µr is the relative magnetic permeability. In Figure 2, µm is the maximum
value of magnetic permeability, and Hµm is the magnetic field intensity at µm.

The static magnetizing field is excited by a DC magnetizer, and a step change in
the magnetic field is achieved by increasing the magnitude of the DC current. Under
the action of the step magnetic field, the magnetic field lines are disturbed by defects,
producing permeability perturbations. These perturbations generate detection signals
through the eddy current field and secondary magnetic field changes. By subtracting the
peak values of the signals under magnetizing currents of stepped intensities, the signal
increment ∆VIn = VIn − VIn−1 is obtained. The signal amplitude increment increases with
the magnetizing current. The maximum ∆VIn occurs when the magnetizing current causes
the magnetization depth to coincide with the defect upper boundary. Subsequently, the
magnetizing current increases as the signal amplitude increment decreases. We recorded the
current corresponding to the maximum value of each signal increment as the “characteristic
current” I∆V . For defects with different burial depths, the I∆V is different. The localization
of defects can be achieved by establishing a relationship between I∆V and defect burial
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depth h. By applying double-sided step magnetization with double-sided scanning, it is
possible to determine the characteristic current is I∆V1 when the defect is swept from the
upper surface and the characteristic current is I∆V2 when the defect is swept from the back
surface. Then, the spatial information of each magnetization layering above and below can
be determined. The distance h1 to the upper surface of the defect is obtained by substituting
the value I∆V1 into the characteristic current curve, and the distance h2 to the under surface
of the defect is obtained by substituting the value I∆V2 into the characteristic current curve.
The depth size hd of the defect is obtained by subtracting the distance h1 and h2 from the
wall thickness (Figure 3).
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3. Simulation
3.1. Three-Dimensional (3D) FEM Model

In this section, a finite element model of the MPPT method is built by COMSOL
Multiphysics 5.6, as shown in Figure 4. Figure 4a shows the schematic diagram of the sizes
of the magnetizer and the specimen, Figure 4b shows the internal defect of the specimen,
and Figure 4c shows the differential probe. The detection probe contains an excitation
coil and two detection coils. The excitation coil is in the center and the detection coils
are on both sides, and the spacing between coils is 0.1 mm. The analysis explores the
distribution of magnetic permeability perturbation (MPP) inside the material under step
magnetization. A set of defects with different burial depths is detected by the probe, and the
signals are used to corroborate the relationship between the magnetizing current and the
magnetization depth of the measured steel plate. The specific parameters in the simulation
are shown in Table 1. The Figure 4a presents an overall schematic of the simulation model,
Figure 4b shows the detailed view of the probes and the defect, and Figure 4c depicts a
cross-sectional view y of the defect portion in the xoz plane.
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Table 1. Simulation parameter settings.

Simulation Module AC/DC

Magnetizing coil 1000 turns.

Probe (the size parameters of the excitation coil
and the detection coil are the same)

100 turns,
Frequency = 100 kHz,

Voltage = 1 V,
Inner diameter 2.5 mm,
Outer diameter 4 mm.

Specimen
w1 = 200 mm,
l1 = 100 mm,
t1 = 20 mm.

Magnetic yoke

w2 = 20 mm,
l2 = 50 mm,
t2 = 80 mm,
d = 100 mm.

This model is solved in two stages. In the first step, the magnetization field distribution
in the workpiece is obtained by a steady-state solver. The variable intensity DC magnetiza-
tion is generated by adjusting the magnetizing current. In the second step, the results of the
steady-state solver are called in the frequency domain to calculate the relationship between
the permeability and the output of the probe. The material properties of the U-shaped yoke
and the steel plate are set to No. 45 steel, which is shown in Table 2.

Table 2. Magnetization curve data of No. 45 steel.

H (A/m) B (T)

0 0
245.8 0.089
414.6 0.185
550.5 0.287
673.6 0.402
818.6 0.571
996.4 0.748

1239.6 0.897
1723.8 1.091
2375 1.259

3078.8 1.378
4245.2 1.497
6495.1 1.632
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Table 2. Cont.

H (A/m) B (T)

9429.7 1.747
11,910.6 1.813
16,018.6 1.866
19,201.7 1.87

3.2. Magnetization Depth of Different Magnetizing Current

When there are no defects in the steel plate, the magnetization cloud map of the local
region of the xoz chapter(20 mm × 20 mm) at the center of the steel plate is extracted, as
shown in Figure 5. The internal magnetic field of the ferromagnetic component changes
unevenly with the increase in the applied magnetic field strength. The magnetic field pene-
trates downwards from the surface, and the magnetic field strength gradually decreases,
but the range of magnetization inside the steel plate increases along the depth direction.
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Figure 5. Effect of magnetizing current on magnetization depth.

From Figure 6, under the influence of magnetization, the perturbation of the magnetic
permeability of the defects inside the component spreads not only to the upper surface but
likewise to the back surface. Because the upper and the lower boundaries of the defects
are at different distances from the surface, the values of permeability perturbation signals
are different.
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The MPP of the surface layer is considered due to the skin effect. For defects with
different burial depths, the differential probe signals on the surface of the specimen are
extracted, and the extraction path is shown in Figure 7. For each burial depth, a magnetic
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field with a step change in intensity is applied to the defects. The MPP at each magnetizing
current is extracted.
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Figure 7. Extraction path.

In the simulation process, the magnetizer is subjected to a current that varies in steps
of 0.1 A. The lift-off distance of the differential probe is 0.05 mm, and the defect depth is
10 mm. Due to the large amount of data, the following display is part of the results that can
show the relationship of ∆VIn between I∆v. The detection signals at magnetizing currents
of 7.6 to 8.6 A are obtained by the scanning method in Figure 7, as shown in Figure 8. Based
on the method described in Section 2, the signal amplitude increment ∆VIn is extracted as
shown in Figure 9. The peak increment ∆VIn of the detected signal firstly increases with
the increase in the current and starts to decrease when the magnetizing current reaches
8 A. Therefore, 8 A is the characteristic current corresponding to the maximum value of the
∆VIn . Because when the magnetization reaches exactly the upper boundary of the defect,
the permeability perturbation signal change is from metal permeability to air permeability.
Consequently, any further increase in the signal can be attributed to a growing proportion
of air within the defect, resulting in a relatively smaller incremental change.

Sensors 2024, 24, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 8. Signals of defects buried at 10 mm depth under different magnetizing currents. 

7.8 7.9 8.0 8.1 8.2
0.0023

0.0024

0.0025

0.0026

0.0027

0.0028

0.0029

Si
gn

al
 p

ea
k 

in
cr

em
en

t v
al

ue
(v

)

Current(A)

 10mmΔV

 
Figure 9. The relationship between signal peak and magnetization current. 

Further, the burial depth of the defects is varied, and the defects are set up sequen-
tially from the surface to the bottom at intervals of 1 mm. A set of signals at different 
currents for each defect with different burial depths is extracted. After five simulation ex-
periments, the relationship between the characteristic currents ΔvI  and the magnetization 
depth of the signal is shown in Figure 10. The maximum relative error of the curves of 3% 
occurs near the burial depths of 11 and 12 mm. 

0 1 2 3 4 5 6 7 8 9 1011121314151617181920
0
1
2
3
4
5
6
7
8
9

10

C
ha

ra
ct

er
ist

ic
 C

ur
re

nt
 (A

)

Depth of defect burial(mm)

 Result 1
 Result 2
 Result 3
 Result 4
 Result 5

 
Figure 10. Curve of characteristic current versus depth of defect burial. 

Figure 8. Signals of defects buried at 10 mm depth under different magnetizing currents.

Further, the burial depth of the defects is varied, and the defects are set up sequentially
from the surface to the bottom at intervals of 1 mm. A set of signals at different currents
for each defect with different burial depths is extracted. After five simulation experiments,
the relationship between the characteristic currents I∆v and the magnetization depth of the
signal is shown in Figure 10. The maximum relative error of the curves of 3% occurs near
the burial depths of 11 and 12 mm.
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3.3. Measurement Signal and Error Analysis

The detection methods for double-sided scanning are specified as follows (Figure 11):
different layering information on the upper and back surfaces is obtained by applying
double-sided step magnetization with double-sided scanning. By applying double-sided
step magnetization with double-sided scanning, it is possible to determine the characteristic
current I∆V1 when the defect is swept from the upper surface and the characteristic current
I∆V2 when the defect is swept from the back surface. In turn, the spatial information of each
magnetization layering above and below can be determined. The distance h1 to the upper
surface of the defect is obtained by substituting the value I∆V1 into the characteristic current
curve. The distance h2 to the under surface of the defect is obtained by substituting the
value I∆V2 into the characteristic current curve. The depth size hd of the defect is obtained
by subtracting the distance h1 and h2 from the wall thickness.
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When the defect depth is 2 mm, the defect scanning signals of different depth sizes
are shown in Figure 12. Figure 12a,b illustrate the upper scanning characteristic current
value of the first group of defects, which is 2.0 A. Substituting the characteristic current
into the curve gives the distance. The distance of the defect upper boundary from the
upper surface of the specimen is 2.2 mm. The characteristic current value of the back
scanning is 9.1 A, and distance of the defect lower boundary from the back surface of the
specimen is 15.9 mm. The defect depth size is calculated to be 1.9 mm. In Figure 12a,c, the
double-sided scanning generated characteristic currents of 2 A and 9 A. The distance of the
defect upper boundary from the upper surface of the specimen is 2.2 mm, and the distance
of the defect lower boundary from the back surface of the specimen is 14.9 mm. The defect
depth size is calculated to be 2.9 mm. In Figure 12a,d, the double-sided scanning generated
characteristic currents of 2 A and 8.9 A. The distance of the defect upper boundary from
the upper surface of the specimen is 2.2 mm, and the distance of the defect lower boundary
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from the back surface of the specimen is 14.1 mm. The defect depth size is calculated to be
3.7 mm. Figure 12e–h represents the change ∆V of the signal from Figure 12a–d.

Figure 14. Detection signal for defects with a burial depth of 10 mm.

When the defect depth is 5 mm, the defect scanning signals of different depth sizes are
shown in Figure 13. In Figure 13a,b, the double-sided scanning generated characteristic
currents of 4 A and 8.7 A. The distance of the defect upper boundary from the upper
surface of the specimen is 5 mm and the distance of the defect lower boundary from the
back surface of the specimen is 13.1 mm. The defect depth size is calculated to be 1.9 mm. In
Figure 13a,c, the double-sided scanning generated characteristic currents of 4 A and 8.5 A.
The distance of the defect upper boundary from the upper surface of the specimen is 5 mm,
and the distance of the defect lower boundary from the back surface of the specimen is
12.1 mm. The defect depth size is calculated to be 2.9 mm. In Figure 13a,d, the double-sided
scanning generated characteristic currents of 2 A and 8.3 A. The distance of the defect
upper boundary from the upper surface of the specimen is 5 mm, and the distance of the
defect lower boundary from the back surface of the specimen is 11 mm. The defect depth
size is calculated to be 4 mm. Figure 13e–h represents the change ∆V of the signal from
Figure 13a–d.

When the defect depth is 10 mm, the defect scanning signals of different depth sizes
are shown in Figure 14. In Figure 14a,b, the double-sided scanning generated characteristic
currents of 8 A and 6.4 A. The distance of the defect upper boundary from the upper
surface of the specimen is 10 mm, and the distance of the defect lower boundary from
the back surface of the specimen is 8 mm. The defect depth size is calculated to be 2 mm.
In Figure 14a,c, the double-sided scanning generated characteristic currents of 8 A and
5.7 A. The distance of the defect upper boundary from the upper surface of the specimen
is 10 mm, and the distance of the defect lower boundary from the back surface of the
specimen is 7 mm. The defect depth size is calculated to be 3 mm. In Figure 14a,b, the
double-sided scanning generated characteristic currents of 8 A and 5 A. The distance of the
defect upper boundary from the upper surface of the specimen is 10 mm, and the distance
of the defect lower boundary from the back surface of the specimen is 6.0 mm. The defect
depth size is calculated to be 4.0 mm. Figure 14e–h represents the change ∆V of the signal
from Figure 14a–d.

In Figure 15, the actual sizes of the defects are represented as the horizontal coordinates,
while the inspection sizes derived from the experimental measurements are plotted along
the vertical axis. This graphical representation serves to analyze and visualize the potential
errors in the detection process. Table 3 provides a comprehensive list of the actual sizes of
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the defects along with the evaluated sizes obtained at various burial depths. It also includes
the relative errors, which indicate the deviation between the measured and actual sizes
expressed as a percentage of the true value.
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Table 3. Evaluation error.

Actual Size of
Defect

Depth of Burial
2 mm

Depth of Burial
5 mm

Depth of Burial
10 mm

Depth of Burial
12 mm

Maximum
Relative Error

2.0 mm 1.9 mm 1.9 mm 2.0 mm 2.0 mm 5%

3.0 mm 2.9 mm 2.9 mm 3.0 mm 2.9 mm 3.3%

4.0 mm 3.7 mm 4.0 mm 4.1 mm 3.9 mm 7.5%

Based on the analysis of the results from the four simulation groups, the maximum
relative error is calculated to be 7.5%. This figure highlights the precision and accuracy of
the detection method, despite the inevitable presence of some error. The simulation results
further support this conclusion. Specifically, the double-sided scanning technique is shown
to be effective in determining the upper and lower boundaries of the defects based on the
characteristic current curves. This approach allows for a more accurate evaluation of the
defect depth sizes. The analysis of the relative error associated with this method reveals
that it is also within an acceptable range with a maximum of 7.5%. This demonstrates
the reliability and accuracy of the double-sided scanning technique in defect detection
and sizing.

4. Experimental Results and Analysis
4.1. The Testing System and Specimen

The experimental platform consists of a DC magnetization power, a signal generator, a
signal amplification-conditioning module, a U-shaped magnetizer, a probe, and a specimen,
as shown in Figure 16. The magnetizing coil is loaded with a DC current of the step change
in intensity to produce different magnetic fields. The magnetizing coil is 989 turns with a
wire diameter of 1 mm, and the yoke size is the same as the simulation model. The probe
consists of three coils with an outer diameter of 4 mm, an inner diameter of 2.5 mm, and
a height of 0.85 mm. The excitation coil is in the middle, and the other two coils are the
receiving coils. All of them are 100 turns, and their wire diameters are 0.05 mm. The signal
generator provides the excitation coil with an alternating current at a frequency of 100 kHz
and a voltage of 1 V, as shown in Figure 17.
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Figure 17. Probe and filter circuitry.

The specimens are No. 45 steel plates with sizes of 400 mm × 100 mm × 20 mm. Blind
holes of 2 mm, 3 mm, 4 mm depth lengths are machined on the side of the specimen to
simulate internal defects. The burial depths of them are 3, 9, and 12 mm from the positive
side of the plate, as shown in Figure 18.
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For defects with different burial depths, the magnetizing current is increased in
steps of 1 A from 0 to 12 A. At each current, the probe swept over the surface of the
specimen at a uniform speed (the direction of scanning is shown in Figure 11). The
detection signal is acquired by an oscilloscope after passing through the amplification and
conditioning module.

4.2. Experimental Results

To replicate the method used in this paper, place the specimen on the platform, place
the DC magnetizer on the upper surface of the specimen, connect the DC power supply to
the DC magnetizer, and apply the step magnetizing current. The excitation coil in the probe
is then connected to a sine wave signal generator, and the receiver coil is connected to the
input port of the phase-sensitive detector board. The output port of the phase-sensitive
detector board is connected to an oscilloscope. Scanning the upper surface of the specimen
by the probe yields a defect signal scanning signal, as shown in Figure 19a. The plate is
then placed in reverse, and the back of the plate is swept to reveal the defect signals shown
in Figure 19b–d.
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Figure 19. Detection signals for different depth sizes (depth of buried = 3 mm). 

In Figure 19a, the up-sided scanning generated a characteristic current of 2.5 A. The 
defect distance from the up surfaces is 3.0 mm. In Figure 19b, the back-sided scanning 
generated a characteristic current of 9.0 A. The defect distance from the back surfaces is 
14.9 mm. The defect depth size is calculated to be 2.1 mm. In Figure 19c, the back-sided 
scanning generated a characteristic current of 8.9 A. The defect distance from the back 
surfaces is 14.1 mm. The defect depth size is calculated to be 2.9 mm. Figure 19d shows 
that the back-sided scanning generated a characteristic current of 8.7 A. The defect dis-
tance from the back surfaces is 13.1 mm. The defect depth size is calculated to be 3.9 mm. 
Figure 19e–h represents the change VΔ  of the signal from Figure 19a–d. 

In Figure 20, the horizontal coordinates represent the actual sizes of the defects, while 
the vertical coordinates depict the inspection sizes obtained through the measurement 
process. The purpose of this graphical representation is to analyze and visualize the errors 
associated with defect detection. Notably, the graph reveals a relative error of up to 5% 
when detecting a defect with a depth size of 2 mm. 
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Figure 20. Depth size measurement charts for different burial depths. 

To provide a more detailed overview, Table 4 lists the actual sizes of the defects along 
with the evaluated sizes at various burial depths and the corresponding relative errors. 

Figure 19. Detection signals for different depth sizes (depth of buried = 3 mm).

Different sets of defect size detection signals are plotted in Figure 19.
In Figure 19a, the up-sided scanning generated a characteristic current of 2.5 A. The

defect distance from the up surfaces is 3.0 mm. In Figure 19b, the back-sided scanning
generated a characteristic current of 9.0 A. The defect distance from the back surfaces is
14.9 mm. The defect depth size is calculated to be 2.1 mm. In Figure 19c, the back-sided
scanning generated a characteristic current of 8.9 A. The defect distance from the back
surfaces is 14.1 mm. The defect depth size is calculated to be 2.9 mm. Figure 19d shows that
the back-sided scanning generated a characteristic current of 8.7 A. The defect distance from
the back surfaces is 13.1 mm. The defect depth size is calculated to be 3.9 mm. Figure 19e–h
represents the change ∆V of the signal from Figure 19a–d.

In Figure 20, the horizontal coordinates represent the actual sizes of the defects, while
the vertical coordinates depict the inspection sizes obtained through the measurement
process. The purpose of this graphical representation is to analyze and visualize the errors
associated with defect detection. Notably, the graph reveals a relative error of up to 5%
when detecting a defect with a depth size of 2 mm.
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14.9 mm. The defect depth size is calculated to be 2.1 mm. In Figure 19c, the back-sided 
scanning generated a characteristic current of 8.9 A. The defect distance from the back 
surfaces is 14.1 mm. The defect depth size is calculated to be 2.9 mm. Figure 19d shows 
that the back-sided scanning generated a characteristic current of 8.7 A. The defect dis-
tance from the back surfaces is 13.1 mm. The defect depth size is calculated to be 3.9 mm. 
Figure 19e–h represents the change VΔ  of the signal from Figure 19a–d. 
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To provide a more detailed overview, Table 4 lists the actual sizes of the defects along
with the evaluated sizes at various burial depths and the corresponding relative errors.
This table serves as a quantitative reference, allowing us to compare the measured sizes
against the true values and calculate the accuracy of our detection method. The relative
error indicates the deviation of the measured size from the actual size, which is expressed
as a percentage of the actual size.

Table 4. Evaluation error.

Actual Size of
Defect

Depth of Burial
3 mm

Depth of Burial
9 mm

Depth of Burial
12 mm

Maximum
Relative Error

2.0 mm 2.1 mm 2.0 mm 2.1 mm 5%

3.0 mm 2.9 mm 3.0 mm 3.0 mm 3.3%

4.0 mm 3.9 mm 3.9 mm 4.0 mm 2.5%

5.0 mm 5.0 mm 5.0 mm 5.0 mm 0%

5. Discussion

Through simulation and experiment, we can find that the maximum relative error of
this evaluation of the depth size is 7.5%. The reason for these errors may be the nonlinear
variation in the characteristic current curve. In order to avoid the characteristic current
curve being affected by other defect sizes such as width, this section focuses on the effect of
defect width on the characteristic current curve.

In the actual inspection, defects may extend not only in the direction of depth but also
in the direction of width. Therefore, the detection signal will not only contain information
about the depth of the defect but also about the width of the defect (In Figure 21). The
cloud diagram of magnetic permeability perturbation with different defect widths is shown
in Figure 22.

In Figure 21, there is no discernible change in permeability perturbations as a function
of defect width. The range of magnetic permeability perturbations has expanded. Figure 22
shows the scanning signal at a consistent burial depth for defects of varying widths.

As can be seen in Figure 22, the signal peaks do not increase significantly with the
increasing defect width. The size of the defect width has little effect on the peak increment
of the detected signal. The distance between the peaks of the defect signal increases as the
defect width increases.
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in signals could be attributed to the fact that the defect length is significantly shorter than 
the diameter of the probe being used. This disparity leads to the detection of smaller peaks 
in the signal corresponding to the defective area. The probe’s diameter determines the 
region it can effectively sense, and if the defect is smaller than this diameter, the detected 
signal may not be as strong or as distinct as one would expect from a larger defect. 

Figure 22. Different width detection signals.

Figure 23 presents a compelling case that the width of a defect does not exert a
substantial influence on the characteristic current. This observation signifies that the
distance between the scanning surface and the defect can be accurately determined based
solely on the analysis of the characteristic current curve. In other words, regardless of the
width variation in the defect, the characteristic current remains relatively stable, making it
a reliable indicator for distance measurement.

In Figure 24, it is observed that the majority of the signal peaks are clustered closely
together with a notable exception of length 1 mm. The underlying cause for this disparity
in signals could be attributed to the fact that the defect length is significantly shorter than
the diameter of the probe being used. This disparity leads to the detection of smaller peaks
in the signal corresponding to the defective area. The probe’s diameter determines the
region it can effectively sense, and if the defect is smaller than this diameter, the detected
signal may not be as strong or as distinct as one would expect from a larger defect.
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Furthermore, the same logic applies to the length of the defect. The figure also shows
that the effect on the characteristic current is not significant for defect lengths larger than the
probe diameter. This indicates that when assessing material surface defects using current
detection techniques, precise knowledge of the defect’s length may not be as crucial as
understanding the variations in the characteristic current curve. In summary, Figures 23
and 25 underscores the fact that when utilizing characteristic current measurements to
detect and evaluate surface defects, the distance between the scanning surface and the
defect can be accurately determined by analyzing the characteristic current curve, while
the specific sizes of the defect, such as width and length, have a relatively minor impact
on the current curve. This insight can significantly enhance the efficiency and accuracy of
defect detection methods.
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6. Conclusions

In this paper, a defect depth size evaluation method based on layered magnetization
by double-sided scanning is proposed, which can effectively detect the defect depth size.
The changes in magnetic field intensity under the excitation of different magnetizing cur-
rents are investigated. The phenomenon of internal magnetization depth stratification
is revealed when the specimen is subjected to different magnetic field intensities. The
characteristic current values are determined from the signal incremental change informa-
tion. The relationship between the characteristic current and the magnetization depth is
established. The distance between the defect boundary and the surface of the component
can be effectively localized by using the characteristic current. Then, the upper and back
boundary positions of the defects are determined by double-sided step magnetization with
double-sided scanning.

In the simulation phase, the relationship curve between the magnetization depth and
magnetization current was determined by setting defects with different embedded depths.
Additionally, the simulation employed the double-sided scanning to evaluate defects with
various depth sizes. The results indicated that the maximum relative error occurred when
the depth size was 4 mm, reaching 7.5%. In the experimental section, three sets of defects
with different embedded depths and depth sizes were evaluated. The experimental data
showed that the maximum relative error was 5% when detecting a depth size of 2 mm.
During the discussion, the influence of defect width and length sizes on the characteristic
current was investigated. After comparative analysis, it was found that the defect width
and length had minimal effects on the characteristic current. In conclusion, the double-
sided scanning evaluation method by step magnetization can effectively evaluate the depth
size of defects.

It is worth noting that when the characteristic current increases, the ability of the
characteristic current to characterize the depth size of the defect will decrease, which makes
an inaccurate evaluation of the distance between the defect boundary and the surface
of the specimen. As a result, it affects the evaluation of the depth of the defect by the
double-scanning method. In order to reduce the error, methods to improve the accuracy of
the characteristic current will be discussed in future work.

Author Contributions: X.S. and Y.K.; Methodology, Z.D.; Data curation, H.H.; Writing—original
draft, Z.D. and D.Q.; Writing—review & editing, Z.D. and D.Q. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors acknowledge continuous support by the National Key Research and Develop-
ment Program of China under Grant 2022YFF0605600, the National Natural Science Foundation of



Sensors 2024, 24, 3689 18 of 19

China (NSFC) under Grant 52105550, and the Scientific Research Foundation of Hubei University of
Technology under Grant GCC2024001.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sun, F.; Fan, M.; Cao, B.; Ye, B.; Lu, G.; Li, W.; Tian, G. Cross-Correlation Inspired Residual Network for Pulsed Eddy Current

Imaging and Detecting of Subsurface Defects. IEEE Trans. Ind. Electron. 2023, 70, 12860–12871. [CrossRef]
2. Xu, Z.; Wu, J.; Liu, Z.; Xia, H.; Zhu, J. Detection, distinction, and quantification of pipeline surface and subsurface defects by DC

magnetization scanning induction thermography. NDT E Int. 2023, 135, 102786. [CrossRef]
3. Chen, S.; Wang, H.; Jiang, Y.; Zheng, K.; Guo, S. Wall thickness measurement and defect detection in ductile iron pipe structures

using laser ultrasonic and improved variational mode decomposition. NDT E Int. 2023, 134, 102767. [CrossRef]
4. Simm, A.; Theodoulidis, T.; Poulakis, N.; Tian, G.Y. Investigation of the magnetic field response from eddy current inspection of

defects. Int. J. Adv. Manuf. Technol. 2011, 54, 223–230. [CrossRef]
5. Luo, Q.; Shi, Y.; Wang, Z.; Zhang, W.; Li, Y. A study of applying pulsed remote field eddy current in ferromagnetic pipes testing.

Sensors 2017, 17, 1038. [CrossRef] [PubMed]
6. Gao, B.; Li, X.; Woo, W.L.; Yun Tian, G. Quantitative validation of Eddy current stimulated thermal features on surface crack.

NDT E Int. 2017, 85, 1–12. [CrossRef]
7. Sun, Y.; Liu, S.; Deng, Z.; Gu, M.; Liu, C.; He, L.; Kang, Y. New Discoveries on Electromagnetic Action and Signal Presentation in

Magnetic Flux Leakage Testing. J. Nondestruct. Eval. 2019, 38, 93. [CrossRef]
8. Wen, D.; Fan, M.; Cao, B.; Ye, B. Adjusting LOI for Enhancement of Pulsed Eddy Current Thickness Measurement. IEEE Trans.

Instrum. Meas. 2019, 69, 521–527. [CrossRef]
9. Fang, Y.; Qu, Y.; Zeng, X.; Chen, H.; Xie, S.; Wan, Q.; Uchimoto, T.; Chen, Z. Distinguishing evaluation of plastic deformation and

fatigue damage using pulsed eddy current testing. NDT E Int. 2023, 140, 102972. [CrossRef]
10. Xie, S.; Lu, G.; Zhang, L.; Chen, Z.; Wan, Q.; Uchimoto, T.; Takagi, T. Quantitative evaluation of deep-shallow compound defects

using frequency-band-selecting pulsed eddy current testing. NDT E Int. 2023, 133, 102750. [CrossRef]
11. Xie, S.; Yang, S.; Tian, M.; Zhao, R.; Chen, Z.; Zheng, Y.; Uchimoto, T.; Takagi, T. A hybrid nondestructive testing method of pulsed

eddy current testing and electromagnetic acoustic transducer techniques based on wavelet analysis. NDT E Int. 2023, 138, 102900.
[CrossRef]

12. Li, E.; Wu, J.; Zhu, J.; Kang, Y. Quantitative Evaluation of Buried Defects in Ferromagnetic Steels Using DC Magnetization Based
Eddy Current Array Testing. IEEE Trans. Magn. 2020, 56, 6200811. [CrossRef]

13. Li, S.; Bai, L.; Zhang, X.; Tian, L.; Zhang, J.; Liu, Z.; Chen, C. A defect opening profile reconstruction method based on
multidirectional magnetic flux leakage detection. Meas. J. Int. Meas. Confed. 2024, 233, 114701. [CrossRef]

14. Sun, Y.; Feng, B.; Liu, S.; Ye, Z.; Chen, S.; Kang, Y. A Methodology for Identifying Defects in the Magnetic Flux Leakage Method
and Suggestions for Standard Specimens. J. Nondestruct. Eval. 2015, 34, 20. [CrossRef]

15. Ma, C.; Liu, Y.; Shen, C. Phase-Extraction-Based MFL Testing for Subsurface Defect in Ferromagnetic Steel Plate. Sensors 2022, 22,
3322. [CrossRef] [PubMed]

16. Li, W.; Chen, G.; Yin, X.; Li, X.; Liu, J.; Zhao, J.; Zhao, J. Visual and intelligent identification methods for defects in underwater
structure using alternating current field measurement technique. IEEE Trans. Ind. Inform. 2021, 18, 3853–3862.

17. Zhao, J.; Li, W.; Yin, X.; Li, X.; Zhao, J.; Fan, M. Novel phase reversal feature for inspection of cracks using multi-frequency
alternating current field measurement technique. Mech. Syst. Signal Process. 2023, 186, 109857.

18. Chang, J.; Chu, Z.; Gao, X.; Soldatov, A.I.; Dong, S. A magnetoelectric-ultrasonic multimodal system for synchronous NDE of
surface and internal defects in metal. Mech. Syst. Signal Process. 2022, 183, 109667. [CrossRef]

19. Liu, B.; Liang, Y.; He, L.; Lian, Z.; Geng, H.; Yang, L. Quantitative study on the propagation characteristics of MFL signals of outer
surface defects in long-distance oil and gas pipelines. NDT E Int. 2023, 137, 102861. [CrossRef]

20. John, A.F.; Bai, L.; Cheng, Y.; Yu, H. A Heuristic Algorithm for the Reconstruction and Extraction of Defect Shape Features in
Magnetic Flux Leakage Testing. IEEE Trans. Instrum. Meas. 2020, 69, 9062–9071. [CrossRef]

21. Gao, P.; Geng, H.; Yang, L.; Su, Y. Research on the Forward Solving Method of Defect Leakage Signal Based on the Non-Uniform
Magnetic Charge Model. Sensors 2023, 23, 6221. [CrossRef] [PubMed]

22. Liu, B.; Luo, N.; Feng, G. Quantitative study on mfl signal of pipeline composite defect based on improved magnetic charge
model. Sensors 2021, 21, 3412. [CrossRef] [PubMed]

23. Shi, P.; Zhang, P.; Hao, S.; Wang, W.; Gou, X. Classification and evaluation for nearside/backside defect via magnetic flux leakage:
A dual probe design with SVM and PSO intelligence algorithms. NDT E Int. 2024, 144, 103100. [CrossRef]

24. D’Angelo, G.; Laracca, M.; Rampone, S.; Betta, G. Fast Eddy Current Testing Defect Classification Using Lissajous Figures. IEEE
Trans. Instrum. Meas. 2018, 67, 821–830. [CrossRef]

https://doi.org/10.1109/TIE.2023.3239862
https://doi.org/10.1016/j.ndteint.2023.102786
https://doi.org/10.1016/j.ndteint.2022.102767
https://doi.org/10.1007/s00170-010-2919-5
https://doi.org/10.3390/s17051038
https://www.ncbi.nlm.nih.gov/pubmed/28475141
https://doi.org/10.1016/j.ndteint.2016.09.002
https://doi.org/10.1007/s10921-019-0624-3
https://doi.org/10.1109/TIM.2019.2904331
https://doi.org/10.1016/j.ndteint.2023.102972
https://doi.org/10.1016/j.ndteint.2022.102750
https://doi.org/10.1016/j.ndteint.2023.102900
https://doi.org/10.1109/TMAG.2020.3003841
https://doi.org/10.1016/j.measurement.2024.114701
https://doi.org/10.1007/s10921-015-0293-9
https://doi.org/10.3390/s22093322
https://www.ncbi.nlm.nih.gov/pubmed/35591012
https://doi.org/10.1016/j.ymssp.2022.109667
https://doi.org/10.1016/j.ndteint.2023.102861
https://doi.org/10.1109/TIM.2020.2998561
https://doi.org/10.3390/s23136221
https://www.ncbi.nlm.nih.gov/pubmed/37448068
https://doi.org/10.3390/s21103412
https://www.ncbi.nlm.nih.gov/pubmed/34068412
https://doi.org/10.1016/j.ndteint.2024.103100
https://doi.org/10.1109/TIM.2018.2792848


Sensors 2024, 24, 3689 19 of 19

25. Chen, T.; Tian, G.Y.; Sophian, A.; Que, P.W. Feature extraction and selection for defect classification of pulsed eddy current NDT.
NDT E Int. 2008, 41, 467–476. [CrossRef]

26. He, Y.; Luo, F.; Pan, M.; Hu, X.; Gao, J.; Liu, B. Defect classification based on rectangular pulsed eddy current sensor in different
directions. Sens. Actuators A Phys. 2010, 157, 26–31. [CrossRef]

27. Yao, W.; Yang, Y.; Jiang, F.; Di, X.; Tao, L.; Geng, L. Quantitative evaluation of defects based on the characteristics of the induced
eddy current field. Insight-Non-Destr. Test. Cond. Monit. 2022, 64, 201–205. [CrossRef]

28. Li, C.; Chen, C.; Liao, K. A quantitative study of signal characteristics of non-contact pipeline magnetic testing. Insight-Non-Destr.
Test. Cond. Monit. 2015, 57, 324–330. [CrossRef]

29. Witek, M. Structural integrity of steel pipeline with clusters of corrosion defects. Materials 2021, 14, 852. [CrossRef]
30. Yang, Y.; Liu, X.; Yang, H.; Fang, W.; Chen, P.; Li, R.; Gao, H.; Zhang, H. A Semi Empirical Regression Model for Critical Dent

Depth of Externally Corroded X65 Gas Pipeline. Materials 2022, 15, 5492. [CrossRef]
31. Alimey, F.J.; Yu, H.; Bai, L.; Cheng, Y.; Wang, Y. Gradient Feature Extract for the Quantification of Complex Defects Using

Topographic Primal Sketch in Magnetic Flux Leakage. J. Nondestruct. Eval. Diagn. Progn. Eng. Syst. 2020, 3, 011001. [CrossRef]
32. Yuan, J.; Qiao, M.; Hu, C.; Cheng, Y.; Wang, Z.; Zheng, D. A classification and quantitative assessment method for internal and

external surface defects in pipelines based on ASTC-Net. Adv. Eng. Inform. 2024, 61, 102492. [CrossRef]
33. Tian, G.; Yang, C.; Lu, X.; Wang, Z.; Liang, Z.; Li, X. Inductance-to-digital converters (LDC) based integrative multi-parameter

eddy current testing sensors for NDT & E. NDT E Int. 2023, 138, 102888. [CrossRef]
34. Li, E.; Chen, Y.; Chen, X.; Wu, J. Defect width assessment based on the near-field magnetic flux leakage method. Sensors 2021, 21, 5424.

[CrossRef] [PubMed]
35. Yang, Z.; Yang, J.; Cao, H.; Sun, H.; Zhao, Y.; Zhang, B.; Meng, C. Quantitative Detection of Tank Floor Defects by Pseudo-Color

Imaging of Three-Dimensional Magnetic Flux Leakage Signals. Sensors 2023, 23, 2691. [CrossRef] [PubMed]
36. Nafiah, F.; Sophian, A.; Khan, M.R.; Zainal Abidin, I.M. Quantitative evaluation of crack depths and angles for pulsed eddy

current non-destructive testing. NDT E Int. 2019, 102, 180–188. [CrossRef]
37. Xu, P.; Zhu, C.L.; Zeng, H.M.; Wang, P. Rail crack detection and evaluation at high speed based on differential ECT system. Meas.

J. Int. Meas. Confed. 2020, 166, 108152. [CrossRef]
38. Long, Y.; Huang, S.; Peng, L.; Wang, S.; Zhao, W. A characteristic approximation approach to defect opening profile recognition in

magnetic flux leakage detection. IEEE Trans. Instrum. Meas. 2021, 70, 6003912. [CrossRef]
39. Cheng, Y.; Wang, Y.; Yu, H.; Zhang, Y.; Zhang, J.; Yang, Q.; Sheng, H.; Bai, L. Solenoid model for visualizing magnetic flux leakage

testing of complex defects. Ndt E Int. 2018, 100, 166–174. [CrossRef]
40. Deng, Z.; Yuan, Z.; Tu, J.; Chen, L.; Song, X.; Kang, Y. A Thickness Reduction Detection Method Based on Magnetic Permeability

Perturbation under DC Magnetization for Ferromagnetic Components. IEEE Trans. Instrum. Meas. 2022, 71, 6006713. [CrossRef]
41. Sun, Y.; Kang, Y. The feasibility of MFL inspection for omni-directional defects under a unidirectional magnetization. Int. J. Appl.

Electromagn. Mech. 2010, 33, 919–925. [CrossRef]
42. Pham, H.Q.; Le, V.S.; Vu, M.H.; Doan, D.T.; Tran, Q.H. Design of a lightweight magnetizer to enable a portable circumferential

magnetic flux leakage detection system. Rev. Sci. Instrum. 2019, 90, 074705. [CrossRef]
43. Deng, Z.; Li, T.; Zhang, J.; Song, X.; Kang, Y. A magnetic permeability perturbation testing methodology and experimental

research for deeply buried defect in ferromagnetic materials. NDT E Int. 2022, 131, 102694. [CrossRef]
44. Deng, Z.; Lian, G.; Tu, J.; Feng, B.; Song, X.; Kang, Y. Magnetic Permeability Perturbation Testing Based on Unsaturated DC

Magnetization for Buried Defect of Ferromagnetic Materials. J. Nondestruct. Eval. 2022, 41, 76. [CrossRef]
45. Deng, Z.; Kang, Y.; Zhang, J.; Song, K. Multi-source effect in magnetizing-based eddy current testing sensor for surface crack in

ferromagnetic materials. Sens. Actuators A Phys. 2018, 271, 24–36. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ndteint.2008.02.002
https://doi.org/10.1016/j.sna.2009.11.012
https://doi.org/10.1784/insi.2022.64.4.201
https://doi.org/10.1784/insi.2015.57.6.324
https://doi.org/10.3390/ma14040852
https://doi.org/10.3390/ma15165492
https://doi.org/10.1115/1.4044778
https://doi.org/10.1016/j.aei.2024.102492
https://doi.org/10.1016/j.ndteint.2023.102888
https://doi.org/10.3390/s21165424
https://www.ncbi.nlm.nih.gov/pubmed/34450864
https://doi.org/10.3390/s23052691
https://www.ncbi.nlm.nih.gov/pubmed/36904894
https://doi.org/10.1016/j.ndteint.2018.11.019
https://doi.org/10.1016/j.measurement.2020.108152
https://doi.org/10.1109/TIM.2021.3050185
https://doi.org/10.1016/j.ndteint.2018.09.011
https://doi.org/10.1109/TIM.2022.3210942
https://doi.org/10.3233/JAE-2010-1202
https://doi.org/10.1063/1.5090938
https://doi.org/10.1016/j.ndteint.2022.102694
https://doi.org/10.1007/s10921-022-00908-8
https://doi.org/10.1016/j.sna.2018.01.009

	Introduction 
	Layered Magnetization Mechanism 
	Simulation 
	Three-Dimensional (3D) FEM Model 
	Magnetization Depth of Different Magnetizing Current 
	Measurement Signal and Error Analysis 

	Experimental Results and Analysis 
	The Testing System and Specimen 
	Experimental Results 

	Discussion 
	Conclusions 
	References

