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Abstract

As a promising non-destructive testing (NDT) method, magnetic flux leakage (MFL) testing has been widely used
for steel structure inspection. However, MFL testing still faces a great challenge to detect inner defects. Existing MFL
course researches mainly focus on surface-breaking defects while that of inner defects is overlooked. In the paper,
MFL course of inner defects is investigated by building magnetic circuit models, performing numerical simulations,
and conducting MFL experiments. It is found that the near-surface wall has an enhancing effect on the MFL course
due to higher permeability of steel than that of air. Further, a high-sensitivity MFL testing method consisting of
Helmholtz coil magnetization and induction coil with a high permeability core is proposed to increase the detect-
able depth of inner defects. Experimental results show that inner defects with buried depth up to 80.0 mm can be

promising future in the field of NDT.

detected, suggesting that the proposed MFL method has the potential to detect deeply-buried defects and has a
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1 Introduction

As a powerful and highly efficient non-destructive test-
ing (NDT) method, magnetic flux leakage (MFL) testing
is conducted based on the physical phenomenon that a
ferromagnetic specimen in a certain magnetization state
will produce magnetic flux leakage if any discontinuities
are presented in it [1]. Besides this, MFL is not affected
by the attached non-ferromagnetic media around the
specimens, such as when the surface has dirt or dust on
it. Due to these advantages, MFL is especially suitable
for steel structures inspection, such as bridge cables [2],
pipelines [3, 4], rail tracks [5, 6], oil storage tank bottom
[7, 8], steel ropes [9, 10], and steel pipes [1, 11].

MEFL was firstly proposed to inspect magnetic pen-
etration of ferrous materials in 1889 [12]. Until 1919, the
MEFL were truly applied for defects inspection by using
a magnetizer to generate magnetic flux into the speci-
men, and induction coils to collect the leakage magnetic

*Correspondence: lierlg@scu.edu.cn

! School of Mechanical Engineering, Sichuan University, Chengdu 610065,
China

Full list of author information is available at the end of the article

@ Springer Open

field caused by any defects [13]. Since then, the scientists
mainly worked to propose and optimize the magnetizing
[14, 15], sensing [16, 17], and signal processing methods
[18]. Meanwhile, there has been also much researches on
theoretical calculation of MFL distribution [19, 20], lift-
off effect and high-speed effect [21-23]. Especially, with
the rapid development of artificial intelligence, new data
processing algorithm is used for defects recognition, clas-
sification and quantification [24-26].

It is well known MFL is sensitive to surface-breaking
defects. However, when MFL is applied for deep-buried
defects inspection, it faces a great challenge. In the MFL
application, two common questions of MFL testing for
inner defects must be figured out as follows: (1) why inner
defects have a lower sensitivity than surface-breaking
ones? (2) What is the detectable depth of MFL testing for
inner defects? The first question is about MFL course of
inner defects. Different from the surface-breaking defect,
there is a ferromagnetic near-surface wall between the
inner defect and the sensor. In the previous researches,
the leakage mechanism analysis is mainly about the
surface-breaking defects while that of inner defects is
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overlooked [19, 20]. In this paper it is found that near-
surface wall has an enhancing effect on MFL course due
to the higher permeability of steel than that of air, which
will be analyzed in details. For the other question, figur-
ing out the detectable depth limitation of inner defects is
a key issue for MFL testing, especially for thick objects,
such as thick-wall pipelines, large-diameter bridge cables,
and rail tracks. The detectable depth determines whether
the MFL method will be first choice or not. According to
MEL inspection standard, MFL testing is usually applied
to detect inner defects with a buried depth up to 20 mm
[27], which is far from being able to meet the industrial
inspection needs. Hence, a high-sensitivity MFL testing
method for inner defects is in great need.

In this paper, in order to increase detectable depth
of MFL for inner defects, MFL course of inner defects
is firstly investigated, and then a high-sensitivity MFL
testing method consisting of Helmholtz coil magneti-
zation and induction coil with a high permeability core
is proposed. The remaining sections are structured as:
MEL course of inner defects is simply analyzed by build-
ing magnetic circuit models in Section 2; the simulation
study of MFL distribution of inner defects are presented
in Section 3; Section 4 experimentally studies MFL
course of inner defects by analyzing signal responses;
the detectable depth of inner defects is investigated by
experiments in Section 5; a brief conclusion is given in
Section 6.

2 MFL Course Model of Inner Defects by Magnetic
Circuit Models

The principle of the MFL testing for inner defects is sche-

matically illustrated in Figure 1(a). With a magnetizer,

magnetic flux density B, is induced in a ferromagnetic
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specimen. Defects in the specimen will distort magnetic
flux distribution and cause magnetic flux leak into the air.
Above the specimen surface magnetic sensor are used
to collect the leakage magnetic field, such as Hall sensor
[17] and induction coil [28]. In the following part, three
parameters are defined as: d; (the distance between the
sensor and the defect), /; (the lift-off distance between
the sensor and the specimen surface), 4, (the distance
between the specimen surface and the defect, i.e., buried
depth), and then we can get:

dr =1y + dy. (1)

In order to investigate the MFL course of inner defects,
two different testing conditions are considered as follows:

(1) MFL course of defects D1 and D2: As displayed in
Figure 1(a), comparing testing process for same-
size D1 and D2, sensors S1 and S2 are placed above
the specimen surface with the same lift-off distance
of /. No doubt, the D2 will generate a smaller sig-
nal response in the S2 than surface-breaking D1.
In fact, there are two different influencing factors
between the MFL courses of D1 and D2. There is
a ferromagnetic wall between D2 and the S2 while
there is none for surface-breaking D1. On the other
hand, the distance d; between the S2 and D2 is
greater than that between S1 and D1. Hence, the
reason why D2 has a lower sensitivity than D1 can
hardly be attributed to the magnetic effect of the
wall alone.

MEL course of defects D2, D3 and D4: In previous
studies, many authors investigated the MFL course
of sub-surface defects using the defects D5, D6 and
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Figure 1 The magnetic flux leakage model of inner defects: (a) schematic of MFL testing for inner defects with different buried depths; (b)
magnetic circuit model of MFL course of inner defects
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D7, as displayed in Figure 1(a) [29-31]. Although
these three sub-surface defects have different bur-
ied depths dy, they also have different defect size
(i-e., the defect depth d). Hence, the analysis model
is flawed and the MFL signals are influenced by
both the buried depth d, and the defect size. In
this paper, all the defects are designed to have the
same size. Comparing testing process for same-size
defects D2, D3 and D4, the distances d; between
three sensors and three defects have the same value.
In this condition, only ferromagnetic wall factor will
influence the sensitivity. With the proposed above
analysis model, the MFL course of inner defects
could be investigated.

The MFL course of inner defects is illustrated by the
defect D3, as displayed in Figure 1(a). The S3 is placed
above the specimen with a lift-off distance of /;;, and the
inner defect D3 is buried inside the specimen with a bur-
ied depth of dy ;. The distorted magnetic flux caused by the
defect firstly passes through the near-surface wall with a
thickness of dy (i.e., the buried depth of the defect), then
leaks into the air, and finally reaches the sensor location.

Based on Hopkinson’s law [32], the magnetic flux leak-
age course of inner defects is simply built by magnetic cir-
cuit models, as displayed in Figure 1(b). From the inner
defect to the sensor location, there are ferromagnetic wall
and non-ferromagnetic air, and their magnetic reluctance
are R, and R, respectively. From the sensor location to
infinite far place, the magnetic reluctance of the air is R,;.
Then, we can get

F

=77
Ry + Ry + Ran

()
where F denotes the magnetomotive force depending on
the defect size and magnetization intensity; ¢ denotes the
leakage magnetic flux. In the model all defects have the
same size and the magnetization intensity is fixed, hence
the Fis constant.

The magnetic reluctance is expressed as follows:

R h
where / is the length of material, 4 is the permeability
of the material, and A is the cross-sectional area. Based
on Egs. (2) and (3), the leakage magnetic flux can be
expressed as follows:

_ F

Ty la o ha’ (4)
HfmA T HaA T paA
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where p, and y, denote the permeability of the speci-
men and air, respectively. In order to analyze the mag-
netic effect of near-surface wall, the distance between the
defect and the sensor is set as a fixed value of d, then, the
lift-off distance /4 can be expressed as follows:

lg = dg — dp. (5)

Finally, the relationship between leakage magnetic flux
¢ and buried depth d,, can be simplified as follows:

F F
dy df—db_l_ ha — df Ay (Um—ita) | Ha1
MimA T paA T paA HaA IfmMhad HaA

(6)
From Eq. (6), it can be seen with the same distance d,
the leakage magnetic flux ¢ and the buried depth dj, has a
positive correlation. That is to say, the deepest-buried D2
will generate the greatest MFL signal response in the sen-
sor among D2, D3 and D4. Hence, it could be concluded
that the near-surface wall has an enhancing effect on the
MEL course of inner defects due to the higher permeabil-
ity of steel than those of air.

3 MFL Course Simulation of Inner Defects
Efficient magnetization is the basis to realize MFL
inspection for inner defects. There are three types of
MFL methods using different magnetization modes,
namely, pulsed MFL [29], alternating current (AC) MFL
[30, 31] and direct current (DC) MFL. However, for deep-
buried defects inspection, the former two magnetization
methods are unsuitable due to skin effect of alternating
magnetic field. In contrast, with large DC magnetizing
intensity, DC MFL can magnetize thick specimens into
saturation status to maximize leakage magnetic field of
deep-buried defects. In this paper, a Helmholtz coil mag-
netizer are proposed to produce a strong and uniform
magnetizing field for thick specimen. In order to validate
the MFL course of inner defects, numerical simulations
are conducted by Ansoft Maxwell with the magnetostatic
solver. A two-dimensional finite element method (FEM)
model is built as shown in Figure 2. The parameters of
the Helmholtz coils are as follows: the height of the coil
is 100 mm, the thickness of the coil is 100 mm, the dis-
tance between the coil inner surface and the specimen
surface is 20 mm, and the distance between the two coils
is 100 mm, respectively. An inner defect (width: 4.0 mm;
height: 6.0 mm) is made inside a steel plate (length:
1000.0 mm; thickness: 100.0 mm; Relative permeability:
u-H curve of ASTM A29). The magnetization current
density in each coil is set as 6 x 10® A/mm? to magnetize
the thick plate into saturation state.

Figure 3 shows the distorted magnetic field distribution
caused by inner defects with buried depths of 0.0 mm,
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Figure 2 Simulation model of MFL testing for inner defects

2.0 mm, 5.0 mm and 8.0 mm, respectively. The rainbow
lines above the specimen surface display the leakage mag-
netic flux distribution By . It can be seen different By
distributions are generated by these defects with different
buried depths. In addition, with the buried depth increas-
ing, leakage magnetic flux density is decreasing.

In previous MFL distribution studies, the By above
the specimen surface is the main concern while the
magnetic flux distribution inside the specimen has been
ignored. In order to investigate the magnetic effect of
near-surface wall on the MFL course, the magnetic flux
distributions inside the specimen are simulated as indi-
cated by rainbow color map. It can be seen that the mag-
netic flux in the near-surface wall is distorted greatly, and
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that the By, above the specimen is actually generated
by the distorted magnetic flux in the near-surface wall.
As displayed in Figure 3(a), along the collecting line L
(length: 30.0 mm; lift-off distance /;: 1.0 mm) the normal
component of magnetic field above the surface-break-
ing defect is collected and indicated by red solid line as
shown in Figure 4. It can be seen that the signal manifest
itself an odd function with the sharpest gradient in the
center. In addition, there is a baseline-shift phenomenon
of the testing signal. Specifically, the left side of the signal
has a positive baseline shift while the right side is char-
acterized by a negative one, which will result in a rough
evaluation.

As schematically illustrated in Figure 5, the measured
magnetic field (defined as B, jorc) at the sensor location
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Figure 4 The normal components of magnetic field along the
collecting line L
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Figure 5 Measuring principle in the MFL testing

is actually composed of leakage magnetic field gener-
ated by the defects (defined as By ), magnetizing field
generated by the magnetizer (defined as B,,), and the
demagnetizing field caused by the specimen (defined as
Bmg)- Background magnetic field (defined as By,) is com-
posed of the B, and the By,.. The relationship can be
expressed by follows [33]:

Bi-defect = BmrL + Bmg + Bdmg = BmrL + Bk (7)

where B, and By, are determined by the magnetizing
field distribution and the specimen structure. The B, is
normally constant under the same conditions.

When there is no defect in the specimen, the measured

magnetic field B, jefectfree CONtains only By

B -defect - free = Bbk. (8)

Then, By can be obtained from Eq. (7) by subtracting
Eq. (8):

BMmrL = Bm-defect — Bm - defect - free. (9)

In order to eliminate the By, and observe the By
alone, a defect-free specimen under the same condition
is simulated. The normal component of the B, jofect-free
(defined as B, jefect.free) is calculated and indicated by
black solid line in Figure 4. It can be seen that the B,
defect-free SHOWs a slash with a negative slope. After sub-
traction, the normal component of By, (defined as
B,\ir1) is obtained as indicated by the blue solid line, and
the baseline shift phenomenon disappears. In the follow-
ing simulation, the By, will be eliminated by the same
subtraction method, and the peak amplitude of B,y
(defined as V},) will be used to compare the sensitivity as
shown in Figure 4.

Further, ten defects with different buried depths from
0.0 mm to 10.0 mm are simulated. Along the collect-
ing line L, at the same lift-off distance /; of 1.0 mm, the
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B,y are collected and plotted, as shown in Figure 6. It
can be seen at the same lift-off distance /4 of 1.0 mm, the
deeper-buried defect generates a weaker signal response.
Then, their peak amplitudes of B,y (V}) are extracted
and indicated by dotted blue line in Figure 7, which
shown a descending trend with the increasing buried
depth. Further, along other collecting lines L_ with the /4
varying from 2.0 to 9.0 mm, the V, of the ten defects are
extracted and displayed in Figure 7. It can be seen that
the deeper-buried inner defect has a lower sensitivity at
the same lift-off distance /.

The above simulation is used to illustrate different MFL
course of defects D1 and D2, as shown in Figure 1(a). As
we know, there are two different influencing factors, i.e.,
the distance between the sensor and the inner defect, and
the magnetic effect of the near-surface wall, which must
be analyzed separately.
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In order to analyze the magnetic effect of near-surface
wall, the distance between the defect and the sensor is set
as a fixed value of d; as illustrated by the Defects D2, D3
and D4 in Figure 1(a). Firstly, setting the fixed distance d;
of 10.0 mm, the B, of ten inner defects are collected
and plotted in Figure 8. It can be seen that when the d;
is set as a fixed value, the deeper-buried defect generates
a stronger signal response. Then, their V), are extracted
and indicated by black solid line in Figure 9, which shown
an increasing trend with the buried depth increasing.
Further, other d; (from 1.0 mm to 9.0 mm) are simulated,
as shown in Figure 9. The results validate that the near-
surface wall actually has an enhancing effect on the MFL
course of inner defect. The simulation results match the
theoretical model well as expressed by Eq. (5).

4 MFL Course Experiment of Inner Defects

In previous MFL experimental studies of inner defects,
the specimen is usually designed with sub-surface defects
[27-29], which cannot present inner defects with the

same size but different buried depths. In order to inves-
tigate the MFL course of inner defects, a specimen
with same-size inner defects is proposed and designed,
as displayed in Figure 10. Nine same-size blind holes
(diameter: 2.0 mm; depth: 20.0 mm) with different bur-
ied depths (from 1.0 mm to 9.0 mm) are manufactured
in the side-surface of a steel plate (length: 1000.0 mm;
width: 50.0 mm; height: 100.0 mm). Meanwhile, a sensor
is placed on the top surface to scan the defects. In this
way, MFL courses of different inner defects can be eas-
ily compared under the same inspection condition. The
experimental setup is built as pictured in Figure 11. The
number of square Helmholtz coil turns is 1000. A DC
current with amplitude of 10 A is applied to Helmholtz
coils to magnetize the steel plate into saturation sta-
tus. Above the specimen top surface, Hall sensor (Alle-
gro 1302) commonly used in industry is mounted onto
a guide track, which can adjust the lift-off distance. The
inspected plate is driven to move by supporting wheels
with motors at a fixed speed of 50.0 mm/s. When the
plate passes through the Helmholtz coils, the normal
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components of leakage magnetic field will be collected
by the Hall sensor; then, the collected signal will be pro-
cessed by an amplifier and then a filter for signal condi-
tioning; further, the processed signal will go into the data
acquisition device for changing analog signal to the digi-
tal signal; finally the digital signal will be stored and ana-
lyzed by the computer.

When Hall sensor scans at a lift-off distance /; of
1.0 mm, normal MFL signals of the blind hole with bur-
ied depth 4}, of 1.0 mm is collected, as shown in Fig-
ure 12. It can be seen the signal manifest itself an odd
function with the sharpest gradient in the center, which
is accordant with the simulation results as shown in Fig-
ure 4. Besides, there is no signal baseline shift phenom-
enon. In the MFL scanning process, the sensor is fixed
at the middle of the two Helmholtz coils, and there is no
relative motion between magnetizing field and Hall sen-
sor. Hence, the normal component of the background
magnetic field at the sensor location is constant and
closed to zero.

In the experimental scheme, an additional question
needs to be confirmed. As displayed in Figure 13(a), since
blind holes are manufactured in the side-surface of the
specimen, there are two possible leakage paths from the
blind hole to the sensor location. Though path @, the
distorted magnetic field passes to Hall sensor location
though the side air space. In this situation, the leakage
course will be not influenced by the near-surface wall,
which is different from the MFL course of inner defects
indicated by path @. In order to confirm the true leak-
ing path, contrast experiments are conducted. Firstly, a
steel plate with a thickness of 20.0 mm is used to cover
the blind holes, as displayed in Figure 13(b). In this
condition, the distorted magnetic flux of inner defects
can only leak though the path (@. Then, as displayed in
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Figure 12 The normal component of leakage magnetic field of inner
defect with buried depth dy, of 1.0 mm and the sensor is placed at a
lift-off distance /4 of 1.0 mm
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Figure 13(c), the same covering plate is placed on the
other side of the specimen to obtain the same magneti-
zation status. Experimental results show that the same
inner defect in Figure 13(b) and Figure 13(c) generates a
same signal response. Hence, it can be concluded that the
distorted magnetic field of the inner defect leaks though
path @ due to the high permeability of the near-surface
wall. In the following experiments, the scheme displayed
in the Figure 13(a) will be used to investigate the mag-
netic effect of the near-surface wall.

Similar with the simulations, the peak values of the
tested signals (V/,,,) are used to investigate the sensitiv-
ity, as defined in Figure 12. Firstly, nine blind holes are
scanned by Hall sensor at the same lift-off distance /,; of
1.0 mm, and their V,,, are extracted and indicated by dot-
ted blue line, as displayed in Figure 14. With the buried
depth of blind holes increasing, their MFL signal ampli-
tudes present a declining trend. Further, the V,,, at other
lift-off distance /; (from 2.0 mm to 9.0 mm) are collected
and extracted, as shown in Figure 15. The experimental
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Figure 14 The V/, of the nine inner defects at the same lift-off

distance of /4 from the sensor to the specimen surface
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results validate that the deeper-buried inner defect has a
lower sensitivity, which matches simulation results well
as displayed in Figure 7.

However, the above experiments cannot explain the
MEL course of the inner defects, since there are two vari-
ables discussed above, including different distances d;
from the sensor to blind holes, and magnetic effect of
the near-surface wall. In order to separately analyze the
magnetic effect, the distance d; between the sensor and
blind hole is set as a fixed value. Firstly, the d is set as
10.0 mm by changing the lift-off distance /4 of Hall sen-
sor. Specifically, for nine blind holes with buried depths
from 1.0 mm to 9.0 mm, the Hall sensor is placed at the
lift-off distances /; from 9.0 mm to 1.0 mm, respectively.
The extracted V), are shown by black solid line in Fig-
ure 15, which shows that with the same d; of 10.0 mm,
the deeper-buried defect generates a greater signal
response. Further, the nine blind holes are scanned with
other d; (from 2.0 mm to 9.0 mm) and the extracted V,,,
are displayed in Figure 15. The experimental results are
accordant with simulation results displayed in Figure 9
and the theoretical model described by Eq. (5). It can be
proven that the near-surface wall has an enhancing effect
on the MFL course due to the higher permeability of steel
than those of air.

induction coil ~coil with ferrite core

Ny

Figure 16 Circular induction coil with ferrite core: (a) structure of the
proposed sensor; (b) picture of the proposed sensor

5 Detectable Depth of MFL for Inner Defects

Figuring out the detectable depth limitation of inner
defects is a key issue to MFL application. The detect-
able depth determines whether the MFL method will be
first choice or not. Efficient magnetization is the basis for
deep-buried defects inspection. Especially for specimens
with great thickness, strong magnetization is needed to
excite deep-buried defects to produce a detectable leak-
age magnetic field. On the other hand, a high-sensitivity
sensing method is needed to efficiently collect the weak
leakage magnetic field of inner defects. In the above
experiments, it was found that Hall sensor commonly
used in industry cannot detect inner defects with buried
depth greater than 20.0 mm. In the traditional sensing
process, the MFL field is distributed freely and its den-
sity depends on defect size and magnetization intensity,
which can be named by a “passive sensing method’, lead-
ing to a limited sensitivity of inner defects. In this paper,
in addition to the proposed Helmholtz coil magnetiz-
ing method, an induction coil with a high permeability
core is proposed and developed to increase the detect-
able depth, which is an active sensing method. As dis-
played in Figure 16, the proposed active sensor consists
of a circular induction coil and a cylindrical ferrite core.
Specifically, the ferrite core (Diameter: 3.0 mm; Height:
2.0 mm) is wound around by the insert coil (External
diameter: 4.0 mm; Internal diameter: 3.0 mm; Height:
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Ferrite core

Figure 17 The magnetic flux density distribution: (a) traditional
passive sensing method; (b) ferrite core-based active sensing method
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Figure 18 Schematic diagram of MFL testing for deep-buried inner
defects
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Figure 19 The normal components of the MFL generated by

inner defects with buried depths (Sensor scanning above surface 1
indicated in Figure 18)

1.0 mm; Enameled wire diameter: 0.05 mm; Number of
turns: 150). Since the ferrite core has a high permeability,
it will generate a strong enhancing effect on MFL course
of inner defects, resulting in a greater MFL intensity. In
order to illustrate the proposed sensing method, mag-
netic effect of the ferrite core is simulated, as shown in
Figure 17. It can be seen that with the ferrite core, more

200

100

Signal amplitude (mV)
(=3

100 150 200 250 300 350 400 450 500
Sampling number (N)

0 50

Figure 20 The normal components of the MFL generated by
inner defects with buried depths (Sensor scanning above surface 2
indicated in Figure 18)

magnetic flux is guided to leak into the sensor location to
enhance the sensitivity.

The experimental scheme for detectable depth of
inner defects is designed as schematically illustrated in
Figure 18. Five blind holes (Diameter: 2.0 mm; Depth:
20.0 mm) with the buried depth changing from 10.0 mm
to 50.0 mm are made in the steel plate. Turning the steel
plate upside-down, when the sensor scans above sur-
face 2, blind holes with the buried depth changing from
50.0 mm to 90.0 mm can be tested. Figures 19 and 20
show the normal components of the MFL generated by
the inner defects with the proposed sensor placing at
the lift-off distance of 1.0 mm at a fixed motion speed of
50.0 mm/s. It can be seen that the shape of the obtained
MEFL signal measured by the coil is an even function with
the largest amplitude in the center; in contrast, the MFL
signal measured by Hall sensor is an odd function with
the sharpest gradient in the center as displayed in Fig-
ure 12. The reason is that the output of the induction coil
depends on the rate of MFL change while the Hall sen-
sor captured the absolute value of MFL. From Figures 19
and 20 it can be seen that with the buried depth increas-
ing the signal amplitudes and signal noise ratio are both
decreasing; however, the inner defect with a buried depth
of 80.0 mm still produces a distinguishing signal, sug-
gesting that proposed MFL method has the potential to
detect deeply-buried inner defects and has a promising
future in the field of NDT. Besides, there is no doubt that
the proposed method has lift-off effect, hence the sensor
should be placed as closely as possible to the objects to
enhance the detectability for deep-buried inner defects.

6 Conclusions

In this paper, the MFL course of inner defects is studied
by building magnetic circuit models, performing numeri-
cal simulations, and conducting MFL experiments. It is
found that when the distance d; between the defect and
sensor is set as a fixed value, the deeper-buried defect
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will produce a greater signal response. Hence, it can be
concluded that the near-surface wall has an enhancing
effect on the MFL course due to the higher permeability
of steel than those of air. Further, a Helmholtz coil mag-
netization and an active sensing method are proposed to
increase the detectable depth limitation of inner defects.
Experimental results show that that proposed MFL
method has the potential to detect inner defects with
the buried depth up to 80.0 mm, which can expand the
scope of MFL application. In the future work, the mag-
netic flux leakage course of overlapped inner defects will
be studied.
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