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Abstract

The flexible printed coil array (FPC) is employed extensively because of its flexibility in non-destructive testing (NDT). To
make the inductive coil detect both external and internal defects under static conditions in magnetic flux leakage testing
(MFL), this paper proposes a method based on the AC and DC composite magnetization. The AC magnetization changes the
magnetic field strength in the vicinity of external defects. The DC magnetization makes the defects generate static leakage
magnetic field. The permeability in the skin layer is also altered by the AC magnetization which affects the transmission of
leakage magnetic field caused by internal defects. Therefore, external and internal defects can generate a time-varying leakage
magnetic field. Simulations and experiments are carried out to validate the feasibility of this method. The results indicate that
the method based on the AC and DC composite magnetization can be applied to detect both external and internal defects.

Keywords Composite magnetization - Magnetic shielding - MFL - Internal defects - Permeability

1 Introduction

The flexible sensor array is widely applied in non-destructive
testing (NDT) [1], such as the flexible ultrasonic array probe
[2—4] in ultrasonic testing (UT) and the flexible printed coil
array (FPC) probe [5-8] based on printed circuit board (PCB)
in eddy current testing (ECT). With the FPC, a certain area
can be detected without scanning. Besides, the specimen with
complex contours such as the pipe bend and the welded seam
can be inspected because the shape of FPC can be changed
to suit the contour. Because of its advantage, it is gradually
used in the direct current magnetic flux leakage (DC-MFL)
testing [9] which is applied widely in the detection of ferro-
magnetic materials. However, the FPC can only measure the
change of the magnetic field rather than the absolute value
of the leakage magnetic field [10]. Therefore, the FPC can
be applied at high speed. While under the condition that the
high detection speed cannot be realized, such as the detection
of pipe bends and in-service inspection, the FPC is unable to
detect the static leakage magnetic field.
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In order to detect the defect with coils statically, the alter-
nating current magnetic flux leakage (AC-MFL) technique
can be adopted, which generates a time-varying magnetic
field [11, 12]. However, due to the skin effect, only surface
or near-surface defects can be detected [13]. To improve the
penetration depth of AC-MFL, Tsukada et al. [14] used the
excitation current with extremely low frequencies. The back-
side pitting of a 10 mm thickness plate can be detected by
analyzing the magnetic field component parallel to the induc-
ing magnetic field. Song et al. [15] analyzed the phase change
in the detected signal by low-frequency magnetic flux leak-
age (LFMFL) method to defect the internal defect. Although
the skin depth can be increased by reducing AC frequency,
only defects in a limited buried depth can be detected. More-
over, the sensitivity of induction coils will decrease with
reducing frequency [16]. To achieve the detection of defects
with deeper depth, Sophian et al. proposed pulsed magnetic
flux leakage (PMFL) techniques [17]. The stepped excitation
was applied as the magnetizing current. This method has the
advantage of detecting deeper subsurface defects, locating
and sizing defects. Wilson et al. further complemented the
PMFL by combing pulsed magnetic reluctance (PMR) tech-
nique, which improved sub-surface defects characterization
capabilities [18]. And Wilson et al. used feature extraction
and integration of PMFL data to enhance defect characteriza-
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Fig. 1 The schematic diagram of the method

tion capabilities [19]. Wang et al. applied sensor array based
PMFL technology to detect rail cracks [20].

The penetration depth of DC-MFL testing is more than
15 mm [21], and the ferromagnetic materials with high per-
meability surrounding the subsurface defects could shield
the MFL [22, 23]. To extend the depth of the defects that
can be detected by the static induction coil, this paper com-
bines the advantages of deep penetration depth of DC-MFL
and the characteristic that the subsurface defect signal can
be affected by the permeability surrounding it. A method
based on the combination of AC and DC magnetization
is proposed. The DC magnetization can penetrate deeper
than AC magnetization. By the DC magnetization, the inter-
nal defect generates a DC leakage magnetic field. The AC
magnetization changes the permeability of the skin layer
which influences the static leakage magnetic field caused
by the internal defects. In addition, the change of the mag-
netic field strength in the skin layer changes the leakage
magnetic field of the external surface defect. This makes
the leakage magnetic field of both internal and external
defects change with time, and they can be captured by static
induction coils. In this paper, the proposed method will
be introduced in detail with the steel pipe as the detection
object.

@ Springer

2 Principle

The main configuration of the proposed method is displayed
in Fig. 1. Under the magnetization of the DC magnetizing coil
in Fig. 1, the steel pipe is magnetized to the near-saturated
state corresponding to the point a on the B-H curve in Fig. 2a.
Then, the AC magnetizing coil superimposes a coaxial alter-
nating magnetic field with strength H,. as shown in Fig. 2c.
It will concentrate on the skin layer because of the eddy
current effect as displayed in Fig. 3. Therefore, the external
defect of the pipe is subject to a superimposed magnetization,
which continuously changes with time in an AC magnetiza-
tion cycle. The process of the superimposed magnetization
is shown in Fig. 2b by the black line. Because of the change
of the magnetic field, the external defect generates a time-
varying magnetic leakage field.

For the internal defect, its leakage magnetic field transmits
through the pipe wall and then reaches the external surface.
The leakage magnetic field is affected by the permeability
of the ferromagnetic materials. The permeability of the skin
layer changes with the AC magnetization as shown in Fig. 2b
by the blue line, so the leakage magnetic field is changed by
the permeability of the skin layer when it passes through the
skin layer of the pipe. To make the leakage magnetic field
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Fig.3 The schematic diagram of the magnetic field distribution

above the surface change, the process is divided into two
parts as follows.

(1) The internal leakage magnetic field is prevented from
diffusing into the air. The magnetic permeability in the sur-

face layer of the steel pipe (area I in Fig. 3b) should be as
large as possible to form a shielding layer due to the shielding
effect of the high permeability material. Therefore, when the
AC magnetic field and the DC magnetic field are in oppo-
site directions, the magnetic permeability of the surface layer
reaches the maximum value. The leakage magnetic field is
prevented from diffusion due to the shielding effect. The
magnetizing process is shown in Fig. 2a, b. The magneti-
zation state of the skin layer on the B-H curve changes from
the point a to the point b, and the magnetic permeability @
increases accordingly. Therefore, the leakage magnetic field
in the air gradually decreases with time.

(2) The diffusion of the internal leakage magnetic field
into the air is promoted. The magnetic permeability in the
outer layer of the steel pipe (area I in Fig. 3b) should be as
small as possible. When the AC magnetic field and the DC
magnetic field are in the same direction, the permeability of
the surface layer reaches the minimum, which promotes the
diffusion of the leakage magnetic field. On the B-H curve,
as the magnetization state in the skin layer of the steel pipe
changes from the point a to the point c, the magnetic perme-
ability u decreases, and the leakage magnetic field in the air
gradually increases.

Therefore, during a cycle of AC magnetization, the leak-
age magnetic field generated by the internal defects diffuses
into the air periodically. Both the internal and external defects
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Fig.4 The simulation model without defects

produce a time-varying leakage magnetic field, and they can
be detected by static coils.

It should be noted that magnetic hysteresis exists in the
magnetizing process. To make the illustrations in Fig. 2 clear,
the hysteresis loop is not shown.

3 Simulation Analysis

A two-dimensional rotational axisymmetric simulation
model was established in the JMAG-Designer18.1 software.
The model is mainly composed of a steel pipe and a magnetiz-
ing coil. The material of the steel pipe was set to be S45C, and
its isotropic non-linear magnetic characteristics were real-
ized by setting a B-H curve to the material. The magnetizing
coil with 2000 turns provided superimposed magnetization
for the steel pipe. Scan path 1 starts from the point (50, 35)
to the point (50, 45), and scan path 2 starts from the point
(40, 45.5) to the point (60, 45.5). The geometry of the entire
model is shown in Fig. 4.

The transient analysis was applied to simulate the mag-
netic field distribution and permeability distribution of the
steel tube under superimposed magnetization. Compared
with the stepped excitation in PMFL method and the sinu-
soidal excitation in AC-MFL method, the magnetizing cur-
rent was superimposed by AC magnetizing current (with an
amplitude of 1.5 A and a frequency of 200 Hz) and DC mag-
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netizing current (with an amplitude of 10 A). One full cycle
of the magnetizing current is shown in Fig. 5 and it is divided
into 20 simulation steps. Points a-f represent some simulation
steps. Because there is a coil in the excitation circuit, so the
circuit is not a pure resistive circuit, which includes an induc-
tance. The steel pipe also contributes mutual inductance to
the circuit. When the RL circuit is under an AC excitation, it
requires several cycles for the current to reach a stable state in
the coil. The following simulation results were all extracted
after the calculation results were stable.

As a result of the skin effect, the change of the magnetic
flux density is different in the thickness direction within an
excitation cycle. Along the scan path 1 in Fig. 4, the maxi-
mum (Bacmax) and minimum (Bacmin) values of the magnetic
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Fig.6 The distribution of magnetic flux density along the scan path 1

flux density component along the X direction within one exci-
tation cycle were extracted and their distribution is plotted in
Fig. 6. The X axis direction represents the pipe’s thickness
direction. The red line shows that the change of Bycmax in the
pipe’s thickness direction is small while the change of B,cmin
is great as shown by the blue line. The difference of the red
line and the blue line represents the change of the magnetic
flux density within an excitation cycle. From Fig. 6, it can be
seen that the magnetic flux density on the surface of the steel
pipe changes greatly within an excitation cycle. The change
decreases sharply along the scan path 1 and it is small on the
inner wall.

As analyzed in the principle, the magnetic permeability
also influences the MFL apart from the magnetic flux density
in the pipe. At different steps in a cycle, the relative perme-
ability distribution in zone A on the cross-section of the steel
pipe in Fig. 4 is shown in Fig. 7. The six figures correspond
to the six steps in Fig. 5. It can be seen that the steel pipe
is magnetized to the near-saturated state in the positive half
cycle (points a, b, and c¢) because the relative permeability
is small. Therefore, when the magnetizing current contin-
ues to increase, the change of the relative permeability of
the steel pipe is small. However, when the direction of AC
magnetization is opposite to that of DC magnetization in the
negative half cycle (points d, e, and f), the surface magnetic
field strength decreases. From the B-H curve in Fig. 2, it
can be known that the decrease of the surface magnetic field
strength will cause the increase of the relative permeabil-
ity when the specimen is already in the near-saturated state.
Besides, the magnetic flux density can reach to O T in the
skin layer as indicated by Fig. 6. Therefore, the permeability
of the surface layer changes greatly. From Fig. 7a—c, it can
be seen that the relative permeability is big in the skin layer
which is consistent with the previous theoretical analysis.

After analyzing the internal magnetic flux density distri-
bution and the magnetic permeability distribution of the steel

pipe without defects, with the same simulation parameters,
simulation models with the internal and external defects were
established as displayed in Fig. 8a, b. The dimensions of the
defects on the inner and outer surfaces are | mm in width
and 1 mm in depth.

Firstly, the external surface defect signal is analyzed.
Along the scan path 3 in Fig. 8, the normal component of
the magnetic flux density By of 10 simulation steps were
extracted, and the corresponding background magnetic flux
density along the scan path 2 in Fig. 4 were subtracted to
obtain the MFL distribution at different steps. The results
are plotted in Fig. 9a. Because the coil is placed at a cer-
tain point to detect the defects in practical applications, the
change of MFL with time is analyzed at a specific point. The
normal component of the magnetic flux density at the point
C (50.5,45.5) in Fig. 8a was subtracted from the background
magnetic flux density at the point B (50.5, 45.5) in Fig. 4
to obtain the change of the leakage magnetic field with time
caused by the defect. The results are plotted in Fig. 9b. Simi-
larly, the calculation results of the internal defects are plotted
in Fig. 10a, b.

Figure 9 shows that the leakage magnetic field of the
external defect changes greatly because of the change of
the magnetic flux density in the skin layer. For the inter-
nal defects, the leakage magnetic field still changes from
the maximum to near zero as shown by Fig. 10. When AC
magnetization is in the same direction as DC magnetization,
Fig. 10b shows that the change of the leakage magnetic field
is relatively small. On one hand, the skin effect causes that
the change of the magnetic flux density in the vicinity of the
internal defect is small as indicated by Fig. 6. One the other
hand, the relative permeability of the skin layer is not greatly
reduced when the pipe is in the near-saturated state. When AC
magnetization and DC magnetization are in opposite direc-
tions, the minimum value of the leakage magnetic field is
close to 0 as displayed by Fig. 10b because of the increase
of the relative permeability in the skin layer as shown in
Fig. 7d—f. The high relative permeability layer shields the
leakage magnetic field.

It can be seen from Fig. 6 that although the magnetic field
change on the inner surface is small, it can still cause the
change of MFL. In order to further verify the shielding effect
of the magnetic permeability on the leakage magnetic field
of the internal defect, the maximum value Byax and the min-
imum value Bpj, of the magnetic flux density were extracted
at the point A (50, 35.5) (the middle of the internal defect)
within one excitation cycle in the simulation model shown
in Fig. 4. Then the simulation model shown in Fig. 4 was
applied for DC-MFL simulation. Except for the magnetizing
current, other parameters were not changed. By continu-
ously changing the magnitude of the DC magnetizing current,
the magnetic flux density at the point C reached the maxi-
mum value Bpax and the minimum value By, respectively.
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Fig.8 The simulation model with defects

The corresponding magnetizing currents /gcmax and /demin
were recorded, and then DC magnetization on the simulation
model in Fig. 8b was performed. The magnetizing currents
were respectively set to / gemax and I gemin, and the MFL distri-
butions corresponding to the two magnetizing currents were
obtained along the scan path 4. After the background mag-
netic flux density was subtracted, the results are plotted in
Fig. 11.

It can be seen that the amplitude of the leakage magnetic
field also changes to a certain extent under the effect of the
magnetic flux density change on the inner wall. The change
of leakage magnetic field caused by the change of inner wall
magnetic flux density is 14 mT, while the change of leakage

@ Springer

Y Position (mm)

1000 45 1000
43 800 43 800
_ 600 5 41 600
39 400 39 400
200 200 37 200
1 35 35 1

45 47 49 51
XPosxtlon (mm)

-

53 55 45 47 49 51 53 55

X Posmon (mm)

Y Position (mm)

1000 45 1000
43 800 43 800
_ 600 5 41 600
8 30 w00 8 50 400
200 200 37 200
1 1 35 1

45 47 49 51
X Position (mm)

(d) (e)

53 55 45 47 49 51 53 55
X Position (mm)

®

YA Magnetizing
80mm coil

10mm

Pipe

/

w
5
3
3

Rotational axis

(b)

magnetic field caused by the skin layer permeability shielding
can reach 32 mT as shown in Fig. 11.

4 Experiments

In this section, an experimental system was built to verify
this method as shown in Fig. 12. The specimen is a 45# steel
pipe with a diameter of 89 mm and a wall thickness of 10 mm
as shown in Fig. 13. The inner and outer walls of the steel
pipe were respectively etched with notches (0.5 mm in width
and different depths (1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm,
and 3 mm)) by electric discharge machining (EDM). The
axial magnetization was generated by the DC magnetizing
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Fig. 10 The MFL distribution of the internal defect

coil with 3600 turns, which was powered by a DC magnetiz-
ing power source. The AC magnetizing coil with 2000 turns
and powered by an AC magnetizing power source with a
frequency of 200 Hz provided AC axial magnetization. The
outer and inner diameters of the pick-up coil with 300 turns
are 4 mm and 3 mm respectively. The output voltage of the
coil was processed by an amplifier with a gain of 1000 and a
low-pass filter with a cutoff frequency of 300 Hz. The exper-
imental data was displayed on the computer software after
A/D conversion with the acquisition frequency of 2 kHz.
Firstly, a pick-up coil was placed on the outer wall below
which there is an internal defect with a depth of 1.0 mm.
The distribution of the normal component of the MFL is
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anti-symmetrical about the middle of the defect as illus-
trated in Fig. 9a and Fig. 10a. If the pick-up coil is placed
right above the defect, the magnetic flux caused by the
defect is zero. Therefore, the axis of the pick-up coil was
slightly deviated from the middle of the defect. As a ref-
erence, another pick-up coil was placed on the outer wall
where there are no cracks on both the inner and outer
walls. The frequency of the AC magnetizing current was
200 Hz and the current was 1.5 A. The DC magnetiz-
ing current was gradually increased from O to 10 A. The
peak values of the signal from the coil above the inter-
nal defect were collected and then subtracted the peak
values of the reference coil signal. The change of the volt-
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age difference with DC magnetizing current is shown in
Fig. 14.

Then, the DC magnetizing current was adjusted to 6A cor-
responding to the current value where the voltage difference
was the largest as shown in Fig. 14. The detection coil was

RS -

Pipe Internal defect

Fig. 13 The specimen

placed on other defects, respectively. The reference coil was
placed in the defect-free region. The output voltage signals
of the coils are shown in Fig. 15 when the detection coil was
placed above the internal defect with a depth of 1 mm. After-
wards, the dependence of the voltage difference on the depth
of defects were studied. The voltage difference is plotted in
Fig. 16 as a function of the depth of the external and internal
defects respectively. The error bars represent the mean and
standard deviations of the signals measured multiple times
with the same experiment parameters repeatedly.

Figure 14 shows that when only the AC magnetization is
applied, due to the limitation of the skin effect, the pick-up
coil cannot detect the internal defect. With the increase of
the DC magnetizing current, the DC magnetization strength
on the inner wall increases, which results in the increase
of DC-MFL caused by the internal defect. Under the effect
of the permeability of skin layer, the amplitude of the AC-
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Fig. 12 Experimental systems
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MFL above the pipe surface increases, so the peak value
of the detection signal above the surface increases accord-
ingly. When the DC magnetizing current is further increased,
the DC magnetizing point on the B-H curve shifts to the
right-hand side as displayed in Fig. 2a while the alternating
magnetic field strength H ¢ is not changed. Therefore, during
an AC magnetization cycle, the maximum value of the sur-
face magnetic permeability gradually decreases, weakening
the shielding effect on the leakage magnetic field caused by
the internal defects. As a result, the variation of the AC-MFL
is reduced which causes the decrease of voltage difference
value.
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Fig. 16 The voltage difference versus depths

The experimental results in Figs. 15 and 16 show that
even if the coil is stationary, it can still defect the internal
and external defects, and the voltage difference gradually
becomes larger as the defect depth increases.

5 Discussion and Conclusions

Conventional DC-MFL obtains the induction signal and its
spatial magnetic field distribution through the probe move-
ment. The proposed method can use the induction coil to
detect internal and external defects of ferromagnetic materi-
als under static conditions. (1). Induction coils measure the
gradient of the magnetic field while sensors such as Hall
probes that measure the absolute value of the magnetic field,
which are easy to saturate under strong background magnetic
fields [24]. (2). Besides, coils are cheap and robust in real
industrial applications. And the FPC can fit on complex con-
tours. Therefore, the detection and in-service monitoring of
both external and internal defects in ferromagnetic materials
can be realized by induction coils statically by this method.
(3). Furthermore, the signal generating mechanism of exter-
nal and internal defects is different. The leakage magnetic
field of external defects is subject to the composite mag-
netization as shown by Fig. 3. If the Bc is strong enough,
the direction of the magnetization will reverse. Therefore, the
direction of the leakage magnetic field generated by the exter-
nal defect will change subsequently. However, for the internal
defect, its DC leakage magnetic field is caused by the Bpc.
As aresult of skin effect, the change of Bac of on the inner
surface of the pipe is small. And the change of Bac on the
outer surface only changes the permeability which will not
change the direction of the leakage magnetic field. Thus, the
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direction of the leakage magnetic field will keep unchanged.
Consequently, the distinction between internal and external
defects could possibly be made based on the direction of the
leakage magnetic field when the Bac is properly set.

Many scholars have studied the combination of AC mag-
netization and DC magnetization. Under different forms of
AC magnetization, the detection mechanism is different. It
is common to apply a DC magnetizer in eddy current testing
[25, 26]. Compared with the DC magnetic field generated by
the magnetizer, the AC field intensity generated by the exci-
tation coil is low and its frequency is high (above 10 kHz).
In a magnetically saturated state, both external and internal
defects can be detected. The reason is that the eddy cur-
rent coil detects the magnetic permeability disturbance in
the surface caused by the leakage magnetic field from inter-
nal defects. Kang et al. [27, 28] systematically studied the
generation mechanism of the internal defect signal. Gotoh
et al. [29, 30] superimposed weak co-directional AC magne-
tization on the basis of DC magnetization. The principle is
that under this DC magnetization, the magnetic field strength
above the internal defect increases, and the differential per-
meability changes under the weak AC magnetization whichis
different from the defect-free region. Louetal. [31] combined
an AC magnetizing coil (with the frequency of 20-50 Hz)
with a DC magnetizing coil to increase the detection depth
because the DC magnetization reduces the relative perme-
ability and increases the skin depth. Because the mechanism
is still based on the change of magnetic flux density on the
inner wall, its detection depth is still limited by the skin effect.

The amplitude and frequency of the AC magnetic field
applied in this paper are different from the above-mentioned
researches. The AC magnetization is strong, which makes
the magnetic field strength in the skin layer change as much
as possible when the AC magnetizing current is working in
a negative half cycle. Thus, the magnetic permeability in the
skin layer is large which can shield the leakage magnetic
field from internal defects. In this state, the signal generation
mechanism of external defects is the principle of AC-MFL.
The mechanism of the alternating magnetic flux leakage sig-
nal of internal defects is the shielding of MFL signals by
the skin layer permeability of the steel pipe, so the detection
depth is not affected by the skin depth. Compared with the
method proposed by Kang et al. [27, 28] and Gotoh et al.
[29, 30], the interference between excitation coils is ignored
in this paper because there is only one AC magnetizing coil.
Compared with PMFL [17], this method utilized the change
of magnetic flux density and permeability to detect exter-
nal and internal defects with static coils, respectively, while
surface defects and internal defects detection is achieved by
high and low frequency excitation components by PMFL
method separately [32]. Because the excitation in this paper
is a single-frequency sinusoidal signal, the signal processing

@ Springer

circuit is relatively simple in this paper compared with the
PMFL method.

Since the induction coil is more sensitive to high-
frequency signals, this paper studies an AC magnetization
frequency of 200 Hz. However, a higher AC frequency means
that the surface permeability shielding layer becomes shal-
lower, and the shielding effect of the MFL signal needs to
be further studied. In addition, this paper only uses the steel
pipe to do a preliminary study, and experiments on the pipe
elbow need to be conducted in further researches.
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