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A B S T R A C T

Accurate evaluation of objects being inspected by
the magnetic flux leakage testing (MFL) method
relies on a good correlation between the signal
characteristics and the discontinuities under actual
test conditions. In practical MFL, imperfect shape
and position of the products will lead to a change-
able spatial location of the sensors and generate
different signal characteristics even for the same
discontinuity. In this paper, the signal characteris-
tics of the widely used circular induction coil influ-
enced by spatial location are investigated. First,
based on magnetic dipole theory, the magnetic
flux leakage distribution of a standard disconti-
nuity is obtained. Second, based on Faraday’s law
of electromagnetic induction, the signal response
model of a circular induction coil at an arbitrary
spatial location is built. Then, the influence of the
coil spatial location on signal characteristics is
analyzed by changing the coil spatial location. It is
found that the spatial location influences the
signal characteristics greatly, including the signal
waveform and the amplitude, which should be
taken into consideration in the sensor design and
signal analysis. Lastly, MFL experiments are
conducted to verify the signal characteristics of the
circular induction coil, and the testing results are
consistent with theoretical analysis.
KEYWORDS: magnetic flux leakage, circular
induction coil, signal characteristics, scanning
spatial location

Introduction
As a noncontact nondestructive testing (NDT) technology,
magnetic flux leakage testing (MFL) is a powerful and highly
efficient method that has been widely used for ferromagnetic
objects (Kang et al. 2012; Carvalho et al. 2010; Cheng 2016;
Zeng et al. 2004; Zhang et al. 2012), such as oil-gas pipeline
(Ramuhalli et al. 2003; Sun et al. 2016; API 2008), rail track
(Wang et al. 2014), steel wire (Kashyap et al. 2005), oil
storage tank bottoms (Cui et al. 2017), and bridge cable (Xu
et al. 2012).

Magnetic flux leakage is not affected by the presence of
nonferromagnetic media around the specimen, so MFL can
still be performed when the surface of the specimen is not
clean, such as when the surface has dirt or dust on it (API
2008). The ferromagnetic objects subject to a uniform
magnetic field will produce flux leakage if any discontinuities
are present in them (Dutta et al. 2009; Li et al. 2007; Mandal
and Atherton 1998; Katoh et al. 2003; Al-Naemi et al. 2006).
Then, magneto sensors are used to measure the magnetic
field around the discontinuity, allowing a quantitative meas-
urement.

Accurate MFL evaluation relies on a good correlation
between the signal characteristics and the discontinuity under
actual test conditions (Wu et al. 2015). On the one hand,
different discontinuity orientations and scanning directions
will generate different signal responses, which have been
discussed in previous studies (Wu et al. 2015; Wu et al.
2016). On the other hand, under actual inspection conditions,
the imperfect shape and position of the products will lead to
changeable spatial location of the sensors and generate
different signal characteristics even for the same discontinuity,
which is the main concern of this paper. In the MFL method,
the magneto elements such as hall elements (Ma et al. 2015),
giant magneto resistances (Kreutzbruck et al. 2013), and
induction coils (Tumanski 2007) are usually used to pick up
leaked magnetic fields. Different from the principle of giant
magneto resistances and hall elements, with their outputs
proportional to the magnetic flux density, induction coils are
proportional to the changing rate of magnetic flux, which has
high sensitivity and wide bandwidth. Due to these features,
induction coils are widely used in MFL. There are two differ-
ently shaped induction coils—the line coil and the circular
coil—which are used for different requirements. Compared
with the line coil, the circular coil has a small sensing area,
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which is more sensitive for tiny discontinuities. In automatic
inspection, in order to accomplish 100% coverage for the
testing objects, the probe needs to be embedded with more
circular coils, resulting in more signal channels and a more
complicated process system. The signal characteristics of line
induction coils affected by sensor arrangement and scanning
direction have been investigated (Wu et al. 2016). Until now,
there have been few published research studies on signal char-
acteristics influenced by scanning spatial location of the
circular induction coil, which is very important for the sensor
design (Wade 2012) and signal analysis under actual test
conditions.

In this paper, the signal characteristics of the widely used
circular induction coil influenced by spatial location are inves-
tigated. Based on the magnetic dipole theory, the magnetic
flux leakage distribution of a standard discontinuity is
obtained, and based on Faraday’s law of electromagnetic
induction, the signal response model of a circular induction
coil at an arbitrary spatial location is built. Magnetic flux
leakage signal characteristics in extreme spatial locations are
calculated. Then, the influence of the coil spatial location on
signal characteristics is analyzed by changing the coil spatial
location. MFL experiments are then performed to verify the
signal characteristics of the circular induction coil.

Magnetic Flux Leakage Signal Response Model of a
Circular Induction Coil
Accurate magnetic flux leakage evaluation relies on a good
correlation between the sensor signal characteristics and the
discontinuities under actual test conditions. However, under
actual test conditions, the imperfect shape and position of the
products will lead to a changeable spatial location of the
sensors and generate different signal characteristics, even for
the same discontinuity. Taking steel pipe inspection as an

example, MFL for longitudinal discontinuities of steel pipe on
an inspection line is shown in Figure 1, which shows the
testing apparatus and the pipe being tested. The steel pipe is
driven forward by conveying rollers on the inspection line.
When the pipe arrives at the inspection apparatus, it is
magnetized by the magnetizer, and then the probes are forced
to contact the pipe surface firmly by air cylinders (Wu et al.
2017).

In order to accomplish 100% coverage, the probe is
embedded with a coil array, forming a largely effective sensing
area, as schematically illustrated in Figure 2. In order to obtain
accurate evaluation results, the probe should keep a constant
and perfect spatial location with respect to the pipe surface
(that is, spatial locations S1, S2, and S3.) All the induction
coils have the same lift-off distance from the pipe surface and
have their sensing face parallel to the pipe surface. However,
under actual test conditions, imperfect shape and position of
the pipes will lead to a changeable spatial location of the
sensors. The imperfect linearity and roundness of the steel
pipe will cause different spatial locations, such as spatial loca-
tions S4, S5, S6, and S7. Besides, the imperfect installation of
the conveying rollers will also cause the long pipe to pass by
the probe with changeable relative positions. Of course,
different spatial locations of the sensors will generate different
signal responses even for the same discontinuity, leading to
low detection accuracy.

In order to investigate the influence of the spatial location
on signal characteristics of the circular induction coil, an
analysis model for a circular induction coil was built, as
schematically illustrated in Figure 3. A circular induction coil
with random spatial location scans a discontinuity in a steel
plate; r is the radius of the circular coil; (x0, y0, z0) is the
center coordinate of the circular coil; g is the plane of the
circular coil; a is the angle between the X-axis and the 
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Figure 1. Two views of the MFL inspection apparatus for steel pipes.
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intersecting line n of the g plane and XZ plane; and b is the
angle between the Y-axis and the intersecting line m of the 
g plane and YZ plane. The direction of the scanning velocity 
v is parallel with the X-axis. The discontinuity orientation is
parallel with the Y-axis. When the steel plate is magnetized by
an X-axis–oriented magnetization field, magnetic flux leakage
B(x, y, z) is generated with its y component By = 0. 

When the circular coil scans above the discontinuity, the
magnetic flux leakage will produce induced electromotive
force in the coil. Compared to the longitudinal discontinuity,
the circular coil has a small sensing area and the y component
of the magnetic flux leakage is zero, hence, a two-dimensional
discontinuity was used to investigate the signal characteristics
of the circular coil, as schematically illustrated in Figure 4.
The width and depth of the discontinuity are 2b and d,
respectively. Opposite magnetic polarities with the 
density of sms are caused on the walls of the rectangle
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Figure 2. The changeable spatial locations of the probe caused by the imperfect shape and position of the pipes.
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(Mandache and Clapham 2003). The coordinate of the
discussed point P is (x, z). The magnetic flux leakage vector
B→(x, z) can be divided up into x component B→x(x, z) and 
z component B→z(x, z), as follows:

(1)

Based on the magnetic dipole model (Zatsepin and
Shcherbinin 1966; Shcherbinin and Pashagin 1972; Bray and
Stanley 1966), by applying vector superposition and integral
operation, the B→x(x, z) and B

→
z(x, z) (Shi 2015) can be 

calculated as follows:

(2)              

(3)

where
µ0 denotes the air permeability, and
sms denotes the magnetic charge density of the perpendi-

cular discontinuity.

To get the magnetic flux leakage distribution of the
discontinuity, the width 2b, the depth d, the lift-off value z,
and sms/4pµ0 are assumed to be 0.5 mm, 0.75 mm, 0.45 mm,
and 1 mm, respectively. Along the X-axis from –4.0 mm to 
4.0 mm, based on Equations 2 and 3, the x component Bx and
the z component Bz are calculated, as displayed in Figure 5. It
can be seen that the Bx is an even function with the largest
amplitude in the center; in contrast, the Bz is an odd function
with the sharpest gradient in the center.

As displayed in Figure 3, according to Faraday’s law of
induction, the induced electromotive force of the differential
line segment dl is expressed as follows:

(4)

where
edl is the induced electromotive force,
v→ is the velocity vector,
B→dl is the magnetic field vector, and
dleffective is the effective length of the differential line

segment in the velocity direction.

Further, by applying vector decomposition, the induced
electromotive force edl can be expressed as follows:

(5)

where
Bdlz is the Z-axis projection of B

→
dl, and

dly is the effective length of the differential line segment in
the velocity direction.

The direction vectors of intersection line n andm are a→

(–cosa, 0, sina) and b→(0, –cos b, sinb), respectively. The
vector of the coil center is c→(x0, y0, z0). Then the coordinate
of the point on the coil can be expressed as

(6)

where
u and v are parameters.

The vector from the coil center to point P is

(7)

The point P is on the circular coil, so the modulus of the
vector |p→ – c→| = r. Supposing that u = wsint, v = wcost. The
vector can be solved by p→ = a→wsint + b→wcost + c→. And, 
the coordinate of any point P on the circular is p→ = 
(x0 – cosawsint, y0 – cosbwcost, z0 + sinasint + sinbwcost).
For the differential line segment dl:

(8)

Finally, the induced electromotive force e for the entail
circular coil can be solved by integration as follows:

(9)
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Figure 5. The Bx and Bz of the perpendicular discontinuity.
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From Equation 9, the conclusion can be obtained that the
sensor spatial location parameters, angles a and b, will influ-
ence the signal characteristics. The circular coil with different
scanning spatial locations will generate different detection
signals even for the same discontinuity, which will seriously
affect the detection accuracy. Besides that, the lift-off
distances and the scanning velocity will also have an impact
on signal characteristics.

Magnetic Flux Leakage Signal Characteristics in Extreme
Spatial Locations
Figure 6 shows the three extreme scanning spatial locations of
the circular coil above the steel plate’s surface. When a = 0°, 
b = 0°, the coil is in the XY plane and parallel to the surface of
the plate, which is a typical arrangement of the circular coil,
namely, the horizontal coil. Based on Equations 3 and 9, the

induced electromotive force of the horizontal coil can be
expressed as follows:

(10)

Using the standard discontinuity parameters, the output
signal waveform of the horizontal circular coil can be obtained,
as shown in Figure 7. It can be noticed that the signal waveform
of the horizontal coil is similar with the x component of
magnetic flux leakage, which is an even function centered on the
discontinuity. It shows the basic waveform characteristic of the
output signal of the horizontal coil, which should be taken into
consideration in signal post-processing.

When a = 90°, b = 0°, the coil is in the YZ plane and
vertical to the surface of the specimen, which is another
typical arrangement of the circular coil, namely, the vertical
coil. Based on Equations 3 and 9, the output induced electro-
motive force of the vertical coil can be calculated:

(11)

Similarly, using the standard discontinuity parameters, the
output signal waveform of the vertical coil can be obtained as
shown in Figure 8. It can be known that the signal character-
istic of the vertical coil is greatly different from that of the
horizontal coil, which is an odd function similar with the 
z component of magnetic flux leakage. Comparing Figure 7 and
Figure 8, it also can be seen that the two circular coils
generate completely different signal waveforms for the same
discontinuity; that is, the horizontal coil signal manifests itself
in an even function signal wave, and, in contrast, the vertical
coil signal is characterized by an odd function signal one.

When a = 0°, b = 90°, the coil is in the side-face; that is, 
in the XZ plane. In this spatial location, there is no cutting
motion, and based on Faraday’s law of induction, no induced
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Figure 6. The three extreme spatial locations of the circular coil.
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electromotive will be generated in the coil. It can be concluded
that the side-face scanning spatial location will cause misdetec-
tion problems, which should be avoided in MFL.

The Influence of the Scanning Spatial Location on
Magnetic Flux Leakage Signal Characteristics
In this section, the influence of the scanning spatial location
on signal characteristics is analyzed in the following four
aspects: (1) the spatial location with the coil center fixed; (2)
the spatial location with different lift-off distances; (3) the
spatial location with the lowest point fixed; and (4) the spatial
location with different scanning velocities.

The Spatial Location with the Coil Center Fixed

In automatic inspection, imperfect shape and position of the
products will lead to a changeable spatial location of the
sensors and generate different signal characteristics. In order
to analyze the angles a and b alone, the spatial locations are
considered with the coil center fixed. The output signals of
the circular coil with the spatial location changing from the
horizontal location to the vertical location, from the hori-
zontal location to the side-face location, and from the vertical
location to the side-face location are calculated, respectively.
Based on the Equations 3 and 9, along the X-axis from 
–2.0 mm to 2.0 mm, with a constant velocity v = 0.1 m/s, 
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the output signal waveforms are calculated and plotted in
Figures 9, 10, and 11 for the same discontinuity.

From Figures 9, 10, and 11, it is found that the spatial
location (angles a and b) influences the signal characteristics
greatly, including the signal waveform and the amplitude. In
order to quantitatively investigate signal amplitude, the peak-
to-peak amplitude of the magnetic flux leakage signal is
analyzed, as defined in Figure 9, which can eliminate the
baseline drift (Wu et al. 2017). From Figure 9, it can be seen
that, as the scanning spatial location changes from a hori-
zontal location to a vertical one, the signal waveform mani-
fests itself from an even function wave to an odd one, and the
peak-to-peak amplitude increases greatly. From Figure 10, it
can be concluded that from the horizontal location to the
side-face one, the waveform is always characterized by an odd
function and the peak-to-peak amplitude decreases to zero.
From Figure 11, it can be seen that the signal waveform 

manifests itself from an odd function wave to an even one and
the peak-to-peak amplitude decreases greatly with the circular
coil changing from the vertical location to the side-face one.

The Spatial Location with Different Lift-Off Distances 
In order to get the influence of the coil lift-off distances on
magnetic flux leakage sensitivity, the angles a and b are set as
five specific values. The same standard discontinuity parame-
ters are used. Based on Equations 3 and 9, the peak-to-peak
amplitude of the output signal can be calculated with different
lift-off distances z of 0.35 mm, 0.45 mm, 0.55 mm, 0.65 mm,
0.75 mm, 0.85 mm, and 0.95 mm, respectively, as shown in
Table 1 and Figure 12.

From Figure 12, it is shown that the peak-to-peak ampli-
tude of the signal gradually decreases with the lift-off distance
increasing, since the magnetic flux leakage intensity decreases
at a higher lift-off location. Besides, for different angles a and
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Figure 11. The signal characteristics of the circular coil changing from the vertical location to the side-face one: (a) the signal waveforms; and
(b) the signal peak-to-peak amplitude.
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TABLE 1
Peak-to-peak amplitude of the circular coil at different lift-off distances

Lift-off Peak-to-peak Peak-to-peak Peak-to-peak Peak-to-peak Peak-to-peak
z (mm) amplitude amplitude amplitude amplitude amplitude

a = 0°, b = 0° a = 90°, b = 0° a = 30°, b = 60° a = 45°, b = 45° a = 60°, b = 30°
0.35 1.3251 3.1160 2.0903 2.4823 2.7001
0.45 0.9161 1.7024 1.3183 1.4617 1.5894
0.55 0.6566 1.0848 0.8882 0.9617 1.0251
0.65 0.4854 0.7444 0.6287 0.6728 0.7102
0.75 0.3691 0.5366 0.4626 0.4913 0.5150
0.85 0.2876 0.4010 0.3517 0.3706 0.3864
0.95 0.2273 0.3084 0.2728 0.2871 0.2984
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b the declining rate of the amplitude is different. The sensi-
tivity of the horizontal coil (a = 0°, b = 0°) has the lowest
declining trend while the sensitivity of the vertical coil (a =
90°, b = 0°) has the fastest one. Therefore, for sensor design,
in order to obtain higher sensitivity, the sensors should be
placed as close as possible to the object.

The Spatial Location with the Lowest Point Fixed
According to lift-off effect displayed in Figure 12, in order to
get a higher sensitivity, the sensors are usually arranged as
closely as possible to the object surface. Here, the sensitivity
of the typical horizontal coil and vertical coil are analyzed. In
the discussion, the two coils have the same lowest point P
with a lift-off value of 0.45 mm, as illustrated in Figure 13. To
analyze the sensitivity changing rule, the coil spatial location is

changed from the horizontal position to vertical with the
lowest point P fixed.

Based on Equations 3 and 9, along the X axis from 
–2.0 mm to 2.0 mm, at different spatial locations, the output
signal waveforms are calculated and plotted in Figure 14.

From Figure 14, it can be seen that with the same lowest
point, the horizontal coil and vertical coil generate totally
different signal characteristics, including the signal waveform
and the sensitivity. With the lowest point P fixed, the signal
waveform changes from an even function wave to an odd
function when the coil scanning spatial location changes from
the horizontal position to the vertical one. Besides, it also can
be observed that the peak-to-peak amplitude of the signal is
gradually reducing. That is to say, with the same lowest point
the horizontal coil has a much higher sensitivity than that of
the vertical coil, which is a preferable arrangement technique
in sensor design.
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The Spatial Location with Different Scanning Velocities

In order to get the influence of the scanning velocity on
magnetic flux leakage sensitivity, the angles a and b are set 
as five specific values. The same standard discontinuity
parameters are used. Based on Equations 3 and 9, the 

peak-to-peak amplitude of the output signal can be calculated
with different scanning velocities v of 0.02, 0.04, 0.06, 0.08,
and 0.10 m/s, as shown in Table 2 and Figure 15.

From Figure 15, the conclusion can be made as the
velocity v increases, the peak-to-peak amplitude of the signal
increases proportionally. Besides, for different angles a and b,
the ascending rate of the amplitude is different. The sensitivity
of the horizontal coil (a = 0°, b = 0°) has the lowest ascending
trend, while the sensitivity of the vertical coil (a = 90°, b = 0°)
has the fastest one. Therefore, in order to avoid the sensitivity
difference caused by velocity change, the MFL inspection
should be performed with a stable scanning velocity.

Experiment
Lastly, MFL experiments were conducted to verify the signal
characteristics of the circular induction coil. A steel plate
(length = 1000.0 mm, width = 150.0 mm, and thickness 
= 8.0 mm) with a discontinuity was tested by MFL instruments,
as shown in Figure 16. A direct current magnetizer was used to
generate an axial magnetization field to magnetize the steel plate.
A discontinuity (length = 20.0 mm, width = 1.0 mm, and 
depth = 1.0 mm) was made in the steel plate by a computer
numerical controlled (CNC) milling machine. The orientation of
the discontinuity is perpendicular to the magnetization direction.
It is known that when the MFL is performed at high speed, 

Computer

Data acquisition card Steel plate

Steel plate

v

Discontinuity

Coil adjusting device

Left Right

Magnetizer

Amplifier

Figure 16. Two views of the MFL instruments for steel plate testing.

TABLE 2
Peak-to-peak amplitude of the circular coil at different scanning velocities

Scanning Peak-to-peak Peak-to-peak Peak-to-peak Peak-to-peak Peak-to-peak
velocity amplitude amplitude amplitude amplitude amplitude
v (m/s) a = 0°, b = 0° a = 90°, b = 0° a = 30°, b = 60° a = 45°, b = 45° a = 60°, b = 30°

0.02 0.18322 0.3404 0.26381 0.2924 0.3179
0.04 0.3664 0.6810 0.5275 0.5847 0.6358
0.06 0.5497 1.0214 0.7913 0.8770 0.9536
0.08 0.7329 1.3618 1.0551 1.1693 1.2715
0.10 0.9161 1.7024 1.3139 1.4617 1.5894
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Figure 15. The signal peak-to-peak amplitude of the circular coil at
different scanning velocities.
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Figure 17. The signals with the circular coil changing from horizontal position to vertical one: (a) a = 0°, b = 0°; (b) a = 30°, b = 0°; 
(c) a = 45°, b = 0°; (d) a = 60°, b = 0°; (e) a = 90°, b = 0°; and (f) peak-to-peak amplitude.
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Figure 18. The signals with the circular coil changing from horizontal position to the side-face: (a) a = 0°, b = 0°; (b) a = 30°, b = 0°; 
(c) a = 45°, b = 0°; (d) a = 60°, b = 0°; (e) a = 90°, b = 0°; and (f) peak-to-peak amplitude.
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Figure 19. The signals with the circular coil changing from vertical position to the side-face: (a) a = 0°, b = 0°; (b) a = 30°, b = 0°; (c) a = 45°,
b = 0°; (d) a = 60°, b = 0°; (e) a = 90°, b = 0°; and (f) peak-to-peak amplitude.
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an eddy current effect (Park and Park 2004; Wu et al. 2017)
will happen and further influence the magnetization status of
the specimen. In this paper, the focus is on signal characteris-
tics of the coil influenced by scanning spatial location. In
order to avoid the high-speed eddy current effect, the magne-
tizer and the steel plate are kept still, and only the coil is
driven forward with a fixed velocity v along the axial direction
from the left side to right side above the steel plate. Hence,
just like the analysis model shown in Figure 3, the scanning
direction is parallel to the magnetization direction while they
are both perpendicular to the discontinuity orientation. When
the coil arrives at the discontinuity location, the magnetic flux
leakage will be picked up by a circular coil (radius: 2.5 mm;
number of turns: 150). The analog signals from the coil are
processed by an amplifier, then collected by a data collector
and transformed into digital signals. Finally, the data are
stored and analyzed by a computer. In order to analyze the

influence of the different spatial locations, a coil adjusting
device is used to adjust the spatial location as required.

In the first study, keeping the center of the coil at the fixed
lift-off distance of 4.0 mm, the signal characteristics of the coil
with different spatial locations were investigated, as displayed in
Figures 17, 18, and 19. From Figure 17, it can be seen that the
horizontal coil (a = 0°, b = 0°) and vertical coil (a = 90°, b = 0°)
generate different signal waveforms, which matches well with the
theoretical analysis results shown in Figures 7 and 8. In addition,
when the coil spatial location changes from the horizontal
position to vertical, the horizontal position to side-face, and the
vertical position to side-face, the signal characteristics change
with the same tendency as the theoretical results, including the
signal waveform and amplitude. The peak-to-peak amplitude is
defined in Figure 17e. In the amplitude discussion, for each
spatial location, the defect was tested for 25 times when the
sensitivity difference was smaller than 0.5 db, which is the
averaged value of the 25 amplitudes used as the analysis data.

Then, the lift-off effect was investigated by placing the coil
with its center at different lift-off distances of 3.5, 4.0, 4.5, 5.0,
5.5, 6.0, and 6.5 mm, respectively. Based on Figure 12, the
circular coil at the five specific spatial locations were tested.
Figure 20 shows the signal amplitude changing trends with the
scanning velocity increasing. The conclusion can be reached that
the sensitivity increases with the lift-off distance increasing, and
that the horizontal coil (a = 0°, b = 0°) sensitivity has the
slowest declining trend while the sensitivity of the vertical coil
(a = 90°, b = 0°) has the fastest one, which matches the theoret-
ical analysis well shown in Figure 12. Therefore, for sensor
design, in order to obtain a higher sensitivity, the sensors should
be placed as closely as possible to the object.

Further, keeping the lowest point of the coil at the fixed
lift-off distance of 1.0 mm, the signal characteristics of the
horizontal and vertical coils were investigated. With the coil
changing from the horizontal position to vertical, the typical
output signals were picked up, as displayed in Figure 21. 
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Figure 20. The signal amplitude influenced by lift-off distance.
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Figure 21. The signals for the circular coil at a fixed lowest point with different spatial locations: (a) a = 0°, b = 0°; (b) a = 30°, b = 0°; 
(c) a = 45°, b = 0°; (d) a = 60°, b = 0°; (e) a = 90°, b = 0°; and (f) peak-to-peak amplitude.
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It is clear that the horizontal coil has a much higher sensitivity
than the vertical coil. Hence, the horizontal position is a
preferable coil arrangement technique when the lowest point
is fixed, which is consistent with the theoretical conclusion.

Lastly, the effect of the scanning velocity was investi-
gated by performing the coil with different scanning velocities
of 0.02, 0.04, 0.06, 0.08, and 0.10 m/s. Based on Figure 15,
the circular coil at the five specific spatial locations was tested.
Figure 22 shows the signal amplitude changing trends with
the scanning velocity increasing. The conclusion can be
reached that the sensitivity increases proportionally with the
scanning velocity, and that the horizontal coil (a = 0°, b = 0°)
sensitivity has the slowest ascending trend while the sensi-
tivity of the vertical coil (a = 90°, b = 0°) has the fastest one,
which matches the theoretical analysis well shown in 
Figure 15. Therefore, in order to avoid the sensitivity differ-
ence caused by velocity change, the MFL inspection should
be performed with a stable scanning velocity.

Conclusions
In this paper, with consideration of actual inspection condi-
tions, in order to improve the accuracy of MFL, the signal
characteristics of the widely used circular induction coil influ-
enced by spatial location is analyzed. Based on the magnetic
dipole theory and Faraday’s law of induction, the signal
response model of a circular induction coil at an arbitrary
spatial location is set up, and then the influence of coil spatial
location is investigated, which is verified by MFL experiments.
The conclusions are as follows:
l The horizontal coil signal characteristics are greatly different
from the vertical one in that the signal waveform of the hori-
zontal coil is similar with the x component of magnetic flux

leakage, which is an even function centered on the disconti-
nuity; in contrast, the signal waveform of the vertical one has
the same changing trend with the z component of magnetic
flux leakage, which should be taken into consideration in the
signal post-processing.

l The scanning spatial location has a great influence on the
signal characteristics, including the waveform and amplitude.
Therefore, the coil should keep a constant scanning spatial
location in the detection process, which should be considered
in the probe design. Besides, the horizontal coil has a higher
sensitivity than that of the vertical one when they have the
same lowest point, which can provide a theoretical guidance
for sensors design. Additionally, placing the sensor as close as
possible to the object and performing the inspection with a
stable scanning velocity will improve the MFL sensitivity and
accuracy.
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