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Abstract – Considering the problem of non-destructive
testing and quantitative evaluation of metal materials, an
electromagnetic method for visual and quantitative eval-
uation of surface defects on metal pipe is proposed in
this paper. The dual-excitation probe with the combina-
tion of arc-shaped and rectangular coils is constructed.
The eddy current magnetic field on the outer cylindri-
cal surface of metal pipe is calculated and analyzed
by COMSOL Multiphysics finite-element software, and
then the influences of crack location and geometric
parameters on three-dimensional magnetic field charac-
teristics are studied. The results show that the cloud
contours constructed by the magnetic induction intensity
norm can accurately evaluate the information such as the
location, size, depth, and orientation of the surface crack.
In addition, the cloud contours constructed separately by
the magnetic induction intensity in three directions can
be used for auxiliary judgment to further determine the
relevant important parameters of the surface crack to be
tested.

Index Terms – Eddy current magnetic field, pipe, cloud
contour of magnetic induction intensity.

I. INTRODUCTION
With the development of modern industrial tech-

nology, metals play an important role in various fields,
and people’s daily life has been inseparable from a
variety of metals. Due to long-term use or aging
of the equipment, the metal surface is often damaged
and broken, which seriously affects the performance
of the equipment, and may cause dangerous goods
leakage, explosion, and other serious safety accidents
[1–3]. Therefore, it is important to carry out a com-
prehensive inspection of metal products to ensure their
integrity. Non-destructive testing (NDT) technology can
obtain the surface condition of materials by processing

and analyzing the changes caused by material physi-
cal characteristics. Eddy current testing (ECT) is the
most popular and mature testing method in online test-
ing [4–7]. Current research mainly focuses on theoretical
model and application development [8–10]. It is used to
detect defects and check the condition of samples, such
as surface cracks, sub-surface cracks, and degeneration-
related defects of samples. Of course, ECT itself has
great limitations, such as many interference factors, large
lift-off effect [11], etc. It is difficult to judge the type
and shape of defects and carry out equivalent analysis of
defects. In addition, eddy current technology has tradi-
tionally relied on changes in the impedance of the pickup
coil. In order to detect deep defects in conductive mate-
rials, it is necessary to reduce the current frequency to
obtain sufficient penetration depth. Because the sensi-
tivity of the detection coil is proportional to the current
frequency, eddy current technology is not suitable for the
detection of deep buried defects. Therefore, it is advanta-
geous to measure the magnetic field directly, rather than
the change rate of the magnetic field [12, 13]. With the
development of ECT technology, it is urgent to explore
the response analysis of defects to magnetic field sig-
nals and extract more useful characteristic information to
establish the quantitative relationship between the crack
geometry and the surrounding magnetic field [14–16].
Therefore, research on magnetic field detection, analysis
methods, and extraction of more characteristic quantities
are the trend of improving detection accuracy for ECT
development.

In order to solve the shortcomings of ECT, improve
the testing ability and accuracy; the NDT of cracks in
pipe surface is studied in this paper by using three-
dimensional induction eddy current field measurement.
COMSOL simulation software is used to obtain the
magnetic induction intensity of the outer surface of the
pipeline under various conditions, to build the magnetic
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induction intensity cloud contour. The defect parame-
ter information is extracted from the image to realize
the visualization of the defect and improve the accurate
evaluation of the pipe.

II. PRINCIPLE OF DETECTION
According to the principle of electromagnetic induc-

tion, an excitation coil with alternating current is close
to the pipe, and then an induced current will be gener-
ated on the surface of the pipe, which is called induced
eddy current. The magnitude of the induced eddy cur-
rent is related to the excitation current parameters and is
also related to the state of the pipe, such as the physi-
cal characteristics and surface quality of the pipe. In the
case of a crack on the surface of the pipe, as shown in
Figure 1, the originally evenly distributed current is bro-
ken by the crack, and the induced current will change the
original path and choose a new path to pass through. As
shown in Figure 1 (b), when the eddy current is perpen-
dicular to the crack, the eddy current is disturbed by the
defect to the maximum. However, when the eddy cur-
rent is parallel to the crack, the disturbance caused by
the defect to the eddy current is minimal, which can be
obtained from Figure 1 (c). At the same time, the change
of the direction and size of eddy current will cause the
change of the space magnetic field around it, that is, the
change of eddy current field. Therefore, the variation of
eddy current inside the pipe can be inferred by measur-
ing the variation of eddy current field around the pipe,
and then the condition of the surface the pipe can be
evaluated.

The magnetic field at any position outside the pipe
is actually equal to the vector sum of the source field
generated by the excitation current and the eddy current

Fig. 1. Schematic diagram of pipe crack detection.

field generated by the induced current.
B = Bs(I, f ,N, . . .)+Be(L,W,D, . . .), (1)

where Bs and Be denote the source field and eddy current
field, respectively. Bs is related to the excitation current
amplitude I, frequency f, the number of coil turns N, and
other parameters. The difference is that Be is related to
the parameters of the defects in the conductor, such as
the crack length L, width W, and depth D. The change of
eddy current field will then lead to the change of mag-
netic field in space. Therefore, the defect in the pipe can
be predicted to a certain extent according to the change
of magnetic field around the crack. However, the selec-
tion of measurement points is arbitrary in practice. The
defects in the pipe cannot be evaluated correctly if the
measurement points are not selected properly. Of course,
a special straight line can also be selected as the detection
position, but there are still many shortcomings for the
cylindrical surface like pipe. Therefore, it is particularly
important to select a suitable inspection surface for accu-
rate and comprehensive quantitative evaluation of pipe
defects. As shown in Figure 1, the three-dimensional
magnetic field in the grid area (the cylindrical surface
coaxial with the outer surface of the pipe) can compre-
hensively reflect the changes caused by the defects in any
direction of the pipe. If the magnetic induction intensity
value can be converted into an image that can be dis-
played directly, it will be more convenient and direct to
determine whether there is a defect in the pipe and obtain
accurate information of the defect. In addition, the mag-
netic induction intensity contour composed of x-, y-, and
z-directions in this area can also realize the visualization
of defects and assist in judgment.

III. RESULTS AND ANALYSIS
A. Establishment of 3D model

The model which is composed of two excitation
coils and pipe is established by COMSOL software, as
shown in Figure 2. The outer coil is two arcs with the
same center as the pipe, and the shape of the inner coil is
a rectangle. The upper and lower arc radii of arc-shaped
coil are 24 and 35 mm, respectively, with a width of 40
mm and a thickness of 1 mm. The rectangular coil is 38-
mm long, 30-mm wide, 17-mm high, and 1-mm thick.
The inner surface of the arc-shaped coil fits exactly with
the outer surface of the rectangular coil. The inner and
outer radii of metal pipe are 10 and 15 mm, respectively.
The number of turns for the two coils is 200, and the con-
ductivity of the coil is 6 × 107 S/m, the cross-sectional
area is 1× 10−6 m2, the excitation current is 10 A, and
the frequency is 200 Hz. The pipe material is aluminum,
with a relative permeability of 1, a relative permittivity of
1, and a conductivity of 3.774 × 107 S/m. Ampère’s law
automatically applies on all the domains. To ensure the
accuracy of electromagnetic field in local small space,
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Fig. 2. 3D model.

a cube air domain with length of 400 mm is established,
and appropriate boundary conditions should be applied
to the solution domain. Magnetic insulation boundaries
are employed to six surfaces of the air domain. The mag-
netic vector potential of all regions is initially set to 0.
To better resolve the induced current in the pipe and the
coil, use a fine mesh. The fine mesh processing is gener-
ated, and the mesh is divided into 267,440. The MUMPS
direct solver is used and the relative tolerance is set to
0.001. Since the actual measurement is the magnetic
field of the pipe surface, a cylindrical three-dimensional
section concentric with the pipe is established above the
pipe surface, and the magnetic induction intensity distri-
bution on the three-dimensional section is calculated and
analyzed.

According to the three-dimensional simulation
model established above, the distribution of the induced
current in the pipe is shown in Figure 3. It is the vector
sum of the induced current generated under the exci-
tation of two coils together that presents a ring shape
around the pipe. Careful observation revealed that there

Fig. 3. Induced current in the pipe.

are slight disturbance changes in the induced current near
the crack, the arrow of the induced current slightly devi-
ated from the original track, and the eddy current distri-
bution near the crack also changed. Although the change
of induced current is not obvious, this slight change
will lead to the corresponding change of the external
magnetic field around the pipe. The three-dimensional
magnetic field distribution of the cylindrical surface
near the pipe will be studied and analyzed in detail
below.

In actual measurement, the magnetic field on the
surface of the pipe is collected. Therefore, a cylindrical
support plate coaxial with the pipe is designed between
the circular coil and the pipe, which is kept in a relatively
static state with the coil. A removable slender circuit
board is designed between the cylindrical support plate
and the coil. The circuit board is mounted on the cylin-
drical support plate to provide a fixed, stable lift-off from
the pipe surface. The magnetic field sensor arrays are
uniformly distributed on the circuit board, and magnetic
field sensors are arranged on the circuit board in an axis
direction. A row of interface circuits are designed on one
side of the circuit board to connect the sensor with the
external circuit. During measurement, the circuit board
will first scan in both directions along the circumference
after the probe coil reaches an area and remains station-
ary. When the circumferential scanning is finished, the
circuit board is moved to the next position along the axis
to fill the detection area between two adjacent magnetic
field sensors. The circuit board is then scanned in both
directions along the circumference. Repeat the above
steps until the area covered by one position of the probe
is completely scanned.

B. Evaluation of pipe cracks based on cloud contour
of induced eddy current field
(1) Cracks at different orientations on the surface of the
pipe.

Under the double coil excitation, the magnetic induction
intensity norm on the three-dimensional cylindrical sur-
face above the pipe is calculated by COMSOL as shown
in Figure 4. Figures 4 (a)-(d), respectively, represent the
cloud contour formed by the magnetic induction inten-
sity norm on the cylindrical surface with no crack, trans-
verse crack, longitudinal crack, and 45◦ oblique crack on
the pipe surface. The longitudinal crack size is 12 × 1 ×
1 mm, and the transverse crack size is 40◦ central angle,
1-mm width and 1-mm depth. Different colors of cloud
contours represent different magnetic induction intensi-
ties. By measuring the distribution of magnetic induction
intensity in this region, the cloud contours of magnetic
induction intensity norm and three-dimensional com-
ponent magnetic induction intensity are obtained, and
the related information of pipe crack is analyzed from
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Fig. 4. The cloud contour of the magnetic induction
intensity with cracks at different orientations: (a) crack-
free, (b) transverse crack, (c) longitudinal crack, and (d)
45◦ oblique crack.

the image. In this way, the visualization of cracks are
realized.

Under the action of double-coil excitation, there
is no obvious “shadow” in the cloud contour of mag-
netic induction intensity norm in the case of no crack,
as shown in Figure 4 (a). The regular magnetic field
distribution of the cloud contour is broken due to the
crack on the pipe. A very obvious “shadow” will be
generated at the corresponding position of the crack,
and the “shadow” reflected in the figure is basically
consistent with the position, size, and direction of the
crack, as shown in Figures 4 (b)–(d). This phenomenon
proves that under the co-excitation of double coils, the
existence of cracks in pipe can be judged by detecting
whether there is “shadow” in the cloud contour of mag-
netic induction intensity above the pipe, and the crack
location and orientation can also be accurately obtained.
In addition, regardless of whether the crack is longitudi-
nal or oblique, the coil can be directly placed above the
pipe for measurement without rotating or moving the coil
to ensure that the induced current is perpendicular to the
defect. The “shadow” in the figure is an intuitive repre-
sentation of the pipe crack, realizing the “visualization”
of the crack.

Figures 5 (a)–(d) show the cloud contours of x-
direction magnetic induction intensity caused by cracks
at different orientations under double coil excitation. It
can be found that the basic law of the cloud contour in
x-direction under various crack conditions is similar to
that shown in Figure 4, but the value of magnetic induc-
tion intensity is weakened. The “shadow” correspond-
ing to the crack exists in the cloud contours shown in
Figures 5 (b) and (d), and the degree of the “shadow”
decreases compared with Figure 4, which is related to
the decrease of magnetic induction intensity in the x-
direction. As shown in Figure 5 (c), the cloud contour
formed by longitudinal crack in the pipe cannot well
show the existence and related information of cracks, and
the detection effect is obviously inadequate compared
with Figure 4 (c). By analyzing the magnetic induc-
tion intensity in y- and z-directions, the detection effect is
similar to the magnetic induction intensity in x-direction,
which some information of pipe defects can be deter-
mined according to the corresponding cloud contour.
Therefore, the information provided by the cloud con-
tour independently constructed by the magnetic induc-
tion intensity of the three axes is not complete, and the
magnetic induction intensity norm with complete infor-
mation is still needed to accurately analyze pipe defects.
(2) Cracks in different length on the surface of the pipe.
Under the excitation of double coil, the crack length
is changed and other conditions remain unchanged.
The cloud diagram of magnetic induction intensity
norm on the pipe surface is shown in Figure 6, in
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Fig. 5. The cloud contour of x-direction magnetic induc-
tion intensity with cracks at different orientations: (a)
crack-free, (b) transverse crack, (c) longitudinal crack,
and (d) 45◦ oblique crack.

Fig. 6. Cloud contour of magnetic induction intensity
norm with different crack lengths: (a) 10, (b) 12, (c) 15,
and (d) 18 mm.



JIANG, TAO, GENG, XU: EVALUATION OF PIPE CRACKS BASED ON CLOUD CONTOUR OF THREE-DIMENSIONAL INDUCED EDDY 368

which Figures 6 (a)–(d) show that the longitudinal crack
lengths are 10, 12, 15, and 18 mm, respectively. Accord-
ing to the four groups of magnetic induction inten-
sity norm obtained, the following conclusions can be
inferred. (1) The change of surface crack does not
change the overall distribution of magnetic induction
intensity on the cylindrical surface, and the cloud dia-
grams shown in Figures 6 (a)–(d) are basically consis-
tent. (2) As the length of the crack on the pipe sur-
face increases, the “shadow” corresponding to the crack
also becomes longer, and the magnitude of the change
is the same as that of the crack change. (3) Compar-
ing the length units on the right side of the figure, it
can be found that the length of the “shadow” in the
cloud diagram is actually the length of the pipe crack.
Therefore, the length information of the pipe crack and
defect can be accurately judged according to the change
of the “shadow” length in the cloud diagram. Similarly,
the crack width information can also be obtained by the
change of “shadow” width in the cloud diagram.

Crack depth is important information worth paying
attention to. Under dual-coil excitation, other conditions
remain unchanged and only the crack depth is changed.
The corresponding cloud diagram of magnetic induction
intensity is shown in Figure 7, where Figures 7 (a)–(d)
show that the longitudinal crack depths are 1, 2, 3, and
3.5 mm, respectively.

The following conclusions can be drawn from
Figure 7. (1) Different from the influence of crack length
on magnetic induction intensity, the change of crack
depth not only reflects the “shadow” part correspond-
ing to the crack but also has certain influence on the
magnetic induction intensity around the crack. With the
increase of crack depth, the surrounding magnetic induc-
tion intensity decreases obviously. (2) The weakening of
the magnetic induction intensity around the crack will
bring disadvantages to the crack detection. At this time,
the “shadow” appears to be fuzzy, and the boundary with
the surrounding area is not obvious. (3) Although the
“shadow” corresponding to the crack is not very obvi-
ous, the crack depth can still be evaluated according
to the change of the “shadow.” With the increase of
crack depth, the size of magnetic induction intensity
norm within the crack area decreases obviously. The
reason why the magnetic induction intensity decreases
in this region can still be explained by the principle of
eddy current field. As the crack depth increases, the
eddy current magnetic field around the pipe increases,
resulting in the decrease of total magnetic field. As
a result, the phenomena shown in Figures 7 (a)–(d)
appear.

As the depth of the crack increases, the “shadow”
corresponding to the crack becomes fuzzy, which is unfa-
vorable for the actual detection; so other methods must

Fig. 7. Cloud contour of magnetic induction intensity
norm with different crack depths: (a) 1, (b) 2, (c) 3, and
(d) 3.5 mm.
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Fig. 8. Cloud contour of magnetic induction intensity in
y-direction with different crack depths: (a) 1, (b) 2, (c) 3,
and (d) 3.5 mm.

be used to assist the analysis. Figure 8 is the cloud
contour of magnetic induction intensity in y-direction
under the action of cracks with different depths. Fig-
ures 8 (a)-(d) also show that the longitudinal crack depths
are 1, 2, 3, and 3.5 mm, respectively. By analyzing the
cloud contour shown in Figure 8, it can be seen that the
“shadow” of crack as shown in Figure 7 does not appear
in the cloud contour of magnetic induction intensity in
the y-direction; so it cannot be mainly used to evaluate
cracks. However, as the crack depth increases, its image
also changes regularly. The positions of the two “blue
areas” in Figure 4 (a) are high on the left and low on the
right. Starting from Figure 4 (b), the relative positions
of the two “blue areas” change. The deeper the crack,
the higher the “blue area” on the right in the cloud con-
tour. As shown in Figure 4 (d), the two “blue areas” have
appeared as low on the left and high on the right. In
addition, as the crack depth increases, the transverse dis-
tance between the two “blue areas” also becomes wider.
Therefore, the crack depth can be determined by means
of the magnetic induction intensity norm, which can be
supplemented by the magnetic induction intensity in the
y-direction.

C. Influence of coil excitation mode on detection
results
(1) Independent excitation of arc-shaped coil.

Considering that other conditions remain unchanged and
only the arc-shaped coil is used, the magnetic induction
intensity above the crack is studied through COMSOL
calculation, and the cloud contour of magnetic induction
intensity is obtained as shown in Figure 9. Figure 9 (a)
shows the magnetic induction intensity distribution in
the presence of longitudinal cracks on the pipe surface,
and Figure 9 (b) shows the magnetic induction inten-
sity distribution in the presence of transverse cracks on
the pipe surface. The influences of different coil exci-
tation on detection results are investigated by analyz-
ing different cracks under the action of arc-shaped coil
alone.

It can be found that there is no obvious “shadow”
corresponding to the crack in the magnetic induction
cloud contour under the longitudinal crack, while there is
a clear ”shadow” corresponding to the crack in the mag-
netic induction intensity cloud contour under the trans-
verse crack. At this time, the cloud contour is divided
into two symmetrical parts by the transverse crack. As
can be seen from the previous introduction, the direc-
tion of eddy current generated on the surface of the pipe
is the circumferential direction under the excitation of
the circular coil. Therefore, it can be concluded that
crack-related information can be obtained in the mag-
netic induction intensity norm as the winding direction
of the excitation coil is consistent with the crack length.
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Fig. 9. Cloud contour of magnetic induction intensity
excited by arc-shaped coil: (a) longitudinal crack; (b)
transverse crack.

However, the crack cannot be determined if the direction
of crack length and coil winding is perpendicular to each
other.

(2) Independent excitation of rectangular coil.

Using only rectangular coil excitation, the cloud contour
of magnetic induction intensity norm on the pipe surface
is shown in Figure 10, where Figures 10 (a) and (b) are
the magnetic induction intensity under the action of lon-
gitudinal crack and transverse crack, respectively. It can
also be observed that since the rectangular coil generates
longitudinal induced current inside the pipe at this time,
there is an obvious “shadow” in the magnetic induction
intensity cloud contour corresponding to the longitudinal
crack, while there is no obvious “shadow” in the mag-
netic induction intensity cloud contour corresponding to
the transverse crack. Combining the magnetic induction
intensity generated by the above arc-shaped coil alone, it
is further inferred that the information related crack can
be obtained from the magnetic induction intensity cloud
contour only when the coil excitation direction is con-
sistent with the crack length direction. Therefore, under
the co-excitation of the two coils, the crack can be evalu-

Fig. 10. Cloud contour of magnetic induction intensity
norm under excitation of rectangular coil: (a) longitudi-
nal crack; (b) transverse crack.

ated from the cloud contour of magnetic induction inten-
sity regardless of the direction of the crack. Whether the
arc-shaped coil is excited alone or the rectangular coil is
excited alone, it cannot have the ability of double coil to
accurately obtain defect information.

IV. CONCLUSION
In order to obtain more obvious characteristics of

defects and improve the accuracy of traditional ECT, a
3D eddy current magnetic field technology is proposed
to realize the visual detection and analysis of defects
on pipe surface. The results show that two coils with
different excitation directions and shapes can be used
to detect transverse, longitudinal, and arbitrary cracks.
Different from other electromagnetic NDTs that require
adjustment of the probe direction in order to obtain spe-
cific information about defects, the three-dimensional
eddy current magnetic field method is more convenient
in operation. By exploring the distribution of magnetic
induction intensity on the cylinder near the surface of
the pipe, the method can measure all the cracks at one
time without adjusting the direction and position of the
coil. In addition, the cloud contour of magnetic induc-
tion intensity norm collected under different cracks and
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the cloud contour of three-dimensional magnetic induc-
tion intensity can realize the visualization of cracks and
further quantitatively evaluate the position, length, and
depth of cracks. However, other electromagnetic NDT
methods, such as magnetic particle testing and magnetic
flux leakage testing, are still difficult to accurately quan-
tify defects at present. In the future, advanced image
processing algorithm and image recognition technology
will be adopted to realize the rapid inversion of defect
depth, area, and location and truly realize the precision,
automation, and intelligent NDT of pipe defects.
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