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Abstract. In order to study the influence of defect geometric parameters (width, thickness) on the
electromagnetic characteristics of the space around the defect in the process of eddy current testing
of metal spheres, based on the principle of eddy current testing, a metal sphere detection model
with different defect parameters was established by COMSOL software for simulation. The
distribution of the magnetic field around the defect under different parameters is analyzed with
the help of the butterfly diagram composed of the radial magnetic induction intensity and the axial
magnetic induction intensity. The results show that: When the width of the corrosion defect is
different, the butterfly diagram will change differently. When the width is small, the butterfly
diagram basically does not change. When the width reaches a certain value, the butterfly diagram
begins to change significantly. The intersection of the graph and the initial butterfly graph is
defined as the influence node, and the width of the defect can be quantitatively analyzed according
to the sequence of the influence nodes. The influence of the thickness of the corrosion defect on
the magnetic field on the surface of the sphere is different under different defect widths. The larger
the thickness of the corrosion defect, the greater the influence on the magnetic field near the center
of the defect, and the deeper the depression of the butterfly diagram.

Keywords: Eddy current testing, finite element method, defects, geometric parameters,
electromagnetic properties.

1. Introduction

Mechanical equipment such as reciprocating compressor systems often carry various loads in
engineering applications, and have been working in many harsh environments, such as high
pressure, high temperature and humidity. After a certain period of work, the equipment may
appear corrosion and crack defects, resulting in the decline of its mechanical properties and even
failure. Non-destructive testing technology is very important to ensure the quality of mechanical
equipment products [1-3]. At present, eddy current testing, ultrasonic testing, penetrant testing,
magnetic particle testing and radiographic testing are commonly used nondestructive testing
methods in engineering. Among them, eddy current testing is one of the most widely used non-
destructive testing techniques, because it has many advantages, such as simple operation, non-
contact, fast testing speed, no couplant, low requirements on testing surface and no radiation
hazard to human body, etc. It plays an important role in the detection and evaluation of the quality
and structural integrity of metal materials, parts and equipment [4-6].

Eddy current testing technology is a non-destructive testing method based on the principle of
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electromagnetic induction. It detects the measured object through the coupling of magnetic field
energy between the probe and the test piece, especially the integrity of the test piece [7]. Guo
Xiaopeng et al. used finite element simulation software to simulate and analyze the change law of
the magnetic field with different defects and different scanning directions. The results show that
with the increase of the defect span, the peak-to-peak distance of the signal also increases, and the
change is basically the same as the length of the defect. Consistent [8]. However, traditional eddy
current testing has gradually exposed some problems due to the continuous improvement of testing
quality requirements and the continuous progress of modern testing technology. For example, the
development trend of non-destructive testing technology is gradually changing from non-
destructive testing to non-destructive evaluation. It is impossible to adapt to the presence or
absence of the defect [9]; it is impossible to accurately locate the defect; it is easy to miss the
inspection, and it is impossible to discriminate the smaller defects. It can be seen that it is very
important to study and analyze the spatial electromagnetic field distribution around the tiny defect
to determine whether the geometric parameters of the defect have a quantitative relationship with
the surrounding spatial magnetic field. For this reason, this paper selects metal spheres widely
used in daily production and life as the research object. Metal spheres are mainly steel balls.
Because steel balls and their products are widely used in many equipment such as reciprocating
compressor systems, the defects of steel balls It is extremely important to identify and
quantitatively evaluate the equipment. Timely detection of defects can screen out substandard
products and ensure the safe operation of equipment in service. In this paper, a defect detection
model with different geometric parameters is constructed by the COMSOL finite element
simulation software, and the relationship between the defect and the magnetic field is analyzed by
observing the horizontal and vertical magnetic induction intensity of the space magnetic field
around the defect.

2. Eddy current testing theory

An important application of the eddy current effect is the eddy current effect. According to the
principle of electromagnetic induction, when a probe coil is connected to alternating current, when
it is close to or placed on the test piece, the test piece will have an electromagnetic induction effect
with the primary alternating magnetic field generated by the probe coil, and the current will flow
in the test piece. Induced, this current is called eddy current. According to Lenz’s law, there will
be a secondary magnetic field generated by the eddy current of the test piece, and this magnetic
field will generate electromagnetic induction with the probe coil, further inducing a voltage on the
coil. The vector sum of the original excitation voltage and the eddy current induced voltage is the
total voltage in the coil. When a defect occurs in the test piece or its shape, size, electrical
conductivity, magnetic permeability, and others change, the distribution and intensity of the eddy
current will be affected, and this change will lead to the change of the coil induced voltage.
Therefore, whether there is a defect in the conductor test piece can be judged by detecting the
change of the probe coil voltage. The principle is shown in Fig. 1.
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Fig. 1. Eddy current testing schematic
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3. Eddy current testing variable parameter defect detection finite element model
3.1. Geometric modeling

Conductors and other lossy materials that generate large, induced currents in time-varying
magnetic fields can be modeled with the AC/DC Module in COMSOL. According to the
symmetry characteristics of the metal sphere, an equivalent model of the variable-parameter defect
detection system as shown in Fig. 2 is established.
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Fig. 2. Equivalent model of variable parameter defect detection system
3.2. Material selection

The air field material is selected as air, the coil material is selected as copper, and the material
to be tested is selected as stainless steel. The relative permeability p,., electrical conductivity o
and relative permittivity &, of the selected materials are shown in Table 1.

Table 1. Basic size and style requirements
Material W, | o/(Smh | &

Air 1 0 1

1

1

Copper 1 | 5.998x107
Stainless steel | 100 | 1.137x10°

3.3. Addition of physics

The physics in the model is chosen to be the magnetic field in the COMSOL Low Frequency
Electromagnetic Fields Module. In order to apply the current and determine the number of turns
in the coil, select the Set “Uniform Multi-Turn Coil physics” in Magnetic Fields. The number of
coil turns is set to 1000 turns, the excitation current signal is selected as 0.05 A.

3.4. Mesh generation

Under the premise of ensuring the solution accuracy, free triangular meshes are used for the
probe coil and air domain, and the mesh element size is set to be extremely fine. The meshing
diagram of the model is shown in Fig. 3.

3.5. Solving and postprocessing of finite element model

Enter the excitation frequency, set the solution to the model, add a parametric sweep to the
study, and solve by setting different values for the geometric parameters of the defect, the
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magnetic field distribution of the induced magnetic field can be obtained, and then the relationship
between the geometric parameters of the defect (width, thickness) and the magnetic field can be
analyzed, then we can obtain the electromagnetic properties around the defect.
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Fig. 3. Meshing diagram of the model
4. Simulation results and analysis
4.1. Magnetic field distribution law with different widths of corrosion defects

Without changing the thickness of the corrosion hole d; = 0.5 mm and the hidden depth
d, = 0.1 mm, the influence of the surface magnetic field is only studied by changing the corrosion
hole width r;. The corrosion hole width parameters are set as r; = 0.01 mm, r; = 0.25 mm,
r, =05mm,r;, =1 mm,r; = 1.5mmand r; =2 mm.
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Fig. 4. Variation curve of butterfly diagram with corroded hole width r;

Gy

The distribution law of the magnetic field with different widths of the corrosion hole is shown
in Fig. 4, where the x and y axes represent the radial and axial magnetic induction intensity
respectively. Since the curve of this kind of graph is more like the wings of a butterfly, it is called
a butterfly graph [10]. The influence of the corrosion hole defect on the spatial magnetic field
response can be analyzed by the butterfly diagram. When r; takes different values, the shape of
the butterfly diagram will change differently. The specific change law is analyzed as follows:

(1) When r; = 0.01 mm, r; = 0.25 mm and r; = 0.5 mm, the butterfly diagram is almost the
same, and the shape of a segment of the curve at the starting position is basically horizontal. It can
be speculated that when the width of the corrosion hole is r; < 0.5 mm = 1/2r,4, it has little effect
on the magnetic field on the surface of the sphere.

(2) When r; = 1 mm, the butterfly diagram begins to show obvious changes, but it can be
found that the surface magnetic field changes mainly occur near the corrosion holes.
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(3) When r; = 1.5 mm and 2 mm, the butterfly diagram begins to show very obvious changes.
It is speculated that when r; = 1.5 mm = 1/2(r,q + 1,,), the corrosion hole width is located below
the excitation coil. At the center position, the butterfly graph starts to be affected very clearly, and
as the width increases, the influence spreads gradually.

4.2. Magnetic field distribution law with different thickness of corrosion defect

Without changing the hidden depth of the corrosion hole d, = 0.1 mm and other parameters,
Fig. 5 and Fig. 6 show the relationship between the butterfly diagram and the thickness of the
corrosion hole in the two cases of r; = 0.5 mm and 1.5 mm, respectively.

As shown in Fig. 5 and Fig. 6, the thickness of the corrosion hole does not change the basic
shape of the butterfly diagram, but the following rules exist between the thickness of the corrosion
hole and the change of the butterfly diagram:

(1) When the width of the corrosion hole is different, the influence of the thickness of the
corrosion hole on the butterfly diagram curve is different: when the width of the corrosion hole is
r; = 0.5 mm, the surface magnetic field is hardly affected by the thickness of the corrosion hole;
when the width of the corrosion hole is r; = 1.5 mm, it can be observed from the butterfly diagram
that the thickness of the corrosion hole has a certain influence on the magnetic field on the surface
of the sphere. With the increase of the thickness of the corrosion hole, its influence is getting
bigger and bigger, the depression at the initial position of the butterfly diagram is getting deeper
and deeper, and when the corrosion thickness reaches a certain value, such as d; = 0.5 mm, the
degree of influence is not so obvious and constant.

(2) Under the condition that the width of the corrosion hole remains unchanged, the thickness
of the corrosion hole will affect the initial position near the center of the corrosion hole. The deeper
the corrosion hole, the greater the concave degree of the curve. Therefore, the thickness of the
corrosion holes can be quantitatively analyzed according to the size of the affected area, although
they have only a nonlinear relationship.
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Fig. 5. The change curve of butterfly diagram with  Fig. 6. The change curve of butterfly diagram with
different corrosion hole thickness d, (r; = 0.5 mm) different corrosion hole thickness d; (r; = 1.5 mm)

5. Conclusions

In this paper, the influence of the width and thickness of the corrosion hole defect on the
magnetic field on the surface of the sphere is analyzed by simulation and the butterfly diagram,
and the following conclusions are obtained:

1) The lateral influence range of the magnetic field on the surface of the sphere has a certain
relationship with the width of the corrosion hole. The corrosion width can be quantitatively
analyzed through the characteristic quantity of the node, which is laterally influenced by the
surface magnetic field.
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2) When the width of the corrosion defect is different, the influence of the corrosion thickness
on the surface magnetic field is not the same. At the same time, the corrosion thickness will affect
the longitudinal distribution of the surface magnetic field. According to the size of the affected
area, the quantitative analysis of the thickness can be realized.
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