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Featured Application: The formation mechanism of crack indications and the influences of related
parameters in magnetic particle inspection were investigated by theoretical analysis and an
experiment, both of which provide a valuable reference for the detecting reliability improvement
and the quantitative detection of cracks in automatic magnetic particle inspection.

Abstract: The recent rapid development of industrial cameras and machine learning has brought
new vitality to the very traditional flaw detection method, namely, magnetic particle inspection
(MPI). To fully develop automatic fluorescent MPI technology, two main issues need to be solved
urgently—the lack of theoretical analysis on the formation of the crack indications, and quantitative
characterization methods to determine the crack indications. Here, we carry out a theoretical analysis
and an experimental approach to address these issues. Theoretical models of the acting force of the
leakage magnetic field were established. Subsequently, the impacts of different magnetic field strengths
(1000–9000 A/m) and magnetic particle concentrations (0.5–30 mL/L) on the adsorption critical distance
were analyzed. The models were solved by numerical calculations in MATLAB. In addition, a single
variable control experiment was conducted to study the effects of crack images. In order to determine
the quality of the crack image, three characteristic parameters were investigated, such as indication
gray scale, background gray scale, and contrast ratio, were provided. The theoretical magnetic particle
concentration range provided a guidance value for automated fluorescent MPI. Experimental results
revealed that the optimal magnetic particle concentration was 3–4 mL/L, and, under this condition,
the contrast between the crack indications and the background of crack images was obvious.

Keywords: quality control; crack; detection; non-destructive testing; magnetic particle inspection;
model; analysis

1. Introduction

Fluorescent magnetic particle inspection (MPI) is one of the most widely used nondestructive
testing (NDT) technologies for the detection of surface cracks on ferromagnetic material workpieces,
due to its simple operation and high sensitivity [1,2]. In traditional methods, cracks are inspected
manually; hence, the visual limitation of inspectors is the bottleneck for detection efficiency, reliability,
and consistency. With the unprecedented applications of industrial cameras and machine learning,
the automated fluorescent MPI technology based on machine vision has attracted tremendous attention
in comparison to manual fluorescent MPI based on human vision, due to its high efficiency [3,4].
For example, Pautz et al. have improved the crack clarity and recognition rate by optimizing the
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hardware of fluorescent MPI equipment. However, this process still does not involve automatic
detection technology, such as computer image processing algorithms [5], charge-coupled device (CCD)
cameras, or optical scanning, or optical scanning together with light reception by a photomultiplier
tube to collect image of the cracks, computer technology to perform image processing, and pattern
recognition for crack identification [6]. In addition, Wang et al. proposed an algorithm that uses
the fractal dimension of crack recognition to automatically identify specific types of crack defects [7].
Although automatic discrimination systems and related algorithms based on image processing have
been continuously proposed, there are still few mature industrial applications [8–11].

Currently, the development of fluorescent MPI technology is focusing on an automatic inspection
system that can record crack images and analyze the images accordingly. However, there are few works
regarding the underlying working principle of the automatic inspection system and no theoretical
studies on this topic were found. During a cycle of fluorescent MPI, the workpiece is sprayed with
magnetic particle suspension and simultaneously energized by a magnetic field. The magnetic field at
cracks leaks outside the workpiece surface, thus magnetic particles in the suspension accumulate on
the cracks (this phenomenon is displayed as a crack indication under 365 nm UV light). The magnetic
particle suspension for fluorescent MPI is a mixture of an aqueous carrier liquid and fluorescent
magnetic particles which are evenly suspended in the carrier. The concentration of magnetic particles
in the suspension has a direct effect on the results of fluorescent MPI [12]. When the magnetic particle
concentration in the suspension and the magnetic field imposed on the workpieces are consistent,
the developed crack indications are also consistent [13]. However, in the process of fluorescent MPI,
the variation of the magnetic particle concentration is very complicated. The workpiece continuously
consumes magnetic particles in the suspension; thus, the magnetic particle concentration in the
suspension decreases with the increase of the number of inspected parts. The changing concentration
of fluorescent magnetic particles present in the suspension causes crack indications formed by magnetic
particles to change continuously, thus it directly affects the reliability, stability, and consistency of the
obtained results [14,15].

Existing crack indications formed by magnetic particles have no quantitative evaluation standards,
which is not conducive to the development of automated fluorescent MPI technologies [16,17].
Furthermore, there is a lack of quantitative studies that investigate the effect of magnetic particle
concentration in the suspension on magnetic particle crack imaging. Therefore, in the present study, in
order to quantitatively determine the quality of the crack images, a comparison of different parameters of
crack indication images was presented and a set of effective quantitative evaluation parameters of crack
images, such as indication gray scale value, background gray scale value, and indication/background
contrast ratio, was proposed. In addition, the influences of different magnetic particle concentrations
on the development of crack indications were comprehended. We built theoretical models of the acting
force of the leakage magnetic field, investigated the impacts of different magnetic field strengths and
magnetic particle concentrations on the adsorption critical distance, and solved models by numerical
calculations in MATLAB. Based on the calculation, by using a single variable control experiment,
we investigated the crack images and analyzed three characteristic parameters. Thus, we hope to
provide a guide for the further development of automated fluorescent MPI.

2. Models and Analyses

The building and solution of the model were carried out according to the following procedure:
Step 1: Define physical parameters, including particle diameter, page height, magnetic field

strength, particle density, liquid density, defect width, defect height, vacuum permeability, particle
magnetic susceptibility, friction coefficient, and particle concentration;

Step 2: Define the solution parameters: Spatial range = ±8 mm, Spatial step size dx = 1 µm;
Step 3: Solution roadway: traverse all space nodes and find the node closest to the force of

Equation (24), and the position of this point is used as the limit distance.
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2.1. Static Models

In order to analyze the force on the magnetic particles present in the suspension, the magnetic
field distribution on the workpiece surface, especially the magnetic field leakage distribution above a
crack, was first determined. This magnetic field leakage directly determines the final aggregation of
the magnetic particles present in a suspension [18]. The magnetic dipole model was used to calculate
the crack magnetic field leakage distribution. Figure 1 displays the magnetic field distribution at the
position P (x, y) above a crack, dc is the depth and 2 w0 is the width of the crack. In order to make the
dynamic analysis of magnetic particles simple and clear, the theoretical analysis analyzes the force on a
single magnetic particle [19].
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Figure 1. Magnetic dipole model.

First, for the case of a single magnetic particle, the force and motion of the particle in the MPI
system were analyzed. Assume that the particle is a small sphere with a density ρ and a diameter
dm. The acceleration of gravity is g, the density of the liquid is ρw, and the suspension height from
the workpiece surface is h0. As the size of each magnetic particle was small (3–8 µm; much smaller
than the overall size of the research system (cm range)), the volume effect of the particle was ignored.
It was also assumed that the magnetic field strength was uniform at the center of the magnetic field of
the sphere.

Due to the one-to-one correspondence between the magnetic field strength and the x-coordinate,
H (x, y) is abbreviated as H (x) in the subsequent analysis since the thickness of the magnetic particle
suspension (y) is thin enough to allow an effect on H. The potential energy of the small particle in the
magnetic field can be expressed as [20,21]:

U = −

∫
V

µ0κH2(x)
2

dx (1)

H(x) =
2.65µ0Hw

4π2

arctan
dc(x + w0)

(x + w0)
2 − arctan

dc(x−w0)

(x−w0)
2

 (2)

where Hw is the magnetic field strength, µ0 is the vacuum permeability (4π× 10−7T·m/A), and κ is
the magnetic susceptibility. The magnetic force acting on the small particles Fm was represented by a
negative gradient of the potential energy [21].

Fm = −∇(U) (3)

The sphere was also subject to resistance according to the settlement dynamics:

Fd = C
π
4

d2
m ·

ρu2

2
(4)
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where Fd is the drag force, C is the drag coefficient, and u is the speed of the particle.
The volume of the spherical particles is V = π

6 d3
m. Thus, in addition to the above forces,

the magnetic particles were also subjected to gravity Fg and buoyancy Fb in the magnetic particle
suspension carrier. They can be obtained by multiplying the product of the volume and the acceleration
of gravity g, respectively, with the density of the magnetic particle and the liquid suspension carrier, as:

Fg =
π
6

d3
mρg (5)

Fb =
π
6

d3
mρwg (6)

The fluid viscosity was also considered. Particles in the flow field were subjected to increased
resistance due to Bassett forces FBa [22].

FBa =
3
2

d2
m(πρwµ)

0.5
·

∫ t

0
(t− t′)−0.5 d(u)

dt
· dt′ (7)

where t is the current time with the unit of second (s) and t′ is an integral viable with the unit of
second (s).

After the particles settled on the workpiece surface, they were subjected to static friction f 1.
The friction force experienced by an object is equal to the positive pressure multiplied by the friction
coefficient, and the positive pressure equals to gravity minus buoyancy, as:

f1 =
π
6

d3
mg(ρ− ρw) ·K1 (8)

where K1 is the coefficient of friction between magnetic particle and workpiece surface.
The movement of magnetic particles in the suspension during an MPI cycle occurred in two

stages: the first stage was the sedimentation of the particles suspended in the liquid onto the workpiece
surface (Figure 2a), the effects of the magnetic field were omitted in order to simplify the calculation,
and the second stage was the sliding of the particles from the workpiece surface toward the crack
opening (Figure 2b), which involved the attraction by the magnetic field and the force of friction acting
on the particles.
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As the above processes involve variable acceleration motions with multiple forces, it is impossible
to obtain an analytical solution. Hence, it was assumed that the fluid resistance and the Bassett force
on the magnetic particles during the motion could be ignored, because these two forces are related to
speed and the physical model considered in this study is based on quasi-steady state assumptions with
a speed of 0 m/s. The magnetic field intensity during the entire motion process was H(x2), where x2 is
the position of the x-coordinate when the static friction force of the magnetic powder particles and
the magnetic attraction force are balanced. As the drag is 0 and the traction is greater than the actual
value of the limit adsorption critical distance, the calculated critical distance, which is defined as the
limit distance at which the magnetic particles can be adsorbed by the leakage magnetic field (particles
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beyond this distance will not be adsorbed), was slightly larger than the true one. Considering the effect
of gravity and buoyancy, in the case of a single particle, the critical distance Llim can be calculated, and
the derivation process is as followed.

Because the liquid level is low, the angle between the particle position and the horizontal direction
is small, and the component of the magnetic field in the y direction will be much smaller than the
component in the horizontal direction. For the convenience of discussion, we only consider the traction
force of the magnetic field on the horizontal direction of the particles. When the particles are thrown
into the liquid on the surface of the workpiece, their movement is divided into two stages: the first
stage is to settle from the liquid surface to the surface of the workpiece, and the second stage is to slide
on the surface of the workpiece.

For the first stage, the total vertical force received by the particles is:

Fy =
π
6

d3
mρg−C

π
4

d2
m
ρuy

2
−
π
6

d3
mρwg + FBay (9)

The force of the particle in the x direction is:

Fx = Fm − Fdx− FBax (10)

Then the particle velocity in the x direction ux can be obtained according to Newton’s second law:

ux(t) =
∫ t

0
axdt =

∫ t

0

Fx
π
6 d3

mρ
dt =

6
πd3

mρ

∫ t

0
Fxdt (11)

Similarly, the speed in the y direction uy can be obtained as:

uy(t) =
∫ t

0
aydt =

∫ t

0

Fy
π
6 d3

mρ
dt =

6
πd3

mρ

∫ t

0
Fydt (12)

According to the definition of displacement:

Sx =

∫ t

0
uxdt (13)

Sy =

∫ t

0
uydt (14)

Assuming that the height of the surface of the workpiece is h0, when the particles reach the surface
of the workpiece after time t0, the displacement of sx1 occurs, and the velocity in the vertical direction
becomes 0 through elastic collision, and the velocity in the horizontal direction is ux0. Then, to discuss
the limit traction distance of the particles, the friction force of the particle must be greater than the
magnetic traction force, the particle starts to make variable deceleration motions, until the horizontal
direction ux decreases to 0, the displacement is sx2. Marking the horizontal coordinate as x2, and the
particle is in a critical state. If the maximum static friction force is greater than the current magnetic
traction force, the particles will remain stationary at a speed of 0, otherwise the particles will start to
accelerate again until they reach the defect.

The limit state of the second stage, can be obtained according to the force balance equation of
Newton’s third law when the particle is at rest:

f1 = Fm = µ0κVH(x2)∇H(x2) (15)

π
6

d3g(ρ− ρw) ·K1 = µ0κVH(x2)∇H(x2) (16)
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By reducing the volume term on both sides of the equation, we can get:

g(ρ− ρw) ·K1 = µ0κH(x2)∇H(x2) (17)

Under the condition of fixed defect size and magnetic charge, H(x2)∇H(x2) can be considered as
a function on x, and can be simply written as H′(x), and we get:

H′(x2) = g(ρ− ρw) ·K1/(κµ0) (18)

That is, as long as the static friction coefficient K1 is determined, the value of x2 can be obtained.
The adsorption limit distance of small particles is Llim = x2 + sx1 + sx2.
For the first stage: based on Newtonian mechanics on free falling objects, the settling time for the

magnetic particle in the first stage t1 is:

t1 =

√
2h0

g(1− ρw/ρ)
(19)

According to the definition, the horizontal displacement can be obtained:

Sx1 =
1
2

axt2
1 =

1
2
µ0κVH′(x2)

m
t2
1 (20)

Substituting the expression at time t1 and eliminating the volume term, we get:

Sx1 =
µ0κH′(x2)

ρ
h0

g(1− ρw/ρ)
(21)

For the second stage of uniformly decelerated motion, the displacement that occurs is:

Sx2 =
u2

1

2a2
=

(
µ0κH′(x2)

ρ ·

√
2h0

g(1−ρw/ρ)

)2

2
(

g(ρ−ρw)·K1−µ0κH′(x2)
ρ

) (22)

It can be further simplified as:

Sx2 =
(µ0κH′(x2))

2
· h0

g(ρ− ρw)((ρ− ρw) ·K1 − µ0H′(x2))
(23)

Then the final expression of the limit distance can be obtained as:

Llim = x2 +
µ0κH′(x2)

ρ
h0

g(1− ρw/ρ)
+

[µ0κH′(x2)]2 · h0

g(ρ− ρw)(g(ρ− ρw) ·K1 − µ0H′(x2))
(24)

where κ is magnetic susceptibility and H′ is the magnetic field strength at the critical distance.
The above theoretical analysis mainly focuses on the force acting on a single magnetic particle in

two states: (i) the motion analysis of the magnetic particle suspended in the liquid, but not contacting
the object surface under the action of the magnetic field; and (ii) the motion analysis of the magnetic
particle just falling on the object under the action of the magnetic field. Assuming that magnetic
particles are uniformly distributed in the suspension, the “critical distance” obtained by the model
theoretically determines the optimal magnetic particle concentration in the suspension. Equation (24)
was derived in MATLAB, and all constant values such as particle diameter, magnetic field intensity,
particle density, liquid density, and defect size were directly substituted into the above Equation (24) to
obtain the final limit distance.
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In the multi-particle model, it was assumed that magnetic particles distributed in the study area
had a diameter of d, and their density and magnetic susceptibility were the same; however, their
spatial positions were different. It was also assumed that 2N particles were uniformly distributed
on the object surface and the particle spacing was L. As the study area was bilaterally symmetric,
the particles in left side are numbered 1′, 2′, 3′, . . . N′, and the ones in the right side are numbered 1, 2,
3, . . . N. The particle m on the right side is the adsorption limit distance, which is shown in Figure 3.
The magnetic moment of the particle i can be expressed as:

Mi = κiH(iL), M′i = κ1H(iL) (25)

where Mi is the magnetic moment of the i-th particle on the right and Mi’ is the magnetic moment of
the i-th particle on the left.
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The study of the multi-particle system was performed based on the effect of the remaining 2N–2
particles on the particles at the adsorption limit distance, thus causing a change in x2. Suppose x2 = mL,
it indicates that the m-th particle on the right side of the origin is at the critical distance. Hence, there
are n + m − 1 particles on the left side of m and n-m particles on the right side of m. The magnetic field
strength generated at m Him can be expressed as:

Him =
Mi

4πr3
im

r (26)

Finally, the sum of the forces at x2 can be expressed as:

n∑
n′

Fm =
n∑
n′

∫
V
µ0κimH2

im(rim)

2 dx−
n∑

m+1

∫
V
µ0κimH2

im(rim)

2 dx

Fm = f 1max−
n∑
n′

Fm

(27)

The static friction force on the particles is fixed, and the magnetic field force on the particles is
only related to the position of the particles in the static state. Therefore, when the friction force and the
magnetic field force on the particles reach equilibrium, the adsorption limit distance of the particles
can be derived.

2.2. Analysis of Model Calculation Results

A highly sensitive type of magnetic particle product, 14 A fluorescent magnetic particles, was
prepared to locate very fine discontinuities in critical parts and applications. The main material
of the magnetic powder was ferric oxide, as per the information provided by the manufacturer.
The diameter of the magnetic particles was 8 µm, the particle density was 4800 kg/m3, the volume
magnetic susceptibility of the particles was 8.64 × 103, and the density of the magnetic suspension
carrier was 1000 kg/m3. BH curve is a curve that represents the relationship between the magnetic
induction intensity B and the magnetic field intensity H in the magnetization process of ferromagnetic
materials. The BH curve of the workpiece is displayed in Figure 4, where 9CrWMn steel was
used, with the 4th grade of grain size, hardness of 90 HRB, surface roughness of 3.2 m, and size of
500 mm (L) × 150 mm (W) × 70 mm (D). The internal magnetic field strength and saturation magnetic
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induction strength of the workpiece were 2800 A/m and 1.3 T, respectively, the crack width and height
were 30 µm and 60 µm, respectively, the static friction coefficient between workpiece surface and the
particles was 2 × 10–7. The number density of magnetic particles in the suspension was converted by
the magnetic particle concentration (Table 1). A pear-shape concentration measurement tube is used
for measurement, the error is ±5%.
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Table 1. Concentration and number density of magnetic particles.

Magnetic Particle Concentration
(mL/L)

Magnetic Particle Number
Density (107/L) Interval Between Particles (µm)

0.50 18.5 175
1.00 37 139
2.00 74 111
3.00 111 97
4.00 148 88
6.00 222 77

10.00 370 65
20.00 740 51
30.00 1110 45

The influences of the magnetic field strength on the critical distance for four different magnetic
particle densities (0.1 1/L, 1 1/L, 10 1/L, and 100 × 107 1/L) are depicted in Figure 5.

The critical distance first increased and then remained unchanged with the increase of the magnetic
field strength. As the effect of the magnetic force is inversely proportional to the square of the distance,
the effect of the magnetic field strength will gradually decrease with the increase of the distance.
With the increase of the magnetic particle concentration, the influence of multiple particles on each other
increased, and the critical distance became smaller. As the magnetic field strength increased, the critical
distance first increased and then remained unchanged. When the magnetic particle concentration was
low, single particles and multiple particles had similar critical distance, whereas when the magnetic
particle concentration increased, the result of the multi-particle situation was consistent with the
actual situation.
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Figure 6 shows the effects of magnetic particle concentrations on the “critical distance” for
magnetic particle accumulation. With the increase of the magnetic particle concentration, the critical
distance dropped sharply and then decreased slowly. The reason for this phenomenon is that after the
magnetic particles are magnetized, the magnetic field direction of the particles themselves does not
completely match the leakage magnetic field formed by the simple defects on the particles around them,
consequently they may be partially neutralized by each other. Therefore, as the particle concentration
increases, the adsorption limit distance will decrease.
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Figure 7 reveals that the number of magnetic particles within the critical distance followed an
approximately linear increasing trend with the increasing magnetic particle concentration, being the
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number of the particles equal to the product of the adsorption limit distance and the particle
concentration. Although the increase of the magnetic particle concentration caused the critical distance
to shrink, its effect was less severe than that of the increasing concentration. The theoretical analysis
expresses that the higher the magnetic particle concentration, the larger the number of particles within
the critical distance and the brighter the magnetic particle crack images. It should be noted that the
theoretical model ignores the kinetic effect and the volume effect; thus, the magnetic particles within the
critical distance are stacked after being adsorbed. As a result, the effect of the actual magnetic particle
concentration may not be an approximately monotonous increase, as shown in Table 1. Additionally,
since with the increase of the concentration of magnetic particles, the brightness of the background
of the image will increase, the overall contrast between crack indications and background may be
reduced, resulting in difficulties of image recognition. Therefore, it is difficult to conclude from Figure 7
that the increase in the concentration of magnetic particles will improve the recognition ability of the
magnetic particle indication image.
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3. Experiments, Results and Discussion

3.1. Experimental Equipment

In order to study the influences of different magnetic particle concentrations on the development
of magnetic particle indication images, a test bench was designed for the evaluation of magnetic
particle indications (Figure 8). The test bench consisted of a magnetization system UniMT–4000,
a high-definition camera system, a magnetic particle suspension spray system, a computer and image
processing system, a large-area uniform 365 nm ultraviolet lamp, a crack test piece, fluorescent magnetic
particles, and related accessories.
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In the performed experiment, the control variable method was employed. Under the same
magnetization conditions and considering no impurity doping in the magnetic particle suspension,
a batch of magnetic particle suspensions with different concentrations was prepared to obtain crack
images. The captured images of magnetic particle indications were preprocessed to extract different
evaluation parameters, such as indication length, indication length/crack length ratio, gray value, and
contrast [19,23].

A UniMT–4000 fluorescent magnetic particle inspection system was used to perform fluorescent
MPI on the cracked test piece. This equipment used a programmable logic controller (PLC) to control
the sequence of magnetic particle suspension spraying, magnetization, and image acquisition, to ensure
consistent inspection conditions. The cracked test piece was made according to the high-sensitivity test
piece specified in the GB/T 23907-2009 “Nondestructive Testing-Shims for magnetic particle testing”
standard. The test piece material was annealed ferromagnetic pure iron with a side length of 20 mm
and a thickness of 100 µm. The size of the crack was 6 mm (length) × 30 µm (depth) × 60 µm (width).
According to the requirements of the ISO 9934.1–2016 “Nondestructive Testing Magnetic Particle
Testing Part 1: General Principles” standard, the magnetic field strength on the workpiece surface
was set to >2000 A/m. The magnetizing current of the UniMT–4000 fluorescent MPI equipment was
measured by a Tesla meter placed on the surface of the cracked test piece, so that the magnetic field
strength at the crack was measured to ensure that it meets the magnetization requirements of magnetic
particle inspection.

3.2. Effects of Magnetic Particle Concentration on Magnetic Particle Indication Images

In order to systematically investigate how different magnetic particle concentrations in the
suspension influence on the captured images, the magnetic particle suspension was prepared at both
higher and lower concentrations than the recommended one by the MPI international standards ISO
9934, so as to determine the optimal magnetic particle concentration range [24]. Magnetic particle
suspensions with the concentrations of 0.50 mL/L, 1.00 mL/L, 10.00 mL/L, and 40.00 mL/L were used as
the test samples. According to the standard and practical experience, the general magnetic powder
concentration is usually 3–6 mL/L. In this study, the concentration is far beyond the standard stipulated
concentration. The workpiece magnetic field strength was 2400 A/m. The corresponding magnetic
particle indication images captured by a high-resolution CCD are displayed in Figure 9.
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It is clear from Figure 9a,b that when the concentration of fluorescent magnetic particles in the
suspension was very low (0.50 mL/L and 1.00 mL/L), few magnetic particles accumulated on the
cracks of the workpiece. Therefore, magnetic particle indication images were blurry, the brightness
of the indication was very low, the background fluorescence was weak, and the cracks were difficult
to identify [25]. On the contrary, when the concentration of fluorescent magnetic particles in the
suspension was very high (10.00 mL/L and 40.00 mL/L), due to the presence of a large amount of
magnetic particles on the test piece surface, the background fluorescence was too strong, the magnetic
particle indication on the crack had no obvious boundary with the background, and the contrast of the
crack indications against the background, therefore, the cracks were difficult to identify. The above
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two types of extreme magnetic particle concentrations were not conducive to differentiating crack
indications from the captured images [26–28].

The recommended values specified in MPI international standards are mostly empirical values
based on human observation, and no quantitative method is available to determine the appropriate
magnetic particle concentration in the suspensions [3,29,30]. Therefore, in order to revise the magnetic
particle inspection standard, reveal the influences of magnetic particle concentrations in the suspension
on the quality of crack indications, and guide the development of automated MPI technologies,
it is necessary to comprehensively and systematically analyze the changes of the magnetic particle
concentration in a suspension during the inspection process. In the present experiment, a controlled
variable method was used for this purpose.

The gray scale values of the crack images were analyzed in MATLAB so as to obtain different
values of magnetic particle indication image evaluation parameters, such as indication gray scale value
as well as background gray scale value, and the corresponding results are summarized in Table 2.
The definition of the image contrast Cj is as:

C j =

√∑N
i=1(xi − x)2

N
(28)

where N is the number of pixels, xi is the grayscale of the sampling point, and the x represents the
average gray scale value.

When the magnetic particle concentration in the suspension was low (1–15 mL/L), it is clear from
Figure 10 that as the magnetic particles got higher, all parameters, including the gray scale value of
crack indication and the background gray scale value increased rapidly. When the magnetic particle
concentration in the suspensions was in the range of 15–50 mL/L, the background gray scale value
increased gradually and reached the threshold of 248, the maximum value in Table 2. It should
be noted that the contrast ratio value increased first and then decreased in the magnetic particle
concentration range of 1–15 mL/L. The contrast ratio reached the peak when the concentration of
the magnetic particle suspension was 3 mL/L and then started to decrease with the increase of the
magnetic particle concentration. When the concentration of the magnetic particle suspension reached
10 mL/L, the contrast ratio tended to be consistent. The conditions for automatic defect recognition
(ADR) are different from but similar to that for manual MPI. In this study, the main focus is on the
three characteristic parameters, namely, indication gray scale, background gray scale, and contrast
ratio. For an ADR process, these three parameters can be easily set and adjusted so that to produce a
satisfactory image in a manual MPI, the image quality is largely dependent on the operators’ experience.
Therefore, by using these quantitative parameters, ADR can offer better image quality.Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 15 
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Table 2. Evaluation parameters under different magnetic particle concentrations.

Concentration
mL/L 1.00 2.00 3.00 4.00 5.00 6.00

Gray scale
image
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experience. Therefore, by using these quantitative parameters, ADR can offer better image quality. 
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Therefore, the optimal magnetic particle concentration was found to be in the range of 3–4 mL/L.
Moreover, when the magnetic particle concentration in the theoretical model increased, the number
of particles in the critical distance increased monotonically. A critical value was noticed when the
magnetic field strength of the workpiece reached 2400 A/m, therefore, the influences of kinetic effects,
the change of the background magnetic field after stacking, and the change of the number of particles
adsorbed in the range within the adsorption limit distance should be explored. In real conditions,
a too high or too low magnetic of a particle concentration is not conducive to obtaining the best
magnetic particle indication images. When the magnetic particle suspension concentration was too low
(<3 mL/L), very few magnetic particles were available to form an effective magnetic particle indication
image in the cracked area, on the other hand, when the magnetic particle suspension concentration
was too high (>4 mL/L), due to the continuous increase of the magnetic particle density, the magnetic
particle suspension was transformed from the mobile fluid state with suspended magnetic particles
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to the slurry state with, consequently, too many particles of extremely poor fluidity. The magnetic
field leakage at the crack no longer effectively affected the movement and accumulation of magnetic
particles to form the indication; thus, the signal-to-noise ratio of the image was too low.

By controlling the optimal magnetic field strength and magnetic particle concentration,
the reliability and consistency of automated magnetic particle inspection can be guaranteed.
After processing the image information collected by the high-resolution CCD of the high-definition
camera, the change in the concentration of the magnetic powder can also be monitored to form a
closed-loop control.

This article does not consider the detection conditions under extreme conditions, such as extremely
low temperatures (below −20 ◦C) and extremely high temperatures (above 80 ◦C); in these cases,
the viscosity cannot be ignored. This limitation shall be overcome in future studies.

4. Conclusions

The present study investigated the effects of different magnetic particle concentrations on
magnetic particle indication images. First, a 1 D magnetic particle critical adsorption distance model
was established, and the effects of the background magnetic field strength and the magnetic particle
concentration on the critical adsorption distance were analyzed. Second, based on the 1 D model,
the influences of the background magnetic field strength and the magnetic particle concentration on the
horizontal critical adsorption distance were studied. It was verified that the critical distance increases
with the increase of the magnetic field strength, and then, after overrunning the threshold of 5000 A/m,
tends to be stable. Finally, an automatic flaw detection device was designed, and the effects of different
magnetic particle concentrations (1–50 mL/L), under the magnetic field strength of 2400 A/m, on the
gray value of magnetic images and the background gray value were discussed. From this analysis,
it was found that the optimal particle concentration ranges between 3–4 mL/L. Therefore, a too high or
too low of a magnetic particle concentration could significantly affect the captured magnetic particle
indication images.

The proposed theoretical model can be used to study the magnetic particle concentration,
which determines the distance between magnetic particles and affects the mutual attraction and
repulsion between them, and the influence of the magnetic field strength on the critical distance. In the
future work, the kinetic effects and the geometric effects of magnetic particles on adsorption limit
distance will be discussed. The effects of the dynamic adsorption and stacking of magnetic particles on
the background magnetic field will also be investigated. By controlling the optimal magnetic field
intensity and magnetic particle concentration, the consistency and reliability of the crack image can be
guaranteed. Moreover, after processing the image information collected by the high-resolution CCD
of the high-definition camera, the change of the magnetic particle concentration can be monitored
to form a closed-loop control. The diagnosis rate and efficiency are improved. Furthermore, for the
process optimization, it is necessary to consider the magnetic particle suspension doping in the actual
working environment and the problem of particle concentration loss; hence, the relationship between
concentration optimization and compensation under actual conditions will be examined as well.
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4. Staněk, P.; Škvor, Z. Automated Magnetic Field Evaluation for Magnetic Particle Inspection by Impulse.
J. Nondestruct. Eval. 2019, 38, 75. [CrossRef]

5. Pautz, J.F.; Abend, K. Automated magnetic particle testing. Mater. Eval. 1996, 54, 1004–1008.
6. Fukuro, K.; Kawagoe, I. Measurement of magnetic particle amount and evaluation magnetic flux leakage

density for quantitative evaluation in magnetic particle testing. J. Jpn. Soc. Appl. Electrom. Mech. 2014, 22,
176–182.

7. Wang, H.; Bu, Y.; Zhang, H.; Yang, X. Defect detection of magnetic particle indication image based on fractal
dimension. Appl. Res. Comput. 2015, 32, 603–605.

8. Oishi, A.; Yamada, K.; Yoshimura, S.; Yagawa, G.; Nagai, S. Neural network-based inverse analysis for defect
identification with laser ultrasonics. Res. Nondestruct. Eval. 2001, 13, 79–96. [CrossRef]

9. Nishimine, T.; Tsuyama, O.; Tanaka, T.; Fujiwara, H. Automatic magnetic particle testing system for square
billets. In Conference Record of the 1995 IEEE Industry Applications Conference Thirtieth IAS Annual Meeting,
Proceedings of the IAS’95, Orlando, FL, USA, 8–12 October 1995; IEEE: Toulouse, France, 1995; pp. 1585–1590.

10. Nakata, H.; Hirata, M.; Tada, T. Fully automatic magnetic-particle inspection system for square billets.
IFAC Proc. Vol. 1993, 26, 1–4. [CrossRef]

11. Mizuno, M.; Endoh, T. Development of Automatic Fluorescent Magnetic Particle Testing of Square Steel
Billets by Image Processing Technology. Trans. Soc. Instrum. Control. Eng. 2009, 26, 924–941. [CrossRef]

12. Weizenecker, J.; Gleich, B.; Rahmer, J.; Dahnke, H.; Borgert, J. Three-dimensional real-timein vivomagnetic
particle imaging. Phys. Med. Biol. 2009, 54, L1–L10. [CrossRef] [PubMed]

13. Biederer, S.; Knopp, T.; Sattel, T.F.; Lüdtke-Buzug, K.; Gleich, B. Magnetization response spectroscopy of
superparamagnetic nanoparticles for magnetic particle imaging. J. Phys. D Appl. Phys. 2009, 42, 205007.
[CrossRef]

14. Kosch, O.; Paysen, H.; Wells, J.; Ptach, F.; Franke, J. Evaluation of a separate-receive coil by magnetic particle
imaging of a solid phantom. J. Magn. Magn. Mater. 2019, 471, 444–449. [CrossRef]

15. Tay, Z.W.; Hensley, D.; Ma, J.; Chandrasekharan, P.; Zheng, B.; Goodwill, P.; Conolly, S. Pulsed Excitation in
Magnetic Particle Imaging. IEEE Trans. Med. Imaging 2019, 38, 2389–2399. [CrossRef] [PubMed]

16. Knopp, T.; Sattel, T.F.; Biederer, S.; Rahmer, J.; Weizenecker, J. Model-based reconstruction for magnetic
particle imaging. IEEE Trans. Med. Imaging 2009, 29, 12–18. [CrossRef]

17. Cawley, P. Non-destructive testing—Current capabilities and future directions. Mech. Eng. Part L J. Mat.
2001, 215, 213–223. [CrossRef]

18. Liu, B.; Liu, Z.; Luo, N.; He, L.; Ren, J. Research on Features of Pipeline Crack Signal Based on Weak Magnetic
Method. Sensors 2020, 20, 810. [CrossRef]

19. Zheng, R.H.; Ellingwood, B.R. Role of non-destructive evaluation in time-dependent reliability analysis.
Struct. Saf. 1998, 20, 325–339. [CrossRef]

20. Wu, J.B.; Sun, Y.H.; Kang, Y.H.; Yang, Y. Theoretical analyses of MFL signal affected by discontinuity
orientation and sensor-scanning direction. IEEE Trans. Magn. 2014, 51, 1–7. [CrossRef]

21. Yan, M.; Peng, X. Fundamentals of Magnetism and Magnetic Materials; Zhejiang University Press: Hangzhou,
China, 2006.

22. You, X.; Qi, C.; Xu, H. Progresses and Applications of Basset Force. Chin. J. Appl. Mec. 2002, 19, 31–33.
23. Lu, Q.Y.; Wong, C.H. Applications of non-destructive testing techniques for post-process control of additively

manufactured parts. Virtual Phys. Prototy. 2017, 12, 301–321. [CrossRef]
24. Gholizadeh, S. A review of non-destructive testing methods of composite materials. Procedia Struct. Integr.

2016, 1, 50–57. [CrossRef]

http://dx.doi.org/10.3969/j.issn.1009-3230.2019.11.006
http://dx.doi.org/10.1111/ffe.12654
http://dx.doi.org/10.1007/s10921-019-0615-4
http://dx.doi.org/10.1080/09349840109409688
http://dx.doi.org/10.1016/S1474-6670(17)48210-3
http://dx.doi.org/10.9746/sicetr1965.26.934
http://dx.doi.org/10.1088/0031-9155/54/5/L01
http://www.ncbi.nlm.nih.gov/pubmed/19204385
http://dx.doi.org/10.1088/0022-3727/42/20/205007
http://dx.doi.org/10.1016/j.jmmm.2018.09.114
http://dx.doi.org/10.1109/TMI.2019.2898202
http://www.ncbi.nlm.nih.gov/pubmed/30762537
http://dx.doi.org/10.1109/TMI.2009.2021612
http://dx.doi.org/10.1177/146442070121500403
http://dx.doi.org/10.3390/s20030810
http://dx.doi.org/10.1016/S0167-4730(98)00021-6
http://dx.doi.org/10.1109/TMAG.2014.2350460
http://dx.doi.org/10.1080/17452759.2017.1357319
http://dx.doi.org/10.1016/j.prostr.2016.02.008


Appl. Sci. 2020, 10, 6805 16 of 16

25. Khandhar, A.P.; Keselman, P.; Kemp, S.J.; Ferguson, R.M.; Goodwill, P.W.; Conolly, S.M.; Krishnan, K.M.
Evaluation of PEG-coated iron oxide nanoparticles as blood pool tracers for preclinical magnetic particle
imaging. Nanoscale 2017, 9, 1299–1306. [CrossRef] [PubMed]

26. Starmans, L.W.E.; Moonen, R.P.M.; Aussems-Custers, E.; Daemen, M.J.A.P.; Strijkers, G.J. Evaluation of
iron oxide nanoparticle micelles for magnetic particle imaging (MPI) of thrombosis. PLoS ONE 2015, 10.
[CrossRef] [PubMed]

27. Kharkovsky, S.; Zoughi, R. Microwave and millimeter wave nondestructive testing and evaluation-Overview
and recent advances. IEEE Instrum. Meas. Mag. 2007, 10, 26–38. [CrossRef]

28. Stuckey, D.J.; Ishii, H.; Chen, Q.Z.; Boccaccini, A.R.; Harding, S.E. Magnetic Resonance Imaging Evaluation
of Remodeling by Cardiac Elastomeric Tissue Scaffold Biomaterials in a Rat Model of Myocardial Infarction.
Tissue Eng. Part A 2010, 16, 3395–3402. [CrossRef]

29. Ferguson, R.M.; Minard, K.R.; Khandhar, A.P.; Krishnan, K.M. Optimizing magnetite nanoparticles for mass
sensitivity in magnetic particle imaging. Med. Phys. 2011, 38, 1619–1626. [CrossRef]

30. Brunke, O.; Odenbach, S.; Jurgons, R.; Alexiou, C.; Hilger, I.; Beckmann, F. Determination of the magnetic
particle distribution in tumour tissue by means of x-ray tomography. J. Phys. Condens. Matter 2006, 18,
S2903–S2917. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C6NR08468K
http://www.ncbi.nlm.nih.gov/pubmed/28059427
http://dx.doi.org/10.1371/journal.pone.0119257
http://www.ncbi.nlm.nih.gov/pubmed/25746677
http://dx.doi.org/10.1109/MIM.2007.364985
http://dx.doi.org/10.1089/ten.tea.2010.0213
http://dx.doi.org/10.1118/1.3554646
http://dx.doi.org/10.1088/0953-8984/18/38/S25
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Models and Analyses 
	Static Models 
	Analysis of Model Calculation Results 

	Experiments, Results and Discussion 
	Experimental Equipment 
	Effects of Magnetic Particle Concentration on Magnetic Particle Indication Images 

	Conclusions 
	References

