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Abstract: The demand for non-destructive testing of carbon fiber-reinforced polymer (CFRP) is
becoming increasingly pressing to ensure its safety and reliability across different fields of use.
However, the complex structural characteristics and anisotropic bulk conductivity of CFRP make
achieving high sensitivity in detecting internal defects such as delamination extremely challenging. To
address this issue, a novel triple rectangular coil probe with high sensitivity developed for detecting
delamination in CFRP is presented in this paper. A finite element model using COMSOL Multiphysics
was developed for CFRP delamination eddy current testing with the designed probe. Based on this
model, the probe parameters were determined through orthogonal experiments. By analyzing the
eddy current distribution in CFRP samples, the scanning mode was defined. Following this, the
detection voltage was evaluated for various delamination parameters, and the sensitivity of different
probes was compared. Results indicate that, under the same excitation coil parameters, for a 5 mm
delamination lateral dimension change, the single pancake and single rectangular coil probes exhibit
sensitivities of 88.24% and 72.55%, respectively, compared with the designed probe. For a 0.5 mm
delamination thickness change, their sensitivities are 49.04% and 56.69% of those of the designed
probe. The designed probe meets the demand for high-sensitivity detection.

Keywords: non-destructive testing; eddy current testing; carbon fiber-reinforced polymer; delamination;
high-sensitivity detection

1. Introduction

Carbon fiber-reinforced polymer (CFRP) has found widespread applications in aerospace,
defense, transportation, and other fields due to its exceptional specific strength, specific stiff-
ness, and corrosion resistance, making it an ideal lightweight structural material [1]. However,
during its manufacturing and usage, various types of damages are inevitable, with delamina-
tion being one of the major forms [2]. Delamination presents as local separation, insufficient
bonding, and cracking between layers. The presence of delamination compromises the
integrity of CFRP, impacting its outstanding performance. Moreover, delamination can propa-
gate during service, leading to premature failure of laminates and even causing production
accidents [3]. Therefore, delamination is one of the most significant and impactful defects,
making non-destructive testing for it crucially important.

The current five major non-destructive testing methods are ultrasonic testing, radio-
graphic testing, magnetic particle testing, penetrant testing, and eddy current testing. They
are widely used in various fields due to their respective unique advantages. However,
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magnetic particle testing and penetrant testing are inherently difficult to implement in
CFRP non-destructive testing due to their characteristics. Magnetic particle testing is a non-
destructive testing method that utilizes magnetic changes to detect surface and near-surface
defects in ferromagnetic materials. It has advantages such as displaying defects intuitively,
high sensitivity, and fast detection speed [4]. However, it has certain limitations since it is
only applicable for inspecting ferromagnetic materials (such as steel). Penetrant testing is
primarily used to detect surface-opening defects in non-porous metallic and non-metallic
components, making it suitable for non-destructive testing of materials such as ceramics
and plastics [5]. However, this method is only applicable for detecting defects indicated
on the material’s surface, and it cannot achieve non-destructive testing for deep-seated
or internal defects. Ultrasonic testing, radiographic testing, and eddy current testing are
commonly used for non-destructive testing of CFRP [6]. Ultrasonic testing takes advantage
of the low density and high elastic modulus of CFRP, allowing ultrasonic waves to pene-
trate and propagate inside, thereby detecting defects such as delamination and cracks in
CFRP [7-9]. However, ultrasonic testing requires a certain level of surface cleanliness on
the sample being tested, and the use of a coupling agent is essential during testing. This
means that subsequent drying processes for the CFRP sample may have an impact on the
testing results. X-rays have strong penetration capabilities and can penetrate CFRP samples.
When defects are present in the CFRP, the X-rays are reflected, absorbed, or scattered by
the internal defects [10]. However, the expensive equipment and the need for specialized
operators limit the widespread application of this technology in CFRP non-destructive
testing. Compared with the aforementioned methods, eddy current testing has the advan-
tages of low cost, high efficiency, and no need for a coupling agent, etc. CFRP exhibits
orthotropic conductivity, making eddy current testing suitable for detecting delamination.
Currently, many scholars have conducted in-depth research on eddy current testing for
delamination in CFRP. Mook et al. [11] designed high-frequency eddy-current sensors
that can be used to detect delamination. By observing the polar plot of voltage amplitude
when the probe rotates to scan CFRP, significant changes in voltage amplitude can be
observed at the location of the delamination. Schulze et al. [12] utilized 32 pancake coils to
simultaneously detect delamination and conducted imaging studies based on the varying
eddy current density at the delamination sites. Koyama et al. [13] utilized a CP probe
with a rectangular exciting coil to detect multidirectional artificial delamination in CFRP,
and this probe had a high signal-to-noise ratio. Zeng et al. [14-16] conducted theoretical
and numerical simulations on eddy current testing of CFRP, confirming that vertically
oriented rectangular coil probes are more suitable for detecting delamination than pancake
coil probes. They also established a coplanar dual rectangular coil finite element model
for detecting delamination, which can be used for delamination detection. Qiu et al. [17]
constructed a high-sensitivity eddy current testing system. They utilized this system along
with a TR probe to achieve detection and imaging of 200 um delamination in CFRP at a
frequency of 2 MHz. Mizukami et al. [18] successfully detected 10 mm x 10 mm delamina-
tion by optimizing the distance between the excitation coil and the detection coil. Machado
etal. [19] designed a high-speed eddy current probe that successfully detected delamination
in CFRP plates at a frequency of 1 MHz and a speed of 4 m/s, meeting the requirements for
high-quality detection. Xu et al. [20] utilized a T-R probe to study the physical mechanism
of delamination eddy current testing and conducted detection on delamination in CFRP
with different ply orientations. The probes used in the above-mentioned literature were
able to detect delamination in CFRP. However, due to the multi-phase heterogeneity and
discontinuity in the geometric structure of CFRP, as well as the fact that delamination is an
internal defect with relatively small eddy current disturbances, the detection results are
susceptible to noise interference, and the probes currently used often have low detection
sensitivity, which is not conducive to subsequent quantitative assessment of delamination.
Therefore, designing a probe with higher detection sensitivity for delamination in CFRP
has become an urgent issue that needs to be addressed.
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Pancake coil and rectangular coil are widely used in CFRP eddy current testing, with
each type of coil having its advantages. Pancake coils can generate a uniformly distributed
magnetic field, which aids in covering the entire testing area. A rectangular coil is direc-
tional and can produce a concentrated magnetic field, making defect localization easier.
Additionally, rectangular coil probes can induce larger vertical eddy currents, which are
more susceptible to disturbances caused by delamination. Therefore, this study designed
a novel triple rectangular coil probe based on a rectangular coil. The excitation coils of
this probe are dual rectangular coils, while the detection coil is a single rectangular coil.
Using dual rectangular excitation coils can induce larger vertical eddy currents in the CFRP
sample, thereby increasing the detection voltage. The spatially perpendicular arrangement
of the excitation coils and detection coil reduces interference signals during detection and
allows the detection coil to maximize the acquisition of defect information. Using COMSOL
Multiphysics, a finite element simulation model was developed for CFRP delamination
eddy current testing using the probe. Based on this model, an orthogonal experiment
was carried out to determine the parameters of the probe, and the scanning modes of the
probe were determined by studying the eddy current distribution in the CFRP sample.
Subsequently, the influence of delamination of different dimensions on the detection coil
voltage signal was studied. Finite element simulation models were established to simulate
and calculate the detection voltage values of the novel triple rectangular coil probe, single
pancake probe, and single rectangular probe for detecting different sizes of delamina-
tion. Based on this, the detection sensitivity of each probe was compared with verify the
effectiveness of the designed probe.

2. Principles of Eddy Current Testing and Probe Design
2.1. Principles of Eddy Current Testing

Eddy current testing is based on the electromagnetic induction between the probe
and the conductive material being tested [21]. The equivalent circuit diagram of the probe
is shown in Figure 1, where the eddy current testing signal comes from the variation
in induced voltage in the secondary coil. When an AC current I; is passed through the
excitation coil, under electromagnetic induction, an induced current I, is generated in the
detection coil. Conversely, I, also affects the relationship between current and voltage in
the excitation coil. Moreover, there is mutual inductance M1, (M»1) between the two coils.
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Figure 1. Equivalent circuits of probe: (a) without sample; (b) with sample.

From Figure 1a, the output voltage U, of the detection coil without sample is:
Uy = Zp1 — jwMn I, 1)

where Z; is the impedance of the detection coil. According to the impedance formula,
neglecting the capacitance due to the distribution of coil turns as follows:

Zy = Ry + jwly, (2)
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From Figure 1b, the output voltage U, of the detection coil with sample is:
Uy = ZpIr — jwMpi I — jwMsy I, ®)

where I3 is the equivalent current of eddy currents induced in the sample by the coil, and
M3, is the mutual inductance between the detection coil and the sample. From Equation (2),
it can be observed that without a sample, the output voltage of the detection coil depends
on the loop voltage after the coil generates the induced current and the voltage directly
induced by the mutual inductance between the excitation coil and the detection coil. From
Equation (3), the output voltage of the detection coil also includes the voltage generated
by the mutual inductance M3, between the detection coil and the sample [22]. This part
of the voltage signal can reflect defect information, which is the useful signal, while the
voltage generated by the direct mutual inductance (Mjy;) between the excitation coil and
the detection coil is considered the interference signal. If the interference signal is too
strong, it may cause the effective signal to be submerged in noise, thereby reducing the
detection sensitivity.

In conclusion, in order to achieve the signal processing function of eddy current testing
equipment and improve its sensitivity, it is necessary to reduce interference signals and
increase useful signals. This means reducing the voltage generated by the direct mutual
inductance between the excitation coil and the detection coil while increasing the voltage
generated by the mutual inductance between the detection coil and the CFRP sample.

2.2. Probe Design
2.2.1. Probe Geometry

Based on the above analysis, reducing the direct mutual inductance between the
excitation coil and the detection coil while increasing the detection voltage can effectively
improve the probe’s sensitivity. Therefore, a novel triple rectangular coil probe was de-
signed. The geometric structure of the probe is shown in Figure 2, which consists of three
rectangular coils. One rectangular coil is used and placed horizontally as the detection
coil, while two vertically placed rectangular coils are arranged side by side as the exci-
tation coils, forming the novel triple rectangular coil probe. Using two rectangular coils
as excitation coils can increase the induced eddy currents in the vertical direction within
the sample, thereby increasing the detection voltage signal. In this configuration, the
excitation coils and the detection coil are spatially perpendicular, effectively reducing the
mutual inductance between the excitation coils and the detection coil [23], thus reducing
the interference signal.

Excitation coils

Detection coil

CFRP

Z/Zy
Figure 2. Novel triple rectangular coil probe.

In the detection process, the interference of delamination on the magnetic field man-
ifests in the fact that defects will alter the eddy current paths within the CFRP sample.
Therefore, when using dual-coil excitation, the direction of the excitation current flowing
into the coils must also be considered. Figure 3 illustrates the eddy current paths in the
sample under different excitation conditions. It can be observed that the presence of delam-
ination blocks the original eddy current path. Moreover, from Figure 3b, it can be seen that



Appl. Sci. 2024, 14, 3765

50f22

when opposite excitation currents are applied to the dual excitation coils, the eddy currents
form a closed loop along the edge of the defect. Considering the geometry of the probe
shown in Figure 2, the position of the detection coil is precisely above this loop. Therefore,
the detection coil can effectively capture the delamination information in this configuration.
Consequently, in subsequent studies, opposite excitation currents will be applied to the
dual excitation coils.
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Figure 3. Eddy current path in the CFRP sample under different excitations: (a) the current direction
in the two excitation coils is same; (b) the current direction in the two excitation coils is opposite.

2.2.2. Probe Parameter Determination Method

Coil size directly affects the results of CFRP eddy current testing [24]. Generally,
smaller coils have higher spatial resolution and better sensitivity to small defects (such as
cracks). However, overly small coils can result in weak detection signals, which may drown
out the defect signal in noise, ultimately leading to the inability to obtain useful defect
information. Larger coils can generate deeper eddy current penetration depths, which are
advantageous for detecting larger defects (such as delamination). However, excessively
large coils during scanning may lead to significant differences between the detected defect
edges and the actual defect edges, thereby increasing the difficulty in detecting defect
edges. This study aims to design a probe with high sensitivity specifically for delamination.
Therefore, it is necessary to comprehensively consider coil size to determine a set of suitable
probe parameters.

The orthogonal experiment is a research method for studying multiple factors and
levels of experiments. It can comprehensively and effectively explore the influence of
multiple factors on a relatively small experimental scale [25]. When conducting an or-
thogonal experiment, first identify the factors and levels to be studied, and then select an
appropriate orthogonal array to design the experimental plan. During the experiment,
different levels of each factor are combined into experimental conditions and grouped
according to the orthogonal array to ensure that each level of each factor appears in a
relatively equal proportion with every level of other factors. Next, execute the experiments
one by one according to the experimental plan, recording the experimental results for each
group of conditions. Finally, evaluate the influence of each factor on the target variable
using statistical analysis methods and determine the optimal combination of factors to
achieve the optimization goals. In the process of determining probe parameters, there are
many influencing factors. To reduce the number of blind tests and improve experimen-
tal efficiency, orthogonal experimental methods and finite element analysis are used to
determine the probe parameters.

To ensure the orthogonality of the experiment, the number of levels for each factor
is typically chosen as 2 m, where m is a positive integer. To assess the influence of each
factor on the evaluation criteria, range analysis is conducted on the results of orthogonal
experiments. This involves calculating the average value Az; and the range Tz:

M=

Yzi

Agp="* lm , 4)

TZ = Rmaxz — RminZ/ (5)
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where i is the test number, Z is the influencing factor, N is the number of levels in the
orthogonal experiment, [ =1, 2, ... N, y is the evaluation index, and 7 is the number of
experiments. RmaxZ = max {Aer AZZ ...... AZ]}/ RminZ = min {A21r AZZ ...... AZ]}

The range Tz can be used to analyze the degree of influence of each factor on the
evaluation criterion. The larger the Tz, the more significant the influence of factor Z on the
evaluation criterion [26]. In the range analysis, the average value Azy when[=1,2,... N
describes the effect of the factor Z on the test result. By selecting a reference factor X
(with no need to set levels) and considering its extreme values as the benchmark for the
experiment, we can test whether other factors have a significant impact on the evaluation
criterion. If the extreme value of a certain factor exceeds the extreme value of X, it indicates
that this factor has a significant impact on the evaluation criterion, thereby validating the
rationality of the designed experiment [27]. Finally, the number of levels with the largest A
value for every factor is selected to achieve the experimental goal.

Considering the geometric structure of the probe, the parameters of the excitation coils
will affect the parameters of the detection coil. Therefore, in the process of determining the
parameters, the parameters of the excitation coils are prioritized. Furthermore, to ensure
the uniformity of the generated magnetic field, the dual excitation coils use the same set
of parameters.

1.  Determination method of excitation coil parameters;

The magnetic flux density not only affects the generation of eddy currents but also
directly relates to the distribution and intensity of the eddy currents in the conductor [28]. A
higher magnetic flux density can make the changes in the detection signal caused by defects
more significant, thereby affecting the detection sensitivity. Therefore, in the determination
of the excitation coil parameters, the magnetic flux density (B) at a fixed point in the CFRP
sample is chosen as the evaluation criterion, and the y in Equation (4) is replaced by the
magnetic flux density (B). The relationship between the excitation coil size, the distance
between the two excitation coils, and the magnetic flux density is studied. By changing the
coil parameters, the magnetic flux density is indirectly controlled. The objective function
for excitation coil parameter determination is shown as follows:

maxB(De, He, Ke, Se, Ne), (6)

where B represents the magnetic flux density, De is the width of the excitation coil winding,
He is the height of the excitation coils, K, is the thickness of the excitation coil bundle,
Se is the distance between the two excitation coils, and N, is the number of turns in the
excitation coils.

2. Determination method for detection coil parameters.

After determining the parameters of the excitation coils, it is necessary to choose a
suitable evaluation criterion to determine the parameters of the detection coil. This involves
applying an alternating current to the excitation coils of a known size to induce a magnetic
field in the CFRP sample. Following this, the impact of changes in detection coil parameters
on the evaluation criterion will be studied. The detection voltage change rate is used to
represent the relative change between the voltage signal when delamination is present in
the CFRP sample and when there is no delamination present. It is a normalized value,
and a higher detection voltage change rate indicates a more significant relative change
between the voltage signals with and without delamination. This means that the probe
is more sensitive to delamination. Therefore, in the determination of the detection coil
parameters, the detection voltage change rate (C) is selected as the evaluation criterion, and
the y in Equation (4) is replaced by the rate of change of the detection voltage difference C.
This implies selecting a representative delamination and detecting it with detection coils of
different sizes to study the influence of various factors of the detection coils on the voltage
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detection change rate of this defect. The equation for calculating the voltage detection
change rate is as follows:

o Vdefect - Vnodefect
C = , )
nodefect

where V gefect is the voltage measured by the detection coil when there is a delamination,
and Vi odefect is the voltage measured by the detection coil when there is no delamination.
The objective function for determining the detection coil parameters is shown in

Equation (8):
maxC(Dy, Hy, Ky, Ny), (8)

where D; is the width of the detection coil, H; is the height of the detection coil, K; is the
thickness of the detection coil winding, and N; is the number of turns of the detection coil.

3. Finite Element Modeling and Probe Parameter Determination
3.1. Finite Element Model

In order to determine the parameters of the designed probe and validate its per-
formance, this study utilizes COMSOL Multiphysics. Within the AC/DC module, the
magnetic field was chosen as the physical field to establish a three-dimensional model
for the novel embedded triple rectangular array probe detecting CFRP. Figure 4 shows
the geometric model, which consists of three parts: the outermost rectangular air domain,
the novel triple rectangular coil probe, and the CFRP sample. The geometric dimensions
of the rectangular air domain are 300 mm x 300 mm x 100 mm. Figure 5 depicts the
CFRP sample, which is composed of 16 layers of orthogonally laid carbon fiber composite
material. The dimensions of the sample are 150 mm x 100 mm X 4 mm, with each layer
having a thickness of 0.25 mm. The layup direction is [0°/90°]s.

/ Air domain

CFRP Delamination

Figure 4. Geometric model.
Top
o 1st
16th
Y Bottom 0O°layer
L X — 90°Iayer

Figure 5. CFRP sample.

The electrical conductivity of CFRP exhibits significant anisotropy, meaning it has
different conductivities in different directions. The conductivity tensor includes longitudi-
nal conductivity (the fiber direction), transverse conductivity (perpendicular to the fiber
direction), and interlayer conductivity. Specifically, the longitudinal conductivity (o) is
typically between 5000 S/m and 50,000 S/m, the transverse conductivity (oT) is between
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10 S/m and 100 S/m, and the interlayer conductivity (0¢p) is between 10 S /mand 100 S/m.
It is generally considered that the interlayer conductivity is half of the transverse conduc-
tivity [29]. In the modeling, classic conductivity values (o1, ot, 0¢p) = (10,000, 100, 50) S/m
were assigned to the CFRP. In the magnetic field, apart from electrical conductivity, other
major material properties include relative magnetic permeability and relative permittivity.
In this model, both relative magnetic permeability and relative permittivity are set to 1.
The material for the coils is copper, with an electrical conductivity of 5.998 x 107 S/m. The
conductivity of delamination and airis 0 S/m.

To balance computation accuracy and the computational capacity of the computer,
different division methods are applied to various sections of the model. The air domain of
the model is divided using refined tetrahedral mesh elements. The CFRP sample and the
probe are divided using finer hexahedral mesh elements. The delamination part, which
has the most significant impact on the solution results, is divided using highly refined
hexahedral mesh elements. The boundary between the delamination and CFRP is divided
using refined triangular mesh elements. After completing the mesh division, this model
generates a total of 188,299 domain elements, 19,944 edge elements, and 160 vertex elements.
The mesh partition of the simulation model is shown in Figure 6.

Mf\'%?: : v}?&"‘
4 %%4%‘1‘““

Figure 6. Mesh generation.

The equation for calculating the skin depth of the CFRP sample with an orthogonal

ply orientation [0°/90°]g is [30]:
s=2, L ©)
HooLw

where w is the angular frequency, i is the material’s permeability, and o7, is the fiber
direction conductivity. The thickness of the sample in Figure 5 is 4 mm. According to
Equation (9), the excitation frequency is determined to be 1 MHz. At this frequency, the
skin depth is 7.1 mm, and eddy currents can penetrate to the bottom of the sample without
significant attenuation. This is advantageous for detecting subsurface defects located
deeper within the sample. Hence, in the simulation experiment, a sinusoidal current with
a frequency of 1 MHz and amplitude of 1 A, in opposite directions, is applied to the two
excitation coils. The control equation is shown as Equation (10):

jworA+u IV xVx A+oVe =], (10)

where j is the imaginary unit, o and y are the conductivity tensor and relative permeability
of the CFRP sample, . is the external excitation current density, A is the vector magnetic
field at a point in space, and ¢ is the scalar electric potential.

When performing eddy current detection simulation using the aforementioned model
for CFRP, the excitation coils generate an induced magnetic field in the sample, forming
eddy currents as shown in Figure 3b. When delamination exists in the sample, it obstructs
the path of the eddy currents. At this point, the field induced by the excitation coil
undergoes changes. The detection coil can sense these changes in the excitation field,
which can be reflected in its voltage readings. Recording the changes in voltage values in
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the simulation can thus capture the characteristics of the field being measured. Figure 7
shows the scanning path for delamination detection. The novel triple rectangular coil
probe scans from x = —50 mm along the positive x-axis to x = 50 mm, with a scanning step
of 1 mm. In the simulation analysis, the detection voltage signals from the novel triple
rectangular coil probe at each scanning point in the above scan process will be solved and
recorded separately.

Scanning path

wwo| |

Probe Delamination

150mm

Figure 7. Delamination detection scanning path.

3.2. Determination of Probe Parameters
3.2.1. Determination of Excitation Coil Parameters

The design of an orthogonal experiment mainly considers the factors of the experiment
and the levels of each factor. According to the previous analysis, the factors that need to be
determined for the excitation coils are De, He, Ke, Se, and Ne. According to the skin effect,
in high-frequency AC circuits, current does not flow evenly across the entire cross-section
of the conductor but instead concentrates more near the surface. To ensure stable efficiency
in signal transmission, when making coils, keeping the wire radius smaller than the skin
depth at the excitation frequency can effectively increase the current density within the wire
cross-section, reduce resistance, and thereby ensure probe performance. The coil winding
wire usually requires copper-enamel wire with a diameter of 0.2 mm or less. In this study,
the selected excitation frequency is 1 MHz, and at this frequency, the skin depth of copper
wire is 0.06 mm. Therefore, choose a copper-enamel wire with a diameter of 0.1 mm to
wind the probe. After the wire diameter is determined, the relationship between N, He,
and K. is as follows:

KeHe = 0.01Ne (11)

Therefore, in the orthogonal experiment, only four independent factors need to be
considered (D¢, He, K¢, and Se). The simplified objective function is as follows:

maxB(De, He, Ke, Se) (12)

In order to comprehensively and effectively understand the primary and secondary
effects of each factor with as few experimental trials as possible, an orthogonal experiment
with four (22) levels is chosen for each factor in the process of determining coil parameters.
The lateral dimensions of delamination are typically above 10 mm, making them relatively
large defects. Therefore, slightly larger excitation coils should be chosen to induce a larger
magnetic field inside the CFRP sample. Specifically, the inner diameter of the excitation
coils should be greater than half of the lateral dimensions of the delamination. However,
if the coil size is too large, it can indeed affect the sensitivity of the probe. This means
that when the defect size changes, the probe may not be as sensitive to those changes.
Therefore, the selected four levels need to cover the characteristics of both large and small
coils to achieve a comprehensive and systematic study of coil parameters, thus achieving
the design objectives. The four levels chosen for each factor are shown in Table 1.
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Table 1. Factors and levels of orthogonal tests of excitation coils.
Impact Factors Level 1 Level 2 Level 3 Level 4
De/mm 2 4 6 8
He/mm 0.6 0.8 1 12
Ke/mm 0.6 0.8 1 1.2
Se/mm 1 2 3 4

To validate the rationality of the experiment, Xe is chosen as the reference factor to conduct
a 4-factor 4-level orthogonal experiment L16 (4%), which requires a total of 16 trials. That is,
simulation detection was carried out on the CFRP sample shown in Figure 5 under different
parameter combinations of the excitation coils, analyzing and studying magnetic flux density at
the point on the sample surface directly beneath the probe. The results are shown in Table 2.

Table 2. Orthogonal experiment table for the excitation coils.

Evaluated Parameters Reference Results
NO. De/mm He/mm Ke/mm Se/mm Xe B/T
#1 2 0.6 0.6 1 Xe1 0.00593
#2 2 0.8 0.8 2 Xe2 0.00765
#3 2 1 1 3 Xe3 0.00772
#4 2 1.2 1.2 4 Xed 0.00308
#5 4 0.6 0.8 3 Xes 0.00836
#6 4 0.8 0.6 4 Xe3 0.00437
#7 4 1 1.2 1 Xen 0.01468
48 4 12 1 2 Xe1 0.01538
#9 6 0.6 1 4 Xe2 0.00669
#10 6 0.8 1.2 3 Xe1 0.01538
#11 6 1 0.6 2 Xos 0.01227
#12 6 1.2 0.8 1 Xe3 0.01474
#13 8 0.6 1.2 2 Xe3 0.01156
#14 8 0.8 1 1 Xes 0.01361
#15 8 1 0.8 4 Xe1 0.00956
#16 8 1.2 0.6 3 Xen 0.01054
Azq 0.00609 0.00813 0.00828 0.01224 0.01156
Az» 0.01070 0.01025 0.01008 0.01171 0.00989
Azs 0.01227 0.01106 0.01085 0.01050 0.00960
Agy 0.01132 0.01094 0.01118 0.00592 0.00933
Ty 0.00617 0.00292 0.00289 0.00578 0.00167

In Table 2, the T of each factor is greater than the T of the reference factor X.. This
indicates that each factor at the selected levels has a significant effect on magnetic flux density,
proving the rationality of the experiment. The influence of the four factors on magnetic flux
density is: De > Se > He > Ke. According to the experimental results in Table 2, the number
of levels with the largest A value for every factor is selected to increase the magnetic flux
density and consequently enhance the signal amplitude in the sample. Thus, the combination
De3He3KesSeq is determined by the geometry parameters of the excitation coils.

3.2.2. Determination of Detection Coil Parameters

The designed probe is aimed at detecting delamination with sizes ranging from 10 mm
to 30 mm and thicknesses between 0.05 mm and 0.15 mm. This size range is commonly
encountered for delamination, demonstrating a certain level of generality [31,32]. Therefore,
when determining the parameters of the detection coil, we chose to simulate the detection of
a delamination with dimensions of 15 mm x 15 mm x 0.1 mm, which represents a size that
is relatively central within the range. That means an alternating current is applied to the
excitation coils with the parameter combination of De3He3Ke4Se1 in Table 2, and simulation
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detection is conducted on the CFRP sample as shown in Figure 5. The sample contains a
delamination with dimensions of 15 mm x 15 mm X 0.1 mm. The study will investigate the
impact of detection coil size on the rate of change in detection voltage. The factors that need
to be determined for the detection coil are D;, H;, K;, and N;. Similar to the excitation coil,
the detection coil also uses enameled wire with a diameter of 0.1 mm for winding. Therefore,
in the orthogonal experiment, only three independent factors need to be considered (D;, H;,
and K;), and the objective function is as shown in Equation (13):

maxC(Dy, Hy, Ky) (13)

Similar to the excitation coil, in the process of determining the parameters of the
detection coil, an orthogonal experiment with four (22) levels is chosen for each factor.
Considering the geometric structure of the probe, the width of the detection coil winding
must be larger than the outer diameter of the excitation coils. To ensure that the detection
coil extracts a sufficiently large signal and is not overwhelmed by noise, the selection of
four levels for each factor of the detection coil is based on the orthogonal experimental
results of the excitation coils. This means that the selection is made by slightly expanding
the range based on the outer diameter of the excitation coils. The four levels chosen for
each factor of the detection coil are shown in Table 3.

Table 3. Factors and levels of orthogonal tests of the detection coil.

Impact Factors Level 1 Level 2 Level 3 Level 4
D;/mm 9 10 11 12
H;/mm 0.6 0.8 1 1.2
K;/mm 0.6 0.8 1 12

X; is chosen as the reference factor. An orthogonal experiment with three factors and
four levels, L16 (3%), is conducted, requiring a total of 16 trials. The results are shown
in Table 4.

Table 4. Orthogonal experiment table for detection coil.

Evaluated Parameters Reference Results
NO. D./mm H,/mm K,/ mm X C
#1 9 0.6 0.6 X 0.05874
#2 9 0.8 0.8 X 0.05785
#3 9 1 1 X3 0.05762
#4 9 1.2 1.2 X4 0.05683
#5 10 0.6 0.8 X3 0.05396
#6 10 0.8 0.6 X4 0.05547
#7 10 1 1.2 X 0.05259
#8 10 1.2 1 X 0.05774
#9 11 0.6 1 X4 0.04989
#10 11 0.8 1.2 X3 0.04877
#11 11 1 0.6 X 0.05067
#12 11 1.2 0.8 X 0.04972
#13 12 0.6 1.2 X 0.04260
#14 12 0.8 1 Xn 0.04622
#15 12 1 0.8 X4 0.04649
#16 12 1.2 0.6 X3 0.04684
Az 0.03340 0.05130 0.05293 0.05182
Azo 0.05494 0.05208 0.05201 0.05222
Ays 0.04976 0.05184 0.05287 0.05180
Azy 0.04554 0.05278 0.05020 0.05217
Ty 0.02153 0.00148 0.00273 0.00041
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In Table 4, the T of each factor is greater than the T of the reference factor X;. This
indicates that each factor at the selected levels has a significant effect on the detection
voltage change rate, proving the rationality of the experiment. By comparing the range Tz,
we can analyze the extent to which each factor affects the detection voltage change rate. A
larger T indicates a more significant influence of factor Z on the evaluation metric. Based
on the Tz values in Table 4, it can be seen that D; is the primary factor, while H, and K, are
secondary factors. The number of levels with the largest A value for every factor is selected
to enhance the rate of change in detection voltage. Thus, the combination Dy H 14K;3 is
determined as the geometry parameters of the detection coil.

In summary, the parameters of the excitation coils and detection coil have been deter-
mined, as shown in Table 5.

Table 5. Probe parameters.

Excitation CoilParameters Detection Coil Parameters
Probe
Parameters De/mm He/mm Ke/mm Ne Se/mm D;/mm H;/mm K:/mm N¢
1 12 120 1 10 1.2 1 120

4. Simulation Analysis of the Designed Probes
4.1. Analysis of Probe Scanning Modes

In the process of manufacturing CFRP, different fiber orientations can be defined
manually according to specific requirements. The electrical conductivity varies in different
directions, resulting in different eddy current distributions. Taking the CFRP sample with
an orthogonal ply layup as shown in Figure 5 as an example, analyze the eddy current
distribution in the multi-directional laminate through simulation. Figure 8 shows the eddy
current distribution in different layers of the CFRP sample as depicted in Figure 5 when
the center of the designed probe is located at x = y = 0. Here, (a) and (c) represent the eddy
current distribution in the first layer of the sample (fiber direction 0°) and the third layer
(fiber direction 0°), respectively, while (b) and (d) represent the eddy current distribution in
the second layer (fiber direction 90°) and the fourth layer (fiber direction 90°), respectively.

O -
i‘x 2 4 6 i‘x 1 2 3
(a) (b)

. A . A
LX 2 4 LX 0.5 1 1.5
(c) (d)

Figure 8. Eddy current distribution in CFRP sample: (a) first layer (0°); (b) second layer (90°); (c) third
layer (0°); (d) fourth layer (90°).
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The arrows in Figure 8 represent the distribution of eddy currents inside the sample,
with denser arrows indicating a more concentrated eddy current presence. Based on the
distribution of eddy currents shown in the diagram and the magnitude of the eddy current
density, it can be observed that in the layers where the fiber direction is 0°, the eddy
currents exhibit a tendency to flow along the X-axis. In this case, the fiber direction is the
same as the direction of the excitation current, resulting in a larger and more concentrated
eddy current induced in the sample. On the other hand, in the layers where the fiber
direction is 90°, the eddy currents tend to flow along the Y-axis. Here, the fiber direction
is different from the direction of the excitation current, leading to smaller and relatively
more dispersed eddy currents induced in the sample. Therefore, eddy currents tend to
concentrate in layers where the excitation current direction is the same as the fiber direction.
However, the distribution of eddy current directly affects the magnetic field distribution
in the CFRP sample and the effectiveness of defect detection [33,34]. When defects are
located in layers where the excitation current direction is the same as the fiber direction, the
detection effectiveness is better. Conversely, when defects are located in layers where the
excitation current direction is different from the fiber direction, the detection effectiveness
may be relatively poorer.

For the above-mentioned problem, this paper proposes two probe scanning modes, as
shown in Figure 9. When using scanning mode 1 for eddy current testing, the excitation
current direction is along the x-axis. In this case, the eddy currents in the sample are
concentrated in the layers where the fiber direction is parallel to the x-axis, i.e., the 0° layer,
as shown in Figure 5. When using scanning mode 2, the excitation current direction is
along the y-axis. In this case, the eddy currents in the sample are concentrated in the layers
where the fiber direction is parallel to the y-axis, i.e., the 90° layer, as shown in Figure 5.

(a) (b)

Figure 9. Probe scanning modes: (a) scanning mode 1; (b) scanning mode 2.

To gain a clearer understanding of the detection of delamination under two scanning
modes of the probes, the eddy current distributions in the orthogonal laminated CFRP
specimen shown in Figure 5 were simulated for the two aforementioned modes. Figure 10
shows the current density models in the x-z plane of the sample under both scanning modes.
It is evident from Figure 10 that layers aligned with the excitation current direction exhibit
higher current density models, consistent with the conclusions from Figure 8. Based on this,
the impact of delamination on the eddy currents within the CFRP sample under different
scanning modes was simulated. Figures 11 and 12 illustrate the effects of delamination on
the eddy currents in the CFRP sample under the two scanning modes.

As shown in Figures 11a and 12a, different probe placements result in different in-
duced electromagnetic fields within the CFRP sample, leading to varying eddy current
distributions. In Figures 11b and 12b, a distinct area of almost zero current can be observed,
indicating that delamination significantly hinders the eddy currents in the CFRP under
both scanning modes, causing a redistribution of the original magnetic field. By comparing
the numerical values of the current density models with and without delamination in the
CFRP sample, it can be observed that the presence of delamination causes a decrease in the
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current values within the CFRP sample. This change can be reflected in the voltage values
of the detection coils.

\ J 1 ]

o T M .o mm . M
¥-x 500 ¥x 200 400 600
(a) (b)

Figure 10. Current density in CFRP x-z plane: (a) scanning mode 1; (b) scanning mode 2.
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Figure 11. Current density in CFRP x-y plane under scanning mode 1: (a) without delamination;

(b) with delamination.
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Figure 12. Current density in CFRP x-y plane under scanning mode 2: (a) without delamination;
(b) with delamination.

To demonstrate the effectiveness of the above modes, simulation detection was per-
formed on the orthogonal layup CFRP sample, as shown in Figure 5, using the two afore-
mentioned approaches. Each simulation experiment included setting a delamination with
dimensions of 10 mm x 10 mm X 0.1 mm in different layers of the CFRP sample. Table 6
shows the results of the detection voltage change rate.

Table 6. Results of delamination with different probe scanning modes.

C
Delamination Location Scanning Mode 1 Scanning Mode 2
Layer 2 (90°) 0.01934 0.05480
Layer 4 (90°) 0.01492 0.03510
Layer 6 (90°) 0.00838 0.02555
Layer 3 (0°) 0.03847 0.00946
Layer 5 (0°) 0.02748 0.00707

Layer 7 (0°) 0.02185 0.00595
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From the detection results in Table 6, it can be seen that when using scanning mode
1 for eddy current testing, when the excitation current direction is aligned with the fiber
direction (0° layer), C is relatively high. For example, the maximum C value is 0.03847 for
the third layer (0° layer). Similarly, when using scanning mode 2 for eddy current testing,
when the excitation current direction is aligned with the fiber direction (90° layer), C is
also relatively high. For example, the maximum C value is 0.05480 for the second layer
(90° layer). This result validates the effectiveness of the probe scanning modes illustrated
in Figure 9.

4.2. Simulation Analysis of Delamination Eddy Current Testing

The presence of delamination changes the path and distribution of eddy currents,
resulting in changes in the detection voltage, which reflects information about defects
within the CFRP sample. To comprehensively explore the detection capabilities of the
designed probes for delamination, various delaminations were introduced into the simula-
tion experiments conducted in CFRP samples (Figure 5) with orthogonal laminations. The
designed probes were used to simulate detection for delamination of different dimensions
and were positioned at various locations within the CFRP sample. The relevant parameters
of the probe for the above simulation experiments are summarized in Table 7.

Table 7. Probe parameters summary.

Name Parameter
De (excitation coils) 6 mm
He (excitation coils) 1 mm
Ke (excitation coils) 1.2 mm
Se (excitation coils) 1 mm
Ne (excitation coils) 120
Dy (detection coil) 10 mm
H; (detection coil) 1 mm
K; (detection coil) 1.2 mm
N; (detection coil) 120
lift-off distance 0.5 mm
excitation frequency 1 MHz
excitation current 1A

4.2.1. Simulation Analysis of Eddy Current Testing for Delamination of Various
Dimensions

In the simulation experiments, the delamination was located in the third layer (0°
layer) of the CFRP sample shown in Figure 5, with the defect centers at x =y = 0. The specific
defect parameters are shown in Tables 8 and 9. Eddy current testing was conducted through
simulation of the delamination of different lateral dimensions and different thicknesses.

Table 8. Different lateral dimensions delamination parameters.

Delamination Number Delamination Parameter Delamination Location
Delamination 1 10 mm x 10 mm x 0.1 mm Layer 3 (0°)
Delamination 2 20mm X 20 mm x 0.1 mm Layer 3 (0°)
Delamination 3 30 mm x 30 mm x 0.1 mm Layer 3 (0°)

Table 9. Different thickness delamination parameters.

Delamination Number Delamination Parameter Delamination Location
Delamination 4 15 mm x 15 mm X 0.05 mm Layer 3 (0°)
Delamination 5 15 mm x 15 mm x 0.1 mm Layer 3 (0°)

Delamination 6 15mm x 15 mm X 0.15 mm Layer 3 (0°)
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Based on the previous analysis, the probe scanning mode shown in Figure 9a was
selected for simulating the detection of delamination, scanning from both the top and
bottom of the sample. The delamination detection results are shown in Figures 13 and 14.
The signal variation curve shown in Figure 13 represents the curve of detection voltage
difference changes obtained from top scanning, while Figure 14 shows the signal variation
curves obtained from bottom scanning. Each point on the curve represents the voltage dif-
ference between when the probe detects the presence of a delamination in the CFRP sample
along the scanning path shown in Figure 7 and when the probe detects no delamination
in the CFRP sample. In the resulting figure, the center of the coil set is at the indicated
probe position.
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Figure 13. Detection voltage differences obtained from top scanning for different dimensions of
delamination: (a) different lateral dimensions; (b) different thicknesses.
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Figure 14. Detection voltage differences obtained from bottom scanning for different dimensions of
delamination: (a) different lateral dimensions; (b) different thicknesses.

Comparing the detection results from Figures 13 and 14, it can be observed that the
detection voltage difference obtained from top scanning is greater than that from bottom
scanning. This is because when scanning defects in Tables 8 and 9 from the bottom, the
defects are farther away from the probe. As a result, the eddy currents within the CFRP
sample decrease with increasing thickness, leading to smaller detection signals.

From Figures 13a and 14a, it can be seen that for smaller lateral dimensions of de-
lamination (Delamination 1 and 2), when the probe is directly above the delamination
(x = 0 mm), the detection voltage difference reaches a peak. However, for larger lateral di-
mension delamination (Delamination 3), there is no peak in the detection voltage difference
when the probe is directly above the delamination. This is because when the probe size
differs significantly from the delamination dimension, it will reduce the probe’s detection
sensitivity to some extent. For delamination of different lateral dimensions, the relative
position of the probe when the detection voltage difference rises and falls is different. The
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larger the lateral dimension, the closer the probe’s position is to the front when the detec-
tion voltage difference rises. Therefore, quantitative evaluation of the lateral dimension of
delamination can be achieved by calculating the relative position of the probe when the
detection voltage difference rises and falls.

From Figures 13b and 14b, it can be seen that the impact of different thicknesses
of delamination on the detection voltage difference varies. When the thickness of the
delamination is 0.05 mm, the detection voltage difference peak is the smallest, at 0.1814 V
and 0.0284 V. As the thickness of the delamination increases, the peak detection voltage
difference increases. When the delamination thickness is 0.15 mm, the detection voltage
difference peak rises to 0.4950 V and 0.085 V. These results indicate that it is possible to
quantitatively assess the thickness of the delamination by calculating the peak detection
voltage difference during the detection process.

4.2.2. Simulation Analysis of Eddy Current Testing for Delamination of Various Locations

According to the analysis in Section 3.1, at the excitation frequency used in the simula-
tion, the skin depth is 7.1 mm. In theory, defects smaller than this depth can be effectively
detected. To investigate the detection effectiveness of the designed probe for subsurface
defects located deeper within the CFRP sample, simulations were conducted with different
delaminations of the same dimension at various locations in the CFRP sample (Figure 5).
Table 10 provides the specific parameters of the delamination. Perform top scanning of
defects inside the CFRP sample using the designed probes, canning mode 1 was used for
defects in the 0° layer, while scanning mode 2 was used for defects in the 90° layer. The
detection results are shown in Figure 15.

Table 10. Delamination at different locations.

Delamination Number Delamination Parameter Delamination Location
Delamination 7 15 mm x 15 mm x 0.1 mm Layer 11 (0°)
Delamination 8 15 mm X 15 mm X 0.1 mm Layer 12 (90°)
Delamination 9 15 mm x 15mm x 0.1 mm Layer 13 (0°)
Delamination 10 15 mm x 15 mm x 0.1 mm Layer 14 (90°)
Delamination 11 15 mm x 15 mm X 0.1 mm Layer 15 (0°)
Delamination 12 15 mm x 15mm x 0.1 mm Layer 16 (90°)
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Figure 15. Detection voltage difference for delamination at different locations: (a) scanning mode 1;
(b) scanning mode 2.

According to Figure 15, it can be observed that the curves of the detection voltage
differences obtained from different scanning modes exhibit differences. This is caused by
the inherent characteristics of the probe [35]. The designed probe successfully detected
subsurface defects located deeper within the sample. From the pattern of voltage difference
changes, for defects of the same dimension, the closer the defect is to the top surface of
the sample, the larger the detection voltage difference peak obtained from top scanning,
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resulting in a better detection effect. According to the results of the simulation experiments,
the designed probes can detect the delamination at the bottom layer (Layer16) of the CFRP
sample (Figure 5).

4.2.3. Simulation Analysis of Eddy Current Testing for Multiple Delamination

In order to conduct a detailed analysis of the detection signals of the designed probe,
the above simulation experiments only consider the simple case where there is only one
layer inside the CFRP sample. In reality, CFRP can have delamination in different di-
mensions at different locations. To investigate the detection performance of the designed
probe in this scenario, we conducted simulation experiments using the designed probe to
simulate the detection of delamination of different dimensions and positions within the
CFRP sample (Figure 5) with an orthogonal layup. The delamination dimensions and their
corresponding layers are Delamination 1 from Table 8 and Delamination 12 from Table 10.
The planar positions of the two defects are as shown in Figure 16, and the detection results
are depicted in Figure 17.
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Figure 16. The planar positions of the multiple delaminations.
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Figure 17. Detection voltage difference for multiple delamination: (a) top scanning; (b) bottom scanning.

Based on Figure 17, it is evident that the designed probe successfully detects delami-
nation of different dimensions and locations within the CFRP sample during both top and
bottom scans. However, due to the small distance between the two delaminations and the
edge effect on the probe during scanning, it is challenging to determine the width of the
delamination based solely on the relative positions of the rising and falling edges of the
detection voltage difference. Instead, a rough estimate of the layer where the delamination
is located can be made by combining the results from the top scanning with the peak
detection voltage obtained from the bottom scanning.
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4.3. Comparison Analysis of Different Probes

Figure 18 shows two commonly used probes for CFRP eddy current testing: the single
pancake probe and the single rectangular probe. In the simulation experiments, these two
probes, along with the designed probe, were used to detect the delamination in the CFRP
sample (Figure 5). The dimensions and number of turns of the three probe excitation coils
are the same. Figure 19 shows the detection voltage difference signals obtained by the three
probes as they scanned the CFRP sample along the scanning path illustrated in Figure 7.
The sample contains a delamination with dimensions of 15 mm X 15 mm x 0.1 mm.

(@) (b)

Figure 18. CFRP eddy current testing commonly used probe: (a) single pancake probe; (b) single
rectangular probe.
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Figure 19. Detection voltage differences for different probes.

From Figure 19, it can be seen that the designed probe has a detection voltage difference
peak of 0.3324 V. The detection voltage difference for the single rectangular probe is 0.2266
V, which is only 68% of the designed probe’s detection voltage difference. The detection
voltage difference peak for the single pancake probe is 0.2095 V, which is only 64% of the
designed probe’s detection voltage difference. It is evident that the designed probe has
a larger detection voltage difference peak, making the detection signal less susceptible
to being overwhelmed by noise in actual testing. When the dimensions and number of
turns of the excitation coils for the three types of probes are the same, the designed probe
exhibits stronger detection capability compared with the single rectangular and single
pancake probes.

In order to visually compare the sensitivity of the three probes, each probe was
used to simulate the detection of three different dimensions of delamination in the CFRP
sample shown in Figure 5 (15 mm X 15 mm x 0.1 mm, 15 mm X 15 mm x 0.05 mm, and
10 mm x 10 mm x 0.05 mm). Calculate the changes in the detection voltage difference
peak (Vpeak) of the three probes with the changes in delamination lateral dimension (d) and
delamination thickness (/). This calculation involves an approximate slope calculation:

AV,

Sensitivityl = Ap;ak (14)
AV,

Sensitivity2 = — P& (15)

Ah
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The calculation results from Equation (14) reflect the sensitivity of the probe to changes
in delamination lateral dimension, while the results from Equation (15) reflect the sen-
sitivity of the probe to changes in delamination thickness. Through these calculations,
the sensitivity of the probe can be comprehensively evaluated [36]. Table 9 presents the
sensitivities of the three probes.

According to the results in Table 11, when the dimensions and number of turns of the
excitation coils for the three types of probes are the same, the novel triple rectangular coil
probe exhibits higher detection sensitivity for the defects set in the simulation experiment.
When the lateral dimension of delamination changes by 5 mm, the sensitivity of the single
pancake probe and the single rectangular coil probe is only 88.24% and 72.55% of that of
the novel triple rectangular coil probe. Additionally, the novel triple rectangular coil probe
is more sensitive to changes in delamination thickness. When the delamination thickness
changes by 0.5 mm, the sensitivity of the single pancake probe and the single rectangular
coil probe is only 49.04% and 56.69% of that of the novel triple rectangular probe.

Table 11. The sensitivities of different probes.

Probe Types Sensitivity 1 Sensitivity 2
Single pancake probe 0.0090 (V/mm) 1.4809 (V/mm)
Single rectangular probe 0.0074 (V/mm) 1.7120 (V/mm)
Novel triple rectangular coil probe 0.0102 (V/mm) 3.0200 (V/mm)

5. Conclusions

This paper presents a novel triple rectangular coil probe designed for detecting CFRP
delamination. The structure of this probe reduces the direct mutual inductance between the
excitation coils and the detection coil, thereby minimizing the impact of interference signals.
This design allows the detection coil to capture defect information to the greatest extent
possible, thereby improving detection sensitivity and facilitating delamination inspection.
The main conclusions are as follows:

(1) The designed probe has different scanning modes for CFRP samples with different
layers. When the direction of the excitation current is consistent with the direction of
the fibers, the detection effect of the delamination is optimal.

(2) The designed probes can sensitively detect delamination from both the top and bottom
surfaces of the CFRP sample, including those located deeper within the sample. In the
detection of delamination with different lateral dimensions, the relative position of the
probe varies when the detection voltage difference rises and falls. The larger the lateral
dimension, the further forward the probe’s relative position during voltage difference
rise and the further backward during voltage fall. By studying the relative position of
the probe during voltage difference rise and fall, quantitative detection of the lateral
dimension of delamination can be achieved. For delamination of different thicknesses,
the size of the detection voltage difference peak varies. Through studying the detection
voltage difference peaks that occur during the detection process, quantitative detection
of the thickness of delamination can be achieved, providing valuable quantitative
analysis references for CFRP delamination detection. For detecting multiple defects
within the CFRP sample, the designed probes can successfully detect them, but
determining the dimension of the defects based solely on their detection signals can
be challenging. However, combining the results of top and bottom scans can provide
a rough estimation of the dimension and location of the delamination.

(3) Under the condition where the dimensions and number of turns of the excitation coils
are the same for all three probes, when the lateral dimension of delamination changes
by 5 mm, the sensitivity of the single pancake probe and the single rectangular coil
probe is only 88.24% and 72.55% of that of the novel triple rectangular coil probe.
When the delamination thickness changes by 0.5 mm, the sensitivity of the single



Appl. Sci. 2024, 14, 3765 21 of 22

pancake probe and the single rectangular coil probe is only 49.04% and 56.69% of that
of the novel triple rectangular coil probe.

In conclusion, the probe proposed in this paper is feasible and effective for detecting
CFRP delamination and meets the demand for high-sensitivity detection. This probe has
guiding significance for the design and development of probes for CFRP delamination
eddy current testing and provides valuable references for the quantitative evaluation of
delamination in CFRP eddy current testing.
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