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Abstract: Titanium alloys are extensively used in the manufacturing of key components in aerospace
engines and aircraft structures due to their excellent properties. However, aircraft skins in harsh
operating environments are subjected to long-term corrosion and pressure concentrations, which
can lead to the formation of cracks and other defects. In this paper, a detection probe is designed
based on the principle of alternating current field measurement, which can effectively detect both
surface and buried defects in thin-walled titanium alloy plates. A finite element simulation model
of alternating current field measurement detection for buried defects in thin-walled TC4 titanium
alloy plates is established using COMSOL 5.6 software. The influence of defect length, depth, and
excitation frequency on the characteristic signals is investigated, and the detection probe is optimized.
Simulation and experimental results demonstrate that the proposed detection probe exhibits high
detection sensitivity to varying lengths and depths of buried defects, and can detect small cracks
with a length of 3 mm and a burial depth of 2 mm, as well as deep defects with a length of 10 mm
and a burial depth of 4 mm. The feasibility of this probe for detecting buried defects in titanium alloy
aircraft skin is confirmed.

Keywords: alternating current field measurement; titanium alloy; buried defects; characteristic
signals; aircraft skin; probe optimization

1. Introduction

Titanium alloy TC4 is a metal alloy composed of titanium and other metals, known for
its high strength, corrosion resistance, and heat resistance. It is widely used in aerospace,
shipbuilding, chemical, and other fields [1–3]. With the increasing demands in national
defense equipment and technological advancements, titanium alloys are being used more
extensively in the manufacturing of key components in aerospace engines and aircraft
structures, such as fuselage skins, engine fans, blades, and fasteners. However, aircraft
skin in service due to corrosion and stress concentration and other reasons will produce
cracks, dents, corrosion holes, and other defects, which results in a reduction in the skin’s
strength and a decline in its bearing capacity. If these defects are not detected in a timely
and accurate manner, they can continuously grow and seriously threaten flight safety.
Therefore, it is crucial to detect defects promptly to prevent accidents.

Currently, commonly used non-destructive testing techniques for titanium alloy defect
detection include ultrasonic testing, eddy current testing, radiographic testing, and infrared
thermography. However, these methods have their limitations. The coarse α-phase of
titanium alloys significantly reduces the signal-to-noise ratio in ultrasonic testing, and
conventional ultrasonic testing has low precision, shallow detection depth, and cannot
effectively detect buried defects. Additionally, if the wall thickness of the tested workpiece
is too thin, it will cause temporal overlap of the backscattered echoes, making it difficult
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to calculate the time difference of the echoes [4,5]. Eddy current testing is mainly used
for detecting surface and near-surface defects due to the skin effect and is not effective in
detecting buried defects. Eddy current probes are also highly sensitive to lift-off height.
Defect signals are easily submerged in the large baseline caused by the background mag-
netic field [6–8]. Radiographic testing may miss defects due to factors such as edge effects
and certain limitations in detecting titanium alloy specimens, as they have a low X-ray
absorption coefficient and exhibit some degree of attenuation. Radiographic testing is
also associated with radioactive contamination [9,10]. Ultrasonic infrared thermography
relies on heating the area of the defect to obtain an infrared thermal image, but the high
stiffness of titanium alloys makes it difficult to achieve the required excitation energy for
this method [11–14].

The above-mentioned testing methods all have their limitations. To address the issue
of buried defects in titanium alloy aircraft skin, the Alternating Current Field Measurement
(ACFM) technique has emerged as a new non-destructive testing technology based on
the principle of electromagnetic induction. The ACFM method generates an eddy current
field distributed along the surface of the workpiece, with the induced current passing
through the defect. Within a certain range of lift-off, changes in the probe’s lift-off height
have a minimal impact on the eddy current strength. ACFM offers advantages such as
non-contact inspection, insensitivity to lift-off, qualitative and quantitative capabilities,
and good penetration through non-metallic coatings [15–17]. Furthermore, this detection
method is suitable for both ferromagnetic and non-ferromagnetic metallic materials. ACFM
has been widely applied in various fields. For example, Feng et al. [18] designed an ACFM
probe for the quantitative evaluation of axial cracks on the inner surface of long-distance
pipelines caused by corrosion. Zhao et al. [19] designed a flexible array ACFM probe
suitable for drilling pipes with different diameters and capable of effectively detecting
internal and external cracks in pipes. Muñoz et al. [20] successfully improved the reliability
of detection results for surface fracture defects on steel rails by applying a non-uniform
spline approximation algorithm to the data collected by ACFM probes. Currently, the
ACFM method is still mainly applied to the detection of surface and near-surface defects,
and there are still many problems to be solved in the detection of deeper buried defects.

In this study, based on the basic principle of ACFM detection, a finite element simu-
lation model for ACFM detection of buried defects in thin-walled titanium alloy plates is
established. The influence of defect length, depth, and excitation frequency on the char-
acteristic magnetic field signals (Bx and Bz) is investigated. An ACFM detection probe
is designed and an ACFM system is constructed. The experimental results demonstrate
that the ACFM probe can effectively overcome the lift-off effect and exhibit high detection
sensitivity to varying lengths and depths of buried defects. The experimental results are
in good agreement with the simulation results. The ACFM probe is capable of detecting
small cracks with a length of 3 mm and a burial depth of 2 mm as well as deep defects with
a length of 10 mm and a burial depth of 4 mm. The ACFM probe shows good detection
capabilities for buried defects in titanium alloy plates.

2. Basic Principles of ACFM

The principle of the ACFM detection technique is illustrated in Figure 1. An alternating
current is applied to the coil, inducing eddy currents on the surface of the test specimen.
If there are no cracks on the surface, the induced eddy currents will distribute uniformly.
However, if there are cracks on the surface, the eddy currents will accumulate around the
crack, causing distortion in the spatial magnetic field near the defect. The magnetic field
components Bx and Bz are extracted by the detection coil, and these components can be
used to infer information about the size of surface defects [21,22]. The Bx signal exhibits a
characteristic with two peaks and one trough between them, which can indicate the depth
information of the surface defect. The Bz signal exhibits a characteristic with one peak and
one trough, which can indicate the length of the surface defect.
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Figure 1. Schematic diagram of ACFM detection principle.

3. Finite Element Simulation

Due to the skin effect, the ACFM technique is currently mainly used for surface and
near-surface defect detection. However, at the right excitation frequency and material
properties, induced currents can penetrate into the deeper layers of the material and
accumulate in the region of buried defects. In this section, we investigate the distribution
characteristics of induced currents in the region of buried defects, the characteristics of
magnetic field signals, and the influence of defect length, depth, and excitation frequency
on the magnetic field signals.

3.1. Simulation Analysis of Buried Defects

According to the formula for skin depth (1), the penetration depth (δ) is related to the
relative magnetic permeability (µr), electrical conductivity (σ), and excitation frequency
(f ) of the test specimen. When other conditions are constant, a lower excitation frequency
results in a deeper penetration depth (δ) for the induced currents. The thickness of the
general aircraft skin is 2~5 mm. For TC4 titanium alloy with a relative magnetic permeabil-
ity of 1 and an electrical conductivity (σ) of 6 × 105 S/m, at an excitation frequency (f ) of
10 kHz, the penetration depth (δ) is 6.54 mm. At this frequency, the induced current can
completely penetrate a 6 mm thick titanium alloy plate.

δ =
1√

π f µrµoσ
(1)

Using COMSOL Multiphysics 5.6 finite element simulation software, a simulation
model for ACFM detection of buried defects in titanium alloy plates was established, as
shown in Figure 2. The simulation model consists of a titanium alloy specimen, a U-shaped
magnetic core, an excitation coil, and two detection coils. In order to ensure the consistency
between simulation and experiment, the size of the U-shaped core set in simulation is the
same as the size of the inspection probe fabricated later, and the size of the buried defects
set in simulation is the same as the defects processed in the experimental specimen. The
dimensions and material parameters of the simulation model are shown in Tables 1 and 2.

Table 1. ACFM Simulation Model Dimensional Parameters.

Simulation Model Dimensional Parameters Value (mm)

Titanium alloy plate length × width × thickness 140 × 80 × 6
U-shaped magnetic core length × width × height × thickness 54 × 24 × 30 × 12

Buried defect length × width × depth 10 × 0.5 × 4
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The excitation frequency was set to 10 kHz, and the driving current was 1A. The 
depth of the defect in the titanium alloy plate was set to 4 mm, corresponding to a burial 
depth of 2 mm, and the lift-off height of the probe was set to 1 mm. The distribution of 
induced currents in the YZ plane of the buried defect was obtained from the simulation, 
as shown in Figure 3. The distribution of induced currents in different depths of the XY 
plane was captured and presented in Figure 4. As the depth of the XY plane increased, the 
intensity of the induced currents decreased, and the currents bypassed the buried defect 
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Figure 2. ACFM simulation model of buried defect in titanium alloy plate.

Table 2. ACFM Simulation Model Material Parameters.

Model Name Material Relative Permeability Conductivity (S·m−1)

Plate Titanium alloy 1 6 × 105

Excitation coil Copper 1 5.998 × 107

U-shaped magnetic core Manganese zinc ferrite 2400 0.1

The excitation frequency was set to 10 kHz, and the driving current was 1A. The
depth of the defect in the titanium alloy plate was set to 4 mm, corresponding to a burial
depth of 2 mm, and the lift-off height of the probe was set to 1 mm. The distribution of
induced currents in the YZ plane of the buried defect was obtained from the simulation,
as shown in Figure 3. The distribution of induced currents in different depths of the XY
plane was captured and presented in Figure 4. As the depth of the XY plane increased, the
intensity of the induced currents decreased, and the currents bypassed the buried defect
and accumulated near it, resulting in distortion in the spatial magnetic field near the defect.
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The extracted Bx and Bz signals of the buried defect are shown in Figure 5. The Bx
signal exhibits the characteristic of having two peaks with a trough in between, while the
Bz signal exhibits the characteristic of having one peak and one trough. The signal pattern
of buried defects is initially consistent with that of surface defects, and the characteristic
signal pattern of buried defects will be comprehensively explored subsequently in terms of
several influencing factors, including defect length, depth, and excitation frequency.
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The sensitivity of the probe is an important indicator of its detection performance. For
analysis purposes, the detection sensitivity of the Bx signal (Sx) and the peak-to-peak value
of the Bz signal (∆Bz) were defined. The specific calculation formulas are as follows:

Sx =
Bxmax − Bxmin

Bx0
(2)

∆Bz = Bzmax − Bzmin (3)
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In Formulas (2) and (3), Bxmax and Bxmin are the maximum and the minimum values
of Bx when a defect is present, Bx0 is the background magnetic field of Bx when no defect is
present. Bzmin and Bzmax represent the minimum and maximum values of Bz when a defect
is present, respectively. A higher value of Sx and ∆Bz indicates better detection sensitivity
of the probe.

3.2. Influence of Burial Depth on Detection Results

To investigate the influence of burial depth on the characteristic signals, a buried
defect of length 10 mm and width 0.5 mm was simulated with burial depths ranging from
1 mm to 5 mm. The excitation frequency was set to 10 kHz, and the driving current was
1A. The simulated Bx and Bz signals are shown in Figure 6, while the curves of Sx and ∆Bz
with respect to burial depth are presented in Figure 7.
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Figure 6. Bx and Bz signals at different burial depths. (a) Bx signals at different burial depths. (b) Bz
signals at different burial depths.
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The Bx signal exhibits two peaks with a trough in between, while the Bz signal exhibits
one peak and one trough. As the burial depth increases, the induced currents gradually
decay and become more sparse, resulting in smaller magnetic field signals. Hence, both Sx
and ∆Bz decrease with increasing burial depth.

3.3. Influence of Buried Defect Length on Detection Results

To investigate the influence of buried defect length on the detection results, a defect
with a width of 0.5 mm and a burial depth of 2 mm was simulated with lengths of 5 mm,
10 mm, 15 mm, and 20 mm. The excitation frequency was set to 10 kHz, and the driving
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current was 1A. The simulated Bx and Bz signals are shown in Figure 8, while the curves of
Sx and ∆Bz with respect to defect length are presented in Figure 9.
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Figure 8. Bx and Bz signals for buried defects of different lengths. (a) Bx signals for buried defects of
different lengths. (b) Bz signals for buried defects of different lengths.
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Figure 9. Variation in Sx and ∆Bz for buried defects of different lengths.

As the length of the defect continues to increase, the induced current density around
the defect decreases, resulting in a weakening of the induced current’s strength. Therefore,
when the defect length exceeds a certain range, both Sx and ∆Bz show a trend of initially
increasing and then decreasing. When the defect length reaches 20 mm, the induced current
density at the center of the defect decreases, causing the Bx signal trough to become raised.
Sx increases for defect lengths ranging from 5 mm to 10 mm. However, Sx decreases for
defect lengths ranging from 10 mm to 20 mm. The spacing between the peaks and troughs
of the Bz signal corresponds to the defect length set in the simulation. Thus, the Bz signal
can characterize the length of buried defects. The ∆Bz increases for defect lengths ranging
from 5 mm to 15 mm. But it decreases for defect lengths ranging from 15 mm to 20 mm.

3.4. Influence of Excitation Frequency on Detection Results

From Formula (1), it is known that the excitation frequency significantly affects the
penetration depth and, thus, the detection signal. To investigate the influence of excitation
frequency on the detection results, a defect with a length of 10 mm, a width of 0.5 mm, and
a burial depth of 2 mm was simulated. The excitation frequencies were set to 5 kHz, 7 kHz,
10 kHz, 12 kHz, 15 kHz, and 20 kHz, while the driving current was 1A. The simulated
Bx and Bz signals are shown in Figure 10, while the curves of Sx and ∆Bz with respect to
excitation frequency are presented in Figure 11.
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Figure 10. Bx and Bz signals for different excitation frequencies. (a) Bx signals for buried defects with
different excitation frequencies. (b) Bz signals for buried defects with different excitation frequencies.
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Figure 11. Variation in Sx and ∆Bz for different excitation frequencies.

The background magnetic field intensity of the Bx signal increases with increasing
frequency. In the frequency range of 5 kHz to 20 kHz, Sx decreases. Similarly, ∆Bz increases
slowly in the frequency range of 5 kHz to 7 kHz, but it sharply decreases in the frequency
range of 7 kHz to 20 kHz. Therefore, the probe exhibits optimal detection sensitivity at
an excitation frequency of 7 kHz in the simulation. The optimum excitation frequency for
actual testing needs to be determined by field commissioning.

4. ACFM System Design
4.1. Specimen Preparation

To investigate the influence of buried defect length and depth on the characteristic
signals under the ACFM method, 10 rectangular groove defects with a width of 0.5 mm
were machined on two titanium alloy specimens, each having a thickness of 6 mm, using an
EDM-NC wire-cut machine. In this paper, the first priority is to realize the detection study
of regularly buried defects, and the subsequent work will focus on the study of composite
and irregular types of buried defects. The depths of the five defects in specimen A were
all 4 mm, while the lengths of the five defects in specimen B were all 10 mm. The detailed
parameters of the defects and their corresponding numbering are shown in Figure 12.
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4.2. Probe Design

Optimizing the detection probe is crucial because the signal accuracy of buried defects
is lower than that of surface defects. Factors affecting detection signal sensitivity include
the size, shape, and number of turns of the detection probe, as well as sensor selection.

The dimensions of the U-shaped magnetic core are shown in Figure 13a. The designed
probe, as shown in Figure 13b, consists of a U-shaped magnetic core, an excitation coil, two
coils for sensing X and Z field components, a detection coil magnetic core, wear-resistant
ceramic tiles, and an outer shell. The U-shaped and detection coil magnetic cores are made
of manganese-zinc ferrite, the physical parameters of which are listed in Table 2. The
sensing sensors, used for signal acquisition, are made of copper wire. This type of sensor
has a large measurement range and is less affected by residual magnetism [23].
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4.2.1. Simulation of Excitation Coil Turns

Based on the detection principle of the ACFM method, the magnetic field generated
by the excitation coil is guided through the U-shaped magnetic core to the surface of the
workpiece, creating a uniform induced current perpendicular to the defect on the workpiece
surface. The detection coil picks up the distorted magnetic field signal. Therefore, the larger
and stronger the excitation field generated by the excitation coil, the better the detection
performance of the probe. According to Formula (4), the magnetic induction intensity (B)
generated by the excitation coil is dependent on factors such as the number of turns (N) of
the coil. Here, U represents the power supply voltage, R represents the wire resistance, µ0
represents the vacuum permeability, and δ represents the air gap length.

B =
NU
Rδ

µ0 =
NI
δ

µ0 (4)
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To improve the detection sensitivity of the probe, the simulation was set up for
excitation coil turns of 300, 500, 800, and 1000. A defect with a length of 10 mm, a width
of 0.5 mm, and a burial depth of 2 mm was simulated. The excitation frequency was set
to 7 kHz, and the driving current was 1A. The simulated Bz signal is shown in Figure 14a,
while the curves of ∆Bz with respect to the number of turns are presented in Figure 14b.
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Figure 14. Bz signal and ∆Bz for different excitation coil turns. (a) Bz signals for buried defects with
different excitation coil turns. (b) Variation in ∆Bz for different excitation coil turns.

Within the range of 300 to 800 turns for the excitation coil, ∆Bz linearly and steadily
increases with the number of turns. However, within the range of 800 to 1000 turns, ∆Bz
shows a slower increase. Therefore, within a certain range of coil turns, increasing the
number of turns in the excitation coil leads to higher detection sensitivity of the probe.
However, as the number of turns in the excitation coil increases, the growth of detection
sensitivity becomes slower. Considering the gain effect of the number of turns of the
excitation coil on the detection sensitivity of the probe and the space limitation inside the
ACFM probe outer shell, this paper finally uses 0.2 mm thick purple copper enameled wire
to wind 800 turns of excitation coils on a U-shaped magnetic core.

4.2.2. Optimization of Detection Coil

To improve the detection performance of the ACFM probe, the detection coil was
optimized in this study. The manganese-zinc ferrite magnetic core placed at the center of
the detection coil not only affects the inductance of the detection coil but also provides
magnetic field focusing. To verify the optimization effect of the magnetic core on the
detection signal, simulation models were established with and without the magnetic core
to detect buried defects at different depths. The simulated Bz signal is shown in Figure 15,
while the curves of ∆Bz with and without the magnetic core are presented in Figure 16.

For buried depths ranging from 1 mm to 5 mm, ∆Bz with and without the magnetic
core decreases as the depth of the buried defect increases. However, the simulation results
with the magnetic core show significantly higher detection sensitivity compared to those
without the magnetic core, with the sensitivity being several times higher. Therefore,
the optimized design of the detection coil greatly enhances the detection sensitivity of
the probe.
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Figure 15. Bz signals with or without Magnetic core for different burial depths. (a) Bz signal without
magnetic core. (b) Bz signal with magnetic core.
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Figure 16. Variation in ∆Bz with burial depth for presence or absence of magnetic core.

4.3. Overall Design of the Detection System

To investigate the detection performance of the detection probe for buried defects in
titanium alloy plates and the characteristics of the signals generated by buried defects, the
block diagram and system diagram of the ACFM detection system constructed in this study
are shown in Figure 17. The ACFM detection system consists of a signal generator (MFQ-
2230M, 2 Channel), a power amplifier (FPA301-20W 5 MHz), an ACFM detection probe,
signal processing circuitry, titanium alloy specimens, and an oscilloscope (GDS-2102E). The
signal generator outputs an AC sine signal, which is accurately amplified multiple times by
the power amplifier and applied to the excitation coil of the ACFM probe. The distorted
magnetic field caused by defects is captured by the detection coil, and after amplification,
filtering, and demodulation in the signal processing circuitry, the change in the magnetic
field with the scanning position is displayed on the oscilloscope.
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Figure 17. Schematic and diagram of ACFM detection system. (a) Schematic of ACFM detection
system. (b) ACFM detection system diagram.

5. Experimental Test and Analysis
5.1. Surface Defect Detection Test
5.1.1. Test on Surface Defects of Different Lengths

To investigate the influence of surface defect length on characteristic signals, the cracks
on specimen A were detected using the ACFM detection system. Specimen A with cracks
was placed with the defective side facing up, and the probe scanned cracks 1 to 5 in a
uniform motion. The excitation frequency of the signal generator was set to 10 kHz with
a voltage amplitude of 5 V. The extracted Bz voltage signals from the detection coil are
shown in Figure 18.
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Figure 18. Bz voltage signals for surface defects of different lengths.

The probe was able to detect surface defects with lengths ranging from 3 mm to 15 mm.
However, due to the high precision of the probe and the uneven distribution of materials
inside the specimen, the steady-state value of the voltage signals was offset, which also
occurred in subsequent experiments. Within the range of defect lengths from 3 mm to
9 mm, the peak-to-peak value of the Bz signal increased sharply. Within the range of defect
lengths from 9 mm to 15 mm, the peak-to-peak value of the Bz signal slowly decreased.
The probe showed good detection performance for surface defects of different lengths.

5.1.2. Test on Surface Defects of Different Depths

To investigate the influence of surface defect depth on characteristic signals, specimen
B with cracks 6 to 10 was placed with the defective side facing up, and the probe scanned
the cracks sequentially. The excitation frequency of the signal generator was set to 10 kHz
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with a voltage amplitude of 5 V. The extracted Bz voltage signals from the detection coil are
shown in Figure 19.
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Figure 19. Bz voltage signals for surface defects of different depths.

The probe was able to detect surface defects with depths ranging from 1 mm to 5 mm.
Within the range of eddy current penetration depth, the deeper the defect, the greater
the induced current density accumulated at the ends of the defect, resulting in a larger
magnetic field distortion. Within the range of depths from 1 mm to 5 mm, the peak-to-peak
value of the Bz signal increased sharply.

5.2. Buried Defect Detection Test
5.2.1. Test on Buried Defects of Different Lengths

To investigate the influence of buried defect length on characteristic signals, specimen
A was placed with the defective side facing down, and the probe sequentially scanned
cracks 1 to 5. In the ACFM method, the scanning direction of the probe greatly affects
the detection rate of defects. To ensure effective detection of buried defects, the ACFM
probe was aligned parallel to the placement of the defect, and the probe scanned along
the direction of the defect. However, in practical testing, the orientation of cracks is not
known, and weak detection signals cannot definitively determine the absence of cracks in
a particular area. Therefore, to ensure defect detection, multiple directional scans should
be performed during the actual testing process. The excitation frequency of the signal
generator was set to 7 kHz with a voltage amplitude of 5 V. The extracted Bz voltage signals
from the detection coil are shown in Figure 20.
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Figure 20. Bz voltage signals for buried defects of different lengths.
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The probe was able to detect buried defects with lengths ranging from 3 mm to 15 mm.
The Bz signal reached its extreme value at the ends of the cracks, and the interval between
the signal peaks and valleys generally increased with the increase in defect length. Within
the range of buried defect lengths from 3 mm to 9 mm, the peak-to-peak value of the Bz
signal increased sharply. Within the range of buried defect lengths from 9 mm to 15 mm,
the peak-to-peak value of the Bz signal showed a decreasing trend. As the crack length
increased, more induced current accumulated at the ends of the crack, resulting in a larger
magnetic field distortion. However, as the crack length continued to increase, the induced
current density distribution in the crack region decreased, leading to a decrease in the
peak-to-peak value of the signal.

5.2.2. Test on Buried Defects of Different Depths

To investigate the influence of buried defect depth on characteristic signals, specimen
B with cracks 6 to 10 was placed with the defective side facing down, and the probe scanned
the cracks sequentially. The ACFM probe was aligned parallel to the placement of the
defects and scanned along the direction of the cracks. The excitation frequency of the signal
generator was set to 7 kHz with a voltage amplitude of 5 V. The extracted Bz voltage signals
from the detection coil are shown in Figure 21.
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Figure 21. Bz voltage signals for buried defects of different depths.

The probe was able to detect buried defects with depths ranging from 2 mm to 5 mm,
while the probe was unable to effectively detect buried defects with a depth of 1 mm. In the
actual detection process, defects are often irregular, in the appropriate excitation frequency,
in the range of effective penetration depth of the induced current, with a high detection
sensitivity of the probe can detect a certain depth range of defects. Within the range of
depths from 2 mm to 5 mm, the peak-to-peak value of the Bz signal showed an increasing
trend. In other words, the deeper the defect, the smaller the attenuation of the magnetic
field signal due to the buried depth. Therefore, the peak-to-peak value of the Bz signal
increases with an increase in the defect depth.

5.3. Analysis of Experimental Results

Based on the detection results of surface defects and buried defects in the titanium
alloy plate, curve graphs of the peak-to-peak value of the Bz signal against defect length
and depth were plotted, as shown in Figure 22. From Figure 22a, as the defect length
keeps increasing, the density of induced currents around the defect decreases, resulting
in a decrease in the peak-to-peak values of the signals for both surface defects and buried
defects with a defect length of 9 mm. It can also be observed that as the defect length
increases from 3 mm to 9 mm, the peak-to-peak values of the signals for both surface
defects and buried defects increase sharply and reach extreme values. When the defect
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length is 9 mm, the corresponding peak-to-peak values of the signals are 3.6 V and 4.12 V
for surface defects and buried defects, respectively. As the defect length increases from
9 mm to 15 mm, the peak-to-peak values of the signals for both surface defects and buried
defects show a decreasing trend. When the defect length increases from 3 mm to 6 mm,
the Bz signal peak-to-peak values for surface defects and buried defects increase by 156%
and 269%, respectively, indicating that the probe has high sensitivity to changes in defect
length. The ACFM probe is able to effectively detect shallow surface microcracks with a
length of 3 mm and depth of 4 mm, as well as buried microcracks with a length of 3 mm
and a burial depth of 2 mm.
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Figure 22. Curve of Bz peak-to-peak values with variation in length and depth. (a) Curve of Bz
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From Figure 22b, it can be observed that as the defect depth increases from 1 mm to
5 mm, the peak-to-peak values of the signals for both surface defects and buried defects
show an increasing trend. When the defect depth is 5 mm, the peak-to-peak values of the
signals for surface defects and buried defects are 3.16 V and 4.16 V, respectively. When the
defect depth increases from 2 mm to 3 mm, the Bz signal peaks.

6. Conclusions

This paper addresses the issue of buried defects in titanium alloy aircraft skin and
establishes an ACFM simulation model for detecting buried defects in titanium alloy speci-
mens. A detection probe based on the alternating current electromagnetic field detection
method is designed. The relationship between the characteristics of the buried defect and
the excitation frequency is investigated, and an ACFM detection system is constructed. The
feasibility of the detection probe for detecting buried defects in titanium alloy aircraft skin
is verified through simulation and experimentation, leading to the following conclusions:

(1) Under the excitation of the alternating current electromagnetic field, the characteris-
tics of the buried defect signal are consistent with those of surface defects. The Bx
signal exhibits a valley in the middle of the crack and peaks at both ends. The Bz
signal displays peaks and valleys at the ends of the crack. The alternating current
electromagnetic field detection method can be used for detecting buried defects in
aerospace titanium alloy specimens. The Bx signal can indicate the depth information
of the buried defect, while the Bz signal can indicate the length information of the
buried defect.

(2) The influence of buried defect length and depth on the Bz signal is investigated. As
the length of the buried defect increases, the peak-to-peak value of the Bz signal
follows an initially increasing and then decreasing pattern. As the depth of the buried
defect increases, the peak-to-peak value of the Bz signal shows a linear increase
The experimental results are in good agreement with the simulation results. The
ACFM probe exhibits high sensitivity to changes in the length and depth of buried
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defects, allowing for preliminary determination of the length and depth information
of buried defects.

(3) Surface defect detection results of titanium alloy specimens based on the ACFM
method indicate that the probe can effectively detect small cracks with a length of
3 mm and a depth of 4 mm, as well as deep defects with a length of 10 mm and a depth
of 5 mm, with corresponding peak-to-peak values of 1.08 V and 3.16 V, respectively.
Buried defect detection results of titanium alloy specimens indicate that the probe
can effectively detect small cracks with a length of 3 mm and a burial depth of 2 mm,
as well as deep defects with a length of 10 mm and a burial depth of 4 mm, with
corresponding peak-to-peak values of 0.52 V and 0.66 V, respectively.

The ACFM detection probe and method studied in this paper can effectively detect
small buried defects in thin-walled titanium alloy specimens, providing a basis for detecting
buried defects in titanium alloy aircraft skin in the future.

Author Contributions: C.L. (Chunhui Liao) proposed the idea and gave help in writing and revising
the manuscript. R.W. contributed to the theory research, the design of experiments, writing and revis-
ing of the manuscript. C.L. (Cheng Lv), T.C., Z.D. and X.S. contributed to the design of experiments
and gave help in revising the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Key R&D Program of China (Program No.
2022YFF0605600) and the National Natural Science Foundation of China (NSFC) under Grant 52105550.

Data Availability Statement: Data is unavailable due to privacy reasons.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Koizumi, H.; Takeuchi, Y.; Imai, H.; Kawai, T.; Yoneyama, T. Application of Titanium and Titanium Alloys to Fixed Dental

Prostheses. J. Prosthodont. Res. 2019, 63, 266–270. [CrossRef] [PubMed]
2. Williams, J.C.; Boyer, R.R. Opportunities and Issues in the Application of Titanium Alloys for Aerospace Components. Metals

2020, 10, 705. [CrossRef]
3. Veiga, C.; Davim, J.P.; Loureiro, A.J.R. Properties and Applications of Titanium Alloys: A Brief Review. Rev. Adv. Mater. Sci 2012,

32, 133–148.
4. Morrissey, R.; Nicholas, T. Staircase Testing of a Titanium Alloy in the Gigacycle Regime. Int. J. Fatigue 2006, 28, 1577–1582.

[CrossRef]
5. Yugeswaran, S.; Kobayashi, A.; Suresh, K.; Subramanian, B. Characterization of Gas Tunnel Type Plasma Sprayed TiN Reinforced

Fe-Based Metallic Glass Coatings. J. Alloys Compd. 2013, 551, 168–175. [CrossRef]
6. Li, H.; Wang, J.; Zhang, T.; Li, Z. The Effect of Electrical Parameters of Eddy Current Sensor on Metal Film Thickness Measurement

Performance and the Optimization Method. Rev. Sci. Instrum. 2023, 94, 105001. [CrossRef] [PubMed]
7. Xie, Y.; Li, J.; Tao, Y.; Wang, S.; Yin, W.; Xu, L. Edge Effect Analysis and Edge Defect Detection of Titanium Alloy Based on Eddy

Current Testing. Appl. Sci. 2020, 10, 8796. [CrossRef]
8. Li, W.; Chen, G.; Ge, J.; Yin, X.; Li, K. High Sensitivity Rotating Alternating Current Field Measurement for Arbitrary-Angle

Underwater Cracks. Ndt E Int. 2016, 79, 123–131. [CrossRef]
9. Wei, W.; Li, H.; Xiang-lin, Z.; Yu-xing, X.; Guan-hua, W. Study on Edge Effect of Radiographic Testing for Titanium Alloy Joint

Structure with Large Thickness Difference. In Proceedings of the 2014 IEEE Far East Forum on Nondestructive Evaluation/Testing,
Chengdu, China, 20–23 June 2014; pp. 320–323.

10. Saresh, N.; Pillai, M.G.; Mathew, J. Investigations into the Effects of Electron Beam Welding on Thick Ti–6Al–4V Titanium Alloy.
J. Mater. Process. Technol. 2007, 192, 83–88. [CrossRef]

11. Ai, Y.; Zhang, Y.; Cao, X.; Zhang, W. A Defect Detection Method for the Surface of Metal Materials Based on an Adaptive
Ultrasound Pulse Excitation Device and Infrared Thermal Imaging Technology. Complexity 2021, 2021, 8199013. [CrossRef]

12. Han, X.; Ajanahalli, A.S.; Ahmed, Z.; Li, W.; Newaz, G.M.; Favro, L.D.; Thomas, R.L. Finite-element Modeling of Sonic Ir Imaging
of Cracks in Aluminum and Titanium Alloys. In AIP Conference Proceedings; American Institute of Physics: College Park, MD,
USA, 2008; Volume 975, pp. 483–490.

13. Mian, A.; Han, X.; Islam, S.; Newaz, G. Fatigue Damage Detection in Graphite/Epoxy Composites Using Sonic Infrared Imaging
Technique. Compos. Sci. Technol. 2004, 64, 657–666. [CrossRef]

14. Cho, J.-W.; Seo, Y.-C.; Jung, S.-H.; Kim, S.-H.; Jung, H.-K. Defect Detection within a Pipe Using Ultrasound Excited Thermography.
Nucl. Eng. Technol. 2007, 39, 637–646. [CrossRef]

https://doi.org/10.1016/j.jpor.2019.04.011
https://www.ncbi.nlm.nih.gov/pubmed/31147298
https://doi.org/10.3390/met10060705
https://doi.org/10.1016/j.ijfatigue.2005.10.007
https://doi.org/10.1016/j.jallcom.2012.09.111
https://doi.org/10.1063/5.0154824
https://www.ncbi.nlm.nih.gov/pubmed/37791861
https://doi.org/10.3390/app10248796
https://doi.org/10.1016/j.ndteint.2016.01.003
https://doi.org/10.1016/j.jmatprotec.2007.04.048
https://doi.org/10.1155/2021/8199013
https://doi.org/10.1016/j.compscitech.2003.07.005
https://doi.org/10.5516/NET.2007.39.5.637


Sensors 2024, 24, 1347 17 of 17

15. Wang, H.; Li, W.; Yin, X.; Zhao, J.; Zhao, J.; Ding, J.; Li, X.; Wang, W.; Hu, D.; Chen, Q. Uniform Alternating Current Field
Monitoring Sensor Array for Imaging and Quantitation of Cracks in Aluminum Alloy Structures. IEEE Sens. J. 2023, 24, 679–688.

16. Wang, H.; Ma, Y.; Li, W.; Yin, X.; Wang, Y.; Zhang, X.; Liu, Y. Robot and ACFM Collaborative Detection System Based on
Space-Time Synchronization. In Proceedings of the 2023 IEEE 11th International Conference on Information, Communication and
Networks (ICICN), Xi’an, China, 17–20 August 2023; pp. 763–770.

17. Ge, J.; Chen, X.; Hu, B. Development of a Velocity-Adaptable Alternating Current Field Measurement Device for Crack Inspection
in Rails. IEEE Sens. J. 2023, 23, 17034–17041. [CrossRef]

18. Feng, Y.; Zhang, L.; Zheng, W. Simulation Analysis and Experimental Study of an Alternating Current Field Measurement Probe
for Pipeline Inner Inspection. Ndt E Int. 2018, 98, 123–129. [CrossRef]

19. Zhao, J.; Li, W.; Zhao, J.; Zhu, Y.; Wang, Z. A Novel ACFM Probe with Flexible Sensor Array for Pipe Cracks Inspection. IEEE
Access 2020, 8, 26904–26910. [CrossRef]

20. Munoz, J.M.C.; Márquez, F.P.G.; Papaelias, M. Railroad Inspection Based on ACFM Employing a Non-Uniform B-Spline Approach.
Mech. Syst. Signal Process. 2013, 40, 605–617. [CrossRef]

21. Li, W.; Chen, G.; Yin, X.; Yang, W.; Ge, J. Two-Step Interpolation Algorithm for Measurement of Longitudinal Cracks on Pipe
Strings Using Circumferential Current Field Testing System. IEEE Trans. Ind. Inform. 2017, 14, 394–402.

22. Li, W.; Chen, G.; Yin, X.; Jiang, W.; Zhao, J.; Ge, J. Inspection of Both Inner and Outer Cracks in Aluminum Tubes Using Double
Frequency Circumferential Current Field Testing Method. Mech. Syst. Signal Process. 2019, 127, 16–34.

23. Shemelya, C.; Cedillos, F.; Aguilera, E.; Espalin, D.; Muse, D.; Wicker, R.; MacDonald, E. Encapsulated Copper Wire and Copper
Mesh Capacitive Sensing for 3-D Printing Applications. IEEE Sens. J. 2014, 15, 1280–1286. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/JSEN.2023.3288214
https://doi.org/10.1016/j.ndteint.2018.04.015
https://doi.org/10.1109/ACCESS.2020.2971177
https://doi.org/10.1016/j.ymssp.2013.05.004
https://doi.org/10.1109/JSEN.2014.2356973

	Introduction 
	Basic Principles of ACFM 
	Finite Element Simulation 
	Simulation Analysis of Buried Defects 
	Influence of Burial Depth on Detection Results 
	Influence of Buried Defect Length on Detection Results 
	Influence of Excitation Frequency on Detection Results 

	ACFM System Design 
	Specimen Preparation 
	Probe Design 
	Simulation of Excitation Coil Turns 
	Optimization of Detection Coil 

	Overall Design of the Detection System 

	Experimental Test and Analysis 
	Surface Defect Detection Test 
	Test on Surface Defects of Different Lengths 
	Test on Surface Defects of Different Depths 

	Buried Defect Detection Test 
	Test on Buried Defects of Different Lengths 
	Test on Buried Defects of Different Depths 

	Analysis of Experimental Results 

	Conclusions 
	References

