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Abstract: A through-transmission ultrasonic method is proposed to address limitations in conven-
tional ultrasonic reflection methods for non-destructive testing of ferrite tiles. The method utilizes a
dual-probe configuration on both sides of the test piece to measure ultrasonic transmission signals,
overcoming issues related to blind zones and orientation limitations in pulse-echo reflection methods.
This method demonstrates excellent capabilities for full inspection of internal and external defects in
ferrite tiles. Physical field finite element simulations were conducted to analyze detection capabilities
and a transmissive testing system is developed based on the simulation results. Experimental val-
idation was performed on artificially manufactured quantified defect samples in aluminum alloy,
and the same testing system was applied to evaluate ferrite tile samples. The results confirmed the
effectiveness of the system in distinguishing defective (NG) signals from normal defect-free (OK)
signals, with a recall rate of at least 95% on samples of various sizes up to 0.1 mm. This research
provides insights for quality control and defect detection technology in ferrite tiles.

Keywords: through-transmission; ultrasonic testing; defect detection; ferrite tile

1. Introduction

Ferrite tiles are critical components in permanent magnet motors [1–3]. However, due
to their high hardness and brittleness, they are prone to defects during the manufacturing
process, which can adversely affect the performance and lifespan of permanent magnet
motors. These defects include external flaws such as fractures and burrs, as well as internal
flaws like cracks and voids [4,5]. To reduce production costs and improve efficiency, non-
destructive testing of internal and external defects in ferrite tiles is required before they are
magnetized to become magnetic tile products. In recent years, acoustic vibration methods
have been proposed for detecting internal defects in ferrite tiles. For instance, Lu [3] applied
acoustic methods to detect internal defects in ferrite tiles by analyzing the sound signals
generated when the tiles were impacted by an iron block. Xie et al. [6] investigated the
effectiveness of the PCA-SVM (Principal Component Analysis-Support Vector Machines)
method based on acoustic resonance for detecting internal defects in ferrite tiles. On the
other hand, machine vision methods have been utilized to inspect external defects in ferrite
tiles. Xie et al. [1] introduced a feature fusion CNN (Convolutional Neural Networks) to
address continuous image defect recognition, while Hu et al. [7] proposed a two-stage
detection model called UPM-Dense Net (Upscaled PatchMatch Dense Network) to meet
the precision and speed requirements for detecting small defects. Compared to other non-
destructive testing methods, ultrasonic inspection offers a simple testing system and strong
robustness, making it applicable to a wide range of materials. Consequently, in industrial
applications, the ultrasonic test has found extensive use in areas such as detecting internal
defects, measuring material properties, and health monitoring [8–10]. M. Liu et al. [11]
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conducted time-domain analysis of the weld defect echo signal of stainless steel pipes
according to the weld defect echo signal of stainless steel pipes, compared and analyzed the
amplitude changes of different types of weld defect signals, and realized the detection of
weld defects. Typically, ultrasonic pulse-echo methods detect sample defects by analyzing
the time and frequency domain characteristics of echo signals. For defect detection in
ferrite tiles, Cheng et al. [12] developed a pulse-echo-based approach that improved the
B-scan (Brightness Scan) imaging and accurate localization of internal defects in the tiles.
However, when defects are located near or at the surface of the sample, the impedance
mismatch between the probe, sample, and coupling agent leads to strong surface echoes,
making defect detection challenging [13,14]. As a result, ultrasonic pulse-echo methods
have limitations in terms of detection accuracy and sample structures [15]. In the realm of
ultrasonic testing (UT), ultrasonic transmission emerges as a defect detection technique that
overcomes the limitations of traditional methods, allowing for the inspection of near-surface
and surface defects and the measurement of various material properties. Several studies
both domestically and internationally have utilized ultrasonic transmission methods for
defect detection and measurement [16–21]. For instance, Wang [22] employed ultrasonic
transmission for defect detection in complex curved resin-based composite materials,
demonstrating the capability of the ultrasonic transmission method to detect bending
composite parts with the aid of an automatic robot inspection system. These research
outcomes suggest that ultrasonic transmission method has the potential for comprehensive
defect inspection of both internal and external defects in ferrite tiles.

The ultrasonic echo test of ferrite tiles posed several challenges during the experiments.
These challenges included the high damping attenuation in ferrite tiles, leading to weak
echo signals and a low signal-to-noise ratio in the pulse-echo method. Moreover, the pulse-
echo method exhibited more pronounced blind zones in small-sized ferrite tile samples,
making defect detection difficult. Additionally, the detection of common longitudinal
cracks in ferrite tiles was hindered by the influence of defect orientation. To address these
difficulties, a water-immersion ultrasonic transmission method for ferrite tiles is proposed.
The effectiveness of this method is validated through finite element simulation, test system
design, and experimental verification. By utilizing the ultrasonic transmission method, the
paper overcomes the limitations of the conventional pulse-echo method and provides a
promising solution for comprehensive defect detection in both the internal and external
regions of ferrite tiles.

2. Principle of Defect Detection by Liquid-Immersed Ultrasonic Transmission Method

The ultrasonic transmission method is a detection method developed based on the
loss of ultrasonic waves in the medium, including the phenomena of absorption of sound
waves, dissipation, scattering at interfaces, and attenuation of the diffusion of the sound
beam. During the measurement, a pair of transmitting probes and receiving transducers
are placed on both sides of the sample to be measured. When a piezoelectric crystal inside
the transmitting probe is excited by a pulsed voltage, pulsed ultrasonic waves propagate
through the sample. A focusing transducer was employed in the transmitting probe for
the focus of the ultrasonic beam. This is achieved by applying an acoustic lens, which
increases the sound intensity inside the sample and therefore the signal-to-noise ratio.
When ultrasound is applied to the non-destructive testing of internal defects, the main
consideration is the scattering and attenuation of the defects encountered by the ultrasound
waves during propagation. As shown in Figure 1, ultrasonic waves are emitted from the
transmitting probe at an angle perpendicular to the sample surface and propagate into the
sample through the coupling agent water. When the ultrasonic wave encounters a defect
during the propagation of the sample under test, a portion of the ultrasonic wave will be
lost at the junction of the sample and the defect, i.e., between different media, and a certain
range of masking will be formed behind the defect. According to the loss of ultrasonic
energy, it is then possible to determine the presence and size of defects, including internal
and external defects.
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Figure 1. Focusing liquid immersion ultrasonic transmission detection method; (a) system diagram
(b) the basis for judging defects.

The ultrasonic signal propagated through the coupling agent can be distinguished
from the ultrasonic signal propagated through the solid sample. Because the speed of
sound in a solid, such as a ferrite tile, is about 6700 m/s at room temperature of 25 ◦C,
which is significantly higher than the speed of sound in a liquid, such as water, which
is about 1500 m/s, the time of flight (TOF) for propagating the same distance of sound
waves in a ferrite tile is only 1/4 of that in a water medium, resulting in the received signals
showing a significant difference in the time domain. Based on the cleaning requirements
after sample testing and the principle of acoustic impedance matching, the coupling agent
was selected as water.

Ultrasonic waves can be regarded as linear propagation in an isotropic ideal medium,
following the geometric acoustic law. Let the initial sound pressure p0, the received sound
pressure is Pi, the ultrasonic angular frequency is ω, the imaginary number unit is j and
the wave number be k = 2π/λ, respectively. The ultrasonic sound pressure p at the sound
range r is

pi(r, t) =
p0

r
ej(ωt−kr) (1)

The transmittance T of ultrasonic waves between a medium with acoustic impedances
z1 and z2 is

T =

(
4z1z2

z1 + z2

)2
(2)

The acoustic transmittance decreases with the increase of the acoustic impedance
difference between the two sides of the dielectric interface. To ensure the sufficient intensity
of acoustic transmission into the sample, it is necessary to match the acoustic impedance
of the medium on both sides of the interface, so it is necessary to insert the liquid coupler
with large acoustic impedance between the probe and the sample.

As the thickness of the thin-walled sample is less than the diameter of the probe, the
perforated circular hole defect is regarded as a rigid sphere with radius a. The direction of
the incident sound wave is the positive direction of θ. The wave equation of sound wave
propagation is ∇2 p + (ω

c )
2 p = 0, then the far-field scattered sound pressure at a distance

of r from the defect can be calculated by Equation (3) where j is the imaginary number unit,
and R(θ) is the directionality function of the scattered sound field [23,24]:

pi(r, θ, t) = −p0a
ej(ωt−kr)

r
R(θ) (3)

The size of the R(θ) function is determined by the defect size parameter ka, which
is a dimensionless parameter characterizing the defect size relative to the wavelength,
expressed as shown in Equation (4) where Pl(x) is the Legendre polynomial:

R(θ) =
1
ka

∞

∑
l=0

blej l+1
2 π Pl(cos θ) (4)
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bl = −
Bl
p0

= (−j)l(2l + 1)
d[jl(ka)]

d(ka)

d
[

h(2)l (ka)
]

d(ka)

(5)

Therefore, in an ideal isotropic medium, the sound pressure ps received by the probe
is approximately:

ps(r, θ, t) ≈ π
(

R2
r − aR(θ)

) ej(ωt−kr)

r
(6)

From the formula: with the increase of the defect size, the scattered acoustic field
acoustic wave sound pressure increases. Therefore, defects can be identified from the signal
energy when the transmitted signal energy appears to be significantly weakened. The
signal energy is defined as:

E =
∫

P2
s dt = ∑ A2

i (7)

The signal energy is the integral of the square of the sound pressure received by
the probe, and the sampling in practice is the amplitude Ai of the sampling point of the
transmitted signal. When an ultrasonic wave encounters the interface between the medium
transition in defects and samples, interactions such as attenuation and diffraction occur,
which will further reduce the signal energy of the transmitted acoustic wave propagation.
Therefore, it can be concluded that when the cross-sectional area of the defect is larger, the
sound pressure of the ultrasonic transmitted signal is smaller. By comparing the energy of
the acoustic signal, the defects and their sizes in the sample can be detected.

Based on the above conclusions, a device for detecting internal and external defects
of magnetic tile samples by immersion focused transmission method is developed in this
paper. Its characteristics include: the ultrasonic transmission method using one end to
emit a specific frequency of ultrasonic waves, the other end to receive the corresponding
sound waves, according to the waveform diagram to judge the presence and size of defects;
the transmitting probe, the sample under test, and the receiving probe are immersed in
the coupler to reduce the loss of ultrasonic waves between the air and the interface of
the workpiece under test. This will be beneficial to the acquisition signal processing of
transmitted sound waves, including filtering of transmitted wave signals in the time-
frequency domain, peak extraction and so on.

3. Numerical Modeling
3.1. Establishment of Simulation Model

To assess the feasibility of ultrasonic detection for internal defects, this study em-
ployed COMSOL Multiphysics v.6 software for modeling the water-immersion ultrasonic
inspection method [25–29]. In the physical field modeling, the pressure acoustics time-
domain explicit physics interface was chosen for simulation modeling. The schematic
representation of the overall simulation model is shown in Figure 2. Due to the symmetry
of the entire model, the geometric model was set as an axisymmetric model to reduce
computational time and memory requirements. The model was divided into three parts,
namely, A, B, and C. Part A comprised the ultrasonic emission source and the coupling
water layer. Part B represented the 3033 aluminum alloy test material with internal defects,
with dimensions of 10 mm × 42 mm. Part C consisted of the coupling agent layer and
the ultrasonic wave receiving transducer. The coupling material was set as water, and the
thickness of the coupling layer was set at 3.5 mm. The outer side of the transmission model
is completely enclosed by the ideal absorbing layer to prevent the reflection phenomenon
in the boundary of the local model, and the simulated sample domain and the coupling
domain extend indefinitely in this direction.
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The excitation signal equation V0 was defined as follows:

V0 = e(
t−2t0
t0/2 )

2

sin(2π f0t) (8)

where t0 is the period of the ultrasonic wave, and f0 is the frequency of the ultrasonic wave.
The ultrasonic frequency was set at 10 MHz, and the defect diameter ranged from

0.1 mm to 1.2 mm. The simulation time step was set at 1/10 of the ultrasonic signal period,
i.e., 0.2 µs, to ensure sufficient sampling of the ultrasonic transmission signal.

3.2. Analysis of Simulation Results
3.2.1. Ultrasonic Wave Propagation in the Medium

Figure 3 shows the propagation of ultrasonic waves in different periods in the medium
when detecting a circular cavity. It can be seen from the figure that the longitudinal
wave and Rayleigh wave are generated and propagated together when ultrasonic wave
occurs, and the longitudinal wave propagates along the normal direction with the fastest
velocity. At the interface between water and the part to be tested, the ultrasonic wave is
partially reflected. Because the pressure acoustic physical field interface is used to deal
with the ultrasonic wave propagation in the solid, the shear wave generated by waveform
conversion cannot be seen. While the longitudinal wave continues to propagate forward,
the echo on the upper surface of the aluminum alloy block also oscillates back and forth in
the coupled water layer and partially enters the aluminum alloy block. These waveforms
will lead to the detection of different strong and weak waveforms at different times when
the transmitted wave is detected. The wavelength of ultrasonic waves in aluminum alloy
medium is 2.5 mm. Figure 3d shows that when it meets the circular hole defect with a
diameter of 0.8 mm during its propagation, part of the reflection occurs, which leads to the
reduction of the transmitted wave energy compared with that without the defect.

3.2.2. Detection Results of Different Defects at Different Locations

The simulation calculation was carried out by changing the defect diameter from
0.4 mm, 0.6 mm, 0.8 mm, 1.0 mm, 1.2 mm and the defect depth from 7 mm, 14 mm, 21 mm,
28 mm, and 35 mm. The simulation results are shown in Figure 4. The range of the first
signal peak of the transmitted energy is integrated by the square of the sound pressure. It
can be seen that when the defect position is unchanged, the transmission detection results
of each depth independently indicated that the larger the defect diameter, the smaller
the detected transmission amplitude and energy. There is a significant linear relationship
between the ultrasonic energy attenuation and the size of the defect, which is consistent
with the theoretical calculation results in Section 2. The principle of flooding ultrasonic
transmission method for defect detection is based on this law, and the size of the defect is
determined by the attenuation of energy.
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4. Design and Experimentation of the Ultrasonic Transmission System
4.1. Design of Defect Detection System

The functional requirements of the detection system include aligning the probe to
the fixed sample position, transmitting and acquiring ultrasonic signals, and processing
the ultrasonic signals for defect assessment. As shown in Figure 5, to meet these system
functions, the ultrasonic transmission inspection system consists of three parts: an au-
tomated ultrasonic wave emission and reception system, a fixture assembly, and a data
post-processing system.
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Figure 5. System composition.

The ultrasonic wave emission and reception system consist of a 100 MHz data acqui-
sition card, a DPR300 ultrasonic pulse generator and receiver, and two 10 MHz focused
probes. The two probes operate in a send-receive mode, where one probe is used to trans-
mit ultrasonic signals through the tested sample and the other to receive and convert the
transmitted ultrasonic signals into electrical signals. The ultrasonic receiver sends the data
to the acquisition card and converts it into digital signals. The probes and fixture assembly
are immersed in coupling agent to reduce the acoustic impedance between the probes and
the sample.

As shown in Figure 6, the fixture assembly includes three parts: the base, the probe
holder, and the sample holder. The base provides support and has two through-slides in
different directions, restricting the movement of the holders to specific directions. The
probe holder consists of rails of different heights and a probe fixture, which elevates the
probes to a certain height and aligns them with each other, with the ability to adjust the
distance between the probes. The sample holder also consists of rails of different heights
and a probe fixture, with the rails oriented perpendicular to those of the probe holder,
allowing the adjustment of the sample height to align the test area with the centerline
of the probes. Each fixture can slide horizontally to adjust the horizontal position of the
test sample.

The system achieves precise alignment of the transmitting probe, defect, and receiving
probe, as well as the ability to quickly adjust the scanning position in the ultrasonic
transmission defect detection system, by organically connecting the components of the
fixture system through the slides.

The data post-processing system consists of a personal computer that utilizes a dif-
ferential peak-seeking algorithm to determine the positions of the wave peaks, locate the
ultrasonic transmission signal peaks, and calculate the energy of the sample signals.

4.2. Experimental Operation and Data Processing

The experimental procedure is as follows: firstly, the sample is securely fixed with the
probe using a fixture, ensuring precise alignment between the probe and the sample. Next,
the PC data acquisition program and motion platform are activated to scan the sample
surface and collect data to obtain ultrasonic transmission signals. By analyzing the signals,
the sample intervals are determined, and their energy characteristics are computed.



Appl. Sci. 2023, 13, 11172 8 of 14

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 15 
 

probes to a certain height and aligns them with each other, with the ability to adjust the 
distance between the probes. The sample holder also consists of rails of different heights 
and a probe fixture, with the rails oriented perpendicular to those of the probe holder, allow-
ing the adjustment of the sample height to align the test area with the centerline of the probes. 
Each fixture can slide horizontally to adjust the horizontal position of the test sample. 

 
 

(a) (b) 

 
 

(c) (d) 

Figure 6. Fixture set assembly: (a) Assembly; (b) base; (c) probe clamp; (d) sample clamp. 

The system achieves precise alignment of the transmitting probe, defect, and receiv-
ing probe, as well as the ability to quickly adjust the scanning position in the ultrasonic 
transmission defect detection system, by organically connecting the components of the 
fixture system through the slides. 

The data post-processing system consists of a personal computer that utilizes a dif-
ferential peak-seeking algorithm to determine the positions of the wave peaks, locate the 
ultrasonic transmission signal peaks, and calculate the energy of the sample signals. 

4.2. Experimental Operation and Data Processing 
The experimental procedure is as follows: firstly, the sample is securely fixed with 

the probe using a fixture, ensuring precise alignment between the probe and the sample. 
Next, the PC data acquisition program and motion platform are activated to scan the sam-
ple surface and collect data to obtain ultrasonic transmission signals. By analyzing the 
signals, the sample intervals are determined, and their energy characteristics are computed. 

As shown in Figure 7, the analysis of ultrasonic transmission signals reveals their 
components and sources: part 1 corresponds to the emission signature generated by cir-
cuit coupling, indicating the initiation of ultrasonic wave transmission. Part 2 represents 
the sample transmission signal, which is the ultrasonic wave signal passing through the 
sample and coupling agent via the shortest path during transmission. Its energy reflects 
the presence of obstacles in the transmission path. Therefore, calculating the total energy 
of the transmission signal provides the ultrasonic transmission energy of the sample. The 
signals that appear between the second and the third part are generated by ultrasonic 
waves repeatedly reflecting between the sidewall and surface of the measured sample, 
forming a series of gradually decreasing signal peaks. This part of the signal is categorized 
into delayed waves and triangular echoes based on their generation causes [30]. Due to 
the prolonged transmission path, they appear later than the second part. Part 3 corre-
sponds to the water transmission signal. This signal is formed when ultrasonic waves only 

Figure 6. Fixture set assembly: (a) Assembly; (b) base; (c) probe clamp; (d) sample clamp.

As shown in Figure 7, the analysis of ultrasonic transmission signals reveals their
components and sources: part 1 corresponds to the emission signature generated by circuit
coupling, indicating the initiation of ultrasonic wave transmission. Part 2 represents the
sample transmission signal, which is the ultrasonic wave signal passing through the sample
and coupling agent via the shortest path during transmission. Its energy reflects the
presence of obstacles in the transmission path. Therefore, calculating the total energy of
the transmission signal provides the ultrasonic transmission energy of the sample. The
signals that appear between the second and the third part are generated by ultrasonic
waves repeatedly reflecting between the sidewall and surface of the measured sample,
forming a series of gradually decreasing signal peaks. This part of the signal is categorized
into delayed waves and triangular echoes based on their generation causes [30]. Due to the
prolonged transmission path, they appear later than the second part. Part 3 corresponds
to the water transmission signal. This signal is formed when ultrasonic waves only pass
through the coupling medium without entering the sample for propagation, as water has a
slower sound velocity compared to the solid sample, resulting in a delayed appearance.

The energy of the ultrasonic transmission signal from each emission is defined as
the square of the integral of the amplitude of the signal peak in the transmission signal.
Comparing the energy of the sample’s transmission signal peaks with that of intact samples
from the same batch can reveal the presence of defects. Since ultrasonic waves undergo
multiple reflections and superimpose at the probe-water interface and sample-water in-
terface, only the first received transmission signal peak in the time domain is considered
for energy calculation, as it is less affected by interference compared to other multiply-
reflected ultrasonic signals. This signal is generated by ultrasonic waves propagating along
the shortest path between the probes, experiencing less interference compared to other
multiply-reflected ultrasonic signals.

4.3. Experimental Results
4.3.1. Transmission Test of Aluminum Alloy Sample

The purpose of the ultrasonic transmissive experiments is to validate the detection
sensitivity and capability of the proposed ultrasonic transmissive method for external
defect detection. Precise cavities of varying sizes and depths were fabricated to simulate
internal defects, and the defect detection system’s ability to detect defects of different sizes
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was tested. The ferrite tiles have a sound impedance of 28.3. Among commonly used CNC
machining materials, as shown in Table 1, the aluminum alloy exhibits similar acoustic
properties, with sound impedance and velocity relatively close to those of ferrite tiles.
Therefore, the aluminum alloy was used to quantitatively validate the defect detection
pattern using the ultrasonic transmissive method.
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Table 1. Acoustic indicators of common materials.

Material Acoustic Impedance gm/(cm2·s) Sound Velocity (25 ◦C) km/s

Ferrite 28.3 6.7

Aluminum 17.0 6.3

Copper 41.6 4.7

Steel and Stainless 45.4 5.8

Iron 45.4 5.9

Magnesium 10.1 5.77

The first set of experiments focused on artificially created aluminum alloy samples
with defects. Circular hole defects of different depths (7 mm, 14 mm, 21 mm, 28 mm, and
35 mm) were CNC-machined at five equidistant points along the depth. The distribution
of defects by depth and an example can be seen in Figure 8 below. The defect sizes were
0.4 mm, 0.6 mm, 0.8 mm, 1.0 mm, and 1.2 mm. Transmissive experiments were conducted
on aluminum alloy samples with different defect sizes at the same depth to test the detection
capability under various depth conditions and verify the simulation conclusions. Addi-
tionally, based on the machining conditions, a set of extremely small defect samples with a
minimum defect diameter of 0.1 mm was prepared. These samples contain near-surface
defects, with defect depths of 3 mm or shallower, resulting in the overlap of ultrasonic
pulse echo signals with surface echoes, creating a near-surface detection blind zone. These
samples were used to evaluate the ultrasonic transmissive method’s capability to detect
near-surface defects.

By performing ultrasonic A-scans (Amplitude Scan) on the defect-containing regions
of the samples, the transmission energy of ultrasonic waves was measured. Figure 9
shows the experimental results of signal energy variation with defect radius for each depth,
including near surface depth. As shown in the figure, the regularity is observed that as the
defect size increases, the transmission signal energy decreases at all depths. The correlation
coefficients between the defect diameter and transmission signal energy are both above 0.97,
indicating a significant correlation between the two parameters. The attenuation functions
of transmission signal energy at all depths have a correlation greater than 0.975 with the
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simulation results. The maximum residual difference between the measured normalized
transmission energy and the predicted value from the simulated fitted curve is 0.12, and
this maximum is from samples with a radius of 0.5 mm in the depth = 21 mm group.
This discrepancy might be attributed to the metal block’s rust formation due to prolonged
immersion in water and the potential errors in the CNC machining of the defects.
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Figure 9. Transmission Experiments of Aluminum Alloys with Different Depth Defects.
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The experimental results demonstrate a significant difference in transmission signal
energy between defect-free and defective samples, allowing for defect detection and iden-
tification of defect sizes. Comparing the transmission signal energy of extremely small
defect samples with the simulation results, a strong linear relationship between the energy
and defect size is observed. The transmitted signal energy measured from the aluminum
alloy sample is linearly fitted, and the residual difference between the measured attenu-
ation slope and the simulated attenuation line is obtained by comparing the measured
and simulated fitting lines. The calculated results show that the experimental data align
well with the theoretical simulation model, with the maximum difference between the
measured attenuation slope and the residual of the simulated attenuation line being 0.05.
These findings validate the capability of ultrasonic transmissive method in detecting and
determining defect sizes within the blind zone of the reflection method.

4.3.2. Transmission Experiment of Ferrite Tiles

The second set of experiments involved testing ferrite tile samples provided by the
factory. Examples of ferrite tiles with internal defects and external defects are shown in
Figure 10a,b respectively. The test group comprised a batch of ferrite tiles with both external
and internal defects, alongside a batch of defect-free ferrite tiles. The defect types observed
in the ferrite tiles were external cracks, external fractures, and internal cracks. Initially,
transmission experiments were conducted on 54 defect-free ferrite tiles, and their ultrasonic
transmission signals were collected. The threshold for defect-free ferrite tiles was calculated
using the 3σ significance principle. The transmission energy of the tiles under inspection
was measured and compared to the transmission energy of the defect-free ferrite tiles.
Any ferrite tile with transmission energy below three times the standard deviation of the
defect-free tiles was classified as defective.
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imaging.

The transmission energy of 54 defect-free ferrite tiles was measured for calibration.
During the experiment, the probe was aligned to the same position on the ferrite tiles to
measure the ultrasonic transmission energy. The mean transmission energy of the defect-
free ferrite tiles was determined as 148.7866, with a variance of 6.1653. Based on the 3σ
significance principle in mathematics, the lower limit of the 99.73% confidence interval for
the transmission energy of defect-free tiles was calculated as 130.2907. Any measurement
result below this threshold was considered significantly deviated from the batch of samples,
thus allowing for the calculation of whether the transmission energy of the tested samples
was significantly lower than that of the defect-free ferrite tiles. Samples with energy below
the threshold were classified as defective.

The inspection group measured the transmission energy of 92 internal defective
samples and 41 external defective samples using the ultrasonic transmission method. By
comparing these measurements with the threshold determined from OK ferrite tiles, as
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shown in Figure 11. The threshold values well separate the OK sample from the NG
sample. The detection rate for internal defects reached 96.74%, while for external defects, it
reached 95.12%.
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Both experiments conducted on aluminum alloy and ferrite tiles verified the feasibility
of using ultrasonic transmission for full defect detection of both internal and external
defects. The method exhibited high sensitivity in detecting defects in artificially controlled
samples and showed good fitting with simulation results. Moreover, in real samples, it
achieved high recall rates for samples containing both internal and external defects.

5. Conclusions

A water-immersion through-transmission ultrasonic testing method is proposed for
the simultaneous detection of internal and external defects in metals and ferrite tiles. The
principle of ultrasonic wave transmission is analyzed, and numerical approximations are
used to calculate the energy variation of ultrasonic waves propagating through samples
containing internal defects, providing a theoretical basis for defect analysis and probe
positioning in subsequent simulations and analyses. The simulation results show that
the variation of transmitted wave sound pressure can be used to determine the presence
of defects and analyze their equivalent size. A measurement system is constructed, and
experiments are conducted to further validate the capability of the water-immersion focused
ultrasonic transmission method in detecting micro-cracks on ferrite tile surfaces and circular
hole defects in processed aluminum alloy samples. Compared with the commonly used
pulse-echo method, this approach exhibits a smaller blind zone and higher sensitivity,
enabling effective detection of surface and internal defects, and significant potential is
demonstrated for various applications.

However, this method also has some certain limitations, such as the inability to
measure the depth of the defect. Further improvement will be carried out as follows: a
combined ultrasonic transmission method and traditional pulse echo method to realize full
detection of internal and external defects as well as the depth of internal defects.
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