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Abstract

Ceramic Matrix Composite (CMC) are widely used in aerospace due to the advantages
such as high-temperature resistance and lightweight properties. Detecting defects within
these materials is crucial for ensuring the safety of corresponding structures. In this paper,
a finite element model of CMC model for layered structures is established for the ultrasonic
non-destructive testing. Based on the computed tomography (CT) scan images and porosity
of the material, a randomly distributed pore model is constructed to investigate the effect
of pores on the ultrasonic signals. Random pores are also introduced in the simulation to
ensure that the model corresponds as closely as possible to reality. Moreover, the feasibility
of utilizing air-coupled ultrasonic excitation to generate specific frequency Lamb waves
is verified. The effect of pore presence on the signal propagation is analyzed, and the
effects of layered structures at different positions and lengths on the signal propagation
are investigated. The results demonstrate that the Lamb waves with a specified frequency
can be excited using the method described in this paper, and the presence of pores and
delamination defects can affect the propagation of the Lamb wave in CMC, in which the
signal attenuation can reach up to 7.6 dB.

Keywords: Lamb wave; Ceramic Matrix Composites; pore model; delamination defects

1. Introduction
Ceramic matrix composite (CMC) possess outstanding properties such as high-

temperature resistance, high specific strength, high specific modulus, oxidation resistance,
and ablation resistance. Consequently, they are widely used in aerospace applications
including engine nozzles and spacecraft thermal protection system [1–3]. Due to complex
manufacturing processes and micro-structural characteristics involving multiple phases,
CMC is particularly prone to developing various defects during production, such as poros-
ity, inclusions, cracks, and interfacial delamination. These defects not only compromise the
material’s initial properties but my also precipitate more severe safety issues during subse-
quent service. Generally speaking, CMC is commonly constructed as bonded structures.
During material fabrication and practical application, incomplete bonding or bonding
failure frequently leads to the presence of delamination defects [4,5]. Thus, it is essential to
conduct non-destructive testing on CMC to ensure the secure operation of equipment.
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In conventional non-destructive testing methods, ultrasonic detection possesses advan-
tages such as strong penetration capability, high efficiency, and low cost, making it widely
applied in industrial settings [6,7]. In practical application, as CMC exhibit poor surface
quality and contain pores, the material is unsuitable for immersion in water. Furthermore,
it proves difficult to thoroughly clean the surface coupling agent, making conventional
ultrasonic testing challenging [8,9]. In consideration of this characteristic set of materi-
als, employing non-contact air-coupled sonic testing for non-destructive testing of CMC
represents an effective methodology [10].

Compared to body wave testing, which can only examine the area directly below
the transducer, the use of Lamb waves for non-destructive testing enables a single-pass
inspection of the entire material [11–13]. Furthermore, in the inspection of thin plates or
composite laminates, bulk waves are susceptible to interference from multiple reflections in
the thickness direction, resulting in blind zones during the inspection process. In contrast,
guided waves propagate within thin plates, forming coherent wave fields through the com-
bined effects of boundary conditions, multiple reflections, and interference. Consequently,
the guided wave represents the optimal choice for large-area inspection of thin-walled com-
ponents [14–16]. In the early stages, a visualisation technique capable of simultaneously
determining both group velocity and phase velocity was proposed. It was successfully
applied to the visualisation technique of Lamb waves, thereby obtaining the phase velocity
and group velocity of Lamb wave propagation. Subsequently, these measurements were
applied to the phase velocity and group velocity of Lamb wave propagation within steel
pipes and steel pressure vessels [17]. Subsequently, a method for exciting and receiving
slow ultrasonic A0 mode Lamb waves propagating within plastic films was proposed,
and it was noted that this technique could be employed in developing novel air-coupled
ultrasonic non-destructive testing based on subsonic guided waves [18]. Researchers have
investigated the influence of droplets on the surface of test plates upon the propagation
of air-coupled waves, as well as analyzed the oscillatory behavior of Lamb waves. Conse-
quently, it has been demonstrated that Lamb waves can be generated through a non-contact
mechanism [19]. In the field of air-coupled ultrasonic testing in CMC, the mechanical
properties and microstructure of CMC were evaluated using air-coupled ultrasound. The
local acoustic damping of CMC panels obtained from air-coupled ultrasonic analysis was
correlated with destructive mechanical testing and microstructural analysis, demonstrating
that air-coupled ultrasonic is highly sensitive to submicron-level cracks and elated inter-
layer properties in CMC [20]. Research has found that through non-destructive air-coupled
ultrasonic testing, the most prominent defects identified are layered regions exhibiting
unique responses when interacting with acoustic waves. The influence of porous regions
within CMC on acoustic wave propagation has also been investigated [21]. However,
current numerical simulations of non-destructive testing for CMC are based on idealised
models, which overlook the impact of the inherent porosity in the material on the test
results. Consequently, the simulation results fail to provide sufficiently accurate guidance
for practical applications.

In this context, non-destructive testing of delamination defects in CMC plates contain-
ing voids using air-coupled guided waves is investigated by numerical simulation. Firstly,
a finite element model of a CMC plate with a laminated structure containing random
pores is established. The dispersion characteristics of this CMC plate are analyzed, and an
excitation model for the corresponding A0 mode Lamb wave is developed. Subsequently,
the excitation of the A0 mode Lamb wave is verified, and the influence of porosity on
signal propagation is investigated. Finally, the delamination defect of varying lengths
and positions are introduced into the model, and the detection capability of air-coupled
excitation Lamb waves for delamination defects is investigated.

https://doi.org/10.3390/acoustics8020038

https://doi.org/10.3390/acoustics8020038


Acoustics 2026, 8, 38 3 of 18

2. Finite Element Model of CMC with Pores
The CMC are composite materials consisting of a ceramic matrix reinforced with

various fibers, typically consolidated into final components through the spatial stacking of
unidirectional plies [22]. In numerical simulations, the CMC are simplified as a laminate
structure. In this paper, the signal is modeled using a 0◦ and 90◦ cross-layered approach,
as shown in Figure 1. Directions x and y represent the fiber orientation, while direction z
corresponds to the material thickness. Directions x and y exhibit similar properties and are
isotropic planes. In this study, the model satisfies the long-wavelength approximation. The
CMC composites can be regarded as transversely isotropic materials.

Figure 1. Schematic diagram of the CMC layered structure.

In the simulation, a numerical model is established using COMSOL Multiphysics.
Based on experimental measurements, the material density is determined to be 2100 kg/m3.
The elastic matrix of the material at 0◦ is defined by Equation (1). To correspond with the
physical model, a composite structure comprising 20 layers is simulated. This structure
featured a symmetrical configuration formed by alternating 0◦ and 90◦ layer orientations,
with each layer measuring 0.2 mm.

[
cij
]
=



109.24 26.28 17.54 0 0 0
26.28 109.24 17.54 0 0 0
17.54 17.54 6.8 0 0 0

0 0 0 13.93 0 0
0 0 0 0 13.93 0
0 0 0 0 0 34.783


GPa (1)

In numerical modeling, CT (Computed Tomography) scans are performed on speci-
mens to fully account for the microstructural characteristics of materials and enhance the
accuracy of the model. The results obtained are shown in Figure 2. It is clearly shown
in the figure that there are numerous pores within the material, exhibiting an irregular
distribution pattern. The porosity of the specimen is calculated as 23% by summing the
areas of the porous regions and the sample area by Volume Graphics. According to the
statistics, the largest pore size is 0.2 mm and the smallest is 0.05 mm. Consequently, this
paper applies COMSOL Multiphysics modelling to establish a structure with randomly
pores distributed throughout the material. The pore locations are randomly generated, and
their shapes are randomly selected from square, circular, or elliptical configurations and
appear with equal probability. The maximum pore size is set at 0.2 mm while the minimum
pore size is 0.05 mm, and maintaining a constant porosity throughout the material. The
detailed view of the model is shown in Figure 3.
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Figure 2. The CT scan of CMC.

Figure 3. The detailed view of the finite element simulation of CMC.

3. Finite Element Model Development for Air-Coupled Guided
Wave Detection

Based on the construction of a two-dimensional finite element model for multilayer
CMC plates, it is necessary to establish an excitation and reception model for air-coupled
ultrasonic guided waves for numerical simulation. In this paper, Snell’s law is utilized to
excite air-coupled guided waves via oblique incidence, which requires the characterization
of the dispersion curve of the guided wave within the material [23]. Based on material
properties, the dispersion curves for CMC materials with 20 layers, 0◦ and 90◦ cross-layers
are plotted by the software of Dispersion Calculator 3.0, as shown in Figure 4.

 

Figure 4. The dispersion curve of CMC.

It can be observed from the phase velocity curve that when the signal frequency
exceeds 200 kHz, the phase velocities of the A0 mode and S0 mode of Lamb waves are
similar in magnitude, making the two modes hard to distinguish. There for, to ensure purer
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and more easily analyzable signals in the simulation, a 100 kHz signal is adopted for this
study. The phase velocity curve indicates that the phase velocity of the 100 kHz Lamb
wave propagating through the CMC plate established in this study is 1689.92 m/s, while
its group velocity is 2569.2 m/s. The propagation speed of sound waves in air is 340 m/s.
According to Snell’s law, the incident angle for exciting the A0 mode Lamb wave in the
CMC plate from air is 11.61◦. An excitation model for air-coupled ultrasonic Lamb waves,
illustrated in Figure 5, is established.

Figure 5. Air-coupled ultrasonic lamb wave excitation model.

The air-coupled ultrasonic Lamb wave excitation model primarily consists of an air
segment as the main excitation component. The material is set to air to simulate the
propagation of the acoustic field within the air medium in air-coupled ultrasonics. In the air
domain, a transmitting section and a receiving section, both 10 mm in length, are positioned
on opposite sides of the plate to transmit and receive ultrasonic Lamb wave signals,
respectively, according to the required excitation and reception angles. Additionally, the
CMC model established earlier is incorporated into the air section, with its length adjustable
according to detection requirements. A perfectly matched layer (PML) is configured at
the top of the air section to absorb ultrasound waves reflected into the air, ensuring that
reflected spurious signals do not interfere with the analysis of results. Similarly, PML is also
installed at both edges of the CMC panel to ensure the signal purity as much as possible.
In order to effectively suppress numerical dispersion and improve signal accuracy, and
taking into account the available computational resources, the mesh is subdivided into
1/10 of the wavelength during the simulation. During the calculation process, adaptive
mesh refinement is also applied around the pores to ensure computational accuracy, the
minimum mesh size near small pores is approximately 0.002 mm.

To verify whether the model can induce the target A0 mode lamb wave, the propaga-
tion distance of the signal within the plate is adjusted to 100 mm and 120 mm, while all
other conditions remained the same. Then the group velocity of the signal propagation
within the plate is calculated using the collected data.

The schematic diagram of sound field propagation in air is shown in Figure 6. It can be
clearly observed from the figure that the acoustic waves emitted by the ultrasonic transducer
propagate outward in air as near-spherical waves before reaching the plate. Simultaneously,
it is evident that the strength of the signal significantly weakens after passing through the
PML. Thus, the presence of the PML effectively suppresses the generation of noise within
the signal, playing a crucial role in subsequent signal processing. The Figure 7 shows the
stress distribution of signals in the CMC plate. The figure reveals a periodically distributed
displacement concentration pattern along the plate’s propagation path. Based on Lamb
wave propagation theory, it can be determined that the Lamb waves of a specific order
were excited.
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Figure 6. Cloud diagram of sound pressure in the air.

Figure 7. Stress distribution diagram of signals in CMC with porosity of the specimen of 23%.

The time-domain diagram of the signal received at the receiver at a propagation
distance of 100 mm is shown in Figure 8. As seen in the figure, the amplitude remains at
0 from 0 to 2.4 × 10−4 s, indicating that no wave reached the monitoring point during the
initial simulation phase. The propagation time of the A0 mode Lamb wave from excitation
to the receiving point in the model is calculated to coincide with the signal appearance
time in the time-domain plot. The first relatively complete signal detected is identified as
the A0 mode Lamb wave required for the study. The propagation distance of the acoustic
wave within the plate is adjusted to 120 mm to calculate the group velocity of the wave
propagating through the material.
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Figure 8. Timed domain signal at a propagation distance of 100 mm with porosity of the specimen
of 23%.
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The time-domain diagrams of the received signals at propagation distances of 100 mm
and 120 mm are plotted on a single graph, as shown in Figure 9. It is clearly visible from
the figure that the waveform remains consistent across different propagation distances,
though the arrival times of the wave packets are different. Based on the transmission
time of the wave, the group velocity of the received signal is calculated to be 2.395 m/ms.
Considering the presence of pores in the material, scattering of signals within the plate may
occur, resulting in measured group velocities being lower than theoretical values. Therefore,
within acceptable error limits, the simulated group velocity can be considered consistent
with theoretical values, indicating that A0 mode Lamb wave signals can be excited using
the model established in this simulation.
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Figure 9. Time domain signal at different transmission distances with porosity of the specimen
of 23%.

In addition to determining the mode of the signal based on group velocity, further
mode analysis of the signal is carried out in the numerical simulation by analyzing the
signal in frequency spectral. A fast Fourier transform is applied to the signals received
at a propagation distance of 100 mm, the frequency spectrum of the signals is shown in
Figure 10. As can be seen from the figure, the centre-frequency of the signals is mainly
concentrated at 100 kHz, which is consistent with the excitation frequency mentioned
above. Moreover, probes are positioned at 0.1 mm intervals between 80 mm and 100 mm to
receive the signal, and analysis is conducted on the frequency-wavenumber domain.

Figure 11 shows the frequency-wavenumber plot of the received signal, along with
the theoretical frequency-wavenumber curves for the A0 and S0 mode signals of the plate.
As can be clearly seen from the figure, the frequency of the received signals is mainly
concentrated around 100 kHz, and is clustered near the theoretical frequency-wavenumber
diagram for the A0 mode. The phenomenon indicates that the presence of pores in the
model cannot induce the mode transition, the signals propagating through the plate remains
the A0 mode Lamb wave, and it can be employed for subsequent research.
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Figure 10. Frequency spectrum of the received signals.

Figure 11. Frequency-wavenumber of the received signal and theoretical values.

4. Results and Data Processing
In conducting layered defect detection for CMC using guided waves, the primary

considerations involve the effects of defect length and depth on signal propagation. Based
on the previously described guided wave excitation model, propagation of guided waves in
CMC plates with and without voids is investigated, and simulation studies are established
for delamination defects of different positions and lengths.

4.1. The Effect of Pore on Guided Wave Propagation

To investigate the effect of pore structure on Lamb wave propagation, this section
begins with comparative simulations of Lamb wave propagation in both porous and non-
porous conditions. The parameters and methods are consistent with those in Section 3, with
the single difference lying in whether the CMC material contains pores. The CMC plate
with pores is shown in Figure 3 above, while the CMC model without defects is shown
in Figure 12.
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Figure 12. Complete CMC partial simulation model.

A detailed view of the stress distribution map for Lamb waves propagating in the
plate is shown in Figure 13. As shown in the figure, within an ideal void-free medium, the
acoustic wave exhibits a regular, continuous, and highly periodic wave structure with a
uniformly distributed stress field. This indicates that guided waves can maintain stable
mode characteristics for long-distance propagation. When randomly distributed pores
are introduced into the medium, multiple scattering and mode conversion effects occur
in Lamb waves due to acoustic impedance mismatch between the pores and the matrix
material, resulting in disordered stress distribution patterns.

  

(a) (b)  

Figure 13. Stress contour map, (a) without pores, (b)with pores.

Figure 14 shows the time-domain signals with and without pores. It can be observed
that the amplitude peak of the porous signal decreases compared to the non-porous signal,
and the signal with pores appears later than that of the completely non-porous plate. This
is due to the presence of pores causing the dispersion of signals, which in turn alters
the group velocity of Lamb wave propagation, resulting in a delayed arrival time for the
received signal.
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Figure 14. Time domain signal with and without pores.
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Based on the aforementioned research, and to ensure the generalisability of the simula-
tion results, further investigation is required into the effects of various randomly generated
pore models on signal propagation. Thus, employing the pore generation method described
above and maintaining a porosity of 23% constant, ten different pore models are generated
for simulation. Enlarged views of the pores in ten models are shown in Figure 15.

Figure 15. A comparison of ten different pore models.

Simulations using ten randomly generated pore models, the received time-domain sig-
nals are shown in Figure 16. As illustrated in the figure, the amplitude and the appearance
time of the Lamb wave received from the ten models show little variation. A statistical
analysis is conducted on the maximum amplitude and timing of received signals across
different models. Figure 17 shows the distribution of standard deviations of the d peak
amplitudes and the arrival times. The maximum amplitude has a mean value of 2.533 and
a standard deviation of 0.1341 and the arrival time has a mean value of 2.607 × 10−4 s
and a standard deviation of 6.377 × 10−7 s, the variances of which are relatively small.
Thus, within the permissible margin of error, the signals propagate in the 10 models can be
regarded as consistent.

0 0.5 1 1.5 2 2.5

Time ( s) 10-4

-2

-1

0

1

2

Model 1
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Model 3
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Figure 16. Time-domain signals received under different pore models.
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Figure 17. Standard deviations of the peak amplitudes and arrival times.

It can be inferred that, for a given porosity, the size of individual pores and the pore
distribution have little effect on the propagation of Lamb waves, and different pore models
have the same impact on signal propagation. Thus, it is demonstrated that the results
remain generally applicable whether any pore model is used in the simulation process.

4.2. Effect of Length of Delamination Defects on Propagation of Air-Coupled Guided Wave

To investigate the effect of delamination defects of varying lengths on Lamb wave
propagation, simulations incorporating delamination defects are conducted based on the
above model. The width of the delamination defect is fixed at 0.2 mm, as shown in Figure 18.
During the simulations, all other conditions remained constant. During the simulation
process, while keeping all other conditions constant, calculations are performed by varying
the length of the layered defect to 6 mm, 8 mm, and 10 mm respectively.

Figure 18. Diagram of delamination defects defects.

As the guided wave signal propagates near a layered defect, the stress distribution
within the plate is illustrated in Figure 19. Around the defect, the stress field becomes
less pronounced, and the intensity of the signal is weakened. Due to the layered defect,
the originally uniform thickness of the single-layer board is divided into two distinct
thicknesses. Such a change in Frequency-Thickness Product causes a mismatch in the phase
velocity of the excitation signal. Similarly, during the signal reception process, the angle
of the receiving probe is optimized for the phase velocity of intact material. Changes in
phase velocity within the defect area cause deflection of the corresponding receiving angle,
preventing the receivers from achieving the optimal reception direction. As a result, signal
strength experiences a significant reduction.
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Figure 19. Stress contour map of the signals with layered defects.

The signals received from the intact plate and those received in the presence of de-
lamination defects measuring 2 mm wide and 6 mm, 8 mm and 25 mm long, respectively,
is plotted at Figure 20. As seen in the figure, the signals suffer significant attenuation
with the presence of delamination defects. The longer the delamination length, the more
pronounced the signal attenuation.
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Figure 20. Time-domain signals under different conditions (perfect plate and the defect length of 6,
8 and 10 mm), (a) original image, (b) magnified section.

In practical non-destructive testing applications, it is necessary to ensure that signals
exhibit significant attenuation when defects exist to facilitate observation. Based on this
principle, trapezoidal rule is employed in this paper to process the signals [24]. The
principle of the Trapezoidal Integration Processing lies in approximating signal curves
using linear segments. It approximates signal changes between adjacent sampling points as
straight line segments, forming continuous trapezoidal regions. By accumulating the areas
of these trapezoids, it approximates the true integral value, converting signal variations
into cumulative quantities. As a result, changes in the signal become more pronounced.

The results of signal processing under different-length delamination defects using
Trapezoidal Integration Processing are shown in Figure 21. This processing method can be
precisely located to the minimum value where the signal appears, laying the groundwork
for subsequent signal processing.

After processing the results obtained from trapezoidal integration, the detrend func-
tion is applied to remove trends from the signal, minimizing the impact of noise on the
signal. Subsequently, the convCal function is used to perform convolution autocorrela-
tion processing on the signal, to extract its energy distribution characteristics. The final
time-domain signals are shown in Figure 22. Compared to the original signal, the pro-
cessed signal shows a more pronounced attenuation trend relative to the defect signal. It
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demonstrates that the signal processing method described previously enables more precise
identification of defect signals.
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Figure 21. Signal after trapezoidal integration processing (perfect plate and the defect length of 6, 8
and 10 mm).
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Figure 22. Time-domain signal after convolution processing (perfect plate and the defect length of 6,
8 and 10 mm).

Based on the signals in the non-defective plate, the signal attenuation values at differ-
ent layered lengths are calculated using the following equation:

β = 20lg
P1

P2
(2)

P1 represents the maximum amplitude of the reference signal; P2 represents the
maximum amplitude of the signal in the complete plate. β is the attenuation value of
the signals.
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The results are shown in Table 1, and the corresponding relationship of attenuation
values and defect length is shown in Figure 23. As shown in the figure, the degradation
value of the signal increases linearly with the length of the defect. After applying the signal
processing described in this paper, the degradation becomes even more noticeable. It is
demonstrated that the method proposed in this paper can be applied to detect delamination
defects in CMC plates containing pores, and it exhibits high detection sensitivity. At the
same time, the application of the signal processing methods described in this paper can
more effectively highlight the impact of defects of different lengths on Lamb wave, thereby
making the detection results more obvious.

Table 1. Signal attenuation value.

6 mm 8 mm 10 mm

Original signal 0.8310 dB 2.4197 dB 3.5208 dB
Following the autocorrelation process 0.9015 dB 4.9612 dB 7.5994 dB
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Figure 23. The relationship of attenuation values and defect length.

4.3. The Effect of Location of Delamination Defects on the Propagation of Air-Coupled
Guided Waves

Following research into the effect of layered defect length on Lamb wave propagation,
and based on engineering practice requirements, the present study further investigates the
influence of the layered position on Lamb wave propagation. In theory, the presence of
delamination defects alters the propagation conditions for Lamb waves, effectively dividing
the plate into two sections. Delamination defects positioned symmetrically relative to the
midpoint exert identical effects on signal propagation. Accordingly, a study is conducted
using a model with two symmetrically positioned layered defects. The defect width remains
constant at 8 mm and 0.2 mm respectively, located symmetrically at distances of 1.4 mm
and 2.6 mm from the top surface of the plate. A magnified view of the layered defect
section in the established model is shown in Figure 24.
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(a) (b) 

Figure 24. Schematic diagram of the model at different stratification positions from the surface,
(a) delamination at 2.6 mm, (b) delamination at 1.4 mm.

The stress contour map when the signal passes near the defect is shown in Figure 25.
It can be observed that when the delamination is located in the upper region of the plate
thickness, the defect interface divides the complete waveguide structure into two sections:
a thinner upper part and a thicker lower part. These two regions respectively generate
two Lamb wave signals propagating at different velocities. Furthermore, the stress con-
tour maps near the delamination defects at the two symmetrical positions exhibit highly
symmetrical consistency.

(a) (b)

Figure 25. Stress Contour Map of the Signal at different stratification positions from the surface, (a) at
2.6 mm, (b) at 1.4 mm.

The time-domain signals received at the two aforementioned positions are plotted in a
single graph, as shown in Figure 26. Although the two signals do not perfectly coincide,
within the permissible error range, the time-domain waveforms exhibit an exceptionally
high degree of consistency in terms of packet arrival time and overall amplitude envelope.
This phenomenon provides direct empirical validation that the layered defect situated at
the symmetrical position of the intermediate surface geometry consistently influences the
propagation of Lamb waves.
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Figure 26. Time-domain Signal of two symmetrical positions (1.4 mm and 1.6 mm from the surface
respectively).
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Building upon the aforementioned research, simulations are conducted with delami-
nation defects positioned at various locations. Considering symmetry and the total plate
thickness of 4 mm, the laminated positions are confined to the range between 0 mm and
2 mm from the lower plate surface. Specifically, defects are placed at distances of 3.2 mm,
2.6 mm and 2.0 mm from the plate. The defect dimensions are fixed at 8 mm in length and
0.2 mm in width. The simulation modelling diagram is shown in Figure 27.

(a) (b) 

(c)

Figure 27. Simulation model diagrams at different stratification positions from the surface: (a) at
3.6 mm, (b) at 2.6 mm, (c) at 2.0 mm.

Figure 28 displays the time-domain signal of the Lamb wave l acquired at the receiving
station, showing the variation in position along the depth direction of the layered defect.
It can be observed that as the sublayer thickness decreases, the amplitude of the received
signal increases significantly. The peak amplitude is highest at the 3.2 mm condition,
after which the signal amplitude gradually diminishes with increasing depth of the defect.
The reason for the above phenomenon is that as the layered position approaches the
surface, dividing the original plate into two sections results in the thicker portion having a
thickness increasingly consistent with that of the original plate. Consequently, the excitation
conditions for Lamb waves within this section of the plate become increasingly similar to
the original excitation conditions. In summary, the position of delamination defects in the
depth direction can influence the propagation conditions of Lamb waves by regulating the
thickness of the plate. Primarily, the closer the layered defect is to the surface of the plate,
the lesser its impact on the propagation of Lamb waves within the plate.

0.0000 0.0001 0.0002 0.0003

-2

0

2

A
m

pl
itu

de
(P

a)

time(s)

located 2.0 mm from the surface
located 2.6 mm from the surface
located 3.2 mm from the surface

Figure 28. Cont.
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Figure 28. Time-domain diagram and enlarged view enlargement under conditions of delamination
defects at different positions (2.0 mm, 2.6 mm and 1.6 mm from the surface respectively).

5. Conclusions
In this study, numerical simulations are employed to investigate the non-destructive

testing of delamination defects in porous multilayer composite panels using Lamb waves.
A CMC structure with 0◦ and 90◦ cross-laminated layers is established, random porosity
is modeled within the plate, and an excitation model for the A0 mode Lamb wave is
developed based on the corresponding dispersion curve. The group velocity of the received
signal is calculated, confirming that the A0 mode Lamb wave is successfully excited through
the finite element model established in this paper. The influence of porosity on Lamb wave
propagation is analyzed, and the results indicate that the presence of porosity can lead to
the attenuation of the signal. The effects of layered structures at different positions and
lengths on the Lamb wave are compared and analyzed, results indicate that as the length
of the layered defect increases and the defect position approaches the center of the plate,
the attenuation of Lamb waves becomes more pronounced. The feasibility and sensitivity
of utilizing air-coupled Lamb wave for detecting delamination defects in composite plates
have been validated, providing a foundation for the non-destructive testing of laminated
composite plates in applications.
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