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Carbon fiber-reinforced thermoplastic (CFRTP) composites are widely utilized in 3D print-
ing via the fused filament fabrication (FFF) process. However, defects within printed compo-
nents can compromise their performance. This study investigates the application of ultrasonic
non-destructive testing (NDT) techniques to structures manufactured through FFF. Common
printing defects, such as weak interlayer bonding, surface imperfections, and internal cracks, are
simulated using a finite element (FE) model. The model analyzes how guided ultrasonic waves
interact with these defects. The proposed methodology incorporates digital transducer control
and evaluates the energy distribution among incident, reflected, and transmitted wave modes.
Three representative defect types are modeled, and the approach is applied to two structural
geometries: plates and pipes. The study investigates the correlation between defect size and the
behavior of energy reflection and transmission. A signal processing approach is applied, using
transducers positioned symmetrically along the wave propagation axis to detect mode conver-
sion and analyze wave reflections and transmissions. The phenomenon of mode conversion is
analyzed in detail, and the results are validated by ensuring energy-balance consistency.
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1. INTRODUCTION

In recent years, 3D printing has undergone significant advancements across
nearly all industrial branches, particularly in the automotive, aerospace, and
healthcare industries. These industries have experienced rapid growth and diver-
sification in printing technologies. The various techniques employed differ based
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on the material used, the complexity of the part being printed, and consider-
ations such as production and maintenance costs. For instance, methods such
as selective laser melting (SLM) [1] and selective laser sintering (SLS) [2] are
well-suited for metallic materials, while fused deposition modeling (FDM) [3]
is commonly used for polymer filament printing. Despite these advances, nu-
merous defects can still arise in printed components, stemming from a vari-
ety of causes. For example, defects may originate from materials themselves,
such as low interfacial bonding between fibers and the matrix in composite
structures [4, 5]. The fabrication process may also cause complications such
as volumetric defects, porosities, cracks, and surface pitting [6]. Additionally,
thermal effects during production can lead to problems, such as the formation
of a thermally affected zone (TAZ) [7] notably in metal additive manufactur-
ing processes involving welding. Given these potential defects, it is crucial to
monitor and assess the integrity of such structures. Ultrasonic guided waves
(UGWs) [8, 9] present a promising method for non-destructive testing (NDT)
of these types of structures. They are highly effective for propagating over long
distances with minimal attenuation, making them ideal for assessing structural
integrity of components. To perform accurate NDT using UGWs, it is essential
to understand the wave dispersion characteristics. The transducer must gen-
erate frequencies corresponding to specific modes indicated by the dispersion
curves. Ultrasonic sensors are then used to measure the normal displacements
on the surface of the structure being tested. Post-processing techniques, such
as signal analysis using the Fourier transform, wavelets, or other methods, are
essential for detecting and characterizing potential defects within a structure.
Several researchers developed numerical models to simulate the propagation of
UGWs in various structures. For example, DE Luca et al. [10] utilized a fi-
nite element (FE) model in ABAQUS to study UGW propagation in a carbon
fiber reinforced polymer (CFRP) laminated plate, analyzing how defect size
and orientation impact structural integrity. CHUI et al. [11] focused on delami-
nation detection in a 3D laminate composed of four composite layers. RHIMINI
et al. [9] explored the interaction of UGWs with an embedded volumetric defect
in a three-layer aluminum //epoxy/aluminum assembly, also using ABAQUS. In
that study, post-processing involved applying a double Fourier transform to the
data. In recent years, several researchers have started investigating defect de-
tection in 3D-printed parts using ultrasound. Among them, EVERTON et al. [12]
focused on identifying sub-surface defects through laser-generated ultrasound.
CUMMINGS et al. [13] developed an in situ method for detecting defects as they
arise in plastic parts produced by the FDM process, although post-processing
of the data still presents significant challenges. CAMINERO et al. [14] employed
ultrasound combined with the phased array technique to assess damage in lam-
inated 3D-printed composites. Despite these efforts, the use of UGWs for defect
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detection remains underexplored, and post-processing techniques for interpret-
ing the results continue to be a major hurdle.

In this study, we aim to carry out a numerical non-destructive inspection of
CFRTP composite parts using guided waves [15]. CFRTP composites are widely
used in filament-based manufacturing processes due to their superior mechani-
cal properties compared with those of pure thermoplastics [16, 17]. Additionally,
the high prototyping flexibility and various printing parameters specific to the
FDM process, such as raster angle and filament size, enable the fabrication
of complex structures with CFRTP, making it a popular choice in industries
such as automotive manufacturing and aerospace. Nevertheless, the stiffness of
printed CFRTP composites can deteriorate due to imperfections such as rup-
tures, layer detachment, and notches, often caused by inappropriate printing
parameters [18, 19].

In our analysis, the structures considered exhibit rectangular notches and
cracks. To inspect these structures, we first generated dispersion curves for the
material, representing the frequency-wavenumber pairs that could excite UGWs
in our waveguide [20, 21]. Additionally, we plotted normalized displacement pro-
files with energy flow across the section by applying a spatial distribution of dis-
placements over 10 cycles, using a Hanning window centered at the excitation
frequency for weighting these displacements.

Based on these elements, we developed a numerical FE simulation of the
UGW implementation process in composite plates and cylindrical pipes. We also
simulated the acquisition of signals both before and after encountering a defect
using FE software. By calculating reflection and transmission coefficients, we an-
alyzed how defect size and position affect the selection of the appropriate ultra-
sonic mode for inspection. As the defect size increases, the reflected wave packet
also increases. Moreover, when the defect is asymmetrically positioned with re-
spect to the median plane of the plates, mode conversion occurs, a phenomenon
we addressed using a technique based on summing and subtracting the signals
captured by the ultrasonic transducers.

2. THEORY OoF UGWs

2.1. DISPERSION NETWORK

We analyze the propagation of UGWSs through a composite waveguide. The
material under consideration is a CFRTP commonly used in 3D printing, partic-
ularly in the FDM process. UGWs enable comprehensive scanning of the entire
waveguide structure. However, to achieve this, it is essential to understand the
dispersion patterns of these waves. Since UGWs are highly frequency-dependent,
even a small frequency change can significantly alter their behavior. These dis-
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persion patterns, known as dispersion curves, identify the frequency (f) and
wave number (k) pairs that can generate UGWSs within the composite wave-
guide. Various methods have been applied to characterize this dispersive behav-
ior. These approaches include analytical techniques to find the zeros of a func-
tion [22], as well as numerical techniques to plot these curves [23]. In our study,
we implemented a MATLAB program that uses a numerical spectral method [22]
to plot dispersion curves for composite materials. The method applies a spec-
tral scheme to approximate the differential equations governing motion and the
associated boundary conditions. By determining the eigenvalues (frequencies)
for a specified range of wavenumbers and using a vibrational state-based mode
separation algorithm, we obtain dispersion curves in terms of frequency and
wavenumber. Additionally, we can represent these curves in other forms, such as
phase velocity V, versus frequency or group velocity V; versus frequency, which
provide insights into the energy transport characteristics of the wave packet.

We consider two waveguides. The first is a 4 mm thick CFRTP composite
plate (Fig. la) and the second is a CFRTP composite pipeline with an in-
ner radius of 50mm and an outer radius of 56 mm (Fig. 1b). The values of
the components of the elastic stiffness tensor and the density of the composite
are shown in Table 1. We note that the stiffness constants are expressed in the
Cartesian system.

a) b)

N

F1c. 1. a) Planar waveguide, b) cylindrical waveguide; (z,y, z)-Cartesian coordinate system,
e-waveguide thickness.

TABLE 1. Material properties of the CFRTP composite [4].

Density [g/cm®] | C1; = Chy = Ch3 | Cla = Clz | Cks = Cis Cia Css
1.6 43.3294 6.4745 9.51 18.4291 | 6.4712

Figure 2a presents the dispersion curves for the CFRTP composite plate in
in the frequency-thickness product versus phase velocity plane. The plate ex-
hibits Lamb-wave modes, including symmetric modes (S,) and antisymmetric
modes (A,) with respect to the propagation planes. The fundamental modes, de-
noted as Sy and Ay, are commonly used in UGW non-destructive testing [24, 25].
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F1c. 2. Dispersion curves generated using the spectral method for a CFRTP composite plate
with a 4 mm thickness (a) and a cylindrical pipe with an inner radius of 50 mm and an outer
radius of 56 mm (b).

Figure 3 illustrates the vibrational states (von Mises stress) of the plate under
these modes. We can see that the symmetrical S, mode is symmetric with re-
spect to the u, displacement (displacement in the direction of propagation z)
and antisymmetric with respect to the u, displacement (displacement normal
to the direction of propagation). The opposite behavior is observed for the an-
tisymmetric mode A,.

a)
A
A
F1c. 3. Vibrational states of the plate: a) symmetrical Lamb mode S,, b) antisymmetrical
Lamb mode A,,. A represent the wavelength.

b

Figure 2b shows the dispersion curves of the CFRTP composite cylindrical
pipe. Due to the pipe curvature, the symmetry in vibration is lost [26], resulting
in longitudinal modes L(0,n) and torsional modes 7'(0,n). Additional modes,
such as flexural modes F(m,n), are also present; however, these are excluded
from our study. The vibration states of the pipe under the various modes are
displayed in Fig. 4.

Here, n represents the mode index, determined by the order in which the
mode appears at low frequencies, and m represents the order of the flexu-
ral mode.
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F1G. 4. Vibrational states of the cylindrical pipe: a) longitudinal mode L(0,n),
b) torsional mode T'(0,n), ¢) flexural mode F(m,n).

2.2. FIELD OF DISPLACEMENT

NAYFEH et al. [27] proposed the expression for displacement fields that de-
scribe the propagation of a harmonic wave in plane and cylindrical structures
that are homogenous and anisotropic in shape:

6
(Ux, Uy, uz) = Z (]., ‘/q, Wq)Ulqeik(m'Faqz—ct)’
(2.1) <

(up, up,us) = U/gm(r)@gm(m(g)ei(wt—kmnz)’

where ¢ is the summation index, x is the UGW propagation direction, c is the
wave phase velocity, £ is the wavenumber, Uyq, V;, W, are the displacement
amplitudes [27], and «, is the ratio between the wavenumbers in the z- and
z-directions. Furthermore, Ugm and the sinusoidal function @gm are the radial
and circumferential components of velocity, respectively.

3. NUMERICAL SIMULATION

3.1. FORMULATION

We employ the finite element method (FEM), where the structure is dis-
cretized into FEs. Within each element, the displacement field is approximated
using interpolation functions at each node, resulting in the so-called nodal dis-
placements. The global equation system is then constructed by assembling these
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individual element displacements. For the undamped case, the system is ex-
pressed as follows:

(3.1) IM[{U} + [K[{U} = {F},

where [M] represent the global mass matrix, [K] is the global stiffness matrix,
{U} is the global displacement vector, {U} is the global acceleration vector,
and {F} is the global force vector.

In order to solve Eq. (3.1), we apply Newmark’s method [28], which approxi-
mates the spatial partial derivatives. By utilizing extended mean value theorem,
Newmark’s method provides the following approximation to solve the first time
derivative:

(3.2) {Ut+At} = {Ut} + At{Uv}
with
(3.3) {U,} = (1 = {U} + 1{Ussac}.

Since we have partial derivatives with respect to time in the acceleration vector,
the theorem can also be written as

(34)  {Umar} = {Ud + A{U} + AP ((1 = B{Us} + B{Ussae}),

where v and 3 are the Newmark integration parameters, and At is the time step.

3.2. FE ANALYSIS MODEL

We examine the propagation of UGWs in two types of CFRTP structures.
The first structure is a homogeneous plate with a length of L = 500 mm and
a thickness of e = 4 mm. The second structure is a hollow cylindrical pipe with
an inner radius of 50 mm, an outer radius of 56 mm, and a length of L = 600 mm.
We consider a linear homogeneous dynamic calculation with no damping. The
waveguide is initially not subjected to any stress, and the contact between
the sensors and the structure is considered to be perfect. The small-perturbation
assumption is also applied.

This study addresses a spatial-temporal problem and is simulated in ABAQUS.
Details regarding simulation the parameters, including the spatial and temporal
discretization steps Az and Ay, will be provided later. To mesh our models, we
select a control frequency of f = 500kHz (based on the dispersion curves) and
use an element size of 0.5 mm, which meets the following condition [29]:

Amin
(3.5) max(Azx, Ay) < TR

where A\pin is the minimum wavelength [29].
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This criterion specifies that, to ensure computational convergence, the ele-
ment size used to discretize the waveguide should be no larger than one-tenth
of the smallest wavelength of the propagating modes in the structure.

For time discretization, ensuring convergence in ultrasonic simulations de-
mands that the shortest wavelength within the UGW pulse needs to be divided
into at least 20 nodes. For a frequency of f = 500kHz, we get a temporal step
of 0.1 us, satisfying the following condition [30]:

1

where f is the mode frequency selected to produce ultrasonic guided-wave mode.

3.3. UGW GENERATION

To numerically generate UGWSs in waveguides, several researchers have mod-
eled the excitation signal as a specific point force, typically represented by a si-
nusoidal waveform modified by a Hanning window [31, 32]. Other studies have
employed piezoelectric transducers to generate UGWs by applying nodal loads
around the circumference of a circle [32]. Additionally, another approach incor-
porated the Snell-Descartes laws to determine the wave incidence angle [32].
Despite the advantages of these methods, using a cyclic force can lead to edge
reflection issues. This problem has been addressed in two ways: either by treat-
ing the boundary conditions as absorbing (resulting in no reflection) or by apply-
ing post-processing techniques to the acquired signals. To mitigate these issues
and ensure the excitation of the desired mode, RHIMINI et al. [9] utilized ana-
lytical displacements through the thickness of an isotropic multilayer laminate
to effectively excite the Lamb-wave modes.

In this study, we focus on the latter approach to model the propagation of
UGWs in both an anisotropic plate and a cylindrical pipe. Excitation based
on analytical displacements scaled by acoustic power is applied. For the plate,
we will generate the antisymetrical Ag mode according to previous research
that has shown that the Sy and Ay modes are the most commonly utilized
in ultrasonic inspection, as they are situated at low and high frequencies, re-
spectively. Additionally, the mode conversion phenomena associated with these
modes are relatively straightforward [24, 25] and both can be generated at low
frequency values. For the cylindrical pipe, the first longitudinal mode L(0,1) is
selected [33, 34].

Equation (2.1) provides the analytical displacement field that contains two
components: the first component describes the spatial coordinate and the second
one the temporal coordinate. The spatial component describes the mode shape
generated across the thickness of the waveguide. For example, the chosen Ay
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mode shows an antisymmetric longitudinal displacement (blue curve in Fig. 5a)
and a symmetric transverse displacement throughout the plate thickness (red
curve in Fig. 5a). Figure 5b displays the displacement profiles for the chosen
longitudinal mode L(0, 1).
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Fic. 5. Normalized analytical displacements scaled by acoustic power of the selected mode Ag
of the composite plate (f = 500 kHz, k = 1431 m~!) (a) and the L(0, 1) mode of the composite
pipe corresponding to the pair (f = 500kHz, k = 67m™") (b).

The temporal component is represented by the exponential term, resulting
in the analytical spatial displacements oscillating according to either a cosine
or sine function. The displacement fields can be expressed directly as func-
tions of cosine or sine in isotropic materials [27]. However, in the case of highly
anisotropic materials, such as the CFRTP in our study, it is not possible to
definitively determine if the displacements are described by a cosine or sine de-
pendance. To address this, during mapping spatial displacements at a particular
position z and constant time ¢, the exponential term is solely dependent on the
z-coordinate (e¥ = cos(ip) + isin(¢)). Thus, an imaginary displacement corre-
sponds to a sine function, whereas a real displacement corresponds to a cosine
function. For the plate, the displacement u, follows a sine function, while the
displacement u, follows a cosine function (mode Ap). The same approach is
applied to the L(0,1) mode.

The spatial displacement distribution is used for 10 cycles, with weighting
based on a Hanning window centered around the excitation frequency [35]. The
use of a Hanning window excludes disturbances from the incoming signal (Fig. 6).

3.4. INSPECTION OF THE PLATE

On the left side of the plate, UGWs are induced to travel through its thick-
ness. Transducers are placed on the plate surfaces y = +h to track their move-
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F1G. 6. Hanning window applied to the incident signal of the CFRTP composite plate.

ment along the plate, before and after the defect. Proper positioning of these
transducers with respect to the plate edges and the defect is critical. UGWs
consist of propagating modes, which are utilized in inspection, and evanescent
modes [36, 37]. Due to their pronounced attenuation in the material, evanes-
cent modes are not viable for ultrasonic non-destructive testing of large-scale
structures. Evanescent modes become evident when reflections occur due to the
plate edges or defects. Consequently, ultrasonic sensors placed close to the defect
or the edge of the structure may pick up signals not only from the propagating
modes but also from the evanescent modes. This can complicate the interpre-
tation of the results, particularly if there is insufficient information regarding
the characteristics of the evanescent waves. In this study, the transducers are
positioned to maintain a minimum distance of at least 10 mm from both the
defect and the plate edge. The selected transducers measure the displacements
u, and u, at 180 nodes along the plate interface, with the nodes spaced evenly
at 0.5 mm (mesh step). In scenarios where the defect location is unknown (as in
real cases), it is essential to conduct a thorough investigation of the evanescent
modes to understand and effectively address near-field wave-defect interaction
phenomena.

Temporal displacements at the plate upper and lower surfaces, before the
defect, are acquired using transducers 1 and 2. After the defect, transducers 3
and 4 record the temporal displacements at the upper and lower surfaces of
the plate (Fig. 7). Transducers 1 and 2 record signals that encompass two wave
packets. The first one originates from incident wave and the second one is due to
wave reflection. The signals collected by transducers 3 and 4 corresponds to the
transmission of the wave across the defect. The arrangement places transducer 1
opposite transducer 3, and transducer 2 opposite transducer 4. This configura-
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F1c. 7. Inspection of a symmetric defect in the composite CFRTP plate using the selected Ag
mode (k =1431m™", f = 500kHz); p = 2mm and w = 1 mm.

tion allows us to determine the defect position, by assessing the time of flight
between the incident and reflected waves, since we know in advance the phase ve-
locity of the emitted wave. Additionally, the nature of the modes in the reflected
and transmitted wave packets can be identified by examining the symmetry and
antisymmetry characteristics of the Sy and Ag modes. To distinguish the modes
present in the reflected and transmitted waves, some researchers utilized tools
such as the 2D FFT of the recorded signals and the wavelet transform [9, 28].

In the initial step, the notch is assumed to be symmetrically located with
respect to the plate median plane. The presented configuration prevents mode
conversion. We first excite the Ay mode, and the wave reaches the defect. The en-
ergy of this mode is partly reflected and partly transmitted, while the Ay mode
nature is preserved throughout the interaction. Subsequently, an asymmetric
positioning of the notch relative to the plate median plane is considered. In this
scenario, as the mode interacts with the defect, the reflected and transmitted
wave packets include energy contributions from both the incident mode and the
converted mode due to mode conversion phenomena. We therefore focus on as-
sessing the influence of the notch dimensions and position on mode conversion
and energy distribution.

Initially, we vary the defect parameters (length p and height w) and compute
the energy coefficients of the reflection and transmission. The accuracy of the
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calculations presented is monitored through the energy balance. Equation (3.7)
and Eq. (3.8) report the formulas of the energy coefficients:

_ ¢

(3.7) R=
Pt

. T
(3.8) 5

where ¢,., ¢, and ¢; are the reflected, transmitted, and incident energy flows,
respectively.

The reflection and transmission coefficients and the associated error are pre-
sented in Table 2. Only the Ay and Sy modes coexist in the plate because a fre-
quency below the A; mode cut-off frequency is chosen. The tested specimens
exhibit differences in defect length and height. As the defect length increases
(p7), indicating a tendency toward a longitudinal crack, the reflected energy
rises while the transmitted energy decreases, maintaining an overall energy bal-
ance close to unity. Similarly, increasing the defect height (w7, transverse crack)
results in a higher reflection coefficient and a lower transmission coefficient.

TABLE 2. Energy coefficients describing the interaction of the first two fundamental modes Ag
and So of the composite plate with defects of various dimensions.

Def(ect_plaé rl?ngﬁters Reflection | Transmission Energy Error
Selected modes ul)) _ heigghtj coefficient | coefficient | conservation (%]
o (R) () (r+1) |
Fundamental p=2,w=1 0.095 0.9093 1.0043 0.43
antisymmetric _ _
mode Ay of the plate p=5w=1 0.7845 0.2364 1.0209 2.09
(k=1431m™ p=1lLw=1 0.0076 0.9927 1.0003 0.03
f = 500kHz) p=1,w=3 0.8956 0.1134 1.0090 0.90
Fundamental p=2,w=1 0.086 0.907 0.993 0.7
symmetric _ _
mode S of the plate p=5w=1 0.8502 0.1672 1.0174 1.74
(k=621m™", p=1lLw=1 0.0023 0.9966 0.9989 0.11
f = 500kHz) p=1,w=3 0.8534 0.1542 1.0076 0.76

Figure 8 shows the scan of a plate that contains a defect asymmetrically po-
sitioned with respect to the median axis x. Two reflected signals are observed by
transducers 1 and 2, while transducers 3 and 4 display two transmitted signals.
This is due to the phenomenon of mode conversion. The Ay mode generated
initially interacts with the defect, reflecting a portion of its energy that depends
on the defect dimensions. In this case, the reflected energy is split into two wave
packets, a pattern also observed in the transmitted signals. To identify the type
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F1G. 8. Inspection of an asymmetrical defect in the composite CFRTP plate using the selected
Ap mode (k =1431m™", f = 500kHz); p = 2mm, w = 1.5mm.

of reflected mode, several authors have applied the Fourier transform or wavelet
transform [9, 27] to the recorded signal, enabling a transformation from the
(X,t) domain to the (k, f) domain. This (k, f) domain represents the numer-
ically obtained dispersion curves. By comparing these curves with analytically
derived curves, the reflected and transmitted modes can be identified. In this
study, we propose a new method based on the symmetry of propagating modes
to characterize the mode conversion phenomenon. Specifically, a symmetric
mode is defined by symmetric longitudinal displacement (u,(4d) X u,(—d) > 0)
and antisymmetric transverse displacement (u,(+d) X uy(—d) < 0), while an
antisymmetric mode exhibits the opposite behavior (u,(+d) X u,(—d) < 0,
uy(+d) x uy(—d) > 0) (see Fig. 3). By summing the signals from transducers 1
and 2 and separately from 3 and 4, the antisymmetric modes are suppressed,
leaving only the symmetric modes. The symmetric modes can be filtered out
by subtracting the signals from transducers 1 and 2 and 3 and 4, leaving only
the antisymmetric modes. Through this approach, the reflected captured signal
contains a component that corresponds to the Ay mode. The other component
is due to the conversion between Ay and Sy modes. A similar observation applies
to the transmitted wave packet.

We then calculate the energy coefficients for reflection and transmission and
report the results in Table 3. Two signals are observed in the reflected wave
packet due to the defect asymmetric location relative to the propagation axis. By
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TABLE 3. Energy coefficients describing the interaction of the Ag and Sy modes
with an asymmetrically positioned defect.

Reflection Transmission Energy Error
Mode coefficient coefficient conservation %
(R) (1) (r+7) |
Fundamental antisymmetric 0.310 Ao 0.309 Ay 1.029 2.9
mode Ap of the plate 0.227 Sy 0.183 S ' '

applying the summation and subtraction technique, we determine the proportion
of the reflected energy that retained the original mode (Ap, R = 0.8334) and
the proportion that underwent mode conversion (A¢p—Sp, R = 0.023). The defect
dimensions play a role in determining these values. Similar conversion results
were obtained for the transmitted wave packet.

Next, we analyzed the case of an inclined defect with an inclination angle of
45° relative to the propagation axis. Figure 9 shows the scan of the composite
plate with an inclined defect. In the reflection region (transducers 1 and 2), two
reflected wave packets were observed, and a similar pattern also appears in the
transmission region (transducers 3 and 4). This indicates that an inclined defect
induces mode conversion. To quantify the reflected and transmitted energy, we
applied the summation and subtraction method (as described previously) and
calculated the energy coefficients, which is presented in Table 4.

Incident signal

4
n
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= Refl B i
E © ected E signals
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F1G. 9. Inspection of an inclined defect in the composite CFRTP plate
using the selected Ap mode (k = 1431m™", f = 500kHz); p = 2mm, w = 1 mm.
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TABLE 4. Energy coefficients describing the interaction of the Ag and Sy modes
with the inclined defect.

Reflection Transmission Energy Error
Mode coefficient coefficient conservation %
(R) (1) (r+7) |
Fundamental antisymmetric 0.8334 Ao 0.08 Ao 0.9764 9.39
mode Ag of the plate 0.023 So 0.048 Sy

The results indicate a clear presence of Ag—Sy mode conversion in both the
reflected and transmitted wave packets. Additionally, the inclined defect resulted
in an almost equal distribution of reflected and transmitted energy.

3.5. INSPECTION OF THE PIPE

We now consider a cylindrical pipe with a rectangular notch defect. We gen-
erate a longitudinal L(0,1) mode along the pipe radius. Two transducers are
used: one to capture the reflected energy and the other to capture the transmit-
ted energy. We observe two reflected and two transmitted wave packets (Fig. 10),
suggesting the occurrence of mode conversion [32].

Incident signal

Reflected signals

Normalized
displacement Uy [nm]

Normalized
displacement Uy [nm]
=1

1(0,1)

100 200

Time ¢ [ps]

Transmitted
signals

F1G. 10. Scan of the CFRTP composite cylindrical pipe using the longitudinal L(0,1) mode,
(f =500kHz, k = 67m™ ') with a defect dimension ratio of p/w = 3.

The cylindrical geometry of the pipe disrupts mode symmetry (as shown
by the dispersion curves, Fig. 2b), which prevents the use of the previously
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proposed summation and subtraction method. To address this, we analyze the
phase velocity to identify the modes present in the reflected and transmitted
wave packets. Given the analytical phase velocity for the generated mode with
f = 500kHz and k = 65m~! is V}, = 4688 m/s, we calculate the travel time
between the incident and reflected waves [38]. Using the known distance be-
tween the transducer and the defect, we find a numerical phase velocity of
Vp, = 4679m/s, corresponding to the L(0,1) mode (in close agreement with
the analytical prediction). A second phase velocity is V, = 9809m/s, align-
ing with the L(0,2) mode (analytical value V,, = 9817m/s). We then compute
the energy coefficients for different length-to-height (p/w) and height-to-length
(w/p) ratios of the defect, and the results are presented in Fig. 11. Figure 11a
shows that as the p/w ratio increases (indicating a more circumferential crack),
the reflected energy rises while the transmitted energy decreases, maintaining
an energy balance close to unity. Conversely, in Fig. 11b, an increase in the w/p
ratio (indicating a more longitudinal crack) results in a decrease in reflected
energy and an increase in transmitted energy. Thus, when the defect type is
unknown, the defect dimensional ratio and therefore its nature can be inferred
from the energy coefficient trends shown in Fig. 11. Experimentally, in order to
inspect plates and pipelines using UGWs, several authors have used PZT trans-
ducers [39, 40] (known for their low weight and ease of bonding to the waveguide
surface without signal loss) to detect signals before and after the defect.

a) b)
X S 'r--"7 R+T | T -
g z %
2 5
& g
8 £os
3 o. [<he
o 5]
-2 )
& ks

s
H |0

1 2 3 4 5
Length/height (p/w) Height/length (w/p)

Fic. 11. Variation of the refection and transmission energy coefficients as a function of the
p/w ratio (a) and the w/p ratio (b) for the cylindrical the pipe.

Several recent studies confirm the importance of guided-wave-based tech-
niques for crack detection in plates and pipelines. The work of Liu et al. [41]
stands as a major methodological reference for imaging circumferential cracks in
pipes, notably through the use of full-wavefield data. More recently, SILITONGA
et al. [42] provided a comprehensive review of Lamb-wave-based localization
methods, detailing the conditions for selecting modes and frequencies to achieve
optimal defect detection. SHAH et al. [43] demonstrated, through both exper-
imental and numerical approaches, the capability of guided waves to detect
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the growth of internal cracks in polyethylene pipes. ZHANG et al. [44] subse-
quently showed that the use of electromagnetic acoustic transducers (EMATS)
and circumferential shear horizontal (SH) modes enables the identification of
defects hidden beneath coatings or supports, paving the way for truly non-
contact inspections. Finally, MARUYAMA et al. [45] deepened the understanding
of reflection and transmission phenomena at junctions in fluid-filled pipelines,
highlighting the need for precise modeling to correctly interpret wave-defect
interactions in complex geometries.

4. CONCLUSION

In this study, we simulated the propagation of UGWs in composite CFRTP
components produced using the FDM 3D printing technique, employing an
FEM. These structures were designed to include internal volumetric defects,
such as rectangular notches and cracks, which are characteristic of FDM 3D
printing. We detailed the selection of various spatial and temporal discretiz-
ing parameters, and the numerical models were created by generating analytical
displacements with a Hanning window weighting across the waveguide thickness.
Strategically positioned transducers captured the reflected and transmitted sig-
nals, ensuring that only propagating waves were recorded. We implemented
a novel signal-processing technique based on the summation and subtraction
of the captured signals to differentiate between the various modes detected.
This approach proved effective for analyzing mode conversion phenomena. The
accuracy of the results was evaluated through the energy balance, specifically
by calculating the reflection and transmission energy coefficients. Our findings
indicated that these energy coefficients are significantly influenced by the dimen-
sions of the defects. We modeled three types of defects (positioned symmetrically
or asymmetrically in relation to the propagation direction, as well as inclined
defects) within composite plates and cylindrical pipes. The results demonstrate
the potential of UGWSs to inspect parts with internal defects arising from the
FDM 3D printing process. We also conducted a study on defect dimensions and
reported a novel method for determining the modal characteristics during mode
conversion according to the symmetry criterion of the recorded displacements at
the surfaces. Looking ahead, we will explore correlations between defect param-
eters and the mechanical properties of the structures, encompassing all types of
modes, including both propagating and evanescent modes.
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