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Abstract

This paper explores the integration of piezoelectric wafers as both generators and receivers of ultrasonic-guided waves in planar 

and cylindrical waveguides. To this end, a ceramic Piezoelectric single crystal (PZT) generates mechanical waves in the structure. 

The experimental setup is thoroughly described, and the emitted signals are compared with those from two ultrasonic transducers to 

ensure signal integrity. A 1D Fast Fourier transform is utilized to monitor the resonant frequency of the generated waves. The study 

focuses on two types of waveguides: a multi-layer fiberglass composite plate [0° 90°]6 and a single-layer stainless steel pipeline. For 

each structure, a specific layout of PZT wafers is established to analyze the propagation of guided ultrasonic waves. The results show 

that PZT wafers effectively generated guided wave modes, allowing for the inspection of structural integrity in both the composite 

plate and pipeline. Notably, the signals were captured without any loss of information, highlighting the advantages of PZT wafers, 

including their consistent vibration frequency, simple use, and excellent contact with both flat and curved surfaces. This demonstrates 

the potential of PWS technology for reliable non-destructive testing in complex structures.
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1 Introduction
Defects and imperfections in industry, such as cracks, 
porosity, inclusions, weld defects or corrosion, can weaken 
materials and structures, leading to failures, accidents and 
reduced product performance. These failures increase 
maintenance costs and can have serious consequences for 
safety and for the environment. It is essential to monitor 
these defects to prevent deterioration of both the structures 
and the products they carry. Ultrasonic Non-Destructive 
Testing (NDT) appears to be an advantageous solution for 
examining these defects [1–3]. Ultrasonic-guided waves 
(UGW)  [4–6]  offer  great  potential  for  non-destructive 
testing of structures. They are capable of propagating over 
long distances without significant attenuation, and moni-
toring the integrity of the structure. In practice, to conduct 
NDT correctly using UGW, it is imperative to know the 
dispersion patterns of these waves. In a guided structure, 
ultrasonic waves do not propagate freely but are confined 
by the material's physical boundaries, generating spe-
cific  propagation modes  (symmetric  and  antisymmetric) 

influenced by thickness, geometry, mechanical properties, 
and ultrasonic frequency. These waves are classified into 
several types: Lamb waves (found in plates [7, 8]), Rayleigh 
waves  (surface waves  [9]),  flexural  waves  (in  tubes  and 
bars [10, 11]), and guided shear waves [7]. Their propa-
gation is described by dispersion curves, which illus-
trate the variation of wave velocity (phase and group) as 
a function of frequency, allowing for the identification of 
usable modes, the selection of an optimal frequency, and 
a better understanding of signal attenuation and disper-
sion. Dispersion curves are used to select the right mode 
for testing, depending on the frequency of the signal to 
be excited by the piezoelectric transducers. An electrical 
signal is then sent by the frequency generator, which is 
transformed into mechanical waves using the piezoelec-
tric  effect.  The    wave  propagates  through  the  inspected 
structure,  undergoing  reflections  as  it  encounters  imper-
fections. The signals are picked up by transducers posi-
tioned on the surface of the part. They are processed to 
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define existing defects. To optimize these steps, research-
ers have proposed the use of PZT wafers as wave genera-
tors and sensors, due to their diversity of sizes and shapes, 
making them suitable for compact devices or specific con-
figurations depending on application requirements. Yang 
et al. [12] have analyzed the characteristics of Lamb waves 
generated by PZT wafers located in the middle of the thick-
ness of a thin-walled plate. Subsequently, they integrated 
arrays of PZT wafers in epoxy-reinforced Woven Glass 
Fiber (WGF/epoxy) laminates with a stacking sequence of 
[90/0]4. This strategy improved defect localization com-
pared with surface-bonded PZTs. Lin and  Giurgiutiu [13] 
explored the use of flexible piezoelectric sensors, such as 
piezoelectric polymer (PVDF), to transmit and receive 
Lamb waves on curved surfaces, in contrast to the frag-
ile PZT sensors used on flat surfaces. Zhou et al. [14] have 
investigated the use of piezoelectric shear wafers (d36 
type) for guided wave generation and damage detection 
in metal plates. Unlike traditional d31 sensors, d36 wafers 
induce shear deformation, generating shear horizontal 
(SH) waves that are larger than Lamb waves. The results 
show that these d36 wafers can simplify the quantitative 
estimation of the damage during structural monitoring. 
Giurgiutiu et al. [15] have explored the use of Piezoelectric 
Wafers Active Sensors (PWAS) to embed ultrasound 
in thin structures such as beams and plates, enabling in 
situ structural integrity monitoring. The study demon-
strated  the  effectiveness  of  PWAS  in  detecting  damage 
using the ultrasonic pulse-echo technique, and underlined 
the importance of high-frequency waves in optimizing 
sensor-structure interaction. Duan et al. [16] have intro-
duced a graphene-based nanocomposite, which uses the 
tunnel  effect  to detect ultrasonic waves with high  sensi-
tivity and rapid response. Unlike traditional transducers 
such as PZT, this nanocomposite offered greater flexibil-
ity, surface compatibility and simpler fabrication. It was 
able to capture ultrasonic waves in a wide frequency range 
up to 1 MHz. Feng and Aliabadi [17] have examined the 
influence of composite thickness (2 mm, 4 mm, 9  mm) on 
integrated  ultrasonic-guided waves  at  different  tempera-
tures, and assess the effectiveness of integrated transduc-
ers in detecting damage. Using an innovative method with 
phased-array PZT transducers created by inkjet printing, 
the study reveals that integrated PZT transducers are more 
sensitive than surface-mounted transducers for locating 
damage in thick composites. Wen et al. [18] have proposed 
a method for in situ inspection of thin-walled metal struc-
tures produced by Directed Energy Deposition (DED) 

using ultrasonic-guided waves. Lamb waves are generated 
by a piezoelectric PZT transducer attached to the DED sub-
strate, and measured with a non-contact laser vibrometer. 
The method has been tested on stainless steel (316L) struc-
tures, and have proven effective in detecting and locating 
defects, offering significant potential  for  real-time moni-
toring of the DED process. Roloff et al. [19] used commer-
cial photopolymer resins combined with PZT piezoelectric 
particles to create 3D-printable piezoelectric compos-
ite sensors suitable for guided ultrasonic wave detection. 
In this study, these thin sensors successfully detect UGW, 
with performance comparable to commercial piezoelec-
tric discs. Lee et al. [20] presents a diagnostic method 
based on guided ultrasonic waves PZT patch generation to 
detect sealant delamination in integrated circuit packages. 
The technique, validated against traditional tests, demon-
strates high accuracy and potential for industrial quality 
assurance in integrated circuits.

This paper presents the integration of PZT wafers as gen-
erators and receivers of guided ultrasonic waves in a fiber-
glass composite plate and a steel pipeline. A ceramic piezo-
electric single crystal (PZT) is used to generate a mechanical 
wave in the waveguide. The experimental set- up employed is 
detailed, and the emitted signal is compared with that of two 
ultrasonic transducers to check its shape. A 1D Fast Fourier 
transform is applied to monitor the resonant frequency of 
the generated wave. Two waveguides are studied: a multi-
layer glass-fiber composite plate [0° 90°]6 and a single-layer 
stainless steel pipeline. In each case, a PZT layout is set up to 
analyze the propagation of guided ultrasonic waves in these 
complex structures. The PZT wafers were used to generate 
guided wave modes and inspect the structural integrity of the 
composite plate and pipeline. Signals were captured without 
loss of information, demonstrating the effectiveness of PZTs 
with their uniform vibration frequency, ease of use and good 
contact on both flat and curved surfaces. The main aim of 
this study is to propose PZT wafers as a source for generat-
ing ultrasonic- guided waves, replacing conventional ultra-
sonic sensors. PZTs offer simplicity of use, low cost and ease 
of operation. These advantages would considerably facilitate 
the work of non-destructive testers when inspecting com-
plex multilayer and cylindrical composite parts, enabling 
them to detect defects that could compromise part function.

2 Experimental set-up
Non-destructive testing using guided ultrasonic waves 
is an inspection method designed to assess the quality 
and integrity of structures without altering the material. 
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The experimental generation of ultrasonic-guided waves 
relies on the use of transducers and wave propagation in 
specific structures, such as plates or pipes. It all starts with 
the choice of a suitable structure, which influences the wave 
modes generated. Piezoelectric [21, 22] or EMAT [23, 24] 
transducers are then used to convert an electrical signal 
into an ultrasonic wave. A signal generator sends an elec-
trical pulse to the transducer, which produces the wave at 
the desired frequency. This frequency is crucial, as each 
wave mode is associated with a specific frequency range, 
requiring precise adjustment of the pulse parameters. 
The waves thus generated propagate through the structure 
and are picked up by a second transducer placed at a cer-
tain distance. The signals detected are then recorded using 
an oscilloscope or data acquisition system. Signal analy-
sis enables us to study wave propagation, identifying wave 
modes, propagation speeds and dispersion phenomena.

These experiments are often used to characterize mate-
rials or detect defects in structures. In the following, a fre-
quency generator dedicated to the production of ultrasonic 
frequencies is considered. At the same time, transducers are 
used to convert the electrical signal into ultrasonic waves. 
These transducers can be used either for transmission only, or 
for simultaneous transmission and reception. A digital oscil-
loscope is taken to process and display the captured signals. 
The configuration of this procedure is illustrated in Fig. 1.

The PZT (lead zirconate titanate piezoelectric) wafer is a 
type of piezoelectric ceramic wafers that exhibit the piezo-
electric effect (Fig. 2), meaning that it can generate an elec-
trical charge in response to mechanical stress and vice versa, 
while possessing high permittivity and dielectric dissipation 
values. These properties make PZT wafers useful in a vari-
ety of applications, including sensors, actuators and trans-
ducers, where the conversion of mechanical to electrical 
energy is important [25]. A common approach is to use PZT 
wafers created by sintering lead oxides. These wafers are 

highly reactive to frequency signals of 200 kHz, so the res-
onant frequency of the buzzer is usually designed around 
200 kHz during production. To improve low-frequency 
response, a double-diaphragm structure is commonly used.

Fig. 3 shows experimental signals generated by ultra-
sonic transducers with resonance frequencies of 2.25 MHz 
and 5 MHz. The signals generated by the transducers are in 
the form of a Hanning window-weighted signal. The Fast 
Fourier transform of the signals makes it possible to ana-
lyze with certainty the frequency generated by the trans-
ducer mentioned in the product reference. Fig. 4 shows the 
PZT excitation signal and its Fourier transform. It can be 
observed that the excitation frequency found is f = 230 kHz, 
which  corresponds  to  the  resonance  frequency  specified 
in the product reference documentation. Additionally, the 
signal emitted by the PZT wafers resembles those emit-
ted by the transducers in Fig. 3 (a sinusoidal signal with a 

Fig. 2 Monocrystal PZT (12 mm × 200 kHz)

Fig. 1 Description of the experimental set-up

Fig. 3 Experimental signal and 1D Fast Fourier transform of the 
ultrasonic transducer (a) 1 and (b) 2

Fig. 4 (a) Experimental PZT signal and (b) 1D Fast Fourier transform of 
the PZT signal
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Hanning window). The advantage of using PZTs instead 
of ultrasonic transducers lies in their light weight and low 
impact. In addition, when it comes to cylindrical geome-
tries such as pipelines, transducers can be difficult to posi-
tion due to their curvature and large dimensions, unlike 
PZTs which are more compact and easier to attach.

The expression of the Fast Fourier Transform is:

X f x tt
N

N
t f� � � � � �

�
�� � �� �

1
1 1� , (1)

where ωN = e2πi/N, f = represent the frequency, t = represent 
the time, i is the imaginary entity, N is the total number of 
samples and x(t) is the input signal.

3 Experimental results
3.1 Glass-fiber composite plate
Composites  offer many  advantages,  such  as  light weight, 
increased strength and rigidity, excellent vibration damping 
capabilities, design flexibility and high resistance to corro-
sion and wear. These distinctive properties have led to their 
adoption in complex sectors such as the biomedical, sports, 
marine and construction industries. Glass fiber reinforced 
polymers (GFRP) are commonly used in modern vehicles 
to absorb energy, thanks to their moderate density and bet-
ter  specific  mechanical  properties  than  traditional  met-
als [26]. In order to prevent potential malfunctions, ultra-
sonic-guided waves have been used to monitor the integrity 
of structures made of glass fiber composites [27, 28].

A  square  glass-fiber  composite  plate  of  side 
a = 150 mm, thickness e  =  4 mm, Young's modulus  of 
the fiber E = 74 GPa and Poisson's ratio ν = 0.23 is con-
sidered. The plate contains 12 layers with orientation 
[0°  90°]6. PZT transducers are positioned to capture the 
ultrasonic wave at positions 0°, 45°, 90°, 135°, 180°, 225°, 
270° and 315° relative to the excitation position. The exci-
tation position is 20 mm from the edge. The choice of PZT 
positions in the plate is very important. Indeed, if the PZTs 
are very close to the edge, we'll get disturbing signals that 
describe the phenomena of edge reflections, and hence the 
appearance of evanescent modes [29, 30]. Another study 
should be carried out to separate these disturbances from 
the basic signal. The particularity of these modes is that 
they attenuate in the zone close to the edges. PZTs must 
be outside this zone to avoid disturbance. The choice of 
layer  orientation  [0°  90°]6 results in wave modes propa-
gating through the thickness of the laminate, producing a 
global vibration of the waveguide. Layer orientation plays 
a crucial role in wave propagation [3]. We opted for an 

asymmetrical configuration of the layers in relation to the 
central layer. In addition, the selected fiber has a relatively 
low Young's modulus,  which  enables  us  to  obtain wave 
modes with very low propagation velocities in the disper-
sion curves. This advantage facilitates the detection of rel-
atively small defects. Fig. 5 shows the arrangement of the 
PZTs on the composite plate. Fig. 6 shows the signals cap-
tured by the PZTs at angles 0°, 45°, 90°, 135°, 180°, 225°, 
270° and 315°. These signals represent a circular scan of 
diameter DT = 80 mm. It can be seen that the wave prop-
agates uniformly in all directions, with a clear symmetry 
between the signals collected, particularly for the 45°/315°, 
90°/270° and 135°/225° angle pairs. In addition, the shape 
of the signals remains unchanged with no sign of signifi-
cant attenuation, indicating that the inspection zone is free 
of defects. PZT wafers have demonstrated their ability to 

Fig. 5 Transducer positioning in the composite plate

Fig. 6 Signals picked up by PZT transducers for angles 0°, 45°, 90°, 
135°, 180°, 225°, 270° and 315°
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generate and capture ultrasonic-guided waves with ease 
of use in inspection operations. In addition, PZT wafers 
have the advantage of being relatively inexpensive, while 
ensuring effective contact with the waveguide, thus mini-
mizing energy losses during wave transmission.

3.2 Steel pipeline
Cylindrical structures, such as pipelines, are vulnerable 
to a variety of defects, including corrosion, cracks, ero-
sion and weld defects, which compromise their integrity 
and increase the risk of leaks or ruptures. Ultrasonic-
guided wave offers  an  alternative  to  control  these  struc-
tures [31, 32]. In this section, the aim is to generate ultra-
sonic- guided waves by PWS in a steel pipeline. A steel 
pipeline is considered of length L = 100 cm, thickness 
e  =  3  cm, Young's modulus E  =  200 GPa  and  Poisson's 
coefficient ν = 0.3. The PZT is positioned at a distance of 
10 cm from the edges to avoid edge reflections and near-
field  phenomena  [29,  30,  33].  Other  PZTs  positions  are 
considered to act as signal receivers. Signals are planned 
to be measured every 10 cm from the emission source, at 
angles of 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°, to 
obtain a complete mapping of the wave (see Fig. 7).

Fig. 8 shows signals picked up by PZTs at positions 
100 mm, 200 mm, 300 mm, 400 mm and 500 mm oriented 
in the same direction as the incidence position. Fig. 9 shows 
a polar representation of the frequency captured by the 
transducers for the directions 0°, 45°, 90°, 135°, 180°, 225°, 
270° and 315° at the same positions mentioned above. It is 
noted that the ultrasonic wave propagates along the pipeline 

and also across its circumference, resulting in both longitu-
dinal and torsional modes [34]. Furthermore, when exam-
ining  the  signal  picked  up  by  the  transducer  at  0°  in  all 
positions, it becomes evident that the farther the distance 
from the emission source, the more the amplitude of the 
wave packet decreases. This decrease can be attributed to 
the inherent attenuation of the material and the presence of 
microscopic defects that cause partial reflection of the wave 
packet. Moreover, during the preparation of our pipeline, we 
carried out brushing and sanding of the external surface to 
remove impurities. However, no surface treatment was per-
formed  inside  the  pipeline  due  to  the  difficulty  of  access 
to this area. Consequently, the internal surface may have 
defects that could interact with the propagating wave, lead-
ing to increased reflection and, therefore, wave attenuation.

In addition, we observe that the longitudinal modes 
are more energetic than the modes captured along the cir-
cumference. This can be seen in Table 1, which reports 

Fig. 7 Positioning the PZTs in the pipeline

Fig. 8 Longitudinal UGW propagation in the steel pipe
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the frequencies obtained by 1D Fast Fourier transform 
of  the  signals  captured  by  the  0°,  90°,  180°  and  270° 
transducers for positions 100 mm, 200 mm, 300 mm, 
400 mm and 500 mm. This due to reflections caused by 
the curved shape of the pipeline. Finally, noise is present 

in the signal (small vibrations), which may be due to sev-
eral hardware-related factors, including inadequate con-
tact between the transducers and the pipeline, noise from 
the frequency generator, and contact issues between the 
transducers and the oscilloscope.

(a) (b)

(c) (d)

(e)

Fig. 9 Polar representation of frequencies as a function of sensors positions at a distance of (a) 100 mm, (b) 200 mm, (c) 300 mm, (d) 400 mm and 
(e) 500 mm from the emission source
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4 Conclusion
This study highlights the integration of piezoelectric wafers 
as both generators and receivers of guided ultrasonic waves 
in planar and cylindrical waveguides. The use of a ceramic 
piezoelectric single crystal to generate mechanical waves 
has been thoroughly investigated, with a detailed description 
of the experimental setup. A thorough frequency analysis of 

the excitation signal was carried to monitor the excitation 
signal of the PWS. The emitted signals were compared to 
those from traditional ultrasonic transducers, ensuring their 
integrity. Employing a 1D Fast Fourier transform allowed 
for the monitoring of resonant frequencies. The research 
focused  on  a multi-layer  fiberglass  composite  plate  and  a 
single-layer  stainless  steel  pipeline,  demonstrating  effec-
tive generation of guided wave modes by the PZT wafers. 
The results revealed that structural integrity could be reli-
ably inspected without information loss, underscoring the 
benefits  of  PZT  technology.  Its  consistent  vibration  fre-
quency, ease of use, and excellent contact on various sur-
faces make it a promising tool for non-destructive testing in 
complex structures, paving the way for enhanced safety and 
maintenance in engineering applications. PZT wafers have 
several disadvantages: they are fragile and prone to break-
ing with repeated handling, their performance is sensitive 
to temperature variations which limits their use in unsta-
ble environments, their reduced durability requires frequent 
replacement, and their frequency limitations pose a signifi-
cant drawback in non-destructive testing. PZTs have a spe-
cific resonant frequency, and their efficiency decreases when 
the frequency used deviates from this optimal value, restrict-
ing their application in inspections that require precise fre-
quency  ranges  to detect  specific  types of  defects,  particu-
larly small ones or those in complex composite materials.
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Table 1 1FFDT of the captured signal of the transducer for angle 0°, 
90°, 180° and 270°

Position of the 
transducer Angle (°)

Frequency
|1FFDT (signal)| 

(kHz)

100 mm

0 1.9070

90 1.6520

180 1.8590

270 1.8590

200 mm

0 1.1020

90 0.7709

180 1.0900

270 1.0900

300 mm

0 0.8679

90 0.9973

180 0.6799

270 0.6799

400 mm

0 0.5072

90 0.6781

180 0.6000

270 0.6000

500 mm

0 1.2750

90 0.3510

180 1.6530

270 1.6530
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