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Ultrasonic guided wave (UGW) technology based on piezoelectric sensors is
considered a very promising technology for aircraft structural damage
detection. Traditional piezoelectric sensors are made of lead zirconate
titanate (PZT) ceramics, but their brittleness and hardness make them
difficult to apply to curved structure surfaces. In this study, a novel
0-3 flexible piezoelectric composite was fabricated by dispersing PZT
particles in silicone resin, and its performance for potential applications in
UGW sensors was studied. The effects of polarization conditions, PZT volume
fraction, and PZT powder size on the performance of the composite were
investigated. The influence of ambient temperature on composite performance
was discussed, and temperature adaptability experiments were conducted. The
results show that the optimal poling process of 0-3 PZT/silicone resin
piezoelectric composite has a poling time of 25 min, a poling electric field
of 4 kV/mm, and a poling temperature of 100°C. When the sensor is required to
meet the test strain range of 8,000 pe, the composite should be fabricated with
a PZT volume fraction of 50% and a powder size of 170~212 um to obtain
optimal sensing sensitivity. At an ambient temperature range of -55-75°C, the
fabricated piezoelectric composite sensor has good flexibility and sensitivity in
detecting the guide wave signals. These research results provide a new flexible
piezoelectric sensing technology for aircraft structural damage detection.
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Introduction

Large-area complex curved plate structures, such as the
fuselage and the wings of an aircraft, can easily experience
micro-damage during service. If the micro-damage is not
detected promptly, it accumulates and expands, leading to
rapid structural damage, and possibly, sudden
disastrous accidents (Royon et al., 2021; Wang et al., 2021).

Ultrasonic guided waves (UGW) can travel long distances even

even

in materials with low attenuation and are highly sensitive to
slight damage along a propagation path, making them suitable
for large area structural damage detection (Jiang et al., 2021).
Ultrasonic guided wave technology based on piezoelectric
sensors is considered a very promising technology for
aircraft structural damage detection (Ricci et al, 2022).
Traditional UGW sensors are made of lead zirconate titanate
(Pb(Zrg 5,Tip 45)O3; abbreviated PZT) ceramics, but their large
density, brittleness, and small limit strain make them difficult to
apply to curved structure surfaces (Zhang, 2016; Rocha et al.,
2021).

In recent years, researchers have developed many new
types of flexible piezoelectric materials, such as polyvinylidene
fluoride (PVDF) (Kang and Cao, 2014; Jin et al., 2018), 1-3 or
2-2 piezoelectric fiber composites, and 0-3 piezoelectric
composites (Pramanik and Arockiarajan, 2019; Jia et al,
2021). PVDF piezoelectric film has advantages of small
and high flexibility, but
performance fluctuates greatly at ambient temperatures.
fiber
piezoelectric fibers evenly arranged in a polymer, such as
macro fiber composites (MFC) (Di Rito et al., 2020) and
active fiber composites (AFC) (Stepinski et al., 2017).
However, their fabrication is complex and their production

thickness its  piezoelectric

Piezoelectric composites are fine diameter

cost is high, resulting in their limited application. The
0-3 piezoelectric composite is a material of piezoelectric
particles randomly dispersed in a polymer matrix. It has
broad potential applications in structural health monitoring
sensors because of its low production cost, high flexibility, and
effective piezoelectric properties (Yang, 2017; Arul and Rao,
2020).

The and high flexibility of
0-3 piezoelectric composites make them easy to be applied to

low production cost
aircraft wings (Han and Kang, 2020). Many researchers have
verified the feasibility of fabricating flexible piezoelectric sensors
with 0-3 PZT/polymer piezoelectric composites (Sofi et al,
2022). Yang and Fritzen (2012) reviewed the research on
0-3 PZT/polymer composites over the last century, prepared a
PZT/epoxy resin composite using a casting method, and explored
its application in vibration mode tests. Kang and Lee (2014)
prepared a PNN-PZT/epoxy resin composite and verified its
application potential as a vibration sensor. Kang and Kang (2017)
sprayed a suspension of PNN-PZT powder and epoxy resin
composite on curved wind turbine blades using it as an acoustic
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emission sensor to monitor bird collision signals. Sappati and
Bhadra (2020) prepared a 0-3 PZT/PDMS piezoelectric
composite, studied the effects of PZT concentration on
material piezoelectric properties and elastic modulus, and
verified its application in pressure sensors. Han and Kang
(2018) studied the effects
piezoelectric materials on the piezoelectric properties of a

of poling conditions and
PNN-PZT/epoxy piezoelectric composite. It was used as an
impact guide wave sensor to be applied in large aircraft
fuselage wings.

The working conditions of an aircraft structure are very
complex during service, including large strain structural
vibrations, hail or bird impact, and fluctuating ambient
temperatures (Giurgiutiu, 2015). Sensors used for aircraft
structural health monitoring must be sensitive, flexible,
impact-resistant, and have service condition adaptability. For
example, the failure strain cannot be less than 8,000 pe (Scarponi,
2015), and the service temperature range must be at least
-55-75°C (Salamone et al., 2009). Silicone resin is a semi-
inorganic polymer featuring good flexibility, strong cohesion,
and a low curing shrinkage rate. It also has high-temperature and
high-frequency dielectric properties and temperature stability
(Wang et al, 2010), making it an ideal material for a
0-3 piezoelectric composite matrix.

In this study, we prepared a novel 0-3 PZT/silicone resin
piezoelectric  composite. characterization and

methods flexible

piezoelectric composites used for UGW sensors according to

System

measurement were proposed for

piezoelectric sensor response sensitivity and application
The effects
conditions, PZT volume fraction, and PZT powder size on

performance-influencing factors. of poling

its characterization were investigated. Sensitivity test
experiments determined the fabrication process for materials
with optimal sensing sensitivity. The influence of ambient
temperatures on the response amplitude of guide wave
sensing was explained through dynamic
thermomechanometry analysis. This research provides sensor
fabrication parameters for the large test range required by
aircraft structural health monitoring applications under

complex ambient temperature conditions.

Piezoelectric composite fabrication
and a sensing response model

Fabrication of a 0—3 PZT/silicone resin
piezoelectric composite

PZT-5A has high piezoelectric sensitivity, wide frequency
response bandwidth and excellent stability to time and
temperature, which means that it is more suitable for sensor
materials and can be used in various environments (Eltouby
et al,, 2021). Therefore, PZT-5A powder was selected to prepare

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.958775

Jiang et al.

1~15um 45 ~80um

FIGURE 1
Preparation process of PZT piezoelectric ceramic powder.
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FIGURE 2
Preparation process of the PZT/silicone resin piezoelectric composite.

the piezoelectric composite in this study. PZT-5A, provided by
Yantai Xingtao Electronic Technology Co., Ltd (Yantai, China),
has a density of 7.75 g/cm’. The matrix material is 192 silicone
resin produced by Ausbond (China) Co., Ltd. (Shenzhen, China),
with a silicone resin density of 1.40 g/cm” after curing, a relative
dielectric constant of 3.3, Young’s modulus of 2.5 GPa, and a
Shore hardness of 60 HA.

PZT powders serve as a functional phase of the PZT/
silicone resin piezoelectric composite, so its volume fraction
and powder size are important parameters determining
composite material properties. This study focuses on the
influence of micron PZT powder on the piezoelectric
composite properties. PZT blocks were treated by crushing,
ball grinding, and screening to fabricate powders of seven
different 1~15 pm, 45~80 pm, 90~113 pm,
113~170 pm, 170~212 um, 212~315 pm, and 315~400 pum, as
shown in Figure I.

sizes:

The preparation procedure of 0-3 PZT/silicone resin
piezoelectric composites is shown in Figure 2. First,

silicone resin and curing agent were mixed in a 1:1 ratio
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and stirred in a vacuum. Then the PZT powder was added
with specified volume fractions to the composite, continuing
to be stirred in a vacuum to remove bubbles and form a paste
mixture. The mixture was injected into a mold and cured for
12h 10 MPa and 80°C. The final PZT/silicone
resin piezoelectric composite was obtained after standing
for 12 h.

The ET500 magnetic sputter was used to fabricate the

at

upper and the lower surface electrodes by spraying gold film.
The composite material is polarized along its thickness
direction in a constant temperature silicon oil bath to
activate its piezoelectric properties. The fabricated PZT/
silicone resin piezoelectric composite sensor is shown in
Figure 3A and we can see that it has good flexibility.
Scanning electron microscopy (SEM) was used to analyze
the microstructural morphology of the composite, as shown
in Figure 3B. It can be seen that PZT particles are evenly
distributed and the
connection of the two phases belongs to the simplest

in the continuous silicone resin,

composite type, the “0-3" connectivity.
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FIGURE 3
0-3 PZT/silicone resin piezoelectric composites and sensors. (A) Material image. (B) SEM photograph of the material.

A Flexible piezoelectric 3
composite sensor

FIGURE 4
Response of the piezoelectric composite to the guided wave. (A) Rectangular coordinate system. (B) Polar coordinate system.
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Sensing response model of the 0-3 PZT/
silicone resin piezoelectric composite

The 0-3 PZT/silicone resin piezoelectric composite sensor
was bonded to the surface of the workpiece with epoxy resin to
ensure guide wave transmission between the workpiece and the
sensor. Generally, the bonding layer is a thin layer with
mechanical properties very similar to piezoelectric composites,
and a robust and seamless adhesion between the sensor and the
workpiece is assumed. Therefore, the influence of the bonding
material and strain transfer coefficient on the sensor
performance is ignored in this study.

The model of the response of the flexible piezoelectric
composite to guide wave sensing in the rectangular coordinate
and the polar coordinate systems is shown in Figure 4. According

to the piezoelectric constitutive equation, the charge generated
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on the surface of the piezoelectric composite sensor can be
written as (Zhang, 2016)
q= Ed;, Jj &idA, (1)

A

where E is the piezoelectric composite’s elastic modulus, d3; is
the piezoelectric constant, ¢; is the sum of the structure’s surface
strains during guide wave propagation (g;; = & + &, = €,/), and A
is the area of the sensor.

By considering the piezoelectric composite sensors as a
capacitor, the capacitance can be written as

(@)

2
CP = 6337Trs/t5,

where e3; is the dielectric constant of the piezoelectric composite
sensor and r and ¢, are the sensor radius and thickness, respectively.
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According to Eqs 1, 2, the sensing voltage response of the
piezoelectric composite sensor to the guide wave is

J'J SiidA.
A

The sensing voltage response of the piezoelectric composite can

expressed as

Edst,
V:i: a1t
C, exnr?

3)

be obtained by substituting the structural surface strain
expression into Eq. 3, which can be rewritten in the polar
coordinate system (see Figure 4B) as

Omax [ "max (0)
J -[ g;irdrdo.

0 T'min (6)

_ 2Ed31 ts

2
63371'1‘5

A% (4)

According to the distance r, between the sensor and the wave
source, the integral limits in Eq. 4 are defined as

{ Tmin/max (0) = 14 cos 0 + \/rf - ri sin® 0
. -1 )
Omax = sin"" 7, /7,

The piezoelectric constant ds; of the composite is found to be
about half of ds; (Praveenkumar et al, 2006). Where the
piezoelectric constant ds; can be directly measured by a dss3-

()

m, the sensing voltage response of the 0-3 piezoelectric
composite sensor can be expressed as

Omax [ Tmax (6)
J J g;rdrd.

0 Tmin (6)

_ Ed33ts

63371'1’?

v

(6)

It is found that the sensing response of the piezoelectric
composite is directly related to the elastic modulus,
piezoelectric constant, and dielectric constant. The elastic
modulus is the most important composite material property
to be applied on the curved structure surface. The piezoelectric
constant is the quantification of the piezoelectric properties of
the composite, and the dielectric constant is the physical
quantity of the poling degree of the piezoelectric composite
in an external electric field. They determine how the material
can be used in applications. Sensor failure strain, hardness, and
an effective working temperature range are also important
factors in applying the piezoelectric composite sensor to the
aircraft structure. Failure strain characterizes the maximum
strain test range of the piezoelectric composite, while hardness
characterizes its resistance to external impact. Temperature
adaptability represents the adaptability of the piezoelectric
composite to the working condition temperature range. In
this study, the piezoelectric constant, dielectric constant,
failure strain, hardness, and

elastic modulus,

material temperature adaptability were investigated to
explore the potential for applying the piezoelectric composite

as a UGW sensor.
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Characteristic test methods

Piezoelectric constant and dielectric constant

The piezoelectric strain constant d3; was measured by a ZJ-
6A quasi-static meter. A TH-2838 precision impedance
instrument measured the sample’s electrical capacity, and the
relative dielectric constant can be expressed as

€33 Cyts
0 >
() €y * T

= %)
where ey is the dielectric constant in a vacuum and e, equals
8.85 pF/m.

Elastic modulus and failure strain

The elastic modulus and failure strain were measured by tensile
tests of the PZT/silicone resin composite. Generally, the lower the
elastic modulus and the greater the failure strain, the better will be
the flexibility of the composite material. The tests were conducted
according to ISO 37:2005. The experimental equipment used is the
WDW-10 universal test machine, and the specimen size is dumbbell
type 3, as shown in Figure 5. A total of five specimens were measured
in each set of experiments at a stretching rate of 2 mm/min. The
elastic modulus and failure strain were calculated based on the load
force and elongation of the specimen. The material hardness was
obtained by a Shore hardness-tester.

Strain sensing sensitivity

The dynamic strain calibration experiment for the
piezoelectric composite sensor was constructed to
investigate the sensing sensitivity, as shown in Figure 6. A
strain gauge and piezoelectric composite sensor were attached
with epoxy resin at the same position on the uniform strength
beam’s upper and lower surfaces. After the release of the free
end of the uniform strength beam at random initial
displacement x,, the response signals of the piezoelectric
composite sensor and strain gauge were collected by an NI
USB-6366 data acquisition card and dynamic strain indicator.
The signals were denoised by a continuous wavelet method,
and then the maximum strain signal amplitude ¢; and
corresponding voltage sensor voltage signal amplitude V,;
in each experiment were extracted. The strain sensing

sensitivity S is calculated by

i=1 =1

n n 2
nye;—| Yei
i=1 i=1

where n is the number of experiment tests. To ensure the

n(zseivei> - ZSEizVEi
S _ i=1

) ®)

accuracy of the data of the experiment, 7 is not less than 30.
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Tensile test. (A) Tensile specimen size. (B) Universal testing machine.
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FIGURE 6

Random dynamic strain calibration experiment for the
piezoelectric composite sensor.

Temperature adaptability

The influence of ambient temperatures on the sensing sensitivity
of the composite was explored by constructing a sensor ambient
temperature adaptability experiment. The schematic diagram is
shown in Figure 7. An aluminum plate was used as the guide
wave medium, and a piezoelectric wafer was used as the actuator.
The excitation signal is a sinusoidal five-period signal modulated by
the Hanning window. The fabricated piezoelectric composite sensor
was used to receive the UGW in the aluminum plate, and the signal
was measured by an NI 6366 data acquisition card through the
PXPA3 preamplifier. The sampling frequency was 2 MHz. The
experiments were conducted from 0-75°C at 5°C intervals. The
voltage signals were collected 100 times and then averaged to obtain
the guide wave response.

The thermomechanical properties of the piezoelectric
the TAQS800 dynamic
mechanical analyzer (DMA). The piezoelectric composite’s

composite were measured by
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energy storage modulus and damping loss factor were
measured in the —55-75°C temperature range at a heating rate
of 5°C/min.

Results and discussion

In this study, the effects of poling conditions (poling electric
field, poling time, and poling temperature), PZT volume fraction,
and PZT powder size on the properties of the 0-3 PZT/silicone
resin piezoelectric composite were systematically discussed,
especially their effects on the piezoelectric constant, dielectric
constant, elastic modulus, failure strain, and hardness of the
the
preparation process of the 0-3 PZT/silicone resin piezoelectric

piezoelectric composite. The aim is to determine
composite for optimal sensing sensitivity under sensor engineering
application conditions. The following sub-sections present and

discuss these results.

Piezoelectric properties

The poling of the piezoelectric composite was a process of
electric domain reorientation and arrangement under the action of
the external electric field. The influences of poling time, poling
electric field, and poling temperature are discussed to check the
effects of poling conditions on the piezoelectric constant ds;. First,
the poling electric field was set to 3 kV/mm, the poling temperature
was set to 100°C, and the poling time was controlled to be 5, 10, 15,
20, and 25 min to investigate the effect of poling time on ds; of
piezoelectric composites. These results are shown in Figure 8A. The
d33 value of the piezoelectric composite increased as the poling time
increased, and d33 displayed a linear increase from 0 to 15 min. After
15 min, it increased gradually.
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Temperature adaptability experiment schematic diagram for the piezoelectric composite sensor.
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TABLE 1 ANOVA result of the piezoelectric constant.

Source DF SS MS F-value  P-value
Model 12 6078.60 506.55 26.98 <0.01
Poling time 4 3713.14 928.28 49.44 <0.01
Poling electric field 4 2093.67 524.42 27.879 <0.01
Poling temperature 4 271.80 67.95 3.619 0.14
Error 37 694.67 18.775

Total 50 6733.27

The poling electric field was controlled at 1, 2, 3, 4, and 5 kV/
mm to explore its effect on ds3. During this test, the poling time was
set to 25 min and the poling temperature was set to 100°C. Figure 8B

Frontiers in Materials

shows the d33 variations with the poling electric field. The d3; value
increased with the poling field strength. After reaching 3 kV/mm,
the growth rate gradually weakened. After the poling electric field
reached 5 kV/mm, the probability of a high-voltage breakdown of
the composite significantly increased, resulting in poling failure.

For the results shown in Figure 8C, the poling electric field
and poling time were fixed at 3 kV/mm and 25 min, respectively,
and the poling temperature was controlled at 20, 40, 60, 80, 100,
and 120°C. When the poling temperature was below 100°C, d33
increased  with and when the
temperature reached 120°C, the composite softened and easily
broke down in poling.

increasing temperature,

From the results of the aforementioned three experiments, it
is found that there is a particular optimal condition for poling,
but this optimal condition is not precisely known. Therefore, we
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Main effect on the mean of dss.

adopted the ANOVA (analysis of variance) statistical method to
investigate the effects of the three different poling condition
variables (poling time, poling electric field, and poling
temperature).

The ANOVA results are summarized in Table 1, where DF is
the degrees of freedom in the independent variables, SS is the sum
of squares among the groups, and MS is the mean squares. The
F-value is the variance of the group means divided by the mean of
the within-group variances, and the p-value is a function of the
observed sample results used to test a statistical hypothesis. The
significance of independent variables can be decided when the
p-value is below 0.05. The p-values of the poling time and poling
electric field are below 0.05 in this study, indicating that they are
significant.

Figure 9 shows the main effect on the piezoelectric constant.
It can be concluded that the poling time is the most important
factor among poling conditions on the piezoelectric constant, the
second is the poling electric field, and the poling temperature is
the least important factor. As a result, the optimal poling
of the 0-3 PZT/silicone
composite are 25 min poling time, 4 kV/mm poling electric
field, and 100°C poling temperature.

conditions resin  piezoelectric

According to the densest packing model of spherical particles
(Yu et al., 2006), when the PZT volume fraction was close to 64%,
many piezoelectric particles are in contact with each other, which
forms a “1-3" or “3-3"connectivity pattern, the composite was
difficult to cure. Therefore, the PZT volume fractions of the
0-3 piezoelectric composites were 35, 40, 45, 50, 55, and 60%.
The PZT powder sizes were controlled to be 1~15, 45~80,
90~113, 113~170, 170~212, 212~315, and 315~400 um.
Figure 10 shows the ds; variations with the PZT volume
fraction and powder size.

The ds; value increases with increasing PZT volume fraction
and powder size because the piezoelectric properties of the
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FIGURE 10
Variation of composite dss with the PZT volume fraction and
powder size.

composites are derived from PZT, so they naturally increase
with increasing PZT content. In addition, the direct contact
probability between PZT particles increases with increasing
PZT powder volume fraction and size, enabling local electric
field conduction. This causes a transition from a parallel poling
mode to a series poling mode, improving polarization efficiency
and increasing ds;. However, when the volume fraction of PZT is
higher, more defects such as gaps in the composite cause poling
breakdown and it is more difficult to obtain the expected
piezoelectric constant. Scanning electron microscopy shows
that the composites” internal defects increase with increasing
volume fraction. Figure 11 shows samples with 50, 55, and 60%
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SEM of PZT/silicone resin composites. (A) PZT volume fraction 50%. (B) PZT volume fraction 55%. (C) PZT volume fraction 60%.
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FIGURE 12

Variation of the composite relative dielectric constant with
PZT volume fraction and powder size.

PZT volume fraction and their internal defects. Obviously, the
composites with a 60% PZT volume fraction have the highest
probability of polarization breakdown, which is consistent with
the experiment.

Dielectric properties

The effects of the PZT volume fraction and PZT powder size
on the dielectric properties of 0-3 PZT/silicone resin composites
were investigated. The capacitance of piezoelectric composite
samples was measured at room temperature and 1 kHz, and the
relative dielectric constant e, was calculated using Eq. 7. The
results are plotted in Figure 12.

Frontiers in Materials

The e, values increase rapidly with increasing PZT volume
fraction and slowly with increasing PZT powder size. When the
powder size is larger than 100 pm, e, is volatile. The larger the
PZT volume fraction, the more severe will be the fluctuations in
e,. This is because PZT’s dielectric constant is much higher than
the matrix silicone resin. When the PZT volume fraction
increases, e, increases rapidly. In addition, as the PZT content
increases, the poling degree of the piezoelectric composite
increases, as does e,. However, when the PZT powder size
increases, more internal material defects tend to appear,
resulting in an unstable or even reduced dielectric constant,
especially at high PZT volume fractions.

Mechanical characterization

The elastic modulus, failure stress, and hardness are essential
material mechanical properties. The elastic modulus is usually
expressed by Young’s modulus, and the values for the samples
were calculated from the initial slope of the tensile stress—strain
curves. The stress—strain curves for piezoelectric composites with
different PZT volume fractions are plotted in Figure 13A. The
stress—strain curves for piezoelectric composites with different
PZT powder sizes at 50% PZT volume fraction are plotted in
Figure 13B.

These figures show that Young’s modulus values increase as
the PZT volume fraction increases, consistent with the Yamada
theory. Young’s modulus values also increase as the PZT powder
size increases. When the PZT powder size is above 110 pm, its
effect on Young’s modulus is gradually weakened because PZT
with small particle sizes is more likely to accumulate in groups,
resulting in defects such as uneven composite distribution. PZT
with large particle sizes is evenly distributed in the silicone resin,
which can effectively distribute the tensile stress, resist
deformation, and improve the elastic modulus.
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Young's modulus and failure strain values of PZT/silicone resin composites. (A) Different PZT volume fractions. (B) Different PZT powder sizes.

The effects of the PZT volume fraction and powder size on
the failure strain of the composite are shown in Figure 14. The
failure strain of the composite decreases with increasing PZT
volume fraction. When the PZT volume fraction is 60%, the
composite has many internal defects, resulting in very low failure
strain. Primarily because the matrix material used for bonding is
reduced with increased PZT content, the binding ability of the
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material decreases, the tensile limit strain of the material is
reduced, and the failure strain decreases.

The failure strain decreases as PZT powder size decreases.
For the same PZT volume fraction, smaller PZT powder sizes
result in a larger number of PZT particles, so the weak binding
interface area between the particles and the matrix increases
accordingly. Therefore, for increasing PZT volume fraction or
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decreasing PZT particle size, the weak binding interface and The variation in hardness with the PZT volume fraction and
defects between the PZT particles and the silicone resin matrix powder size is shown in Figure 15. It can be seen that the
become the main reasons for the reduction of Young’s modulus hardness of the composite increases as the PZT volume
and failure stress values. fraction increases. The hardness of the composite for PZT
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volume fractions below 50% shows a slowly increasing trend,
while the hardness for 50% PZT volume fractions and above does
not change significantly. An increase in the powder size can only
increase the hardness of lower PZT volume fraction composites
to a certain extent. With respect to satisfying the application
conditions, when external objects directly impact the sensor, a
greater piezoelectric composite surface hardness means an
increased ability of the sensor to resist external impact.
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Sensing sensitivity

The strain sensitivity can be measured with piezoelectric
composite sensors in stochastic dynamic strain calibration
experiments. Figure 16A shows the measured sensing
sensitivity values for different PZT volume fractions for the
170~212 pm powder size, while Figure 16B shows the sensing
sensitivity for different powder sizes with a 50% volume
fraction. The results show that the composite sensing
sensitivity increases with increasing PZT volume fraction.
It increases rapidly when the PZT volume fraction is below
50%. The composite has low failure strain and reduced
sensitivity when the PZT volume fraction is 60%, which is
difficult to be applied to structures with large strain and strong
vibration. The sensing sensitivity is highest when the volume
fraction is 50~55%. The sensing sensitivity of the composite
tends to increase first and then decrease slowly with increasing
PZT powder size, peaking at 170~315 um. This is because of
the change in piezoelectric and elastic modulus ratios to the
dielectric constant caused by changes in the PZT volume
fraction and powder size.

Based on the aforementioned conclusions, selecting the right
composite preparation process can guarantee optimal sensing
sensitivity while ensuring that the sensor does not exceed the
failure strain. For example, for a sensor required for large curved
surface structures such as aircraft wings with an 8,000 pe test
range, a material with a PZT volume fraction of 50% and a
powder size of 170~212 um should be preferred to obtain optimal
sensing sensitivity.
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(A) Sensor response signal waveforms at different temperatures. (B) Sensor response voltage amplitude relationship variation with ambient

temperatures.
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Temperature suitability

When the PZT volume fraction is 50% and the powder size is
170~212 um within the temperature range from —55-75°C, the
energy storage modulus and loss factor curves of the piezoelectric
composite are shown in Figure 17. The results show that the
storage modulus of the piezoelectric composite decreases in steps
with increasing temperature, and the storage modulus is the
largest between —55°C and —15°C, indicating that the PZT/
silicone resin piezoelectric composite possesses better sensing
performance in the low-temperature range.

The loss factor increases first and then decreases with
temperature. The piezoelectric composite is in the glass
transition region between 15 and 55°C, and the loss factor
peaks at 30.7°C. This shows that as the temperature increases,
the composite enters the glass transition temperature zone,
the motion of the silicone resin molecular segments
accelerates, and the storage modulus decreases significantly.
The structure of piezoelectric composites changes in the glass
transition temperature region and gradually transforms from
a linear elastomer to exhibiting viscoelasticity and
viscoplasticity.

The ambient temperature adaptability experiment for the
piezoelectric composite sensor has verified the guide wave
response signal and amplitude when the PZT volume fraction
is 50% and the powder size ranges from 170-212 pm within the
0~75°C temperature range, as shown in Figure 18. The sensor can
effectively detect Lamb waves within the temperature range from
0-75°C, but the amplitude decreases as the temperature increases.
In addition, when the temperature is below 30°C, the sensing
response amplitude of the piezoelectric composite shows a strong
linear relationship with temperature. However, when the
temperature is above 30°C, the relationship is nonlinear
because the composite transitions from linear elasticity to
viscoelasticity when the composite enters the glass transition
zone, and the change in sensitivity is caused by the change in the
composite mechanical properties. In summary, the PZT/silicone
resin piezoelectric composite can be applied to the structural
health monitoring of the aircraft at service temperatures, but its
sensitivity should be calibrated according to the environmental
temperature.

Conclusion

In this study, a novel 0-3 PZT/silicone resin piezoelectric
fabricated,
composite

composite was and the preparation of the

piezoelectric and sensors was explained.

Considering the application requirements of sensors for
aircrafts, the piezoelectric constant, dielectric constant, elastic
modulus, failure strain, hardness, sensing sensitivity, and
material  temperature

applicability =~ were proposed to

demonstrate the application potential of the 0-3 PZT/silicone
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resin piezoelectric composite in sensors. The influences of poling
conditions, PZT volume fraction, and PZT powder size on
characterizations were studied. The sensing response model
the
fabrication process for optimal sensing sensitivity over the

and experimental studies determined composite

range required for aircraft structural health monitoring, and
the of the
temperature applicability was conducted.

verification experiment composite sensor’s

The results showed that the optimal poling condition of the
0-3 PZT/silicone resin piezoelectric composite is when the poling
time is 25 min, the poling electric field is 4 kV/mm, and the
poling temperature is 100°C. When the sensor is required to meet
a test range of 8,000 pe, the composite should be fabricated with a
PZT volume fraction of 50% and a powder size of 170~212 um to
obtain optimal sensing sensitivity. The sensor can effectively
detect guide waves within the ambient temperature range from
-55-75°C, and the sensing sensitivity is highest in the low-
temperature range. The research results are expected to
provide a new flexible piezoelectric sensing technology for

aircraft curved structural damage detection.
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