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ABSTRACT: Piezoelectric sensors can be utilized in Lamb-wave-based
structural health monitoring (SHM), which is an effective method for
aircraft structural damage detection. However, due to the inherent
stiffness, brittleness, weight, and thickness of piezoelectric ceramics, their
applications in aircraft structures with complex curved surfaces are
seriously restricted. Herein, we report a flexible, light-weight, and high-
performance BaTiO5:Sm,0;/SrRuO;/SrTiO;/mica film sensor that can
be used in high-temperature SHM of aircraft. Enhanced ferroelectric
Curie temperature (487 °C) and piezoelectric coefficient d;; (120—130
pm/V) are achieved in BaTiO;, which can be attributed to the tensile
strain developed by stiff Sm,0; nanopillars. Stable ferroelectricity and
piezoelectricity are retained up to 150 °C. The flexible BaTiO3:Sm,0;/
StRuO;/SrTiO;/mica film is validated as an ultrasonic sensor with high
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sensitivity and stability for damage monitoring on aircraft structures with the curved surface ranging from 25 to 150 °C. Our work
demonstrates that flexible and light-weight BaTiO;:Sm,0;/SrRuQO;/SrTiO;/mica film sensors can be employed as high-temperature

piezoelectric sensors for real-time SHM of aircraft structures with complex curved surfaces.

KEYWORDS: flexible sensor, piezoelectric sensor, BaTiO3 Lamb wave, structural health monitoring

B INTRODUCTION

Aircraft structural health monitoring (SHM)'™° is an
important method for determining the integrity of structures,
ensuring flight safety, and guiding the design and maintenance.
It utilizes the sensors integrated within aircraft structures to
obtain online the structural-health-condition-related signals.
This combines signal processing methods, mechanical
modeling, and damage diagnosis to evaluate the integrity of
structures. Among the existing SHM methods, piezoelectric
transducers and the Lamb-wave-based SHM®™® method have
been widely studied and adopted for their advantages of large
monitoring area and high sensitivity to small damage. Apart
from carrying out SHM at room temperature, it is of great
significance to conduct SHM of curved aircraft structures in a
high-temperature environment, such as aircraft engines10 and
engine casings, especially thermal protection systems
(TPS)"'~"* of hypersonic aircraft."’ Due to the harsh and
high-temperature flight environment, TPS as well as aircraft
structures protected by it may be damaged by the loosening
and detachment of connecting bolts, structural cracking,
material ablation, etc. This in turn threatens the safety of
hypersonic aircraft. Usually, the inner surface temperature of
TPS as well as the temperature of structures protected by it is
about 150 °C.'* Currently, to design high-temperature
piezoelectric sensors, lead zirconate titanate (PZT) and
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BaTiO; ceramics'”'® as well as composite films prepared by

these two materials and other materials'’~>* have been widely
studied (Table S1 in the Supporting Information). However,
the structure of the inner surfaces of TPS is very complex, and
the inherent stiffness, brittleness, thickness, and weight of the
piezoelectric ceramics restrict their SHM applications in TPS
structures with complex curved surfaces. Therefore, it is still a
challenge to realize the high-temperature SHM of complex
curved structures. The development of high-temperature
piezoelectric sensors with great flexibility and high perform-
ance is highly desired.

The existing flexible piezoelectric sensors used for SHM can
be divided into three categories (Table S1 in the Supporting
Information): poly(vinylidene fluoride) (PVDF) and other
related organic piezoelectric materials;'”** organic composite
piezoelectric materials based on PZT;'”'® and polycrystalline
PZT films based on flexible organic substrates or metal foil
substrates.' "’ Organic, organic composite, and organic
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Figure 1. (a) Typical XRD 6—20 scan of the BTO:Sm,0;/SRO/STO/mica film. (b) Reciprocal space maps around mica (007) (left panel) and
mica (069) (right panel) peaks. (c) Cross-sectional TEM image showing clear pillars of Sm,0; embedded in a BTO matrix grown on an SRO-
STO-buffered mica substrate. (d) High-resolution TEM image of the BTO and Sm,Oj interface. (e) Crystallographic model of the BTO:Sm,0;/

SRO/STO/mica film.

substrate-based flexible piezoelectric sensors used for high-
frequency guided wave SHM do not work steadily above room
temperature. Regarding piezoelectric film sensors based on
metal foil substrates, piezoelectric films need to be transferred/
sprayed to metal foil substrates for the realization of flexibility.
However, this method requires a complicated process, which is
not cost-efficient. On the other hand, metal foil substrates with
a thickness of at least millimeter scale are used in sensors. This
inevitably brings interference to the reception and interpreta-
tion of signals.”

Barium titanate (BaTiO;, BTO) and its derivatives can be
alternative candidates for designing lead-free piezoelectric
sensors.”**” However, a low Curie temperature of 130 °C in
BTO ceramics and a poor piezoelectric coefficient ds; (<SS
pm/V) in BTO films or nanowires restrict their practical
applications around room temperature. Recently, strain
engineering has been used for manipulating dielectric proper-
ties, improving the leakage current, and enhancing the
terroelectric Curie temperature and polarization in epitaxial
BTO films grown on conventional rigid substrates.”*™**
However, these reported piezoelectric properties of epitaxial
BTO films are still not comparable to those of PZT films
(Table S1 in the Supporting Information).'”~>°

Herein, we report that the flexible BTO:Sm,0;/SrRuO;/
SrTiO;/mica (BTO:Sm,0;/SRO/STO/mica) film can be
used as a high-temperature piezoelectric sensor for Lamb-
wave-based SHM of complex curved aircraft structures. High-
quality BTO:Sm,0O; nanocomposite films with the thickness of
500 nm were grown on SRO-STO-buffered inorganic
muscovite mica, KAL(AlSi;O,,)F,, substrates through the
van der Waals (vdW) epitaxy.”> > Enhanced ferroelectric
Curie temperature, from 130 to 487 °C, and piezoelectric
coefficient dy; (120—130 pm/V) are achieved in the BTO via
strain engineering. The change in the piezoelectric coeflicient

d3; and the dielectric constant is below 4% by varying the
temperature from 25 to 150 °C. In addition, the piezo-
electricity and flexibility of the flexible BTO:Sm,05;/SRO/
STO/mica film sensor remain excellent after 10* bending
cycles. By comparing the change in amplitudes of the health-
response signals and damage-response signals on the curved
aluminum plate, from 25 to 150 °C, the stable attenuation ratio
was around 23.9%. Our work demonstrates that the flexible
BTO:Sm,0;/SRO/STO/mica film sensor can be applied as a
high-temperature piezoelectric sensor for real-time Lamb-wave-
based SHM of both flat and curved platelike structures.

B RESULTS AND DISCUSSION

The X-ray diffraction (XRD) 8—20 scan of the BTO:Sm,0;
nanocomposite film reveals that only (111) BTO, SRO, and
STO and (224) Sm,0; diffraction peaks with mica (00!) peaks
can be observed without any other intermixed crystalline
phases (Figure 1la). The XRD spectrum also confirms that
BTO and Sm,0; phases coexist in the nanocomposite film,
consistent with previous reports.29’3o In comparison with the
pure BTO film (Figure S1 in the Supporting Information), we
found that the peak position of BTO (111) in the BTO:Sm, 04
nanocomposite film clearly shifts toward a lower angle. This
indicates that the BTO phase in the BTO:Sm,0O; nano-
composite film is under tensile strain along the out-of-plane
direction. The lattice constant of the BTO (222) peak is
increased to be around 1.1905 A (1.1601 A for the bulk BTO

(222) peak). Based on the equation of %%, the out-

of-plane tensile strain is calculated to be ~2.62% for the BTO
phase in the BTO:Sm,0; nanocomposite film. According to

: 30,32 . o .
previous reports, the observed tensile strain in BTO is
induced by the lattice mismatch with the stiff Sm,0; phase,
which is insulating (nonferroelectric material) and has a lar%e
elastic modulus of 125 GPa, compared to 67 GPa of BTO.””*
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Figure 2. (a) Ferroelectric hysteresis loops. (b) PEM phase contrast after + 20 V writing (10 X 10 gm?) and —20 V writing (5 X 5 gm?). Scale bar
is S um. (c) Effective piezoelectric coefficient d;; and phase hysteresis loops. Temperature-dependent changes of (d) the effective piezoelectric
coefficient d;; and (e) the dielectric constant. Room-temperature values are the reference. (f) Left panel: schematic diagram of the flexible
BTO:Sm,03/SRO/STO/mica film sensor used for Lamb-wave measurements. TE and BE are top and bottom electrodes, respectively. Right panel:
photograph of the flexible BTO:Sm,0;/SRO/STO/mica film sensor under bending with a 15 pm thick mica cleavage.

X-ray reciprocal space maps (RSMs) were used to determine
the crystallographic orientation along the in-plane direction
(Figure 1b). The detailed microstructure of the BTO:Sm,0,/
SRO/STO nanocomposite film was further investigated by a
transmission electron microscope (TEM) (Figure 1lc),
revealing the layered structure of the BTO:Sm,0;/SRO/
STO/mica. Also, we can see that self-assembled Sm,O;
nanopillars are distributed and embedded in a BTO
matrix.””**** High-resolution TEM image (Figure 1d) exhibits
a defect-free and coherent interface at the interface between
BTO and Sm,0; Based on XRD and TEM results, high-
quality heteroepitaxy of the BTO:Sm,0;/SRO/STO film on
flexible mica substrates is delivered, as shown in Figure le.
Owing to the large tensile strain applied to BTO in the
nanocomposite film, its ferroelectric and piezoelectric proper-
ties are strongly improved. Compared with the ferroelectric
Curie temperature of 130 °C for the BTO ceramic, the
terroelectric Curie temperature of BTO in the nanocomposite
film enhanced to around 487 °C (Figure S2 in the Supporting
Information), in agreement with the theoretical prediction.””
Moreover, as shown in Figure 2a, robust ferroelectric hysteresis
loops were measured from 25 to 150 °C, indicating that
ferroelectricity can be retained in the flexible BTO:Sm,0;/
SRO/STO/mica film at least at 150 °C. This is further
confirmed by the box-in-box phase mapping through
piezoresponse force microscopy (PFM) measurements (Figure

47766

2b). In addition, the piezoelectric properties of the flexible
BTO:Sm,0;/SRO/STO/mica film with a 15 ym thick mica
substrate were systematically investigated by PEM (Figure 2c).
The piezoelectric coefficient (d;;) with an enhanced value of
120—130 pm/V is attributed to the tensile strain generated by
the rigid Sm,0; nanopillars.*” Moreover, it is retained from 25
to 150 °C. The d,; value of this work (Table S1 in the
Supporting Information) is higher than that of BTO
nanowires, plain BTO films, and BTO:Sm,0; nanocomposite
films grown on conventional rigid substrates.””***' We also
noted that the piezoelectric coefficient (dy;) of the flexible
BTO:Sm,0;/SRO/STO/mica film is comparable to that of
PZT films.”" Furthermore, a decent stability of piezoelectricity
and flexibility was confirmed by 10* bending cycles (Figure S3
in the Supporting Information). This indicates that a flexible
BTO0:Sm,0;/SRO/STO/mica film can be a candidate for
developing a lead-free and light-weight piezoelectric sensor.
Also, as shown in Figure 2d,e, temperature-dependent changes
of dy; and the dielectric constant are below 4%. High-
temperature stability of d;; and the dielectric constant
observed in the flexible BTO:Sm,05/SRO/STO/mica film is
pivotal to the development of a high-temperature piezoelectric
sensor. Figure 2f exhibits the schematic diagram and
photographic image of the flexible BTO:Sm,0;/SRO/STO/
mica film sensor used for Lamb-wave-based SHM measure-
ments.
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Figure 3. (a) Schematic diagram of the experimental setup for measuring Lamb-wave response signals. (b) Lamb-wave response signals at different
central frequencies measured from the flat aluminum plate and at 25 °C. (c) Comparison of the group velocities of Sy and Ay modes of
experimental and theoretical results. (d) S, mode of Lamb-wave response signals at a central frequency of 350 kHz detected by the flexible
BTO0:Sm,05/SRO/STO/mica film sensor (top panel) and the PZT ceramic (bottom panel) sensor and measured at 25 °C. (e) Change in
amplitude of Lamb-wave response signals in the S, mode for the flexible BTO:Sm,0;/SRO/STO/mica film sensor (top panel) and the PZT

ceramic (bottom panel) sensor obtained from (d).

To verify that the flexible BTO:Sm,05/SRO/STO/mica
film sensor can correctly respond to Lamb wave and can be
applied to high-temperature SHM of complex curved
structures, three experiments were carried out, including
Lamb-wave response and damage monitoring on an aluminum
flat-plate, damage monitoring on an aluminum plate with a
complex curved surface, and high-temperature damage
monitoring on an aluminum plate with a complex curved
surface.

Figure 3a presents an enlarged schematic diagram of the
SHM experiment of an aluminum flat-plate structure of
aircraft. The flexible BTO:Sm,0;/SRO/STO/mica film sensor
(10 mm X S mm X 500 nm) and the PZT SA ceramic wafer
(PZT 1, ¢ 8 mm X 0.48 mm, Fuji Ceramics Corporation)
were pasted on the 2 mm thick aluminum flat-plate as the
sensing element and the actuating element, respectively.
Another PZT SA ceramic wafer (PZT 2, ¢ 8 mm X 0.48

47767

mm, Fuji Ceramics Corporation) as a reference sensing
element was also pasted next to the flexible BTO:Sm,0;/
SRO/STO/mica film sensor. It should be emphasized that the
weight of one flexible BTO:Sm,0;/SRO/STO/mica film
sensor is around 2.9 mg, which is significantly lighter than
that of one commercial PZT SA ceramic wafer (¢ 8 mm X
0.48 mm, Fuji Ceramics Corporation) with the weight of 170
mg. This demonstrates the advantage of the flexible
BTO:Sm,0;/SRO/STO/mica film sensor in being light
weight. The distance between the excitation source and the
sensing elements was 15 cm. The five-peak wave signals with
different central frequencies were generated by a function
generator and amplified to +70 V by a power amplifier and
then applied to the PZT 1 (excitation source). Based on the
inverse piezoelectric effect, the deformation of the PZT
ceramic wafer causes the Lamb wave to be excited and
propagated along the aluminum flat-plate. By utilizing the

https://doi.org/10.1021/acsami.1c13704
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Figure 4. (a) Side view (left panel) and top view (right panel) of the schematic diagram of detecting damage on the curved aluminum plate. (b) S,
mode of Lamb-wave response signals at a central frequency of 350 kHz received by the flexible BTO:Sm,0;/SRO/STO/mica film sensor.

positive piezoelectric effect, the flexible BTO:Sm,0;/SRO/
STO/mica film sensor and PZT 2 converted the deformation
caused by Lamb wave into electrical signals, which were
amplified by 50 times using a charge amplifier and eventually
displayed on an oscilloscope (Figure 3a).

The waterfall plot of Lamb-wave response signals received
by the flexible BTO:Sm,05/SRO/STO/mica film sensor is
presented in Figure 3b, which was obtained by sweeping the
frequency without damage simulation. Each line represents a
response signal at a central frequency ranging from 200 to 500
kHz. Among the response signals, the relative signal amplitudes
of Sy and Ay modes are different by sweeping the frequency. At
low frequencies, the response signal amplitude of the S, mode
is very small compared with that of the A, mode. With the
increase in frequency, the response signal amplitude of the S,
mode becomes larger and both Ay and S; modes start to be
activated.” Furthermore, group velocities of Ay and S, modes
of experimental results at different frequencies are calculated
and compared with the theoretical dispersion curve of the
Lamb wave on the 2 mm thick aluminum flat-plate (Figure 3c).
We can see that group velocities of the experimental results
agree well with theoretical values, and the group velocities of S,
and Ay modes become smaller and larger, respectively, with the
increase of frequency. These prove the correctness of Lamb-
wave response signals received by the flexible BTO:Sm,0;/
SRO/STO/mica film sensor. The amplitude and waveform of
the Lamb wave with the central frequency of 350 kHz are the
most stable, and the influence of boundary scattering is the
least. Thus, the Sy mode of the Lamb wave of 350 kHz is
selected as subsequent damage detection experiments.

To further investigate the response of the flexible
BTO:Sm,0;/SRO/STO/mica film sensor to damages, follow-
ing the method developed by Sohn et al,** a soft sealant used
as an artificial damage was bonded on the aluminum plate for
simulating the real damage (Figure 3a). Theoretically, the
response signal amplitude of the Lamb wave will decrease

obviously after the occurrence of damage.””* Figure 3d
displays the Lamb-wave response signals received by the
flexible BTO:Sm,05/SRO/STO/mica film sensor and PZT 2
before and after the damage simulation. Basically, the S; modes
of the Lamb-wave response signals received by the flexible
BTO:Sm,0;/SRO/STO/mica film sensor and PZT 2 in a
healthy state are consistent, except for the difference in signal
amplitude and time. This is caused by the difference in the
volume and mass of the film and the ceramic and the difference
in their piezoelectric properties. On the other hand, after the
damage simulation, the amplitude of Lamb wave response
signal detected by flexible BTO:Sm,03;/SRO/STO/mica film
sensor is significantly weaker than that of Lamb wave response
signal before the damage simulation. A similar attenuation of
the amplitude of the Lamb-wave response signal was also
detected by PZT 2. The change in amplitude of response
signals before and after the damage event is presented in
Figure 3e. The average amplitude of the six peaks of response
signals after the damage event received by the flexible
BTO:Sm,0;/SRO/STO/mica film sensor and PZT 2
decreased by 482 and 46.7%, respectively. This indicates
that the sensitivity of the flexible BTO:Sm,0;/SRO/STO/
mica film sensor is slightly better than that of the PZT ceramic
sensor. These results also demonstrate that the flexible
BTO:Sm,0;/SRO/STO/mica film sensor may replace the
role of the PZT ceramic sensor in Lamb-wave-based damage
detection. We want to emphasize that the flexible BTO:S-
m,0;/SRO/STO/mica film sensor has the characteristics of
being lead-free, light weight, and flexible.

Thanks to its light weight and flexibility, the flexible
BTO:Sm,05/SRO/STO/mica film sensor can overcome
some disadvantages of the PZT ceramic sensor and be
mounted on complex structures with curved surfaces. The
side view and top view of the schematic diagram of detecting
damage on the curved aluminum plate are provided in Figure
4a. The flexible BTO:Sm,05/SRO/STO/mica film sensor as
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Figure S. (a) Dynamic Lamb waves excited at 0.02 ms (left panel) and received at 0.04 ms (right panel). (b) Comparison of the S; mode of Lamb-
wave response signals at a central frequency of 350 kHz obtained from the simulation and experiment. (c) Temperature-dependent attenuation
ratio calculated from the change in amplitude of Lamb-wave response signals in the Sy mode for the flexible BTO:Sm,0;/SRO/STO/mica film
sensor. The inset is the Sy mode of Lamb-wave response signals at a central frequency of 350 kHz measured at 150 °C. The blue wave indicates

signal from health, and the red wave indicates signal after damage.

the sensing element was mounted on the curved part of the
aluminum plate, while the PZT ceramic wafer as the excitation
source was attached to the flat part of the aluminum plate. The
curvature of the bonding position of the flexible BTO:Sm,0;/
SRO/STO/mica film sensor is around 0.016 mm~'. The
distance between the flexible BTO:Sm,05;/SRO/STO/mica
film sensor and the PZT ceramic is still 15 cm. Similar to the
SHM experiment on an aluminum flat-plate, an artificial
damage case was bonded on the flat part of the aluminum plate
to simulate the real damage. Lamb-wave response signals were
acquired before and after the damage simulation. The
excitation signal was still amplified by +70 V with wave
signals at a 350 kHz central frequency. As shown in Figure 4b,
the amplitudes of Lamb-wave response signals are significantly
decreased after the damage simulation. Due to the high signal-
to-noise ratio, the flexible BTO:Sm,0;/SRO/STO/mica film
sensor accurately extracted the damage reading.

To validate the correctness of Lamb-wave response signals
of the flexible BTO:Sm,05/SRO/STO/mica film sensor on
the curved aluminum plate, the finite element simulation
(FEM) analysis of Lamb-wave propagation on an aluminum
plate based on the flexible BTO:Sm,0;/SRO/STO/mica film
sensor was carried out (Figure S4 in the Supporting
Information). Figure Sa presents the dynamic Lamb waves
excited at 0.02 ms and received at 0.04 ms. Lamb waves are
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indeed transferred through the curved surface and received by
the flexible BTO:Sm,05/SRO/STO/mica film sensor. Lamb-
wave response signals obtained from the experiment and
simulation are further compared and shown in Figure Sb. The
response signals are normalized by amplitude and aligned by
the peak value for easy comparison. Obviously, the Sy mode of
the simulation signal agrees well with that of the experimental
signal, which proves the correctness of the experimental signal.
These results strongly suggest that the flexible BTO:Sm,0;/
SRO/STO/mica film sensor can achieve damage monitoring
on the curved aluminum plate.

To further examine the stability and reliability of the flexible
BTO:Sm,0;/SRO/STO/mica film sensor working at a high
temperature, we carried out the experiment of high-temper-
ature damage monitoring on an aluminum plate with a curved
surface. The aluminum plate with the flexible BTO:Sm,0,/
SRO/STO/mica film sensor mounted on the curved part and
the PZT ceramic wafer mounted on the flat part was placed in
a chamber by changing the temperature from 25 to 150 °C
(maximum temperature of the chamber). The high-temper-
ature experiment was carried out at 150 °C for more than 2 h
without signal attenuation or abnormality. Accordingly, signal
wires and the binder were replaced by ones that can withstand
high temperatures. The inset of Figure Sc shows the
comparison of Lamb-wave response signals received by the

https://doi.org/10.1021/acsami.1c13704
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flexible BTO:Sm,0;/SRO/STO/mica film sensor and meas-
ured at 150 °C before and after the damage simulation. The
amplitude of the Lamb-wave response signal is clearly found to
decrease after the damage simulation. More importantly, as
presented in Figure Sc, the attenuation ratio calculated from
the change in amplitude of Lamb-wave response signals
stabilizes at around 23.9% by varying the temperature from 25
to 150 °C. These results demonstrate that the flexible
BTO:Sm,0;/SRO/STO/mica film sensor shows excellent
stability and reliability at high temperatures.

B CONCLUSIONS

In summary, an enhancement of the ferroelectric Curie
temperature (487 °C) and the piezoelectric coefficient (ds;)
with a value of 120—130 pm/V is achieved in the flexible
BTO:Sm,0;/SRO/STO/mica film owing to the tensile strain
induced by the stiff Sm,O; nanopillars. The stability of d;; and
the dielectric constant is confirmed by varying the temperature
from 25 to 150 °C. Lamb-wave-based damage monitoring on
both flat and curved aluminum plates is demonstrated by the
flexible BTO:Sm,0;/SRO/STO/mica film sensor. More
importantly, the flexible BTO:Sm,0;/SRO/STO/mica film
sensor shows a high sensitivity and stability of detecting
damages from 25 to 150 °C on the curved aluminum plate.
Our work demonstrates the feasibility of employing the flexible
BTO:Sm,0;/SRO/STO/mica film sensor as a high-temper-
ature piezoelectric sensor with characteristics of being lead-free
and light weight for real-time online SHM of aircraft structures
with complex curved surfaces.

B EXPERIMENTAL SECTION

Film Fabrication. (BaTiO;),s:(Sm,05),s nanocomposite films
and BaTiO; films were deposited on mica substrates using pulsed
laser deposition. The growth temperature was at 800 °C, and the
oxygen partial pressure was optimized at 0.25 mbar with a laser
repetition rate of 3 Hz. Prior to the growth of (BaTiO5)ys:(Sm,03)0s
nanocomposite films, the SrTiO; buffer layer and the SrRuOj;
electrode layer were deposited at 780 °C with 0.2 mbar oxygen
partial pressure. After the deposition, all films were cooled at a rate of
5 °C/min to room temperature in an oxygen pressure of 0.8 atm.
Mica substrates were exfoliated to a thickness of 15 ym by mechanical
stripping, which allowed the (BaTiO;),:(Sm,03),s nanocomposite
film to bend.

Characterization. High-resolution four-circle X-ray diffraction
(Panalytical Empyrean, Ka radiation) and transmission electron
microscopy (TEM, FEI Tecnai F20 analytical microscopy) were used
to investigate the crystallography of thin films. Piezoresponse force
microscopy measurements were carried out using Asylum Research
AFM MFP-3D origin with an environmental controller and an HVA
220 high-voltage amplifier. To obtain the deformation of the
piezoelectric material due to the a7pplication of voltage, the switching
spectroscopy PEM (SS-PFM)***” was conducted to determine the
measured piezoresponse amplitude as a function of driving frequency,

f
foAd
J@& =77 + (/7 (1)

where Ay is the amplitude of the electric-field-induced deformation
driving the system, Q is the quality factor, and f, is the resonant
frequency. In addition, SS-PFM measurements were performed in the
dual AC resonance tracking (DART) mode, which used two
excitation frequencies f; and f, and led to four measured quantities,
namely, the corresponding amplitudes A, and A, and phases ®; and
®,. As a result, the A4 can be calculated from the obtained values of Q
and f,. The effective piezoelectric coefficient d5f was further extracted

A(f) =

from Ay = d¥V,, where V,  is a drive amplitude. Ferroelectric
hysteresis loops were measured by a Radiant Precision materials
analyzer. Dielectric measurements were carried out using an
impedance analyzer (E4990A). The temperature was controlled by
a Linkam Scientific Instruments HFS600E-PB4 system. For the
ferroelectric and dielectric measurements, Au top electrodes with an
area of 7.85 X 10™° cm? were used. The instrument used for bending
is a lab-made oscillator, and a bending radius of 4 mm was used for
examining the flexibility.

SHM Measurements. To carry out the SHM on the aluminum
plate, the flexible (BaTiO;)o5:(Sm,03),5/SrRuO;/SrTiO;/mica film
was processed as a sensor. The SrRuO; layer is the bottom electrode,
and the Au top electrode with an area of 7.065 X 107 cm? is
sputtered onto the flexible (BaTiO3)y5:(Sm,0;)0s/StRuO;/SrTiO5/
mica film, forming a typical sandwich structure sensor (Figure 2f).
Indium was used to weld the film to the shielding wire and eventually
to connect it to the measurement system, which includes a digital
storage oscilloscope (Agilent MSOX 3014A), a function generator
(SDG 5122), a power amplifier (KROHN-HITE MODEL 7602M),
and a charger amplifier (homemade). To conduct SHM above room
temperature, a high-temperature test chamber (PV-221CSB) was used
to control the temperature from 25 to 150 °C. The heating rate was 5
°C/min, and the duration was 30 mins for each tested temperature,
which guarantees the stability of temperature and the durability of the
flexible (BaTiO3),5:(Sm,03)05/StRuO;/SrTiO5/mica film sensor.
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