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Abstract: Piezoelectric thermoset composites (PTCs) are the class of material having the ability of
transformation between mechanical energy and electric energy. In addition to having the advantages
of high strength, easier processing, lower temperature, pressure requirement and unlimited storage,
PTCs also have high stiffness, high elastic modulus and high strain coefficients. This review presents
the advances and approaches used in PTCs and their applications. Various techniques, such as
analytical, finite element and experimental methods for analyzing the coupled piezoelectric
responses, are also reviewed. This paper also includes current applications of PTCs in strain sensing,
vibration control, actuation, energy harvesting, structural health monitoring and biomedical fields.
The studies of PTCs and its applications are in the emerging phase, and the review permits to find
new notions for interface studies and modelling progresses for PTCs. In addition to that, these
reviews pave the way for various research potentials towards the flourishing pertinent application
zones of PTCs. Also, this review highlights the relevance of the particular research area and
preliminary work under its different approaches, necessitates the need for more researches.
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1. Introduction

Composite materials are accessible in many engineering fields like aerospace, automobiles, civil
structures, etc., due to their high strength to density and stiffness to density ratios. But nowadays,
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composite materials being the primary load-carrying member of any structure is expected to have
additional functionality along with its primary services. These other functions enable the composite
structure to sense and to provide actuation to the system under consideration and control the same.
The conventional composite materials can refine their properties and be smart by joining in hand
with adaptive, and smart materials. The most common smart materials are piezoelectric and
electrostrictive materials, shape memory alloys, magnetostrictive materials, electro and
magnetorheological fluids, fibre optics etc. When these smart materials are bonded or embedded in
composite materials, the performance and capabilities of the conventional composites are improved
and acquire some additional functionality to its primary (usually structural) purpose. Smart materials
can respond to changes in stress, strain, displacement, velocity, acceleration, electrical, thermal or
other mechanical change of a structure through changes in their properties in a controlled manner to
maintain desirable and satisfactory performance.

Among these smart materials, piezoelectric ceramics as sensors and actuators exhibit unique
and superior characteristics over the others which are suitable for applications like noise and
vibration, shape and position control, non-destructive testing, energy harvesting and health
monitoring systems. The fields of applications of piezoelectric thermoset composites (PTCs) ranges
from, aerospace industry to micro and nano-electromechanical sensors and actuators. So,
piezoelectric ceramics, act both as sensors and actuators in PTCs. This paper also reviews
piezoelectric ceramics and its applications in biomedical, aerospace, automotive, sport and machine
tool industries, aviation, civil structures etc., due to their lightweight, self- monitoring and self-
controlling capability.

2. Piezoelectric elements and characteristics

Piezoelectric ceramics and piezo polymers are active materials which possess the ability to alter
the geometric to material properties under the application of various external stimuli, thereby
acquiring an inherent capacity to transduce energy [1,2]. In short, in piezoelectric elements generates
piezoelectric and the inverse piezoelectric effects. That is, the generation of electric charge upon
piezoelectric material is deformation and development material deformation upon application of
electric charge. The dipole re-orientation of piezoelectric material by an external electric field is
shown in Figure 1.

Though the most common piezoelectric ceramics are Lead zirconate titanate (PZT), Lead
magnesium niobate (PMN), Lead meta niobate (LMN) and Lead titanate (LT), PZT’s have been the
most widely employed. The most commonly used piezo-polymer is Polyvinylidene fluoride (PVDF)
even though other piezo-polymers like Polyvinylidene trifluoroethylene P(VDFTrFe),
polyvinylidene fluoride tetrafluoroethylene and their copolymers exist [3]. Various piezoelectric
materials and their strain capabilities are specified in Table 1.
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Figure 1. Dipole re-orientation by an external electric field in the piezoelectric material.

Table 1. Piezoelectric materials and their strain capabilities.

Piezoelectric material ~ Density (g/cm3) Piezoelectric (strain) Electro-mechanical coupling  Refs.
constant ds3 (m/v) coefficient ki3

PZT 7.80 450x10"° 0.66 [4,5]

PVDF 1.78 4.00x 107" 0.12 [6]

PMN-PT 7.70 3.57x 107" 0.94 [6,7]

LMN 6.30 0.77 x 10" 0.42 (8]

2.1. Lead zironate titanate (PZT)

Combining the chemical compound titanate with lead and zirconium under very high
temperature result in the formation of PZT. Superior material characteristics like high dielectric
constant, high coupling coefficient and high density along with fine grain structure and noise-free
response make PZT highly employable inflow or level sensors, ultrasonic non-destructive testing,
generation of high-voltage energy in ultrasonic cleaners, sonar devices, etc. In addition to this, higher
mechanical quality and more economical operation increase its demand among other piezoelectric
materials [4-7].

The PZT samples(a PbTiOs and PbZrO; mixture) exhibits high values of electro-mechanical
coupling factor and energy conversion effectiveness coefficient depending on the composition [8].
Electro-mechanical coupling factor, kp, is an indicator of the energy conversion effectiveness and
piezoelectric charge constant. d, is the mechanical strain experienced by a piezoelectric material per
unit of the electric field applied. The high values of kp and d in PZTs make it highly acceptable than
the other piezoelectric ceramics. This PZT system embedded over polymer composites were studied
by several investigators [9—14].
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2.2. Lead magnesium niobate-lead titanate (PMN-PT)

PMN-PTs which finds its application as actuators demonstrate large electrostriction strains [15].
These materials exhibit outstanding piezoelectric properties (e.g., ds3 = 357 x 1072 m/v, ki3 = 0.94)
and it has other specific advantages such as negligible hysteresis, lower creep and lack of high
voltage that considerably outdoes PZT ceramics [16—17] but exhibits inferior piezoelectric
performance. PMN-PTs finds its application as actuators in the area of biomedical for endoscopy [18]
and as hearing aid [19]. PMN-PTs are challenging to manufacture and lead titanate ceramics in bulk
form undergo a phase transformation, and this limits its application [20].

2.3. Lead meta niobate (LMN)

In pure form, LMNs exhibits the most substantial piezoelectric anisotropy [21] but are of
limited efficacy practically because of the difficulty in manufacturing. This piezoelectric phase
experiences severe cracking while production [22]. Numerous studies had done to fix this issue by
introducing various additions but had limited success, leading to a sharp decrease in anisotropy [23].
Due to this drawback, practical applications of LMNs are limited.

2.4. Polyvinylidene fluoride PVDF

PVDF is the most common piezoelectric polymers used as sensors and actuators. PVDF
polymer is soft and flexible and therefore can be attached easily on to the curved surfaces. Further,
PVDF is chemically inert, robust, creep resistant, and has excellent stability when exposed to
sunlight [24-26]. Also, it has a low density along with low dielectric permittivity resulting in a very
high voltage coefficient [27,28].

But low ds3 and dy, values and little dielectric constant inherent in PVDF have limited its use. In
addition to this, the poling the PVDF film is a touch difficult due to the requirement of the high
electric field. Despite their high dielectric breakdown values, the low piezoelectric voltage constant
makes them inapt for energy harvesting applications [27].

3. Necessity and trends in piezoelectric composites

Embedding piezoelectric materials in composites depend on the required properties of smart
composite structures. Several factors such as type and dimensions of piezoelectric material, its
position, its compatibility with the composites, etc. play a vital role in choosing and embedding the
right kind of piezoelectric materials for composites.

Even though the excellent properties of PZT have widens its area of applications, its unfortunate
mechanical strength act as a limiting factor for their life cycle and performance. Also, the brittleness,
inflexibility and high densities of the piezoelectric ceramics lead to considerable acoustic resistance
which necessitates the need for matching layers [28]. Piezoceramic materials also add additional
mass and stiffness to the host structure, especially when working with flexible and lightweight
materials. In such a status quo, fibre-reinforced polymer composites can be used as a matching layer
for piezoelectric materials which improves the load-bearing capacity of the piezoceramics along with
retaining all the qualities of conventional ceramics (electrical, mechanical, chemical). Coupling
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piezoceramics and polymer composites mitigate the weight and brittleness issues of piezoceramics.
Besides, this enhances the overall mechanical properties and strength of the composite [29].

Therefore, interest in polymer-ceramic [30-34] composites have emerged as an area of
interest [35,36]. These composites can be polarized under the influence of an external electric
field [37]. Piezoelectric ceramic/polymer composites possessing numerous association outlines had
been explored in several studies during the past several years [38,39]. The relationship between the
number of Web of Science-indexed publications under the area of piezoelectric ceramics over the
last few year groups, is shown in Figure 2. The surge in the number of articles portrays the relevance
of the field and the developments occurring in this area. In the present review, the focus is mainly
oriented towards the work done in polymer composites due to its better strength and stiffness
properties. The strength and stiffness properties within the plane of polymer composites can be
controlled more precisely.
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Figure 2. Details of Web of Science-indexed piezoelectric composite articles.
4. Approaches in smart composites

The main approaches in smart composites can be classified as analytical, numerical and
experimental. For the proper characterization of composite materials and their interfaces, the use of
multiple analytical techniques is required. Analysis of composite materials can be quite complex, and
composite material analysis laboratories need correct analysis tools to characterize and resolve many
of the problems of composite materials.

An extensive review of different analysis approaches, namely, analytical approach, finite
element approach and experimental approach on piezoelectric thermoset composites are depicted in
this paper.

AIMS Materials Science Volume 7, Issue 6, 772-787.
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4.1. Analytical approach

Smart composites can be investigated using mathematical models when largescale experimental
studies are expensive and challenging to conduct. Geometrically imperfect piezo-magnetic
nanobeams were analyzed in [40,41] to investigate the thermal post-buckling behaviour. In that work,
the nanobeams were considered as functions of piezoelectric phase percentage and reported that the
increase in phase percentage had increased the applied voltage sensitivity meanwhile increase in
nonlocal parameters resulted in lowering the post-buckling temperatures. Ganesh et al. [42] had
analyzed a delaminated composite plate with active fibre composite under hygrothermal environment.
They have also considered the effect of moisture and temperature and observed that the natural
frequencies were reduced due to delamination. A complete dynamic analysis and significant
coefficients were extracted from reinforced piezo-magneto-thermo-elastic plates by Hadjiloizi et al. [43]
for a set of unit cell problem. According to them, the significant coefficients were not a constant but
a function of time. A mathematical model of a piezoelectric sensor was developed by Asif et al. [44],
to study the debonding effect and verified that the developed model could recover the presence and
extent of partial debonding between the composite laminate and the piezo sensor.

The static, free vibration, dynamic control and transient characteristics of piezoelectric
laminated composite plates were analyzed in [45-47]. And a novel solution for finding twisting
deformation and optimal shape control of smart laminated composites plates was developed by
Soheil et al. [48]. From the study, it was observed that the laminate stiffness could distress the
twisting bending coupling developed by the inclined piezoelectric actuators. The major works using
analytical approaches for piezoelectric polymer composite is shown in Table 2.

Table 2. Summary of major analytical approaches for piezoelectric polymer composites.

Composite material Piezoelectric material Approach Properties Refs.
Laminae PZT-5H Extensional Hamilton’s Degrading performance [15]
principle and improved layer of the partially debonded sensor
theory
Piezo-magneto Hamiltons principle Thermal post-buckling [41]
nanobeam
Graphite epoxy A.F.C. layer Potential energy approach Parametric study [42]
Wafer reinforced Maxwell’s equation Significant coefficients and [43]
magnetoelectric plate dependent field variable

magnetoelectric shell
with honeycomb filler

Elastic layer Piezoelectric + Maxwell’s equation Mechanical and electrical [44]
Piezomagnetic layer properties

Graphite epoxy PFRC actuator Navier’s method and Transient characteristics [45]
Principle of virtual work

Graphite epoxy PZT + PVDF Classical variational Static and dynamic vibration [46]
formulation control

GFRP Kirchoff’s hypothesis Twisting deformation [47]

Graphite epoxy CFRP Higher-order shear Flexural behaviour [48]

deformation kinematics

4.2. Finite element approach

Among the various approaches available, the finite element approach is the useful preliminary
tool to analyze the effect of multiple parameters on PTCs. Several studies enumerating the static,
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dynamic, linear, non-linear parametric analysis using the finite element approach were cited by many
researchers [15,45,48-55]. While the integrity limit and failure behaviour of piezoelectric sensor
embedded fibreglass composite was studied by Lampani et al. [56], the degree of polarisation and
piezoelectric characteristics of PVDF integrated kevlar-carbon fibre composite was investigated by
Michael et al. [57]. The optimal shape control and twisting deformations of PTCs were investigated
by Soheil et al. [48] and concluded that the usage of inclined piezoelectric actuators could suspend
the pure twisting deformation. Mehrdad et al. [58] had modelled an active composite strut and an
active composite panel to find out the optimum voltage for vibration suppression was modelled by
Dutta et al. [59]. The primary studies with finite element methods for piezoelectric polymer
composite are summarised in Table 3.

Table 3. Summary of central finite element works in piezoelectric polymer composites.

Composite material  Piezoelectric material  Approach Properties Refs.

Laminae PZT-5H FEM (Extended Hamilton’s Dynamic characteristics ~ [15]
principle and improvedlayer
theory)
Graphite epoxy PZT + PVDF FEM Static and dynamic [46]
vibration control
GFRP KYNAP FEM-Abaqus (Kirchoff’s law) Twisting deformation [47]
and optimal shape
control
Graphite epoxy and  Trefnol-D + PZT-4 FEM-Ansys (Higher-order shear Flexural behaviour [48]
CFRP deformation kinematics)
CFRC PZT XFEM-Abaqus (Galerkin’s Tensile and in-plane [49]
method) shear properties
Aluminium boron Piezoelectric + FEM-Ansys (Classical laminate Mechanical properties [50]
fibre Piezomagnetic layer theory and Viscoplastic theory) and non-linear responses
Graphite epoxy PZT FEM (Variational principle) Material nonlinearity [51]
Graphite epoxy and PZT FEM-Ansys Vibration [52]
glass epoxy
Graphite epoxy Trefnol-D F.E.M. (Third order shear Non-linear static [53]
deformation theory behaviour
Graphite epoxy PZT-4 FEM (Virtual work principle) Static parameters [54]
Graphite epoxy PZT-5A FEM (Maxwell’s equation) Static- nonlinear [55]
Fibreglass PZT FEM (Strength-based approach) Damage [56]
Kevlar carbon fibre =~ PVDF FEM-Ansys (Dunn and Taya Degree of polarization [56]
micromechanical approach) and mechanical and
piezoelectric
characteristics
Composite strut and PZT-5A FEM Optimum voltage [58]

composite panel

4.3. Experimental approach

Various experimental studies in the field of piezoelectric composites are included in this section
for a better understanding of the influence of multiple static and dynamic parameters of composites
and to validate various finite element and analytical models. The tensile, in-plane shear and bending
properties of PZT piezoelectric embedded carbon fibre reinforced composite was studied by Swati
et al. [49] for analyzing progressive damage. The mechanisms of damages are explored by Lampani
et al. [56] with the help of the four-point bending test of fibreglass composite embedded with PZT
piezo element. Tao et al. [60] had done an investigation to improve the load-bearing capacity of
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PZT/PVDF composites and concluded that the addition of aramid fibre could cause a substantial
improvement in the same. The relevant research works using experimental approaches for
piezoelectric polymer composite is included in Table 4.

Table 4. Summary of major experimental works in piezoelectric polymer composites.

Composite material  Piezoelectric material Properties Refs.

CFRC PZT Mechanical properties (Electronic Universal Testing [49]
Machine)

Fibreglass PZT Mechanical and electrical capacity (4-point bending test [56]
setup)

Aramid PZT + PVDF Mechanical and electrical properties [60]

5. Applications of piezoelectric composites

Piezoelectric embedded composites become acceptable only if its structural integrity is
promised. The reinforcing fibres should be disturbed minimum, and mechanical properties of the
composite should not be reduced [60]. Piezoelectric composites find its applications in various fields
of engineering.

Ariel et al. [61] had used flexible solar cells into the compliant wings of a Robotic bird
(Flapping Wing Ariel Vehicles, FWAVs). FWAVs are comprised of a carbon fibre -mylar composite.
Various wing designs have been suggested by integrating a diverse number of solar cells in different
positions on Robotic bird. Integration of solar cell has increased the stiffness of the wings, and the
deformation produced during flapping generates aerodynamic forces for the flight. Also, the use of
solar cells increases the payload capacity by electrical energy harvesting. Thus the addition of solar
cells makes the wings multifunctional by allowing it to produce electrical power, senses the changes
in wing deformation and to harvest solar energy during flight. This advanced technology is used in
aerospace and its applictions have been explained in [62].

Another central area where PTCs find its application is in the advancement of morphing aircraft
wings and its review was done by Thill et al. [63]. The study reveals that the composites and
polymers with structural flexibility and elastomers with a low cross-link density were considered for
morphing since they can undergo sizeable elastic deformation without permanent changes. Integrated
composites with SMA wires and Fibre Bragg Grating (FBG) were also considered and were sed as
self-actuating structures. Even though the study discloses the difficulty to combine the properties like
flexibility and stiffness to one design, it highlights the aerodynamic performance and operational
benefits of morphing technology and the possibilities of PTCs in morphing technology.

A piezoelectric composite actuator was designed and validated by Mudupu et al. [64] for a
smart projectile fin. The piezo-fibres, embedded within the epoxy matrix and coated with skin, were
used to design a fuzzy logic controller for the fin. The study presented the robustness of design to
overcome various disturbances and subsonic wind velocities. Another application of integrating
electronic communication antenna into a composite structure was detailed in [65—68]. The design
and fabrication of a microchip antenna over a three dimensional orthogonal woven composite
structure [69], its impact testing [70] and damage analysis of the composite [71] had been recently
developed in the field of aerospace.

The application of polymer composites with graphene-silver hybrid nanoparticles in the
biomedical field was presented by Kumar et al. [72]. The uniform distribution of the nanoparticles
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helps better exfoliation and dispersion of the nanofiller in the polymer composite matrix. It also
improves the storage modulus and enhances electrical conductivity.

The applications of luminescent ions- in the composite matrix and other advanced composite
materials were reviewed by Bai et al. [73]. Luminescent ion coupled composites have additional
optical and electrical properties, and hence they find its application in sustainable energy devices for
solar light harvesting. Also, their better optical properties have been exploited for diagnosis, nano-
composite biosensors and medical treatment in the biomedical field.

Biranche et al. [74] had reviewed the critical characteristics and fabrication routines of
piezoelectric materials, including piezoelectric ceramics, piezoelectric polymers and piezoelectric
composites from the perspective of bone tissue engineering. The relatively high piezoelectric
properties of ceramics combined with bioactive filers enhances the potential of ceramic matrix
composites as bone tissue engineering material. But the major limitation of thesis the absence of
mechanical simulation control.

Vaidya et al. [75] had developed a woven E-glass with vertical piles model which enhances the
impact resistance and vibration damping. A 3D space available configuration of sandwich material is
used in form filling, which has increased the strength of the laminate and the impact load-carrying
capacity. Experimental analysis for the active vibration control of E-glass/epoxy laminated
composites using piezoelectric ceramic patches was done by Song et al. [76] an analytical study of
the same combination was done by Bohua et al. [77]. Thierry et al. [78] had conducted a vibration
reduction study to increase the lifespan and avoid the fluttering in the composite fan blades of a
turbojet engine using piezoelectric devices.

Structural health monitoring of cement-based composites with embedded piezoelectric ceramic
had been studied by Biqin et al. [79]. A novel cement-based piezoelectric sensor to the in-situ stress-
time history monitoring of a reinforced concrete frame has been developed, and the results revealed the
feasibility and applicability of the same in the concrete structures. Vibration analysis on the impact
response of multi-layered cement-based piezoelectric composite was done by Taotao et al. [80].

The application of damage detection in smart panels composites had been illustrated by Phong
et al. [81]. In the study, a non-linear vibro-acoustic wave modulation technique was used for the
damage analysis of carbon/epoxy smart composite panels. The research includes the stationary
statistical characteristics of vibroacoustic responses. A theoretical model of carbon nanotube
reinforced piezoelectric cylindrical composite shell has been considered by Hossein et al. [82—89].
The effects of transverse shear and rotary inertia have been included in the study. The wave
propagation characteristics are investigated considering the impact of various piezoelectric coupling
factor, different polarization and different orientation of the nanotubes. The investigation of the
effects of nanotube agglomeration on wave propagation and vibrational characteristics in
hygrothermal were also included in the study. The proposed models find its application in dynamic
stability analysis as well as in structural health monitoring as non-destructive testing. Table 5
includes significant works in various application fields of the piezoelectric polymer composite.
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Table 5. Summary of applications of piezoelectric polymer composites.

Material Application Characteristics Refs.
Carbon fibre with Mylar Solar energy harvesting Stiffness, payload capacity [61]
Composites with SMA wires and Morphing aircraft wings Structural flexibility, low cross- [63]
FBG link density

Epoxy matrix with piezo-fibre Smart projectile fin [64]
Polymer composite with graphene- Biomedical field Storage modulus, electrical [72]
silver hybrid nanoparticles conductivity

Composite matrix with luminescent Solar light-harvesting, Optical and electrical properties [73]
ions biomedical field

Ceramic-composite with bioactive Bone tissue engineering Piezoelectric property [74]
fillers

E-glass/epoxy composite with Vibration control Impact resistance [76-78]
piezoelectric ceramic patches

Carbon epoxy smart composite Damage detection Vibro-acoustic properties [81]
Piezoelectric cylindrical composite Structural health monitoring, Wave propagation characteristics ~ [82—89]
with carbon nanotube dynamic stability

6. Directions of future research

The review reveals that significantly less number of investigations have been enduring under
experimental methods due to the requirement of highly expensive equipment and difficulty in
manufacturing. In these scenarios, analytical and numerical methods found most promising in the
analysis of PTCs. An extensive scope of study exists in the investigation of various types of
piezoelectric materials, their coupling effects on thermoset composites, its failure modes etc. The
various fields of application of PTCs are also wide open for further studies. PTCs finds its
application in the emerging fields of energy harvesting, structural health monitoring, biomedical
fields etc.and the research potential in these areas are in the nascent stage. So, this review paves the
way for new studies in the promising regions of PTCs and its applications. Also, the increase in the
number of studies in the specified area as from Figure 2 reveals the relevance of the topic.

7. Conclusion

In this paper, an overview of various piezoelectric materials and multiple approaches in PTCs
are presented. PZTs are found to be the most promising piezoceramic though studies are going on to
improve the electrical and mechanical characteristics of other piezoelectric materials. When used
with a matching layer, the functionalities of both the piezoelectric element and the attaching layer
can be improved, and thermoset composites are found to be best suited for this purpose. The
applications of PTCs are not limited to the fields of aerospace, structural health monitoring etc. but to
vibration control, energy harvesting, biomedical application and many more. A comprehensive
review of the related journals covering approaches and applications in PTC is done here. The study
reveals the need for extensive development in the area of piezoelectric thermoset composites as the
range of applications is broad.

Conflict of interests

All authors declare no conflicts of interest in this paper.

AIMS Materials Science Volume 7, Issue 6, 772-787.



782

Reference

10.

1.

12.

13.

14.

15.

16.

17.

18.

Khan AA, Zahid N, Zafar S, et al. (2014) History, current status and challenges of structural

health monitoring in aviation. J Space Technol 4: 67-74.

Galea SC, Powlesland IG, Moss SD, et al. (2001) Development of structural health monitoring

systems for composite bonded repairs on aircraft structures, Smart Structures and Materials

2001: Smart Structures and Integrated Systems, 4327: 246-257.

Shahinpoor M (2020) Review of piezoelectric materials, Fundamentals of Smart Materials, The

Royal Society of Chemistry, 13.

Yousefi-Koma A (2018) Piezoelectric ceramics as intelligent materials, Fundamentals of Smart

Materials, The Royal Society of Chemistry, 233.

Das S, Biswal AK, Roy A (2017) Fabrication of flexible piezoelectric PMN-PT based

composite films for energy harvesting. /IOP Conf Ser: Mater Sci Eng 178: 012020.

Kao KC (2014) Dielectric Phenomena in Solids with Emphasis on Physical Concepts of
Electronic Processes, Elsevier Academic Press.

Nunes-Pereira J, Costa P, Lanceros-Mendez S (2018) Piezoelectric energy production, In:

Dincer I, Comprehensive Energy Systems, Elsevier, 3: 381-415.

Blackwoodt GH, Ealey MA (1999) Electrostrictive behaviour in lead magnesium niobate (PMN)
actuators. Part I: materials perspective. Smart Mater Struct 2: 124—133.

Kim SK, Komarneni S (2011) Synthesis of PZT fine particles using Ti’" precursor at a low

hydrothermal temperature of 110 °C. Ceram Int 37: 1101-1107.

Hadjiloizi DA, Georgiades AV, Kalamkarov AL (2012) Dynamic modeling and determination

of effective properties of smart composite plates with rapidly varying thickness. Int J Eng Sci 56:
63-85.

Akdogan EK, Allahverdi M, Safari A (2005) Piezoelectric composites for sensor and actuator

applications. IEEE T Ultrason Ferr 52: 746-775.

Lin XJ, Zhou KC, Zhang XY, et al. (2013) Development, modeling and application of
piezoelectric fibre composites. T Nonferr Metal Soc 23: 98—107.

Mishra S, Unnikrishnan L, Nayak SK, et al. (2019) Advances in piezoelectric polymer

composites for energy harvesting applications: A systematic review. Macromol Mater Eng 304:

1800463.

Sundar U, Banerjee S, Cook-C K (2018) Piezoelectric and dielectric properties of PZT-epoxy

composite thick films. Academ J Polym Sci 1: 555574.

Hadjiloizi DA, Georgiades AV, Kalamkarov AL (2012) Dynamic modeling and determination

of effective properties of smart composite plates with rapidly varying thickness. Int J Eng Sci 56:
63-85.

Elshafei MA, Ajala MR, Riad AM (2014) Modeling and analysis of smart timoshenko beams

with piezoelectric materials. Int J Eng Innovative Technol 3: 21-33.

Jain A, Prashanth KJ, Sharma, AK, et al. (2015) Dielectric and piezoelectric properties of
PVDF/PZT composites: A review. Polym Eng Sci 55: 1589-1616.

LiY, Lu G, Chen JJ, et al. (2019) PMN-PT/epoxy 1-3 composite based ultrasonic transducer for

dual-modality photoacoustic and ultrasound endoscopy. Photoacoustics 15: 100138.

AIMS Materials Science Volume 7, Issue 6, 772-787.



783

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Leadbetter J, Brown JA, Adamson RB (2013) The design of ultrasonic lead magnesium niobate-
lead titanate (PMN-PT) composite transducers for power and signal delivery to implanted
hearing aids. POMA 19: 030029.

Osman KI (2011) Synthesis and characterization of BatiOs ferroelectric material [PhD thesis],
Egypt: Cairo University.

Jaffe B, Cook WR, Jaffe H (1971) Piezoelectric Ceramics, London: Academic Press, 326.
Lupeiko TG, Lopatin SS (2004) Old and new problems in piezoelectric materials research and
materials with high hydrostatic sensitivity. Inorg Mater 40: S19-S32.

Lopatin SS, Medvedev BS, Fainrider DE (1986) Properties of piezoceramics based on solid
solutions of BiTiMOg (M = Nb, Sb) in orthorhombic lead metaniobate. Inorg Mater 21: 1757—
1762.

Bhalla S, Yang YW, Annamdas VGM, et al. (2012) Impedance models for structural health
monitoring using piezo-impedance transducers, In: Soh CK, Yang YW, Bhalla S, Smart
Materials in Structural Health Monitoring, Control and Biomechanics, Berlin, Heidelberg:
Springer, 53—128.

Xu TB (2016) Energy harvesting using piezoelectric materials in aerospace structures, In: Yuan
FG, Structural Health Monitoring (SHM) in Aerospace Structures, Elsevier.

Green DG (1989) Assurance of structural reliability in ceramics, In: Mostaghaci H, Processing
of Ceramic and Metal Matrix Composites, Elsevier, 349-366.

Ivan IA, Agnus J, Lambert P (2012) PMN-PT (lead magnesium niobate-lead titanate)
piezoelectric material micromachining by excimer laser ablation and dry etching (DRIE). Sensor
Actuat A-Phys 177: 37-47.

Swallow LM, Siores E, Dodds D (2010) Self-powered medical devices for vibration suppression,
In: Anand SC, Kennedy JF, Miraftab M, et al., Medical and Healthcare Textiles, Woodhead
Publishing, 415-422.

Liu T, Pei JZ, Xu J (2019) Analysis of PZT/PVDF composites performance reinforced by
aramid fibres. Mater Res Express 6: 066303.

Banerjee S, Cook-Chennault KA (2011) Influence of Al particle size and lead zirconate titanate
(PZT) volume fraction on the dielectric properties of PZT-epoxy-aluminum composites. J Eng
Mater-T ASME 133: 04016.

Banerjee S, Cook-Chennault KA (2011) An analytical model for the effective dielectric constant
of a 0-3-0 composite. J Eng Mater-T ASME 133: 041005.

Banerjee S, Cook-Chennault KA (2012) An investigation into the influence of electrically
conductive particle size on electro-mechanical coupling and effective dielectric strain
coefficients in three-phase composite piezoelectric polymers. Compos Part A-Appl S 43: 1612—
1619.

Banerjee S, Du W, Wang L, et al. (2013) Fabrication of dome-shaped PZT-epoxy actuator using
modified solvent and spin coating technique. J Electroceram 31: 148—158.

Banerjee S, Cook-Chennault KA (2011) An analytical model for the effective dielectric constant
of a 0-3-0 composite. J Eng Mater-T ASME 133: 041005.

Nguyen TT, Phan TTM, Chu NC, et al. (2016) Elaboration and dielectric property of modified
PZT/epoxy nanocomposites. Polym Composite 37: 455-461.

Chao F, Liang GZ, Kong WF, et al. (2008) Study of dielectric property on BaTiOs/BADCy
composite. Mater Chem Phys 108: 306-311.

AIMS Materials Science Volume 7, Issue 6, 772-787.



784

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Malmonge JA, Malmonge LF, Fuzari GC, et al. (2009) Piezo and dielectric properties of PHB-
PZT composite. Polym Composite 30: 1333—1337.

Banerjee S, Cook-Chennault KA (2014) Influence of aluminium inclusions on dielectric
properties of three-phase PZT-cement aluminium composites. Adv Cem Res 26: 63-76.

Banerjee S, Torres J, Cook-Chennault KA (2015) Piezoelectric and dielectric properties of PZT-
cement-aluminium nano-composites. Ceram Int 41: 819-833.

Moffett MB, Robinson HC, Powers JM, et al. (2007) Single-crystal lead magnesium niobate-
lead titanate (PMN/PT) as a broadband high power transduction material. J Acoust Soc Am 121:
2591-2599.

Mirjavadi SS, Forsat M, Barati MR, et al. (2019) Post-buckling analysis of piezo-magnetic
nanobeams with geometrical imperfection and different piezoelectric contents. Microsyst
Technol 25: 3477-3488.

Shankar G, Kumar SK, Mahato PK (2017) Vibration analysis and control of smart composite
plates with delamination and under hygrothermal environment. Thin Wall Struct 116: 53—68.
Hadjiloizi DA, Kalamkarov AL, Georgiades AV (2017) Plane stress analysis of magnetoelectric
composite and reinforced plates: Micromechanical modeling and application to laminated
structures. ZAMM 97: 761-785.

Khan A, Kim HS, Youn BD (2017) Modeling and assessment of partially debonded
piezoelectric sensor in smart composite laminates. Int J Mech Sci 131: 26-36.

Kumar PVS, Reddy DBC, Reddy KVK (2016) Transient analysis of smart composite laminate
plates using higher-order theory. I/MET 7: 166—174.

Phung-Van P, De Lorenzis L, Thai CH, et al. (2014) Analysis of laminated composite plates
integrated with piezoelectric sensors and actuators using higher-order shear deformation theory
and isogeometric finite elements. Comp Mater Sci 96: 495-505.

Dumoulin C, Deraemaeker A (2018) A study on the performance of piezoelectric composite
materials for designing embedded transducers for concrete assessment. Smart Mater Struct 27:
035008.

Gohari S, Sharifi S, Vrcelj Z (2016) A novel explicit solution for twisting control of smart
laminated cantilever composite plates/beams using inclined piezoelectric actuators. Compos
Struct 161: 471-504.

Swati RF, Elahi H, Wen LH, et al. (2018) Investigation of tensile and in-plane shear properties
of carbon fibre-reinforced composites with and without piezoelectric patches for micro-crack
propagation using extended finite element method. Microsyst Technol 15: 2361-2370.

Ye J, Cai H, Wang Y, et al. (2018) Effective mechanical properties of piezoelectric-
piezomagnetic hybrid smart composites. J Intel Mat Syst Str 29: 1711-1723.

Rao MN, Tarun S, Schmidt R, et al. (2016) Finite element modeling and analysis of piezo-
integrated composite structures under large applied electric fields. Smart Mater Struct 25:
055044.

Kulkarni P, Kanakaraddi RK (2015) Finite element modeling of piezoelectric patches for
vibration analysis of structures. /RJET 2: 1207-1213.

Kishore MH, Singh BN, Pandit MK (2011) Non-linear static analysis of smart laminated
composite plate. Aerosp Sci Technol 15: 224-235.

Beheshti-Aval SB, Lezgy-Nazargah M (2010) A finite element model for the composite beam
with piezoelectric layers using a sinus model. J Mech 26: 249-258.

AIMS Materials Science Volume 7, Issue 6, 772-787.



785

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Sateesh VL, Upadhyay CS, Venkatesan C (2010) A study of the polarization-electric-field non-
linear effect on the response of smart composite plates. Smart Mater Struct 19: 075012.
Lampani L, Sarasini F, Tirillo J, et al. (2018) Analysis of damage in composite laminates with
embedded piezoelectric patches subjected to bending action. Compos Struct 202: 935-942.
Greminger M, Haghiashtiani G (2017) Multiscale modeling of PVDF matrix carbon fiber
composites. Model Simul Mater Sci 25: 045007.

Ghasemi-Nejhad MN, Pourjalali S, Uyema M, et al. (2006) Finite element method for active
vibration suppression of smart composite structures using piezoelectric materials. J Thermoplast
Compos 19: 309-352.

Dutta G, Panda SK, Mahapatra TR, et al. (2016) Electro-magneto-elastic response of laminated
composite plate: A finite element approach. Int J Appl Comput Math 3: 2573-2592.

Liu T, Pei JZ, Xu J, et al. (2019) Analysis of PZT/PVDF composites performance reinforced by
aramid fibers. Mater Res Express 6: 066303.

Perez-Rosado A, Gupta SK, Bruck HA (2016) Mechanics of multifunctional wings with solar
cells for robotic birds, In: Ralph C, Silberstein M, Thakre PR, et al., Mechanics of Composite
and Multi-Functional Materials, Springer, Cham, 7: 1-10.

Narayana KJ, Burela RG (2018) A review of recent research on multifunctional composite
materials and structures with their applications. Mater Today Proc 5: 5580-5590.

Thill CL, Etches J, Bond I, et al. (2008) Morphing skins. Aeronautical J 112: 117-139.

Mudupu V, Trabia MB, Yim W, et al. (2008) Design and validation of a fuzzy logic controller
for a smart projectile fin with a piezoelectric macro-fibre composite bimorph actuator. Smart
Mater Struct 17: 035034.

Tuss J, Lockyer A, Alt K, et al. (1996) Conformal load-bearing antenna structure. 37th Structure,
Structural Dynamics and Materials Conference, 2: 836—843.

Lockyer AJ, Alt KH, Kinslow RW, et al. (1996) Development of a structurally integrated
conformal load-bearing multifunction antenna: overview of the air force smart skin structures
technology demonstration program, Smart Structures and Materials 1996: Smart Electronics
and MEMS, 2722: 55-64.

Berden MJ, McCarville DA (2007) Structurally integrated X-band antenna large scale
component wing test. SAMPE (7.

Lockyer AJ, Alt KH, Kudva JN, et al. (2001) Air vehicle integration issues and considerations
for CLAS successful implementation, Smart Structures and Materials 2001: Industrial and
Commercial Applications of Smart Structures Technologies, 4332: 48-59.

Yao L, Qiu Y (2009) Design and fabrication of microstrip antennas integrated in three-
dimensional orthogonal woven composites. Compos Sci Technol 69: 1004—1008.

Yao L, Wang X, Xu F, et al. (2009) Fabrication and impact performance of three-dimensionally
integrated microstrip antennas with microstrip and coaxial feeding. Smart Mater Struct 18:
095034.

Matsuzaki R, Melnykowycz M, Todoroki A (2009) Antenna/sensor multifunctional composites
for the wireless detection of damage. Compos Sci Technol 69: 2507-2513.

Kumar S, Raj S, Jain S, et al. (2016) Multifunctional biodegradable polymer nano-composite
incorporating graphene-silver hybrid for biomedical applications. Mater Design 108: 319-332.
Bai G, Tsang MK, Hao J (2016) Luminescent ions in advanced composite materials for
multifunctional applications. Adv Funct Mater 26: 6330-6350.

AIMS Materials Science Volume 7, Issue 6, 772-787.



786

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

&4.

85.

86.

87.

88.

Tandon B, Blaker JJ, Cartmell SH (2018) Piezoelectric materials as stimulatory biomedical
materials and scaffolds for bone repair. Acta Biomater 73: 1-20.

Vaidya AS, Vaidya UK, Uddin N (2008) Impact response of three-dimensional multifunctional
sandwich composite. Mater Sci EngA-Struct 472: 52-58.

Song G, Qiao PZ, Binienda WK, et al. (2002) Active vibration damping of composite beam
using smart sensors and actuators. J Aderospace Eng 15: 97-103.

Sun BH, Huang D (2001) Vibration suppression of laminated composite beams with a
piezoelectric damping layer. Compos Struct 53: 437-447.

Thierry O, De Smet O, Deii JF (2016) Vibration reduction of a woven composite fan blade by
piezoelectric shunted devices. J Phys Conf Ser 744: 012164

Dong BQ, Liu YQ, Qin L, et al. (2016) In-situ structural health monitoring of a reinforced
concrete frame embedded with cement-based piezoelectric smart composites. Res Nondestruct
Eval 27: 216-229.

Zhang T, Zhang K, Liu W (2018) Exact impact response of multi-layered cement-based
piezoelectric composite considering electrode effect. J Intel Mat Syst Str 30: 400—415.

Dao PB, Klepka A, Pieczonka L, et al. (2017) Impact damage detection in smart composites
using non-linear acoustics cointegration analysis for removal of undesired load effect. Smart
Mater Struct 26: 035012.

Bisheh HK, Wu N (2018) Analysis of wave propagation characteristics in piezoelectric
cylindrical composite shells reinforced with carbon nanotubes. Int J Mech Sci 145: 200-220.
Bisheh HK, Wu N (2018) Wave propagation in smart laminated composite cylindrical shells
reinforced with carbon nanotubes in hygrothermal environments. Composites Part B-Eng 162:
219-241.

Bisheh HK, Wu N (2019) On dispersion relations in smart laminated fibre-reinforced composite
membranes considering different piezoelectric coupling effects. J Low Freq Noise V A 38: 487—
509.

Bisheh HK, Wu N, Hui D (2019) Polarization effects on wave propagation characteristics of
piezoelectric coupled laminated fibre-reinforced composite cylindrical shells. Int J Mech Sci 161:
105028

Bisheh HK, Wu N (2018) Wave propagation in piezoelectric cylindrical composite shells
reinforced with angled and randomly oriented carbon nanotubes. Compos Part B-Eng 160: 10—
30.

Bisheh HK, Rabezuk T, Wu N (2020) Effects of nanotube agglomeration on wave dynamics of
carbon nanotube-reinforced piezo composite cylindrical shells. Compos Part B-Eng 187:
107739.

Bisheh HK, Wu N, Rabezuk T (2020) Free vibration analysis of smart laminated carbon
nanotube-reinforced composite cylindrical shells with various boundary conditions in
hygrothermal environments. Thin Wall Struct 149: 106500.

AIMS Materials Science Volume 7, Issue 6, 772-787.



787

89. Bisheh HK, Civalek O (2020) Vibration of smart laminated carbon nanotube-reinforced

composite cylindrical panels on elastic foundations in hygrothermal environments. Thin Wall
Struct 155: 106945.

: © 2020 the Author(s), licensee AIMS Press. This is an open access
MS AIMS Press  article distributed under the terms of the Creative Commons
5 Attribution License (http://creativecommons.org/licenses/by/4.0)

AR,

AIMS Materials Science Volume 7, Issue 6, 772-787.



