Factors Affecting Piezoelectric Performance of Ceramic-Polymer

Composites: A Comprehensive Review
Pakinam Eltouby®®, Islam Shyha®, Chunchun Li%¢ and Jibran Khalig®",

“Department of Mechanical and Construction Engineering, Faculty of Engineering and

Environment, Northumbria University at Newcastle, NE1 8ST, UK

*Department of Industrial and Management Engineering, Arab Academy for Science,

Technology and Maritime Transport, Abu Qir, PO Box 1029, Alexandria 21599, Egypt

¢School of Engineering and The Built Environment, Edinburgh Napier University,
Edinburgh EH10 5DT, UK

dCollege of Information Science and Engineering, Guilin University of Technology,
Guilin, 541004, China

¢School of Materials Science and Engineering, Nanchang University, Nanchang,
330031, China

* Corresponding Author: *Jibran.khalig@northumbria.ac.uk



mailto:*Jibran.khaliq@northumbria.ac.uk

Factors Affecting the Piezoelectric Performance of Ceramic-Polymer

Composites: A Comprehensive Review

Abstract

Over the past few decades, piezoelectric materials have emerged as one of the
powerful platforms for energy harvesting applications. Nowadays, they offer sustainable
solutions for high-performance, low-power electronic devices required in numerous
industry fields such as aerospace, automotive, and biomedical devices. Ceramic-polymer
piezoelectric composites combine the advantages of ceramics as well as the mechanical
flexibility and weight of the polymers. This paper reviews various factors such as
crystallinity, the orientation of filler particles, etc. that affect the piezoelectric
performance. Generally, the piezoelectric performance can be measured using a variety
of key parameters, such as piezoelectric charge coefficient (ds3), piezoelectric voltage
coefficient (g33), and dielectric constant (&,). The parameters are presented throughout
the review to justify the enhancement of the piezoelectric performance of piezoceramic-

polymer composites.
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performance

1. Introduction

Materials, whose characteristics such as shape [1] and colour [2] can be controlled by
external stimuli, such as temperature, pressure, or an electric field, are referred as “smart
materials”. The functional properties of such materials are multi-dimensional. They may
include sensing and/or actuation capabilities [3] that may be reflected in actions such as

self-sensing and self-repairing [4].



Among the vast array of available smart materials, the piezoelectric materials have
been proven to have excellent potentials in various energy harvesting applications at a
small scale, compared to solar and thermally based energy generators [5], [6,7].
Piezoelectric materials are those materials, capable of converting mechanical energy into

electrical energy or vice versa [8].

Materials exhibiting piezoelectric properties are classified into three main categories,
ceramics, polymers, and composites [9]. These materials can either exist naturally (such
as quartz, cane sugar, collagen, topaz, and Rochelle salt) [6,10,11] or can be synthesised
chemically such as perovskites [10,12], synthetic polymers [13—15] or piezoelectric
composites [16,17]. These materials have characteristic individual advantages that can be
beneficial towards specific applications. For instance, the porosity and hardness of
ceramics may support tissue integration at the interface between tissue and a porous
ceramic scaffold implant [18,19]. On the other hand, polymers offer mechanical
flexibility over ceramics [20]; however, polymers do not offer the same electrical

properties as ceramics do [21].

A composite material, on the other hand, integrates the desired traits of different
materials (such as flexibility of polymer and electrical/mechanical properties of ceramics)
to meet the stringent requirement for specific devices or applications efficiently. Most
composites designs ensure strength and flexibility by reinforcing a relatively flexible but
weaker polymer with a comparatively harder and stronger ceramic. Long-chain
thermoplastic polymers generally exhibit a plastic behaviour and are ductile, easy to
remould and recycle [22,23]. Recently, due to ease of processing, there has been an
increased interest in enhancing the mechanical and electrical properties of thermoplastics

as a matrix material for compositional material designs towards various applications [24—



26]. Moreover, there is a vast potential in the fabrication of low-cost, flexible, and
efficient piezoelectric sensors by embedding piezoelectric active ceramic particles (as
fillers) within a thermoplastic inactive polymer matrix. Numerous piezoelectric
composites consisting of piezoelectric ceramics and piezoelectric polymers have been
developed. There has been an increasing trend in the recent decade towards the fabrication
of flexible piezoelectric materials which is evident by the increased number of
publications in the area of piezoelectric composites as shown in Figure 1. Various
compositions and advanced fabrication techniques such as dice and fill [18], injection
moulding [19], lost mould [19], dielectrophoresis [27,28] and 3D printing [29] had been
used to manufacture state of the art composites with an aim to reach properties
comparable to ceramics. Each of these techniques has a distinctive impact on the
piezoelectric performance of the fabricated composites, ranging from enhanced energy
harvesting and energy storage capabilities [6,30], sensing applications [24,29,31,32] and
tissue engineering [33]. However, fabrication techniques are not the only factor affecting
the performance of the developed piezoelectric composites, therefore this review paper
focuses on the investigation of the different factors affecting the performance of

piezoelectric composites.

2. Parameters Governing Piezoelectricity

Piezoelectric materials are anisotropic with key indices that are necessary to measure

performance.

2.1. Piezoelectric Charge or Strain Coefficient (d)

The piezoelectric charge coefficient, d;; expresses the correlation between the
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generated electric charge for the applied mechanical stress, where the subscripts “i” and
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1" refer to the direction of the polarisation or charge motion and the direction of the
mechanical stress, respectively [34]. A piezoelectric material could experience elongation
or contraction depending on the relative direction of the applied electric field and the
polarity of the material. Hence, the converse piezoelectric effect generates a strain that
has a linear relationship to the applied electric field, and can be expressed in terms of

tensor notation, thus (eq.1) [35]:

Sik = dijiE; (1)

where Sjy is the piezoelectric strain, E; is the applied electric field, and d; j is a third rank

tensor of the piezoelectric coefficients.

Commonly, the piezoelectric coefficient used modes are longitudinal piezoelectric
coefficient (ds3), shear piezoelectric coefficient (dis), and transverse piezoelectric
coefficient (d31) and (d24), that indicate the possible poling orientations and force direction
[36]. The virgin piezoelectric body in form of either ceramics or single crystal has a
randomly distributed polarization vector [37], which yields a macroscopic zero net
polarization, and thus no piezoelectric properties. When applied a strong dc electric field,
the electric dipoles are aligned with the direction of the electric field and remain after the
dc field is removed (residual polarization). This process is called poling, after which the

piezoelectric properties emerge [38].

The converse piezoelectric effect reflects the electric field-induced strain and has
relevance towards actuator applications. As an index of domain wall motion, the

piezoelectric strain coefficient (d;;*) can be calculated through unipolar S-E (strain-
electric field) curves (d;; *)=[pm/V]), using eq.2., where Smax and Emax represent

maximum strength and maximum electric field, respectively [39]:



S
dyj += (2)

2.2. Permittivity

Permitivity of a dielectric material (oftened termed as dielectric permittivity and
represented by symbol €) may be defined by the electric displacement (D) and the applied
electric field (E) at constant stress (€7ij) or constant strain (€%j) where T and S represtent
stress and strain respectively (see eq.3). while the dielectric constant or relative

permitivity (&-(;jy), which is the ability of a material to store energy is the ratio of the

dielectric permittivity of a substance to the permittivity of free space as depicted by eq.4

[34].
D.
gjj = F]l (3)
g. .
Er(ij)= g—: 4)

2.3. Piezoelectric Voltage Coefficient (g)

The piezoelectric voltage coefficient is determined by the piezoelectric charge
coefficient and the dielectric permittivity. The piezoelectric voltage coefficient is
inversely proportional to the dielectric constant, and thus most piezoelectric materials
usually consisting of inorganic ceramics with high dielectric constants, negatively impact
their piezoelectric voltage coefficient values [40]. A ceramic-polymer composite on the
other hand is a feasible option, where a high and measurable piezoelectric voltage
constant can be achieved simply by mixing piezoelectric (ceramic) particles within a

polymer matrix [41]. The value of g33 can be obtained using the formula in eq.5. [42]:



(5)

where g0 is the permittivity of free space taken as 8.85 x 10712 F/m and & is the

dielectric constant.

3. Piezoelectric Performance of Ceramic-Polymer Composites

3.1. Overview of Piezoelectric Composites

Although ceramics and polymers have their advantages and disadvantages which limit
their uses and integration in various applications [11,43] their distinct advantages can be
combined to create piezoelectric composites with better properties than their parent
materials. Consequently, these piezoelectric composites can then provide the required
mechanical integrity and flexibility from the polymer along with the piezoelectric
properties offered by ceramics [36]. A general rule of thumb is, for a piezoelectric
composite to exhibit electrical properties closer to ceramics, a higher volume fraction of
filler needs to be added [44]. However, if a composite is manufactured having a desired
distribution of fillers, the properties of composites can be further be tailored to suit the
need of applications [45].

When fillers (ceramics) are mixed in a polymeric matrix to manufacture piezoelectric
composites, the fillers can be categorised to having different “connectivity” between filler
particles based on their arrangement inside the polymer matrix [46]. Connectivity in that
context indicates the number of dimension coordinates (X, y, and z) a ceramic phase or a
polymer phase is physically connected with itself. A phase denoted to the number 3, for
instance, indicates the phase connection in all three dimensions. In the case of bi-phasic

ceramic-polymer composites, a two-digit number system is used, where the first number



refers to the connectivity of the filler and the second number represents the connectivity
of the matrix. There are ten patterns, illustrated in Figure 2, for ceramic and polymer
phase connectivity with conformations ranging from a 0-0 unconnected pattern to a 3-3
pattern in which the ceramic and the polymer phases are three-dimensionally self-
connected [46]. Amongst the vast array of connectivity possibilities, the 1-3 pattern has
been extensively used in energy harvesting and biomedical applications such as
ultrasound 1imaging, sensors, and hydroacoustic devices due to their high
electromechanical coupling factor, hydrostatic voltage coefficient, and enhanced
piezoelectric coefficient [47-50]. Another novelty in the 1-3 connectivity architectural
configuration is the bio-inspired 1-3 piezoelectric composites emerging as promising
candidates for flexible piezoelectric energy harvesting devices, due to their improved
mechanical and piezoelectric properties when compared to conventional piezoelectric
polymer composites with particle fillers [S1].

There are at least four variant methods involved in the preparation of the 1-3 piezo
composites including dice-and-fill [17], arrange-and-fill [17], injection moulding [19],
and lost moulding [19] methods( see Figure 3). Connectivity via the first variant is
achieved by cutting and subsequent backfilling and ultimately polishing of a sintered
piezoelectric block [52]. As opposed to the dice-and-fill method, the arrange-and-fill
method involves filling sintered ceramics within the polymer matrix before the cutting
process. However, undesirable electromechanical responses could be triggered as a result
of improper alignment of piezoceramic fillers, during fabrication processes like the
arrange-and-fill [17]. Injection moulding is amongst the conventional methods available
for the easy fabrication of composites. Using injection moulding, a ceramic green body
with the typical rod-structure of 1-3 piezoceramic-polymer composites can be directly

produced. After sintering, the parts run through the same procedure as the diced ceramic



block. However, the process is time-consuming, inflexible, and costly [53]. The lost
mould method employs a technique that is accurate when compared to injection
moulding. The process is initiated by using the LIGA (Lithography Galvano-forming and
plastic moulding) process to manufacture a plastic mould that is filled with a slurry.
Following drying, the mould is burned out and the structure is sintered to more than 98%

of the X-ray density. However, the LIGA process is also time-consuming and costly [52].

3.2. Factors Affecting the Piezoelectric Performance of Composites

From the previous section of this article, it is evident that the enhanced performance
of piezo composite-based devices highly depends not only on the fabrication process but
also on the corresponding chemical and physical properties of the parent phases. This
translates into the structural and functional property requirements of the individual phases
that may bear on the composite, which includes requirements for the geometrical integrity
of the composite. Therefore, it is of utmost importance to always determine the factors
influencing the overall performance of piezo composites to streamline and guarantee
effective material selection criteria that respond best to prime parameter indices during

the fabrication process.

To date, several studies have investigated the development of various, chemical, and
thermally stable energy storage devices [54—57]. The bulk of such devices could be
manufactured using various fabrication methods such as dice-and-fill [58], 3D printing
[55], and 4D printing [59] and at a reduced cost. However, this can only be feasible and
sustainable when the factors determining performance are highly modulated to reflect
targeted function(s). Insight from the literature suggests that factors affecting the
piezoelectric performance may be categorised into at least six main factors and are

represented in the Fish-bone diagram in Figure 4 and reviewed in the subsections below.



3.2.1. Temperature

The selection of calcination temperature of piezoceramics and the determination of
glass transitional temperature in the case of polymeric materials, intended for use as fillers
and matrices in ceramic-polymer piezo composites are considered amongst the key
factors, affecting the final electrical and dielectric performance of piezo composites
[60,61]. This subsection reviews how the temperature, of either the intended embedded
ceramic and/or polymer, significantly affects the final piezoelectric parameters. Several
researchers have thus investigated the effect of the calcination temperature of the

piezoceramic on the electrical properties of piezoelectric composites [62].

Perovskite piezoceramics could exist in different geometric phases so that they can
be tuned through phase engineering to transit from one phase to another, to achieve
enhanced piezoelectric properties [11]. There are three Morphotropic Phase Boundaries
(MPB), representing the transitional composition phase [63] that could be exhibited by
piezoceramics, viz: Rhombohedral-Tetrahedral (R-T), Orthorhombic-tetrahedral (O-T),
and Rhombohedral-Orthorhombic (R-O) [64-67]. One of the common ways to enhance
permittivity and piezoelectricity is to place materials at their phase transition boundaries

[68].

Phase boundary is a temperature-dependent concept that greatly impacts the
piezoelectricity of ceramics embedded in the polymer matrices. One of the options
through which the morphotropic phase boundary (MPB) can be achieved is phase
engineering, amongst which doping has been proven to effectively shift phase transition
temperature exhibited by both lead-based [69] and lead-free piezoelectric materials [39].
In one such example, the MPB in the composition (Koa4sNao.s2)(NbO3

—0.05Ca0.2(Bi0.sNao.5)0.8ZrO3 (KNN-CBNZ) was not achieved as the temperature

10



stability at the phase transition region (PTR) is critical in maintaining MPB. However,
upon doping antimony, stable MPB was achived which enhanced d33 from 300 pC/N to
470 pC/N [70]. Several other authors have also investigated the impact of chemical
composition and reported enhanced piezoelectric properties due to MPB associated with
the temperature stability in lead-free piezoceramic systems [71], [72] [73]. Figure 5
displays the impact of both the molar fraction composition during R-MPB-T transition
and the impact of temperature during R-MPB-T transition on the ds3 value in a
50Ba(Ti0.8Z10.2)O03- 50(Bao.7Ca0.3)TiO3 (BZT-xBCT) ceramic. The maximum d33 value
(620 pC/N) has been obtained at the MPB due to the facilitation of the polarisation
rotation exhibited between the R-T phases [74]. Looking at the promising enhancement
in the piezoelectric properties as a result of doping, doped piezoceramics are useful fillers

in order to enhance the final piezoelectric properties of composites [75,76].

Despite the significant advances employed towards the enhancement of the piezo
properties of ceramics, these strides can become relevant in piezo composites fabrications
only when the designated polymeric matrix provides a suitable environment for the
expression of the piezo properties. In polymers, the high degree of n-n bond stacking in
crystalline regions due to the regular atomic arrangement adopted by crystalline materials
results in increased charge mobility in crystalline regions than in amorphous regions [77].
The semi-crystalline nature of most polymeric matrices used in composites has an impact
on the efficiency of piezo active phases partly because such matrices exhibit higher
viscosity than typical amorphous matrices [78]. This may influence the dipole alignment
of the piezoceramic filler particles within a matrix such as Polylactic acic (PLA) because
the working temperature is dependent on the melt viscosity [79,80]. Although polymers
such as PLA generally require processing temperatures over 190-230°C [81,82], the glass-

transition and melt temperature (Tm) of their homopolymers is in the region of about 55°C
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and 175°C, respectively [79]. This poses a very narrow processing window that is
generally improved by depressing the melting point via the addition of small amounts of
lactide enantiomers of opposite configuration into the polymer. However, this strategy

impacts negatively on crystallinity and the crystallisation rate [79].

Therefore, it is relevant to determine the glass transitional temperature (Tg) of a
polymeric material desired for use as the matrix in a piezo composite, because above the
T, the composite acquires piezoelectric activity due to an efficient electric field caused
by an increase in polymer matrix mobility and enhanced permittivity [83]. Additionally,
temperature dynamics that impact the degradation of the polymeric matrix have a direct
impact on the composite’s piezoelectric properties. This is because a highly degraded
matrix (a polymer of low crystallinity) may not provide the microstructural integrity

required for alignment and stable activity of piezoceramic particles.

In 2015, Jing Fu et al. presented the impact of calcination temperature on the particle
size and its effect on the dielectric properties of the composite. A molten salt synthesised
BaTiOs (BT) single-crystalline nanostructures have been embedded in a modified barium
titanate (PVP/BT)-PVDF composite. By employing various calcination temperatures,
they used NaCI-KCL eutectic salts to develop different crystallite sizes of BT single-
crystal nanoparticles (Figure 6). The results indicate that increases in particle size are a
function of rising calcination temperature [84]. This phenomenon may be associated with
the accelerated crystal growth occurring at high-temperature molten salt media [85]. In
order to select the optimal particle size required for the composite preparation, the
polarisation of the various particle sizes was determined [84]. Table 1 presents the
temperature dependence of the dielectric constant for various volume fraction of the BT

in a composite system. Generally, the dielectric constant of composites increases with an
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increase in the volume fraction of the filler, while rising temperature enhances this trend.
Within the investigated volume fractions, the dielectric constant increased consistently
with increasing temperature for the different temperature regimes and increasing volume

fraction, attending a peak at 60% volume fraction.

Furthermore, at 80% volume fraction, the dielectric constant attended a maximum at
the maximum temperature of 130°C for the temperature range investigated. The enhanced
dielectric constant is facilitated via spontaneous polarisation that is triggered as a function
of increasing BT filler particle size for the peak fraction volume (which was 40% in for
study) [84]. These findings may be partly associated with the filler particle size as well
as the Tm (melt temperature) requirements of the polymer that necessitates the appropriate
matrix environment influencing polarisation of the filler particles. In this way, the
viscoelastic nature of matrix materials influences the electro-mechanical response of
piezo composites [16]. Additionally, the calcination temperature employed for the
piezoceramics may influence these findings via the crystal structure. Earlier
investigations by several authors [86,87] have demonstrated the relationship between the
spontaneous polarisation exhibited in BT particles and the tetragonality of the crystal

(c/a). This relationship is presented in eq.6.

P~ (O ©)
where Ps is the spontaneous polarisation.

Since tetragonality increases with increasing calcination temperature (from 650°C to
950°C) and c is directly proportional to polarisation (Ps), the change exhibited in volume
(atom displacement along with the perovskite structure) would hence enhance the
piezoelectric properties. Despite the potential to enhance the average dielectric constant

of composites, ceramic filler particles can generate inhomogeneous electric fields that
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may weaken the polarisation response of the ceramic particles. This is due to ineffective
breakdown strength and dispersion of electric field away from the piezo active particles
[43,88]. However, surfactants and dispersants can be employed towards effective
dispersion of piezo active filler particles [84], leading to improved interface

compatibility.

3.2.2. Volume Fraction of the Filler

One of the very significant factors affecting the overall performance of the dielectric
properties of piezoelectric composites is the amount of ceramic volume fraction dispersed
in the polymer matrix [89]. Therefore, in order to effectively assess the piezoelectric
potential of a composite, the measurement of the filler volume fraction is employed as a
vital tool in the morphological analysis of a piezoelectric composite. Volume fraction (Vr)
calculation is conducted based on the microscopic image from the specimen’s cross-
sections. By measuring the area of filler particle (Af) and a total area of the specimen’s

cross-section (A), the filler volume fraction can be calculated using eq.7 [25]:
4y
Ve = i x 100 (7)
where Vris the volume fraction.
As discussed above, the dielectric constant is one of the key parameters to assess the
piezoelectric performance of piezo composites. In the case of a composite composed of
say a piezoceramic filler in a polymer matrix, the relationship governing the electric

field (E.) acting on the ceramic particles and their dielectric constants, is given by eq.8.

[30]:
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where ¢p and ec are the dielectric constants of the polymer and ceramic, respectively; Eo
is the electric field applied to the composite. From the equation, it can be deduced that
the electric field acting on the ceramic particles in a polymer matrix is controlled by the
dielectric constant of the polymer matrix. Therefore, the efficiency of the piezoelectric
ceramic poling can be achieved by enhancing the dielectric constant of the polymer [83].
Furthermore, the theoretical value for the dielectric constant (&, ) in the case of a
piezoceramic filler in a polymer matrix composite has been predicted by Yamada et al.
[90]. It can be obtained via the formula in eq.9:

n(p(gc - gp)
ne, + A1-p)(e — sp)

9)

& =& |1+

where &, and ¢, are the dielectric constants of the polymer and the ceramic, respectively;

n is the aspect ratio of the ceramic particles, and ¢ represents the ceramic filler volume
fraction (= V).

Jayendiran and Arockiarajan [91] have experimentally confirmed the theoretical
modelling depicting the relationship between filler volume fraction and aspects such as
remnant polarisation, saturation polarisation, and coercive electric field. The authors
noted that in a 1-3 piezo composite of Lead Zirconium Titanate (PZT) fibres within an
epoxy matrix, a decrease in fibre volume fraction resulted in a decrease in indices
governing piezoelectricity that includes remnant polarisation and saturation polarisation
(Table 2). The results indicate that both the remnant polarisation and the saturation
polarisation have a direct relationship to the filler volume fraction. The mean values
indicate that there is no significant discrepancy between experimental and theoretical
values for both the remnant polarisation and saturation polarisation. The mean saturation

polarisation of the composite increased significantly when 65% volume fraction PZT
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fibres were used and marked when subsequent volume fractions (80% or 100%) were
used. The effect of decreased filler volume fraction and consequent reduction in the
number of dipoles is a decrease in the resistance to domain orientation provided by
dipoles [92]. This notion has a direct significance to the dielectric permittivity and may
be attributed to processing techniques [6,93] as well as the microstructure [93,94] of the

material.

Frequency and temperature dependence are amongst the major outcomes of a piezo
composite material composed of a piezo active particle of random distribution within the
polymeric matrix. In 2017, Khan et al. reported the frequency and temperature
dependence of the dielectric constant (er) and loss tangent (tand) for a piezoelectric
composite composed of a random distribution of a Barium Titanate (BT) ceramic filler
particles within a Thermoplastic Polyurethane (TPU) a matrix. The amount of electric
energy lost in the form of heat by a material exposed to an external electric field is known
as the dielectric loss (tan 8). With increasing BT content within the composite, the &, and

the tand increased, respectively, for each volume fraction of BT [95].

There seems to be a fair agreement between the experimental and the theoretical
values of the reported &. The consistent rise in dielectric constant with the increasing
volume fraction of the piezoelectric material imparts on the loss tangent with consequent
enhancement of the electro-mechanical response of the material. However, increasing the
volume fraction of BT may ultimately result in temperature and frequency dependence of
the &r and loss tangent [95]. Although there is not much discrepancy in the loss tangent
reported across the various volume fractions, it is essential to note that there are other
important factors that may account for the dielectric loss of a material, such as defects

during polarisation hysteresis [19,85], dielectric leakages [19,84] nature of the external
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environment and the technical process [39] that needs to be considered. Furtherly, in
2019, Kun Yu et al. [96] also investigated the impact of ceramic volume on the dielectric
performance of a (Ko475Nao.495Li0.03) NbO3-0.003ZrO2 (KNNL-Z)/PVDF hot-pressed
composite. The authors reported that the addition of KNNLZ-ceramic powder to the
composite led to an increase in the dielectric permittivity. The observed improvement in
dielectric permittivity is ascribed to the higher dielectric permittivity of KNN [97]
compared to that of PVDF. This suggests that, although the filler volume fraction
determines the dielectric properties of a composite, the specificity of the piezoceramic
electro-mechanical capabilities is also directly vital in terms of dielectric enhancement.
The 1-3 composites have gained relevance due to their enhanced piezoelectric
coefficient associated with their tailor-made useful properties and tunable acoustic
impedance [98—100]. The relationships between the performance parameters of these
composites and different ceramic volume fractions may be analysed via simulations and

experimental measurements.

Recently Xu et al. [100] fabricated a three-phase material system of PZT-5A/epoxy
resin/silicone rubber piezoelectric composites using the cutting-filling technique, with
different piezoceramic volumes, having a 1-3 composite structure. The authors found an
agreement between experimental and simulated results. They reported a linear
relationship between both the dielectric constant and the piezoelectric coefficient (d33) of
the composite and the piezoelectric volume fraction, indicating that the improved 1-3
piezoelectric composites are capable of exhibiting higher electromechanical coupling
coefficients and electro-mechanical conversion efficiencies [100]. Both the ds3 and the
relative permittivity of the composites increase with an increase in the piezoceramic
volume fraction. This trend is associated with the fact that PZT-5A has a relatively high

ds3[101].
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Moreover, Zhang et al., [102] investigated the piezoelectric and dielectric properties
of lead-free porous 0.5Ba(Ca0.8Zr0.2)03-0.5(Bao.7Cao3)TiO3 (BCZT) ceramics. They
reported that the porosity decreased the relative permittivity while a denser material
increased the permittivity. Notably, increased porosity accounted for a significant drop in
the ds3 due to a drop in the remnant polarisation. The decrease in remnant polarisation
may be associated with the fact that there is a concentration of the electric field in the low
permittivity pore regions, during poling [103,104]. It is worthy to note that Siponkoski et
al. has previously reported that the porous structure of a piezoelectric composite decreases
the contact area between the matrix and the electrodes and causes a decrease in

permittivity [105].

Composites possessing piezoelectric ceramic fillers with higher dielectric constants
do not account for enhanced piezoelectric properties (such as ds3) because the fillers in
such composites exhibit lower poling efficiency due to experiencing lower effective
poling electric fields [106]. The graph in Figure 7 illustrates the dielectric constants versus
the exhibited electric field calculated through four various PZT ceramics with different
dielectric constants of piezoceramics. The effective electric field exhibited by the filler in

the composite have been calculated using the formula in eq.10.:

_(1+R)g,
e+ Re,

E, (10)

where E is the effective exhibited electric poling field; R is the ratio of the average particle
size to the inter-particle distance, €p and €. are the dielectric constants of the polymer and
ceramic; respectively; Eo is the electric field applied to the composite. In all, the g33 of
epoxy-PZ26 composites is higher than that of epoxy-PZ27, with a peak of ~79 mV m/N

at 10 vol%. These results were quite interesting as the general understanding for

piezocomposites was to add ceramic filler with high ds3 to achieve highr dss values ,
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although, the determining factor was found to be dielectric constant rather than dss.
Similarly, for pyroelectric applications (as all piezoelectric materials are also
pyroelectrics), low dielectric constant of the material inversely affect the pyroelectric
Figure of Merit (FOM), which is the ability of a material to convert energy (thermal to

electrical and vice versa) at a higher efficiency [107,108,109].

Moreover, Zhang et al., [104] have examined the influence of porosity on the
polarisation-electric field behaviour of ferroelectric materials; they reported that higher
porosity levels cause a significant reduction in an electric field and a rising level of the
localised coercive field. Secondly, the various inclusion geometries of ceramic porosity
were not considered [110]. An investigation of the geometries of various porous ceramics
used as fillers in ceramic-polymer composite fabrication should be pursued, to establish
the most efficient porous structure for a given application, in terms of piezoelectric
coefficients. Therefore, biological and mechanical properties remain crucial in validating
the piezoelectric performance of materials designated towards highly porous

structural/functional applications such as is the case in bone tissue applications [111].

3.2.3. Crystallinity of Constituent Phases

The microstructure of the constituent materials (ceramic and polymer) of a composite,
is one of the factors that significantly influence the piezoelectric performance [112,113].
Therefore, it is essential to determine the degree of crystallinity in either case (ceramic

and/or polymer), to achieve optimised piezoelectric performance [114].

It is always relevant to estimate the crystallinity for polymeric materials intended to
use towards devices that require enhanced mechanical qualities such as good tensile
strength and elasticity [77] because these properties are governed by the degree of

crystallisation [78]. A high rate of crystallisation is a requirement for polymeric materials
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used towards applications demanding high heat resistance [115] because the amorphous

state is prone to rapid ageing (degradation) under ambient conditions.

In general, embedding single-crystal (SC) piezoelectric ceramic materials is preferred
over polycrystalline piezoelectric materials [116], due to the higher piezoelectric charge
coefficient exhibited by single-crystal ceramic materials [117]. Moreover, single-crystal
piezoelectric materials have a higher performance than polycrystalline materials, in the
coupling coefficient and the energy density. Therefore, the incorporation of the former in
polymer-based piezoelectric composites has been intensively investigated. In 2000, T.
Ritter investigated Pb(Zni3Nb23)O3 (PZN) and PbTiOs (PT) towards ultrasound
transducer applications and effectively demonstrated that the incorporation of the single-
crystal PZN-PT ceramic in their polymer-based composite resulted in an enhanced
piezoelectric coefficient (ds3 values) [118]. Recently, in 2018, Christopher Bowen et al.
also investigated, among others, the dielectric properties and the piezoelectric voltage
coefficient of a three-component SC/polymer/polymer composite having connectivity of
1-2-2. The composite was made of parallel piped-shaped SC rods (KNNTL:MN single -
crystal) surrounded by a laminar polymer matrix which is composed of two polymers
designated as Polymer I and Polymer II representing a volume fraction of the SC and
Polymer I, respectively. Consequently, Polymer I represent a component with a larger
stiffness and polymer II a smaller stiffness in the laminar matrix [47].

Although the superior piezoelectric and dielectric performance of single crystals
than ceramics, the fragile properties are still a challenge to fabricate complex
configurations using single-phase material. On the other hand, when used for the medical
ultrasonic transducer, a drawback of piezoelectric single crystals is the relatively high
acoustic impedance when compared to human tissue (1.5 MRayls). By incorporating

single crystals with polymers matrix to form composites, the acoustic impedance, and
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thickness electromechanical coupling factors can be tailored, leading to improved
bandwidth and resolution of transducers. Therefore, intensive studies have been
conducted on the incorporation of single crystals in polymer-based piezoelectric
composites. Ritter et al. [118] reported a thickness coupling greater than 0.80 and widths
of 75-141% were achieved in single-crystal PZN-8%PT 1-3 composite transducers.

Oakley and Zipparo [119] reported on a 4 MHz 1-3 PZN-PT single crystal composite

transducer with 100% —6 dB bandwidth and a 6 MHz PMN-PT transducer with 114%

bandwidth. Lee et al. [120] reported a single-crystal/epoxy 1-3 composite with ternary
Pb(In12Nb12)O3-Pb(Mg1/3Nb2/3)03-PbTiOs (PIN-PMN-PT) single crystal with d33 value

on the order of > 960 pC/N and a lower acoustic impedance (20 MRayl).

3.2.4. Alignment of Ceramic filler

Several pieces of research have proven that aligning the ceramic particles in the
polymer matrix eventually affects the dielectric properties of the piezoelectric composite.
Recently, various attempts have been made during the particles alignment stage, in order

to achieve enhanced properties [41,42,121].

Conventional manufacturing methods have employed dielectrophoresis (DEP)
[26,27,122—-124] as one of the techniques used for particles’ alignment. During
dielectrophoresis, the ceramic particles exhibit polarisation due to their exposure to a non-
uniform/alternating electric field [27], upon which consequently the particles are aligned
in a chain-like structure forming the so-called (structured) quasi 1-3 structure [125].
Figure 8 demonstrates a graphical representation of random 0-3, quasi 1-3, and
conventional ceramic pillars 1-3 composite structure types along with their corresponding

SEM images. Dielectrophoresis has been successfully used in the aligning of either
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micron-sized cubes [41], fibres [126], or random spherical shaped particles [127] within
the polymer matrix of a quasi 1-3 composite, with a resulting interparticle distance
reduction and ultimately increasing the active phase within some areas of the composite.
By increasing the piezoelectrically active phase and hence improving the particles
connectivity, the ds3 of an aligned quasi piezo composite exhibits a significant increase,
compared to a composite having a random distribution of particles or 0-3 configuration.
This is attributed to the correlation of the dss value and the interparticle distance and
particles’ connectivity as described in the Van den Ende model [128]. Since the g33 is
calculated by dividing the ds3 over the relative permittivity of the composite, a significant

enhancement in the g33 value is also exhibited.

Figure 9 illustrates the g33 of random 0-3 and dielectrophoretically aligned quasi 1-3
PZT-epoxy composites fabricated by Van den Ende at various PZT percentage volume
fraction [129]. Generally, it can be deduced from Figure 9 that quasi 1-3 composites result
in higher values of g33 at lower volume fraction achieving a maximum g33 value of 75
mVm/N at 10% PZT fraction in the polymer matrix, which is ascribed to the reduced

interparticle distance and enhanced connectivity within the polymeric matrix.

Furthermore, recent studies by Daniella Deutz et al. indicate that composites
composed of ceramic fibres filler in a polymeric matrix generate a greater enhancement
of dielectric properties when compared to composites made of ceramic powder particles
in a polymeric matrix. The authors fabricated a quasi 1-3 potassium sodium lithium
niobate (KNLN) fibres-based composite towards energy harvesting applications using
dielectrophoresis. They found out that in a piezoceramic-polymer composite, filler fibres
have a greater capacity to improve dielectric properties than particle fillers counterparts.

Herein, the dielectric enhancement potential exhibited by the fibres is attributed to the
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reduced inter-particle distance exhibited by filler [126].

In recent years, research efforts towards enhancing the piezoelectric properties of
composites have been partly achieved by altering the processing routes in the
manufacturing of piezo composites. One of such strategies involves combining
dielectrophoretic alignment and poling of quasi 1-3 composites at room temperature
while the thermosetting polymer matrix is still in the liquid phase [130]. Earlier studies
by Khanbareh et al. [131] have proven that the dielectric properties of piezo composites
are affected by the electrical conductivity of the polymeric matrix. As with increased
matrix’ electrical conductivity, the build-up time of the electric field exhibited on the
ceramic particles reduces, resulting in enhanced poling potential of the composites. Since,
the electrical conductivity, as well as the permittivity of a thermosetting polymer such as
epoxy, reduces upon curing, in 2017, Khanabareh et al. investigated the outcome of
simultaneously carrying out DEP and the poling processes, while the polymer is in the
liquid state, followed by subsequent curing. The authors reported a significant
enhancement of the piezoelectric properties of the quasi 1-3 composites as a result of the
simultaneous DEP and poling process[130]. This is ascribed to the enhanced poling

efficiency of the composite and the improved formed chain-like structure.

In 2016, Kim et al. investigated the alignment of particles using the ice-templating
technique [121]. Although the particles were aligned using a different method, the results
indicated that the dielectric permittivity linearly increased with the BT fraction,
confirming the dielectric permittivity as a function of the volume fraction of piezo active
filler particles. One of the key aspects of the ice templating method is that the unique
lamellar architecture achieved in the dielectric composite, affecting enhanced particle

alignment in the composite, generates higher dielectric permittivities than conventionally
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made composites. However, enhanced dielectric properties via the ice templating method
are acquired at the upper threshold of the BT volume fraction (30%) (higher cost) as
opposed to a lower BT volume fraction (10%) employed when using conventional
dielectrophoretic alignment [106]. Secondly, although this method presents a promising
platform for the enhancement of the dielectric properties and ultimate sensitivity of
composites, the study did not consider the effect of the interface between piezo active
particles and the matrix, which has been established using dielectrophoresis methods
[26,41] as a key parameter governing piezoelectricity in composite materials. DEP
alignment of piezo active particles within the polymeric matrix seems to be a preferred
method in the fabrication of piezo composites targeting high sensitivities and cost-

effectiveness.

3.2.5. Ternary Structures (Addition of a Third Phase)

Conventional solid-state methods have been employed for the synthesis of
piezoceramic ternary structures with improved piezoelectric properties such as enhanced
piezoelectric coefficient (d33) and the Curie temperature (Tc) [132]. The introduction of
three-phase composites as a strategy towards the improvement of the piezoelectric

properties of materials is becoming a significant area of scientific investigation [57].

In order to further enhance the dielectric properties of biphasic composites, several
approaches based on including a third phase to the composite have been exploited [133],
[134] such as the addition of conductive particles to the two-phase piezoelectric system
[135]. Insight from literature highlighted that the addition of conductive carbon black
particles to a PZT-PVDF composite resulted in an enhanced ds33 of 42pC/N (at a

composition of 0.7PZT/0.3PVDF and 0.4% carbon black) at 1kHz when compared to a
ds3 of 23pC/N for the same system but without carbon black inclusions [136]. The
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addition of the conductive particles increases the conductivity of the composite, leading
to enhanced polarisation properties that ultimately affect the dielectric properties. This
illustrates that a three-phase composite of PZT/PVDF/Carbon black using carbon black
as a modifier results in improved piezoelectric charge coefficients compared to the same

system with no conductive particles.

Moreover, air (porosity) can also be introduced to reduce the dielectric constant of the
polymeric matrix and subsequently enhance gs3 [137]. The authors in this study, used
thermal decomposition of polyurethane (PU) into its constituents to obtain the third phase,
a gaseous phase. When di-isocyanate (component A) and polyol (component B) were
reacted together, the hydrolysis of di-isocyanate resulted in the release of gas. Generally,
given a model of a two-phase dielectric material, with gaseous content dispersed in a
polymer matrix, in a serial mode of 0-3 composite with a homogeneous porosity within
in the polymer matrix, there will be an exponential decrease in the dielectric constant of
the air porosities as the gaseous content is increased. However, if a parallel mode of 1-3
exists, considering porosities as columns lengthened in the thickness direction, then the
dielectric constant will decrease linearly when the gaseous content is increased [138].
Therefore, a two-phase porous polymer material with 0-3 modes is preferred because it

provides a structural configuration with a decreased dielectric constant.

A composite made of BaTiO3 and acrylonitrile butadiene styrene (ABS) may generate
low permittivity due to poor particle/polymer interface bonding resulting from the porous
nature of the inorganic additive. Additives such as organic esters have the potential of
improving permittivity by enhancing the compatibility between polymer and filler
ceramic particles in a composite [139]. Therefore, the employment of dispersants and

surfactants [84] and plasticisers [22] may improve the fused deposition modelling (FDM)
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printability of composites, due to their great potential to enhance dispersion of filler

particles, and to decrease the viscosity of the composite, respectively.

3.2.6. Electrical Conductivity of Constituents

As mentioned in the introduction, piezoelectric materials have randomly
distributed polarization vectors [37], and the application of a strong dc electric field would
align the electric dipoles in a process is called poling. Thus, the polymeric matrix should
have certain electrical conductivity so the ceramic can be poled efficiently [140]. On the
other hand, the polymer matrix should not be fully conductive. If electrical conductivity
is higher than the percolation threshold of conducting filler, it will short circuit before
poling finished. Very few papers have been reported which focus on enhancing electrical
conductivity of either the matrix or of the filler in order to improve dielectric properties.

Recently, in 2018, Kim et al. investigated the effect of (FDM) on three-phase
dielectric nanocomposites using poly(vinylidene) fluoride (PVDF), BaTiOs3 and
multiwall carbon nanotubes (CNTs) [141]. The authors incorporated CNT as a surfactant
for BaTiOs as well as an electrically conductive filler and reported an enhancement in
permittivity and dielectric constant that is associated with the improvement of BaTiO3

dispersion and reduction in loss tangent, respectively.

4. Conclusions And Recommendations

In the ongoing quest to produce high-performance and cost-effective piezo ceramic-
polymer composites fabrication methods capable of modulating the performance
parameters is essential. Piezoelectric composites have the capacity to replace state of the
art ceramic materials in the application where integration is the key as they offer

comparable piezoelectric sensing properties with an added benefit of flexibility.
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With the global piezoelectric composites market predicted to reach nearly 400M
USD, this review would aid in the manufacturing of piezoelectric composites with special
emphasis of materials properties to improve piezoelectric performance. Much attention
has been paid to improve piezoelectric properties of composites by altering the
manufacturing techniques however, multiple other factors such as dielectric constant of
the filler, addition of third phase and conductivity of the matrix also play a significant
role in enhancing piezoelectric and dielectric properties of the composites. A keyway to
improve piezoelectricity is to employ phase engineering options such as chemical
composition modification and/or modulation of the sintering temperature, to place the
materials at their phase transition region (PTR), where enhanced ds3 and temperature
stability can be achieved. Moreover, there has been scarcity of high performing flexible
sensors at high temperature. High end polymers such as Polyetherimide (PEI), Polyimide
(PI) could be used as passive matrices with a special focus on the dielectric properties of
filler material and use of lead free materials such as KNN. In order to gain leverage across
various industrial sectors, research efforts should include the investigation of parameters
governing the thermal stability and degradability of piezoceramic-polymer composites.
Bioabsorbable capacitor power sources are promising innovative options for piezo
composite devices such as medical implants because of the potential to eliminate

electronic waste and avoid unnecessary multiple surgeries.
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Figure 1: Number of publications on piezoelectric composites (data taken from web of
science and correct as of November 2020)
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3-3 (front) 3-3 (back)

Figure 2. Different types of connectivity of the two-phase composite system [142]
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Bulk piezoelectric material

Polarization

Figure 3. Schematics of 1-3 piezocomposites fabrication: (A) dice-and-fill; (B) arrange-

and-fill; (C) injection moulding techniques from [19].
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Figure 5. (a) Ba(Ti0.8Zr0.2)O3- x(Bao.7Cao3)TiO3 ceramic phase diagram near the MPB,;
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Figure 8. Graphical representation of 0-3, quasi 1-3 and conventional ceramic pillars 1-3
composite types along with their corresponding SEM micrographs; in random and quasi
composite, the polymer matrix is white whilst ceramic filler is grey coloured from [34]

and [106].
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Table 1.

Summary of temperature dependence of dielectric constant for various volume

fraction of BT in PVDF/BT composites at 100kHz?.

BT filling content

(volume Fraction)

Operational Temperatures

% -50°C 10°C 90°C 130°C
Dielectric Constant
0 6 8 12 12
20 12 20 25 25
60 60 88 110 110
80 50 73 77 80

4Source of results: Fu et al. [84]
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Table 2. Summary of mean remnant polarisation and saturation polarisation of 1-3

piezocomposite as a function of filler fraction volume [91].

Fibre Remnant Mean Saturation Mean Saturation
(PZT) polarization (c/m?) Remnant polarization (c/m?) polarisation
volume | Expt. | Theoretical | polarization | Expt. | Theoretical (c/m?)
fraction (c/m?)
(%)
35 0.1 0.1 0.1 0.11 0.1 0.1
65 0.23 0.2 0.22 0.27 0.25 0.26
80 0.28 0.28 0.28 0.35 0.34 0.35
100 0.35 0.36 0.36 0.39 0.37 0.38
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