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Lead free porous piezoelectric ceramics have been the motivation behind research by numerous scientists

in perspective of environmental friendly, less dense, wide performance advantages over monolithic and polymer
piezoelectric materials with enhanced figure of merit. In this review, a collective entity regarding the process-
ing of porous piezoelectric compounds by various methods, lead free piezoelectric families like BaTiO3 (BT),
Ba1−xCaxTi1−y ZryO3 (BCZT), (Bi0.5Na0.5)TiO3 (BNT), (K0.5Na0.5)NbO3 (KNN) and their solid solutions are
reported. Porosity configuration, pore forming agents, and various applications in porous lead free piezoelectric
ceramic have also been discussed. This review herein has discussed in terms of the tendency to work with lead free
porous piezoelectric ceramics.
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1. Introduction

Active (smart) materials are those which react to
an incentive by changing its property, i.e. they ex-
pand or get deformed under temperature, pressure,
or electromagnetic field. Active materials are used
in integrating devices and structures which are capa-
ble of behaving according to the external conditions.
Some of the widely used active materials are thermal
materials (thermochromic, thermoelectric), mechanical
materials (shape memory alloys and polymers, thermoe-
lastic), magnetic materials (magnetoelastic, magnetore-
sistive, magnetooptic, ferrofluids, ferromagnetic shape
memory alloys, etc.), electric materials (photoelectric,
piezoelectric materials) [1] (see Fig. 1).

Piezoelectric materials have been an important time-
honoured active materials because of their wide band-
width, quick electromechanical response, low power as-
sumption, high generative forces, ease of fabrication,
survival in severe conditions, flexibility to be formed
into various shapes, large dielectric constants, and high
coupling coefficients [2, 3]. Piezoelectric materials con-
sist of multiple positive and negative interlocking do-
mains which are symmetrical within the material making
it to be neutral. When the materials are subjected to
stress, its symmetry is slightly broken resulting in volt-
age generation and this effect is called direct piezoelec-
tric effect. In another case when the voltage is applied
to a material it gets deformed and this effect is called
inverse or converse piezoelectric effect [4]. Piezoelectric
effect has been made use of in variety of practical de-
vices such as microphones, phonograph pickups, wave
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Fig. 1. Categories of smart materials.

filters in telephone-communications systems, sensors, ac-
tuators, energy harvesters etc., and for scientific instru-
ments like microscopes [5].

Piezoelectric materials have been divided into two
main streams: crystals and ceramics. The ceramics
which are polycrystalline, have several qualities over
crystals such as higher sensitivity and ease of fabrica-
tion into a variety of shapes and sizes. In crystals,
there are limitations such as their susceptibility to mois-
ture, high cost, difficulty to obtain proper orientation or
chemical stoichiometry [6, 7]. Piezoelectricity is an in-
nate attribute in ceramic materials, where ultrahigh
piezoelectric responses are realized in compositions at
the morphotropic phase boundary (MPB) [8]. The MPB
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describes the boundary that separates regions of differ-
ent symmetries and can be crossed through a change
in composition [9]. This effect is related with the elec-
tric dipoles present within these materials. These dipoles
together form regions called the Weiss domains, each dif-
fering from its neighbor only in the direction of orien-
tation by default (i.e. their net polarization is zero).
When the polycrystalline material is under stress, these
domains change their orientation towards a direction that
reduces the overall electrical or mechanical energy stored
in the domain. This change of orientation direction
from its former one is not sufficient to bring a change
in the net polarization, hence the piezoelectric effect ex-
hibited by the material will be negligible. Therefore, it is
necessary to induce the piezoelectric effect in these ma-
terials by poling in the initial state to bring a significant
change in the net polarization. Poling is a process of gen-
erating net remnant polarization in the material by ap-
plying sufficiently high electric field across the material
below its Curie temperature. The Curie temperature is
defined as the temperature at which the material nature
gets converted to a non-piezoelectric from piezoelectric
form. When an electric field is applied to a polycrys-
talline material, domains orient themselves in the direc-
tion of the applied field, the material in this state pos-
sesses maximum polarization [10, 11]. Polarized piezo-
electric materials are characterized by several coefficients.
These parameters are related to both direction of the ap-
plied stress, electric field, etc. and to the directions per-
pendicular to these. Due to this analogy, the parame-
ters are generally given two subscript indices which re-
fer to the direction of the two related quantities (e.g.
stress and strain for elasticity, displacement, and electric
field for permittivity). Since the piezoelectric material
is anisotropic, the corresponding physical quantities are
described by tensors [12]. The piezoelectric coefficients
are therefore indexed accordingly [13–15].

• Piezoelectric strain constant, d: This constant is
related to the mechanical strain produced by an ap-
plied electric field, it is otherwise termed as d coef-
ficient, e.g. d33 is the induced strain in direction 3
per unit electric field applied in direction 3.

• Piezoelectric voltage coefficient gij : This con-
stant is related to the electric field produced
by a mechanical stressor otherwise defined as ra-
tio of the electric field strength E to the effective
mechanical stress T . It is termed as voltage con-
stant, or the g coefficient, e.g. g33 is the induced
strain in direction 3 per unit electric displacement
applied in direction 3.

• Permittivity ε: Relative dielectric constant or per-
mittivity ε is defined as ratio of absolute permittiv-
ity of a ceramic material and permittivity in vac-
uum (ε = 8.85× 10−12 F/m), where absolute per-
mittivity is the measure of polarizability in the elec-
tric field.

• Coupling factor K: This constant is the measure
of piezoelectric effect. This describes the ability of
the piezoelectric material to convert electrical en-
ergy to mechanical energy and vice versa. The ratio
of the converted stored energy of one kind (mechan-
ical or electrical) to the input energy of the sec-
ond kind (electrical or mechanical) is defined as
the square of the coupling coefficient.

Piezoelectric ceramics, solid solutions of ferroelec-
tric composition are prepared by the synthesis (ther-
mal treatment) of a mixture of different oxides, carbon-
ates, and salts of metals and can be tailored according
to the specific purpose requirements. The bases of ad-
vanced piezoelectric material relies on modified solid so-
lutions with different composition and dopants. Lead
zirconate titanate Pb(ZrxTi1−x)O3 (PZT), ceramic ma-
terial, has superior piezoelectric properties and has wide
possibilities for modifying its structure and properties
by numerous dopants. They have found widespread ap-
plications in sensors, transducers, actuators, and elec-
tronic components [16, 17]. In today’s era, the most
successful piezoelectric ceramics are based on lead based
systems such as lead zirconate and lead titanate (PZT).
Although, the major drawback of these lead based
piezoelectric systems is its lead content, which is more
than 60 wt%. There are lots of environmental issues with
utilization, recycling, and disposal of these lead-based
materials as the toxic matter maintains itself for a long
time in the environment [18]. The urge for materials
that are benign to the environment and human health
has paved the way for a new ceramic materials, i.e. lead-
free materials, which have become the kingpin in today’s
roadmap for ceramics, particularly those with properties
comparable to their lead-based counterparts. Both ex-
tensive and intensive research activities have been de-
voted in developing lead-free piezoelectric systems in re-
sponse to the call for environmental protections for past
several years [19]. In addition to being environmen-
tally friendly, lead free piezoelectric systems are biocom-
patible, and suitable for high temperature operations.
Lead free piezoelectric materials are classified based on
their structure into:

• Bismuth layered structure

• Tungsten-bronze structure

• Pyrochlore structure

• Perovskite structure

Perovskite structure has received distinct attention be-
cause of its simple structure when compared to other
structures and ease of preparation. It has a general
formula of ABX3, where A and B are the two cations
of different sizes, usually A larger than B, and X is
an anion that bonds the cations. The main advan-
tage of perovskite structure is that, different anions and
cations dopants can be substituted on both A and B sites
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without any modification in the overall structure [20].
Lead free base materials barium titanate (BT), modi-
fied bismuth sodium titanate (BNT), potassium sodium
niobate (KNN), and their derivatives having perovskite
structure were discovered in the 1940s–1960s [21–23].
Lead free materials as single systems were unable to ex-
hibit expected piezoelectric properties when compared
with single system of lead based counterparts. There-
fore they are modified and doped accordingly in order to
get extraordinary piezoelectric properties. Widely used
lead free systems with perovskite structure are discussed
below.

1.1. Lead free systems with perovskite structure

1.1.1. Barium titanate BaTiO3 (BT)
Barium titanate was one of the foremost piezoelec-

tric materials, developed in the 1940s and 1950s [24–26].
BaTiO3 is a well-known fundamental ferroelectric strong
candidate for field induced piezoelectric transducers hav-
ing high dielectric constant, low loss characteristics,
low Curie temperature, large polarizations, large permit-
tivity, and the large induced strains achievable in these
materials [27, 28]. BT is also used as a potential candi-
date for capacitors even though it does not have a very
high piezoelectric constant [29]. However the overall use-
fulness of BT have been limited as the working temper-
ature range of BT ceramic had been narrowed for ac-
tual piezoelectric applications due to low Curie temper-
ature (TC = 120 ◦C). In lead free solid solution sys-
tems BT is often used as other lead-free compounds to
improve the system’s Curie temperature and to exhibit
piezoelectric properties near MPB. Dopants like Nb2O5,
CeO2, etc. were added and also binary and ternary
system of BT based ceramics such as KBT-KNN-NBT,
NBT-BT, KNN-BT, KBT-BT have been developed and
investigated [30–33].

1.1.2. Bismuth sodium titanate (Bi0.5Na0.5)TiO3 (BNT)
Bismuth sodium titanate (BNT) with a rhombohe-

dral perovskite structure have been studied for a long
time as a promising alternative to lead based coun-
terparts, having relatively high Curie temperature
(TC = 320 ◦C) and piezoelectric constant of 73 pC/N [34].
BNT has certain drawbacks such as it has high coer-
cive field and high conductivity which cause difficulties
in the poling process and quite low piezoelectric prop-
erties for pure BNT [35]. To overcome these draw-
backs, different dopants are added as well modifica-
tions in the solid solution composition have been done
to the BNT systems. Among the BNT-based lead-free
piezoelectric systems, the binary systems of BNT-BKT
and BNT-BT have obtained the most extensive investi-
gation because they have exhibited extraordinary piezo-
electric performance near the rhombohedral and tetrago-
nal MPB. In addition, BNT-based compositions modified
with (Bi0.5Li0.5) TiO3, Ba (Cu0.5W0.5)O3, NaNbO3, and
Er2O3 have also been reported [32, 33].

1.1.3. Bismuth potassium titanate
(Bi0.5K0.5)TiO3 (BKT)

Discovery of BKT was done in 20th century. It has
tetragonal symmetry at room temperature, relatively
high Tc of 380 ◦C, and shows better dielectric response
and piezoelectric response than BNT. But BKT has
been investigated much less than BNT material be-
cause of its drawback to prepare high-dense ceramics.
These materials even face difficulty in poling due to
low density and formation of secondary phases at high
temperature poling. Sintering aids have been utilized
in these materials to improve its density, such as process-
ing of BKT with excess bismuth oxide, which improved
the piezoelectric and ferroelectric properties of the mate-
rial (e.g., d33 = 101 pC/N) [36].
1.1.4. Barium calcium zirconate titanate
Ba1−xCaxTi1−yZryO3 (BCZT)

Variety of BaTiO3-based solid solutions have
been developed to enhance the piezoelectric and
dielectric properties with different A-site and B-site
dopants (where, typically A=Ca, Sr, La; B=Nb, Ta, Zr).
Specially formulated BCZT Ba1−xCaxTi1−yZryO3

has been the focus of numerous publications after
a high piezoelectric coefficient (d33 = 620 pC/N) was
reported for Ba0.85Ca0.15Ti0.90Zr0.10O3 [37]. BCZT is
a good candidate for a variety of applications, such
as multilayer ceramic capacitors (MLCC), piezoelectric
actuators, and positive temperature coefficient resis-
tors (PTCR), due to its excellent dielectric, ferroelectric,
and piezoelectric properties. Moreover, its properties
can be controlled by varying the Ba/Ca and Zr/Ti
proportions.
1.1.5. Potassium sodium niobate KxNa1−xNBO3 (KNN)

The pioneering works on KNbO3–NaNbO3 solid solu-
tion were carried out in the mid-50s. KNN is a specific
composition resembling the PZT system having a com-
plete solid solution of antiferroelectric NaNbO3 and fer-
roelectric KNbO3, in equal proportion which is close to
the MPB between two orthorhombic phases and has high
electromechanical coupling. Furthermore, it has been re-
ported that doping of Li, Ta, and Sb, leads to further
elevation of the piezoelectricity. KNN is a solid solu-
tion of KNbO3 (KN) which possesses similar structures
and phases to BT but higher phase transition temper-
atures. KNN has been a potential system among other
lead free system because of its relatively high piezoelec-
tric performance. The highest piezoelectric strain coeffi-
cient d33 of 416 pC/N, was achieved by both composition
and structurally modifying this material [38].

1.2. Porous piezoelectric ceramics

Piezoelectric ceramics as a monolithic have high piezo-
electric performances which have been used for applica-
tions in several branches, but they are hard and rigid
for specific applications that requires flexibility and com-
plicated shapes. To overcome this problem, composite
materials are proposed. Generally speaking, a composite
is considered to be any multiphase material that exhibits
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a combination of the properties of its phases. Piezoelec-
tric composites are usually made up of secondary phases
such as ceramics, metals, polymer, or pore, and pri-
mary phase of piezoelectric ceramic. Porous ceramics
can be considered as a particular case of composite ma-
terial. Porosity is generally reflected as a defect that
causes a decrease in mechanical and piezoelectric prop-
erties of a piezoelectric material. But the introduction
of tailored porosity in the hard piezoelectric ceramic gives
it an enhanced piezoelectric capability and optimum set
of electro physical characteristics like high hydrostatic
figure of merit (HFOM) and lower sound velocity, mak-
ing these materials to exhibit reduced acoustic impedance
and improved coupling with water and biological tis-
sue [39]. These properties make them more suitable
for underwater and medical applications like ultrasonic
defectoscopes, medical diagnostic, therapeutic ultrasonic
equipment, etc. [40–42]. Further, these materials can be
operated in a wide temperature range. Studies of mi-
crostructures of porous piezoelectric active ceramic and
composite materials have been carried out by only a few
researchers [40–43].

Lead free porous piezoelectric ceramic recently has
been playing a vital role for various engineering ap-
plications as they can be designed as a functionally
graded material. This review paper gives the impor-
tance in working with lead free porous piezoelectric ce-
ramics. The synthesis and processing of porous piezo-
electric ceramics and their properties which are influ-
enced by porosity configuration have been deliberated.
Several applications of porous piezoelectric ceramic have
also been discussed here.

2. Porous piezoelectric ceramics processing

Materials having well controlled porosity exhibits
properties and features which are generally not
achieved by their conventional dense counterparts [44].
The two classes of porous ceramics are reticulate ce-
ramics and foam ceramics. Interconnected voids sur-
rounded by a web of ceramic are seen in the reticulate
ceramics. The latter has closed voids within a continu-
ous ceramic matrix [45]. Porous ceramics of open pores
has substantial strength, moderate thermal conductiv-
ity, gas permeability, good thermal resistance. Ceram-
ics of closed pores has high porosity, increased strength,
decreased thermal conductivity, low thermal resistance.
The connectivity nomenclature of piezoelectric compos-
ite with pores as the secondary inactive phases are (0-
0), (0-1), (0-2), (0-3), (1-1), (1-2), (1-3), (2-2), (2-3),
and (3-3), where the first digit refers to the number of di-
mensions of connectivity for the active phase (piezoelec-
tric ceramic) while the second digit refers to the inac-
tive phase (pores) [46]. In porous piezoelectric ceram-
ics, changes in open and closed porosity, pore size dis-
tribution, and pore morphology can have a major effect
on a material’s properties. The processing routes used
for preparation of porous material have influence over

these microstructural features. In addition to the conven-
tional solid state reaction route, various chemical routes
have been developed for obtaining porous piezoelectric
ceramics.

The methods for porous ceramic processing include ba-
sic approaches like subtractive and additive processes.
In the former processes density of the material is re-
duced through the addition of pore forming agents
as resulting porous material with controlled porosity is
formed. In the latter approach, composite piezoelec-
tric material with optimized electromechanical response
is formed by addition of two or more constituents [47, 48].
Some of the methods for processing porous ceramics in-
clude replica techniques (e.g., sponges for 3-3 compos-
ites), sacrificial template methods (either synthetic such
as PMMA or natural such as wax, etc.) [49]. By vary-
ing the sintering temperature certain degree of porosity
can be obtained with respect to the dense ceramic, but
for higher degree of porosity one of the mentioned meth-
ods are preferred. The methods used in several works
for processing porous piezoelectric ceramics are discussed
in the following section.

2.1. Replica method

Replica method, reported in the 1960s, is the first
method deliberately used for the production of macro-
porous ceramics with pore diameter greater than 50 µm.
In this method, ceramic material is removed from the cel-
lular structure (sponge) by controlled thermal treatments
in order to produce a macroporous ceramic. Porous
structure obtained from the sponge replica method can
generate a total open porosity level within highly in-
terconnected pores. The disadvantages of this tech-
nique lie in the development of the struts in reticu-
lated structure during pyrolysis of the polymeric tem-
plate which lies as a demerit to this technique as the me-
chanical of the porous material gets significantly weak-
ened. The technique also requires several steps, which
lengthen its duration and increase its cost [50–57]. Many
synthetic and natural templates approaches have been
used in replica method. Another approach of replica
technique is the coral replica method. In this method
porous materials are prepared by using coral as the nat-
ural template, mostly for the application of bone replace-
ment, etc. [58, 59]. Here coral is first impregnated with
wax under vacuum and after the hardening of the wax,
the impregnated sample is leached by strong acids to
obtain the celluar structure of the template in the wax
form [60]. This method has been used to produce macro-
porous PZT ceramics with tailored piezoelectric proper-
ties [61, 62]. In this approach the PZT slip was filled into
the cellular structure, which was then sintered for densi-
fying PZT. The obtained PZT samples had large pores
which were filled with epoxy resins and polymers for 3-3
connectivity. However, this method is not easy to scale
up and so other methods for creating porous ceramics
have been devised.
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2.2. Sacrificial method

In sacrificial method, ceramic raw materials are mixed
with appropriate amount of sacrificial fugitives, which
are then burned out or evaporated by sintering to form
porous body. Open pores of different morphologies
can be produced with this method. The most cru-
cial step in this technique is the removal of the sacri-
ficial phase that can be done by pyrolysis, evaporation,
or sublimation. These processes might involve the re-
lease of an excessive amount of gases and must be carried
out at sufficiently slow rates in order to avoid cracking
of the cellular structure. This method is time consum-
ing, hence pore agents such as oil, water, naphthalene
can be used for quick evaporation. There are less work
reported on preparation of porous piezoelectric ceram-
ics by this method due to mingling of the fugitives with
the material which results in unexpected end product,
excess timing, etc.

2.3. Freeze casting method

Freeze-casting, also known as ice-templating, is an at-
tractive shaping method for the fabrication of highly
organized porous structures. In this technique, the ce-
ramic slurries containing freeze sensitive liquids vehicles
(water or silica-sol) are poured into a nonporous mould,
which would be frozen under extremely cold tempera-
tures. After complete freezing, the samples are ther-
mally treated to melt or sublimate the liquid vehicles
and then the sample is dried for the formation of rigid
bodies. The freezing agent acts as temporary binder.
After drying, the former green body will possess rela-
tively high degree of overall porosity, with pore channels
formed as the replica of liquid vehicle used in the slurry.
In this method, during freezing, certain ceramic particle
in liquid vehicle solidifies as dendrites, as these are re-
jected because they are not soluble in ice formed due to
freezing. The dendrite network and particle network
are interlaced in three-dimensional space, which allows
the pore structure of the ceramics to be tightly con-
trolled. To date, water [63, 64] and camphene [65–67]
have been successfully used as freezing vehicles [68].
Porous PZT–PZN were fabricated using the camphene-
based freeze-casting method. Owing to the unique freez-
ing behavior of the ceramic/camphene slurry, it was
possible to produce highly porous ceramics with well-
defined pore channels, as well as dense PZT–PZN walls.
The porous samples had high HFOM values as the per-
mittivity and d33 value decreased due to 82% of poros-
ity [67]. The freeze-casting route has many advantages
such as fast manufacturing cycle, no drying cracks, essen-
tially zero-shrinkage, and no troublesome binder burnout
process.

2.4. Burned out polymer spheres (BURPS) method

The BURPS process involves formation of 3-3 struc-
tures with relative ease and low cost. In this pro-
cess a pore-forming agent (PFA) will be incorporated

along with ceramic powder before the pressing stage
and during the sintering process the pore agent will be
burned out leaving pores [69]. Various pore formers, such
as poly (methyl methacrylate) (PMMA), poly(ethylene
oxide) (PEO), self-raising flour, dextrin, and poly(vinyl
alcohol) (PVA) has been used for this process [70–72].
These pore formers size has an effect on pore size de-
veloped in the porous structure. Porous PZT samples
were processed by this method using different pore form-
ers such as PVC, PMMA, and PEO with different weight
ratios. The microstructure revealed a (3-3) connectivity
in the porous structure. The pore forming agent PMMA
exhibited a greater (3-3) connectivity in porous speci-
mens when compared with other pore formers. The pore
size of PMMA and PEO microstructure varies, but final
properties were more or less similar [73]. Sintering pro-
files can be adjusted to include a dwell stage according
to the required temperature at which the PFA sublimes.
Disadvantage of the BURPS process is that it often suf-
fers from poor control over the pore structure. Defects
on the sintered samples and rifting of the interconnection
between the pores often occurs due to intrusive burning
of the PFA which may reduce both mechanical and piezo-
electric properties of the porous piezoelectric ceramics.

2.5. Gel casting

Gel-casting is a favorable method to fabricate porous
ceramics, which involves different method within it like
foaming, replica method, or even the addition of a sacri-
ficial phase [74]. Gel-casting is a near-net-shape forming
method to produce tough complex shaped ceramic parts
with high homogeneity, good strength and mechanical
property with ease. This process involves the dispersion
of a ceramic powder into a monomer and cross linker so-
lution followed by casting of this suspension into a non-
porous mould. In this method, the amount of organic
used is less than other techniques which reduces the py-
rolysis step prior to sintering and allows for the formation
of porous ceramics with controlled degree of pore inter-
connectivity [75]. After gel formation, gel-cast green ma-
terials can be easily demoulded and dried in controlled
conditions. Porous lead based PZT ceramics prepared
by this method showed high quality and homogeneous
ceramics parts with good piezoelectric properties were
obtained [76]. The formation of porous zirconia by di-
rect gel-casting method are used for dental application
and highly porous ceramics are used in medical applica-
tion such as bone repair implants.

2.6. Solid freeform fabrication (SFF)
or fused deposition method (FDM)

3D printing technology has been referred to differ-
ent names, such as fused deposition technology (FDM)
or solid freeform fabrication (SFF). It is commonly re-
ferred to as desktop manufacturing or automated addi-
tive fabrication, which have become an important tool
for manufacturers for production and design of proto-
types. This process fabricates three-dimensional porous
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ceramic preforms from ceramic powders and preceramic
polymers. In this process ceramic slurry is mixed with
a thermoplastic binder to make the filament, which is
printed to form the desired structure. The green struc-
ture is then sintered to remove the thermoplastic binder
and densify the ceramic phase. Also, the use of 3D
printing in combination with electrospinning technology
can be used to form structures with nanoscale piezoelec-
tric filaments. This method has been used for the devel-
opment of porous piezoceramic PZT thick films, where
the thick film was deposited on a substrate by screen
printing. The porosity of the thick films was achieved
by reducing the sintering temperature when compared
to the bulk ceramic and the shrinkage rate was decreased
by the addition of additives to the PZT sample [77].

2.7. Emulsions template method
or particle stabilized emulsion method

An innovative methodology encompassing the use
of combination with sol–gel reactants and surfactants to
fabricate macroporous structures from mono disperse oil
droplets obtained by fractionation is the emulsion tem-
plate method [78]. Highly porous PZT samples were
prepared by particle-stabilized foams via gel-casting.
For this preparation, a slurry containing PZT powders,
water, and monomer was prepared by milling. To this
slurry valeric acid was added to modify the PZT particles
and its pH was maintained to 5 by addition of 3M HCl
aqueous solution. The slurry was foamed with help
of household mixer with addition of catalyst and initiator
leading to the polymerization of monomer. The wet foam
was then dried and sintered. The obtained porous sample
had increased grain size and piezoelectric properties [79].
This method can be tuned to produce highly controlled
self-assembled porosity of 90%. This methods has advan-
tages over other methods for the production of macrop-
orous material because other techniques are not readily
adapted to produce a wide variety of porous materials.

3. Porous piezoelectric ceramic configuration
and its properties

Porous piezoelectric ceramic has been formulated
as a functionally graded material (FGM) to meet
the need of a high response, good compatibility with
the investigated media by a porous material [80].
In these multiphase materials the distribution of the elec-
tric field strength and mechanical stresses, as well
as the dielectric, elastic, mechanical properties, and
their constants are not only influenced by the individ-
ual phases, but also by their interconnection of pores,
pore distribution, pore volume [81]. Some of the param-
eters which influence the porous piezoelectric ceramics
are discussed below.

3.1. Pore forming agents (PFA)

The pore forming agents are generally classified into
synthetic organic matters (polymer beads, organic fibers,

etc.), natural organic matters (potato starch, cellulose,
cotton, etc.) metallic and inorganic matters (nickel, car-
bon, fly ash, glass particles, etc.) and liquid (water, gel,
emulsions, etc.). Certain features of the porous struc-
ture include total, open, and sealed porosity, permeabil-
ity, pore distribution by sizes, and specific surface area.
The most significant structural parameters are porosity
percentage and pore size. The pore size and porosity are
mainly determined by the content and size of the pore for-
mers. In PZT piezoelectric ceramic, when pore formers
such as dextrin and PMMA were incorporated at var-
ious wt%, from the microstructure studies it was re-
vealed that with an increase in the content of pore form-
ers, the porosity of sintered ceramics increased, whereas
the pore size of porous PMMA ceramics were larger than
porous dextrin ceramics [82]. As porosity volume frac-
tion increases in a material, the interconnection between
the pores increases with clear pore channel and their
mean pore size also increases. For porous ceramic pro-
cessing, PFA must be selected in the manner that it does
not affect the final product such as cracking. In ceram-
ics samples, where pore agents of relatively high stiffness
materials were used, cracking occurred. Such as in sam-
ples where PMMA was used as the pore former crack-
ing of the sample occurred as the relatively high stiff-
ness PFA, led to spring back after pressure has been re-
leased in the pressing stage, resulting in cracks perpen-
dicular to the pressing direction.

3.2. Porosity configuration

The porosity percentage has a great influence on
the properties of the porous material. In the process-
ing of porous lead based piezoelectric material it was
perceived that an optimized combination of micro-,
meso-, and macroporosity in PbNb2O6 porous ceram-
ics prevents excessive crystalline growth and cracking.
For PbTiO3 porous ceramics, the mixture of macro-
and mesoporosity prevents ceramic cracking and de-
struction on grain boundaries. It was also shown that
the porous ceramics technology results in increased piezo-
electric anisotropy, removal of internal mechanical stress,
increased mechanical durability, prevention of cracking,
and finally of stability in time elements with excellent
and reproducible properties for such technologically dif-
ficult ceramics as lead titanate and lead metaniobate [83].
It was revealed that as the porosity percentage increases
in a piezoelectric material its impedance reaches values
closer to water or air. Also, it transverse piezoelectric
coefficient (d31) decreases with increase in hydrostatic
strain coefficient. Therefore, higher electrical charges will
be generated for porous piezoelectric ceramics used as hy-
drophones [84].

3.3. Porous piezoelectric ceramic properties

Porous piezoelectric materials have favorable proper-
ties than the dense counterparts in many applications
such as increase of the FOM by partial decoupling be-
tween transverse and longitudinal effects and grading
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of transfer of acoustical energy to water or biological
tissues, improved as a consequence of a lower acous-
tical impedance (Z). As the porous ceramic is less
dense than its bulk counterpart, its acoustic impedance is
lower, resulting in better impedance matching with wa-
ter or tissue. As the acoustic impedance of the material
is proportional to its relative density and the velocity
of sound within it, a higher porosity would be expected
to lead to a reduction in the acoustic impedance, which
would minimize the sound energy reflected at the in-
terface between the porous sample PZT–PZN ceramics
and the media [85]. Porous piezoelectric ceramics such
as lead zirconate titanate (PZT) offer significant improve-
ments over solid piezoelectric ceramics in many piezoelec-
tric transducer design figures of merit. With increasing
porosity in piezoelectric ceramics, there is a reduction
in the dielectric constant whereas the hydrostatic figure
of merit dh, gh increases significantly, for low-frequency
underwater applications and medical diagnostic devices.
These outstanding properties of porous piezoelectric ce-
ramics seems to be surprising in contrast to the per-
formance of typical dense ceramics whose inbuilt poros-
ity results in loss of stiffness and strength. It was re-
ported that porous piezoelectric ceramics exhibited grad-
ual increase of piezoelectric charge coefficient d33 factor
with increasing porosity. Thus, increased porosity makes
the material softer making it suitable for light weight ap-
plications such as sensors [86]. In porous material figures-
of-merit improved markedly due to the reduced relative
permittivity, although most of the physical properties

are ruined by the presence of porosity porous ferroelec-
tric ceramics, and therefore, are very promising materials
for a number of applications. Some of the properties im-
parted due to porosity in a porous piezoelectric ceramics
are as below:

• Lower acoustic impedance

• Lower density

• Better impedance matching with liquid medium

• High figure of merit

• High permeability rate

4. Application of porous piezoelectric ceramics

A significant advantage in porous piezoelectric ceram-
ics is that numerous properties can be altered by in-
troducing porosity for required applications. Lead free
porous ceramics are being used in applications like acous-
tic transducers, humidity sensors, medical devices etc.
At present, various porous products are manufactured
for the purpose of decreasing thermal conductivity,
increasing gas and liquid permeability, and increas-
ing the inner surface of pore space for impregnation.
Some of the widely used applications are listed in Table I
and are discussed below.

TABLE IList of porous lead free piezoelectric ceramics and their applications.

Author
Porous lead free

material with PFA’s
Applications Method Ref.

Qi Wang,
Qiang Chen, et al. (2008)

(Li0.06Na0.5K0.44)NbO3 (LNKN)
— AOM and PMMA

bone substitute pore-forming method [96]

Qi Wang,
Xinmin Chen, et al. (2008)

(Li0.06Na0.5K0.44)NbO3 (LNKN)
— AOM and PMMA

bone substitute pore-forming method
with modified
polarizing method

[95]

Qi Wang,
Jun Yang, et al. (2009)

(Li0.06Na0.5K0.44)NbO3 (LNKN)
— AOM and PMMA

bone substitute pore forming method
with cold isostatic pressing

[97]

Haibo Zhang,
Shenglin Jiang,
Koji Kajiyoshi (2010)

Bi0.5(Na0.82K0.18)0.5TiO (NKBT)
— organic vehicle
[binder (ethyl cellulose),
a solvent (α-terpineol),
a plasticizer (polyethylene glycol),
and a dispersing agent
(butoxyethoxyethyl acetate)]

pyroelectric
and piezoelectric
applications
for HFOM

solid state along
with emulsion method

[98]

S. Wada,
Y. Mase, et al. (2011)

porous potassium niobate
(KNbO3, KN) — carbon black

stress sensor
application

conventional
sintering method

[91]

Xiang Wang, Jin-Hong Li,
Hongyao Zhang,
Wei-Min Guan (2014)

barium strontium titanate ceramics tunable microwave
devices

particle-stabilized
emulsions

[99]

J.I. Roscow, J. Taylor,
C.R. Bowen (2016)

barium titanate (BaTiO3)
— polyethylene glycol

energy harvester burned out polymer
spheres (BURPS) method

[100]
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4.1. Energy harvester
Generation of energy from surrounding environment

such as ambient temperature, vibrations or air flow is
termed as “energy harvesting”. Energy harvesters made
of piezoelectric materials convert vibrations into electric
energy used for replacement or prolonging the lifespan
of batteries which are used to power a range of low-
power electronic devices, such as wireless sensor, etc. [87].
Over the past two decades many examples of poten-
tial applications for piezoelectric harvesters have arisen
in the form of concepts and prototypes to convert me-
chanical vibrations into useful electrical energy. It was
shown that the lead free porous piezoelectric ceramics are
characterized by very high power efficiency. Lead free
porous piezoelectric ceramics (BaTiO3) with tailored
porosity showed significant increase in the energy har-
vesting figure of merit with a maximum of 2.85 pm2/N
when compared with � 1.0 pm2/N for the dense mate-
rial. This energy harvesting FOM values revealed that
the piezoelectric material provides an effective route to
improve the vibration energy harvesting capacity by in-
troducing porosity. Porous ceramics with fine and low
relative porosities provide 1.5–2 times higher power effi-
ciency than the dense hot-pressed ceramics and can be
used as piezoelectric generators. High levels of porosity
in the material leads to a significant reduction in per-
mittivity, as well as reducing the volume specific heat ca-
pacity which is of interest for piezoelectric ceramic energy
harvesting [88]. These results show that using porous ma-
terial to optimize the distribution of piezoelectric mate-
rial can harvest more energy than a non-porous material.

4.2. Sensors
In sensor and actuator technologies, piezoelectric ma-

terials are used for their ability to couple electrical and
mechanical displacements, response to an applied me-
chanical stress, or mechanical strain in response to an ap-
plied electric field [89]. Lead free porous piezoelectric
ceramics have been extensively utilized for a host of sen-
sor and actuator applications due to their low density,
improved hydrostatic figure of merit (HFOM), and cou-
pling with biological tissue or water. The development
of new sensing materials with high sensing capabilities
is proceeding at an unprecedented rate in process in-
dustries, agriculture, medicine, and many other areas.
Some of the trend setting sensors are humidity sensors,
stress sensors, tactile sensors, etc. These sensors re-
quire porous ceramic body for the adsorption of water
molecule to improve the electrical conductivity of the sur-
face. Porous lead free barium titanate ceramics were pre-
pared using different kinds of pore-forming agents (PFAs)
and were fabricated for positive temperature coefficient
of resistance (PTCR) and humidity/gas sensing applica-
tions. The porous microstructure of BTiO3 seemed to
improve PTCR effect due to oxidation and absorption
of oxygen on the grain boundaries, as porous ceramics
are more favorable to the formation surface of acceptor
states compared to dense ceramics. Thus a porous struc-
ture is needed for PTCR properties. By varying different

PFAs the porosity of BTiO3 seemed to improve, which
in turn led to humidity or reduced gas sensitivity of bar-
ium titanate based ceramics [90]. The relationship be-
tween the porosity and piezoelectric properties of lead
free potassium niobate and porous potassium niobate
with carbon black revealed that, with increasing porosity,
piezoelectric g33 constant increased significantly, which
suggested that porous ceramics were effective for stress
sensor application [91].

4.3. Transducers and hydrophones

Lead free porous piezoelectric materials are of great in-
terest for low frequency hydrophones: seismic, biologic,
military, underwater communication, i.e. which con-
verts mechanical energy of sound waves into electric en-
ergy (hydrophones, microphones) and transducers such
as an acoustic transducer: echosounders, sonar sys-
tems, fish-finders, seabed mapping which converts elec-
tric energy into sound waves (transmitters, loudspeak-
ers). Porous piezoelectric materials are used in trans-
ducers for their high hydrostatic figures of merit and low
sound velocity. These properties help in reducing acous-
tic impedance and enhanced coupling with water or bi-
ological tissue. In hydrophones the most important pa-
rameters are acoustic impedance and hydrostatic figure-
of-merit. In porous piezoelectric ceramic hydrostatic con-
ditions are raised during detection of low frequency sig-
nals, as the acoustic wavelength is larger than the ma-
terial/device and because of this the device lies within
the particular designed frequency. In these applications,
the acoustic impedance and permittivity are significantly
reduced by the introduction of pores in the ceramic ma-
trix as the pores are filled with air. However, by the in-
troduction of air the piezoelectric voltage coefficients is
increased. It has also been reported that porous materi-
als potentially offer a high signal to noise ratio for a given
volume of material used hydrophone application [92].

4.4. Bone substitute

Lead free piezoelectric materials are being significantly
used for repairing bone defects on account of their sta-
ble piezoelectricity and biocompatibility [93]. Till date
only dense counterparts were used for bone substi-
tute, the idea of a porous lead-free piezoelectric ce-
ramic for wettability favorable for nutrient exchange
and osseointegration has broadened the scope for porous
ceramics [94]. Lead-free Li–Na–K, 3-3 porous piezo-
electric ceramics were synthesized for potential usage
as bone substitute using PMMA and ammonium oxalate
monohydrate (AOM) as PFA’s. The processed samples
showed biological compatibility, i.e. wettability nature
same as hydroxyapatite and interconnected pores apt
for cell infiltration. In comparison, AOM derived ceram-
ics showed the best pore size and structures, and rela-
tively good piezoelectric properties implying a promising
piezoelectric composite used as bone substitute [95, 96].
Work on porous lead free piezoelectric are being less re-
ported.
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5. Conclusion

Porous piezoelectric materials are of significant inter-
est due to their wide applications in lightweight struc-
tural materials, thermal insulation, and biomaterials.
The introduction of porosity within a tailored struc-
ture gives porous ceramics many intrinsic properties
such as low mass, high permeability, high surface area,
low specific heat, and low thermal conductivity. Porous
lead based piezoelectric structures were widely used
as these materials are of particular interest and tech-
nological importance. Due to the well-known toxicity
of lead, it is a highly relevant task to find environmentally
sound alternatives to PZT and other lead-based piezo-
electric ceramic materials. Therefore, lead free materials
are being used nowadays as it is environmentally friendly
material which offers a HFOM, lower sound velocity re-
duced acoustic impedance, and enhanced coupling with
water or biological tissue. An outline of lead free ma-
terials and their importance is reviewed in this work.
Various synthesis and processing methods of porous ce-
ramics have been outlined here. Some of the important
aspects of porous piezoelectric composites and their prop-
erties influenced by porosity configuration have also been
deliberated here. As porous piezoelectric ceramic has
been a trend setting functional material, various applica-
tions of it has also been mentioned.
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