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Increasing demand for 
lead-free piezoceramic 

systems and textured 
ceramics

Piezoelectric ceramics are indis-
pensable to our way of life. 

Their ability to transform electrical energy 
into mechanical energy (and vice versa) 
makes these materials useful in many sec-
tors and industrial applications.

These materials track their origin to the year 1880,1 when 
the phenomenon of piezoelectricity was first discovered by 
two French brothers, Jacques and Pierre Curie, in crystals of 
Rochelle salt and quartz (Figure 1). Later, the Curies discov-
ered that electrical fields can result in dimensional changes 
in piezoelectric materials, an interaction termed the “inverse 
piezoelectric effect.”

After World War II, as the number of applications for 
piezoelectricity started to grow, researchers started to inves-
tigate polycrystalline formulations. It was then during the 
1950s that the well-known lead zirconate titanate (PZT) was 
first synthesized.

PZT-based piezoelectric materials offered far superior 
piezoelectric characteristics than other alternatives proposed 
to that date. This superior performance led PZT to become 
the most common piezoelectric ceramic in use today, with 
applications in numerous fields ranging from energy harvest-
ing equipment to consumer electronics.

The piezoceramic market today
Improved manufacturing techniques and an increasing 

demand for piezoelectric properties in many fields have 
allowed piezo device usage to expand in the automotive,
avionics, energy harvesting, consumer electronics, and 
defense industries (Figure 2).

Some prevalent commercial lead-based piezoelectric 
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(PIN-PMN-PT). These ceramics, which are modified with 
dopants to endow them with certain properties, can be clas-
sified as either “hard” or “soft” piezoelectrics.

Figure 1. Image of a piezoelectric compensator based on Pierre 
Curie’s design. It could produce very small electric currents 
by exerting changing tensile forces on a piezoelectric crystal 
located near the top of the device. 
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Hard piezoelectrics typically exhibit a 
coercive field of more than 10 kV/cm. 
This property is achieved through accep-
tor doping (Fe3+, Al3+ for PZT), which 
hardens the domain wall movement and 
gives the ceramics high power applicabil-
ity. In contrast, soft piezoelectrics rely 
on donor doping (Ta5+, Nb5+ for PZT), 
which makes the domain walls more 
mobile and thus suitable for low power 
applications. The coercive field in this 
case is less than 1 kV/cm.

Piezoceramics can also be catego-
rized based on their applications, either 
resonance or nonresonance (Rödel et 
al., 2015).2 In resonance mode systems, 
piezo stacks stretch and pull back at a 
frequency close to the natural resonance 
frequency of the system. Large displace-
ments can be obtained in these systems 
(Huo et al., 2018).3 Nonresonance 
systems are frequently used in accelera-
tion, shock, and knocking sensors, as 
well as energy harvesting systems. Both 
resonance and nonresonance systems are 
used in different temperature regimes, 
and the materials must be designed with 
Curie temperatures and temperature sta-
bilities proper to these application areas.

Another important property of piezoc-
eramics from the application standpoint 
is the piezoelectric coefficient, which 
indicates the electrical–mechanical 
energy conversion efficiency. In the 
past decade, single crystals that have 
near morphotropic phase boundaries 
were reevaluated with extremely high 
piezoelectric coefficients and ultrahigh 
electromechanical coupling factors (Sun 
et al., 2015).4

Although lead-based piezoceramics 
are the main drivers of the piezoelectric 
industry today, their high lead content 
(~60 wt.%) raises concerns about poten-
tial negative effects on human and envi-
ronmental health both before and after 
their use. Another disadvantage of lead-
containing piezoceramic systems is the 
challenging production environment. 
High vapor pressure of PbO complicates 
both polycrystalline and single crystal 
production of PMN-PT and PZN-PT.

In addition to these challenges, the 
incongruent melting behavior of the 
solid solution enhances the tendency of 
chemical segregation. These heterogene-

ities of crystals may induce undesirable 
electrical and mechanical performances 
during poling and high field device 
applications (Park et al., 2002).5 Though 
these problems in the single crystal sys-
tems can be partially overcome via solid-
state crystal conversion growth methods, 
slow crystal growth kinetics limit the 
expansion of this approach for mass 
production.

These health concerns and produc-
tion constraints have prompted demand 
for lead-free piezoceramic compositions. 
This demand has been accelerated by 
changes in legislation that aim to limit 
and ultimately eliminate the use of 
hazardous chemicals. For instance, the 
Restriction of Hazardous Substances 
(RoHS), which was adopted by the 
European Union in February 2003, 
decreases and restricts the use of specific 
harmful ingredients found in electrical 
and electronic equipment.6 The EU 
recently released an update for RoHS 
that mandates all homogenous parts 
containing lead levels of more than 0.1 
wt.% be subject to restrictions. Although 
piezoceramics have been exempted from 
this update for the moment, the ulti-
mate goal is to eliminate lead in all mate-
rials. As such, in the future, it is expect-
ed that this mandate will significantly 
impede inclusion of major piezoelectric 
materials, which have lead levels up to 
60 wt.%, in common applications.

History of lead-free piezoceramics 
and the market today

The first studies on lead-free piezo-
electric systems took place more than 50 
years ago, with the work of Jaeger and 
Egerton in 1962.7 In 2004, the work of 
Saito et al. fueled interest in lead-free 
piezoceramics by showing that the syner-
gistic effect of combining compositional 
and microstructural design can lead to 
piezoelectric properties on par with those 
seen in PZT-based piezoceramics.8 In that 
study, they doped (Na

0.5
K

0.5
)NbO

3
 with 

hexagonal pseudo-ilmenite type LiTaO
3
 

to form a morphotropic phase boundary. 
With this compositional study, improve-
ment in piezoelectricity was supported by 
hybridization covalency onto ionic bond-
ing by using Cohen’s calculation.9

Investigations into lead-free piezoc-
eramics have concentrated mainly on 
alkaline niobate (K

0.5
Na

0.5
NbO

3
), barium 

titanate (BaTiO
3
), sodium bismuth 

titanate (Na
0.5

Bi
0.5

TiO
3
), bismuth fer-

rite (BiFeO
3
), and their derivates. These 

piezoceramics are used in the manufac-
turing, automotive, consumer electron-
ics, and medical sectors, among others. 
They are used as actuators, sensors, 
positioning devices, and capacitors, in 
addition to other applications.

According to a BCC Research report,10 
the global market for lead-free piezoelectric 
ceramics stands at about $184.1 million 
as of 2021. The market is expected grow 
to $402.1 million by 2026 at a compound 
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Figure 2. Examples of piezoceramic devices used in daily life. 
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annual growth rate (CAGR) of 16.9%. 
This projected CAGR for lead-free piezoc-
eramics is greater than the CAGR for the 
whole piezoelectric market (5.9%).

The increased market penetration 
of lead-free piezoelectric systems can be 
directly attributed to stricter environmen-
tal regulations worldwide, growing con-

cerns about public health, and expanding 
demand for piezoelectric devices.

Textured piezoceramics
Recently, textured piezoelectric ceram-

ics have attracted attention. These mate-
rials exhibit improved properties with 
respect to conventional piezoceramics, 

which have randomly oriented grains.
Textured ceramics can be manu-

factured via a templated grain growth 
(TGG) process (Figure 3).11 In this pro-
cess, template particles (anisometric large 
seeds) are distributed among the fine 
equiaxed matrix grains. These particles 
are aligned during the shaping process, 
and during heat treatment, the templates 
grow at the cost of fine matrix particles 
via Ostwald ripening process. Because 
the particles maintain their initial align-
ment, the final microstructure is com-
posed of crystallographically oriented 
grains that exhibit a textured character 
(Figure 4).

Two important components of the 
TGG method are the matrix powder and 
template particles. Matrix powder char-
acteristics should be tailored so that the 
templates have sufficient thermodynamic 
driving force to grow at the cost of the 
fine matrix grains. Additionally, the 
templates are key components to induce 
texture development. Template char-
acteristics such as morphology, aspect 
ratio, thermodynamic stability, and lat-
tice parameter matching with respect to 
the matrix grains must be carefully con-
sidered. Consequently, it is important to 
form an understanding of the relation-
ship between template characteristics 

and texture development.
It is important to develop 

innovative forming techniques 
suitable for matrix and tem-
plate particles used in textur-
ing processes. To evaluate the 
efficacy of these innovative 
techniques, the microstructure 
and physical properties of the 
textured ceramics parts can 
be assessed after sintering. 
The results play a vital role to 
examine and modify the pro-
cessing conditions to obtain 
the best results.
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Figure 3. Critical steps of the templated grain growth process. 
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Figure 4. The SEM micrograph (a) and 
XRD patterns (b) of Na0.5Bi0.5TiO3 plate-
lets and crystallographically textured 
(Na,K)0.5 Bi0.5TiO3–BaTiO3  system studied 
by Entekno Materials Co. 
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Driving commercialization of lead-
free and textured piezoceramics

Entekno Materials Co. is a leading global 
materials development company focused 
on lead-free and textured piezoceramics,
headquartered in Eskişehir, Türkiye. 
Since 2008, Entekno has been an integral 
materials science innovation partner for 
piezoelectric manufacturers by provid-
ing them with bespoke, high purity, size, 
and shape controlled dielectric matrix and 
template particles, including but not limited 
to barium titanate, potassium sodium nio-
bate, sodium niobate, and sodium bismuth 
niobate.a–g The company achieves these 
nontoxic, high-performance, lead-free, and 
textured piezoceramics through the indus-
trial and scientific approaches listed below.

• Best practices for project manage-
   ment systems.
• Valuation of domestic resources,
   from domestic minerals to 4N purity
   raw materials (>99.99%).
• Sustainable and green chemistry
   methodologies.
• Process optimizations for quality
   improvement and cost reduction.
• Tailoring crystal structures and chem-
   istry development studies, considering
   production lines. ■

References
aSoller, T., et al., “Textured and tungsten bronze 
niobate doped (K,Na,Li)(Nb,Ta)O3 piezoceramic 
materials,” Journal of the Korean Physical Society
2010, 57(4).
bWalton, R., et al., “Dispersion and rheology for direct 
writing lead-based piezoelectric ceramic pastes with 
anisotropic template particles,” J. Am. Ceram. Soc.
2020, 103(11).
cRichter, T., et al., “Textured PMN-PT and PMN-PZT,” 
J. Am. Ceram. Soc. 2008, 91(3).
dWatson, B., et al., “Textured Mn-doped PIN-PMN-PT 
ceramics: harnessing intrinsic piezoelectricity for 
high power transducer applications,” J. Eur. Ceram.
Soc. 2020, 41(2).
eBrova, M., et al., “Templated grain growth of high 
coercive field CuO-doped textured PYN-PMN-PT 
ceramics,” J. Am. Ceram. Soc. 2020, 103(11).
fMantheakis, E. F., et al., “Optimisation of the Zr:Ti 
ratio in bulk lead zirconate titanate for templated 
grain growth using BaTiO3 seeds,” J. Mater. Sci. 
2023, 58.
gPark, S., et al., “Buffered template strategy for 
improving texture quality and piezoelectric proper-
ties of heterogeneous templated grain growth (K,Na)
NbO3-based ceramics through interface engineering,”
J. Eur. Ceram. Soc. 2023, 43(5).

reach your
audience with

update your listing
ceramicsource.org

ceramicSOURCE

mailto:info@enteknomaterials.com
http://www.enteknomaterials.com
https://onscale.com/piezoelectricity/history-of-piezoelectricity
https://www.rohsguide.com/rohs-faq.htm
http://www.ceramics.org
https://onscale.com/piezoelectricity/history-of-piezoelectricity
https://ceramicsource.org



