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ABSTRACT

Active search for lead-free piezoceramics over the last decade has harvested a considerable amount of achievements both in

theory and in practice. Few would deny that those achievements are highly beneficial, but agree that this quest of developing the

lead-free piezoceramics in replace for PZTs is successfully completed. Nevertheless, few would clearly state where this quest

should be directed in our next move. A source of this uncertainty may originate from the fact that it is still not clear how good is

good enough to beat PZTs. In this short review, we analyzed the existing literature data to clearly locate the current state of the

art of lead-free piezoceramics in comparison to PZT-based piezoceramics. Four strategies of a potential importance were sug-

gested and discussed to help researchers plan and design their future research on lead-free piezoceramics with a recently

reported exemplary work.
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1. Introduction

iezoelectricity is one of the representative functional

properties where the crystallographic anisotropy plays

the most important role. It follows that typical piezoelectric

materials had been single crystals, exemplarily quartz,

until the ferroelectric barium titanate (BaTiO3, BT) was dis-

covered during World War II.1) This discovery of ferroelec-

tricity, which enabled one to induce piezoelectricity even out

of randomly-oriented ceramics, marked a historic moment,

prospecting a ubiquitous utilization of piezoceramics that

are cheaper with excellent functional properties. Indeed, the

subsequent discovery of lead zirconate titanate (PZT) solid

solution has led to an explosive growth of real world piezo-

electric market with a special emphasis on actuators.2,3)

There is no doubt that the piezoelectric industry based on

PZT has proven itself to be a great success with a number of

practical applications from micro-scales to centimeter-

scales, still expanding steadily with the introduction of new

applications.

Albeit the long-term success, the piezoceramic community

has faced a new challenge imposed by worldwide environ-

mental regulations, i.e., the removal of the ‘magic’ element,

lead, out of piezoelements since early 2000s. Initially, the

task appeared to be simple in that once an element that

could replace the lead was discovered, the mission could be

completed. However, it was not that easy as expected. As

grasped from a number of review papers dedicated to the

issue,2-14) a considerable amount of time and resources have

been devoted to the task intensively over the last decade,

achieving only a handful of meaningful results. 

The aforementioned rather unsatisfactory outcome over

the last decade was not hard for many researchers to fore-

see, considering the lack of decisive strategies apart from

searching for the so-called morphotropic phase boundary

(MPB), although the presence of MPB is not yet confirmed

to be the necessary and sufficient condition for maximizing

the properties of piezoceramics.3) There is no doubt that the

presence of MPB was one of the most important keys to the

success of PZTs. The impact of the discovery of PZT was so

great that most studies even for lead-free piezoceramics

have been devoted blindly to a trial-and-error type of compo-

sitional searching for MPBs by mixing lead-free compounds

of different symmetries, without paying a critical attention

to what we could achieve at the end. As a part of the conse-

quence, not much attention was paid to other potentially

effective strategies that could further enhance the proper-

ties of piezoceramics, either.

At this point, we believe that before we further make

towards, it would be highly helpful if the accumulated data

are critically reviewed to better understand where we are,

to which direction we should move, what we can expect ulti-

mately. In this regard, we have attempted to analyze the

existing data both on PZTs and lead-free’s in a way that

they could reveal some meaningful clues to the aforemen-
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tioned queries. To show how effective the application of out-

of-MPB type of approach could be, we present a way to

make recently discovered incipient piezoelectric strains

practical through a polarization-engineering strategy.15)

2. State of the Art

2.1. Phase Instability vs. Piezoelectric Properties

The discovery of BT was, indeed, a historical turning point

in the development of piezoceramics. Although MPB is the

most famous keyword in the field of piezoceramics due to

PZTs, the underlying principle, i.e., a property enhance-

ment due to a phase instability, was already introduced

during the study of BT. BT undergoes a series of phase

transformations from rhombohedral to orthorhombic (or

monoclinica) and then to tetragonal with the increase in

temperature, as illustrated in Fig. 1(a).17) At each phase

transformation temperature, physical properties such as

dielectric permittivity (εij), elastic compliance (sij) and elec-

tromechanical coupling factor ( ) increase discontinu-

ously. These changes in the physical properties leads to a

discontinuous increase in d33 as well with the following fun-

damental equation:3)

(1)

Here, the superscript T and E refer to a constant stress

and electric field condition, respectively. The fact that piezo-

electric properties peak at the temperature for each ferro-

elastic phase transformationb implies that for the same

class of material systems, one could expect virtually en-

hanced piezoelectric properties when a nearby ferroelastic

transformation temperature gets closer. 

On the other hand, it is well-known that the virtual

enhancement of piezoelectric properties during a ferroelas-

tic phase transformation is accompanied by a certain degree

of an irreversible degradation in the properties. This is

already self-explanatory by the peak in the properties, i.e.,

the properties culminate at the transformation tempera-

kij
2

d33 = k33 ε33
T

s33
E

⋅⋅

aIn general, orthorhombic and monoclinic symmetries are clearly discerned. However, when the distortion is so small that crystallographic

a and c axis are ‘metrically’ equivalent, orthorhombic unit cell with a doubled a and b edges is reduced to a monoclinic pseudo-cell, as

pointed out by Megaw.16)

bWe intentionally used the term, the ferroelastic phase transformation, which is often referred to as a polymorphic phase transformation

elsewhere, because even transformations such as non-ferroelectric centrosymmetric tetragonal to a cubic transformation are classified as

polymorphic phase transformation, which we would like to exclude.

Fig. 1. (a) Changes in parameters constituting d33 in the temperature range encompassing two ferroelastic transformations of
BaTiO3.

17) A discontinuous change signifies the effect of phase instability, which leads to an enhancement of d33. (b) The
effect of the presence of a ferroelastic phase transition on the piezoelectricity-related properties of a KNN-LS piezoce-
ramic.106) Though the presence of such ferroelastic phase transition enhances the properties, it limits the maximum oper-
ation temperature, which is clear from a gradual degradation of the properties with thermal cyclings above the transition
temperature.
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ture. As exemplarily shown in the Fig. 1(b), each thermal

cycling through the orthorhombic to tetragonal transforma-

tion temperature (TO-T) in a potassium sodium niobate

(KNN) system deprives piezoelectric properties to a degree.

Taking the aforementioned arguments into consideration,

one may reach a conclusion that the possible upper opera-

tion temperature limit should be confined to the nearest fer-

roelastic phase transformation temperature, e.g., TO-T in

KNN based systems, when TO-T is above room temperature.

As well, the study of mechanism for any enhancement in

piezoelectric properties of a certain system should consider

the location of such ferroelastic phase transformation tem-

perature. In the following discussion, we present analyzed

data reinterpreted in accordance with these considerations.

2.2. Revisit to Lead-Based Piezoelectrics

In spite of the versatility of the PZT-based piezoceramics,

there always has been a consistent demand on alternative

piezoelectric materials with better performances. It means

that any substitute should at least be competitive to PZTs in

terms of functional properties. Then, a natural procedure to

follow is to identify the status of the properties of PZTs as a

guideline. 

Figure 2(a) presents the piezoelectric charge (or strain)

coefficient (d33) of representative lead-based piezoceramics

from the literature as a function of a reduced temperaturec.

As discussed in the previous section, the values reported in

the literature can be reasonably compared, when their

piezoelectric properties are plotted as a function of reduced

temperature, which is defined as the temperature normal-

ized by their depolarization temperature, i.e., Curie point

here. It is interesting to see that though the data points are

rather scattered, one can clearly notice that the d33 of lead-

based piezoceramics5,18) has a linear dependence on the

reduced temperature. In other words, there is a trade-off

between d33 in the Pb-based piezoceramics and the Curie

point. Of course, this is not surprising in that d33, in general,

tends to increase in approaching Tc, as long as there is no

ferroelastic phase transformation in-between,19) as discussed

earlier. Nevertheless, an important conclusion to be drawn

is that there exists a definite upper boundary for the attain-

able d33 in Pb-based piezoceramics, roughly at ~1100 pC/N,

when one could somehow produce a PZT with its Curie

point near room temperature. Here, an important thing to

be noted is that d33 can be enhanced only at the expense of

the reduction in Tc, which bounds the upper limit for opera-

tional temperature. Given that post-processing, exemplarily

gluing typically practiced at an elevated temperature, or an

enforced temperature range for operation for practical uses

requires a range of temperature for stable functionality, the

practically obtainable d33 is usually limited, as indicated by

shaded region in Fig. 2(a). 

Few would deny the fact that Pb is an indispensable ele-

ment for perovskite-structured piezoceramics to deliver

incomparably excellent properties and among all the best

piezoceramics is PZT.20) One of the best solutions to add up

further desirable properties to PZT would be to make it a

single crystalline form. As clearly illustrated in the classic

textbook by Jaffe et al.,17) 100% domain alignment, which is

the case for single crystals, is impossible in polycrystalline

ceramics, since the allowed polarization directions in ferro-

electric states are crystallographically restricted. For exam-

ple, in the case of BT, only about 12% of ferroelastic (non-

180o) domains could be aligned only closer to the field direc-

tion during poling process, though all ferroelectric (180o)

domains are assumed to reach the closest possible align-

ment to the field direction. Even in the case of soft PZTs,

where ferroelastic domains switch rather easier, the best

cThe d33 values in the literature are measured at room temperature, as long as the temperature is not specifically stated. Though room

temperature varies from place to place, we took 298 K as room temperature en bloc for the sake of convenience. The reduced temperature

was then defined as 298/Tc.

Fig. 2. (a) Literature data on d33 of PZTs and relaxor-PT ceramics plotted as a function of a reduced temperature. The window
for practical uses is set based on long-term thermal stability.5) (b) PZT-based data reinforced with single crystal data that
justifies why single crystal approach is, in general, highly effective.
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alignment accomplished is less than 50%.21,22) Then, one

would say that the best scenario would be to grow single

crystalline PZT. This is true, but it is unfortunate that PZT

at the so-called morphotropic phase boundary (MPB), which

is the most interesting composition with respect both to the-

ory and to practice, cannot be grown into a single crystalline

phase by conventional fabrication techniques due to its

incongruent melting characteristics.23-25) 

Instead, various attempts to produce Pb-based single crys-

tals have already been started in early 1960s with the so-

called relaxor ferroelectric Pb(Mg1/3Nb2/3)O3 (PMN).26) A

breakthrough was made when Park and Shrout18) intro-

duced PMN-PbTiO3 (PMN-PT) and Pb(Zn1/3Nb2/3)O3-PT

(PZN-PT) single crystals, featured by extremely large small-

and large-signal piezoelectric properties in spite of some

controversial issues such as a new understanding of

MPB.3,27-31) Relaxor-PT-based single crystals indeed demon-

strated the hypothesis that a single crystal is one of the

most effective ways to overcome the upper limit for the

piezoelectric properties potentially realizable by piezoce-

ramics, as shown in Fig. 2(b). The piezoelectric business

based on single crystals has successfully established its own

market for high-end applications in transducers.32,33)

2.3. Lead-Free Piezoelectrics: Status and Strategies

A big challenge has been taken by the piezoelectric com-

munity with the advent of environmental regulations, forc-

ing lead to be removed from piezoelements.3,5,7-9,11,13,14) Large-

ly, two material systems have been considered to be of a

potential interest as a consequence of extensive composi-

tional searches over the last decade, i.e., (K1-xNax)NbO3

(KNN) and its derivatives13) and (Bi1/2Na1/2)TiO3 (BNT)-

based solid solutions.3) Though these two systems are funda-

mentally different, the former is a normal ferroelectric,

while the other an non-ergodic relaxor, their d33 values are

well-aligned on a single line when plotted against a reduced

temperature, leaving a potentially achievable maximum d33

at ~400 pC/N. Fig. 3 summarizes the state of the art of lead-

free piezoceramics in terms of their d33 in comparison to

PZT. Here, the reference temperature for KNN-based and

BNT-based in calculating the reduced temperature was

taken at TO-T and the temperature for induced ferroelectric

to relaxor transition (TF-R or commonly called Td),
2,34,35)

respectively. A comparison with the line derived from PZT

data reveals the reason why the search for lead-free piezoce-

ramics alternative to PZTs based on the simple MPB-based

approach have been largely unfruitful. The d33 values of

each system both at a transition temperature, i.e., TR = 1,

and in the window for practical uses are by far less than

those of PZTs. It is obvious that no known lead-free piezoce-

ramic could safely beat PZTs off for practical applications;

thus, a special strategy should be applied. 

Single crystal approach36-38) and texture-induced grain ori-

entation approach15,39-43) can be two readily available among

such approaches. It is rather unfortunate to see that the

data from the single crystals are too scattered for us to draw

any decisive conclusion on the approach, leaving much room

for potential improvements in their processing and proper-

ties.37,44-53) The situation is not much different in the texture-

induced grain orientation approach. As evident from Fig. 3,

LF4T that triggered lead-free piezoelectric research world-

wide was, indeed, a breakthrough, casting a hope that lead-

free piezoceramics could replace PZTs with the aid of a

grain orientation technique.4,40) However, the effectiveness

of the grain orientation technique has not been conclusively

confirmed in other systems except for several reports on BT-

based ceramics, yet.54-58)

On the other hand, a recent report on Ba(Zr0.2Ti0.8)O3-

x(Ba0.7Ca0.3)TiO3,
59) so-called BZT-BCT system, has drawn a

considerable attention with its overwhelming piezoelectric

properties in comparison to two representative lead-free

systems such as BNT-based and KNN-based. The d33 value

itself is the best among all the reported values in lead-free

piezoceramics except for that of a couple of single crystals. It

is interesting to see that BZT-BCT belongs neither to typi-

cal lead-free piezoceramic series nor to PZTs with a view to

d33, though its applicability for practical uses is questionable.

Attention needs paying to a recent report on BiFeO3 (BF)-

BT-based piezoceramics, prepared in a rather unusual way,

i.e., relatively low-temperature sintering followed by a water

quenching.60) A series of compositions reported lie well on

the PZT-line as well as within the typical processing win-

dow, proving their potential as commercializable piezoce-

ramics in replace for PZTs. A concern could be their

mechanical reliability due to thermal shock during water

quenching procedure. 

Fig. 3. The state of the art of d33 in lead-free piezoelectrics
plotted with respect to reduced temperature. It is inter-
esting to see that two representative lead-free piezoc-
eramic systems, i.e., BNT-based and KNN-based, share
the same single line in the plot, confirming the use-
fulness of reduced temperature as an evaluation param-
eter. It is noted that LF440) and quenched BF-BT-
based piezoceramics60) share the trend line with PZTs.
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2.4. Incipient Piezostrains: A Newly Identified Strategy

2.4.1. Retrospective Summary of Incipient Piezostrains

As discussed in our previous review,2) electric-field-induced

strains in piezoceramics, i.e., polycrystalline ferroelectrics,

can be classified into three distinct types. They can be dis-

cerned most clearly from their bipolar strain hysteresis. 

i) a parabolic shape with negligible hysteresis, defined as

an electrostrictive strain

ii) a butterfly shape with a square-type polarization hys-

teresis, defined as a piezoelectric strain

iii) a sprout shape with a double (or constricted) polariza-

tion hysteresis, defined as an incipient piezoelectric

strain. 

Among them, the incipient piezostrains are of a great

interest. In general, they can reach at least two times larger

than the other two due to the absence of the remanent

strain typically inevitable to ferroelectrics.61) 

The first report on an incipient piezostrain was made on a

BNT-BT single crystal near its alleged MPB composition in

1998.62) At that time, the origin of the large incipient piezos-

train was considered to originate from an electric-field-

induced antiferroelectric-to-ferroelectric phase transforma-

tion, in reference to the earlier publication on the system.63)

This misinterpretation was again succeeded when the incip-

ient strains were discovered in KNN-modified BNT-BT

ceramics in 2007.64-67) Later, it was experimentally demon-

strated that the large incipient strain comes from an electric-

field-induced reversible phase transformation between a

‘metrically’d cubic and a ferroelectrically-active non-cubic

phase.61,68-71) The origin of the metrically cubic phase was

identified when the base system, BNT-BT near the alleged

MPB, is not a normal ferroelectric but a relaxor.34,35,72)

Figure 4 illustrates schematically how the reported large

strain is realized within the context of relaxor-based incipi-

ent piezoceramics. As noted, polarization (P) and electric

field (E) are correlated by the following equation:73,74)

(2)

, where α, β, and γ are coefficients. The corresponding elec-

tric-field-induced strain (S) is expressed as

(3)

, where Q denotes electrostrictive coefficient. 

When an applied electric field is small, P and E are lin-

early proportional in the form of , where PS, ε,

and ε0 refer to spontaneous polarization that is negligible in

paraelectrics, dielectric permittivity, and the vacuum per-

mittivity, respectively. Given that ergodic relaxors are mac-

roscopically paraelectric, PS is zero. Then, P linearly increases

with increasing E as in Fig. 4(a). With further increasing E,

P starts to saturate, resulting in S-shaped P-E curve (Fig.

4(b)). However, when the electric field goes beyond a certain

level, a long-range order begins to be established and reori-

ent along the field direction, leading to a sudden increase

both in P and S (Fig. 4(c)). It is reasonable to think that the

larger the PS inherent to the given material, the higher the

P and S. 

Since the mechanism for the incipient piezostrains was

understood based on their relaxor-based argument, attempts

to utilize this large strain have been actively made target-

ing actuator applications.2,3,75) The early stage of this study

heavily focused on finding new compositions with as high

strain level as possible.76-97) Those extensive studies had

identified largely three challenges to be overcome to make

the incipient piezostrain practical. 

i) The magnitude of electric field triggering such large

incipient strains is too large from the practical point of

view.

ii) The incipient strains are accompanied by a consider-

ably large strain hysteresis.

iii) The achievable strain levels are highly dependent on

the driving frequencies and operation temperatures.

The successive stage of the study has, of course, been ded-

icated to overcome the aforementioned challenges. 

Given that the required large electric field and the fre-

quency dependence of the incipient strains are closely

related to the reversible phase transformation kinetics, Lee

et al.98,99) embedded ferroelectric seed crystals to the incipi-

ent piezoceramics for them to facilitate the transformation

kinetics. This idea turned out to be a reasonable success,

supported by theoretical explanations.75,100,101) The first theo-

retical model regarded this 0 - 3 type composite as a serially

connected capacitors so that the two phases are coupled in

terms of polarization.82) This model appeared to be good

enough to clarify the 0 - 3 composite effect. However, a fur-

ther experimental work 83) followed by a theoretical reason-

E P( ) = αP + βP
3
 + γP

5
 + …

S = QP
2

P = PS + εε0E

dThe word ‘metrically’ refers to the crystallographic structure determined by X-ray diffraction techniques. 

Fig. 4. Schematic illustration showing how incipient piezos-
trains develop in relaxor-based incipient piezoelec-
trics. Typically-denoted large (or giant) incipient piezo-
strains requires sufficiently large electric field to trig-
ger the transformation from ergodic relaxor to ferro-
electric as in (c).
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ing57) revealed that in addition to the polarization coupling,

a strain coupling, mechanically constraining each other due

to the difference in the electrostrictive coefficient, also plays

a significant role. So far, approaches by both core-shell com-

posed of ferroelectric core and relaxor shell89,97) and ferro-

electric seed and relaxor shell have been proven quite

successful, although a complete solution to the aforemen-

tioned three challenges seems inherently unachievable. 

2.4.2. An Exemplary Work Providing Incipient Piezoce-

ramics with a Future Direction

As discussed so far, the currently available techniques do

not seem to resolve three challenges the relaxor-based incip-

ient piezostrains are facing, requiring ingenious ideas.

Recently, we proposed a way to potentially overcome all

the addressed issues, using a lead-free ergodic relaxor BNT-

(Bi1/2K1/2)TiO3-BiAlO3 (BNKT-BA) system.15) Ironic as it may

sound, it was shown that suppressing piezoelectric contribu-

tion could enhance the incipient strain properties signifi-

cantly through a maximized contribution of electrostriction.

As is well-known, the electrostrictive strain is as fast as the

underlying polarization mechanism; thus, the frequency

dependence and hysteresis caused during depolarization

process during decreasing electric field could be largely

overcome. As well, thanks to the temperature-insensitive

electrostrictive coefficient, the temperature dependence of

electrostrictive strains is also expected to be stable. 

Maximizing the electrostrictive effect by constraining

polarization switching was realized by a so-called reactive

templated grain growth (RTGG),42) which is, of course, not a

novel technique any more. As noted, the RTGG process has

been widely utilized by the piezoelectric community for

ceramics to mimic single crystals by aligning the sponta-

neous polarization axis of individual grains along the direc-

tion where external electric field is supposed to be applied.

What makes it special in our study was to utilize the tech-

nique in an unusual way. Instead of following the conven-

tional approach, we intentionally confined the spontaneous

polarization axis in plane perpendicular to the electric-field

direction. This was done by a partial converting of

Na0.5Bi4.5Ti4O15 (NBiT) templates, the polarization direction

of which is either a or b axis.102,103) Since the spontaneous

Fig. 5. A cross-sectional microstructure of grain-oriented
BNKT-BA ceramic with its schematic representa-
tion. The cross-section was made perpendicular to the
texture direction. 

Fig. 6. (a) In situ X-ray diffraction data on a selected 2-theta range covering (002) and (200) peaks as a function of electric field.
It is clearly see that domain contribution is mostly suppressed within the resolution limit and significant change in (002)
position is noted. (b) A comparison of unipolar strain between a conventional and a RTGG ceramic of the same composi-
tion. (c) One of the underlying mechanism for the significantly enhanced electrostrictive strain, even surpassing the
strain achieved in the conventional piezoceramic where the relaxor-to-ferroelectric transformation is activated. 
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polarization in NBiT templates develops along a or b axis

passing through 658oC102-104) during cooling, this sponta-

neous polarization would be high enough to polarize the sur-

rounding matrix BNKT-BA phase epitaxially at such a high

temperature. In fact, the microstructure, presented in Fig.

5, confirms the expectation by the ubiquitous ferroelectric

domain contrast, though the presented BNKT-BA composi-

tion is an ergodic relaxor state.84) 

The results of significance are summarized in Fig. 6. The

X-ray diffraction profile of the as-textured clearly visualize

the typical polarization axis of tetragonal phase, <002>, can

hardly be traced along the direction where an external elec-

tric field is designed to be applied. As well, the appended

electric-field-dependent in situ X-ray diffraction study con-

firms our expectation that the polarization switching should

be strongly hindered, while a significant electrostriction

should take place. The former is implied by the practically

immobile (002) peak during the entire experiment, and the

latter by the significantly decreasing position of (200) peak

with increasing electric field intensity. These changes in the

microstructure are well-manifested in the macroscopic

strain property as shown in Fig. 6(b). As schematically illus-

trated in Fig. 6(c), the enhanced but a less hysteric strain

behavior could be explained as follows:

i) The electrostrictive deformation becomes facilitated in

the absence of piezoelectric contribution.105)

ii) The polarization vector constrained in-plane direction

resists the in-plane shrinkage forced by Poisson’s ratio,

which leads to the development of a compressive stress

to the in-plane polarization.

iii) The compressive stress creates a piezoelectric effect

negatively along the polarization direction, giving rise

to a positive d31 effect along the field direction, reinforc-

ing the magnitude of strain.

Consequently, the overall characteristics of the obtained

strain follows those of electrostrictive strain, which is tem-

perature- and frequency-insensitive and less hysteric.

3. Concluding Remarks

Taking d33 as a representative parameter in evaluating

piezoproperties, the accumulated literature data both from

lead-based and from lead-free piezoelectrics were reana-

lyzed. The analysis on PZT-based piezoceramics revealed a

linear dependence of d33 on the measurement temperature

normalized by each Curie point, indicating that the best

achievable d33 in PZT-based piezoceramics could be around

1100 pC/N. The same analysis made on lead-free piezoce-

ramics also resulted in a linear correlation between d33 and

the measurement temperature normalized by the nearest

depolarization temperature, leaving the maximum achiev-

able d33 no more than 400 pC/N. We considered four strate-

gies that could enable one to overcome the predicted limit,

namely, single crystal approach, quenching-induced insta-

bility approach, grain-orientation approach, and incipient

piezostrain approach. A successful example best-utilizing

such techniques was presented and the underlying principle

therein was discussed.
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