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Abstract Lead zirconate titanate (PZT) based piezo-
electric materials are well known for their excellent pie-
zoelectric properties. However, considering the toxicity of
lead and its compounds, there is a general awareness for
the development of environmental friendly lead-free
materials as evidenced from the legislation passed by the
European Union in this effect. Several classes of materials
are now being considered as potentially attractive alterna-
tives to PZTs for specific applications. In this paper,
attempts have been made to review the recent develop-
ments on lead-free piezo materials emphasizing on their
preparation, structure—property correlation, etc. In this
context, perovskite systems such as bismuth sodium tita-
nate, alkali niobates (ANbQOj3), etc. and non-perovskites
such as bismuth layer-structured ferroelectrics are
reviewed in detail. From the above study, it is concluded
that some lead-free compositions show stable piezoelectric
responses even though they do not match the overall per-
formance of PZT. This has been the stimulant for growing
research on this subject. This topic is of current interest to
the researchers worldwide as evidenced from the large
number of research publications. This has motivated us to
come out with a review article with a view that it would
give further impetus to the researchers already working in
this area and also draw the attention of the others.
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Introduction

Piezoelectricity (pressure electricity) was discovered by
Nobel laureates Pierre and Jacques Curie in 1880 [1] dur-
ing their study of the effects of pressure on the generation
of electrical charge by crystals such as quartz, tourmaline,
and Rochelle salt. In fact, the development of an electrical
charge under the application of mechanical pressure or vice
versa is referred to as the piezoelectric effect. Low piezo-
electricity is the main drawback of the natural piezoelectric
materials. A major break through came with the discovery
of PZT and BaTiOj; in the 1950s [2, 3] and the family of
these materials exhibited very high dielectric and piezo-
electric properties. To date, PZT is one of the most widely
exploited and extensively used piezoelectric materials,
having secured a permanent place in the field of material
science and engineering. They are widely used as sensor
and actuator devices [4-7], multilayered capacitors, as
hydrophones, etc. with an estimated market of tens of
billions of dollars worldwide. However, lead oxide, which
is a component of PZT, is highly toxic and its toxicity is
further enhanced due to its volatilization at high tempera-
ture particularly during calcination and sintering causing
environmental pollution [8].

According to the recent developments, European Union
(EU) is planning to restrict the use of hazardous substances
such as lead as well as other heavy metals [9, 10]. How-
ever, there is no equivalent substitute for PZT; therefore, its
use is still continued. This may be a temporary respite, but
the legislation certainly impressed the researchers to
develop alternative lead-free piezoelectric materials in
order to replace lead-based materials [11, 12]. There had
been many attempts by researchers in the past to develop
alternative lead-free materials but the properties are
nowhere near to the PZT system. Basically, the lead-free
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systems are (i) perovskites, i.e., BNT, BaTiO5; (BT), KNbOs;,
NaTaO;, etc., (ii) non-perovskites, i.e., bismuth layer-
structured ferroelectrics (BLSF), tungsten-bronze type
ferroelectrics, etc. While the perovskites are suitable for
actuator and high power application, BLSF seems to be a
candidate for ceramic filter and resonator applications.
Apart from polycrystalline lead-free materials, lead-free
piezoelectric single crystals, e.g., langasite and ferroelec-
tric ceramics with tungsten-bronze structure have been
reported [10]. The perovskite type ferroelectrics are
hopeful candidates for lead-free piezoelectric ceramics
because its anisotropy in piezoelectric properties are large
compared to other ferroelectrics. A list of lead-free piezo
materials and their properties is presented in Table 1.

The large piezoelectric response of PZT results from
two factors. Primarily, the stereo-chemical activity of the
6s” lone pair on the lead ion causes large structural dis-
tortions from the cubic perovskite phase that results in
strong coupling between the electronic and structural
degrees of freedom [13]. Bi-based compounds have similar
or larger levels of ion off centering than Pb-based com-
pounds, driven by the stereo chemically active 6s* lone
pairs on the Bi’" ion. This leads to large ferroelectric
polarizations. In most common ferroelectrics, ion off cen-

Toxic effects of lead

The important symptoms of lead poisoning are fatigue,
aches in muscles and joints, abdominal discomfort, etc.
Some of the symptoms and signs of lead poisoning are
shown in Table 2. Patients with poor dental hygiene may
exhibit a blue line at the dental margin of the gums due to
deposition of lead sulfide. Lead poisoning has long been
considered as an environmental health hazard, for its
adverse effects on intellectual and neurological develop-
ment [15-17]. The main route of absorption in adults is the
respiratory tract where 30-70% of inhaled lead (mostly the
inorganic form like oxides and salts) goes into the circu-
latory system. For a reasonably well-controlled occupa-
tional exposure, blood lead value ranges between 1.45 and
2.4 mol L™ (30-50 pg 100 mL™") with a provision that
there is six monthly monitoring [18, 19].

Lead has three important biochemical properties that
contribute to its toxic effects on humans. First, lead being
an electropositive metal has high affinity for enzymes,

Table 2 Symptoms and signs of lead poisoning [15]

Mild Moderate Severe
tering is mainly contributed by the B-site cations to the
ferroelectricity so as to increase the chemical bonding  Lethargy Anemia Convulsions
between their valence d orbital and the surrounding oxygen ~ Anorexia Headache Coma
2p orbital (second-order Jahn Teller, SOJT) effect [14]. Abdominal Abdominal cramps Encephalopathy
Bismuth is non-toxic in its oxide forms; indeed, the active dlscon_]fort o ) )
ingredient of a popular antacid is bismuth salicylate. Some Arthralgia Gm‘gwal lead line Renal failure
of the toxic effects of lead and its hazardous consequences Pezggf;?)l neuropathy
on health are discussed in the next section.
Table 1 Properties of some selected lead-free compositions
Systems Compositions T. (°C) ds3 (pC/N) K References
BaTiO; BT 130 140 1400 [121]
BNT (Big.sNa 5)TiOs 310 64 302.6 [60]
BNT-BT (Nag 5Bio 5)0.92Bag 0g TiO3 280 125 625  [28]
BNT-BT-Nb,Os5 (Nag sBig.5)0.92Bag0sTiO3 + xNbyOs 250 149 1230 [47]
BNT-BT-CeO, + La,0O3; (Nags5Big5)0.94-6BaTiO3 + 0.5 mol% CeO, + 0.5 mol% La,O; — 162 831 [28]
BNT-BT-MnCO; (Nag sBi¢ 5)0.0>-Ba.osTiO3 + x mol% MnCOs; 243 160 — 521
BKT-BT-MnCO3 174 117 2300 [10]
BNT-BK-BT (Big sNag 5)TiOs—(Big sK.5) TiO3—BaTiO, 125 150 —[65]
(1-3x)BNT-2xBKT-BT
BNT-BZT (BipsNags)TiO;-Ba(Ti,Zr)O5 244 147 8814  [60]
BNT-BKT-SrTiOs Bio.s(Nag 84Ko.16)0.5sTiO3 + xSrTiO; 292 185 868  [57]
BNKLi-BT Bi;_.(Na;_,_, K,Li,)]osBa,TiO; 210 205 1040 [27]
(BN-x/y/z) BN=0.15/0.075/0.02
(K,Na)NbO; (Ko.5Nag 5)1-2,AE,NbO; 400 95 500 [109]

AE = Mg, Ca, Sr, Ba
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which are essential for the synthesis of hemoglobin. Sec-
ond, divalent lead acts in a manner similar to calcium
inhibiting mitochondrial oxidative phosphorylation thus
reducing the intelligence quotient. Lead can also affect the
genetic transcription of DNA by interaction with nucleic
acid binding proteins [20]. The most important initial
aspect of management of lead poisoning is the removal of
the patient from the source of exposure [21] and second by
using chelating agents (EDTA) that form complexes with
lead and hence are excreted out [22-25].

In this paper, overview of current developments in
various lead-free piezoelectric ceramics, effects of various
dopants to enhance the piezo properties were presented.

Perovskite-structured lead-free ferroelectrics

The perovskite-type (ABOj3) ferroelectrics such as BaTiO3
(BT), (BipsNag5)TiO3; (BNT), KNbO3, NaTaO;, etc. are
well-known lead-free piezoelectric materials. These ceram-
ics show relatively large piezoelectric constant. However,
the main drawbacks generally are low Curie temperatures
(T,), difficulties in poling treatments and/or low relative
densities [10].

BaTiO; system

Barium titanate, BaTiO3; (BT) is one of the perovskites
discovered very early. It has a relatively high electrome-
chanical coupling factor (k33) and has been partially used
for piezoelectric applications such as sonar although its
main use is for capacitor applications. It has the advantage
of easy manufacture by various ceramic techniques. BT has
a low Curie temperature (7. = 120 °C) causing the
working temperature range of this ceramic narrow for
actual piezoelectric applications. To increase the 7. of
BaTiOs-based ceramics, a binary system of BaTiOs;—
(Bip sKo.5)TiO; (BKT) was investigated. The 7, of BKT
was reported to be about 380 °C [10].

BaTiO; and (BigsKg5)TiO3 system
BaTiO; and (BigsKg5)TiO; are well known lead-free
piezoelectric materials with the tetragonal symmetry. Two

solid solution systems, i.e., (1-x)(Big sNag 5)TiO3—xBaTiO;
(BNBT—IOOX) and (1—y)(BioA5NaoA5)TiO3—y(Bi0.5K0A5)TiO3

Table 3 Properties of BKT-BT-MnCO; system

(BNKT-100y) had been already reported by Takenaka
et al. [26] and Sasaki et al. [27], respectively. It was
reported that MPB compositions existed on x = 0.06-0.07
for BNBT-100x and y = 0.16-0.20 for BNKT-100y,
respectively. BNBT system is considered to be a strong
candidate for lead-free piezoelectric ceramic material
because the solid solution shows good piezoelectric prop-
erties. It has also been reported that further enhancement in
the piezoelectric properties of (BigsNags)oosBagos103
(abbreviated as BNBT-6) ceramics can be enhanced by
adding Nb,Os and CeO, [28]. Perovskite type ceramics
seems to be suitable for actuator and high power applica-
tions because of high 7. For BaTiOs-based solid solutions,
that is (1-x)BT—xBKT, the T, increases with increasing
amount of x. Table 3 summarizes the Curie temperature
(T,) and piezoelectric properties of BTBK ceramics [10].

(Bl 1/2N31/2)Ti03 system

(Bi;sNa;»)TiO5; (BNT) is one of the important lead-free
piezoelectric materials with perovskite structure discovered
by Smolenskii et al. [29]. As (Bi;»Na;,)TiO5 composition
exhibits strong ferroelectric properties of a large remnant
polarization, P, = 38 uC/cm? and high Curie temperature,
T. = 320 °C, it has been considered for lead-free piezo-
electric ceramics as an alternative to the widely used lead-
based piezoelectric materials [30]. The main drawback of
this material is its high conductivity, consequently giving
problems in the poling process. In addition, BNT ceramics
need high sintering temperature (>1200 °C) to obtain the
dense body. Thus BNT is considered to be a promising
candidate for lead-free piezoelectric ceramics with bal-
anced ferroelectric properties.

Effect of dopants on BNT ceramics

For the pure BNT system, ds3 lies in the range of 57—
64 pC/N as discovered by researchers pointed out in
Table 4. The large piezoelectricity is expected on the BNT-
based solid solutions with a morphotropic phase boundary
(MPB). It has been reported that BNT-based compositions
modified with BaTiO3, BiKTiO3, NaNbOs, BiFeOs, MnO,,
Sc,03, Lay03, CeO,, etc. [31-44] showed improved
properties and easier treatment in poling process when
compared with pure BNT ceramics.

Composition dy; (pC/N) K T. (°C) References
(1-x)BaTiO3—-x(Biy 5K 5)TiO3 + MnCO; (BTBK-20 + Mn) 58.9 467 223 [10]
(1-x)BaTiO3—x(Big 5Ky 5)TiO3; + MnCO3 (BTBK-5 + Mn) 117 2300 174 [10]
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Table 4 Properties of BNT system

Composition Density (g/cc) dz3 (pC/N) Tan 6 (%) K T. (°C) References
(Big.sNag 5)TiO3 5.32 64 1.752 302.6 310 [60]
(Big.sNag 5)TiO3 — 57 0.011 240 450 [42]
(Big.sNag 5)TiO - 61 4.11 467 - [30]

Effect of La,O3; In order to improve the piezo properties,
Herabut and Safari [45] studied the effect of La dopant as
additive and concluded that the d5; value increases from 64
to 92 pC/N for BNT doped with 6 mole% lanthanum oxide
(Table 5). The piezoelectric properties were diminished
once the doping level is beyond 2 at.% La. This is due to a
phase distortion from rhombohedral to pseudo cubic phase.
Furthermore, the dielectric constant and dissipation factor
at the Curie point decrease when the amount of La doping
in BNT increases.

Effect of NaNbO; Li et al. prepared lead-free bismuth
sodium titanate-sodium niobate (BNT-NN), [Nag sy
Big s(1-xl(Ti(1—x~Nb,)O3; ceramics using conventional

Table 5 Effect of dopants on BNT system

ceramic technique [46]. They concluded that d3; increases
from 64 to 88 pC/N for 2 mol% of NaNbOj; and then
decreases gradually. However, the dielectric constant
increases gradually with increase in NaNbO; content. This
is attributed to the co-effect of the soft additive Nb>* ion
doping at B-site and hard additive Nat ion doping at
A-site. However, with further increasing the doping content
of NaNbO; (x = 0.03-0.05), the piezoelectric properties
decreased, which may be the reason for the dominant
doping of Na™ ion shown in Table 5 [30].

Effect of BaTiO; BNT-BaTiO; (BNBT) showed the
existence of a rhombohedral-tetragonal MPB. Takenaka
reported that BNT-based solid solutions with a rhombo-
hedral—tetragonal MPB compositions showed higher pie-
zoelectric and pyroelectric properties when compared with

Composition ds3 Tans K T. References unmodified BNT ceramics [47]. It has been reported by
(pC/N) (%) °C) Wang et al. [48] and Li et al. [49] that the composition near
(Bio<Nag.<) La.TiOx 92 004 560 4] the MPB has relatively large piezoelectric properties
03 (2(5) ((1)7]6.5)() 1;) } ' (Table 6). They reached at the conclusion that addition
X = (U-U.60 mol7 . .
) %0 0015 375 370 of BaTiO; (6 mol% or 0.06) increases the ds; value
X = B
1T o1 004 550 345 (d33 = 129 pC/N) compared to pure BNT (d33 = 64 pC/N)
T ’ 50-52].
x=2 89 0.033 495 335 [ ]
) x=3 ' - 0.036 770 365 20 Effect of Bi»O3 - Sc;03 Dielectric, piezoelectric, and fer-
(BESSE%S)TIOT (301 roelectric properties of the BNT-based solid solution (1-x)
3 . . . . .
Y =001 20 560 637 — (BipsNags) TiO3—x(Bi»O3 - Scy,03)95 was also investi-
= 002 88 s00 64 gated from the view point of a new group of lead-free
L 0' 03 60 5' o5 754 _ piezoelectric ceramics (Table 7) [53]. The effects of
—_ . . . .3+ . . . . .
0.04 S0 626 753 modified Bi"" ions on the dielectric, piezoelectric, and
X = L. . - . .
005 3 5.40 %01 ferroelectric properties for a pseudo-three-component sys-
e ) tem Cl(Bi1/2Na1/2)Ti03—bKNbO3—C(Bi203 . SC203)0.5 were
Table 6 Properties of BNT-BT system
Composition d33 (pC/N) Tan 6 (%) K T. (°C) References
(Nao_sBi0_5)0_94Bao_oéTiO3 125 1.3 625 288 [26]
(Nay sBig_s)0.92Bag.0sTiO3 125 - - 280 [52]
(1-x)(Nag sBiy 5) TiO3—x BaTiO; [47]
x = 0.02 78 1.73 402 -
x = 0.04 87 2.07 445 -
x = 0.06 122 1.79 601 -
x = 0.08 112 2.04 841 -
x=0.1 94 2.39 764 -
(Nag 5Big 5)TiO3-6BaTiO; 117 25 776 - [49]
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Table 7 Properties of (1-x)(BigsNag 5)TiO3—x(Bi,O3 - Sc,03)0.5 System

Composition ds3 (pC/N) Tan 6 (%) K T. (°C) References
(Big 51Nag 49)Sc.02Tip.0803 74.7 5.11 431 358 [50]

1/,(Bi, 05 .Sc,0;)

(Bi, sNa, 5)TiO, —’b KNbO,
Fig. 1 Phase relation between (BipsNags)TiO;, KNbOjz, and

(Bi203 - Sc;03)0.5 [32]

studied and they concluded that the Bi*" ion has an effect
on the coercive field, E. [54]. E. becomes higher when the
amount of modified Bi ions is increased thus making poling
difficult. On the other hand, coercive field is decreased
when the amount of modified Bi ions is decreased; making
poling easier and k33 is relatively higher. Hence they can be
used as superior lead-free or low lead content piezoelectric
materials because the poling process stands a better chance
of success compared with non-modified BNT ceramics.
Figure 1 shows the phase relation between (Bi;»,Na;;)
TiO3;, KNbOj3, and (Bi,O5 - Sc;03)95 on pseudo-three-
component system.

Effect of La, Nb, Co Influence of non-stoichiometry
and doping on piezoelectric properties and structure of

Table 8 Effect of dopants on BNT-BT system

BNT-BT based solid solutions near the MPB were studied
by Chu et al. [50]. Their preliminary research has indicated
that cerium oxide is an effective additive for BNBT
ceramics for the development of the BNT lead-free system
[14]. From Table 8, they concluded that similar to PZT-
based ceramics, Nb>* can be seen as soft additive which
leads to the enhancement of piezoelectric constant,
dielectric constant, dielectric loss, etc. The B-site doping of
Co>" (hard additive) in this system enhanced the compo-
sitional inhomogeneity, which results in the multiphase
character over a relatively wide temperature range. Piezo-
electric coefficient, d3z3 of BNBT6-La and BNBT6-La-Nb,
in which La*™ is added, is enhanced. These phenomena are
like soft doping in the case with PZT-based ceramics.
Since La>* has an ionic radius of 1.06 A it will substitute
Bi*" of A-site because of the same valence. This substi-
tution will result in an aberrance of crystal structure that
benefits the reorientation of domains during the polariza-
tion process increasing ds3. For BNBT6-Co, d33 goes up to
139 pC/N, which can be explained with the remarkable
growth of grain size after Co’" doping and the value
decreases after La addition.

Effect of La,O3 and CeO, Some further enhancement in
these properties was reported by adding La,O3 and CeO,.
From Table 8, it could be concluded that addition of equal
amount of 0.5 mol% CeO, together with 0.5 mol% of
La,O5 increases ds; value from 129 to 162 pC/N. The
dielectric constant also increases from 625 to 831. It has
been reported that CeO, has the dual effect of improving
the piezoelectric properties of BNBT-6 ceramics and

Composition Density (g/cc) dz3; (pC/N) Tan o (%) K T. (°C) References
(Nag sBig.5)0.02Bag0sTiO3 + xNb,Os (NBBT83) - 149 3.90 1230 250 [47]
(Nag sBig.5)0.92—xBag 0sTiO3 + xCo,0; (NBBT84) - 108 1.50 450 245

(Nay sBip5)TiO3—6BaTiO; + La(BNBT6) + La - 125 4.5 1576 - [49]
(Nag sBig 5)TiO3—6BaTiO3; + Nb (BNBT6) + Nb - 118 4.6 1614 -

(Nag sBig 5)TiO3—-6BaTiO3; + La—Co (BNBT6) + La—Co - 127 2.1 1284 -

(Nag sBig5)TiO3—6BaTiO; + La—Nb (BNBT6) + La—Nb - 135 23 1664 -

(Nag sBig5)TiO3—6BaTiO; + Co (BNBT6) + Co - 139 23 1200 -

(Nay sBip5)0.94-6BaTiO3; + 0.5 mol% CeO, + 0.25 mol% La,O; 5.67 158 1.7 787 - [28]
(Nay sBig5)0.94-6BaTiO3; + 0.5 mol% CeO, + 0.5 mol% La,O;  5.68 162 2.0 831 -

(Nag 5Big 5)0.94-6BaTiO3 + 0.5 mol% CeO, + 0.75 mol% La,O3 5.69 65 2.4 310 -

(Nag sBig 5)0.00-Bag 0sTiO3 + x mol% MnCO; - 160 - - 243 [52]
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decreasing the dissipation factor. Ce®™ with a radius of
118 A occupies the A-site as Ba®" in the BNBT lattice and
functions as a donor leading to some A-site vacancies.
Meanwhile, Ce*t with a radius of 0.94 A goes into the
Ti** site and changes the space charge. La,Os is a typical
soft additive for PZT ceramic occupying a Bi*" site or a
Ba?* site [28].

Effect of Mn The maximum value of the piezoelectric
constant was 160 pC/N for BNBT doped with 0.56 mol%
Mn at room temperature [55]. From the table, it can also be
seen that with increasing the amount of the dopant, the 7
decreases rapidly. When the amount of Mn is lower than
0.56 mol%, the increase in piezoelectric properties is partly
due to the decrease of tetragonality of BNBT. Additionally,
the incorporation of smaller cations in a normal perovskite
structure causes the slack of lattice and enhances the
motion of 90° domains. When the amount of Mn is over
2.6 mol%, it is supersaturated in the lattice of BNBT and
the excess of Mn ions are accumulated in the grain
boundaries, resulting in the pinning effect of the domain.
Ichinose and Udagawa have studied that the piezoelectric
property of (BigsNag 5)0.87(Sr0.5Cap.5)0.13Ti03 system was
close to MPB composition from the view point of lead-free
piezoelectric materials. MnO was added up to 1 wt% to
this system in order to improve the electromechanical and
mechanical properties of the system [56].

Bip.5(Nag 5,K0.5)TiO3 system

A number of lead-free piezoelectric ceramic materials have
been developed to replace the PZT-based ceramics for
environmental protection [57]. However, BNT still cannot
replace PZT-based ceramics due to large coercive field
and high conductivity. Recently, many researchers have
investigated the effects of small amount of dopants (cation
modifications) into BNT ceramics such as Ba, Pb, Ca, Sr,
Ce, Se, NaNbOsj, etc. and successfully overcome the
problems mentioned above.

Jhang et al. investigated the microstructure and electri-
cal properties of Bi-compensated BNT-BKT ceramics
sintered at 1110-1170 °C [58, 59]. Increasing sintering
temperatures enhanced the grain growth, densification, and
improvement of piezoelectric and ferroelectric properties.

Table 9 Properties of Big s(Nag g4Ko.16)0.5Ti0O3—xSrTiO3 system

However, as the temperature was increased to 1170 °C, the
piezoelectric properties deteriorated seriously. An MPB-
like phase transition from tetragonal to rhombohedral
symmetry was found in BNKT20 and BNKT22 specimens
sintered between 1150 and 1170 °C. Enhanced electrical
properties were obtained for the BNKT22 samples sintered
at an optimal temperature of 1150 °C, in which ds3, P,, and
K were 192 pC/N, 19.5 uC/cm?, and 1007, respectively.

Effect of Strontium (Sr)

Yoo et al. studied the variations of Sr substitution on lead-
free Big 5(Nagg4Ko.16)0.5T105 system [60] and concluded
that the crystal structure of the specimen moved from
tetragonal to tetragonal-rhombohedral MPB with 4-6
mol% Sr addition. The piezoelectric constant, dz3 was
185 pC/N (Table 9). They also studied the effect of La,O5
on the piezoelectric and dielectric properties of this lead-
free system and concluded that with increasing the amount
of La,0;, the density and dielectric constant increased up
to 0.9 wt% La,O5 and decreased above it [27, 61].

Effect of NaNbO3

Li and his coworkers investigated a ternary system of
BNT-BKT-NN and studied the effects of NN on crystal
structure, dielectric, ferroelectric, and piezoelectric prop-
erties [46]. It can be found from Table 10 that the ds3 value
decreased with the amount of NaNbQOj5 and the relative low
values were located at x = 8 mol%. This was due to a
phase distortion from rhombohedral to cubic phase. In
contrast with BNT-NN binary system, the dz3 of BNT-
BKT-NN ternary system are higher.

BNT-Ba(Ti,Zr)O3 system

It is generally known that BNT systems have higher 7, than
BaTiO5 systems. Many scientists have been devoted to
improving the piezoelectric properties of BNT-based
ceramics. One of them reported that Ba(Ti,Zr)O5 (abbre-
viated as BZT) system has a good piezoelectric constant
equal to 236 pC/N at room temperature [62]. Hence a
binary system of BNT-BZT was studied and the properties
at the MPB were investigated. Dense BNT-BZT ceramics

Composition Density (g/cc) ds3 (pC/N) K T. (°C) References
Bi s(Nag 84Ko.16)0.5Ti03 + xSrTiO; [57]
x=0.04 5.64 185 868 292
x = 0.06 205
0.96Bi 5(Nag g4Ko.16)0.5TiO3 + 0.04SrTiO3 + 0.2 wt% La,03 5.75 215 768 320 [58]
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Table 10 Properties of Bij s(Nag s,Kg s5,)TiO3—NaNbO; system

Composition ds3 (pC/N) Tan 6 (%) K References
Nag 5Big5TiO3—K 5Big 5TiO3—NaNbO3 71 - - [43]
0.88Nag 5Big sTi03-12K 5Big sTiO3; (NKBTNO) 100 0.0299 575 [43]
NKBTNS 100 0.0631 1237 [43]
Table 11 Properties of BNT-BZT system

Composition Density (g/cc) dz3 (pC/N) Tan 6 (%) K T. (°C) References
BNT 5.32 64 1.752 302.6 310 [60]
BNT-BZT3 5.76 79 1.765 345.6 236 [60]
BNT-BZT6 5.72 107 2.185 844.6 236 [60]
BNT-BZT9 5.82 147 2.636 881.4 244 [60]
BNT-BZTI12 5.69 112 2.980 788.7 259 [60]

(5.69-5.82 g/cm®) were obtained because the preparation
processes were modified, in which BNT and BZT powders
were synthesized separately. For BNT-BZT binary sys-
tem, a high piezoelectric constant, dz3 = 147 pC/N was
obtained at the composition near MPB. The pure BNT
ceramic showed a high T, value of 310 °C (Table 11). A
small amount of BZT addition decreases the T, greatly.
However, when the addition of BZT exceeds 9 mol% there
is a small rise in the T,. The reason for this small shift is not
clear at present, but BZT addition may also influence the
evolution of sintered microstructure, hence Curie temper-
ature in addition to its chemical effect.

Bi(Na,K,Li)TiO5 system

Lin et al. did further investigation on BNT system by
substituting Na* in BNT by K* and Li" and finally
invented Bi(Na,K,Li)TiO; ceramics as a new group of
BNT-based lead-free system [63]. Under this consider-
ation, a new system of Bi(Na,K,Li)-BT multi component
lead-free piezoelectric ceramics was also proposed [64].
Table 12 indicates that the ceramics were well sintered at
1100-1150 °C for 2-3 h. The ceramics with higher the

Table 12 Properties of Bi(Na,K,Li)TiO3 system

Composition ds3 Tané K References
(pC/N) (%)
[Big.s(Na;__,KLi,)os]TiO3 [61]
[Bio.s(Nao,6Ko.35Li0.05)051TiO3 120 5.7 1753 [61]
[Bio.s(Nag 7Ko.25Li0.05)051TiO5 145 4.1 1276 [61]
[Bio s(Nag 65Ko.25Li0.1)051TiO5 100 4.9 1109 [61]
[Bio.5(Nag7Ko.15Li0.15)051TiO3 41 - 1179 [62]
[Bio.5(Nag.75Ko.0sLi0.2)05s]TiO3 51 - 800 [62]

amount of K* and lower the amount of Li* and Na™ have
relatively larger piezoelectric constant ds; (143 pC/N). It
can be concluded that with increasing the value of K*/Li™
ratio, the piezoelectric constant increases. The amount of
K" also greatly influences the dielectric constant of the
ceramics [63].

The electrical properties of [Bi;_.(Na;_,_, )K.Liy)os]
Ba,TiO; (BN-x/y/z) multicomponent lead-free piezoelec-
tric system proposed by Lin et al. by the conventional
ceramic technique were studied [64] (Table 13). The pie-
zoelectric constant d33 has a maximum value of 178 pC/N
at x = 0.15. The maximum values of ds3 (198 pC/N) of the
BN-0.15/0.10/z ceramics occur at z = 0.02. The ceramics
with x = 0.15-0.20 and z = 0.01-0.04 provide better pie-
zoelectric properties, which may be attributed to the com-
positions near the MPB where the number of spontaneous
polarization directions increases [65]. However, the addi-
tion of Li significantly improves the sintering performance,
decreases the sintering temperature of BNT ceramics, and
greatly assists in densification of BNT-based ceramics.
Also, Lam et al. synthesized soft lead-free piezoelectric
materials in the system BNKLT 1-3 composites [66].

BNT-BKT-BT system

Barium titanate, BaTiO; (BT), and potassium bismuth
titanate, BigsKysTiOs; (BKT) are well-known lead-free
piezoelectric materials with a tetragonal phase. The phase
relation of the BNT-BT-BKT system is shown in Fig. 2.
Takenaka and Sasaki et al. reported the binary systems of
BNT-BT and BNT-BKT piezoelectric ceramics respec-
tively [26, 27, 67].

Li et al. have demonstrated that preferred piezoelectric
properties have been obtained by adding BKT and BT into
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Table 13 Properties of Bi(Na,K,Li)TiO3—BaTiO3 system

Composition ds; (pC/N) Tan 6(%) K References
Bi;_.(Na, —x—y—',KxLiy)]SBazTiOS(Bfo/y/z) [27]
BN-0.15/0.10/0.02 198 3.7 1170
BN-0.15/0.075/0.02 205 34 1040
BN-0.15/0.075/0.01 178 3.1 735
BN-0.10/0.075/0.01 130 2.1 550
BKT at x = 0.03. This property demonstrates that the compo-
sitions near the MPB have relatively high piezoelectric
r‘ \ activities.
,-’(.,' ;.'.‘. Lead-free piezoelectric ceramic 0.90(Bij sNag 5)TiO3—
_.m_m) 0.05(Bi 5K 5)TiO;-0.05BaTiO5 (abbreviated as BNT—
' BKT-BTS) has been used recently as the driving element
X A7/ in a cymbal actuator with titanium end caps. It was found
1 MPR that the lead-free ceramic cymbal actuator has reasonable
piezoelectric coefficients and low density. Hence its per-
X Rhwmb,

i / \ v/ NSO\

BT BNT

Fig. 2 Phase relation of (BigsNags)TiO3—BaTiO;—(Big 5K 5)TiO5
(BNBK) system [10]

BNT to form BNT-BKT-BT ternary system [68]. They
also investigated a (1-3x)BNT-2xBKT—xBT ternary sys-
tem by keeping the BKT and BT ratio constant (Table 14).
A conventional ceramic fabrication technique was used to
prepare them. The piezoelectric and dielectric properties
were also reported [69]. They concluded that the dielectric
constant and d3; increases with increasing x, reaches the
maximum value of 150 pC/N at x = 0.035 and then
decreases. These properties demonstrate that the compo-
sitions near the MPB have relatively high piezoelectric and
electromechanical activities due to increase in the number
of possible spontaneous polarization and due to the coex-
istence of rhombohedral and tetragonal phases.

Li et al. also prepared (1-5x)BNT—4xBNT—xBT ceramic
by conventional ceramic fabrication technique [49]. The
piezoelectric and ferroelectric properties of these ceramics
were studied. They were of the conclusion that the piezo-
electric constant ds3 attains a maximum value of 149 pC/N

Table 14 Properties of Bi(Na,K)TiO3—BaTiO; system

formance was comparable to those fabricated using hard
PZT ceramic [70].

Alkali niobates
KNbO;s-based ceramics

Matthias discovered ferroelectricity in potassium niobate,
KNbO; [71]. Alternative lead-free materials of the perov-
skite family with the general formula, ANbO; (A = alkali
metal) were proposed by researchers in the 1950s and
1960s [9]. KNbO5 (KN) has an orthorhombic symmetry at
room temperature, and KN single crystals are known to
have high piezoelectric activities. It is known that KNbO;
and related compounds show a high Curie temperature
(T, = 435 °C) and good piezoelectric properties.

KNbO;-NaNbOj system

(K,Na)NbOs (abbreviated as KNN) is considered as one of
the most promising candidates for lead-free piezoelectric
ceramics. It is a solid solution of ferroelectric KNbO;
and antiferroelectric NaNbOs, exhibiting very high Curie
temperature (7, = 420 °C), good ferroelectric properties
(P, =33 uC/cmz), and large electromechanical coupling

Composition ds3 (pC/N) References
Na05B105T103—K05B105T103—B21T103 150 [65]
(1-3x)NBT-2xKBT-xBt

(x = 0.01, 0.02, 0.025, 0.03, 0.035, 0.04) at x = 0.035

(1-5x)NBT—-4xKBT-xBT 145 [46]

(x =0, 0.01, 0.02, 0.024, 0.028, 0.03, 0.032) at x = 0.03
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Fig. 3 Phase diagram for the

1500°

system KNbO;-NaNbO; [2, 9] I !

Temperature, °C (Note change of scale ot high termp)

KNbOs

factors [72]. The phase diagram for the KNN system is
shown in Fig. 3. The piezoelectric data for the air-fired
samples are in the range of d3; = 80 pC/N and density of
the sample is around 4.25 g/cc [2]. One of the main
obstacles for the development of potassium sodium nio-
bates (KNN) as a commercial piezoceramic material by
conventional method is the difficulty in processing and
densification. Further more; the volatility of potassium
oxide makes it difficult to maintain stoichiometry. To
optimize the processing conditions and to obtain repro-
ducible properties, KNN ceramics were doped with suit-
able materials. Matsubara et al. [73] and Seo et al. [74]
found that the addition of CuO greatly enhanced the sin-
terability of KNN-based ceramics. CuO is often used
because of its low melting point and formation of liquid
phase.

Park et al. [75] elaborately studied the effect of CuO on
KNN ceramics. They observed that addition of CuO
decreases the sintering temperature of KNN below 1000 °C
in order to prevent the Na,O evaporation and to eventually
improve the piezoelectric properties by increasing their
polling efficiency. When a small amount of CuO was
added, a dense microstructure with increased grain size was
developed. Liquid-phase sintering was considered to have
been responsible for the development of the dense micro-
structure. The Cu®*" ion replaced the Nb>" ion and pro-
duced an oxygen vacancy to maintain the charge neutrality.
A defect dipole consisting of the Cu®" ion and oxygen

O 10 20 30 40 50 € 70 80 90 92 94 96 98 100

Mole % NaNbOsy (Nate change of scole ot 90 %)

NoNbO3

vacancy provided the pinning effect, which eventually
transformed the NKN ceramics into the hard materials. The
Curie temperature and Ec were slightly increased with CuO
addition.

Bernard et al. [76] found that the densification of KNN
ceramics can be improved by the addition of a small
amount (from 0.5 to 4 mass%) germanate, which melts at
around 700 °C. Germanate-modified KNN ceramics can be
sintered to high density (95.6% TD) at 1000 °C without
degrading the piezoelectric properties.

Egerton and co-workers reported the electrical proper-
ties of potassium sodium niobates, KNbO3;—NaNbO; sys-
tem (KNN) in which they indicated relatively low
dielectric constants over a wide compositional range.
Hence to achieve sufficient densification, hot-pressed KNN
ceramics (~99% of theoretical density) have been reported
to possess high Curie temperature (7, = 420 °C), large
piezoelectric longitudinal response (d;; = 160 pC/N), and
high planar coupling coefficient (k, = 45). KNN samples
have been prepared by conventional air sintering in order to
reach high densities over 95% which yielded superior
piezoelectric properties (ds3 = 100 pC/N) than those
obtained by the same method as reported previously [77]. It
is important to note, KNN material prepared by spark
plasma sintering reported significantly higher dielectric and
piezoelectric properties than those prepared by conven-
tional method (K ~ 700 and d5; ~ 148 pC/N) [78, 79].
Recently, Saito et al. fabricated textured-based KNN

@ Springer



5058

J Mater Sci (2009) 44:5049-5062

Table 15 Comparison of properties of alkali niobates obtained by different processing methods

Processing methods Density (g/cc) % TD d33 (pC/N) ky

Air-sintered (Jaeger—Egerton) K sNay sNbO3 4.25 94.24 80 0.36
Air-sintered (Kosec) Ky sNag sNbO3 4.20 93.13 - 0.23
Air-sintered H. (Birol) K sNagy sNbO3 4.30 95.3 110 0.39
Hot-pressed (Jaeger—Egerton) K, sNag sNbO3 4.46 98.89 160 0.45
Hot-forged (Schultze) Ky sNaysNbO; + 4 mol% Ba 4.28 94.90 115 0.37
Reactive grain growth (Saito et al.) - - 416 -

ceramics by the reactive grain-growth method which pro-
duced ds3 value as high as ~416 pC/N [80]. Comparisons
of properties of alkali niobates (ANbO3) obtained by dif-
ferent processing methods are given in Table 15.

Effect of dopants on KNN-based ceramics Potassium
sodium niobate is a promising lead-free material with low
dielectric constant and high electromechanical coupling
coefficient. However, it is difficult to prepare KNN ceram-
ics with high density by conventional sintering technique.
Sintering may be activated by the addition of Nb>* or
Mg*" jons in the crystal lattice thereby producing high-
density sample [81-84].

(1) Effect of LiTaO3 and LiSbOj3: The effect of incor-
porated LiTaO; on the structure, phase transition behavior
and electrical properties of the KNN system have been
studied [85-90]. It was established that Ta substitution for
Nb, changes the properties of KNbO; and the authors also
demonstrated that small amounts of Ta for Nb could
enhance the piezoelectric properties of KNN ceramics [72,
91]. Saito et al. [92] also developed a lead-free system
containing a blend of alkaline niobate (7, = 415 °C) based
solid solution with LiTaO3; (T, = 615 °C). This system
gave good piezoelectric response with a dz3 of 230 pC/N.
Addition of LiSbO; to the above system increased the ds3
to 373 pC/N [80]. Many authors have been studied the
effect of LiSbO;3 (LS) on pure KNN ceramics [93-95].
Yang et al. [93] studied the effect of LS on pure KNN
ceramics and reported that increasing the LS content, the
ds3 and k, values of the ceramics initially increased, and
then began to decrease at higher LS concentration. In
addition, dielectric study revealed that 7, shifted toward
the lower temperature regions and a normal ferroelectric
KNN-based ceramics changed to relaxor ferroelectric by
increasing LS content. The KNN-LS ceramics are prom-
ising lead-free piezoelectric materials for electromechani-
cal transducer applications. Effect of other ions such as Ag,
Nb, Ta, Bi, Cu, Ca, etc. and combination two or three
cations on KNN-LS ceramics were also studied by many
authors [96-108] and promising results were reported.
Wang et al. reported that addition of Ag in KNN-LiTaO;
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ceramics increases the Curie temperature (7, = 438 °C)
and piezoelectric properties (d;3 = 252 pC/N) of the
ceramic by normal sintering technique [109].

(ii) Effect of alkaline earth ions: The effect of low
amount of alkaline earth dopants, (0.5 at.%) Mg”, Ca’™,
Sr**, and Ba>" on KNN solid solution synthesis, sinter-
ability, and functional response of corresponding ceramics
was also studied by different authors [110-113]. They were
chosen on the basis of the similarity of their ionic radii to
those of K™ and Na'. Chang et al. [114] observed that
adding Ca*" and Sr*" to KNN can make the cell param-
eters increase, promote densification, decrease the phase
transition temperatures, and improve the electrical prop-
erties. However, adding Mg>* to KNN can lower the cell
parameters and density, increase T, and seriously deteri-
orate the electrical properties. Adding Ba®* to KNN can
increase the cell parameters, decrease the density, decrease
the phase transition temperatures, and also significantly
deteriorate electrical properties.

(iii) Effect of BaTiOs;: BaTiOs is one of the typical
ferroelectric materials showing large piezoelectricity, but
its low T, limits the application. However, by the addition
of BaTiO; to Na;_K,NbOs3, it could be anticipated that the
solid solution would show a relatively high 7, with pie-
zoelectricity comparable to BaTiO; [115, 116]..

Non-perovskite structured lead-free ferroelectrics
Bismuth layer-structured ferroelectrics

Aurivillius type structure oxides with general formula
Bi,A,_1B,03,.3, which consist of n-perovskite layers
[An,]BnOMH]z_ sandwiched between bismuth oxygen
sheets [B1202]2+ come under BLSF. The perovskite layer
can be a one, two, three, or more perovskite unit thick.
Each of these results in a separate structure type, but has
the perovskite layer-bismuth oxide layer alteration [117].
Possible substitutions into Bi-site of bismuth oxide layer by
other p-cations that have a stereo-chemical active lone pair
of electrons, such as Pb>", Sb>*, and Te** have been
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reported. BizsNbTiOg is an example of such compound
because of its high T, (914 °C), however it posses very
weak piezoelectric effects. The maximum ds3 reported for
any of these layer structure compositions is 25 pC/N [2].
The family of BLSF is very attractive from the viewpoint
of their applications as electronic materials such as
dielectrics, piezoelectric, and/or pyroelectric. BLSF are
characterized by their low dielectric constant, high Curie
temperature (7.), and large anisotropy in the electrome-
chanical coupling factor. Therefore, the BLSF ceramics are
seen as superior candidates for lead-free piezoelectric
applications for high T, piezoelectric sensors, filters, res-
onators, and/or pyroelectric sensors with large figures of
merit [10].

Bi,Ti;0;,-based BLSF system

Bismuth titanate, Bi4Ti50,, is a typical well-known BLSF.
Concerning the anisotropy, Cross and Pohanka [118]
reported that BiT single crystal has good piezoelectricity.
However, it is difficult to measure piezoelectric properties
on the BiT single crystal because of its thin structure. On
the other hand, fully reliable piezoelectric properties of BiT
ceramics have not been reported because of some problems
such as the low resistivity and the large coercive field. To
solve these problems, Nb>* and V" ions were doped into
BiT ceramic to obtain higher resistivity [22].

Bi;TiTaOg-based BLSF system

Bismuth layer-structured ferroelectrics of the type,
Bi;TiNbOg and CaBi,Ta,09, possess very high T, above
800 °C [2]. These data suggest that high mechanical
quality factor (Q,,) is obtained by BLSF materials with
high 7. making them suitable for electromechanical
transducer required to sense strains, vibrations, and noise
under severe thermal conditions. By this concept, dielectric,
ferroelectric, and piezoelectric properties of BisTiTaOg
(BTT) based solid solution system with a high 7, were also
investigated [10]. The authors have studied that in the Sr-
site substituted compositions, there is a variation of the
phase transition temperature with the ionic radius size and
the amount of modifier, but no extra peaks in dielectric
constant have been observed [119].

Non-perovskites with lead-free tungsten-bronze
structure

A number of ferroelectrics of potential commercial
importance have the potassium tungsten-bronze A,B,Oq
structure. Some examples are BaNb,Og, StNb,Og, Sr,Ba;_,
Nb,Og, AB,O¢ type, etc. Piezoelectric ceramics with
tungsten-bronze structure are potentially served as sensors

in sensing patches, single crystals for electro-optic uses,
etc. Matsuo et al. studied the effect of doping Sr,_.Ca,.
NaNb,O;5 with LayO3; and concluded that a dielectric
constant of 1662, Curie temperature of 298 °C, spontane-
ous polarization of 10.7 pC/cm? and piezoelectric constant
of 138 pC/N was obtained, respectively. The piezoelectric
properties of the SCNN-based ceramics indicate that they
are good candidates for sensor applications [120-123]. The
study investigating the electrical properties of dense lead-
free piezoelectric ceramics in the (1-x)Sr,NaNbsO;s—
xCa,;NaNbsO;5 (SCNN) system with x ranging from 0.05
to 0.35 has also been reported. Ferroelectric and piezo-
electric properties of SCNN greatly depended on the Ca
content. The composition with x = 0.15 exhibited piezo-
electric constant of d3; = 96 pC/N. This study apparently
indicates that lead-free SCNN piezoelectric ceramics have
potential for electromechanical applications.

Processing methodology of piezoelectric ceramics

The fabrication of most bulk piezoelectric ceramics starts
with powder preparation. The powder is then pressed to the
required shapes and sizes, and the green shapes are in turn
processed to mechanically strong and dense ceramics. The
next steps are machining, electroding, and poling-applica-
tion of a DC field to orient the dipoles and induce
piezoelectricity.

The most common powder preparation is the mixed
oxide route. In this process, powder is prepared from the
appropriate stoichiometric mixture of the constituent oxi-
des. Mixing of the powders is done by dry ball-milling or
wet ball-milling, both methods having advantages and
disadvantages: wet ball-milling is faster than dry-milling;
however, the disadvantage is the added step of liquid
removal. A vibratory mill may be used rather than a con-
ventional ball mill.

Depending on application, various dopants are used to
tailor the properties of interest. A-site additives tend to
lower the dissipation factor, which affects heat generation,
but also lower the piezoelectric coefficients; for this reason,
they are mostly used in ultrasonic and other high frequency
applications. B-site dopants increase the piezoelectric
coefficients but also increase the dielectric constant and
loss. They are utilized as actuators in vibration and noise
control, benders, optical positioning application, etc.

Apart from the conventional “mixed oxide” method,
lead-free piezo-materials are also prepared by various
chemical routes such as by sol-gel, wet-chemical route,
co-precipitation, etc., similar to the processing methods
followed for the synthesis of PZTs. The calcination step is a
very crucial step in the processing of PZT ceramics. During
calcination organics, water or other volatiles are removed
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and formation of required phases takes place. The crystal
structure is confirmed by X-ray diffraction analysis. After
calcination, binder was added to the powder and compacted
into pellets. They are then sintered at temperatures varying
between 1100 and 1200 °C. Electrodes (conducting silver
paste) are applied and a strong DC field is used to orient the
domains in the polycrystalline ceramic and the dielectric
and piezoelectric properties were measured after poling.

This processing technique present many uncertainties—
one problem often encountered is the deviation from stoi-
chiometry. Also, the piezoelectric and dielectric properties
generally suffer if there is any lack of homogeneity due to
poor mixing. It is important then that the constituent oxides
be intimately mixed. More information on the preparation
of piezoelectric ceramics can be found in Jaffe et al. [2],
and Moulson and Herbert [124] among others. Other pro-
cessing methods including hydrothermal processing and
co-precipitation methods are described in references
[125-129].

Critical comments

Lead-free materials are of interests as new candidates to
replace the widely used lead-based ceramics because of
their pollution free environmental friendly character during
the preparation process. Hence, this research area is of
current interest to researchers worldwide.

(i) BNT is considered to an excellent candidate for lead-
free piezoelectric ceramics with a high T, of 320 °C,
as well as relatively large remnant polarization, P, of
38 uC/cm” and coercive field, E. of 73 kV/cm. Still
BNT cannot replace PZT due to its large coercive
field and high conductivity. Hence researchers have
investigated many dopants into BNT ceramics to
solve these problems.

(i) In addition to that, scientists have developed multi-
component systems, which have higher piezoelectric
properties than binary systems. For example,
BaTiO;, KNbO3 combined with a rhombohedral
compound to yield a high activity MPB system.

(iii)) The density of lead-free piezoelectric materials are
approximately half of the density of PZTs; therefore,
the effective specific piezo properties per unit weight
of lead-free materials are double their actual values
when these materials have to be compared with
PZTs. For example, a ds3 value of 150 pC/N of a
lead-free material is nearly equivalent to 280-
300 pC/N of PZT material.

(iv) Lead-free materials like BNT, NaNbO3, KNbO3, etc.
were also developed simultaneously along with PZT
in the 1950s. But due to the excellent piezoelectric
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properties exhibited by the PZTs, the researchers
were preferred to work on the PZT system; hence, not
much work was done on lead-free materials. Even
though the initial results on PZT system showed
lower piezo properties, the values were largely
enhanced after the discovery of MPB, addition of
suitable dopants, etc., studied systematically. A
similar systematic approach may be required for the
enhancement of piezo properties of lead-free mate-
rials at least very near to the level of PZTs.

Conclusions

Lead-free piezoelectric materials with excellent dielectric
and piezoelectric properties belonging to the perovskite
ferroelectric and bismuth layer-structured (BLSF) ceramics
were investigated as superior candidates to reduce envi-
ronmental damages. The families of sodium potassium
niobate and bismuth sodium titanate that come under the
perovskite type ceramics seem to be suitable for actuator
and high power applications with a piezoelectric constant,
d3z > 150 pC/N and a high Curie Temperature, T, >
200 °C. For high temperature applications (>600 °C),
bismuth-layered compounds show good stability of prop-
erties and hence they serve as excellent candidates for
piezoelectric sensors. In order to replace PZT systems, it is
necessary that special features of each lead-free material
correspond to required piezoelectric properties for each
application.
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