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bstract

his article studies the microstructure and piezoelectric properties of a ceramic lead-free NBT under different amount of ZnO doping. X-ray
iffraction shows that Zn2+ diffuses into the lattice of (Bi0.5Na0.5)TiO3 to form a solid solution with a pure perovskite structure. By modifying the
inc oxide content, the sintering behavior of (Bi0.5Na0.5)TiO3 ceramics was significantly improved and the grain size was increased. The piezoelectric

◦
oefficient d33 for the 1.0 wt.% ZnO-doped (Bi0.5Na0.5)TiO3 ceramics sintered at 1050 C was found to be 95 pC/N, and the electromechanical
oupling factor kp = 0.13. However, the piezoelectric coefficient d33 for the 0.5 wt.% ZnO-doped (Bi0.5Na0.5)TiO3 ceramics sintered at 1140 ◦C was
ound to be 110 pC/N, and the electromechanical coupling factor kp = 0.17.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Pb(ZrxTi1 − x)O3 (PZT) ceramics possess excellent piezo-
lectric properties. However, the production of PZT-based
eramics is not environmentally friendly because of PbO evap-
ration during the firing process. It is necessary to develop
igh-performance lead-free piezoelectric materials if the envi-
onmental damage associated with the production of PZT is
o be prevented.1–3 For example, barium titanate (BaTiO3), a
ypical lead-free piezoelectric material, is generally used for
iezoelectric applications such as sonar.4 This ceramic has a
elatively high electromechanical coupling factor. However, it
ossesses a low Curie temperature (Tc = 130 ◦C) which limits
ts range of working temperature.5 Bismuth potassium titanate
Bi0.5K0.5)TiO3 (KBT) ceramics, on the other hand, were only
ecently discovered to potentially be useful for specific applica-
ions. However, it is difficult to obtain the desired structure of
BT using conventional ceramic fabrication techniques.6,7

Bismuth sodium titanate (Bi0.5Na0.5)TiO3 (NBT) is quite

ossibly an excellent potential replacement for lead-containing
iezoelectric ceramics. It has a high Curie temperature (Tc)
f 320 ◦C, and a ferroelectric to antiferroelectric phase transi-
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ion point (Tc) of 200 ◦C, as well as relatively large remnant
olarization (Pr) of 38 �C/cm2 and a coercive field (Ec) of
3 kV/cm.5,8–11 However, NBT still cannot replace PZT-based
eramics due to its large coercive field and high conductivity.
ecently, many researchers have studied the effects of doping
BT ceramics with small amounts of Ba, Ca, Pb, Sr, Se, Zr, La,

 or Bi.12–16 Adding dopants to NBT ceramics can lower both
he coercive field and conductivity. However, the piezoelectric
roperties of NBT are still not comparable to PZT.

In this paper, NBT based piezoelectric ceramics doped with
nO were synthesized using a conventional solid state reaction.
he mechanism through which Zn doping altered the piezo-
lectric properties and microstructures of NBT ceramics was
nvestigated and discussed.

. Experimental  procedure

Na0.5Bi0.5TiO3 ceramic samples were prepared using a solid-
tate reaction method. Reagent grade powders (Alfa Aesar) of
a2CO3 (99.997%), Bi2O3 (99.975%) and TiO2 (99.99%) were
ixed in stoichiometric amounts to produce starting materials

◦
or preparing the ceramics. The carbonates were dried at 200 C
or 2 h before mixing so as to remove any water content. The mix-
ures of powders were homogenized using a mortar and pestle
ith added ethanol as a medium. The mixture was then milled

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.010
mailto:YCLee@mail.npust.edu.tw
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and then a rapid decrease. The value of the lattice parameter “a”
was found to increase with increasing Zn concentration over the
range of 0–1 wt.% until the concentration reached stoichiome-
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ith ethanol in a planetary ball mill at 90 rpm for 24 h using
ttria-stabilized zirconia balls. The milled powders were dried
nd calcined at 800 ◦C for 2 h in air, then crushed into a powder.
n appropriate amount of ZnO was mixed with the NBT pow-
ers using the same procedure. The powders were mixed with a
inder (polyvinyl alcohol; PVA) additive and then were pressed
nto disk-shaped specimens. The pellets were then sintered in air
t temperatures ranging from 1000 ◦C to 1140 ◦C for a period
f 4 h with a heating and cooling rate of 5 ◦C/min.

The crystalline phases of the sintered ceramics were identi-
ed by X-ray diffraction pattern analysis (XRD, Bruker D8A,
ermany) using Cu-K�  radiation for 2θ  from 20 to 80◦. The
iffraction spectra were collected at a scan rate of 2.5◦/min.
he DIFFRAC plus TOPAS version 3.0 program was used

o determine the lattice parameters. Microstructural observa-
ion of the sintered ceramics was performed using a scanning
lectron microscope (SEM, JEOL. JEL-6400 Japan) equipped
ith energy-dispersive spectroscopy (EDS). The bulk density
f the sintered pellets was measured using the Archimedes
ethod. Particle size was measured using a particle size ana-

yzer (Malvern, Mastersizer 2000, UK). In order to measure
he dielectric, ferroelectric and piezoelectric properties, differ-
nt sizes of capacitors were made by applying silver electrodes
n both sides of the pellets, drying, and then firing at 800 ◦C
or 10 min. The capacitance and dielectric losses of the sam-
les were measured at 1 kHz in room temperature using an LCR
eter (Agilent 4284A; Agilent Technologies, Inc., Santa Clara,
A) and a chamber furnace. The dielectric constants were calcu-

ated from the measured values of the capacitance (Cp). Prior to
easuring the piezoelectricity of the samples they were poled

n silicon oil in an electric field of 6 kV/mm at a temperature
f 70 ◦C for 15 min. A piezometer (PiezoMeter System Quite-
tatic d33 meter, ZJ-3AN, CH) was then used to measure the d33
iezoelectric coefficient at room temperature and at constant
requency of 100 Hz.

.  Results  and  discussion

.1.  Phase  evolution  in  the  sintered  ceramics

XRD patterns of the ZnO doped NBT ceramics sintered at
050 ◦C and 1140 ◦C are given in Figs. 1 and 2, respectively.
hese results show that all the samples are composed of a single
hase for compositions doped with between 0.0 (pure NBT) and
.0 wt.% ZnO and sintered at 1050 ◦C or 1140 ◦C. It is clear that
ll specimens exhibit typical ABO3 perovskite diffraction peaks
t room temperature and no second phases were detected when
he amount of ZnO dopant was 1 wt.%. This implies that Zn2+

as entered into the crystalline lattice within the NBT ceramic to
orm a homologous solid solution. The presence of minor impu-
ity phases such as Zn2TiO4 was detected for samples with ZnO
opant ≥2.0 wt.%, this is shown in Figs. 1d and e and 2d and e.
he diffraction patterns of NBT were indexed as rhombohedral
ICDD-PDF #36-0340), however that of NBT is composed of
ain peaks without any separation. Thus, NBT shows pseudo-

ubic symmetry in crystal structure (ICDD-PDF #89-3109).17,18

atcharapasorn et al.19 reported that all NBT ceramic samples
F
w

ig. 1. X-ray diffraction spectra of Na0.5Bi0.5TiO3 ceramics sintered at 1050 ◦C
ith different amounts of ZnO dopant.

ere virtually single phase with rhombohedral structure. The
eak splitting due to rhombohedral symmetry was difficult to
bserved in this compound since peak overlapping occurred and
t was known that its lattice dimension was nearly cubic.20

The comparison between the XRD patterns of ZnO doped
BT ceramics in Figs. 1 and 2 shows that there is significantly
ore Zn2TiO4 phase present for NBT ceramics with ZnO dopant

≥2.0 wt.%) sintered at 1140 ◦C compared to those sintered
t 1050 ◦C. However, XRD is not sensitive enough to iden-
ify low volume fractions of a secondary phase; further study
f the microstructure using transmission and scanning electron
icroscopy was used to be discussed later in this article.
Fig. 3 shows the variation in the lattice parameter “a” and

ngle “α” as a function of the addition of ZnO for NBT sintered
t 1140 ◦C. Increasing the levels of ZnO results in a significant
ncrease in the lattice constant to a maximum at ZnO = 1.0 wt.%,
2θ (degree)

ig. 2. X-ray diffraction spectra of Na0.5Bi0.5TiO3 ceramics sintered at 1140 ◦C
ith different amounts of ZnO dopant.
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plexes and elastic dipoles as a result of distortions caused by
a0.5Bi0.5TiO3 ceramics sintered at 1140 ◦C. The error bar indicates standard
eviation.

ry. This may be attributed to the ionic radius of Zn2+ (0.74 Å),
hich is larger than that of Ti4+ (0.605 Å).21 When Zn is sub-

tituted into Ti sites within the perovskite ABO3 structure, it
ill create lattice strain and oxygen vacancies, thereby increas-

ng the lattice parameter. Roth et al.22 reported that BaTiO3
ccepted less than 2 mol% of ZnO in solid solution in the system
nO–BaTiO3. For system ZnO–Bi0.5Na0.5TiO3, 1 wt.% ZnO
quals to 2.56 mol% ZnO. Therefore, the experimental results
ndicate that the solubility limit of Zn in NBT ceramics is below

.0 wt.%. In Fig. 3, the α  initially increases slightly to a max-
mum at ZnO = 1.0 wt.%, then keeps a constant until 3 wt.%
nO.

V
c
a

Fig. 4. SEM of Na0.5Bi0.5TiO3 ceramics sintered at 1050 ◦C with a ZnO c
eramic Society 31 (2011) 3145–3152 3147

In an ideal cubic perovskite ABO3, the coordination numbers
f the A and B sites are 12 and 6, respectively, and t = 0.77–1.1.
he tolerance factor (t) is a concept for the arrangement of inter-
enetrating dodecahedra and octahedra in a ABO3 perovskite
tructure introduced by Goldschmidt,23 which is given by,

 = RA +  RB√
2 (RB +  RO)

here RA, RB, and RO are the ionic radii of cation A,
 and oxygen, respectively. The ionic radii of Bi, Na,
i, O, and Zn are summarized as follows: A site (12
oordinate): Bi3+ = 1.4 Å, Na+ = 1.39 Å; B site (six coordi-
ate): Zn2+ = 0.74 Å, Ti4+ = 0.605 Å, O2− = 1.4 Å. For complex
erovskite system, RA and RB are the ionic radii of com-
osed ions normalized by the atomic ratio. For the example
f (Bi0.5Na0.5)TiO3, RA = 0.5 ×  1.4 Å + 0.5 ×  1.39 Å = 1.395 Å,
B = 0.605 Å, RO = 1.40 Å, so that t is 0.9857.

On the other hand, Zn2+ would occupy the B-sites within
he perovskite structure because Zn2+ is too small for the A site.

hen Zn2+ is substituted into the B site, a doubly ionized oxygen
acancy is formed,

nO →  ZnTi
′′ +  VÖ +  OO (1)

harged oxygen vacancies, in combination with Zn ions, obvi-
usly give rise to local deformation within perovskite unit cells.
oreover, both electric dipoles formed from ZnTi

′′–VÖ com-
O will be present in the doped NBT ceramics. Oxygen vacan-
ies in ZnO-doped NBT residing at the corners of the octahedra
re well interconnected, and can therefore be regarded as rel-

omposition of: (a) 0 wt.%; (b) 0.5 wt.%; (c) 1 wt.%; and (d) 3 wt.%.
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1140 C, we observed a microstructure with a significant amount
ig. 5. Grain size of ZnO doped Na0.5Bi0.5TiO3 ceramics sintered at 1050 ◦C
nd 1140 ◦C, respectively.

tively “mobile”. Mobile defect complexes migrate to domain
oundaries, in a similar way to those reported in hard ferroelec-
ric Mg-doped BST.24 According to Chan et al.,25 the presence
f VO in acceptor-doped materials allows for the incorporation
f excess O2.

SEM micrographs of the NBT specimens sintered at 1050 ◦C
ith 0, 0.5, 1.0, and 3.0 wt.% of ZnO are shown in Fig. 4a–d,

espectively. The images show that significant densification of
BT ceramics with ZnO dopant occurred. It is widely accepted
hat pure NBT ceramic has to be sintered at 1150 ◦C for several
ours. Therefore these results show that a small amount of ZnO
opant can increase the density of NBT ceramics at 1050 ◦C.

o
i

Fig. 6. SEM of Na0.5Bi0.5TiO3 ceramics with 1 wt.% ZnO dopant sint
eramic Society 31 (2011) 3145–3152

hese SEM images confirm that the ceramics are sintered to a
igh density. The relative density of NBT ceramics is discussed
elow. Fig. 5 shows that increasing the amount of ZnO dopant
ithin the NBT increases the grain size after sintering. The grain

izes of specimens sintered at 1050 ◦C with 0.1, 0.5, 1, 2 and
 wt.% ZnO addition are 0.78, 0.82, 0.80, 0.90 and 1.14 �m,
espectively. The grain sizes of specimens sintered at 1140 ◦C
ith 0.1, 0.5, 1, 2 and 3 wt.% ZnO addition are 2.1, 2.4, 2.67,
.75 and 3.95 �m, respectively. Additionally, the grain size of
BT ceramics significantly increased when the specimens were

intered at a higher temperature (1140 ◦C). The results show that
nO promotes grain growth within NBT. The possible reasons

or the grain growth are as follows: Zn2+ enters into B-site of the
erovskite structure to substitute for Ti4+ due to their matching
adii. To maintain overall electrical neutrality, oxygen vacancies
re created. As is generally recognized, the presence of oxygen
acancies is beneficial to mass transport during sintering. This
s assumed to be responsible for the promoted grain growth as
he content of ZnO increases.19 SEM micrographs of the NBT
pecimens doped with 1.0 wt.% ZnO and sintered at different
emperatures are shown in Fig. 6a–d. The microstructures of
he sintered ceramics were significantly different. The results
how that the grain size of the specimen increased with sintering
emperature.

For NBT ceramics containing 3 wt.% ZnO and sintered at
◦

f trapezium-like grains. This is shown in Fig. 7a and b. Accord-
ng to the XRD spectra in Fig. 2, the composition of the

ered at: (a) 1000 ◦C; (b) 1050 ◦C; (c) 1100 ◦C; and (d) 1140 ◦C.
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ig. 7. Na0.5Bi0.5TiO3 ceramics sintered at 1140 ◦C with 3 wt.% ZnO addition:
d) EDS analysis of matrix.

econdary phase should be Zn2TiO4 for NBT with a ZnO con-
ent ≥2 wt.%. Energy dispersive spectroscopy (EDS) was used
o investigate the secondary phases within the NBT ceramic
oped with 3 wt.% ZnO and sintered at 1140 ◦C. These results
re presented in Fig. 7c and d. In comparison to the matrix phase
Fig. 7d), the trapezium-like grains have higher Zn signal inten-
ities (Fig. 7c). Considering that the X-ray diffraction results
learly show that the formation of the Zn2TiO4 phase was pre-
erred when the ZnO was ≥2 wt.%, we therefore conclude that
he square-like grains are composed of Zn2TiO4. The reaction
an be expressed as follows:

ZnO +  TiO2 →  Zn2TiO4 (3)

n order to further study the secondary phase, samples doped
ith 3 wt.% ZnO and sintered at 1140 ◦C were prepared for TEM
icrostructural analysis. The TEM image and EDX analysis of
BT with 3.0 wt.% ZnO addition are shown in Fig. 8. Fig. 8a
hows the presence of two phases that can be attributed to liquid
intering. The second phase is located at the triple-junctions of
BT grains. TEM–EDX analysis shows that, compared to the
atrix phase (Fig. 8b), the second phase has higher Zn signal

o
a
t
a

000× morphology; (b) 5000× morphology; (c) EDS analysis of second phase;

ntensity (Fig. 8c), and smaller Bi, Na and Ti signal intensity.
herefore, the second phase is Zn-rich.

.2. Density  and  piezoelectric  properties  of  the  sintered
eramics

NBT ceramics with different amounts of ZnO doping were
intered in air at temperatures ranging from 1000 to 1140 ◦C for

 h. The particle size of the starting powder was 0.5 ±  0.1 �m in
ll experiments. Fig. 9 shows the bulk density of the NBT ceram-
cs as a function of sintering temperature and ZnO doping. For
amples doped with between 0.1 and 0.5 wt.% ZnO the density
f the NBT ceramics increased at higher sintering temperatures
nd reached a maximum when sintered above 1100 ◦C. The
heoretical density of the Na0.5Bi0.5TiO3 ceramics is approx-
mately 5.87 g/cm3.26 For samples with ZnO doped at between
.0 and 3.0 wt.%, NBT ceramics can be sintered to over 98%

3 ◦
f the theoretical density (i.e. 5.76 g/cm , at 1000 C for 4 h)
t temperatures as low as 1000 ◦C. The influence of sintering
emperature on the density of the NBT ceramics depends on the
mount of ZnO addition. The sintering temperature of NBT can
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ig. 8. Microstructure of the Na0.5Bi0.5TiO3 ceramic with 3.0 wt.% ZnO dopa
orphology; (b) energy-dispersive spectroscopy (EDS) of the secondary phase

e reduced to ∼1000 ◦C by increasing the ZnO sintering aids.
owever, pure NBT ceramic has to be sintered at ∼1150 ◦C for

everal hours,3 therefore a small amount of ZnO addition can
ncrease the density of NBT ceramics sintered at 1000 ◦C. This
esult indicates that the ZnO assists in the densification of the
BT ceramics by promoting liquid-phase sintering. It is also

nteresting to note that the sintered ceramic with the highest rel-
tive density is not that with the greatest amount of ZnO. In fact,
he addition of 1 wt.% ZnO to the sample sintered at 1050 ◦C
esulted in the highest density achieved. The reason for this is that

nO in heavily doped samples did not become volatile or form
n appropriate amount of the liquid phase. Instead, it remained
n the microstructure and formed a secondary phase. According
o X-ray diffraction and SEM morphology analysis, the amount

t
f
c
t

tered at 1140 ◦C for 2 h as observed by transmission electron microscopy: (a)
c) EDS of the matrix.

f secondary phase Zn2TiO4 increased significantly when ZnO
as present at higher levels. The Zn2TiO4 formed in a spinel

ubic structure and had a density of 5.33 g/cm3.27 Therefore,
he bulk density of the NBT ceramic can be reduced when more
n2TiO4 forms in the samples.

Fig. 10 shows the variation of the piezoelectric constant d33
nd dielectric constant with respect to the ZnO content and sin-
ering temperature. It has been reported that the piezoelectric
onstant d33 of NBT ceramics made by the conventional solid-
tate method reaches approximately 58 pC/N.28 Fig. 10a shows

hat the d33 of NBT with ZnO is apparently larger than dopant
ree NBT ceramics, and the d33 reached 110 pC/N for NBT
eramics with 0.5 wt.% dopant, sintered at 1140 ◦C. In addition,
he d33 of NBT with 1.0 wt.% dopant sintered at 1050 ◦C was
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ig. 9. Bulk density vs sintering temperature of the Na0.5Bi0.5TiO3 ceramics
ith different ZnO dopant levels.

5 pC/N which is greater than pure NBT sintered at 1150 ◦C. The
adius of Zn2+ (0.74 Å) is closer to the radius of Ti4+ (0.605 Å).
n view of the radius, it is obvious that Zn2+ cannot enter into the
-site of NBT perovskite because of the much larger radius of
i3+ (1.4 Å) and Na+ (1.39 Å), but it may occupy B-site which
as been discussed in Fig. 3. When Zn2+ occupies Bi-site, a dou-
ly ionized oxygen vacancy is formed. The lattice deformation

an make the ferroelectric domains reorientation easier during
lectrical poling and lead to the enhancement of piezoelectric
roperties.29

ig. 10. Dielectric constant and piezoelectric constant d33 of ZnO doped
a0.5Bi0.5TiO3 ceramics sintered at 1050 ◦C and 1140 ◦C, respectively.

Fig. 11. Planar electro-mechanical coupling factor kp and mechanical qual-
i
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ty factor Qm of ZnO doped Na0.5Bi0.5TiO3 ceramics sintered at 1050 ◦C and
140 ◦C, respectively.

The dielectric constant (εr) of ZnO-doped NBT ceramics as a
unction of their ZnO content was measured at 1 MHz at ambient
emperature. The results are shown in Fig. 10b. The dielectric
onstants of the samples increased with the amount of ZnO addi-
ion, and reached a maximum value at 1.0 wt.% for sintered
t either 1050 ◦C or 1140 ◦C. The dielectric constant gradually
ecreased with increasing amounts of ZnO beyond 1.0 wt.%. In
ddition, the dielectric coefficient of the samples with 1.0 wt.%
nO and sintered at 1050 ◦C or 1140 ◦C were ∼594 and ∼590,

espectively. These values are higher than that of the sample with
.0 wt.% ZnO (∼542 for 1050 ◦C and ∼561 for 1140 ◦C). Two
auses have been identified for the higher εr value of the sam-
le with 1.0 wt.% ZnO: (1) no secondary phase and (2) larger
attice strain. Preethi et al.30 reported that the distortion of the
rystalline lattice due to a decrease in the ionic radii of a substi-
utional solute might be the reason for the increase in dielectric
onstant. Since Zn acts as an acceptor to replace Ti on the B site
f the perovskite ABO3 structure within the NBT, this leads to

 rise in the local deformation of the unit cell and a significant
ncrease in its permittivity. On the other hand, the Zn2TiO4 phase
as a low dielectric constant, and will contribute to the dielec-
ric constants of its host material according to the J.C. Maxwell
quation.31
Fig. 11 shows the variation of the planar electro-mechanical
oupling factor kp and mechanical quality factor Qm with
he ZnO content and sintering temperature. The planar
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lectromechanical coupling factor and mechanical quality fac-
or gradually increase and reach peak values when the doping
evel of ZnO reached 1.0 wt.% at 1050 ◦C sintering; the two val-
es decrease sharply with further ZnO doping. Similar curves
ere observed for NBT sintered at 1140 ◦C, but the peak value
as at a doping level of 0.5 wt.% ZnO. The results show that

he addition of ZnO can improve the piezoelectric properties of
BT ceramics significantly.

.  Conclusions

NBT ceramics doped with 0.1–3.0 wt.% ZnO were investi-
ated. There is no obvious change in the crystal structure of
BT ceramics containing ZnO. An X-ray diffraction exami-
ation of the products indicates that they consist mainly of a
a0.5Bi0.5TiO3 crystalline phase with Zn2TiO4 as a secondary
hase. The secondary phase is formed due to the addition of
nO (≥2 wt.%). The appropriate doping of NBT with ZnO

mproves the piezoelectric and dielectric properties of NBT
eramics significantly. At room temperature, NBT ceramics sin-
ered at 1140 ◦C and doped with 0.5 wt.% ZnO show quite good
erformance: d33 = 110 pC/N, kp = 0.17, Qm = 201, εr = 570 (at

 frequency of 1 MHz). Moreover, NBT ceramics with 1.0 wt.%
nO dopant sintered at 1050 ◦C exhibit d33 = 95 pC/N, kp = 0.13,
m = 250, εr = 574 (at a frequency of 1 MHz).
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