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The  undoped  perovskite  type  high  Curie temperature  (Tc)  piezoelectric  ceramics  usually  show  a  rather
low  mechanical  quality  factor  (Qm) with  low  energy  conversion  efficiency.  In this  study,  the  microstruc-
ture  and  electric  properties  of  Mn doped  new  perovskite  ternary  high  Curie  temperature  piezoelectric
ceramic  system  BYPT–PZN–xMn  were  investigated.  After  the  addition  of  Mn,  the Qm of the  system  was
significantly  increased,  while  the piezoelectric  performance  showed  only  a slight  decrease.  At a  Mn  con-
tent  of  1.00  mol%,  the  ceramic  showed  a Qm of  more  than  1200,  which  is about  one  order  of  magnitude
erroelectricity
iezoelectric ceramics
erovskite
urie temperature

higher  than  those  of  other  perovskite  type  high  Curie  temperature  piezoelectric  ceramics,  implying  a
low  energy  loss  of the  material.  Mn  addition  also  enhanced  the  Tc of  the system,  and  the  depolarization
temperature  derived  from  high  temperature  d33 measurement  of  the  sample  with  the  best  overall  per-
formance  was  higher  than  300 ◦C.  The  improved  performance  is  attributed  to  the improved  density  and
poling  efficiency  as  well  as  the  ‘acceptor’  type doping  effect  of  Mn.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

In recent years, piezoelectric ceramics with a Curie tempera-
ure (Tc) higher than that of the conventional PZT (Tc ≈ 320–370 ◦C)
ave received a great deal of attention for application in sensors
nd actuators working at elevated temperatures, particularly, for
erospace and automotive industries [1]. Under-hood automotive
pplications such as internal vibration sensors or active fuel injec-
ion nozzles require operation temperatures as high as 300 ◦C,
hile aerospace and aircraft industries require a much higher oper-

tion temperature. The commercial PZT ceramics generally have
 Tc much less than 380 ◦C. The corresponding operating tem-
eratures are generally limited to a half of this value due to the
eteriorated polarization with increasing temperature. The avail-
ble piezoelectric materials with a higher Tc usually show a worse
iezoelectric property [1,2]. For example, lead metaniobate has a Tc
f about 570 ◦C, but its d33 is only about 80 pC/N, and it requires a
omplicated fabrication procedure to get dense and homogeneous
amples [3]. A certain lead free system also shows both a high Tc

∗ Corresponding author. Tel.: +86 1082547679; fax: +86 1082547677.
E-mail addresses: dong.guo@mail.ioa.ac.cn, guodong99@tsinghua.org.cn

D. Guo).

ttp://dx.doi.org/10.1016/j.sna.2014.05.009
924-4247/© 2014 Elsevier B.V. All rights reserved.
(∼420 ◦C) and a high d33 (∼200 pC/N) [4], while the evaporation of
sodium or potassium during sintering and some other processing
problems make it rather difficult to get dense products with sta-
ble performance. Among the many types of high Tc piezoelectric
ceramics, the solid solution (1 − x)BiScO3–xPbTiO3 (BSPT) with a
perovskite structure seems to be a very attractive one due both
to its high Tc of ∼450 ◦C and high d33 of ∼460 pC/N near the mor-
photropic phase boundary (MPB) at x = 0.64 [5]. High Tc and high
piezoelectric response were also achieved for similar perovskite
systems with the general form BiMeO3–PbTiO3 (BMePT), where Me
can be a single or mixture of cations with an average valence of +3.
However, the high cost of the raw material Sc2O3 and the very low
mechanical quality factor (Qm) of BMePT type materials severely
limit their application for high power devices [6]. The Qm values are
rarely reported and the available data are generally less than 100
(a value one or two orders of magnitude lower than that of PZT),
which means a rather large dissipated energy in electromechan-
ical systems. Therefore, scandium-free complex perovskite high
temperature piezoelectric ceramics with a much higher Qm are
highly desirable [6–9]. Among the BMePT type piezoelectric ceram-

ics, BiYbO3–PbTiO3 (BYPT) has a high Tc up to 630 ◦C, but it has a
very low d33 (∼28 pC/N) and a low structural stability due to the
large difference in tolerance factor of BiYbO3 (∼0.863) and PbTiO3
(∼1.02) [5,10,11]. We  found that the piezoelectric properties and

dx.doi.org/10.1016/j.sna.2014.05.009
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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Fig. 1. (a) XRD patterns of various BYPT–PZN–xMn ceramic samp

aterial stability of BYPT could be improved by adding another
omponent with a low tolerance factor such as PZN. However, the
ernary system BYPT–PZN still has a low Qm [12]. In this study, the
ariable doping element Mn  was selected as a dopant due to its
ultiple modification effects, and the microstructure and electri-

al properties of Mn doped BYPT–PZN system with a composition
f 0.6(0.1BiYbO3–0.9PbTiO3)–0.4Pb(Zn1/3Nb2/3)O3 possessing the
ptimum performance [12] were investigated. It was found that,
uitable amount of Mn  could not only significantly improve the
ardness, but could also improve the Tc without obvious effect on
he piezoelectric properties of the material. This could be explained
y the improved density, higher poling efficiency, and the ‘acceptor’
ype doping effect of Mn.

. Experimental
The general formulation of the material in this study
s 0.6(0.1BiYbO3–0.9PbTiO3)–0.4Pb(Zn1/3Nb2/3)O3–xMn,  and this
ormulation was decided from preliminary experiments. For

ig. 2. SEM images showing the morphology of different BYPT–PZN–xMn ceramic samp
.01,  and 0.0125, respectively.
) Mn content dependence of lattice constants and tetragonality.

simplicity, hereafter the system is referred to as BYPT–PZN–xMn.
The ceramics were prepared by the columbite precursor method.
First, analytically pure ZnO and Nb2O5 were mixed by ball-milling
and calcined at 1100 ◦C for 2 h to produce the ZnNb2O6 precur-
sor. Then the precursor was mixed with analytically pure Bi2O3,
YbO2, MnCO3, Pb3O4 and TiO2 according to the stoichicomatic ratio
(with 1 wt% excess amounts of Pb3O4) and thoroughly ball-milled,
dried, grinded, and calcined at 750 ◦C for 2 h. The final powders
were pressed into pellets, and ceramic samples with a diameter of
10 mm and a thickness of ∼1 mm were obtained after debinding at
600 ◦C and sintering at 1100 ◦C for 3 h. X-ray diffraction (XRD) pro-
files were recorded by a Bruker D8 Advance diffractometor with
Cu K�1 radiation. The morphology of the fresh fractured surfaces
of the samples was examined by scanning electron microscopy
(SEM, Hitachi S-4800, Japan). The samples for electrical measure-

ment were pasted with silver electrode and poled at 170 ◦C for
20 min  under an electric field of 4 kV/mm in a silicone oil bath
after 24 h aging. The mechanical quality factor (Qm) were mea-
sured by using the resonance and anti-resonance method with

les: (a)–(f) are the images for samples with an x value of 0, 0.0025, 0.005, 0.0075,
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that after addition of Mn,  the dielectric constant and the dielectric
loss are reduced. These results indicate that Mn  have a hard type
doping effect in the ternary BYPT–PZN system. A plot of Qm and d33
ig. 3. Mn content dependence of piezoelectric coefficient d33 (a), Qm, density an
YPT–PZN–xMn  ceramic samples.

n HP4294A impedance analyzer. The temperature dependence
f dielectric constant εr was measured at 1 kHz using unpoled
amples. The high temperature d33 was directly measured by the
erlincourt method through a modified ZJ-3DHT quasistatic piezo-
lectric type d33-meter (Institute of Acoustics, Chinese Academy of
ciences) equipped with a high temperature sample chamber and a
t/Rh thermalcouple. The polarization hysteresis loops were mea-
ured using a Radiant Precision LC ferroelectric testing system. A
P4140B pA Meter equipped with a HP16055A Test Fixture was
sed to measure the DC current (100 V), then the resistivity (�,
cm)  was calculated according to the cross sectional area and the

hickness of the sample.

. Results and discussion

As can be seen from Fig. 1(a), the XRD patterns of all sam-
les show a perovskite main phase. Although all the peaks of each
attern slightly shift to lower 2� angle, the patterns correspond
ell to the PbTiO3 (PDF#70-0746) phase with a typical tetragonal

ymmetry, showing splitted (001)/(100), (101)/(110), (002)/(200)
nd (112)/(211) diffractions. Meanwhile, the impurities Pb2Ti2O6
PDF#26-0142) pyrochlore phase and YbNbTiO6 phase (PDF#20-
434) can be identified for all samples. The Mn  content dependence
f lattice constant and tetragonality (c/a) calculated from the inter-
lanar distance d derived from the XRD patterns are shown in
ig. 1(b). The tetragonality first decreases and then reaches a maxi-
um at a Mn  content of 0.75 mol%, where the tetragonality (1.062)

s as high as that of the tetragonal phase PbTiO3 (1.063). A higher
etragonality generally means a higher polarization and lattice
eformation, while it may  cause difficulty in polarization reversal
13]. The appearance of Pb2Ti2O6 pyrochlore phase and YbNbTiO6
hase is a problem of the ternary system, because they may  affect
he electrical performance. From a careful check of the XRD pat-
erns one may  find that the intensity of the peaks corresponding
o Pb2Ti2O6 phase and YbNbTiO6 phase show a decreasing trend
ith increasing Mn  content. This indicates that addition of Mn  can

uppress the formation of impurity phase.
The SEM images of the samples are shown in Fig. 2. All sam-

les have similar grain size. When the Mn  content is larger than
.50 mol%, the samples show a largely transgranular fractured
orphology. Except for the x = 0.0025 sample, all samples have

 polygonal grain shape with relatively sharp grain boundaries.
n comparison, the x = 0.0025 sample shows the most distinct

orphology. Its grains have a curved shape and contain irregu-

arly but homogeneously distributed smaller lamellar grains, which

ay  indicate the segregation of the impurity phase, probably the
bNbTiO6 phase as revealed by the XRD patterns. The absence
f such lamellar grains in other samples may  indicate that the
tive density (b), and room temperature εr and loss tangent (1 kHz) (c) of various

impurity phase has formed homogenous solid solution with the
main tetragonal phase.

The Mn  content dependence of various electrical parameters of
the samples is shown in Fig. 3. As shown in Fig. 3(a), with increas-
ing Mn  content, the d33 value decreases slightly and reaches a
minimum of about 78.2 pC/N at an Mn  content of 1.00 mol%. In con-
trast, with increasing Mn  content, the Qm value shown in Fig. 3(b)
increases substantially, and at a Mn  content of 1.00 mol% it reaches
a maximum of 1207, then it decreases to 997.5. Generally, d33 and
Qm of a system show a tradeoff relationship at different dopant
concentrations. The results here demonstrate that the Qm of this
ternary system can be substantially improved by Mn  doping while
the piezoelectric performance remains unchanged. Comparing the
Qm curve with the density and relative density curves, it is not dif-
ficult to find that the Qm change can be partly explained by the
density, despite that the two curves still show a large discrepancy
in the maximum value position. This is because a dense structure
usually facilitates the electromechanical energy conversion, giving
rise to reduced energy dissipation. Also, it can be seen from Fig. 3(c)
Fig. 4. Schematic illustration of Qm and d33 data of some perovskite piezoelectric
ceramics with a Tc higher than 380 ◦C. The data are from the references as listed
within the square brackets in the figure.
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Fig. 5. Temperature dependence of dielectric constant (εr, 1 kHz) (a) 

ata of some perovskite high Tc piezoelectric ceramics is schemat-
cally illustrated in Fig. 4 [14–18]. Also, BSPT–PZN ceramic sample

as fabricated by the similar solid reaction method and its data
s listed in the figure to ease the comparison with the data in the

iterature of the doped BSPT–PZN samples. Although the ceramic

aterials have very different composition, an inverse proportional
elationship of the two parameters is clear from the figure. The
ata in this study fill up the left side of the curve with the highest

ig. 6. (a)–(f) are the ferroelectric hysteresis loops under three different electric fields for
nd  0.0125, respectively.
n content dependence of Tc (b) for various BYPT–PZN–xMn samples.

Qm. The plot may  provide some hints on getting high temperature
piezoelectric ceramics with properties suitable for a certain appli-
cation. The figure also shows that doping or formation of complex
system containing PT phase is necessary to tailor the performance

of high Tc piezoelectric ceramics.

The temperature dependence of dielectric constant (εr) of the
BYPT–PZN–xMn samples is shown in Fig. 5(a). In the tested tem-
perature range, all the samples show a single dielectric constant

 BYPT–PZN–xMn  ceramic samples with an x value of 0, 0.0025, 0.005, 0.0075, 0.01,
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deterioration in piezoelectric properties. This may be related to the
improved density and poling efficiency as discussed in the forgoing
section. Furthermore, a suitable amount of Mn  improves the Tc of
the system, which can be partly explained by the tetragonality. The
Fig. 7. Mn content dependence of Ec (a) and Pr (b) derived from the

eak that is due to the ferroelectric–paraelectric phase transition.
ccordingly, the Mn  content dependence of Tc is derived as shown

n Fig. 5(b). With increasing Mn  content, Tc first keeps almost
nchanged, and then it increases significantly from 383.6 ◦C to a
aximum of 419.6 ◦C at a Mn  content of 0.50 mol% which is about

2.2 ◦C higher than that of the undoped sample. Following that it
ecreases again. The curve indicates that suitable amount of Mn
an enhance the Tc of the system. Comparing Fig. 5(b) with the Mn
ontent dependence of tetragonality shown in Fig. 1(b), one may
nd that the two curves show a certain similarity except for the
oint at x = 0.5. A deviation point is not unusual as a doping ele-
ent generally has a complicated influence on the interactions of

he ions in ceramics. Thus, the change in Tc may  be partly explained
y the changed tetragonality [19].

The ferroelectric–electric field hysteresis loops of the
YPT–PZN–xMn samples are shown in Fig. 6(a)–(f). The shapes of
ll loops are far from saturation. The undoped BYPT–PZN sample
hows an open loop, while Mn  doping gives rise to rather slim
oops, as reflected from the decreased Ec with increasing Mn  con-
ent shown in Fig. 7(a). From the Mn  content dependent remnant
olarization (Pr) values derived from the loops as shown Fig. 7(b),

t is clear that addition of Mn  largely reduced the Pr, implying
hat the polarization in the BYPT–PZN system may  be seriously
efrained. This again indicates that Mn  should have a hard doping
ffect. According to the electrostrictive coupling relationship
33 = 2ε33Q33Pr, where Q33 is the electrostrictive coefficient [2],
nd ε33 is the dielectric constant, a more or less decreased d33
hould be obtained as a consequence of the decreased Pr. The d33
alues shown in Fig. 3(a) are indeed decreased, but in general the
33 is not so largely affected despite the significant decrease in Pr.
n explanation for this might be the improved poling efficiency,
s Mn  doping may  increase the resistivity and produce trapping
enters for injected charges. To confirm this idea we measured
he resistivity of the samples. As shown in Fig. 8, the resistivity
ndeed shows an increasing trend with Mn  content. The increased
esistivity means a low leaking current during poling, which in
urn improve the polarization and counterbalance part of the hard
oping effect of Mn.

Mn  is a variable valence element, and in this study MnCO3
ith Mn2+ composition was used as the raw material. However,

any studies indicate that Mn2+ may  oxidize already in air to
n3+ or change to the higher valence state Mn4+ in the presence

f lead oxide. When Mn4+ is present, it may  substitute all the
-site ions including Nb5+ (0.640 Å, 6-coordinate), Ti4+ (0.605 Å,
resis loops (45 kV/cm) of various BYPT–PZN–xMn ceramic samples.

6-coordinate) in the perovskite lattice due to its similar radius
(0.670 Å, 6-coordinate) [20]. Then positively charged oxygen vacan-
cies are formed for charge balance. It is well accepted that the
B-site defect may  react with the oxygen vacancies to form defect
dipoles [21]. These dipoles may orient parallel to the spontaneous
polarization direction and give rise to an internal bias field, which
is believed to be able to pin the domain wall and inhibit polar-
ization switching, leading to a decreased Pr. The effect of defect
dipole is reflected by the constricted loops of the samples with Mn
content higher than 0.75 mol% shown in Fig. 6(e) and (f), as the
internal bias always leads to a constrained or even double loop
[22]. The refrained polarization switching may also explain the
decreased dielectric constant and dielectric loss. Therefore, these
results indicate that Mn  may  work as an ‘acceptor’ dopant for the
BYPT–PZN ternary system. What makes Mn  useful for this system
is that, it significantly improved the Qm without causing obvious
Fig. 8. Mn content dependence of resistivity of various BYPT–PZN–xMn ceramic
samples.
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near the morphotropic phase boundary, Sens. Actuators A: Phys. 201 (2013)
Fig. 9. Temperature dependence of d33 of two  typical samples directly measu

YPT–PZN–0.0075Mn sample seems to be the best sample judging
rom its overall performance.

To investigate the high temperature piezoelectric properties,
he variable temperature d33 of the samples were directly mea-
ured using a modified d33 meter based on the Berlincourt method.
s shown in Fig. 9, the d33 of the BYPT–PZN–0.0075Mn sample

ncreases monotonously, and depolarization does not occur in the
ested temperature range (RT–300 ◦C). Similar increased d33 with
ncreasing temperature were also observed before, which may  be
nterpreted as the instability (profile flattening) of the elastic Gibbs
ree energy [23] and the increased thermal energy of domains [24].
n comparison, the d33 curve of the BYPT–PZN–0.01Mn sample
hows a slight roll off at the high temperature side, indicating that
oo high Mn content gives rise to a lower depolarization temper-
ture. These also imply that the doped BYPT–PZN–xMn sample is
uitable for high temperature application.

. Conclusions

The microstructure and electric properties of Mn  doped ternary
igh temperature piezoelectric ceramic system BYPT–PZN–xMn
ere studied. After addition of Mn,  the mechanical quality factor
m of the system was significantly increased, implying a decreased
nergy dissipation during vibration, while the piezoelectric per-
ormance showed only a slight decrease. Suitable amount of Mn
lso enhanced the Tc of the system. The results indicated that
he improved mechanical quality factor could be attributed to
he improved density as well as the hard type doping effect of

n.  The optimum properties were obtained for the sample with
round 0.75 mol% of Mn,  whose Qm, d33 and Tc are 809, 86 pC/N and
16.5 ◦C, respectively. Direct high temperature d33 measurement
ia the Berlincourt method indicated that depolarization temper-
ture in the sample with the best overall performance was higher
han 300 ◦C.
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