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Phase Transformation Behavior and Electrical Properties of
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The solid solutions of (1—x)Pb(ZrO_56Ti0‘44)03—xBi(Zn0_5Ti0,5)
O3 (1—x)PZs6T44—xBZT) were synthesized via a solid-state
reaction method. X-ray diffraction results indicated that the
tetragonality of (1—x)PZscT4—xBZT was enhanced with
increasing the BZT content, and a morphotropic phase boundary
(MPB) between rhombohedral and tetragonal ferroelectric
phases was identified to be in the range of 0.15 < x < (0.18. In
addition, the dielectric diffuseness and frequency dispersion
behavior were induced with increasing the BZT content, owing to
increased disorder degree of both A-site and B-site cations in
(1—x)PZssT 44—xBZT perovskite lattice. Contrary to the case in
PT-BZT, the increased tetragonality accompanies reduced
Curie temperatures (7.) as PZs¢T44 was substituted by BZT.
The electrical properties of solid solutions exhibit obviously com-
positional dependence. The optimum dielectric and piezoelectric
properties of 3373 = 1430, d33 = 365 pC/N, k, = 50%, On = 32,
and 7, = 260°C were achieved in (1—x)PZssT44—xBZT ceram-
ics with x = 0.18 owing to the co-existence of two ferroelectric
phases near the MPB.

I

L EAD-BASED perovskite structured binary piezoelectric
ceramics, such as PbZrO;-PbTiO; (PZT), have been
widely used for their high piezoelectric coefficients and large
electromechanical coupling factors.!> The high piezoelectric
activity should be achieved near a morphotropic phase
boundary (MPB) where two perovskite ferroelectric phases
with different lattice distortions coexist.>* To further
improve piezoelectric properties, some ternary solid solutions
with a new MPB have been successfully developed, consisting
of PZT and lead-based complex perovskite ferroelectrics such
as Pb(Me,3Nb,;3)Os-type (where Me-Mg>*, Zn®*, Ni**,
etc.), because these ferroelectrics might have extremely high
dielectric activity.”” As far as the lead pollution to the
environment is concerned, lead-free and low-lead piezoelec-
tric ceramics have attracted much attention in the past few
years. Unfortunately, currently focused lead-free ferroelectric
systems such as titanate- or niobate-based compositions have
exhibited either processing difficulties or stability issues of
piezoelectric properties,® which could make them quite hard
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to be applied in industry. In contrast, it should be
meaningful and applicable to develop lead-reduced piezoelec-
tric ceramics to satisfy the requirements of industry.

Bismuth-based perovskite compounds such as BiMeO;
(Me: Fe3+, SC3+, Nil/zTi”z, Mgl/‘ZTil/Za Niz/3Nb|//3, and
Zn,;)Tiy 5, etc.) are typical lead-free ferroelectrics and have
been largely investigated experimentally”® and theoreti-
cally'®!'® in recent years. As a new member of ABO;
perovskite family, it seems that almost all Bi-based perovsk-
ites possess BiFeOs3- or GdFeOs;-type distorted perovskite
structure,'!>!° but unique behavior has been observed in
Zn-containing Bi-based perovskite compounds, for example,
Bi(Zng sTip5)O3 (BZT). It has been reported that BZT
should be synthesized under high pressure and shows a
tetragonal PT-type structure with random Zn/Ti distribu-
tion and a high c¢/a ratio of 1.211 but a low tolerance
factor (1 = 0.95).'* The large tetragonality of BZT could be
stabilized by the interaction of covalent bonds and the cou-
pling between the tetragonal distortion of unite cell and
internal atomic off-center displacement,'” resulting in some
unique properties, such as large polarization and high Curie
temperature 7..'® Therefore, BZT could be a potential
tetragonal perovskite material. In addition, diffuse ferroelec-
tric phase transformation behavior probably exists in BZT,
since it was usually observed in A-site or B-site complex
perovskites. Unfortunately, its 7. was predicted to be
higher than its decomposition and synthesis temperature.'*
As a result, there has been so far lack of direct evidences
for whether BZT has a relaxor ferroelectric behavior.
However, some hints have been observed in BZT-containing
solid solutions with PT, BaTiO; (BT), (Bi;;:K,2)TiO;
(BKT), (Bil/zNal/z)TiO:; (BNT), and (K045Na045)NbO3
(KNN),*2* in which pronounced relaxor ferroelectric
behavior was observed with increasing BZT content.
Accordingly, BZT could be an interesting alternative to
some lead-based relaxor ferroelectrics for the purpose of
composing ternary solid solutions with PZT. Although
BZT-PZT solid solutions were prepared for various pur-
poses,>> yet a full study on their phase transformation
behavior, ferroelectric phase characteristics, and composi-
tional dependence of piezoelectric properties has been still
missing.

Considering that Zr-rich compositions in PZT own a
rhombohedral symmetry, it is thus expected that an MPB
would be observed between the Zr-rich PZT and BZT. The
purpose of this work is then to identify how the phase struc-
ture of Pb(Zrys¢Tig44)O3 (PZssT44) changes with the BZT
content and simultaneously to explore the sintering behavior
and electrical properties of (1—x)PZs¢T44—xBZT solid solu-
tion ceramics. The compositional and structural dependencies
of various electrical properties are discussed. Particular atten-
tion was paid to the ferroelectric phase transition behavior of
solid solution ceramics.



December 2011 Phase Transformation Behavior and Electrical Properties of Pb(Zrg s6Tip.44) O3=Bi(ZngsTip5)03 4341

II. Experimental Procedure

The solid-solution ceramics (1—x)PZs¢T44—xBZT (x = 0.05—
0.25) was prepared via a conventional solid-state reaction
method using high-purity oxides: Bi,O3; (>99.0%), ZnO
(>99.0%), TiO, (>99.0%), PbO (>99.0%), and ZrO,
(>99.0%) as raw materials. After mixing, the powder mix-
tures were calcined in a closed alumina crucible at 8§50°C for
3 h in air. The calcined powder was then milled again for
20 h together with 0.5% PVB binder in a planetary mill
using 3 mm yttria-stabilized zirconia balls. After drying, the
powder was uniaxially pressed into pellets of approximately
10 mm in diameter and 1 mm in thickness. Sintering was car-
ried out in the temperature range of 1000°C-1080°C for 2 h
in double alumina crucibles. To minimize the vaporization of
Bi and Pb, sample disks were buried in the sacrificial powder
of the same composition. For electrical measurements, silver
paste was painted on major sides of the samples and then
fired at 550°C for 30 min. The samples were poled at 110°C
in a silicone oil bath under a dc electric field of 3—4 kV/mm
for 15 min.

The phase structures were analyzed at room temperature
by an X-ray diffractometer (XRD, D/Max-RB; Rigaku,
Tokyo, Japan) using CuKal radiation. The microstructure
was observed using a scanning electron microscope (SEM,
JEOL JSM-6490LV, Tokyo, Japan). Dielectric properties
were measured as a function of temperature by an LCR
meter (Agilent E4980A, Santa Clara, CA). Polarization vs
electric field (P-E) hysteresis loops were measured using a
ferroelectric measuring system (Precision LC, Radiant Tech-
nologies Inc., Albuquerque, NM). The piezoelectric strain
constant ds; of poled samples was measured by a Belincourt-
meter (YE2730A; Sinocera, Yangzhou, China). The planar
electromechanical coupling factor k, and the mechanical
quality factor Q,, were determined by a resonance—antireso-
nance method with an impedance analyzer (PV70A; Beijing
Band ERA Co. Ltd., Beijing, China).

III. Results and Discussion

The XRD patterns of (1—x)PZssT44—xBZT ceramics are
shown in Fig. 1. All major peaks could be assigned to perov-
skite-structured phases. It can be seen that diffraction peaks
for secondary phases gradually appear for compositions with
x > 0.20, which can be indexed as Bi;;TiO,y (PDF No.
42-0186). The basic reason can be attributed to the solubility
limit of BZT in PZs¢T44. Moreover, a low tolerance factor
(t = 0.95) of BZT tends to induce the instability of the perov-
skite structure of solid solutions with increasing its content.
The asymmetric (111) peaks and non-split (001) peaks sug-
gest that compositions x < 0.14 may own a rhombohedral
structure. As x = 0.2, the asymmetry of (111) peak is absent
and simultaneously (001) and (002) peaks are split, generally
indicating the presence of a tetragonal phase. For composi-
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Fig. 1. X-ray diffraction patterns at room temperature for sintered
(1—x)PZs5¢T44—xBZT ceramics as indicated.

tions with x = 0.15-0.18, (002)/(200) peaks were found to
gradually separate from each other, indicating that two-phase
coexistence zone occurs in this composition range. That is to
say, with increasing BZT content x, the solid solutions
undergo a transition from a single rhombohedral phase, to a
mixture of rhombohedral and tetragonal phases and finally
to a pure tetragonal phase. An MPB separating rhombohe-
dral and tetragonal phases should be thus identified to be in
the range of x =0.15-0.18. This can be more clearly
observed by calculating the lattice parameters of (1—x)
PZssT44—xBZT ceramics through fitting the diffraction peak
profiles, as shown in Fig. 2. It is clear that there is a transi-
tion zone between the rhombohedral and the tetragonal
phase in the range of 0.15 < x < 0.18. It can be seen that the
addition of BZT tends to increase the tetragonality of the
system. The c¢/a value for the composition with x = 0.18 is
1.012 increases to 1.026 for x = 0.25. The increase in tetrago-
nality is similar to previous results in the BZT-PT solid
solutions where it was believed that the enhancement of te-
tragonality results from the strong coupling between A-site
Pb/Bi cations and B-site ferroelectrically active cations such
as Ti*" and Zn>"* .*® On the one hand, ferroelectrically active
ions can form short, covalent bonds with oxygen; on the
other hand, large Bi*" displacements and A-B site displace-
ment coupling would necessitate a large B-site displacement.
These two characteristics would stabilize the tetragonal
perovskite phases.’!

Figure 3 shows the SEM micrographs of (1—x)PZse
T44—xBZT ceramics sintered at 1025°C for 2 h. It can be seen
that the increase of BZT content has only slight effect on the
grain size and morphology of (1—x)PZssT44—xBZT ceramics
but a clear effect on the densification behavior. The average
grain size for samples sintered at 1025°C varies in the range
of 1.6-2.7 pm. The SEM photos indicate that the sintered
density becomes lower with increasing BZT content. Com-
pared to a pure PZ56T44,] the addition of a small amount of
BZT tends to promote its densification. For example, a
relative density of >96% can be achieved in 0.82PZs¢
T44-0.18BZT ceramic as it was sintered only at 1025°C. The
reason is basically due to the fact that both Bi and Zn are
usually effective sintering aids. However, as the BZT content
is high, the appearance of a small amount of secondary
phases might contribute to the inhibition of grain growth
and the degradation of densification based on the pinning
effect of grain boundary.

Dielectric constant as a function of temperature for unp-
oled (1-x)PZs4T44—xBZT (x = 0.05-0.20) ceramics sintered
at optimum temperatures is shown in Fig. 4. It can be found
that both the dielectric maxima and T, values decrease with
increasing the BZT content. However, the dielectric constant
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Fig. 2. The lattice parameters for (1—x)PZssT44—xBZT ceramics as
a function of the BZT content.
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Fig. 3. Scanning electron microscopy images of (1—x)PZssT44—xBZT ceramics sintered at 1025°C for 2 h: (a) x =0.12, (b) x =0.18, (¢)

¥ = 0.20, and (d) x = 0.25.
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Fig. 4. Dielectric constant at 1 kHz as a function of temperature

for (1—x)PZs¢T44—xBZT solid solutions sintered at optimal
temperatures.)

at room temperature increases with x as can be seen from
the inset of Fig. 4. A slight increase of 7. and a small
decrease of room-temperature dielectric constant for the
composition with x = 0.25 is probably due to the existence
of secondary phases. Contrary to PT-BZT,* (1—x)PZse
T44—xBZT (x < 0.20) ceramic exhibits a decreased 7. with
the addition of BZT. However, it is similar to BZT-PZ
system.>> A decline in T, usually corresponds to a decrease
in tetragonality for a couple of perovskite solid solution
ceramics, such as PZT, Pb(Mg;/3Nb,/3)O5-PT, and Bi(Me)
05-PT systems.?®¥7¢ In Bi(Me)Os—PT systems, it has been
proposed that the large tetragonal distortions and associated
high 7, could be attributed to a strong coupling between the
A-site and B-site off-center distortions when B-site positions
are completely occupied by ferroelectrically active cations
such as Zn?*, Ti**, and Fe**.2%3! It seems that while the

addition of BZT tends to enhance the tetragonality but why
it reduces T, in PZT systems cannot be well explained in the
same way. The possible reason may be ascribed to the pres-
ence of Zr*" which is not ferroelectrically active.*® In addi-
tion, the same effect was found in K, Na;_,NbO;-LiSbO;
system where the increase of tetragonality accompanies a
decrease of 7.3

In addition to the decrease of T,, the ferroelectric phase
transition zone was found to become broader and broader
with increasing the BZT content. As an example, the
dielectric properties as a function of temperature and fre-
quency for 0.82PZs¢T44—0.18BZT ceramics are shown in
Fig. 5(a). It is evident that with increasing the measuring
frequency, the T, or Ty, value (at the position of the dielec-
tric maxima) increases accordingly. The same change can be
also seen from the change of loss tangent value with
frequency. On the other hand, the dielectric diffusivity can
be clearly found in most of BZT substituted PZs¢T44
ceramics. The diffuseness of the phase transition can be
determined from the modified Curie-Weiss law,>® which can
be expressed as l/e—l/e, = C'(T—T,)Y where y is the
degree of diffuseness, C is the Curie-Weiss constant, and
T, is the phase transition temperature corresponding to the
maximum dielectric constant &;,. The parameter y varies in
the range from 1 for a normal ferroelectric to 2 for an ideal
relaxor ferroelectric. The y values for different compositions
can be determined from the slopes of linearly fitted lines as
shown in Fig. 5(b). Three compositions (x = 0.12, 0.18, and
0.2) were chosen as examples, which belong to the rhombo-
hedral phase, MPB and the tetragonal phase, respectively.
Clearly, the diffuse phase transition characteristics and
frequency dispersion phenomenon at 7, can be observed in
all three samples. The relaxor behavior in ferroelectrics was
well explained using the viewpoint of polar nanoregions
(PNRs) as a result of the local electric fields and elastic
ﬁelds.‘t 4! In the solid solution of (1—x)PZs5sT44—xBZT, Bi*"
(1.36 A, CN = 12) possesses different valences and ionic radii
from Pb>" (1.49 A, CN = 12),** and both of them occupy
the A site of ABOj; perovskite structure. As a result, local
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Fig. 5. (a) Temperature and frequency dependence of dielectric
constant and dielectric loss for (1—x)PZssT44—xBZT ceramics with
x =0.18 and (b) a plot of In(l/e—1/ey) vs In(T—T,,) for (1—x)
PZscT44—xBZT ceramics with x = 0.12, 0.18, and 0.20, respectively.

electric fields would be formed owing to the different electri-
cal charges of Pb>" and Bi’" and the local elastic fields
formed due to local structure distortions induced by the
different ionic radii. The similar phenomenon would be
observed at the B site where Ti** (0.605 A, CN = 6), Zr*"
(0.72 A, CN = 6), and Zn>" (0.74 A, CN = 6)** also pos-
sess different electrical charges and ionic sizes. The presence
of the random fields thus gives rise to the PNRs by disturb-
ing the long-range dipole alignment.** The relaxor behav-
ior can be considered as the complex response of all PNRs
and disordered matrix. The concentration of random
fields increases with the increase of the cation disorder
degree at both A-sites and B-sites ions and results in an
increased number of PNRs consequently. Therefore, it
can be understood that the relaxor behavior of (1—x)
PZscT44—xBZT ceramics was enhanced with the increase of
BZT content.

The ferroelectricity of (1—x)PZs¢T44—xBZT ceramics was
characterized by measuring P—FE hysteresis loops at 10 Hz,
as shown in Fig. 6. From Fig. 6(a), the remnant polariza-
tion (P,) and coercive field (E.) values are plotted against
BZT content x in Fig. 6(b). It can be seen that well-satu-
rated hysteresis loops were obtained over a wide composi-
tion range. With increasing the BZT content, E. increases
but P, decreases. A larger E. value at BZT-rich side should
be in general attributed to the increased tetragonality,
owing to a higher strain associated with 90° domain rota-
tion. The E. value for the sample with x = (0.25 seems to
decrease probably because it was obtained from a poorly
saturated loop owing to a relatively high leakage current
caused by relatively low sample density. In addition, the
existence of non-ferroelectric secondary phase would also
make the loop slimmer. Interestingly, the optimum P, value
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Fig. 6. (a) Polarization vs electric field hysteresis loops (10 Hz) of
(1—=x)PZs5¢T44—xBZT ceramics sintered at optimal temperatures and
(b) remnant polarization P, and coercive field E. of (1—x)PZs¢T44—
xBZT ceramics as a function of the BZT content.
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Fig. 7. Dielectric and piezoelectric properties of poled (1—x)
PZs¢T44—xBZT ceramics as a function of the BZT content.

does not appear near MPB compositions (x = 0.15-0.18). In
general, enhanced ferroelectric property could be observed
at MPB owing to the coexistence of rhombohedral and
tetragonal phases with 14 possible directions. It means that
the effect of the phase coexistence on ferroelectricity was
probably compromised by the reduced 7. values with
increasing BZT content. Within the tetragonal region, the
decreased T, indicates a destabilization of the ferroelectric
phase.?!

Figure 7 shows the dielectric and piezoelectric properties
for poled (1—x)PZs¢T44—xBZT ceramics sintered at optimum
temperatures. Owing to the appearance of secondary phases,
the composition with x = 0.25 was not discussed herein. It
can be seen that the dielectric and piezoelectric properties
exhibit obviously compositional dependences. They first
gradually increase with x, and then reach the maxima
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approximately at x =0.18 and finally start to decline.
Therefore, it is obvious that the MPB plays an important
role in improving the electrical properties. The enhanced
piezoelectric properties are mostly associated with the
improved dielectric activity, as explained by a simple rela-
tion: ds3 = 2Q;,ePs where Qi is the electrostrictive coeffi-
cient, ¢ is the dielectric constant, and P; is the spontaneous
polarization. The best dielectric and piezoelectric properties
of &l = 1430, ds3 ~365 pC/N and ky ~50% appear in the
ceramic with x = 0.18, which is close to the tetragonal side
of the MPB. By comparison, Q,, shows a different tendency
with changing x. It seems that the Q,, values for the (1—x)
PZscT44—xBZT ceramics decrease with increasing BZT
content, although the E. values increases [Fig. 6(b)]. The
possible reason is that the formation of phase coexistence
tends to make the materials become mechanically softer.

IV. Conclusions

The BZT-substituted PZs¢T44 solid-solution ceramics has
been fabricated by a conventional mixed-oxide method. The
phase transition behavior and compositional dependences of
electrical properties of (1—x)PZsgT44—xBZT ceramics were
investigated. An MPB between rhombohedral and tetragonal
ferroelectric phases was identified to be in the range of
0.15 < x < 0.18. With increasing BZT content, the solid solu-
tions were found to exhibit typical dielectric diffuseness and
frequency dispersion characteristics. Owing to the coexistence
of two ferroelectric phases with different lattice distortions,
the (1—x)PZssT44—xBZT ceramics with x = 0.18 own opti-
mum dielectric and piezoelectric properties of &l = 1430,
dz3 = 365 pC/N, k, = 50%, T, =260°C and O, = 32. The
experimental results demonstrate that this ternary system
could be a good piezoelectric material with reduced lead
content and interesting electrical properties.
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