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Abstract

Ternary system piezoelectric ceramics 0.7PbZr, Ti;_,0;-0.3Pb(Zn3Nb,,;)O; (abbreviated as 0.7PZTx-0.3PZN) were pre-
pared by a traditional solid-phase process. With the increase in Zr content, the electrical properties of the ceramics were
significantly improved, and this result could be attributed to the change in the ceramic phase structure. The relationship
between the change in Zr content and the ceramic phase structure and properties was investigated in detail by component
modulation. X-ray diffraction (XRD) analyses showed that the phase structure of the ceramics undergoes a transition from
the coexistence of tetragonal (T) and thombohedral (R) phases to the predominance of rhombohedral (R) phases as the Zr
content x increases. The phase structure of the ceramics at x=0.49 is closer to the morphotropic phase boundary (MPB),
with about 32% of the T-phase and 68% of the R-phase, and possesses good electrical properties: d3; =483 pC/N, k,=0.69,
£,=2171.7,tan6=0.016, T,=292.5°C, P,=35.9 pC/sz, E.=7.7 kV/mm. Constructing the MPB of 0.7PZT-0.3PZN piezo-
electric ceramics by varying the Zr content can be effective in improving the electrical properties and understanding more

broadly how the change in Zr/Ti composition affects the piezoelectric behavior.

Keywords PZT-PZN - piezoelectric ceramics - MPB - electrical properties

Introduction

The binary piezoelectric ceramic lead zirconate titanate
(PbTi,_,ZrO,, abbreviated as PZT) is an important func-
tional material widely used in structural health inspection,
energy harvesting, piezoelectric sensing, and actuation,'™
due to its superior dielectric and piezoelectric properties.
With the rapid development of the electronic information
industry, electronic components are required to be min-
iaturized, high-performance, and highly reliable. There-
fore, there is growing interest in adding other components
to PZT ceramics to form higher-performance ternary or
multisystem PZT-based piezoelectric ceramics, especially
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relaxor ferroelectrics with high dielectric constants and
diffuse phase transition properties, such as Pb(Mg,;Nb,/3)
O; (PMN), Pb(Ni,;3Nb,,3)O; (PNN), and Pb(Zn,;Nb,,3)
O; (PZN), and typical ternary system relaxation ferroelec-
tric ceramics such as PMN—PZT,>’ PZN-PZT,? % and
PNN-PZT.!!-1?

Numerous studies have found that the optimal electrical
properties are obtained when the ceramic composition is
close to the morphotropic phase boundary (MPB) region,
which is a critical domain for the coexistence of differ-
ent ferroelectric phases (e.g., rhombohedral and tetrago-
nal phases).'*"'® Pb(Zr,Ti,_,)O; ceramics are coexisting
tetragonal and monoclinic phases in the MPB and exhibit
excellent dielectric, elastic, and piezoelectric properties.'’
Therefore, the construction of the MPB of PZT ceramics
can be improved by component modulation, ion doping,
and process optimization to improve its electrical proper-
ties. Ta,O5 was used as a donor dopant to construct the
rhombohedral-tetragonal (R-T) MPB of PNN-PZT ceramics,
resulting in ultrahigh piezoelectric (1090 pC/N) and inverse
piezoelectric (1493 pm/V) coefficients.'® In a study wherein
PSN content was varied to construct MPB of yPSN-0.3PNN-
(0.7-y)PZT ceramics,'® as the PSN content increased, the
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MPB shifted to PT-rich regions, and the optimal electrical
characteristics of 0.015PSN-0.3PNN-0.685PZT were found
to be d33=660pC/N, k,=0.68.

PZN is a classic relaxation ferroelectric with a high
Curie point (T-=140°C) and large dielectric constant
(&max =22000); incorporating PZN and PZT together forms a
piezoelectric ceramic with a perovskite structure, which has
the advantages of high density, good insulation, and good
piezoelectric properties.?’ By adjusting the content of the
relaxor ferroelectric PZN to construct the MPB of ceram-
ics, the systems with better properties are mostly 0.8PZT-
0.2PZN and 0.7PZT-0.3PZN, whose phase structure coex-
ists in tripartite and tetragonal phases. The increase in PZN
content favors the relaxation behavior, and some researchers
have prepared PZT-PZN ceramic fractions with piezoelectric
properties up to (d;; =550 pC/N, k,=0.69)*! and (d;; =690
pC/N, k,=0.7)** at the MPB region. The Zr/Ti ratio deter-
mines the phase distribution of a ceramic. Changing the Zr/
Ti ratio adjusts the ratio of the R-phase to the T-phase to
construct the MPB of the ceramic and optimize its proper-
ties.”> Doping modification by introducing trace additives
near the MPB of PZN-PZT can further improve the proper-
ties of the ceramics. Wang et al.* proposed the use of La
to dope 0.25PZN-0.75PZT and changed the Zr/Ti ratio to
obtain the optimal electrical properties for the sample at
Zr/Ti=53/47: d33 =570 pC/N, k,=0.6. Varying the sinter-
ing temperature can also construct the MPB of PZT-PZN
ceramics, which not only promotes grain growth but also
enhances the ferroelectric and piezoelectric properties.”

The solid solution PZT-PZN piezoelectric ceramics com-
posed of PZT with ferroelectric properties and PZN with
relaxation properties have high Curie temperatures and
good electrical properties, while higher piezoelectric prop-
erties can be obtained by tuning the ceramic components
to the vicinity of the MPB, so the phase—content relation-
ship between the tetragonal and monoclinic phases can be
adjusted by changing the Zr content. In this work, the sys-
tem chosen was 0.7PbZr, Ti;_,0;-0.3Pb(Zn,3Nb,;3)O3, and a
detailed structural analysis of the system was carried out by
varying the value of x. The work is devoted to constructing
the morphotropic phase boundary of ceramics by chang-
ing the Zr content to obtain good piezoelectric properties.
The effect of the change in Zr content on the change in the
phase content of the ceramic MPB was investigated in detail,
which will help to better explore how the change in phase
content affects the electrical properties of the ceramics.

Experimental Procedure
In this experiment, 0.7PbZr Ti;_,05-0.3Pb(Zn,;;Nb,3)

O; ternary piezoelectric ceramics were fabricated by the
conventional solid-phase sintering process. The selected
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pharmaceutical raw materials were analytical pure level PbO
(99%), ZrO, (99%), TiO, (99.9%), Nb,0O5 (99.5%), and ZnO
(99.97%), and were weighed according to the stoichiometric
ratio. The weighed raw materials with appropriate amounts
of agate balls and anhydrous alcohol were put into a QM-
3SP2 planetary ball mill for the first mixing and ball milling
at a speed of 120 r/min for 12 h. The ball-milled powder
was dried in a DL-101 constant-temperature drying oven
at 80°C, then ground and sieved to obtain a powder with
a certain particle size. The pre-pressed powder was sealed
in a crucible and burned in an SG-XL1400 muffle furnace
at 1050°C for 4 h. The second ball milling was carried out
using the same method as the first ball milling in order to
obtain a homogeneous powder and the desired particle fine-
ness. After drying, polyvinyl alcohol (PVA) at a concentra-
tion of 5% was added as a binder for granulation, and the fine
powdered material was aggregated into larger particles by
passing through a 100 mesh sieve. The powder was pressed
under pressure of 100 MPa to form a ceramic billet with a
certain shape and density. The ceramic disks were sealed in
a crucible and sintered, first at 200°C to remove moisture,
then at 800°C and held for 4 h to remove PVA. The ceramic
disks were covered with pre-fired powder, sealed in a cruci-
ble, and sintered at 1200°C for 2 h to obtain the final ceramic
samples. The ceramic samples were sandpapered to 0.8 mm,
brushed with silver paste, and dried. The ceramic samples
were polarized in silicone oil for 30 min at 50°C with a DC
field of 2 kV/mm. Finally, the samples were tested and ana-
lyzed for their properties after 24 h of resting.

A Bruker D8 Advance x-ray diffractometer was used to
analyze the phase structure composition of the ceramics.
Scanning electron microscopy (SEM; JEOL JMS-5610LV
was used to observe the microscopic surface of the ceram-
ics. The mass of the ceramics was weighed with a German
BS210S analytical balance, and the density was determined
by the Archimedes drainage technique. A ZJ-3A d;; measur-
ing instrument (Institute of Acoustics, Chinese Academy of
Sciences) was used to measure the quasi-static piezoelectric
constants at room temperature. The electromechanical cou-
pling coefficients (k,, k3;) and piezoelectric constants (d3,)
were measured using an IEEE standard LCR analyzer based
on the resonance and antiresonance methods. The relative
dielectric constant (g,) and loss (tand) were measured using
an HP4294 A Precision Impedance Analyzer (Keysight/Agi-
lent, Japan). The dielectric temperature characteristics of the
ceramics were analyzed using the GJW-I dielectric tempera-
ture test system. The hysteresis lines of the ceramics were
measured using the aix ACCT TF 2000 ferroelectric analyzer
(aixACCT Systems, Germany).
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Results and Discussion
Electrical Properties

Figure 1 shows the electrical properties of 0.7PZTx-
0.3PZN ceramics at room temperature. As the Zr content
x increases from 0.45 to 0.49, the d3; and k,, values show
an increasing trend, with d; achieving a maximum value
of 483 pC/N and k, of 0.69 at x=0.49. As the Zr con-
tent x increases further to 0.51, the d;; value begins to
decrease to 405 pC/N, while kp achieves a maximum value
of 0.70, as shown in Fig. 1a. The trend of d5, is the same
as ds3, and ks, is similar to k. It can be seen in Fig. 1b
that d;, first increases with the increase in Zr content,
reaches a maximum value of —214.9 pC/N at x=0.49,
and then decreases, while k5, increases from 0.21 to 0.41.
As shown in Fig. Ic, when the value of x increases from
0.45 to 0.47, €, increases drastically from 1518.7 to 2164,
and then increases to 2127 when the value of x reaches

0.49. The change in the dielectric constant can therefore
be seen as a result of the grain boundaries and grains act-
ing together. Dielectric loss is the loss of energy within a
dielectric body due to heat generation under the influence
of an electric field. In general, dielectric losses are related
to the motion of the domain walls, and when an applied
electric field is present, there is an interaction between the
domain walls, resulting in energy loss in the motion of the
domain walls. As x increases from 0.45 to 0.51, the trend
in tand is relatively flat, at 0.016, 0.015, 0.016, and 0.018
respectively.

It can be seen that the optimal piezoelectric proper-
ties are exhibited by the ceramic samples with Zr content
x=0.49. To determine why the piezoelectric properties of
ceramics improve with increasing Zr content, and whether
it is the cause of changes in the homogeneity, densifica-
tion, porosity, and phase structure of the ceramic compo-
nents, further analysis was conducted in greater detail.
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Fig. 1 The electrical properties of 0.7PZTx-0.3PZN ceramics measured at room temperature (a) ds3 and ky, (b) d3; and ks, (¢) ¢, and tand.
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Phase Structure Analysis

The improvement in piezoelectric properties may be attrib-
uted to changes in the phase structure of the ceramics due
to compositional variations; therefore, the phase structure
of the 0.7PZTx-0.3PZN ceramics was analyzed by x-ray
diffraction (XRD) patterns, as shown in Fig. 2. All ceramic
samples exhibited a typical perovskite phase structure with-
out the formation of other heterogeneous phases. In the
range of 20 from 20° to 70°, the diffraction peaks (111) did
not split with increasing Zr content for any ceramic samples.
On the contrary, in the samples with component x <0.49, the
(002) and (200) peaks, the (112) and (211) peaks, and the
(202) and (220) peaks underwent significant splitting, sug-
gesting that these piezoelectric ceramic structures are mainly
tetragonal phase. When x=0.51, no splitting occurred in any
of the peaks of this sample and there was only one peak,
which indicates that the crystal structure of this component
lattice is mainly a rhombohedral phase.

To analyze the phase structure changes of this ceramic
in more detail, the XRD patterns at 43°-46° were enlarged
and the curves were separated using a Gaussian fitting func-
tion corresponding to the (002) peak of the tetragonal phase
and the (200) peak of the rhombohedral phase, as shown
in Fig. 2b—e. As the change in the peaks in the figure is
not obvious, it can be seen that the phase structure changes
from the tetragonal phase to the rhombohedral phase, while
the proportion of each is not clear. Therefore, the simulated
integral intensity of each peak was calculated to obtain the
relative proportions of the tetragonal and rhombohedral
phases in the phase structure. As shown in Fig. 2f, with
increasing Zr content, the percentage of the rhombohedral
phase increases, while the tetragonal phase shows the oppo-
site trend. As x increases from 0.45 to 0.49, the tetragonal
phase fraction decreases from 40% to 32% and the rhom-
bic phase fraction increases from 60% to 68%. At x=0.51,
only one peak is the predominantly rhombic phase. Thus, it
can be summarized from Fig. 2 that the phase structure of
this 0.7PZTx-0.3PZN ceramic undergoes a transition from
a tetragonal phase to a rhombohedral phase as the Zr con-
tent increases, and the morphotropic phase boundary (MPB)
lies between x=10.49 and 0.51. The associated results and
changes are generally consistent with previous studies.”®

In the MPB region, where the ceramic structure exhibits
a coexistence of rhombohedral and tetragonal phases, there
are more possible directions of spontaneous polarization
of the electric domains. The domains are easily oriented
under the influence of the applied electric field, resulting
in high piezoelectric properties for the ceramic. The piezo-
electric constant d;; can reach its peak near the morpho-
tropic phase boundary.?’ This precisely explains why the
ceramic samples with Zr content x of 0.49 exhibited optimal
piezoelectric properties in this experiment. Meanwhile, the
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dielectric properties of ceramics are closely related to the
microstructure of the ceramics, including grain size, density,
and porosity.

Figure 3 shows the SEM images of 0.7PZTx-0.3PZN
ceramics after sintering at 1200°C for 2 h. It can be seen that
under the current sintering environment, the fracture mode
of the ceramics is mainly along-crystal fracture, the grain
size is mostly 2—8 pm, and all the samples can grow suffi-
ciently, with small particles uniformly distributed around the
large ones, and relatively dense microstructure. However, as
the zirconium-titanium ratio increases, the grain size tends
to increase slightly, as shown in Fig. 4, where the average
particle size of all ceramic samples lies between 1.49 pm and
2.19 pm. Compared with the other samples, the sample with
x=0.51 obtains the highest density, the most uniform grain
size, and the tightest grain bonding. The change in grain
size is an important factor influencing the dielectric proper-
ties of ceramics. Figure 5 shows the energy-dispersive x-ray
spectroscopy (EDS) elemental diagrams of the 0.7PZTx-
0.3PZN ceramic samples with different Zr content and the
weight percentage of each element, with the major elements
being Pb, Zr, Zn, Ti, Nb, and O. The Pb element accounted
for the highest percentage by weight among all the samples,
about 57%, whereas Zn had the lowest weight percentage,
less than 5%. With the increase in Zr content, the ratio of
Zr to Ti was 1.54, 1.87, 1.85, and 2.08, respectively, which
was significantly increased. Generally, the relevant elements
were distributed homogeneously at the micron scale.

The calculated densities of the ceramic samples all ranged
from 7.86 to 8.24 g/cm3 . Detailed data are shown in Table I,
with small differences in density and shrinkage between the
component samples. It can be deduced that near the morpho-
tropic phase boundary, changes in the Zr content have little
effect on density and shrinkage. As the Zr content increases,
the density of the ceramic samples first increases and then
decreases, with maximum density of 8235.8 kg/m? at Zr
content x=0.47, after which it begins to decrease. The diam-
eter shrinkage of all ceramic samples ranged from 0.12 to
0.132, with a minimum of 0.123 at Zr content x=0.45 and
a maximum of 0.132 at x=0.51.

Dielectric Temperature Properties

The experimental data show that the grain size of the
ceramics is positively correlated with the zirconium con-
tent, i.e., the greater the zirconium content, the larger the
grain size. Since the dielectric constant is closely related
to the grain size, the effect of different Zr content on the
dielectric properties of 0.7PZTx-0.3PZN was analyzed,
and the dielectric temperature variation characteristics
of the ceramics were tested in the frequency range from
0.1 kHz to 1000 kHz, as shown in Fig. 6. It can be seen
that at different test frequencies, the dielectric constant
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Fig.3 SEM micrographs of 0.7PZTx-0.3PZN ceramics. (a) x=0.45, (b) x=0.47, (c) x=0.49, (d) x=0.51

shows a trend of increasing and then decreasing with the
temperature change, and a region with width appears as
the phase transition region of the ferroelectric phase to the
paraelectric phase transition, and the temperature range
of the change is roughly between 270°C and 310°C. As
the frequency increases from 0.1 kHz to 100 kHz, the
dielectric peak broadens and the value of the dielectric
peak decreases. With the increase in the Zr content, the
dielectric peaks move towards lower temperatures, while
the corresponding values of the dielectric peaks increase
significantly. The enhancement of the dielectric properties
can be attributed to the increase in the grain size of the
samples, making the domains easy to switch.”’ The die-
lectric loss in the low-temperature stage (0-250°C) shows
a slightly decreasing trend. In the range from 250°C to
320°C, the dielectric loss increases and then decreases,
and the dielectric loss appears to be the maximum value
corresponding to the peak value, indicating that the phase
transition occurs at this temperature. Finally, due to the
free motion of carriers caused by high temperature, tand
increases rapidly.?®
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The dielectric behavior of PZN-PZT, as a typical
relaxed ferroelectric ceramic, can be explained using the
Curie—Weiss law. The parameter y can be seen as the degree
of diffusion in terms of the relationship curve between
In(1/e,—1/e,,) and In(T—T,,). At temperatures above T, the
dielectric properties can be expressed in terms of a modified
Curie—Weiss relationship as follows:

1 1 _T-T,)

(1<y<2)

C <r= (1.1

& £

r m

where ¢, is the dielectric constant at temperature T, &, is the
maximum dielectric constant at the transition temperature
(T,,), C is the Curie constant, and y can be regarded as an
index of the diffusion level. Values of y ranging from 1 to
2 denote a normal ferroelectric to complete phase transi-
tion.”” Figure 7a shows the curve of In(1/e,— 1/e,,) versus
In(T—T,,) for 0.7PZTx-0.3PZN ceramics evaluated at a
frequency of 1 kHz. All the ceramic samples have relaxor
properties but they are not significant, which indicates that
changing the Zr content does not have a great effect on the
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Fig.4 Grain size distribution of 0.7PZTx-0.3PZN ceramics. (a) x=0.45, (b) x=0.47, (c) x=0.49, (d) x=0.51

relaxor properties of the ceramics. Figure 7b shows the y
values versus Curie temperature (7,) for ceramic samples
with different Zr content. As the Zr content increases, the
y value gradually decreases from 1.87 at x=0.45 to 1.7 at
x=0.51. The trend of T is the same as y, decreasing linearly
from 306°C to 285°C.

Therefore, it can be concluded that the change in Zr con-
tent has little effect on the ceramic temperature in this sys-
tem and the change in the dielectric temperature follows the
law. The increase in the dielectric constant is attributed to
the increase in ceramic grain size. Because the PZN content
does not change, only changing the Zr content has no sig-
nificant effect on the relaxation degree.

Ferroelectric Properties

Figure 8 displays the ferroelectric properties of 0.7PZTx-
0.3PZN piezoceramics with /-F curves and P—E return at a
frequency of 5 Hz and an electric field of 1.6 kV/mm. All
components show the typical hysteresis lines of ferroelec-
trics with high symmetry and saturation, indicating that the

bias field of the samples is overcome by the applied electric
field, and all have good ferroelectric properties. In addition,
the current peak caused by the direction of the ferroelec-
tric domains can be observed from the /-E curve. With the
increase in Zr content, P, exhibits the same trend of growth
as P, while the trend of E, increases and then decreases, as
shown in Table I. The values of P, and P, increased from
24.8 pC/cm? and 21.9 uC/cm? to 39.6 pC/cm? and 38.9 pC/
cm?, respectively, with the increase in Zr content x = 0.45
to 0.51, while E, achieves a maximum value of 10.9 kV/
mm at Zr content x=0.45. The increase in the values of P,
and P, may be explained by the fact that the increase in Zr
content alters the crystal structure of the ceramics, thereby
enhancing the likelihood of polarization. The results may
also be influenced by the increase in grain size as well as
the motion of the domain walls.” Regarding E_, it reaches its
maximum value at Zr content of x=0.45. This may be linked
to the specific interaction of the crystal structure with the Zr
content at this point, creating an optimized environment that
enables higher electric field strength to be reached at lower
electric fields.
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Table | Details of the physical properties for 0.7PZTx-0.3PZN ceramics measured at room temperature

Composition  Density (kg/m’)  d33 (pC/N) &, £, tand T.(°C) P, (uC/em?) P, (uClem?)  E, (kV/mm)

x=045 7861.5 237.3 038 15187 0016  306.2 24.8 21.9 10.0

x=0.47 8235.8 396.8 0.60 21649 0015  300.0 37.8 34.8 10.9

x=0.49 8026.8 483 0.69 21717 0016 2925 38.1 35.9 7.7

x=0.51 8017.1 405 070 14506  0.018  285.8 39.6 38.9 6.5
From the I-E loops, it can be seen that all the com- Conclusions

ponents of the samples have distinct sharp current peaks
in the vicinity of their respective coercive fields, which
suggests that the ferroelectric domains are switched
in response to the applied electric field. The switching
current value increases significantly with increasing Zr
content, which is caused by the construction of MPB that
increases the amount of switchable ferroelectric domains
and thus the activity.’® In summary, the improved ferro-
electric properties are attributed to the phase structure of
the ceramics with the coexistence of tetragonal and tri-
partite phases, which are easily polarized to rotate in the
MPB region.?!
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0.7PZTx-0.3PZN ceramics with Zr content of
x=0.45-0.51 were fabricated via the traditional solid-
phase reaction process. The Zr/Ti ratio plays a crucial
role in determining the distribution of the ceramic phase
structure. An increase in Zr content leads to a higher
proportion of the monoclinic phase, while a decrease in
Ti content results in a reduction in the tetragonal phase.
As the morphotropic phase boundary represents a state
where the tripartite and tetragonal phases coexist, it is
more conducive to the polarization process, allowing
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ceramics to achieve enhanced piezoelectric properties.
XRD analyses showed that the ceramic phase structure
shifted from tetragonal phase-dominated to rhombohe-
dral phase with increasing Zr content. A Gaussian fitting
curve was used to separate the diffraction peaks represent-
ing the tetragonal and rhombohedral phases, and it was
determined that the MPB was located between x=0.49
and 0.51. Significantly enhanced piezoelectric, dielectric,
and ferroelectric properties were located at x =0.49, with
about 32% tetragonal and 68% rhombohedral phases in
the phase structure. In addition, 0.7PZTx-0.3PZN ceram-
ics maintained high electrical properties at higher Curie
temperatures: 7, =292.5°C, d33 =483 pC/N, and k,=0.69.
Our study provides insights into tuning the Zr content in
the 0.7PbZr,Ti,_,05-0.3Pb(Zn,3Nb,,3)O5 system to build
MPBs to enhance piezoelectric properties, and studying
the effects of these phase transitions and phase boundaries

@ Springer

(a) x=0.45, (b)

on the material properties can help to gain insights into the
origins of their piezoelectric properties. Since the ability
to improve the piezoelectric properties of ceramics based
on compositional modulation is limited, it can be followed
up by experimental studies of doping modifications.
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