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ABSTRACT ARTICLE HISTORY

The solid solution of XBi(Fe1/3Nb2/3)O3—(1‘X)Pb(zro_soTio'so)o_o, ceramics Received Zseptember 2022

near morphotropic phase boundary (MPB) (BFN-PZT, x=0, 0.0025, Accepted 30 January 2023

0.005, 0.0075, 0.01) were prepared by conventional solid-state reaction

method. The samples added with different Bi,Os, Fe;03, Nb,O5 contents MPB: bi ) .
a a ; plezoelectrlc ceramics;

were compared in terms of the phase structure, microstructure, solid-state reaction; domain

dielectric properties, and piezoelectric properties. In particular, structure; PZT

rhombohedral-tetragonal morphotropic phase boundary was observed

in BFN-PZT crystal structure near the composition of x=0.005. The

BFN-PZT ceramics exhibited the following optimal properties at x=

0.005: dielectric constant g, of 847, dielectric loss tand of 0.034, Curie

temperature T¢ of 390°C, electrical conductivity ¢ of 0.441 (Mohm.m)™',

piezoelectric charge constant dsz3 of 416 pC/N, electromechanical

coupling factor Kp of 0.654, and mechanical quality factor Q,, of 426,

making it a promising material for use in high-intensity ultrasound

applications.

KEYWORDS

1. Introduction

The Pb(Zr; Ti,)Os-based ceramics are extensively used in high-end piezoelectric sensors, transdu-
cers, actuators, electronic devices, and piezoelectric transformers due to their excellent dielectric,
energy storage, piezoelectric, ferroelectric, and optoelectronic properties [1-3]. In the perovskite
structure (ABO3) of ferroelectric PZT, the Pb*" occupies the A-site and Ti** or Zr*' the B-site.
Further enhancement in the properties of such ferroelectric ceramics will also enhance the perform-
ance of these devices. This has therefore become an interesting subject of research among material
scientists over the past few decades [1]. All these devices require piezoelectric ceramic materials
with a high Curie temperature, excellent piezoelectric properties and good temperature stability
to ensure stable operation under high temperature conditions. With high Curie temperature and
outstanding piezoelectric properties, bismuth ferrite-barium titanate (BiFeO3-BaTiOs, BE-BT), pot-
assium sodium niobate ((K, sNag 5) NbO3, KNN), lead bismuth scandium titanate (BiScO5-PbTiOs3,
BS-PT) and lead zirconate titanate (PbZrO;-PbTiO3, PZT) etc. are expected to show their talents in
the application of high-temperature piezoelectric devices [4].

It is generally believed that the morphotropic phase boundary (MPB (at which a transition occurs
between rhombohedral (Zr-rich side) and tetragonal phases (Ti-rich side))), nano-domain, and local
structural heterogeneity are important factors to generate a high piezoelectric response. From a ther-
modynamic perspective, when the composition is close to the MPB, the curvature of the free energy
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curve decreases with the polarization vector when in a stable state, indicating that spontaneous polar-
ization is more likely to rotate under an external field [4, 5]. The doping ions introduce local structural
heterogeneity at the nanoscale, which changes the thermodynamic energy distribution [6, 7].

Small amounts of foreigner doping ions may be incorporated in the PZT composition to alter its
electrical, piezoelectric, and ferroelectric properties. To enhance the electrical and electromechani-
cal properties of the materials greatly, various kinds of modifications can be made by suitable sub-
stitutions at A(Pb) or B(Zr/Ti) sites of PZT ceramics [8-13].

The substituents in the PZT system were classified into ‘softeners’ and ‘hardeners’ to attain
specific physical properties [14, 15]. The substituents like Sm**, Bi**, and La>* donor ions (at A-
site) and Nb’*, Sb>* ions (at B-site) create A-site vacancies in the lattice and are called ‘softeners’
[16-22]. The dopants like Na*, K" acceptor ions (at A-site), and Mn>", Fe>*, AI’* ions (at B-site) can
create oxygen vacancies in the lattice and can be called ‘hardeners’ [17, 18, 21, 23].

In this paper, we prepared xBi(Fe;;3Nby/3)O3-(1-x)Pb(Zrg 50 Tip.50)O3 (BFN-PZT) piezocera-
mics sintered at 1100°C temperature by the traditional solid-reaction method. The effect of various
content Bi’*, Fe’" and Nb>* ions on the phase formation, crystal structure and surface morphology
in BFN-PZT ceramics were systematically investigated. Further, dielectric, piezoelectric properties
and electrical conductivity of BEN-PZT ceramics have been explored within the range of frequen-
cies and temperature.

2, Experimental procedure

The BEN-PZT piezoceramics were fabricated via the solid-state reaction route. The starting powders
were reagent grade Bi, O3 (99.9%), Fe,05 (99.6%), Nb,Os (99.5%), PbO (99%), ZrO, (99%), and TiO,
(99%). According to the stoichiometric ratios of the formula xBi(Fe;3Nb,/3)O03—(1-x)Pb(Zrg 50 Tip.50-
)O3 (x =0, 0.0025, 0.005, 0.0075 and 0.01), the powders were weighed and an excess of 2 wt% PbO was
added to all compositions to compensate for the partial evaporation of PbO at the high temperatures
required for sintering. After weighing, the raw powders were mixed by ball milling in ethanol for 24 h.
The mixed powders were dried and then calcined at 900°C for 3 h with a heating rate of 5°C/min. The
calcined clinker was ground to powders with a mortar and then the powders were ball milled again for
24 h. The 5% polyvinyl alcohol (PVA) solution was added to the calcined powders. The discs with a
diameter of 10 mm and a thickness of 1 mm were pressed under the uniaxial pressure of 100 MPa.
The green pellets were burnt out at 550°C for 2 h to remove the PVA binder and then sintered at
1100°C for 3 h in a sealed alumina crucible. The silver paste was screen-printed on the surfaces of
the sintered pellets and then fired at 750°C for 10 min. The samples with silver electrodes were
poled in silicone oil at 120°C for 45 min under a DC voltage of 40 kV/cm.

The phase analysis of the samples (ground into powders) was carried out using X-Ray diffraction
(XRD) with CuKa radiation (X’Pert Pro MPD instrument, B.V. PANalytical, Netherlands). The
sample surface morphology was observed using a cold-field emission high resolution scanning elec-
tron microscope (JSM7500F, JEOL Japan). Dielectric properties were obtained by measuring the
temperature dependence of the capacitance and phase angle (HIOKI 3532). The piezoelectric con-
stant (ds3) was measured using a quasi-static piezoelectric ds;; meter (Model ZJ-3A, Institute of
Acoustics, Chinese Academy of Science). The electromechanical coupling coefficient (Kp) and
mechanical quality factor (Q,,) were determined using an impedance analyzer (model HP4294A,
Agilent, USA) according to the IEEE standard through resonance and anti-resonance technology.

3. Results and discussion
3.1. X-ray diffraction analysis

Figure 1 shows the room temperature XRD patterns in the 26 range from 20° to 60° for the xBi(Fe;,
3Nb,/3)O03-(1-x)Pb(Zr 50 Tip 50)O3 ceramics sintered at 1100°C with different BFN contents (x = 0,
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0.0025, 0.005, 0.0075 and 0.01). All samples showed typical diffraction peaks of perovskite structure,
and no secondary phase was observed, implying that Bi, Fe, and Nb atoms dissolved into the BFN-
PZT lattice and formed a homogeneous solid solution.

It is apparent from the XRD patterns from 43° to 47° (Figure 1) which clearly reveal a phase
transformation from the tetragonal structure to the rhombohedral structure with an increase in
x. The samples with x =0 and 0.0025 exhibited tetragonal structure characterized by a peaks (0 0
2)r and (2 0 0)t. Then, the (0 0 2)r and (2 0 0)t reflection obviously broadened and could clearly
be fit using three peaks: (002)t, (200)t, and (200)g. These results can be attributed to the well-
known morphotropic phase boundary (MPB), where two ferroelectric phases (tetragonal and
rhombohedral) coexist [24]. The ceramics exist as rhombohedral phase with x =0.0075 and 0.01,
as indicated by the splitting of the (200) peak in the 26 range from 43° to 47°. The ceramics in
the x=0.005 coexisted as tetragonal and rhombohedral phases, as revealed by the coexistence of
(002)t, (200)T, and (200)g peaks. Therefore, it can be asserted that the composition with x=
0.005 is close to the MPB of this system.

Due to the similar radii of Fe** (0.064 nm), Ti** (0.0605 nm), Zr** (0.072 nm), and Nb>*
(0.064 nm) at the octahedral sites of the perovskite lattice, forming additional anionic vacancies,
the phenomenon can be explained by penetration of Fe’* and Nb”* ions into the grains to substitute
for B-site ions, causing lattice distortion [1]. The smaller ionic radius of Bi** (0.103 nm), compared
to that of Pb>* (0.119 nm) promotes the phase transformation from tetragonal to rhombohedral
[16].

The fraction of the tetragonal phase (Fr) or rhombohedral phase (Fg) in the perovskite structure
was calculated using the following equation:

Too2) + ooy
Too2) * 200y + TG00y

Fr =

Fr = 1 — Fr

Where I(Tooz) and I(Tzoo) are the area of the fitted Gaussian function for the (002) and (200) tetra-
gonal reflection peaks, respectively; and I(5oo) is the area of simulated Gaussian function for the
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Figure 1. XRD of sintered powders of xBi(Fe;/3Nby,3)03—(1-X)Pb(Zr 50Tig.50)03 ceramics with x = 0, 0.0025, 0.005, 0.0075 and 0.01.
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(200) rhombohedral reflection peak. Using the above equation, the fraction values of both the tetra-
gonal phase and the rhombohedral phases for PMSZNZT-100x specimens with different x contents
in the integrated angle range. The above-mentioned integrated angle range is set by calculating two
standard deviation of fitted Gaussian function. The fraction of rhombohedral phase (Fr %) for the
various studied systems have been summarized in Table 1.

3.2. SEM morphology

Figure 2(a-e) show SEM images for the BEN-PZT ceramics with different BEN contents. As can be
seen from the images, all samples show a uniform grain shape. It can be seen that the grain size of
BEN-PZT at the MPB is slightly larger than that at T and R. No pyramidal grains were observed,
indicating the absence of undesirable pyrochlore phases, which validates the XRD results, reported
above. The substitution of Pb>* ions with smaller Bi>* ions makes Bi>* more easily enter the lattice,
leading to shrinkage of the oxygen octahedron, lattice distortion, and mass transport, thus promot-
ing grain growth.

The larger average grain size means a smaller grain boundary, which is beneficial for mass trans-
port and domain rotation, thus enhancing the electrical properties [25-27].

3.3. Dielectric properties

The temperature-dependent studies of dielectric constant (¢,) of BEN-modified PZT ceramics are
shown in Figure 3. The temperature was varied from room temperature to 450°C. The dielectric
constant (g,) of all ceramics initially increased and then decreased as the temperature increased.
The temperature corresponding to the peak the dielectric constant is called the Curie temperature
(Tc). At T, the appearance of peaks indicates the phase transition of the compounds from the fer-
roelectric phase to paraelectric phase [28, 29]. The value of ¢, at T is known as maximum dielectric
permittivity (€,,y). From Figure 3, it is also evident that the value of ¢, increases up to x = 0.005 and
thereafter start to decrease. The specimen having composition x = 0.005 shows maximum value of
dielectric constant which is 8178 near T¢. Additionally, the substitution of BFN into PZT matrix
slightly increases the transition temperature from 370°C (x=0) to 390°C (x=0.005) which is
quite high and may be useful in technical applications. The reason for the improvement in dielectric
properties and deterioration in microstructural for the composition x = 0.005 may be attributed to
the fact that the composition is very close to the morphotropic phase boundary (MPB) [30, 31].

It is well known that diffusion phase transition characteristics are directly associated with the
formation of point defects after doping. The ionic radius of Fe’* (0.064 nm) and Nb>*
(0.064 nm) ions is similar to those of B-site atoms, such as Zr** (0.072 nm), Ti** (0.0605 nm),
and the ionic radius of Bi** ions (0.103 nm) is similar to that of A-site Pb** atoms (0.119 nm)
[3, 32]. Hence, the BFN doped BFN-PZT ceramic samples exhibited a high disorder due to the
diffused paraelectric-ferroelectric phase transition caused by relaxor characteristics.

The temperature dependence of dielectric loss (tand) at 1 kHz of BEN-PZT ceramics is shown in
Figure 4. Only a dielectric loss anomaly (T¢) corresponding to the ferroelectric phase to paraelectric
cubic phase can be observed in tand-T curves for all samples.

Figure 5(a,b) shows the frequency dependence of the ¢, and tand values of BEN-PZT ceramics
measured at room temperature. Both ¢, and tand magnitude of the entire prepared sample, is
reduced with increase in frequency, confirming again the characteristic dielectric nature of the com-
pounds. One sees that the magnitude of room temperature ¢, is higher and lower at low and high

Table 1. Fraction of rhombohedral phase of BFN-PZT ceramics.

X 0 0.0025 0.005 0.0075 0.01
Fr (%) 28.13 3233 48.81 67.86 72.46




|

Figure 2. SEM images for the BFN-PZT piezoceramics with different compositions: (a) x =0, (b) x=0.0025, (c) x =0.005, (d) x=0.0075, and (e) x=0.01.
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Figure 3. Temperature-dependent dielectric constant of all samples BFN-PZT at 1 kHz.

frequencies respectively. This represents the contribution of all the respective dielectric polariz-
ations and only electronic polarization to ¢, at low and high frequencies respectively. Smooth
decrease of tand of ceramics with rise in frequency is due to the relatively large packing fraction
of the compounds because the loss mainly results from scattering phenomenon [29]. The cross sec-
tions of scattering rely up on grain size and grain boundaries. Small grain size increases the scatter-
ing amplitude [29].

Figure 6 exhibits the dielectric permittivity (g,), Curie temperature (T¢) and dielectric loss (tand)
for the BEN-PZT piezoceramics with different BFN substituting amounts measured at 1 kHz and

35
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Figure 4. Temperature-dependent dielectric loss of all samples BFN-PZT at 1 kHz.
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Figure 5. Variation of ¢, (a) and tand (b) of BFN-PZT ceramics with frequency.

25°C. The &, sharply increases from 585 with x =0 to a maximum of 847 with x = 0.005, and then
gradually decreases to 611 with x = 0.01. The T¢ increases from 370°C with x = 0-390°C with x =
0.005 then fluctuates slightly (decreases). The tand reduces from 0.0444 with x = 0-0.0348 with x =
0.005 and then increases. The enhancement of the dielectric permittivity may be due to the A-site
substitution of the Bi** for Pb** ions, which causes lattice distortion and promotes domain wall
movement [27, 33].

It is difficult to describe the motion of charge carriers in ceramic materials because various
complex dynamic processes are involved. However, conductivity can be described as an accepta-
ble way for the electrical properties of the studied materials. It is well known that PZT ceramics
possesses p-type conductivity (hole-type conduction), caused by Pb loss due to high volatility of
PbO during the sintering process [15, 34, 35]. Figure 7 show the plot of electrical conductivity (o)



8 K. FARES ET AL.

4.6
€,
850-] Tl: 300
C
L4
8004 Tand §
385 L4y ~—
750- |9 T
— c
W
1380 tao @
700 —
6507 375 38
600-] 13,6
1370
550 L34

T T T T T T T T T T T
0,000 0,002 0,004 0,006 0,008 0,010
X

Figure 6. Dielectric permittivity (,), Curie temperature (T¢) and dielectric loss (tand) for the ceramics as a function of x values
measured at 1 kHz and 25°C.

of BEFN-PZT for different concentrations of BFN (x =0, 0.0025, 0.005, 0.0075 and 0.01) at differ-
ent temperatures.

It can be seen that all the compositions exhibited a increase in conductivity with the increase in
temperature, which indicates a negative temperature coefficient of resistance (NTCR) [36]. Gener-
ally, oxygen vacancies will be created by the low valence ions, which can enter the lattice site. Once
these vacancies are increased, the substituted ions behave as acceptors and holes, contribute to the
conduction process. Excess dopant contribution may produce either A-site (Pb) or oxygen
vacancies [36, 37]. After increasing lead vacancies, bismuth will be a donor and contribute electrons
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Figure 7. Variation of electrical conductivity with temperature for xBi(Fe;/3Nb,,3)03—(1-X)Pb(Zry 50Tig 50)03 ceramics at frequency
of 1 kHz.
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to the conduction mechanism. At high temperatures, the conductivity was increased and specifies
that extra charge carriers can be produced due to donor contribution.

3.4. Piezoelectric characterization

The temperature stability of piezoelectric properties of ceramics is an important index for high-
temperature applications of piezoelectric ceramics. Therefore, this work evaluates the piezoelectric
properties stability of high-temperature poled BFN-PZT ceramics.

Figure 8 shows the temperature dependence of piezoelectric charge constant (ds;) values of
poled ceramics at different temperatures from 25 to 450°C. The d;; of BEN-PZT ceramics remains
stable before Curie temperature. When the temperature is close to Curie temperature, the ds; of
BFN-PZT ceramics decreases abruptly, and the ceramics are depolarized. The samples can be
used sustainably (good temperature stability) to 390°C and the change rate of ds; from 25 to
390°C is only 2%.

The temperature dependence of Kp and Q,,, of BEN-PZT ceramics with a temperature change
from 25 to 450°C are shown in Figure 9. The Kp and Q,, of BEN-PZT ceramics keep stable with
increasing temperature initially, and then tend to zero when the temperature is near the Tc. The
defect dipoles on domain walls can act as pinning points which prevent the domain from movement
and hence decrease the Kp and Q,, value. Another possible reason for the decrease in electromecha-
nical coupling factor and mechanical quality factor with increasing temperature can be possibly
explained using volume theory, where the degree of decrease is considered partly due to a gradual
alignment of a doubly positively charged oxygen vacancy associated with defect dipoles in the per-
ovskite lattice [38, 39].

Figure 10 displays the piezoelectric properties for the BEN-PZT ceramics with the different BFN
content. As shown in Figure 10, both Kp and d;; exhibit similar changing trends with the increased
BFN amount. The sample with x = 0.005 BEN content has both Kp and dj; up to the maximum of
0.654 and 416 pC/N, respectively. However, the mechanical quality factor (Q,,) has an opposite
changing trend to that of the ds; or Kp.

500
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~~
<
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.Om 200 - —a— x=0.005
—v—x=0.0075
x=0.01
100
0 T T T T T T T T T T
0 100 200 300 400 500

Temperature ("C)

Figure 8. Piezoelectric charge constant (ds3) as a function of de temperature of BFN-PZT ceramics.
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Figure 9. Temperature dependence of Kp (a) and Q,, (b) of the BFN-PZT ceramics sintered at 1100°C with various BFN contents.

These results are probably related to the increased grain size and the morphotropic phase bound-
ary effect [1, 40-42]. The two phases coexist at the MPB, so the spontaneous polarization can point
along any 1 of 14 directions, and the activation energy for domain motion is too low, allowing even
very weak electric fields to induce changes in the spontaneous polarization [42, 43].

The fact that the substitution of Bi** ions for Pb>* ions at the A-site leads to lattice distortion and
the promotion of domain wall movement, which is beneficial to the improvement of the piezoelec-
tric response [27, 33]. In addition, the d;; and Kp have the same changing trends as the average
grain size increases. The clamping effect of the grain boundary on the domain wall motion greatly
reduces due to the increased grain size with x from 0 to 0.005, which enhances the piezoelectric
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Figure 10. ds3, Kp, and Q,, as functions of BFN content measured at room temperature.

Table 2. Comparison of physical properties of BFN-PZT ceramics with similar PZT ceramics at room temperature (1 kHz).

& tand (%) o (Mohm.m)~’ Kp Qn ds3 (pC/N) Reference
PZT 585 4.444 0.935 0.584 789 358 This work
0.0025 BFN-0.9975 PZT 590 4.296 0.815 0.592 690 383 This work
0.005 BFN-0.995 PZT 847 3.489 0.441 0.654 426 416 This work
0.0075 BFN-0.9925 PZT 663 4.023 0.535 0.623 510 403 This work
0.01 BFN-0.99 PZT 611 3.905 0.774 0.617 605 389 This work
PZT-PZMnN 1281 0.500 - 0.610 1260 340 [3]
PYBZT-PMS 1119 1.530 0.709 0.639 525 — [16]
PZT-SFN 1009 1.110 - 0.661 473 - [17]
PMS-PZT-Ce-Yb-xFe 1055 0.295 - 0.61 1500 360 [32]
PZT-YTS 714 3.345 0.873 0.635 622 - [35]

properties [44]. With x increasing from 0.005-0.01, the average grain size gradually decreases, and
more grain boundaries between the small grains inhibit the domain rotation and the domain wall
movement, resulting in the deterioration of the electrical properties [45-47].

Table 2 lists dielectric and piezoelectric properties of BFN-PZT ceramics comparable to similar
PZT ceramics as published in recent years.

4. Conclusions

In this paper, we have presented the synthesis of series of excessively Bi,O3, Fe,03, and Nb,Os
substituted BFN-PZT ceramics by a conventional solid-state reaction method. The used
chemical formula for the synthesis was xBi(Fe;;3Nb,;3)O3-(1-x)Pb(Zrg 50Ti 50)O3 wih x=0,
0.0025, 0.005, 0.0075 and 0.01. The effect of excessive Bi** doping at Pb-site, and Fe’*, Nb>*
doping at Zr/Ti-site on the structural and electrical properties was reported. The structure
of all ceramics sintered at 1100°C showed pure perovskite structure, which transformed
from tetragonal to rhombohedral phase as the BFN content was increased. The oxygen
vacancies facilitate mass transport, which promotes the sinterability and induces the grains
to grow. The optimal electrical properties with d;3=416 pC/N, Kp=0.654, Q. =426, ¢,=
847, tand = 0.034 and T¢=390°C can be observed in BEN-PZT sample with x=0.005. Thus,
the ceramics synthesized in this study provide a strong basis for potential applications in
high-intensity ultrasound applications [48].
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