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In this paper, 0.36Pb(Ni,;;Nb,,;)0;-0.24PbZrO;-0.40PbTiO;(PNN-PZT) ceramic was prepared, and texture engineering was
performed on this PNN-PZT ceramic to improve its electromechanical properties and temperature stability. Single element ultra-
sonic transducers were prepared using PNN-PZT, PNN-PZT textured ceramics, and their performance were evaluated and com-
pared using a PZT-5H ceramic based transducer as the benchmark. It is shown that the sensitivity and bandwidth of the PNN-PZT
textured ceramic-based transducer are much superior to regular PNN-PZT ceramic and PZT-5H ceramic based transducers.
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1. Introduction

Single element ultrasound transducers are widely used in
nondestructive evaluations, underwater acoustics and many
other fields.'® Piezoelectric materials are key components
in ultrasonic transducers whose electromechanical proper-
ties determine the upper limit of transducer performance.
Although high-end medical imaging transducers are now
made of PMN-PT single crystals, low- and medium-end ultra-
sonic transducers are still using piezoelectric ceramics due
to the advantage of simple preparation process, low produc-
tion cost, and good electromechanical properties. In recent
years, piezoelectric ceramics research has made substantial
advance with piezoelectric properties getting close to that of
PMN-PT single crystals.*” However, the electromechanical
coupling factor k4; of piezoceramics is still far inferior to that
of PMN-PT single crystals, which limits the performance of
ceramic-based transducers.

Texture engineering is an effective method for improv-
ing the electromechanical properties of materials.® Contrast
to conventional ceramic preparation methods, texture engi-
neering introduces directionally oriented template seed
crystals into the ceramic, which guide the grain growth pro-
cess to produce oriented grains in the ceramic. Currently,
researchers have obtained some piezoelectric ceramics with
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excellent electromechanical properties through texture engi-
neering, which demonstrate high potential to replace expen-
sive single crystals currently used in high-end ultrasonic
transducers.?'2 Yang et al. investigated textured Pb(In,,Nb, ,)-
O5—Pb(Sc,,Nb, ,)O;—PbTiO;(PIN-PSN-PT) ceramics. After
texturing, the piezoelectric coefficient dy; of the ceramic can
reach 1090 pC/N, while the electromechanical coupling factor k43
can reach 90%."3 Yan et al. prepared Eu?*-doped Pb(Mg, ;Nb,3)
O;-PbTiO; (PMN-PT) textured ceramics with piezoelectric
coefficient up to 1950 pC/N.!* These piezoelectric properties are
far better than that of traditional PZT-5H piezoelectric ceramic.

Pb(Ni,;;Nb,,;)Os—PbZrO;—PbTiO4(PNN-PZT) ceramics
have received extensive attention in recent years due to their
excellent electromechanical properties.”>-!7 Compared to
other ceramic systems, PNN-PZT ceramics have the advan-
tages of simple sintering process and high reproducibility. In
addition, texture engineering often requires calcined powders
with small particle size to ensure the driving force during the
texture sintering process. PNN-PZT ceramics can solve this
problem by lowering the calcination temperature. The impure
phase brought about by lowering the calcination temperature
will not affect the final ceramic to achieve pure perovskite
phase, while impure phase is often a troubling issue for many
other ferroelectric ceramic systems.
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In this work, we selected 0.36PNN-0.24PZ—0.40PT com-
position with similar Curie temperature to that of commercial
PZT-5H ceramic as the matrix and prepared 0.36PNN-—
0.24PZ-0.40PT textured ceramics by texture engineering
using <001> oriented BaTiO5(BT) as the template. Ultrasonic
transducers were prepared using PNN-PZT ceramics, PNN-
PZT textured ceramics and commercial PZT-5H ceramic. The
insertion loss and bandwidth of these ultrasonic transducers
were measured and compared. Finally, the corresponding
relationship between the performance of piezoelectric ceram-
ics and the performance of transducer is summarized.

2. Experimental Procedure
2.1. Preparation of calcined PNN-PZT powder

PNN-PZT ceramic matrix powder was prepared by sol-
id-state reaction method. NiO (from Aladdin, 99%), Nb,Os
(from Aladdin, 99.99%), ZrO, (from D&B, 99.9%), TiO,
(from Aladdin, 99.9%), and PbO (from Aladdin, 99.9%) were
used as raw materials for the reaction. Each raw material was
weighed according to the stoichiometric ratio, while PbO is
in excess of 1 mol% and NiO is in excess of 0.5 mol%. The
raw materials were placed in a nylon jar and alcohol was
added as solvent to ball mill for 24 h. Afterward, the mixture
was dried rapidly in an oven at 110°C. The dried powder was
placed in a covered alumina crucible, put into a muffle fur-
nace, ramped up to 700°C at 5°C/min and held for 2 h, then
naturally cooled down to room temperature to obtain the cal-
cined powders, which does not need to be in pure perovskite
phase. The calcined powders were ball-milled again for 24 h.

2.2. Preparation of PNN-PZT ceramics

For nontextured ceramics, the powders were mixed well with
7 wt.% PVA solution and pressed into 13 mm diameter discs
under a pressure of 200 MPa. The mass of PVB solution is
10% of that of ceramic powder. These discs were placed in a
resistance wire furnace and ramped up to 600°C at the rate of
1°C/min, held for 2 h to evaporate PVA binders, then cooled
down naturally to room temperature. Based on our experi-
ence, the optimal sintering conditions of nontextured ceram-
ics are as follows: the temperature was first raised to 1050°C
at the heating rate of 5°C/min and held for 1 h, then raised to
1250°C at the heating rate of 2°C/min and held for 2.5 h, then
naturally cooled down to room temperature.

2.3. Preparation of <001>BT

<001>BT templates were prepared by a three-step process.
In the first step, TiO,, Bi,0; were used as reactants and NaCl,
KCl as molten salts, flakes of Bi, Ti;O,, were obtained by
holding the mixture at 1100°C for 2 h. In the second step,
Bi,Ti;0,, TiO, and BaCO; were used as raw materials, and
BaCl,—2H,0 and KCI were used as molten salts, flakes of
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BaBi,Ti,O,5 were obtained by holding them at 1080°C for
2 h. In the third step, BaBi,Ti,O,s and BaCO; were used as
reactants, and NaCl, KCI was used as molten salt, BT tem-
plate flakes were obtained by holding the mixture at 980°C
for 6 h.

2.4. PNN-PZT textured ceramics

The tape casting slurry consists of BT templates, calcined
powders, solvent, plasticizer and binder. The solvent chosen
here is a mixture of alcohol and xylene with a mass ratio of
1:1, the plasticizer is di-n-octyl phthalate, and the binder is
polyvinyl butyral. After ball milling the mixture for 12 h, BT
templates were added and ball milled for 0.5 h to obtain the
casting slurry. During the tape casting process, the scraper
height was set to 0.25 mm and the film strips moving speed
was set to 1 mm/s. Dried film strips were cut into small discs
of 13 mm in diameter, laminated and pressed into 1 mm thin
sheets under 150 MPa pressure. In order to effectively elim-
inate the organic matter in the sample, the temperature was
increased to 600°C at the rate of 0.3°C/min, held for 2 h, then
naturally cooled down to room temperature. Compared to
nontextured ceramics, textured ceramics used lower sintering
temperature and longer holding time. We found the optimal
sintering conditions for textured ceramics were as follows:
first holding the temperature at 750°C for 1 h, then holding
at 1000°C for 6 h.

2.5. Characterization of microstructure and
electromechanical properties

The phase structure of these samples was characterized
using powder X-ray diffraction (XRD, D/max 2400, Rigaku
Corporation, Tokyo, Japan). The microscopic morphology of
these samples was observed using scanning electron micros-
copy (SEM, HELIOS NanoLab 600i, FEI Corporation, OR,
USA). Prior to electrical properties testing, all samples were
poled at 50°C under a DC electric field of 30 kV/cm for
10 min. The piezoelectric coefficient d;; of the material was
measured using a quasistatic d;; meter (ZJ-4A, Institute of
Acoustics, Chinese Academy of Sciences, Beijing, China).
The change of capacitance with temperature at different
frequencies was measured using an LCR meter (Agilent
E4980A, Agilent Technologies, CA, USA) with a tempera-
ture chamber, and the change of dielectric constant with
temperature was calculated based on the capacitance mea-
surements. The ferroelectric hysteresis loops (P—E) of these
materials were measured using a ferroelectric test system (TF
Analyzer 2000E, aixACCT, Germany).

2.6. Performance characterization of transducers

Pulse-echo response measurements were used to characterize
the performance of ultrasonic transducers. A pulse/receiver
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(5073PR, Olympus, Japan) was used to send an electrical
pulse signal, where the reputation rate is set to 500 Hz, elec-
trical impulse energy is 2 ;J, and the damping factor is 50 Q.
Pulse-echo response was received and displayed on a digital
phosphor oscilloscope (DPO4104, Tektronix, USA). The fre-
quency spectrum was obtained by fast Fourier transform of
the pulse-echo waveform and the center frequency and band-
width of the transducer are obtained from the frequency spec-
trum. A function/arbitrary waveform generator (DG1022,
Rigol, China) was used to measure the insertion loss. The
waveform generator emitted a 30-cycle sine wave with a
voltage amplitude of V, at the center frequency of the trans-
ducer. The voltage value V,, of the received echo response is
obtained and measured using an oscilloscope. The insertion
loss is calculated according to the following equation:

IL=2010g(“//—0). (1)

1

3. Results and Discussion

The XRD pattern samples are shown in Fig. 1(a), all sam-
ples show pure perovskite phase. For nontextured PNN-PZT
ceramics, the presence of tiny splits near the peak at 45° indi-
cates that multiphase coexists in these ceramics. In contrast,
the textured ceramics exhibit distinct (100) and (200) peaks,
while other peaks nearly vanished. The peak splitting near
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45° is more pronounced after texture engineering, which
implies an increase of the tetragonal phase content in the
ceramic. It is found that the Lotgering factor Fy,, of textured
ceramics can reach 97%;, indicating an excellent alignment of
grains along [001].. Figures 1(b) and 1(d) show the surface
and fracture surface morphologies of the textured ceramic,
respectively. The grain size of textured ceramic is around
20 um, and BT templates are about 10 um long and 1 pm
thick embedded inside the grains. In addition, a small num-
ber of very small size grains can be observed at the grain
boundaries, which are nonoriented grains not involved in the
texture process. Figure 1(c) shows the surface morphology of
PNN-PZT ceramics, it can be seen that the grain size is in the
range of 2-7 um, which is much smaller than the grain size
of textured ceramics.

Figure 2(a) shows the P—F hysteresis loops of textured
and nontextured PNN-PZT ceramics. The textured and non-
textured samples exhibit similar coercive field £, both around
6.4 kV/cm. Compared with nontextured ceramics, textured
samples exhibit lower remnant polarization P, and maximum
polarization P,,,,. This phenomenon is due to the increase of
<001> oriented grains within the ceramic after texturing.!'®
Figure 2(b) compares the temperature dependent dielectric
behavior of samples at 1 kHz before and after texturing pro-
cess. Unlike some reported results, textured and nontextured
ceramics exhibit similar Curie temperatures 7, both are at

Fig. 1.

(a) XRD patterns of nontextured ceramic and textured ceramic, (b) Surface morphology of textured ceramics, (c) Fracture surface

morphology of textured ceramics, and (d) Surface morphology of nontextured ceramics.
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Fig. 2.
nontextured ceramic and textured ceramic.

203°C. It can be seen that the permittivity £, at room tem-
perature and the maximum permittivity ¢,,, of the textured
ceramics are reduced, which is due to the introduction of BT
templates with lower dielectric properties.'? Furthermore, for
nontextured ceramics, there is a distinct dielectric peak at
95°C, which represents the rhombohedral(R)-tetragonal(T)-
phase transition temperature. However, this distinct peak dis-
appears in textured ceramics and the curve is very flat below
100°C.

The depolarization temperature of ceramics is an import-
ant parameter of piezoelectric ceramics. To determine this
temperature, we annealed the samples at different tempera-
tures and the holding time was set to 10 min. After cooling
back to room temperature, the change in the piezoelectric
coefficient was measured, and the test results are shown in
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(a) The variation of piezoelectric coefficient with annealing temperature.
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(a) P-E hysteresis loops of nontextured ceramic and textured ceramic. (b) Dielectric permittivity as a function of temperature for

Fig. 3(a). For nontextured ceramics, when the annealing
temperature exceeds 120°C, the ceramic piezoelectric coef-
ficient begins to show a significant decrease, and when the
annealing temperature is 160°C, the ceramic is completely
depolarized. For textured ceramics, a small decrease in the
ceramic piezoelectric coefficient occurs when the tempera-
ture is higher than 90°C. When the temperature is higher than
120°C, changing trend becomes similar to that of nontextured
ceramic. The piezoelectric properties of textured ceramics
are more susceptible to annealing temperature than those of
nontextured ceramics in the temperature range below from
90°C to 120°C, which may be due to the presence of more
internal stresses in textured ceramics.

The electromechanical coupling factor is one of the most
important parameters of piezoelectric ceramics, and its
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(b) The temperature dependence of electromechanical
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temperature stability is extremely important for device appli-
cations. Because the resonance peak corresponding to k, splits
during the warming process leading to significant measure-
ment errors, k;; was chosen to measure the electromechanical
properties at different temperatures. It is noted that the two
types of samples exhibit similar temperature dependence.
Figure 3(b) shows the change of k;, of samples with tempera-
ture. After holding all samples at the corresponding tempera-
ture for 10 min, the resonant frequency and the anti-resonant
frequency were measured, and the k5, was calculated using
the following equation:

K _rfy 7=t

1-k3,  2f, 2f,
It can be seen that k;; does not change for all samples when
the temperature is below 60°C. When the temperature is
higher than 60°C and lower than 140°C, the k5, of textured
ceramics gradually decreases, but is still higher than that of
nontextured ceramics, while the k;; of nontextured ceramics
is almost a constant. When the temperature is higher than
140°C, the k5, of all samples dropped sharply. The compari-
son of performance parameters of all samples and commer-
cial PZT-5H is given in Table 1. It can be seen that PNN-PZT
ceramics have phase transition temperatures with piezoelec-
tric coefficients similar to those of commercial PZT-5H. The
permittivity of PNN-PZT ceramics is slightly lower than
that of commercial PZT-5H, while PNN-PZT ceramics have
a higher electromechanical coupling factor &, than PZT-5H.

2

Table 1. Electromechanical properties of PNN-PZT ceramic,
textured ceramic and PZT-5H ceramic.

dy(pC/N) T(°C) T 1(°C) a5

tand k

PNN-PZT 680 203 80~120 2832 1.6% 0.51
PNN-PZT-3 vol.%BT 920 203 — 2230 2.3% 0.55
PZT-5H 680 191 80~120 3287 1.8% 0.46

(a)

QD/ Housing
/ Wire
Backing layer
Piezoelectric ceramic
~——> Electrode

IS Matching layer

Fig. 4.
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PNN-PZT textured ceramics exhibit significantly better elec-
tromechanical properties compared to nontextured PNN-PZT
ceramics and PZT-5H ceramics.

In order to see the influence of material properties on
the transducer performance, piezoelectric transducers were
prepared using these three types of piezoelectric ceramics.
As shown in Fig. 4(a), the transducer is composed of a match-
ing layer, a piezoelectric ceramic disk, backing layer, wires
and housing. The prepared transducers are shown in Fig. 4(b).
The metal housing material is aluminum, and the wire mate-
rial is copper. The acoustic parameters of the matching layer,
piezoelectric material and backing layer are given in Table 2.
All transducers have the same thickness of matching layer,
backing layer and piezoelectric ceramic, where the match-
ing layer material is made of E-51 epoxy resin mixed with
100 nm alumina at a mass ratio of 1:1, and the backing layer
material is made of E-51 epoxy resin mixed with 5 um tung-
sten powders at a mass ratio of 1:8.5.

The pulse-echo waveforms and frequency spectra of the
three transducers are given in Fig. 5. The PNN-PZT ceramic
and PZT-5H ceramic transducers have similar pulse-echo
waveforms and both have a long ring-down tail. In contrast,
the textured ceramic transducer has a cleaner pulse-echo
waveform, as shown in Fig. 5(c).

The performance parameters of these transducers, includ-
ing the center frequency, insertion loss and —6 dB bandwidth
of the transducers are given in Table 3. The PNN-PZT ceramic
transducer has nearly equal insertion loss to that of PZT-5H
transducer due to the fact that both have the same piezoelec-
tric coefficient. In contrast, PNN-PZT textured ceramic trans-
ducer has significantly higher piezoelectric coefficient and
therefore its insertion loss is smaller by more than 3 dB. The
—6 dB bandwidth of the transducer depends on the electrome-
chanical coupling factor of the ceramic, the PZT-5H ceramic
has the smallest electromechanical coupling factor, so the
bandwidth is significantly lower than the other two transduc-
ers. It is known that increasing the piezoelectric coefficient

(a) Structure diagram of transducer. (b) Physical drawing of transducer.
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Table 2. Acoustic parameters of the matching layer, piezoelectric material and backing layer.

PNN-PZT-3 Matching Backing
PNN-PZT vol.%BT PZT-5H layer layer
Density p (g/cm?) 7.6 7.5 7.4 1.7 7.2
Diameter (mm) 11.61 11.54 11 — —
Longitudinal acoustic velocity v (m/s) 4010 3920 4500 2810 1580
Acoustic impedance Z (MRayls) 30.5 294 333 4.9 11.4
Thickness ¢ (mm) 0.75 0.75 0.75 0.23 30
Frequency constant N, (kHz'mm) 2145 1810 2250 — —
Impedance at resonance point (W) 243 35.7 25.1 — —
Acoustic attenuation coefficient — — — 1 10
at 3 MHz a (dB/cm)
Frequency (MHz) Frequency (MHz) Frequency (MHz)
0 1 2 3 4 5 0 2 3 5 0 2 3 4 5
3 T T T T 0 3 T T T T 0 3 T T T T 0
2k
-20
s g s g s g
g > £ 5 & S
<. = <. = <. =
-60
2k
3 L L -80 3 . L -80 -80
13 14 15 16 13 14 15 16
Time (us) Time (us) Time (us)
(@) (b) ©

Fig.5. Pulse-echo waveform and frequency spectrum of the (a) PNN-PZT ceramic transducer, (b) PZT-5H ceramic transducer and (c) PNN-

PZT textured ceramic transducer.

Table 3. Performance parameters of the transducer.
Center frequency Insertion -6 dB
Transducer (MHz) loss (dB) bandwidth (%)
PNN-PZT 3.03 -17.89 59.95%
PNN-PZT-3 vol.%BT 3.05 —-14.43 63.65%
PZT-5H 2.95 -17.90 53.11%

of the piezoelectric ceramic can reduce the insertion loss
or increase the sensitivity of the transducer. On the other
hand, the electromechanical coupling factor of the ceramic
is the determining factor for the bandwidth of the transducer.
Therefore, for practical transducer applications, it is import-
ant to enhance both the piezoelectric coefficient as well as the
electromechanical coupling factor of piezoelectric material.

4. Conclusion

In conclusion, PNN-PZT ceramics were modified by texture
engineering, which substantially improved its piezoelectric
coefficient (ds; ~ 920 pC/N) with improved electromechan-
ical coupling factor (k, ~ 0.55). Single element ultrasonic
transducers were made using PNN-PZT ceramic, PNN-PZT

textured ceramic and PZT-5H ceramic, and their performance
were characterized and compared. The results show that tex-
tured PNN-PZT ceramic transducer has much smaller inser-
tion loss or higher sensitivity (more than 3 dB better) due
to its larger piezoelectric coefficient. In addition, due to the
improved electromechanical coupling factor, the bandwidth
of textured PNN-PZT ceramic transducer is also increased.
Therefore, texture engineering is an effective method to
increase the piezoelectric properties as well as increase the
electromechanical coupling factor of piezoelectric ceramics,
which are all very important for ultrasonic transducers. It is
expected that with further optimization of transducer designs,
the textured PNN-PZT ceramics may replace PMN-PT single
crystals in high-end medical imaging transducers.
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