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Abstract

Ceramic-polymer composites are manufactured and studied for their applications
in acoustic impedance matching. Various ceramic-epoxy composites are developed
and their impedance properties studied. Among them, the zirconium oxide-epoxy
composite exhibits a tolerable attenuation level and an optimum impedance value for
matching the piezoelectric ceramic-water interface. It is then integrated on to a
home-made medical high intensity focused ultrasound (HIFU) transducer to test its
effectiveness. The beam profile of the HIFU transducer is characterized by a

hydrophone, and an in-vivo experiment is carried out to gauge its performance.

Keywords: Acoustic matching layer; Ceramic-polymer composites; HIFU; In-vivo

experiment

1. Introduction

Acoustic impedance describes the behaviours of acoustic waves traveling in
substances, and is given by Z = p % ¢, where p is density and c is acoustic wave
velocity [1]. It plays an important role when one acoustic wave travels across the
interface between two substances, the larger the impedance mismatch, the more the
energy loss. Matching layer is a coating layer to abase the huge difference mismatch
between two materials — piezoelectric PZT ceramic and water for example, where
Zpz1 = 35 MRayl and Zyr = 1.5 MRayl. However, the thickness of matching layers
and their impedance values also affects the efficiency of power transmission. It can
be shown that for a monochromatic plane wave, the maximum transmission between
the PZT ceramic and water with impedances of Zpz1 and Zyar occurs for a matching

layer of A,/4 thickness and of acoustic impedance Z,,, where:

Zm = ZPZTZwater (1)

and Ay, is the wavelength in the matching layer material (see Fig.1) [2].

Water, Zater

/4

Matching layer, Z,,

Fig. 1. Acoustic matching layer for

PZT, Z . .
» TPt PZT ceramic-water interface.

For acoustic matching applications, acoustic impedances of ceramic materials are

too high for transmitting ultrasonic waves into water/human tissues. To reduce the



impedance, both the density and wave velocity within the ceramic need to be lower.
Ceramic-polymer composites are potential matching layer materials capable of
integrating into commercial transducers due to their modifiable impedances achieved
by adjusting the volume percentages of components [3,4]. Due to the development
of ultrasonic transducers of higher resonant frequencies for medical imaging
applications, the required matching layer thickness becomes thinner, ranging from
hundred nanometers to few micrometers. Therefore, for the homogeneity of the
matching layer, the average ceramic particle size in ceramic-polymer composites is
typically limited to nanometer size. Generally the impedances of ceramic-loaded
epoxies range from 2.8 to 11.3 MRayl, depending on the material type and mixing
ratio. Some existing studies have mentioned that the aging process of cured
ceramic- epoxy composites can increase their impedances [5]. In the present study,
various ceramic-epoxy composites are manufactured and studied for their applications

in acoustic impedance matching.

2. Experimental procedure

In order to produce highly dense ceramic-epoxy composites, a new method
involving the control of viscosity and bubble formation is adopted. The raw polymer
and ceramic materials were two-part epoxy (Cheng-E Co., Taiwan), aluminum oxide
powder (Al,Os;, Taimax Materials Co., Taiwan), zirconium oxide powder (ZrO,,
Yageo Co., Japan), and barium titanate powder (BaTiOs, Yageo Co., Japan). The
mean particle sizes were 223.5 nm, 1.619 um, and 1.669 pum for ZrO,, Al,O3, and
BaTiOs, respectively. The powder size was characterized using a zetapotential meter
(Zetasizer, Malvern Co., Taiwan).

The epoxy resin was pre-heated to 120°C and held for 10 minutes to lower its
viscosity and release the residual bubbles. 20, 30, and 30 grams of Al,O3, ZrO,, and
BaTiOs; powders were mixed separately with the pre-heated resin, respectively, to
form colloidal solutions of volume 10 ml. The colloidal solutions were thoroughly
stirred at 120°C and then placed in vacuum for 5 min for multiple times to ensure that
the bubbles trapped between the ceramic particles escaped the colloidal solutions
completely. The degree of compaction of the ceramic particles in the solutions
gradually increased during the stir-then-vacuum procedure, and the resin eventually
became excessive. The excess epoxy resin was removed, and the epoxy hardener
was added into the solutions. Finally, the solutions were poured into wax molds and
cured at room temperature for 24 hr. The resultant bulk composites were then aged

at 80°C for 5 hr. The entire processing flow is schematically shown in Fig. 2.
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Fig. 2. Processing steps of acoustic matching composites.

To determine the acoustic impedance of a material, the wave traveling velocity in
the material is a necessary parameter. Therefore, each of the prepared bulk ceramic-
epoxy composite was cut and ground into a disc sample and adhered on to an
ultrasonic probe (GE Panametrics Co., USA) using ultrasonic gel for wave velocity
measurements. The ultrasonic probe was used to transmit and receive ultrasound
waves under a pulser-receiver setup. The reflected wave signals were collected
using an oscilloscope (Lecroy Co., USA). Recording the time interval between the
reflected waves and knowing the sample thickness led to the value of wave velocity
within the prepared composite matching layer.

In order to prevent frequency coupling between the transmitting and receiving
waves within the ultrasonic probe, an external hydrophone (ONDA Co., Taiwan) was
utilized to receive the acoustic waves emitting from the composite matching layer.
The hydrophone measurement was set up under water to minimize attenuation and
maximize the hydrophone efficiency. Each matching composite sample was set up
identically on the ultrasonic probe as mentioned above. After traveling through the

composite sample, the emitting ultrasonic waves were collected by the hydrophone



and then transformed into electrical signals to the oscilloscope. The measured wave
forms were converted into frequency spectrums using Fast Fourier Transform (FFT).

The measurement system for frequency distribution is shown in Fig. 3.
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Fig. 3. Measurement system for frequency distribution of an ultrasonic transducer

with a composite matching layer.

3. Measurements and discussion

The measured values of density, internal wave velocity, impedance, and
attenuation of the three developed ceramic-epoxy composites are listed in Table 1.
The internal wave velocity is calculated from the reflection time of 1 MHz wave
traveling through a distance of double the thickness. A 180° phase shift at the
composite-probe interface is discovered (i.e. a wave crest becomes a wave trough).
It is found that the attenuation level of the epoxy increases when it is loaded with
ceramic particles. This is due to the dissipation of acoustic energy at the ceramic-
epoxy interfaces. Based on Eq. (1), a matching layer material with an impedance
value close to 7 MRayl and of course low attenuation is desirable for transmitting
ultrasonic waves from a ceramic piezoelectric transducer into water/human tissues.
From Table 1, it is evident that ZrO,-epoxy composite is the most suitable acoustic
matching material due to its appropriate impedance value and reasonable attenuation.

In order to examine the acoustic matching efficiency of ZrO,-epoxy composite, a
quarter-wavelength ZrO,-epoxy composite matching layer was integrated on to a
home-made bowl-shape high intensity focused ultrasound (HIFU) transducer. The

home-made HIFU transducer shown in Fig. 4 was manufactured to operate at 1.5



MHz.

The bowl-shape piezoelectric (PZT) element of the transducer had a diameter

of 10 cm and a curvature radius of 20 cm and was purchased from FUJI Ceramics Co.,

Japan.

Co., Taiwan.

The electrical matching circuit of the transducer was built by Broadsound

The ultrasonic beam profiles of the transducer, such as the axial and

lateral pressure distributions, were measured by a hydrophone moving incrementally

along the axes by a step motor (see Fig. 5).

Composite Density (g/cm’) | Velocity (m/s) | Impedance (MRayl) | Attenuation (Np/cm)
Epoxy 1.162 2566.260 2.982 0.797
AL Os-Epoxy 1.748 2835.081 4.956 0.916
ZrO,-Epoxy 2.517 2503.831 6.302 0.973
BaTiOs-Epoxy 2.633 2322.122 6.114 1.095

Table 1. Acoustic properties of developed composite materials.
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Fig. 4. The home-made HIFU transducer with ZrO,-epoxy matching layer.
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Fig. 5. Axial and lateral beam profiles of the home-made HIFU transducer.

An in-vivo experiment was carried out on a pork bulk to test the performance of
the home-made HIFU. The experimental setup is shown in Fig 6. The pork bulk
was pre-heated to 37°C to model the temperature of human tissues. The HIFU
transducer is capable of driving at 105 watts with less than 2% power reflection.



The low level of power reflection demonstrates the high efficiencies of the acoustic
and electrical matchings. After heating for 80 sec, the pork bulk was sliced into
several pieces to measure the lesion size (shown in Fig. 7). The length and width of

the lesion at the focal point were about 4.7 cm and 1.6 cm, respectively.

2

ol sl 6 7 8 o 10 1l 12l

Fig. 7. Lesion inside the pork bulk after in-vivo experiment.

4. Conclusion

In summary, three different ceramic-epoxy composites are developed and
compared in terms of acoustic matching characteristics. Among them, ZrO,-epoxy
composite is the most suitable material for matching layer applications due to its
optimum acoustic impedance value for bridging the impedance mismatch between the
ceramic piezoelectric element and water/human tissues. A bowl-shape home-made

HIFU transducer with a single ZrO,-epoxy composite matching layer is manufactured



to study the efficiency of the composite matching layer. The HIFU transducer could
be driven at 105 watts with less than 2% power reflection. The performance of the

HIFU transducer is demonstrated by an in-vivo experiment.
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characteristics of various ceramic-epoxy composites have been studied extensively.
These composite materials have the potential to replace traditional polymer-based
impedance matchings on commercial piezoelectric ultrasound transducers. A
manuscript is currently under preparation for submission to international journals.
Additionally, applications of ROC and US patents based on the findings of the present
study are currently being processed. The contents of the patents are not discussed in

the current report.
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The meeting at San Diego was a success. SPIE’s annual meeting on smart materials and structures
is one of the largest conferences in the world. International scholars and researchers in the field of
ferroelectrics were very interested in the polarization and strain hysteresis measurements of the
BNBK ceramics. There were lots of discussions on the processing, characterization, and possible
applications of the lead-free BNBK ceramics. The depolarization temperature of BNBK was also
a topic of high interest since this critical temperature point would decide how feasible the BNBK is
used to replace lead-base ferroelectrics like the PZT family of ceramics. Overall, this was a highly
productive and worthwhile conference trip. The conference proceeding (Proc. of SPIE Vol. 6526
65260M) is attached below.



Switching characteristics of (Bi;;Na;;)TiO3;—BaTiO;—(Bi;,K;,)TiO3

lead-free ferroelectric ceramics

J. Shieh™, K.C. Wu*, C.S. Chen"
“Department of Materials Science and Engineering
bDepartment of Civil Engineering
National Taiwan University, 1 Roosevelt Road, Sec. 4, Taipei 106, Taiwan

ABSTRACT

The polarization switching characteristics of lead-free a(Bij»Na;,)TiOs—bBaTiO3;—c(Bi;,K;,)TiO; (abbreviated as
BNBK 100a/1006/100c¢) ferroelectric ceramics are investigated. This is achieved through examining their polarization
and strain hystereses inside and outside the morphotropic phase boundary (MPB). The total induced electrostrain (&3 ;)
and apparent piezoelectric charge coefficient (ds;) first increase dramatically and then decrease gradually as the BNBK
composition moves from the tetragonal phase to the MPB and then to the rhombohedral phase. The measured
polarization hystereses indicate that the BNBK compositions situated near the rhombohedral side of the MPB typically
possess higher coercive field (£.) and remanent polarization (P,), while the compositions situated near the tetragonal side
of the MPB possess higher apparent permittivity. Adverse effects on the ferroelectric properties are observed when
BNBK is doped with donor dopants such as La and Nb. On the contrary, intricate hysteresis behaviors are observed when
acceptor dopant Mn is introduced into BNBK. Under an alternating electric field of #5.0 MVm™', BNBK 85.4/2.6/12, a
composition well within the MPB, exhibits an &3 ,,,; of ~0.14%, an apparent ds; of 295 pCN™, an E, of 2.5 MVm™ and a
P, of 22.5 pCem™. These notable ferroelectric property values suggest a candidate material for lead-free actuator
applications. The present study provides a systematic set of hysteresis measurements which can be used to characterize

the switching behaviors of BNBK-based lead-free ferroelectrics.

Keywords: BNBK, lead-free, ferroelectrics, ferroelectricity, hysteresis, polarization switching
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1. INTRODUCTION

There has been a determined effort to develop lead-free ferroelectric ceramics with high piezoelectric properties by
various doping and alloying routes, but no effective alternative to the lead zirconate titanate (PZT) system has yet been
found.' Nevertheless, several lead-free ceramic systems have shown great potential. Saito et al.” have developed a highly
<001> textured alkaline niobate-based perovskite ceramic with a piezoelectric charge coefficient d3; of 416 pCN™', which
is widely regarded as the closest lead-free system to the actuator-grade hard and semi-hard PZT ceramics to date. A
considerable literature also exists concerning the dielectric and piezoelectric properties of (1-x)(BiysNays5)TiO;-xBaTiO;
(abbreviated as BNBT-100x) and (1-y)(BiysNags)TiOs-y(BigsK5)TiO; (abbreviated as BNKT-100y) solid solutions.*”
These two bismuth sodium titanate (BNT)-based ceramic solid solutions have rhombohedral-tetragonal morphotropic
phase boundary (MPB) compositions existed on x = 0.06-0.07 for BNBT-100x and y = 0.16-0.20 for BNKT-100y.*'
From these two solutions, a ternary system, a(BijsNags)TiOs-6BaTiOz-c(BijsKgs)TiO; (abbreviated as BNBK
100a/1006/100¢), can be developed.'” A piezoelectric charge coefficient of di; = 191 pCN™', an electromechanical
coupling factor of k;; = 0.56 and a dielectric constant of KT33 = 1141 have been observed for the BNBK 85.2/2.8/12
composition which has a tetragonal phase near the MPB.'” In comparison with BNBT and BNKT, compositions of the
BNBK ternary system typically exhibit higher depolarization and/or Curie temperatures.”™'*'" So far the dielectric and
piezoelectric properties of the BNBK system have received some limited attention.'®'? However, there are no systematic

data available on its polarization and strain hystereses. This insufficiency shall be addressed in the present study.

In broad terms, ferroelectric sensors operate within the linear regime with subsequent signal amplification: linearity is
more important than signal power. In other applications such as ferroelectric actuators, nonlinear behavior is a
consequence of operating at high power. Hence, it is critical to measure the polarization switching characteristics of a
newly developed ferroelectric system in order to gauge its ability to be used as linear and/or nonlinear devices."® The aim
of this study is to investigate the switching characteristics of BNBK-based lead-free ferroelectric ceramics, focusing on
the MPB compositions. This is achieved through examining their hystereses in the electric polarization (D) vs. electric

field (E) and strain (&) vs. electric field (£) responses.
2. EXPERIMENTAL PROCEDURE

Conventional mixed oxide techniques were used to prepare the BNBK ceramics. Reagent-grade metal oxide and
carbonate powders were used as starting raw materials. These oxide and carbonate powders were mixed in ethanol and
ball-milled for 24 h. After calcining (800 °C, 1 h), the powder mix was again ball-milled for 24 h with the addition of
PVA binder. After the second ball-milling procedure, the ground ceramic powders were oven-dried (120 °C, 24 h) and
then pressed into sample discs. After debinding (600 °C, 1 h), these sample discs were sintered at 1170 °C for 2 h in air.

Crystalline phases of the sintered BNBK ceramic samples were confirmed using an X-ray diffractometer (Rigaku

Proc. of SPIE Vol. 6526 65260M-2



D/max-B). In total, 11 types of BNBK composition samples were prepared and Fig. 1 shows their relative positions on
the room temperature phase diagram of the (BiysNags)TiO3-BaTiO;-(Biy K¢ 5)TiO; ternary system. Samples 1-9 situate
within the MPB of BNBK and consist of 40 mol% BNBT and 60 mol% BNKT. The exact constitutions of the BNBT and
BNKT components of a BNBK sample are expressed by the number affixed; for example, Sample 8, which is BNBK
6.5-20, is of composition 40 mol% (BiysNags).935Bag0ssTI03 + 60 mol% Bijs(NaysKg2)osTiO;. Note that Sample 8,
BNBK 6.5-20, can also be denoted as BNBK 85.4/2.6/12 by working out the exact percentages of the three constituents,
(BipsNag5)TiO;, BaTiO;3 and (Biy 5K 5)TiO3;. Sample 10 (i.e., BNBK 75/5/20) and Sample 11 (i.e., BNBK 90/5/5) are
two compositions outside the MPB and situate at the tetragonal and rhombohedral regions, respectively. They do not lie
on the 40 mol%-BNBT-60 mol%-BNKT composition line. Several MPB compositions of the BNBT and BNKT systems
were also prepared via the same processing route in this study for comparison purposes. For polarization and strain
hysteresis measurements, sample discs were cut into cuboidal specimens measuring 10 x 10 x 3 mm and silver-based
paints were applied onto the 10 X 10 mm faces to form top and bottom electrodes for electric field excitation. Electric
field loading was applied using a high-voltage amplifier (Trek 20/20C), driven by a ferroelectric analyzer (aixACCT
TF2000). The polarization and strain of the specimen during electrical loading were measured by the ferroelectric
analyzer and miniature strain gauges (TML FBX-04-11-005LE) attached onto the 10 x 3 mm faces of the specimen,
respectively. All hysteresis measurements were carried out at room temperature (~ 25 °C) with the specimen contained

within a silicon oil bath to prevent electrical breakdown.

1 — BNBK 6-16

Bi ?(KTT.O 2 > BNBK 6.5-16
(Big 5K 5)TIO; 3 > BNBK 6-18

\ 4 > BNBK 7-16
BNKT 20 5 > BNBK 6-20
: 6 > BNBK 6.5-18
7 —> BNBK 7-18
8 > BNBK 6.5-20
9 > BNBK 7-20

10 —» BNBK 75/5/20
11 — BNBK 90/5/5

60 mol% BNKT \\
+ i)
40 mol% BNBT.._ \\

10 ‘
o ‘ RN
6 BNKT 16
Tetragonal LTy
\‘ MPB \ . Rhombohedral
BT ® ® BNT

(BaTiOy) BNBT7  BNBT65  BNBT6  (Bj Na,)TiO,
(BiysNay 5),.,Ba, TiO,

Fig. 1. Schematic of BNBK phase relationship around the MPB. Locations of 11 different BNBK composition samples prepared for

the present study are shown.
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3. MEASUREMENTS AND DISCUSSION

3.1 Polarization hysteresis

The stable polarization D-E hysteresis curves for the BNBK, BNBT and BNKT specimens, measured at a cyclic electric
field of amplitude +5.0 MVm™, a frequency of 0.2 Hz and sinusoidal waveform, are shown in Fig. 2. The coercive fields
(E.) and remanent polarizations (P,) of the specimens obtained from the measured D-E curves are listed in Table 1. It is
evident from Fig. 2 that BNBT is the “softest” among the three ferroelectric systems, with its specimens showing the
highest average P, and lowest average E.. In contrast, the BNKT specimens exhibit the lowest average P, and a less sharp
polarization transition at E. (i.e., switching is completed over a wider range of electric field) — both are indications of a
“hard” ferroelectric system. The switching behavior of BNBK in terms of hardness/softness falls in between the BNBT
and BNKT systems and is strongly dependent on its composition. In all three systems, the specimens with compositions
situated at or near the rhombohedral side of the MPB (e.g., BNBT-6, BNKT-16, BNBK 6-16, BNBK 6.5-16, BNBK 6-18
and BNBK 7-16) exhibit larger polarization hystereses, which typically give rise to higher £, and P, values, while the
compositions situated at or near the tetragonal side of the MPB (e.g., BNBT-7, BNKT-20, BNBK 7-20 and BNBK 6.5-20)
possess higher apparent permittivity, which could be calculated from the slope gradient of the D-E hysteresis curve at
zero electric field. Among the nine MPB compositions of BNBK prepared for this study, BNBK 6.5-20 had the lowest £,
(=2.5 MVm'") and BNBK 7-20 had a relatively high P, (=24.5 uCem™) with an E, just below 3.0 MVm™.

3.2 Strain hysteresis

The stable strain &-E hysteresis curves (i.e., butterfly curves) for the BNBK compositions inside and outside the MPB,
measured at a cyclic electric field of amplitude +5.0-5.5 MVm', a frequency of 0.2 Hz and sinusoidal waveform, are
shown in Fig. 3. In order to achieve a satisfactory level of polarization saturation with 5.0-5.5 MVm™, only the BNBK
compositions with £, < 3.0 MVm™ were chosen for the strain hysteresis analysis. Note that 15 kV is needed to achieve
+5.0 MVm™ on the 3 mm thick specimen. Strain measurements with excitation voltage > 15 kV were not carried out in
order to protect the strain amplifier and gauges from high-voltage arc striking. It is evident from Fig. 3 that the tetragonal
BNBK produces relatively the smallest strain under cyclic electrical loading. The remanent strain (&) and total
electrostrain in the 33-direction (&3, increase significantly when the BNBK composition moves from the tetragonal
phase into the MPB, peaking at BNBK 6.5-20. While &, remains relatively unchanged, &; ., decreases progressively as
the composition shifts away from the MPB BNBK 6.5-20 into the rhombohedral phase, which is achieved by increasing
the BNT amount in the BNBK system. Fig. 3 shows that MPB compositions BNBK 6.5-18 and BNBK 6-20, which
contain more BNT than BNBK 6.5-20, exhibit smaller electrostrains. A similar trend to &; ., is also observed for the
apparent ds3, obtained from the slope gradient of the butterfly curve at zero electric field. With a composition well within

the MPB, BNBK 6.5-20 exhibits an &, of ~0.14%, more than double than that of BNBK 7-20 which situates at the

Proc. of SPIE Vol. 6526 65260M-4



tetragonal boundary of the MPB. The apparent ds; of BNBK 6.5-20 is 295 pCN™', an impressive number for a lead-free

ferroelectric ceramic. The values of &, and apparent ds; for the chosen compositions are listed in Table 2.

H
[-~]

—BNBK 6-16
—BNBK 6-18
— BNBK 6-20

MPB

— BNBK 90/5/5
— BNBK 75/5/20

| D3 (uCecm?)

Non-MPB

-6 6
E; (MVm™)
—BNBK 6.5-16 —BNBT 6
— BNBK 6.5-18
- BNBK 6.5-20
MPB
-6 6
E; (MVm™)
2
—BNBK 7-16 —BNKT 16 . D3 (nCcm™)
— BNBK 7-18 — BNKT 18
-~ BNBK 7-20 -~ BNKT 20
MPB MPB
-6 6
E; (MVm™)

Fig. 2. Measured polarization D-E hysteresis curves for BNBK, BNBT and BNKT (f;,, = 0.2 Hz).
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Table 1. Coercive fields (E£.) and remanent polarizations (P;) of BNBK, BNBT and BNKT compositions.

BNBK composition | P, (nCem?) E.(MVm™) Composition P, (uCem?) | E.(MVm™)

6-16 24.0 32 BNBK 90/5/5 22.8 2.7
6-18 233 3.3 BNBK 75/5/20 9.5 1.3
6-20 23.4 2.8

6.5-16 233 3.3 BNBT 6 27.4 2.9

6.5-18 225 2.8 BNBT 6.5 28.5 2.5

6.5-20 225 2.5 BNBT 7 29.1 2.3
7-16 25.5 3.4 BNKT 16 233 3.3
7-18 23.6 3.3 BNKT 18 21.6 2.3
7-20 24.5 3.0 BNKT 20 22.8 2.8

046
£35(%)
6.5-20 (MPB) I
6.5-18 (MPB) ‘
6-20 (MPB) “
90/5/5 (Rhm)
720 (Tet/MPB) X \
75/5/20 (Tet) \\\
\
1 1 1
-8 -6 g
=004

Fig. 3. Measured strain &-E hysteresis curves for BNBK compositions inside and outside the MPB (f;,, = 0.2 Hz).
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The stable polarization and strain hysteresis curves for BNBK 90/5/5 and BNBK 75/5/20 are shown in Figs. 2 and 3,
respectively. Apart from the actuating properties such as &, and ds3, the heavily BNT-based rhombohedral BNBK
90/5/5 also displays a much higher remanent polarization than the tetragonal BNBK 75/5/20. This is most likely due to
the higher number of equivalent crystallographic directions which the spontaneous polarization could take up in a
rhombohedral structure (i.e., eight [111] directions). Nevertheless, the magnitude of strain produced by BNBK 90/5/5 is
still no match for those produced by the compositions well within the MPB. Fig. 4 compares the strain hystereses of
BNBK 6.5-20 and its two constituent components, BNBT-6.5 and BNKT-20. A substantial 0.20% total electrostrain is
observed for BNBT-6.5, a composition positioned right in the middle of the MPB of the BNBT system. When BNKT-20
is introduced into BNBT-6.5 (i.e., forming BNBK 6.5-20), decreases in the electrostrain and apparent ds; are obvious.
This decline of actuating ability, though, is likely to be rewarded by increases in the depolarization and Curie
temperatures (20-80 °C increase), as indicated by existing studies.'®!"" The pure BNKT composition, BNKT-20, exhibits
a small &; i, 0f ~0.05%, much less than those of BNBT-6.5 and BNBK 6.5-20. The values of &3 ,,,; and apparent ds; for
BNBT-6.5 and BNKT-20 are also listed in Table 2. It is clear from Fig. 4 that the strain hysteresis of a BNBK

composition combines the straining characteristics of its two constituent components, BNBT and BNKT.

o
[\ ]
on

&5 (%)

BNBT 6.5

BNBK 6.5-20

BNKT 20

Fig. 4. Measured strain &-E hysteresis curves for BNBT-6.5, BNKT-20 and BNBK 6.5-20 (f,,,, = 0.2 Hz).
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Table 2. &3, ., and apparent d33 of selected BNBK, BNBT and BNKT compositions.

BNBK composition Crystallographic phase 33 10ta1 (Y0) Apparent dz3 (pCN™")
75/5/20 Tetragonal 0.052 76
7-20 Tetragonal / MPB 0.064 121
6.5-20 MPB 0.140 295
6.5-18 MPB 0.126 216
6-20 MPB 0.114 209
90/5/5 Rhombohedral 0.107 205

Other composition

BNBT 6.5 MPB 0.198 361
BNKT 20 Tetragonal / MPB 0.054 97

3.3 Doping effects

The stable polarization and strain hysteresis curves for BNBK 6.5-20 doped with 1.0 mol% La®* and/or 1.0 mol% Nb*"
are shown in Fig. 5. Donor dopants for the PZT system such as La and Nb typically lower the coercivity and increase the
polarization and actuation strain of PZT."* However, it is evident from Fig. 5 that La and/or Nb dopings have adverse
effects on the ferroelectric properties of the BNBK system. The magnitudes of induced polarization and strain decrease
dramatically when La and/or Nb dopants are introduced into BNBK 6.5-20. This is likely due to the disappearance of
large stable ferroelectric domains within the BNBK relaxor. In contrast, intricate hysteresis behaviors are observed when
Mn, an acceptor dopant for the PZT system, is added into BNBK. The stable polarization and strain hysteresis curves for
BNBK 6.5-20 doped with 0.1-2.9 mol% Mn*" are shown in Fig. 6. It is evident that the apparent permittivity of BNBK
6.5-20 decreases with Mn doping and higher E, and P, values are measured when the Mn doping amount is higher than
1.0 mol%. &334, of BNBK 6.5-20 decreases significantly when 0.1 mol% Mn®" is added, but later recovers as the doping
amount increases to 1.0 mol%. An asymmetric butterfly curve is observed when 2.9 mol% Mn?" is added, which
suggests a high degree of incomplete switching of polarization under an alternating electric field of £5.0 MVm™'. This
asymmetry is not observed in pure BNBK 6.5-20 and BNBK 6.5-20 doped with 0.1-1.0 mol% Mn*" under an identical

loading condition. Further detailed studies are required to explain the intricate hysteresis behaviors of Mn-doped BNBK.
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Fig. 5. Measured polarization and strain hysteresis curves for BNBK 6.5-20 doped with 1.0 mol% La*>" and/or 1.0 mol% Nb**.
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Fig. 6. Measured polarization and strain hysteresis curves for BNBK 6.5-20 doped with 0.1-2.9 mol% Mn®",
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4. CONCLUSION

In summary, the switching characteristics of the MPB compositions of the (BijsNags)TiO3-BaTiO;-(BigsKg5)TiO;
lead-free system have been investigated. This was achieved through examining their polarization and strain hystereses.
The BNBK compositions situated near the rhombohedral side of the MPB typically possess higher E. and P,, while the
compositions situated near the tetragonal side of the MPB possess higher apparent permittivity. The total induced
electrostrain and apparent ds; increase dramatically when the BNBK composition moves from the tetragonal phase into
the MPB. They then decrease gradually as the composition shifts away from the MPB into the thombohedral phase.
Under an alternating electric field of 5.0 MVm™', BNBK 6.5-20 (a.k.a. BNBK 85.4/2.6/12) exhibits an 33 101a1 OF ~0.14%,
an apparent ds3 of 295 pCN™', an E, of 2.5 MVm™ and a P, of 22.5 nCem™. These notable ferroelectric property values

indicate that the BNBK 6.5-20 ceramic is a candidate material for lead-free actuator applications.
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