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Abstract:  Lead-based piezoelectric ceramics are only available materials for non-invasive 
medical ultrasound applications, while the embedded therapeutic and diagnostic procedures 
require lead-free piezoelectric transducer material.  In order to achieve that, ultrasound material 
technology needs to be extended so as to be applicable for invasive ultrasonic applications. 
Along this goal, perovskite-type piezoelectric system of (K1/2Na1/2NbO3-LiTaO3-LiSbO3; KNN-LT-
LS) has been investigated.  The effect of Ba2+ ion as an A-site additive has shown the 
improvement on the permittivity, piezoelectric charge coefficient as well as planar and longitudinal 
coupling coefficients.  Piezoelectric charge coefficient, d33, and longitudinal coupling coefficient, 
k33, were shown up to 36% and 58% improvement upon 1 mol. % Ba2+ substitution.  Remnant 
polarization increment along with coercive field decline was observed when 1 mol. % Ba2+ is 
introduced.  This characteristic along with piezoelectric property improvement is indicating the 
soft piezoelectric behavior in this system.  Microstructure studies have shown that substitution of 
1 mol. %Ba2+ has lowered the grain size while improved the densification behavior of samples. 
 
To demonstrate the performance capability of the base composition, a single element ultrasonic 
transducer was fabricated and the pulse-echo characteristics measured.  At a center frequency of 
3.56 MHz, the transducer had a -6 dB fractional bandwidth of 36.8% and an insertion loss of – 
8.36 dB.  The studied lead-free piezoceramic system could be an excellent candidate for invasive 
and/or embedded medical ultrasound applications.   
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I. INTRODUCTION 
 
High electromechanical properties of the lead-based piezoelectric materials such as PZT [1, 2] 
have led to an extensive use of these materials in different piezoelectric applications. Even after 
losing some of their lead content during processing, PZT materials contain more than 60 weight 
percent lead.  The lead loss occurs through vaporization at elevated temperature during sintering 
the ceramic to its final density.  The practice of prohibiting its use in consumer products, sooner 
or later, will compel the US to follow Japan and the EU to impose exclusion of lead in transducer 
applications as well. Environmental and safety concerns with respect to the utilization, recycling, 
and disposal of Pb-based ferroelectric materials have induced a new surge in developing lead-
free ferroelectrics, specifically those with properties comparable with their lead-based 
counterparts. Finally, the necessity for using transducers with lead-free materials in therapeutic 
and monitoring ultrasound devices which requires the embedded system in the body is another 
driving force for lead-free piezoelectric materials investigations.    
  
In the past two decades, high frequency ultrasound imaging (HFUSI) has been the focus of many 
research studies to improve the image resolution to less than 10 µm.  Such imaging modalities 
operate in the frequency range of 20-200 MHz. The immediate clinical applications of HFUSI are 
in the imaging of skin [1-3], anterior chamber of the eye [8, 9], gastrointestinal tract [2, 5] and the 
arterial walls [6, 7].  One of the main considerations for HFUS imaging modality is the design of a 
transducer with high sensitivity, SNR, and depth of penetration.  These can be achieved by the 
use of a proper selection of piezoelectric material and low depth of focus utilizing synthetic 
aperture focusing technique and/or B/D-scanning modes [8].  Piezoelectric materials such as sol-
gel lead zirconate titanate (PZT) [9], thin film spin coated polyvinylidene difluoride (PVDF) [10], 
Zinc oxide [11], lead titanate (PT) [12], and Lithium niobate (LiNbO3) [13] have already been 
explored and to some extent shown to be suitable for constructing transducers in this frequency 
range. The disadvantage of polymeric PVDF transducers is their poor sensitivity due to their low 
coupling coefficients and high dielectric loss, as shown in Table 1 [14].  Zinc oxide (ZnO) is a 
piezoelectric material with the highest piezoelectric properties among the tetrahedrally-bonded 
semiconductors.  Its large piezoelectric coupling coefficients [15] have made it a technologically 
important and promising material in many applications, such as those characterized by surface 
acoustic waves.  Table 1 shows the electromechanical properties of ZnO ceramics.  Lead 
zirconate titanate (PZT) ceramic has extensively been used in piezoelectric transducers for a 
broad range of medical applications due to its excellent piezoelectric properties, see Table 1.  As 
a result of its high dielectric constant, PZT ceramic must be well matched electrically to the 
coaxial line and pulser/receiver systems [16].  Therefore the application of PZT ceramic is limited 
to frequencies below 100 MHz [17] since it is almost impossible to electronically match the 
ceramic to any drive system.   
 

Table 1. The electromechanical properties of some piezo-polymer and piezo-ceramics. 
Property PZT-5H  PVDF ZnO PT PN 

d33 (pC/N) 620 -20 12 68 100 
K 4100 11 11.26 200 220 
tan δ (%) 2.7 10  <2.0 6 
kt (%) 43 10 22.9 49 34 
kp (%) 65 - 46.6 6 - 
Qm 72 3-10  120 15 
Z (MRayls) 33 4  35 20 

d33: the piezoelectric charge coefficient, kt: the thickness coupling coefficient, kp: the planar coupling 
coefficient, and K: dielectric constant. 
 
Similar to morphotropic phase boundary (MPB) compositions observed in PZT ceramics, recent 
investigation has focused on the binary or ternary systems in non-lead based piezoceramics [1].  
Among lead free piezoelectric materials, bismuth-layer structured ceramics such as Srx-1Bi4-xTi2-

xTaxO9 are suitable candidates for sensors, resonators and filter applications due to their high Tc 
(>600ºC), anisotropic properties, and very high mechanical quality factor, Qm (13500) [18-20].  



Lately, ceramics with perovskite structures such as Bi1/2Na1/2TiO3-based solid solution and 
alkaline niobate compounds K1/2Na1/2NbO3 (KNN) have received considerable attention due to 
their higher piezoelectric properties and coupling coefficients than any  other non-lead based 
piezoelectric ceramics [21-27] as shown in Table 2.  KNN is a solid solution of  KNbO3 and 
NaNbO3.  Potassium niobate  (KN) ceramic with ferroelectric orthorhombic symmetry at room 
temperature has the phase transitions similar to BaTiO3 but with higher Tc (~420 ºC). NaNbO3 
(NN) ceramic is an orthorhombic anti-ferroelectric at room temperature with Tc = 355ºC [1, 28].  
Therefore, the KNN system resembles the PZT system in the sense that it is comprised of 
ferroelectric and antiferroelectric end-members.  The addition of KN to NN results in a 
ferroelectric phase with a high Tc exceeding 400ºC, and is accompanied by a decrease in critical 
electric field needed to induce a ferroelectric phase transition as compared to that of pure NN [22-
27].  The minimum amount of K+ needed in the NN host to induce a ferroelectric phase has been 
reported as 0.6 atomic percent, for which the spontaneous polarization is 33 µC/cm2 [1].  
Unmodified KNN ceramics are difficult to sinter, and exhibit poor aging in air.  Samples that are 
synthesized via pressureless sintering are known to exhibit poor piezoelectric properties [29, 30].   
Hot pressing or hot forging of KNN has proven to be very effective in obtaining improved 
piezoelectric properties as compared to those obtained otherwise [27,31].  Attempts have also 
been made to improve the sinterability and piezoelectric properties of KNN through A-site or B-
site addition/substitutions [32-37].  Saito et al.'s pioneering work on MPB compositions in the 
binary KNN- LiTaO3 system, or ternary KNN-LT-LiSbO3 [38, 39] has explicitly shown that 
piezoelectric properties comparable to hard PZT-4 can indeed be achieved.  
 

Table 2. Piezoelectric properties of various non-lead based piezoelectric ceramics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The purpose of this study is to investigate the effects of processing method and donor dopant on 
the dielectric, piezoelectric, electrical, and acoustic properties of the MPB composition in the 
KNN-LT-LS ternary system.  For the processing methods, we study mixed oxide of initial base 
constituents in the ternary system.  For the donor doping, we have chosen Ba2+ as an A-site 
substitution based on the ionic size considerations and valence so as to explore the possibility of 
imparting "soft" characteristics to the MPB composition in a way similar to what has been 
accomplished in the past for the PZT system. We also examine and report our preliminary results 
of transducers fabricated from such ferroelectric ceramics. 
 
II. EXPERIMENTAL 
 
The compositions of interest were synthesized according to the A-site defect formula (A1-mx/nDx) 
BO3, where x is the mole fraction of dopant (x = 0.0, 0.5, 1.0, 1.5, 2.0), D denotes the dopant 
(Ba2+), m and n are the valences of dopant and A-site ions respectively.  Here A and B represent 
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a: BT: BaTiO3 [46]
b: SBTT3(0.3): Sr0.3Bi3.7Ti2.7Ta0.3O12[47]
c: KNN-LT: K0.5Na0.5NbO3-LiTaO3[48]
d: BiNT-BiKT-BT: Bi0.5Na0.5TiO3-Bi0.5K0.5TiO3-BaTiO3 [23] 
e: NBiT: Na0.5Bi4.5Ti4O15 [49]
f: PZT-4:  A-site substituted hard PZT [46]



the A-site and B-site cations in the KNN-LT-LS host, i.e.  ((K0.5Na0.5Li0.04)1-

2xBax(Nb0.86Ta0.04Sb0.06)O3.  
  
Preparation of compositions with different molar percents of Ba2+ was carried out by wet ball 
milling of appropriate molar ratio of K2CO3 (Alfa Aesar, 99.0% min.), Na2CO3 (Alfa Aesar, 99.5% 
min.), Nb2O5 (H.C. Starck, 99.9%), Li2CO3 (Alfa Aesar, 99.0% min.), Ta2O5 (Alfa Aesar, 99.85% 
min.) and Sb2O5 (Alfa Aesar, 99.99% min.) for 12 hours using the ZrO2 milling media in Aceton. 
The mixed powders were dried over night at 110ºC in an oven. Then the batches were pre-
reacted at 850ºC for 5 hours. Samples that were 12mm diameter and 1 mm thickness were 
sintered at 1150ºC for one hour in an oxygen atmosphere.  Qualitative X-ray phase analysis was 
carried out on Philips D500 with Cu Kα radiation using a step-scan of 0.03 degrees per step in 2θ 
and 2 seconds dwell time per step.  The microstructures of the sintered samples were studied by 
field emission scanning electron microscopy (FESEM) LEO (ZEISS) 982. Grain size 
measurements were carried out using the mean intercept length method from at least five 
different areas of sample. The top and bottom surfaces of samples were lapped and then poled 
under an electric field intensity of 50kV/cm for 15 min in silicon oil at 100ºC.  Piezoelectric charge 
coefficient, d33, was directly recorded from a Berlincourt piezometer (Channel Products, Inc.).  
Permittivity and dielectric loss were measured at 1 kHz using the HP 4194A impedance/gain-
phase analyzer.  Piezoelectric planar and thickness coupling coefficients, (kp and kt) were 
calculated from the resonance and anti-resonance frequencies of the impedance traces, and in 
accordance to the IEEE Standards [40]. Longitudinal coupling coefficient, k33, was estimated from 
the thickness and planar coupling factors. The room temperature polarization-field (P-E) 
hysteresis loops were measured with a Sawyer-Tower circuit that was operated at 50 Hz (Radiant 
Technologies Inc.). The resistivity-temperature measurements were carried out using a 
commercial I-V testing system (Radiant Technologies Inc.) in a silicon oil bath with controlled 
temperature.  
 
 
III. RESULTS AND DISCUSSION 
 
Fig. 1 compares the X-ray traces of the sintered samples with different molar percentages of 
Ba2+. When the Ba+2 content is ≤ 1.0 mol%, the prepared samples were orthorhombic specified 
by the splitting of the (220) and (002) reflections and by higher intensity counts for the (220) 
peaks.   Further increase in the Ba2+ beyond 1.0 mol% concentration reduces the splitting of 
(220) and (002) orthorhombic reflections. This indicates that the dopant is incorporated into the 
perovskite structure, and on the other hand forms a significant amount of tetragonal phase at 1.5 
mol%, and transformed into a pseudo-cubic phase at 2.0 mol.% Ba+2.   The transformation of 
orthorhombic phase to pseudo-cubic state has also been reported for the addition of Ta dopant 
into KNN ceramics [35].  In the mean time, x-ray data up to 2 mol.% did not show any evidence of 
detectable second phase.  
 
Fig. 2 shows SEM micrographs of unpolished top surfaces of the sintered samples with different 
Ba2+ concentrations.  The grains of all prepared samples were cubic shape and a decrease in 
grain size was witnessed with increasing Ba2+ content.  As shown in Fig. 3, the undoped 
composition had an average grain size of ~3 µm, while the grain size of samples with 2 mol% of 
Ba2+ was ~0.5 µm.  It appears that Ba2+ is an effective grain growth inhibitor in this system. 
Table 3 shows the effect of Ba+2 content on the physical and electromechanical properties of 
sintered ceramics.  Fig. 3 also depicts the effect of Ba+2 substitutions on the relative density of 
sintered samples.  The samples with 0.5 -1.0 and 2.0 mol% Ba2+ substitution had the highest and 
lowest relative densities, respectively.  Interestingly the relative density of samples with 2.0 mol% 
Ba+2 was even much lower than those of samples made from undoped composition.  This was 
attributed to the effect of Ba+2 on the increase of sintering temperature.  No signs of liquid phase 
formation at the applied sintering temperature were observed.  Similar observation was reported 
by Saito [39] for samples without Ba+2 whose relative densities and sintering temperature were 
100% and 1150 °C, respectively.  The sintering temperature range for the base composition with 



full densification has been reported to be 50 °C in which melting occurs at 1175 °C while samples 
still retain their original shape. 
 

Fig. 1- The X-ray traces of the sintered samples with different molar percentages of Ba2+. 
 
 
 
 
 
.   

Fig. 2- SEM micrographs of unpolished top surfaces of the sintered with various Ba2+ concentration.   
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Fig. 3- The effect of Ba+2 substitution on relative density and grain size of the sintered samples in oxygen 
atmosphere at 1150 ºC-1hr. 
 
 
 
Table 3. Physical and electromechanical properties of sintered ceramics with different mol. % of Ba+2. 
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Fig. 4 illustrates the polarization-field behavior of samples with different molar percentages of 
Ba2+.  A well saturated hysteresis loops were obtained for the composition with Ba+2 ≤ 1.0 mol.%.  
The remnant polarization (Pr) and coercive field (Ec) of the base composition (0.0 mol.% Ba+2 ) 
were ~13.5 µC/cm2 and ~14.5 KV/cm, respectively.   The Pr values increased with increasing the 
Ba+2 concentration, reaching maximum value of ~21 µC/cm2.  Further increase of the Ba+2 
concentration gave rise to unsaturated hysteresis loops and a significant decline of the 
polarization values.  The Pr values at high mol.% Ba+2 were even smaller than that of the base 
composition, see also Table 2.  The coercive field values of all samples doped with the Ba+2 were 
smaller than that of samples prepared with base composition.  The decrease of the coercive field 
values illustrated that the addition of the Ba+2 transformed the base composition into a soft 
ferroelectric material.  This action is similar to the addition of various dopants to the PZT ceramic 
with morphotropic phase boundary composition for transforming it to what is know as soft PZT 

Mol. % Ba2+

Properties 0.0 0.5 1.0 1.5 2.0

d33, (pC/N) 154 165 210 71 45
g33, ×10-3 (Vm/N) 26.2 24.1 20.2 7.3 5.5
K (@ 1 kHz) 664 773 1173 1104 917
tan δ (@ 1 kHz) 0.029 0.049 0.026 0.029 0.062
Poisson’s ratio 0.345 0.410 0.380 0.360 0.325
Coupling Coefficients:

kp 0.222 0.279 0.348 0.177 0.104
kt 0.284 0.244 0.369 0.270 0.141
k33 0.355 0.364 0.491 0.320 0.175
k31 0.127 0.152 0.194 0.101 0.061

Velocity (m/s) 5690 6134 5713 5990 5222
Z (MRayls) 25.89 28.77 26.85 27.56 22.72
Qm: 85.4 65.5 72.0 43.0 69.1
Frequency Constant:

Np (Planar) 3197 3321 3191 3272 3073
Nt (Thickness) 2845 3067 2856 2995 2611

Relative Density, % 93.0 96.0 96.1 94.0 89.0
Curie Temperature, (º C) 298 281 266 208 190
Remnant Polarization (µC/cm2) 13.55 18.56 20.74 8.20 7.42
Coercive Field (kV/cm) 14.46 10.46 9.83 7.70 10.87
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Fig. 4- The polarization-field behavior of samples with different molar percentages of Ba2+. 

 
Dielectric properties of the Ba2+ doped samples were studied within the temperature range of 75-
350 ºC at 1 kHz.  Shown in Fig. 5, the maximum dielectric constant for the base composition (0 
mol.% Ba+2) was 5500 with a curie temperature (Tc) of ~290 °C.  For comparison, Saito had 
reported a curie temperature of 253 °C for the base composition.  The observed 37 °C 
temperature difference could be due to the fact that (1) the base composition in this study was 
slightly different from that reported by Saito, (2) the base composition in our study has 
orthorhombic phase and Saito reported a tetragonal base at room temperature, (3) the base 
composition powder were prepared by two different methods.  In this study we directly calcined a 
mixture of carbonate and oxide precursors to obtain final base composition while in Saito’s work 
the calcined powder were prepared by mixing five precalcined binary systems (namely NN, KN, 
KT, LS, and NS).  As the molar percentage of the Ba2+ increased, the Tc’s shifted to lower 
temperatures and the corresponding maximum dielectric constants decreased. In addition, the 
widths of dielectric peaks were broadened with increasing the Ba2+ concentration. The notable 
permittivity decline when Ba+2 > 1 mol.% was attributed to the substantial change in the 
microstructure and crystalline phase of the samples, as discussed above and shown in Figures 2 
and 3.  
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Fig. 5-  The dielectric constant versus temperature for various Ba+2 concentration.  
 
The room temperature permittivity and dielectric loss versus Ba+2 mol.% are depicted in Fig. 7.  
Samples had almost similar dielectric loss for Ba+2 content ≤ 1.5 mol.% and it abruptly increased 
to 5% for samples containing 2 mol.% Ba+2.  The dielectric constant of the samples increased and 
reached its maximum value at 1 mol.% and then decreased by further increase of Ba+2 content.  
This can be explained by the fact the addition of Ba+2 content ≥ 1.5 mol.% lowered the relative 
density of sintered bodies by reducing the grain size and trapping porosity in the microstructure.  
However, the substitution of various contents of the Ba+2 in A site significantly improved the room 
temperature dielectric permittivity.   
 

 
Fig. 6- The room temperature permittivity and dielectric loss versus Ba+2 mol.%. 

 
Fig. 7 shows the piezoelectric properties (d33, k33, kt, and kp) of the samples versus the Ba+2 
mol%.  As seen, all piezoelectric properties represent similar trend, reaching to the maximum 
values at 1 mol%.  Further increase of the Ba+2 concentration above 1 mol% gave rise to the 
reduction of all piezoelectric properties.  It must be mentioned that above 1 mol%, the 
piezoelectric properties of the samples were even lower than those for the base composition with 
0.0 mol% Ba+2.   
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Fig. 7- The piezoelectric properties (d33, k33, kt, and kp) of the samples versus the Ba+2 
mol.%. 
 
To demonstrate the performance capability that can be achieved with the base composition, a 
single element ultrasonic transducer was fabricated.  The probe had a single matching layer and 
air backing for maximum sensitivity.  Fig. 8a schematically shows the structure of the transducer.  
The target was a stainless steel plate with dimension of 4x4x1 inches. The selected dimension 
was at least 10 times larger than wavelength of the ultrasonic sound. The ceramic disc was 10 
mm in diameter and 0.85 mm thick.  The front face of the ceramic was covered with silver past 
(7095, Dupont) to the edge while the electrode on the back face was 5mm in diameter located at 
the center of the ceramic disc.  After firing the electrode at 500 °C for 5 minutes and poling, the 
ceramic disc was placed in epoxy housing and one wire of a coaxial cable was soldered to the 
back electrode.  The ground wire of the coaxial cable was passed through an access orifice to the 
top surface and connected to the front electrode using silver epoxy (4922N, Dupont) cured at 
room temperature for 12 hours, as shown in Fig. 8a.  An acoustic matching layer about 170 µm in 
thickness was bonded onto the front surface using ethyl cyanoacrylate (Elmer’s Product Inc.). 
The sound velocity and acoustic impedance of the matching layer were 2460 m/s and 4.3 MRayls 
at 3.5 MHz, respectively.  The complex electrical impedance of the probe was 58.0Ω with a 
capacitance of 614.387 pF.  Fig. 8b shows a photograph of a fabricated ultrasonic probe. 
 
 
 
 
 
 
   (a)      (b) 
 
 
 
 
 
 
 
 
 
Fig. 8-  (a) Schematic representation of the transducer probe (Left) and (b) photograph of a fabricated 
ultrasonic probe (Right). 
 
Echo waveforms from a stainless steel plate were measured using a conventional pulse-echo 
method at room temperature. A standard pulser/receiver (Panametrics, Model 5800) was used 
with the following parameters: gain = 40 dB, energy level = 12.5 µJ, damping resistance = 25Ω.   
Fig. 9 shows measured pulse-echo characteristics of the probe.  The center frequency, - 6dB 
fractional bandwidth, and insertion loss were 3.56 MHz, 36.8%, and –8.36 dB, respectively. 

 Acoustic matching layer

Coaxial cable

Epoxy case

Electrode

Silver epoxy Acoustic matching layer

Coaxial cable

Epoxy case

Electrode

Silver epoxy

1 cm 



 

Fig. 9 Measured pulse-echo characteristics of the probe 
 

SUMMARY AND CONCLUSION  
 
Substitution of the Ba2+ as an A-site ion in the system of (Li,Na,K) (Nb,Ta,Sb)O3 (KNN-LT-LS) 
with different molar percentages (0-2%) of Ba2+ was studied. The powders were pressed 
uniaxially and sintered at 1150 °C in oxygen atmosphere. The dielectric constant and all 
piezoelectric properties increased with the addition of up to 1 mol.% of Ba2+ and then decreased 
notably when the higher concentration of the Ba2+ was used. The Curie temperature shifted to 
lower temperatures by incorporation of Ba+2. Room temperature permittivity is showing the 
increment by substitution of Ba2+ up to one mol.% while the maximum permittivity at Tc is shifted 
toward the lower temperatures. In the mean time, the shape of the permittivity-temperature peak 
is widening upon more Ba2+ substitution. Fabrication of a single air-backed probe transducer with 
KNN-LT-LS base composition realized a measured -6 dB fractional bandwidth of 36.8% and an 
insertion loss of –8.36 dB, at a center frequency of 3.56 MHz. Permittivity and piezoelectric 
properties along polarization and coercive results indicate the soft piezoelectric behavior when 
Ba2+ is substituted in the KNN-LT-LS system.  
 
In conclusion, the importance of this system relative to other known lead-free piezoelectric 
ceramics are that (1) the piezoelectric and electromechanical properties are higher, (2) the 
biocompatibility is higher, thereby facilitating invasive/embedded medical ultrasound applications,       
and (3) the lower density results in a corresponding lower acoustic impedance, providing a more 
efficient match of acoustic energy into human tissue.  
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