
 

Abstract—In this paper, lead-free 0.965(K0.45Na0.55) 

(Nb0.96Sb0.04)O3-0.0375Bi0.5Na0.5Zr0.85Hf0.15O3(KNNS-BNZH)/epoxy 

1-3 composite was designed and fabricated with dice-and-fill 

method. The composite material exhibited a high thickness 

electromechanical coupling coefficient (kt=0.7), high piezoelectric 

constant (d33=350 pC N-1), relatively low mechanical quality factor 

(Qm=5), and relatively low acoustic impedance. An ultrasonic 

transducer with a center frequency of 5 MHz was produced based 

on the 1-3 KNNS-BNZH/epoxy composite, showing a broad 

bandwidth of 80% (-6 dB) and two-way insertion loss of -30 dB. 

Ultrasonic and photoacoustic images were further demonstrated. 

The outstanding performance of the 1-3 KNNS-BNZH/epoxy 

composite transducer competitive to PZT-based transducers 

suggests that the lead-free material can serve as a promising 

alternative to Pb-based piezoelectric materials for ultrasonic 

applications.   

Index Terms—composite, piezoelectric, lead free, transducers, 

ultrasonic 

I. INTRODUCTION 

ltrasonic transducers are essential to achieve micrometer-

scale resolution for diagnostic biomedical ultrasonic and 

photoacoustic imaging, and nondestructive testing [1]. As the 

core active element of the transducer, the properties of 

piezoelectric materials play a dominant roles to determine the 

transducer performance, including bandwidth and sensitivity 

[2]. At present, dominant piezoelectric elements are lead-based 

piezoelectric materials, represented by Pb(Zr1-xTix)O3 (PZT) 

and PZT-based composite materials, which have been 

extensively used to fabricate ultrasonic transducers, due to their 

excellent piezoelectric and electromechanical properties  (strain 

~0.1%,  kt ~0.48, and d33 ~400-600 pC N-1) [3]-[7]. The release 

of lead during the fabrication process produces environmental 

hazard [8], although lead-based piezoelectric materials are 

temporally exempted from the Restriction of Hazardous 

Substances [9]. It is highly desirable to develop 

environmentally friendly piezoelectric alternatives to PZT, with 

equivalent or even higher piezoelectric performance in 

comparison with those of the lead-based counterparts [10], [11]. 

    Various lead-free material systems have been explored in 

order to replace PZT. For example, Ba(Ti0.8Zr0.2)O3-
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(Ba0.7Ca0.3)TiO3 (BTZC) ceramics with a tricritical-point-type 

morphotropic phase boundary (MPB) was reported with high 

d33 of ~620 pC N-1, but the Curie temperature  (Tc) of 93 oC is 

too low for practical device application [12]. In the Bi0.5TiO3 

(BNT)-based system, a low depolarization temperature (Td) was 

not desirable for practical applications [13]. Among the 

reported lead-free piezoelectric systems, (K,Na)NbO3 (KNN)-

based ceramics are one of the most promising candidates, due 

to their both high piezoelectric response and high curie 

temperature [14], [15]. Saito et al. reported a large piezoelectric 

coefficient d33 of 416 pC N-1 in the Li+, Ta5+, and Sb5+ doped 

KNN [16]. Wu. et. al. have recently demonstrated a large d33 of 

490 pC N-1 and Curie temperature of 227 oC in KNN-based 

material with a composition of (1-x)(K1-yNay)(Nb1-zSbz)O3-

xBi0.5(Na1-wKw)0.5ZrO3 [17]. Furthermore, one notes that the 

KNN-based system exhibited a larger thickness mode 

electromechanical coupling coefficient kt and a larger 

frequency constant Nt, which are favorable for achieving a high-

frequency transducer with higher sensitivity [13]. However, the 

excellent piezoelectric properties in the new KNN-based 

materials have not been well utilized for realizing ultrasonic 

transducers with superior electromechanical performance [17]. 

For example, M. Bah et. al., fabricated 6 MHz-transducer using 

undoped KNN, which shows a limited d33 value (~127 pC N-1) 

[32]. N. M. Hagh et. al., reported a single-element ultrasonic 

transducer using Ba-doped KNN, which also exhibits low d33 

value (~210 pC N-1) [25]. Therefore, it is interesting to 

demonstrate ultrasonic transducers with KNN-based materials 

that can compete with lead-based transducers. 

For enhancing the resolution in ultrasonic and photoacoustic 

imaging, the piezoelectric composites with 1-3 connectivity, 

consisting of parallel arrays of piezoelectric ceramic rods 

embedded in a passive polymer matrix, have attracted much 

attention in ultrasonic transducer applications [19]-[21]. The 

coexisting advantages of the ceramics and the polymer phases 

enable a competitive piezoelectric performance and a low 

acoustic impedance, contributed from the incorporated ceramic 

and the polymer matrix, respectively. Especially, the 1-3 

connectivity is capable of effectively enhancing kt in the 

thickness mode. However, the reported performances of 1-3 

type transducers made of lead-free KNN ceramics generally fall 

far behind with the counterpart of the lead-based ones, resulting 

from the poor piezoelectric properties. In this work, 
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compositionally optimized KNN-based piezoelectric ceramic, 

as reported in previous work [Ref. 15], was used as an active 

phase in the 1-3 composite by a dice-and fill technique. Based 

on the lead-free KNN-based piezoelectric composite, a single 

element ultrasonic transducer was designed, fabricated and 

tested. 

II. MATERIAL PREPARATION AND PROPERTIES

    Raw materials including K2CO3(99.0%), Na2CO3(99.8%), 

Nb2O5(99.5%), HfO2 (99.0%), Sb2O3(99.99%), 

Bi2O3(99.999%), and ZrO2(99%) were used to prepare the 

ceramic with composition of 0.965(K0.45Na0.55)(Nb0.96Sb0.04)O3-

0.0375Bi0.5Na0.5Zr0.85Hf0.15O3 (KNNS-BNZH) by the 

conventional solid state synthesis method. For the optimized 

KNNS-BNZH system, additives of Bi0.5Na0.5Zr1-zHfzO 

(BNZH), Sb5+ and Hf4+ are capable of tailoring the coexistence 

of rhombohedra-tetragonal (R-T) phases for improving the 

piezoelectric performance properties. All raw materials were 

weighed and ball milled for 24 h with alcohol. After that, the 

mixing slurries were dried and calcined at 850 oC for 6 h. The 

calcined powder was mixed with a binder of 8 wt% polyvinyl 

alcohol (PVA) and then was pressed into pellets with 10 mm in 

diameter and 1 mm in thickness under a pressure of 10 MPa. 

After burning off PVA, the pellets were sintered at 1070-1090 
oC for 3 h in air to achieve a well crystallized KNNS-BNZH 

ceramic pellet. 

The KNNS-BNZH ceramic pellets were polished to a 

thickness of 0.5 mm for fabricating 1-3 composites. In order to 

avoid the mode coupling, the aspect ratio (height to width) of 

KNNS-BNZH rods embedded in the composites should be at 

least 2.5 [8]. An array transducer based on the 1-3 piezoelectric 

composite can be produced using dicing saw method when the 

pillar size is smaller than that of the array element size. 

Considering the fragile nature of the KNNS-BNZH ceramic, a 

dice-and-fill method was adopted to prepare the 1-3 composite 

with the designed aspect ratio, as illustrated in Fig. 1. A 40-µm-

thick nickel/diamond blade with a DZAD 1456 dicing saw 

(DISCO, Japan) was used to dice the KNNS-BNZH ceramic 

pellet. The resultant kerf width was 50 µm due to the blade 

vibration. During the dicing process, the dicing speed was 

assigned to be 1 mm s-1.  The KNNS-BNZH plate was diced 

from one direction with 230 µm pitch and 500 µm depth, and 

later diced from the perpendicular direction, in order to form 

periodic rods with 500 µm in height and 180 µm in width. The 

kerfs were then filled by low-viscosity epoxy (Epo-Tek 301, 

Epoxy Technology, USA). After vacuum degas and 

solidification, the KNNS-BNZH in epoxy matrix was lapped to 

remove excess KNNS-BNZH ceramic and epoxy from the top 

and bottom sides of the composite plate to reach a thickness of 

450 µm. Fig. 2(a) shows the well-crystallized KNNS-BNZH, 

which can be further dice-and-filled to fabricate the KNNS-

BNZH/epoxy 1-3 composite. The volume fraction of KNNS-

BNZH rods in the composite was calculated to be 61%. The 

gold (Au) electrode with a thickness of ~50 nm was sputtered 

onto both sides of the composites, which was further poled 

under an electric field of 3 kV mm-1 in a silicon oil bath at 60 

oC for 10 min. Here, the thickness mode was used in this type 

of transducer. 

    Electrical and acoustic properties of the as-prepared KNNS-

BNZH/epoxy 1-3 composite with the dimension of 8 mm 

(diameters) × 0.45 mm (thickness) were tested. The 

piezoelectric strain coefficient d33 of the composite was directly 

measured by a Berlincourt d33 meter at 55 Hz and the density 

was determined from the Archimedes principle. An impedance 

analyzer (HP4294A, Agilent Technologies Inc., Hyogo, Japan) 

was employed to measure the frequency dependence of the 

Fig. 1. Schematic procedure of the dice-and-fill method used for fabricating 1-3 KNNS-BNZH/epoxy composites for transducers. 

Fig. 2. SEM images of (a) KNNS-BNZH ceramic and (b) KNNS-

BNZH/epoxy 1-3 composite. 



electrical parameters (electrical impedance, capacitance, 

conductance, etc.). Fig. 3 shows the impedance and 

conductance spectra of the poled KNNS-BNZH/epoxy 1-3 

composite in the frequency range of 2-10 MHz. From Fig. 3(a), 

the resonance and anti-resonance frequencies of the composite 

were determined to be 5.1 MHz and 6.8 MHz, respectively. 

According to the IEEE standard on the piezoelectricity [22], 

part of the major electrical properties of the poled composite 

including electromechanical coupling coefficient kt, acoustic 

velocity c, acoustic impedance Z and mechanical quality factor 

Qm can be determined from the spectra, as the following 

formulae: 

𝑘𝑡 = √
𝜋𝑓𝑟

2𝑓𝑎
tan(

𝜋

2

𝑓𝑎−𝑓𝑟

𝑓𝑎
)         (1) 

where fr and fa are resonant and anti-resonant frequencies, 

respectively, as shown in Fig. 3(a), 

𝑐 = 2𝑁𝑡 = 2𝑡𝑓𝑎       (2) 

where Nt is the frequency constant and t is the thickness of the 

sample,  

𝑍 = 𝜌𝑐      (3) 

where ρ is the density, which was determined from the 

Archimedes principle, and c is the acoustic speed of the 

material, 

𝑄𝑚 =
𝑓𝑟

𝑓+1/2−𝑓−1/2
  (4) 

where 𝑓+1/2 and 𝑓−1/2 are the upper and lower frequencies with

half of the conductance obtained at 𝑓𝑟 from the conductance

spectra shown in Fig. 3(b). 

The summarization of the electrical properties of the present 

composite wafer and other major piezoelectric systems is 

shown in Table 1. The piezoelectric constant of the KNNS-

BNZH/epoxy 1-3 composite was measured to be ~350 pC N-1 

using a quasi-static d33 meter. This derived d33 value is 

comparable to that of the PZT/epoxy 1-3 composite (~300-400 

pC N-1) [23]. With the overall dielectric constant greatly 

reduced with epoxy, the piezoelectric composite structure can 

significantly enhance piezoelectric voltage coefficient g33, 

therefore effectively improving the sensitivity in the receiving 

mode for ultrasonic transducer applications. It is apparent that 

the composite wafer has a higher kt (0.70) value. One notes that 

our estimated kt value achieved in the fabricated KNNS-

BNZH/epoxy 1-3 composite is apparently higher than most of 

the KNN-based lead-free ceramics, such as KNN-Sr [24], 

KNN-Ba [25], KNN-Li, Sb [26], and comparable to the 

performance of the commercial lead-based PZT ceramics [27]. 

It shows a competitive conversion efficiency between electrical 

and mechanical energy for ultrasonic transducer applications. 

The acoustic impedance Z is another important dynamic 

performance parameters for ultrasonic imaging. Bulk ceramics 

generally have high acoustic impedances. For example, typical 

PZT ceramics exhibit high acoustic impedance of 31 MRayls 

and KNNS-BNZH of 26 MRayls. Such high acoustic 

impedance usually causes much energy loss at the interfaces of 

transducers and mediums such as human tissue and water (1.5 

MRayls) [28]. In this work, the acoustic impedance of KNNS-

BNZH/epoxy 1-3 composite can be further lowered to 15.8 

MRayls due to the contribution of low acoustic impedance of 

epoxy. Therefore, the KNNS-BNZH/epoxy 1-3 composites are 

favorable for ultrasonic biomedical imaging and diagnostic 

applications because of the enhanced acoustic impedance 

matching. Moreover, the mechanical quality factor Qm of the 

piezoelectric ceramics is also very important factor. Generally, 

the high Qm value is highly needed in actuator application in 

order to keep the dissipation of acoustic energy at a minimum 

level. However, low Qm is required to generate short acoustic 

pulses, which enable imaging transducer to exhibit good axial 

resolution [29]. For the KNNS-BNZH/epoxy 1-3 composite, 

the Qm value can be reduced to 5, which are beneficial to 

obtaining broad operating bandwidth and improving the 

stability of the transducer [22]. All these characteristics make 

the KNNS-BNZH/epoxy 1-3 composite an excellent system for 

environmentally friendly ultrasonic transducer applications 

with higher sensitivity and broader bandwidth.  

III. DESIGN AND FABRICATION OF TRANSDUCERS

    Based on the above KNNS-BNZH/epoxy 1-3 composite 

wafer, a 5 MHz ultrasonic transducer was further designed and 

fabricated. A front-face matching layer was employed between 

Fig. 3. (a) The impedance and phase angle spectra, and (b) the 

conductance and susceptance spectra for KNNS-BNZH/epoxy 1-3 

composite plate.



the piezoelectric element and working load in order to enhance 

the bandwidth and sensitivity of the transducers. The designed 

acoustic impedance of the matching layer was calculated as 

according to [30]: 

𝑍 = 𝑍0
1/3

𝑍𝐿
2/3

  (5) 

where Z0 is the impedance of the KNNS-BNZH/epoxy 1-3 

composite and ZL (1.5 MRayls) is the impedance of the load 

medium (water). In this work, a low-viscosity of Epo-Tek 301 

was used as the matching layer. The tested impedance of the 

matching layer was 3.0 MRayls, which is close to the 

designated value of 3.2 MRayls. The thickness of the matching 

layer was set as ~0.25 λ, where λ is the wavelength of the 

acoustic wave in Epo-Tek 301 emitted by the active element of 

the transducer at the resonant frequency [8]. Additionally, in 

order to eliminate the back reflections and reduce the ring-down 

time of the transducer, a conductive epoxy backing material (E-

Solder 3022, Von Roll Isola, Inc, New Haven, CT) with 

 TABLE 1. Comparison of the transducer characteristics and performances obtained by different groups 

Materials d33 ε33 Z (MRayls) Qm kt fc (MHz) Vp-p (V) BWr (%) 

KNN [32] 127 125 23 - 0.44 5.5 0.80 49% 

KNN-Sr [24] - 275 24.6 0.35 7 0.14 140% 

KNN-Ba [25] 210 1173 26.7 72 0.37 5.5 50% 

KNN-Li,Sb [26] 305 1600 - 40 0.51 3.2 0.80 55% 

KNN-Li,Ta/epoxy 1-3 composite [33] 140 302 6.6 18 0.65 29 0.14 90% 

PZT-5H [27] 595 2000 33.0 - 0.49 5 - 58% 

PZT/epoxy 1-3 composite [23] 374 3400 13.4 - 0.59 5 - 73% 

KNNS-BNZH /epoxy 1-3 composite (this work) 350 1342 15.8 5 0.70 5 0.78 80% 

acoustic impedance of 5.9 MRayls was selected with sufficient 

attenuation to eliminate backing echoes over a round trip path 

length of 4 mm (twice the backing height). The backing layer 

E-solder was poured and casted onto the bottom surface of the 

1-3 composites. After curing, the backing material was lapped 

down and polished to the designed thickness (4 mm). Similarly, 

the matching layer of epoxy was casted on the top surface of the 

1-3 composites. After curing at 65 oC for 3 h, the cured epoxy 

was lapped down and polished to the designed thickness of 132 

µm. A margin of 0.3 mm was left on the top surface of the 1-3 

composites for the subsequent connection of the core wire and 

ground wire of the coaxial cable with conductive adhesive. The 

acoustic properties of matching layers and backing layer are 

listed in Table 2. The use of soft polymer phase not only reduces 

the acoustic impedance, but also allows the piezoelectric 

composite with 1-3 connectivity to be flexible and conformable, 

enabling the formation of curved transducers. 

TABLE 2. The compositions and properties of the front matching and backing 

materials 

Application Composition Sound 

velocity 

(m s-1) 

Density 

(kg m-3) 

Acoustic 

impedance 

(MRayls) 

Matching 

layer 

Epo-Tek 301 2650 1150 3.0 

Backing 

layer 

E-solder 3022 1970 2424 5.9 

Filler Epo-Tek 301 2650 1150 3.0 

Active 

material 

KNNS-BNZH 6214 4184 26.0 

Active 

material 

KNNS-BNZH 

/epoxy 

5703 2970 15.8 

IV. ULTRASOUND CHARACTERIZATION AND IMAGING

     Single-element plane ultrasonic transducer was fabricated 

with KNNS-BNZH/epoxy 1-3 composite as the piezoelectric 

active driving element. The schematic structure and 

photographs of an obtained ultrasonic transducer are shown in 

Fig. 4(a) to (c). To evaluate the performance of the transducer, 

a conventional pulse-echo response measurement method was 

employed [31]. The transducer was mounted in a water tank in 

front of a thick stainless steel target. By connection to an 

ultrasonic pulser-receiver (DPR 500, JSR ultrasonics, US), the 

active element was excited by an electrical impulse with 1 kHz 

repetition and 50 Ω damping. The echo response was captured 

by the receiving circuit of the pulser-receiver and displayed on 

an oscilloscope (Infinium 5480A, HP/Agilent, USA). The 

center frequency (fc) and the bandwidth (BW) of the transducer 

was determined from the measured Fast Fourier Transform 

(FFT) spectrum. The voltage Vo of the received echo responses 

was measured by the oscilloscope with 1 MΩ coupling. The 

two-way insertion loss (IL) can be calculated from the 

following equation: 

𝐼𝐿 = 20log(
𝑉0

𝑉𝑖
)    (6) 



    The time-domain signals and the Fourier spectra of KNNS-

BNZH/epoxy 1-3 composite transducer are plotted in Fig. 4(d). 

As shown in the pulse-echo waveforms, the echoed signal was 

damped effectively. The lead-free 1-3 composite transducers 

possess a center frequency of 5 MHz and -6 dB bandwidth of 

80%. Table 1 summarizes the transducer characteristics and 

performances obtained by different groups for comparison. The 

undoped KNN showed a very limited d33 value (~127 pC N-1) 

and the corresponding transducers gave rise to a narrow 

bandwidth of ~49% [32]. In the KNN-Sr, and ultra-broad 

bandwidth of 140% was achieved, resulting from the presence 

of the second harmonic resonance peaks, which enables an 

operation in a very wide band [24]. Additionally, a high broad 

bandwidth of 90% was also achieved in transducer made of 

KNN-Li,Ta/epoxy 1-3 composite [33]. However, we note that 

the output amplitude voltages of both transducers were 

relatively low (0.14 mV), indicating a low sensitivity occurs. 

Transducers based on KNN-Ba [25] and KNN-Li, Sb [26] were 

fabricated with an improved sensitivity, but the bandwidths 

were only 50% and 55% respectively, which are much lower 

than that of 80% in our case. Moreover, the bandwidth of our 

KNNS-BNZH/epoxy 1-3 composite transducers is even 

broader than the commercial PZT (~60%) and PZT based 1-3 

composite transducers (~73%) [23]. The estimated two-way IL 

calculated by Eq. (4) is -30 dB for our KNNS-BNZH/epoxy 1-

3 composite transducers.  

The application of our piezoelectric 1-3 composite for 

ultrasonic imaging was demonstrated through a scanning 

ultrasonic imaging setup, as illustrated in Fig 5 (a). An 

aluminum plate with different sized holes as phantom was used 

to assess the transducer performance. The phantom consisted of 

three holes with diameters from 2 to 5 mm distributed from top 

with 10 mm intervals. The transducer was scanned along the top 

surface of the aluminum plate, 15 mm away from the top hole. 

Fig. 5(b) shows an example of ultrasonic image taken from the 

phantom by using our designed 1-3 composite transducer. The 

experimental results demonstrate the imaging performance of 

the transducer without dynamic focusing or beamforming. This 

result demonstrates that KNNS-BNZH/epoxy 1-3 composite 

transducers is a promising for ultrasonic testing and imaging 

applications. Photoacoustic imaging was also demonstrated 

using the 5 MHz transducer, as illustrated in Fig. 5(c). One 

stand of pencil lead was used as the imaging target and the 

ultrasonic transducer mechanically scanned across the lead to 

obtain a cross-sectional image. A laser source with pulse 

duration of ~10 ns and wavelength of 532 nm was used to excite 

the ultrasound waves. The pencil lead with a diameters of ~0.5 

mm can be observed using the fabricated 1-3 type transducer, 

as shown in Fig. 5(d).  

High-frequency (>20 MHz) ultrasonic transducers are 

demanded to meet the need for imaging with improved 

resolution. As resonance frequency fr is inversely proportional 

to thickness t in thickness mode, it therefore requires the 

piezoelectric layer with a small thickness to yield high-

frequency ultrasonic imaging transducers. To develop high-

frequency transducers with 1-3 piezocomposites, major 

challenges include reducing the spatial scale of piezoceramic 

rods in the composite and minimizing lateral resonances. 

Recently we have demonstrated high performance high 

frequency (>100 MHz) transducers with nanotube structures. 

[1] 

V. CONCLUSION 

Lead-free KNNS-BNZH/epoxy 1-3 composite was designed 

and fabricated with dice-and-fill method and exhibited high 

thickness electromechanical coupling coefficient (kt=0.70), 

high piezoelectric constant (d33=350 pC N-1), relatively low 

mechanical quality factor (Qm=5), and relatively low acoustic 

impedance (Zt=15.8 MRayls). Ultrasonic transducer with a 

Fig. 4. (a) Schematic structure of a single-element ultrasonic transducer. 

(b) The zoom in view of the selected area in (a) showing the detailed 

structure of transducer. (c) Photographs of an obtained ultrasonic 

transducer prototype. (d) Pulse-echo waveform and frequency spectrum 

of the ultrasonic transducer. 

Fig. 5. (a) Schematic of the scanning ultrasonic configuration with the 

KNNS-BNZH/epoxy 1-3 composite transducer and (b) the obtained 

ultrasonic image. (c) Schematic of the photoacoustic scanning configuration 

with the transducer. (d) The obtained photoacoustic image for one carbon 

lead of 0.5 mm in diameter. 



center frequency of 5 MHz was produced from the 1-3 KNNS-

BNZH/epoxy composite transducers, showing a broad 

bandwidth of 80% (-6 dB) and two-way insertion loss of -30 

dB. Ultrasonic and photoacoustic images were further 

demonstrated with the obtained transducer. The excellent 

performance of the 1-3 KNNS-BNZH/epoxy composite 

transducer competitive to PZT-based transducers suggest that 

the lead-free material can serve as a promising alternative to Pb-

based piezoelectric materials for ultrasonic applications.   
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