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Abstract The 1–3 piezocomposites based on 0.96Bi0.5

(Na0.84K0.16)0.5TiO3–0.04SrTiO3 (BNKT–ST) were fabri-

cated by a modified dice-fill method. Electro-mechanical

properties of the composites as a function of the ceramic

volume fraction (v) were measured and compared with

theoretical values as well as with those of monolithic

ceramics. The as-prepared piezocomposite with v = 0.276

showed a clear single thickness mode with a relatively high

resonance frequency of more than 2 MHz, together with a

relatively high piezoelectric strain constant (d33 * 104

pC/N), a high thickness coupling coefficient (kt * 0.547),

low acoustic impedance (Z * 9 Mrayls) and a large pie-

zoelectric voltage coefficient (g33 * 91.5 9 10-3 m2/C).

From the practical application point of view, these prom-

ising results indicate that the BNKT–ST ceramic/epoxy

1–3 composite has great potential to be used in biomedical

ultrasonic transducers as well as nondestructive

evaluations.

1 Introduction

It is well known that the ubiquitous lead zirconium titanate

(PZT) based piezoelectric ceramics have been the mainstay

for sensors, actuators, transducers in electronic devices

because of their superior performances [1, 2]. However,

due to the high lead vaporization and contamination during

the processing and disposal, which triggers a crucial

environment pollution problem, the extensive use of PZT-

based piezoelectric ceramics and related composites have

been tremendously restricted regardless of their superior

performances [3–6]. Hence these mentioned problems

make the replacement of PZT-based ceramics/composites

imperative.

Following these tendencies, lead-free piezoelectric

ceramic became a hot topic to researchers in recent decades

[7, 8]. Bismuth sodium titanate (Bi1/2Na1/2)TiO3 (BNT)

composition was one type of the most important lead-free

ceramics with a perovskite structure discovered by Smo-

lenshii et al. [9–11]. Previous reports of the BNT-based

ceramics indicated that they were promising lead-free

materials for ultrasonic transducer applications since BNT-

based ceramics showed good performances and conformed

to the requirements of biomedical ultrasonic transducers to

some degree [12–15].

Unfortunately, two intrinsic drawbacks for monolithic

ceramic materials still exist. One is the high acoustic

impedance (*30 Mrayls), resulting in the acoustic

impedance mismatch with human tissues or water

(*1.5 Mrayls), and the other is that those hybrid resonance

modes exert a harmful effect on the thickness resonance

mode, both of which would result in fuzzy ultrasonic

imaging inevitably in the medical ultrasonic applications.

In order to overcome these bottlenecks, the piezoceramics

are often incorporated into passive polymer to form 1–3

composites. The so called 1–3 composite, which consists of

a parallel array of ceramic rods in the passive polymer

matrix, could effectively improve the electromechanical

coupling coefficient in the thickness mode and rapidly cut

down acoustic impedance value [16–18]. Moreover, an

early survey of the suitability of the various composite

structures for pulse-echo ultrasonic applications identified

the 1–3 composites geometry as the most promising one

[19]. Therefore, the ceramic/polymer piezocomposite with

F. Li � R. Zuo (&)

Institute of Electro Ceramics and Devices, School of Materials

Science and Engineering, Hefei University of Technology,

Hefei 230009, People’s Republic of China

e-mail: piezolab@hfut.edu.cn

123

J Mater Sci: Mater Electron (2014) 25:2730–2736

DOI 10.1007/s10854-014-1936-9

Author's personal copy



1–3 connectivity have become an important material in the

design and manufacture of thickness mode transducers for

biomedical ultrasonic imaging. The major reasons are that,

compared to monolithic piezoelectric ceramics, 1–3 pi-

ezocomposite can be designed with higher thickness cou-

pling coefficient, lower acoustic impedance and weaker

hybrid resonance mode. Moreover, the characteristics of

1–3 composites can be adjusted by easily tailoring the

ceramic volume fraction to meet the specific requirements

of various applications.

In this study, BNT-based lead-free ceramic/epoxy 1–3

composites were fabricated by a modified dice-fill method

[5] owing to its simplicity and high efficiency [6]. The

performances of 1–3 composite as a function of the volume

fraction of the ceramic phase were shown to have a good

agreement with theoretical predictions. Although BNT-

based ceramic/epoxy composites have been reported pre-

viously, many authors mainly paid much attention to the

variation tendencies of the performance parameters in the

whole ceramic content range, and rarely focused on the

relation between the ceramic content and the requirement

of the biomedical transducers [20–25]. However, the 1–3

composite with high ceramic content may not be suitable

for the application of the biomedical transducers because of

the high acoustic impedance and dielectric permittivity.

That is to say, the high acoustic impedance will lead to the

mismatch between the transducers probe and the body

tissue, the high dielectric permittivity will lead to the

electrical impedance mismatching between the transducer

and the system instrumentation. In consequence, the

detailed investigation of properties for 1–3 composite with

relatively low ceramic volume is of great importance but

has been ignored so far. The purpose of this work was to

identify how the electrical properties changed with v and

then to achieve an overall electromechanical performance,

showing advantages to others in transducer applications.

Particular attention was paid to the 1–3 piezocomposite

with a relatively low ceramic content.

2 Experimental

0.96Bi0.5(Na0.84K0.16)0.5TiO3–0.04SrTiO3 (BNKT–ST)

ceramic was synthesized by a conventional solid-state

reaction method using high-purity ([99 %) Bi2O3, Na2-

CO3, K2CO3, TiO2, SrCO3 as raw materials. After mixing

the oxides and carbonates, then calcined twice at 850 �C

for 2 h. BNKT–ST ceramic discs of 15 mm in diameter

were prepared by dry pressing and sintered at 1,170 �C for

2 h in air, as described elsewhere [26]. The BNKT–ST/

epoxy 1–3 type composites were fabricated by a two-step

method in order to eliminate cracks as well as to guarantee

final products with a high aspect ratio. A blade of 100 lm

in thickness was used to dice ceramic discs and the width

of pillars was varied to tailor the ceramic volume fraction

of the composite. A set of parallel grooves were obtained

and then filled with epoxy (Resin E51 and Harder 593# in a

weight ratio of 1:0.25). After the ceramic pellets were

cleaned, the epoxy was poured into the grooves and then

degassed in vacuum for 30 min, and the epoxy was cured at

40 �C for 24 h, then a second set of cuts perpendicular to

the first ones were made. After filling with epoxy, the

composite was dried under the same condition mentioned

above. Excess epoxy and ceramics were polished away

until the end of ceramic rods appeared, as shown in Fig. 2a.

Two parallel major surfaces were deposited with air-dried

silver paint for electrical characterizations. The composite

samples were poled at 80 �C for 30 min under an electric

field of 4.5 kV/mm in a silicone oil bath.

The sample density was measured based on the Archi-

medes method. The morphology of 1–3 composite samples

were observed by scanning electron microscopy (SEM,

JEOL JSM-6490LV, Tokyo, Japan). The average piezo-

electric constant d33 was measured on about 30 dots by a

quasi-static Belincourt-meter (YE2730A, Sinocera, Yangz-

hou, China). The dielectric properties and resonant charac-

teristics were measured by an impedance/gain-phase

analyzer (HP4194A). The thickness electromechanical

coupling coefficient kt and acoustic impedance Z were

determined by a resonance and anti-resonance method per-

formed on the basis of IEEE standards.

3 Results and discussion

The XRD patterns of sintered BNKT–ST ceramic and

related composite specimen in the 2h range 208–608 are
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Fig. 1 The XRD pattern of sintered BNKT–ST ceramic and related

composite specimen in the 2h range 208–608
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shown in Fig. 1. The single peak of the (111) and (200)

planes and material phase at room temperature should be

pseudocubic rather than cubic together with the macro-

scopic properties reported in this system. Another phe-

nomenon should be noted that the diffraction peak location

and intensity do not change significantly, which may be

due to the fact that dicing process doesn’t involve any

changes of crystal structure of the ceramic and it is just a

macroscopic physical dicing process.

Figure 2 shows the morphology of the BNKT–ST

ceramic/epoxy 1–3 composite. As shown in Fig. 2a, b, it

can be seen that a defect-free ceramic rod array was well

diced and exhibit a periodically ordered structure. Fig-

ure 2c displays the cross-section SEM image of 1–3

composite, indicating that the epoxy is well backfilled into

the grooves. In addition, as shown in magnified images of

Fig. 2d, no visible gaps or physical flaws between the

interfaces of the epoxy and ceramic rods can be found,

which further illustrates that the epoxy and the ceramic rod

have been well bonded based on an appropriate solidifying

process. However, some imperfect rectangular ceramic

pillars can be seen, which probably due to the inevitable

vibration of blades in operation under experimental

conditions.

According to the modified series and parallel model

presented by Chan and Unsworth [27], the theoretical

performance of the composites can be calculated as a

function of the ceramic volume fraction v. The dielectric

permittivity er, piezoelectric strain constant d33, piezo-

electric voltage coefficient g33, electromechanical coupling

coefficient kt and acoustic impedance Z can be calculated

using the following equations:

eT
33 ¼ veT

33;BNKT�ST � vð1� vÞðdc
33;BNKT�STÞ

2=

sðvÞ þ ð1� vÞep
11;epoxy

ð1Þ

d33 ¼ vs
p
11;epoxydc

33;BNKT�ST=sðvÞ ð2Þ

g33 ¼ d33=e
T
33 ð3Þ

Z ¼
ffiffiffiffiffiffiffiffiffiffi

qCD
33

q

ð4Þ

kt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� CE
33=CD

33

q

ð5Þ

where s(v) = vs11,epoxy
p ? (1 - v)s33,BNKT–ST

c , s is the

elastic compliance, C is elastic stiffness, q is the density of

the composite and e0 is the permittivity in free space

(=8.85 9 10-12 F/m). In Eqs. (1) and (2), v refers to the

volume fraction of the bulk ceramic and thus (1 - v) is the

volume fraction of epoxy in the composite. e33
T is the free

dielectric constant in Eqs. (1) and (3). C33
E and C33

D is the

elastic stiffness coefficient in Eqs. (4) and (5). The kt value

of the bulk ceramic and the composite was calculated using

Eq. (6). The acoustic impedance Z and longitudinal elec-

tromechanical coupling coefficient k33 of the bulk ceramic

Fig. 2 a Photograph of BNKT–

ST/epoxy 1–3 composite; b the

SEM images of the end face of

1–3 composite; c, d the cross-

section and magnified images of

obtained 1–3 composites
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were determined by a resonance and anti-resonance

method, which can be expressed as Eqs. (7), (8) and (9).

k2
t ¼

pfs

2fp

tan
pðfp � fsÞ

2fp

ð6Þ

Z ¼ qVD ð7Þ

VD ¼ 2fpt ð8Þ

and

k2
33 ¼ k2

p þ k2
t � k2

p � k2
t ð9Þ

where t is the thickness of composite, VD is the spread

speed of sound, fs is resonance frequency and fp is the

antiresonance frequency in the thickness mode.

Figure 3 shows the density q and dielectric permittivity

er at 1 kHz of 1–3 composite as a function of v. It can be

seen that the densities of the 1–3 composite linearly

increase with increasing the ceramic volume fraction and

show a good agreement with theoretical values. According

to the Eq. (1), because the dielectric permittivity er of

monolithic piezoelectric ceramics is far more than that of

epoxy, the dielectric permittivity of 1–3 composite exhibits

an almost linear relationship with the ceramic volume

fraction, although experimental values have some dis-

crepancies compared with the theoretical values. A rela-

tively large discrepancy for the composite with v = 0.276

may be ascribed to the difficulty in polling for the com-

posites with low ceramic volume fractions [28]. Fortu-

nately, the depressed dielectric permittivity could be

expected to enhance the g33 value. On the whole, by using

lead-free BNKT–ST ceramic pillars embedded in the

epoxy, the 1–3 composite could achieve moderate er

(100–400) value. According to Zhen et al. [5], a relative

permittivity in the vicinity of 100 provides a large voltage

coefficient and eases the electrical impedance matching

between the transducer and the system instrumentation.

Hence, the developed 1–3 composites could be suitable to

design drive/receive type transducers.

Figure 4 depicts the piezoelectric strain coefficient d33

and piezoelectric voltage coefficient g33 of the BNKT–ST/

epoxy 1–3 composites as a function of the ceramic volume

fraction. At the same time, the d33–g33 relation can be also

obtained from the Fig. 4. It can be seen that the d33 value of

the composite increases rapidly as v \ 0.3, then increases

mildly at a higher level of the ceramic content. Obviously,

the whole experimental values are slightly lower than the

theoretical ones. This phenomenon could be ascribed to the

following two reasons: Firstly, the piezoelectric composites

are more difficult to be electrically poled compared to the

monolithic BNKT–ST ceramics. Secondly, slim and fragile

ceramic rods are easy to crack during dicing. Both aspects

lead to the lowering d33 value. As general, those values are

reasonable and the trend is similar to that in predictions. By

comparison, the experimental values of g33 match well

with theoretical values. Particularly, the g33 value in low

ceramic content range is much higher than high ceramic

content, which is due to the great difference of er

[g33 = d33/(er 9 e0)] with different ceramic content. For

the application of biomedical ultrasonic transducers, d33

characterizes the ultrasonic beam transmission capability

of a transducer, and its echo receiving sensitivity is related

to g33. One can even say that, g33 may be considered to be

more important than d33 because a larger g33 can allow to

detecting relatively feeble signals. This is of great
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epoxy 1–3 composites as a function of the ceramic volume fraction
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importance to the pulse-echo transducers because of the

degradation of echo signal during propagations. The peak

value of g33 is 91.5 9 10-3 m2/C, which is larger than the

NKN–LT–LS fiber/epoxy 1–3 composite (30 9 10-3 m2/

C) [22] and NKLNT/epoxy 1–3 composite

(52.4 9 10-3 m2/C) [29]. In addition, the d33 value was

found to show a slight increment when the ceramic volume

fraction exceeds 0.3, however, the g33 value drastically

drops beyond this ceramic content range. Therefore, a

relatively low ceramic content should be favored because

of a relatively large g33 value and a reasonable d33 value.

Another two important parameters of 1–3 composite for

the application of ultrasonic transducers are the thickness

coupling coefficient kt and acoustic impedance Z. The

coupling efficiency between the mechanical and electrical

energies in the 1–3 composite is closely related to the

thickness coupling coefficient kt, which also determines the

operating bandwidth of the transducers. The acoustic

impedance Z demonstrates the acoustic transmission and

reflection at the boundary because of different acoustic

impedance values. The variation tendency of kt and Z of the

BNKT–ST ceramic/epoxy 1–3 composite with respect to

the ceramic volume fraction v is given in Fig. 5. The kt

value increases sharply in the low ceramic fraction range

(v \ 0.2) and keeps a constant value in the medium range

(0.2 \ v \ 0.8). As v [ 0.8, the kt value decreases toward

that of the bulk ceramic because of lateral clamping. As far

as experimental values are concerned, 1–3 connectivity

indeed effectively enhances the kt value of composites,

which is much higher than that of the bulk ceramic

(kt * 0.487). In other words, the kt value of the 1–3

composite is approaching to the k33 value (*0.57) of

monolithic BNKT–ST ceramic. Compared to the bulk

ceramic, whose thickness extension or contraction is seri-

ously restricted by its lateral clamping, ceramic rods in 1–3

composite could vibrate relatively freely due to weak

clamping. That is to say, longitudinal vibration is not

affected by lateral clamping for 1–3 composite, thus

obtaining a higher kt value. It is worth mentioning that the

kt value for the composite with v = 0.57 is slightly lower

than the theoretical value, which could be attributed to

influence of hybrid resonances, then kt value (kt * 0.50) of

this 1–3 composite would be undermined, but still higher

than that of monolithic ceramic (kt * 0.487). In a word,

the kt value for the sample with v = 0.276 is 0.547, which

is comparable to the BNKLBT-1.5 ceramic/epoxy com-

posite (kt * 0.55) [25] and is higher than the BSZT

ceramics/epoxy composite (kt * 0.5) [30]. For another

parameter acoustic impedance Z, the experimental values

increase monotonously with v and match well with the

theoretical prediction. As well known, bulk ceramic

materials typically have higher acoustic impedance than

the surrounding environment (for example, body tissues).

The 1–3 composite, in which dense and stiff ceramic was

replaced by a more compliant epoxy, distinctly decreased

the Z value, especially in the low ceramic volume fraction.

At a result, the energy transmission would be facilitated

because of a good matching between the acoustic imped-

ances of probe and body tissues.

According to the above discussions, the value of the

thickness coupling coefficient kt keeps almost constant in

the medium range of v (hatched section in the horizontal

direction), however, acoustic impedance Z values increase

linearly with the ceramic volume fraction in this range, and

the kt–Z relation is shown in Fig. 5. In the application of

biomedical ultrasonic transducers as well as un-destructive

evaluation, the kt value was expected to be as high as

possible, on the contrary, the Z value was expected to be as

low as possible in a proper range, the value of kt–Z should

be compromised. As a matter of fact, it is not reasonable to

optimize both kt and Z simultaneously according to earlier

reports [19, 31, 32]. Particularly, the acoustic impedance

Z of 1–3 composite can be easily matched with a single

quarterwave layer made from a common low impedance

matching material [20, 33] and demonstrates that acoustic

impedance is ideal at about 10 Mrayls, which is also shown

in the hatched section in the perpendicular direction in

Fig. 5. Apparently, the ceramic volume fraction is in the

vicinity of 0.3 and then both kt and Z could reach a

promising value simultaneously. Moreover, promising

values of d33 and g33 can be also obtained in this ceramic

volume range, as shown in Fig. 4. As to how to further

lower the acoustic impedance Z using low impedance

matching material to match with human body and water,
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relevant work is in progress. Through the above analysis,

the 1–3 composite with v = 0.276 may be a good candidate

and was selected to investigate the resonance

characteristics.

Figure 6 shows that the typical resonance characteristics

of monolithic BNKT–ST ceramic and corresponding 1–3

composite with v = 0.276. As seen from Fig. 6a, two main

resonance modes exist: planar and thickness modes, among

which the planar mode is the typical working mode for

bulk BNKT–ST ceramic. Regretfully, besides low reso-

nance frequency, there are many hybrid resonance modes

around main resonance modes, which is hazardous to the

imaging due to the coupling among these resonance modes.

By comparison, as shown in Fig. 6b, the thickness reso-

nance mode become the main working mode for the 1–3

composite and its resonance frequency is more than 2 MHz

without any undesirable hybrid resonance modes around

the thickness resonance mode. That is to say, a clear single

thickness mode with a relatively high resonance frequency

was achieved. Therefore, the BNKT–ST ceramic/epoxy

1–3 composite can be expected to improve not only the

imaging quality but also the working frequency, which is of

great importance to the application of biomedical ultra-

sonic imaging as well as nondestructive evaluation.

4 Conclusions

A modified dice-fill method was adopted to fabricate the

BNKT–ST ceramic/epoxy 1–3 piezocomposites with dif-

ferent ceramic volume fractions from 0.2 to 0.6. The

electromechanical properties of the BNKT–ST ceramic/

epoxy 1–3 composite were characterized using the reso-

nance method. The results indicated that the properties of

the composite varied with the ceramic volume fraction and

a relatively low ceramic volume fraction may be favored

for the application of biomedical ultrasonic transducers.

The 1–3 composites with v = 0.276 showed good electri-

cal properties as follows: relatively high piezoelectric

strain constant (d33 * 104 pC/N), enhanced piezoelectric

voltage constant (g33 * 91.5 9 10-3 m2/C) and high

electromechanical coupling coefficient (kt * 0.547),

moderate relative dielectric constant (er * 128.4) and

relatively low acoustic impedance (Z * 9 Mrayls).

Moreover, a single thickness mode can be obtained with a

relatively high resonance frequency with more than

2 MHz. These promising results indicated that the present

1–3 lead-free piezocomposites would be suitable for the

application of high frequency biomedical ultrasonic trans-

ducers as well as un-destructive evaluation.
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