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In this study, 1-3 piezocomposite with multi-layer polymer based on PZT piezoceramics and PMN-0.33PT 

relaxor single crystal was modeled and analyzed, and the obtained results were assessed. Recently, PMN-

PT relaxor single crystals have been introduced as a suitable alternative to the PZTs due to their great 
piezoelectric coefficients. In addition, use of multi-layer polymers made from a combination of a polymer 

with a high stiffness coefficient for maintaining strength and a polymer with a much lower stiffness 

coefficient for increasing the electromechanical coupling coefficient improved the parameters of 1-3 
piezocomposite. In addition, 1-3 piezocomposite with a multi-layer polymer based on PMT-PT increased 

the electromechanical coupling coefficient as well as the bandwidth of the filling fraction with the 

maximum value of kt. This finding facilitated producing a piezocomposite at low filling fractions with very 
high kt and very low characteristic acoustic impedance close to the characteristic impedance of the 

environment. It was shown that in the case where 75 % of the volume of the polymer phase was composed 

of silicone rubber, 1-3 piezocomposite with multi-layer polymer based on PMN-0.33PT single crystal could 
increase the electromechanical coupling coefficient to values greater than 0.95. In addition, in this case, it 

is possible to achieve a coupling coefficient of 0.94 and a characteristic impedance of 7 MRayl at the filling 

fraction of 0.2. The obtained results were analytically confirmed through the finite element numerical 
results. 
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1. INTRODUCTION 
 

Piezoelectric materials are widely used in engineering 

sciences, materials, and smart structures [1,2]. The 

piezoelectric effect was first discovered by the Curie 

brothers in quartz [3,4]. A year later, in 1881, the 

converse piezoelectric effect was discovered by 

Lippmann [5]. Then, Newnham proposed the idea of 

polymer composites known as piezocomposite based on 

the PZT ceramics in 1978. Piezocomposite usually 

consists of two phases. The first phase is the active or 

piezoelectric phase while second phase is the inactive or 

the polymer phase with a specific connection mode, mass 

or volume ratio, and spatial geometric distribution [6]. In 

composites with two phases, 10 compounds are identified 

by two numbers [7]. 

One of the most widely used piezocomposites is 1-3 

piezocomposite. High-performance 1-3 piezocomposites 

are widely utilized in high-frequency ultrasound 

transducers that are used for medical imaging [8-11]. 

Generally, 1-3 piezocomposite is preferred to the 

standard piezoceramics owing to its advantageous 
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characteristics namely its low acoustic impedances, high 

electromechanical coupling coefficients, and high 

bandwidth [12-14]. However, compared to the bulk 

piezoceramics, piezocomposites components have some 

drawbacks such as their relatively high costs and limited 

operating temperature range [15,16]. The mentioned 

piezocomposite is commonly applied in Non-Destructive 

Testing (NDT) and sonar systems [17]. Yet, the biggest 

market for such materials is the medical diagnostic 

ultrasound market. Current medical ultrasound imaging 

systems cannot efficiently operate without application of 

1-3 piezocomposite [18]. 

Owing to their beneficial features, they have been 

popular subjects of many research studies conducted to 

further improve the determining parameters in two ways: 

first, using materials with better piezoelectric properties 

in the piezocomposite structure and second, making 

changes in the structure and composition of the 

piezocomposite to facilitate the improvement of the 

electromechanical coupling coefficient parameters as 

much as possible so that the characteristic acoustic 

impedance (Z) of the piezocomposite would be close to 

the characteristic acoustic impedance of water 

(Zwater = 1.5 MRayl). 

PZT ceramic is characterized by high 

electromechanical properties and advantages such as low 

cost and ease of production [19]. However, to overcome 

the problems caused by application of this material, a 

great deal of research has been conducted on how to 

replace the PZTs with more efficient materials with much 

better performance. In recent years, a new class of single-

crystal piezoelectric materials called relaxor-based 

ferroelectric single crystals has received considerable 

attention mainly because these crystals, such as relaxor 

ferroelectric PMN-PT single crystals, have much higher 

and better piezoelectric properties than other ones such 

as quartz and piezoceramic materials (PZTs). Owing to 

their very high dielectric and piezoelectric constants, they 

have a very good electromechanical coupling coefficient, 

compared to the PZT piezoceramics. It is expected that 

1-3 piezocomposites based on PMN-PT single crystal 

would have much better piezoelectric properties than 

those of their counterparts [18]. 

Efforts have been made to improve the 

electromechanical coupling coefficient by changing the 

structure of piezocomposites. In this regard, several 

researchers prepared a 1-3 piezocomposite by using other 

flexible polymers and attempted to enhance its 

electromechanical coupling coefficient [20,21]. 

According to the observations, the more flexible the 

polymer was, the more it succeeded in enhancing the 

electromechanical coupling of the composite [22]. 

However, high flexibility makes the composite 

susceptible to deformation [23,24]. A recent suitable 

solution to this problem is to use multi-layer 

piezocomposites. 

Therefore, to increase the electromechanical coupling 

coefficient and decrease the characteristic acoustic 

impedance of 1-3 piezocomposite, the current study 

suggested application of relaxor ferroelectric  

PMN-0.33PT single crystals in a piezocomposite with a 

three-layer polymer structure. It is expected that using 

this relaxor single crystal in the structure of a 1-3 

piezocomposite with a three-layer polymer will yield the 

desired results. 

Different models have been designed to examine the 

effective properties of piezocomposites [25]. In this 

paper, some series and parallel theoretical models were 

used to determine the effective properties of three-layer 

piezocomposite [26,27]. Based on the results from the 

theoretical model and finite element numerical method, 

the behavior of electromechanical coupling coefficient 

and characteristic acoustic impedance of 1-3 

piezocomposite were evaluated, and the obtained results 

were compared with each other. As observed, 1-3 

piezocomposite with a three-layer polymer based on 

PMN-PT is characterized by a much better 

electromechanical coupling coefficient and acoustic 

impedance than the conventional 1-3 piezocomposites. 

 

 

2. THEORETICAL FOUNDATIONS 
 

1-3 Piezocomposite with a multi-layer polymer 

structure includes piezoceramic rods that are placed in a 

multi-layer polymer (one layer of polyethylene in the 

middle and two layers of silicone rubber at the top and 

bottom of piezocomposite). Figure 1 illustrates the 

structure of 1-3 piezocomposite with multi-layer 

polymer. In this model, the thickness direction of the 

piezocomposite is assumed to be in the z axis, and its 

transverse directions are assumed to be along the x and y 

axes. Piezoceramic columns are placed along the 

direction of the thickness of the piezocomposite. In the 

following, the relationships that clarify a piezoelectric 

material are presented [28]. 

 

 

Figure 1. Schematic of 1-3 piezocomposite with three-layer 

polymer 
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{
Ti = cij

DSj + hniDn

Em = −hmjSj + βmn
S Dn

 (1) 

 

where T is the mechanical stress tensor, S the mechanical 

strain tensor, D the electric charge displacement vector, 

E the electric field vector, cD the elastic stiffness tensor 

in constant electric displacement, h the piezoelectric 

coefficient, and βS the imprimitivity tensor in constant 

strain [29]. The polarization axis of the piezoelectric 

material is considered to be in the z axis. Of note, 1-3 

piezocomposite can be considered as a homogeneous 

piezoelectric material with new effective parameters 

[30]. 

A series of assumptions based on uniform field theories 

as well as the rule of mixtures was taken into 

consideration to obtain the effective material parameters 

[31]. In the thickness mode, the lateral dimensions of the 

composite are sufficiently larger than the thickness one. 

According to the properties of the thickness mode, the 

piezocomposite was assumed to be parallel and 

symmetrical in the x and y axes, respectively. 

Since it is quite difficult to obtain the relationship 

describing a piezocomposite using full field equations. 

Therefore, some simplifying approximations were used 

to obtain the essential physics. Given that the 

piezocomposite layers are in series on top of each other, 

due to the homogeneous displacement of the layers, the 

normal strains in the transverse directions of the 

piezocomposite are considered the same and equal to the 

effective strain for all three layers. In this regard, we 

assume that the strain and electric field in all 

piezocomposite plates that are placed on top of each other 

independent of x and y axes. 

Therefore, shear strains and electric fields in the x and 

y axes can be ignored. In addition, the amount of 

electrical displacement of each layer and effective 

electrical displacement in transverse directions will be 

equal to zero. Since the polymers are connected in series, 

the vertical effective strain (S3) of 1-3 piezocomposite 

with three-layer polymer along the thickness direction is 

equal to the weighted sum of the strains of all layers. 

Moreover, the effective stress along the thickness 

direction in the piezocomposite is equal to the stress 

value along the thickness direction in each layer. The 

transverse effective stresses (T1, T2) will also be equal to 

the weighted sum of the transverse stresses of each 

layer. 

The electrode surfaces are perpendicular to the z axis. 

Therefore, the effective electric field in the z direction, 

which is the same direction as the thickness one, is equal 

to the sum of the electric field in each layer of the 

piezocomposite with three layers of polymer. Due to the 

perpendicularity of the electrode surfaces to the z axis, 

the electric displacement in each layer of piezocomposite 

is the same and equal to the effective electric 

displacement of the piezocomposite along the thickness 

direction [32]. 

According to the mentioned assumptions, the 

relationships between the effective the electric field E3, 

stresses T1 and T3 for each layer can be obtained as 

[33,34]: 

 

S̅3 = −2
c̅13

D

c̅33
D S̅1 +

1

c̅33
D T̅3 +

h̅33

c̅33
D D̅3 (2) 

T̅1 = (c̅11
D + c̅12

D − 2
(c̅13

D )2

c̃33
D

) S̅1 +
c̅13

D

c̅33
D

T̅3

+ (c̅13
D

h̅33

c̅33
D − h̅31) D̅3 

(3) 

E̅3 = (2h̅33

c̅13
D

c̅33
D −2h̅31)S̅1 +

−h̅33

c̅33
D T̅3

+ (β̅33
s −

(h̅33)
2

c̅33
D ) D̅3 

(4) 

 

The sign (
_

) above each parameter indicates the 

effective value of that parameter in a layer. In addition, 

for the effective strain, effective stress, and effective 

electric field, we have [34]: 

 

S̿3 = v1S̅3
1 + v2S̅3

2 + v3S̅3
3 (5) 

T̿1 = v1T̅1
1 + v2T̅1

2 + v3T̅1
3 (6) 

E̿3 = v1E̅3
1 + v2E̅3

2 + v3E̅3
3 (7) 

 

The sign (=) above T, E, and S parameters indicates 

their effective value in 1-3 piezocomposite with a three-

layer polymer. In addition, v1, v2, and v3 are the volume 

fraction of the first, second, and third layers, respectively. 

Equations (2), (3), and (4) are substituted in Equations 

(5), (6), and (7) and then simplified. 

According to the relationships related to the thickness 

mode in piezoelectric materials, the final relationships for 

1-3 piezocomposite with three-layer polymer in thickness 

mode will be as follows [28]: 

 

{
T3
̿̿̿ = c̿33

D S̿3 − h̿33D̿3

E̿3 = −h̿33S̿3 + β̿33
S D̿3

 (8) 

 

where both c̿33
D , h̿33 and β̿33

S  are obtained according to the 

coefficients of the piezocomposite components. 

For the thickness mode, the electromechanical 

coupling coefficient (kt), characteristic acoustic 

impedance, and the longitudinal velocity are obtained in 

the following equations [28]: 
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kt = √
h̿33

2

c̿33
D ϵ̿33

S  (9) 

ct
D = √

c̿33
D

ρ̿
 (10) 

Z = ρ̿. ct
D̿̿ ̿ (11) 

 

where (ρ̿) is the effective density which is defined as: 

 

ρ̿ = vcρc + (1 − vc)(veρe + (1 − ve)ρs) (12) 

 

In the above relationship, vc is the volume fraction of 

piezoceramic in the 1-3 piezocomposite, and ve the 

volume fraction of epoxy resin in the inactive or polymer 

phase of the piezocomposite. In addition, ρc, ρe, and 

ρs represent the density of the active phase of 

piezocomposite, density of epoxy resin, and density of 

silicone rubber, respectively. 

 

 

3. SOLUTION METHOD AND HYPOTHESES 
 

Here, consider a piezocomposite 1-3 consisting of 

three polymer layers, as shown in Figure 1. Table 1 lists 

the characteristics of the constituent polymer layers. In 

this research, PZT-4, PZT-8, and PMN-PT 

piezoceramics were used as the active piezoelectric 

phase, and their specifications are given in Table 2. 

We define the VSR parameter as: 

 

VSR% =
Silicon Rubber volume × 100

Silicon Rubber volume + Polythene volume
 

 

As a result, the filling fraction of piezoelectric phase in 

piezocomposite as defined as: 

 

filling fraction of piezoelectric phase

=
 volume of piezoelectric phase material

volume of piezocomposite
 

 

Based on Equations (9), (10), and (11), the 

electromechanical coupling coefficient, longitudinal 

velocity, and characteristic impedance, respectively, 

were plotted for different VSR (VSR =0 %, 25 %, 50 %, 

and 75 %) as the functions of active piezoelectric phase 

filling fraction. 

In these figures, the horizontal axis shows the filling 

fraction of the active piezoelectric phase, and the plot 

corresponding to VSR =0 (shown by the solid line in all 

plots) refers to the simple 1-3 piezocomposite with 

monolayer polymer. 

To confirm the results, the electromechanical coupling 

coefficient and characteristic acoustic impedance at 

several filling fractions (0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.7, and 0.8) for VSR = 50 % were calculated using the 

finite element numerical method. Then, the numerical 

results were compared with the theoretical results. For 

this purpose, first, the piezocomposite electrical 

impedance was extracted as a function of frequency for 

the mentioned states. 

 

TABLE 1. Specifications of polymers 

Material parameters of the polymer 

Parameter Polythene Silicon Rubber 

ρ (kg/) 1180 1150 

c11
E  (GPa) 5.54 0.004 

c12
E  (GPa) 2.98 0.0023 

ε11
s (10−10) 0.204 3.45 

 

TABLE 2. Specifications of piezoceramics 

Material parameters of the piezoelectric 

Parameter PZT-8 PZT-4 PMN-0.33PT 

ρ 7600 7500 8038 

𝑐11
𝐸  (GPa) 149 139 115 

𝑐12
𝐸  (GPa) 81.1 77.8 103 

𝑐13
𝐸  (GPa) 81.1 74.3 102 

𝑐33
𝐸  (GPa) 132 115 103.8 

e31 (c/m2) -4.1 -5.2 -3.390 

e33 (c/m2) 14 15.1 20.4 

𝜀11
𝑠 /𝜀0 900 730 1434 

𝜀33
𝑠 /𝜀0 600 635 679 

 

Figure 2 shows a schematic view of the electrical 

impedance curve as a function of frequency. 

 

 

Figure 2. The electrical impedance of a piezoelectric material 

as a function of frequency 
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Based on this curve, the resonance and anti-resonance 

frequencies as well as the characteristic impedance and 

the electromechanical coupling coefficient were 

extracted through Equations (13) and (14) [34]. 

 

kt = √
πfs

2fp

tan
π(fp − fs)

2fp

 (13) 

Z = 2ρ̿fpt (14) 

 

where fp is the anti-resonance frequency, fs the resonance 

frequency, and t the thickness of the piezocomposite. 

In practice, a network analyzer was employed to 

extract the electrical impedance diagram in terms of 

frequency. In addition, Relations (13) and (14) are used 

to calculate the electromechanical coupling coefficient 

and characteristic acoustic impedance. 

 

 

3. RESULTS AND DISCUSSION 
 

Figure 3 illustrates the variations of the 

electromechanical coupling coefficient for a 1-3 

piezocomposite with a three-layer polymer based on 

PZT-8 piezoceramic at VSR = 0 %, 25 %, 50 %, and 

75 %. As observed in all four cases, VSR, with an increase 

in the piezoelectric phase filling fraction from 0.1 to 0.3, 

the electromechanical coupling coefficient would rapidly 

increase. However, its value remains almost constant in 

a certain range (0.3 to 0.7) which is near to the maximum 

value of the electromechanical coupling coefficient. 

Next, with an increase in the filling fraction from 0.7 to 

0.9, the coupling coefficient would rapidly decrease. The 

first point in this diagram is that upon increasing the 

value of VRS, the value of kt would consequently increase. 

As a result, the maximum value of kt increases from 

0.625 at VSR =0 % to about 0.638 at VSR =75 %, 

indicating an increase of 2 % in the maximum kt value. 

Such an increase in the coupling coefficient results from 

using silicone rubber polymer, which is more flexible 

than polyethylene, as part of the inactive phase in the 

piezocomposite. The effective factor in this problem is 

the values of the elastic constant c11 in the polymer. The 

lower the value of this constant, the higher the 

electromechanical coupling coefficient. 

According to the observations, with an increase in the 

VSR, the electromechanical coupling coefficient reaches 

its maximum value in a larger range of the piezoceramic 

filling fraction; therefore, in the case of VSR=0 %, the 

electromechanical coupling coefficient in the 

piezoceramic filling fraction range of 0.45 to 0.65 of the 

reaches its maximum value. In the case of VSR =75 %, 

this range is from about 0.3 to 0.8, meaning that this 

range increased almost 2.5 times. Increasing the width of 

the filling fraction with the maximum kt allows for more 
 

 

Figure 3. Variations in the electromechanical coupling factor 

for 1-3 piezocomposite with multi-layer polymer versus 

variations in the filling fraction of piezoceramic PZT-8 for 

different values of VSR 

 

freedom in determining other parameters such as the 

characteristic acoustic impedance. In fact, at VSR =75 %, 

values near the maximum value of kt are obtained in a 

larger range of filling fraction versus VSR = 0 %. 

In addition, at the filling fraction of 0.1 in VSR =0 %, 

the value of kt equals 0.54 while in VSR=75 %, it equals 

0.61. In other words, at the filling fraction of 0.1, the  

kt value was improved up to about 13 %. Similarly, at the 

filling fractions of 0.9 and 0.5, there was about 5.5 % and 

3 % increase in kt, respectively. 

Figure 4 shows the variations of the electromechanical 

coupling coefficient with the same conditions as before 

for 1-3 piezocomposite with a three-layer polymer based 

on piezoceramic PZT-4. Here, like the previous case, the 

electromechanical coupling coefficient increased with an 

increase in the value of VSR at a constant filling fraction. 
 

 

 

Figure 4. Variations in the electromechanical coupling factor 

for 1-3 piezocomposite with multi-layer polymer versus 

variations in the filling fraction of piezoceramic PZT-4 for 

different values of VSR 
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Therefore, its maximum value of kt from about 0.675 at 

VSR =0 % increases up to about 0.69 at VSR=75 %. That 

is, the kt value increased up to about 2.2 % which a 

change in the VSR from 0 % to 75 % at the filling fraction 

of 0.5. Such an increase in the kt value by variation VSR 

at the filling fractions 0.1 and 0.9 is about 14 % and 5 %, 

respectively. 

Further, the bandwidth of the filling fraction where the 

value of kt is constant at its maximum value considerably 

increased at VSR=75 %, compared to that at VSR=0 %. 

Upon using PZT-4, the maximum value of kt at the 

filling fraction of 0.5 and VSR=75 % is equal to 0.688. 

This value shows an increase of about 8 % compared to 

that in the previous case where PZT-8 was used as the 

active phase. Such an increase occurs as a result of the 

higher value of kt in PZT-4 than that of PZT-8. 

Figure 5 shows the variations in the electromechanical 

coupling coefficient for 1-3 piezocomposite with a  

three-layer polymer based on PMN-0.33PT single crystal 

under the same conditions as before. In this figure, 

similar to Figures 3 and 4, the value of the coupling 

coefficient increases with an increase in the VSR value 

from 0 % to 75 % at the constant filling fraction. The 

percentages of such increase at the volume fractions of 

about 0.5, 0.1, and 0.9 were 1.1 %, 16 %, and 8 %, 

respectively. This value is higher than that in the case 

where PZT-4 and PZT-8 were used as an active phase in 

the piezocomposite. On the contrary, the maximum value 

of kt in this case was obtained as 0.95 at the filling 

fraction of 0.5 and VSR=75 %, indicating a 38 % increase 

compared to the case where PZT-4 was used as the active 

phase. Such an increase in the maximum value of kt 

results from the high electromechanical coupling 

coefficient of PMN-0.33PT single crystal. Apparently, 

use of PMN-0.33PT single crystal could significantly 

improve the electromechanical coupling coefficient. 

 

 

Figure 5. Variations in the electromechanical coupling factor 

for 1-3 piezocomposite with multi-layer polymer versus 

changes in the filling fraction of PMN-033PT single crystal for 

different values of VSR 

 

In the followingis examined the longitudinal velocity 

changes as a function of active phase filling fractions for 

1-3 piezocomposite with a three-layer polymer for  

VSR = 0 %, 25 %, 50 %, and 75 %. 

Figure 6 shows the longitudinal velocity changes for 

1-3 piezocomposite with three-layer polymer based on 

PZT-8. According to Figure 6, in general, the 

longitudinal velocity at VSR=0 %, 25 %, 50 %, and 75 % 

starts to decrease with a slow slope as the filling fraction 

decreases by below 0.9. This trend continues until the 

filling fraction of 0.4 is reached; however, at the volume 

fraction values lower than 0.4, the decrease in the 

longitudinal velocity continues at higher rates. The effect 

of changing VSR from 0 % to 75 % on the reduction of 

longitudinal velocity is much greater in the filling 

fractions close to 0.1 and 0.9. In this regard, at the filling 

fraction of 0.1 and VSR=75 %, the longitudinal velocity is 

equal to 2800 m/s, showing a reduction of about 250 m/s 

compared to that in the case of VSR=0 %. At the filling 

fraction of 0.9, the amount of such decrease is about  

100 m/s. However, in the filling fraction range of 0.5 to 

0.7, the longitudinal velocity does not change with 

variations in the VSR, and these variations depend only 

on the changes in the piezoelectric active phase filling 

fraction. 

Figure 7 shows the longitudinal velocity changes in 1-

3 piezocomposite with a three-layer polymer based on 

PZT-4 as the function of piezoceramic filling fraction. 

The behavior of the longitudinal velocity changes in 

Figure 7 is similar to the changes in Figure 6. At the 

filling fractions of 0.1 and 0.9, the change in VSR would 

cause a decrease in the longitudinal velocity by 220 m/s 

and 70 m/s, respectively, and in the filling fraction range 

of about 0.4 to 0.8, changes in VSR do not have much 

effect on the longitudinal velocity. These changes result 

from the variations in the piezoceramic filling fraction. 
 

 

Figure 6. Variation of Longitudinal velocity for 1-3 

piezocomposite with multi-layer polymer versus to changes in 

filling fraction of piezoceramic PZT-8 for different values of 

VSR 
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Figure 7. Variation of Longitudinal velocity for 1-3 

piezocomposite with multi-layer polymer versus to changes in 

filling fraction of piezoceramic PZT-4 for different values of 

VSR 

 

As observed in Figures 6 and 7, at different volume 

fractions, the longitudinal velocity at VSR=0 % is higher 

than those at VSR = 25 %, 50 %, and 75 %. Yet, at the 

filling fraction of approximately 0.6, the longitudinal 

velocity at VSR=0 % is slightly lower than those at other 

values of VSR. 

Figure 8 represents the longitudinal velocity changes in 

1-3 piezocomposite with a three-layer polymer based on 

PMN-0.33PT as a function of filling fraction. The general 

behavior of this diagram is similar to those shown in 

Figures 6 and 7. With a reduction in the volume fraction 

value, the longitudinal velocity first decreases and then 

in the range of filling fractions of 0.6 to 0.4, it slightly  

 

 

Figure 8. Variation of Longitudinal velocity for 1-3 

piezocomposite with multi-layer polymer versus to changes in 

filling fraction of piezoceramic PMN-0.33PT for different 

values of VSR 

decreases. In addition, at the volume fraction of 0.4, the 

longitudinal velocity begins to decrease with a relatively 

large slope. 

At the filling fraction of 0.1, the longitudinal velocity 

decreases from about 2750 m/s at VSR=0 % to 2450 m/s 

at VSR=75 %. At the filling fraction of 0.9, with a change 

in the value of VSR, the longitudinal velocity decreases 

from about 3750 m/s at VSR=0 % to 3550 m/s at  

VSR=75 %. Therefore, the amount of longitudinal 

velocity changes in the filling fractions 0.1 and 0.9 are 

equal to 300m/s and 200m/s, respectively. In addition, as 

shown in Figure 8, in the volume fraction range of 0.6 to 

0.5, the longitudinal velocity remains almost constant 

with a change in the VSR; hence, the variations in the 

longitudinal velocity depend only on the variations in the 

filling fraction of the PMN-0.33PT. A comparison of 

Figures 6, 7, and 8 shows that compared to the case while 

PZT-4 and PZT-8 are applied, when PMN-0.33PT is used 

in the 1-3 piezocomposite with three-layer polymer, a 

reduction of at least 10 % is observed in the longitudinal 

velocity. 

In the following, the changes in the characteristic 

acoustic impedance in 1-3 piezocomposite with multi-

layer polymer is assessed based on piezoceramics PZT-4 

and PZT-8 and PMN-0.33PT single crystal. Figure 9 

shows the changes in the characteristic acoustic 

impedance of 1-3 piezocomposite with three-layer 

polymer based on piezoceramic PZT-8. 

As observed in Figure 9, upon decreasing the 

piezoceramic filling fraction from 0.9 to 0.1, the 

characteristic acoustic impedance would also decrease, 

following an almost constant slope from about 28 MRayl 

to about 5 MRayl. This reduction is caused by a reduction 

in the piezoceramic filling fraction and effective density 

of the piezocomposite, as shown in Equation (12). In 

addition, increasing the amount of polymer by reducing 

the piezoceramic filling fraction also makes the  
 

 

Figure 9. Variation of characteristic impedance for 1-3 

piezocomposite with multi-layer polymer versus changes in the 

filling fraction of piezoceramic PZT-8 for different values of 

VSR 
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piezocomposite softer than usual. As the VSR value 

changed from 0 % to 75 %, a negligible decrease was 

observed in the characteristic impedance at a constant 

filling fraction, which was also caused by an increase in 

the proportion of silicone rubber. 

Figure 10 depicts the diagram of the characteristic 

impedance changes for 1-3 piezocomposite with a three-

layer polymer based on piezoceramic PZT-4. This 

diagram also exhibits a behavior similar to that observed 

in Figure 9. Upon decreasing the filling fraction in the 

range of 0.9 to 0.1, the characteristic acoustic impedance 

would also decrease almost linearly. Further, with a 

change in the VSR, the value of the characteristic 

impedance decreased slowly due to an increase in the 

silicon rubber volume at a constant volume fraction of 

piezoceramic. Of note, at the filling fraction values close 

to 0.1, the effect of VSR changes is relatively enormous, 

and as the volume fraction approaches 0.6, the number of 

changes in the characteristic impedance decreases. Then, 

as the filling fraction reaches the value close to 0.9, the 

amount of the characteristic impedance reduction would 

increase with an increases in the VSR. 

Figure 11 also shows the acoustic characteristic 

impedance variation for 1-3 piezocomposite with three-

layer polymer based on single crystal PMN-0.33PT. 

As observed in Figure 11, the acoustic characteristic 

impedance decreases almost linearly with a decrease in 

the filling fraction values. In addition, as a result of 

increasing VSR at the constant filling fraction, the value 

of the characteristic impedance would slowly decrease. 

At the filling fraction values close to 0.9 and 0.1, such 

decrease is considerable. 

The characteristic impedance of 1-3 piezocomposite 

with three-layer polymer based on PMN-0.33PT at the 

filling fraction of approximately 0.9 is lower than that of 

1-3 piezocomposite with three-layer polymer based on 

 

 

Figure 10. Variation of characteristic impedance for 1-3 

piezocomposite with multi-layer polymer versus to changes in 

the filling fraction of piezoceramic PZT-4 for different values 

of VSR 

 

Figure 11. Variation of characteristic impedance for 1-3 

piezocomposite with multi-layer polymer versus to changes in 

the filling fraction of piezoceramic PMN-0.33PT for different 

values of VSR 

 

PZT-4 and PZT-8, indicating the better performance of 

PMN-0.33PT than that of the others. For a better 

understanding of the difference in the characteristic 

acoustic impedance of 1-3 piezocomposite with a three-

layer polymer based on PZT-8 and PZT-4 piezoceramics 

and PMN-0.33PT single crystal, Figure 12 makes a 

comparison of the characteristic impedance of these 

piezocomposites at VSR =50 %. Apparently, in this figure, 

PMN-0.33PT single crystal outperforms the other two 

piezoceramics PZT-8 and PZT-4 in the three-layer 1-3 

piezocomposite structure. 

It should be noted that the three-layer polymer in 1-3 

piezocomposite can significantly improve the 

characteristic impedance in practice. As previously 

 

 

Figure 12. A comparison of the characteristic impedance of 

1-3 piezocomposite with a three-layer polymer based on PZT-

8 and PZT-4 piezoceramics and PMN-0.33PT single crystal at 

VSR = 50 % 
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mentioned in the electromechanical coupling coefficient 

discussion, an increase in the VSR value from 0 % to  

75 % would increase the bandwidth of the filling fraction 

with a constant kt value (in this filling fraction bandwidth, 

kt is almost constant close to its maximum value). 

This finding helps us obtain the maximum value of kt 

at lower filling fractions. In other words, by reducing the 

filling fraction, we can obtain the highest value of kt in 

lower characteristic acoustic impedances. 

Next, to confirm the results obtained from the 

analytical method through the finite element numerical 

method for 1-3 piezocomposite with three-layer polymer 

based on piezoceramics PZT-4, PZT-8 and PMN-0.33PT 

single crystal at VSR = 50 %, the electromechanical 

coupling coefficient and characteristic acoustic 

impedance at the filling fraction values of 0.01, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 were calculated. Then, the 

results were compared with the graphs illustrated based 

on the analytical method. 

Table 3 presents the results of 1-3 piezocomposite with 

a three-layer polymer based on PMN-0.33PT. Figure 13 

shows the values for the electromechanical coupling 

coefficient through both analytical and numerical 

methods. As observed, the results obtained from the two 

methods agree with each other with a very good 

approximation. 

Figure 14 represents the characteristic impedance 

values for 1-3 piezocomposite with three-layer polymer 

obtained from two analytical and numerical methods 

based on PMN-0.33PT single crystal at VSR = 50 % for 

volume fractions of 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 

and 0.8. As observed, these results are also in good 

agreement with each other. 

Next, the same operation was repeated on 1-3 

piezocomposite with a three-layer polymer based on 

PZT-8 and PZT-4 piezoceramics. Tables 4 and 5 

elaborate the results for 1-3 piezocomposite with a three-

layer polymer based on PZT-8 and PZT-4. Figures 15 and 

16 show the electromechanical coupling coefficient 

through the analytical and numerical methods. 

 

TABLE 3. Numerical results for 1-3 piezocomposite with a 

three-layer polymer based on PMN-0.33PT 

Filling 

Fraction 
fp (Hz) fs (Hz) kt Z (Rayl) 

0.8 374000 170000 0.907743 24957020 

0.7 370000 156000 0.921592 22124150 

0.6 367300 150400 0.926357 19415478 

0.5 365000 147000 0.928922 16762625 

0.4 363700 151300 0.923819 14180663 

0.3 364600 148600 0.927088 11687253 

0.2 366500 161200 0.914103 9206480 

0.1 370000 189000 0.880671 6728450 

0.01 403000 283000 0.746441 4374364 

 

Figure 13. The electromechanical coupling coefficient 

obtained from two analytical and numerical methods for 1-3 

piezocomposite with three-layer polymer based on PMN-

0.33PT at VSR = 50 % 

 

 

Figure 14. The characteristic impedance values obtained from 

two analytical and numerical methods for 1-3 piezocomposite 

with three-layer polymer based on PMN-0.33PT at VSR = 50 % 

 

TABLE 4. Numerical results for 1-3 piezocomposite with a 

three-layer polymer based on PZT-8 

Filling 

Fraction 
fp (Hz) fs (Hz) kt Z (Rayl) 

0.8 419000 342000 0.617043632 26334150 

0.7 421000 341000 0.62567158 23691775 

0.6 419000 337000 0.633319626 20824300 

0.5 417000 337000 0.628145088 17983125 

0.4 415000 335000 0.6293927 15168250 

0.3 414000 335000 0.626756067 12409650 

0.2 413000 337000 0.617390806 9664200 

0.1 410000 341000 0.594675678 6898250 

0.01 420000 393000 0.385912266 4581150 
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TABLE 5. Numerical results for 1-3 piezocomposite with a 

three-layer polymer based on PZT-4 

Filling 

Fraction 
fp (Hz) fs (Hz) kt Z (Rayl) 

0.8 410000 324000 0.651509719 25440500 

0.7 411000 324000 0.653921791 22841325 

0.6 409000 319000 0.664217888 20081900 

0.5 403000 318350 0.651879111 17177875 

0.4 406000 318000 0.660197414 14676900 

0.3 405000 318000 0.65781786 12018375 

0.2 405000 321000 0.648538844 9396000 

0.1 403000 328100 0.619945805 6740175 

0.01 417000 380000 0.448114453 4647465 

 

 

Figure 15. The electromechanical coupling coefficient 

obtained from two analytical and numerical methods for 1-3 

piezocomposite with three-layer polymer based on PZT-8 at 

VSR = 50 % 

 

 

Figure 16. The electromechanical coupling coefficient 

obtained from two analytical and numerical methods for 1-3 

piezocomposite with three-layer polymer based on PZT-4 at 

VSR = 50 % 

As observed in both piezocomposites, the results were 

consistent with each other for the piezocomposite based 

on PZT-4 and PZT-8. 

Figures 17 and 18 also list the values for characteristic 

acoustic impedance through the numerical and analytical 

methods, respectively, for piezocomposite based on PZT-

8 and PZT-4. In this case, the obtained results also agreed 

with each other. 

 

 

Figure 17. The characteristic impedance values obtained from 

two analytical and numerical methods for 1-3 piezocomposite 

with three-layer polymer based on PZT-8 at VSR = 50% 

 

 

Figure 18. The characteristic impedance values obtained from 

two analytical and numerical methods for 1-3 piezocomposite 

with three-layer polymer based on PZT-4 at VSR = 50 % 

 

 

4. CONCLUSION 
 

The current research aimed to produce  

1-3 piezocomposite with a three-layer polymer, in which 

the polymer played the role of the inactive phase, and the 
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piezoceramic rods the role of the active phase. To obtain 

the parameters of the effective materials, a series of 

assumptions based on uniform field theories and rule of 

mixtures as well as the proposed relations were used to 

obtain the values of the electromechanical coupling 

coefficient, longitudinal velocity, and characteristic 

impedance, in terms of the coefficients of the 

components of the piezocomposite. In this study,  

1-3 piezocomposite with a three-layer polymer was used 

where the middle layer is polyethylene while the other 

two layers are a polymer like silicone rubber, 

characterized by a lower stiffness coefficient (c11) than 

that of polyethylene. Upon increasing the volume of 

silicone rubber, compared to that of polyethylene, the 

electromechanical coupling coefficient would increase 

while the values for longitudinal velocity and 

characteristic acoustic impedance of the piezocomposite 

would decrease. Such an increase in the volume would in 

turn increased the bandwidth of the filling fraction, and 

kt reached its maximum value. As a result, a freedom of 

action was given to determine the appropriate 

characteristic acoustic impedance at the maximum  

kt value, thus making it possible to bring the 

characteristic acoustic impedance as close as possible to 

the environment's one by reducing the filling fraction 

without reducing the kt value. However, given the very 

good piezoelectric properties of PMN-PT single crystals, 

upon using these single crystals instead of PZT 

piezoceramics, the coupling coefficient values in 

piezocomposites with multi-layer polymers increased up 

to more than 0.95 mainly due to the higher value of the kt 

coefficient and their lower stiffness coefficient (c11) than 

those of PZT piezoceramic materials. These single 

crystals, due to their low stiffness coefficient (c11), are 

characterized by much lower longitudinal velocity and 

characteristic impedance than those of the piezoceramics. 

In addition, it was observed that the degree of 

improvement in the piezocomposite functional 

parameters, including electromechanical coupling 

coefficient, longitudinal velocity, and characteristic 

impedance, was greater at low and high filling fractions 

(less than 0.4 and more than 0.7) than usual, indicating 

that implementation of this structure can be a suitable 

solution to improving the performance of  

1-3 piezocomposite at the filling fraction values of less 

than 0.4 and more than 0.7. To confirm the analytical 

results, the values obtained from the theoretical method 

and finite element numerical method were compared 

with each other, and it was found that they were in good 

agreement. 
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NOMENCLATURE 
 
T Mechanical stress tensor 

S Electric charge vector 

D Electric charge vector 
E Electric field vector 

cD Elastic stiffness tensor in constant electrical displacement 

h Piezoelectric coefficient 

βS Constant strain incompressibility tensor 

kt Electromechanical coupling coefficient 

ρ Density 
Z Characteristic acoustic impedance 
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