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ABSTRACT   Twelve modified figures of merit are studied for the first time for 2–2-type 

composites based on relaxor-ferroelectric single crystals such as [001]-poled (1 – 

x)Pb(A1/3Nb2/3)O3
 – xPbTiO3, where A = Mg or Zn. These modified figures of merit are related to 

the piezoelectric coefficients d3j
* of the composite (j = 1, 2 and 3) and characterise the 

effectiveness of energy harvesting and transduction along the three co-ordinate axes OXj of a 

piezoelectric composite under a constant mechanical stress or strain. The volume-fraction 

dependencies of the modified figures of merit are analysed for parallel-connected 2–2 and 2–2–0 

composites, and the effect of porosity (i.e. the volume fraction and shape of air pores in each 

polymer layer) on these figures of merit is considered for 2–2–0 composites. Linkages between 

the modified figures of merit and traditional energy-harvesting figures of merit d3j
*g3j

* are 

discussed for the studied 2–2-type composites. New diagrams are developed to indicate 

important volume-fraction ranges that correspond to a large anisotropy of exemplar modified 

figures of merit. Due to the large effective parameters and large anisotropy of specific figures of 

merit, the studied composites are of interest in piezoelectric sensor, transducer and energy-

harvesting applications.       

 

Keywords: Piezo-active composite; Figure of merit; Relaxor-ferroelectric single crystal; Porous 

polyurethane    
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1. Introduction    

Piezo-active composites based on relaxor-ferroelectric single crystals (SCs) [1, 2] with 

outstanding electromechanical properties [3, 4] are regarded as promising modern piezoelectric  

energy-harvesting materials [5, 6]. Among the relaxor-ferroelectric SC components, the domain-

engineered (1 – x)Pb(Mg1/3Nb2/3)O3
 – xPbTiO3 (PMN–xPT) and (1 – y)Pb(Zn1/3Nb2/3)O3

 – 

yPbTiO3 (PZN–yPT) SCs, and their compositions near the morphotropic phase boundary, are of 

particular interest [5, 6]. Composites based on these SCs poled in specific crystallographic 

directions [3, 4, 6] are attractive for their high performance in a variety of piezotechnical, 

hydroacoustic, and energy harvesting transducer applications [4–6]. The effectiveness of the 

application of piezo-active composites for transducers and energy-harvesting systems depends 

[6, 7] on electromechanical coupling factors (ECFs)  

kij
* = dij

*(ii
*sjj

*E)-1/2              (1)  

and traditional (or squared) figures of merit (FOMs) 

(Qij
*)2 = dij

*gij
*              (2)  

where dij
* is the piezoelectric charge coefficient, gij

* is the piezoelectric voltage coefficient, ii
*  

is the absolute dielectric permittivity and sjj
*E is the elastic compliance; the asterisk (*) notation 

signifies the effective properties of the piezo-active composite material. In specific applications, 

mechanical and electric quality factors, piezoelectric anisotropy, sensitivity [6, 8], and other 

characteristics of piezo-active composites can also be taken into account. 

In 2019, a new series of modified FOMs was proposed to estimate the effectiveness of a 

piezoelectric sample under mechanical stress  or strain  [9], where the modified FOMs 

associated with the longitudinal and transverse piezoelectric effects were studied numerically for 

poled porous ferroelectric ceramics. In the same year, porous ferroelectric PZT-type ceramics 

were used as components of novel laminar composites with 2–0–2 [10] and 2–0–2–0 [11] 

connectivity patterns, and large values of the FOM (Q33
*)2 from Eq. (2) were first achieved and 

analysed for a 2–0–2–0 composite with two systems of pores. Furthermore, an excellent electric 

output of the 2–2 composite based on relaxor-ferroelectric SC [12] showed promise for high-

performance devices in the area of biomechanical motion sensors and piezoelectric energy 

harvesting. A novel flexible wireless energy harvester and sensor [13] based on a composite, 

containing a porous electret piezoelectric PVDF-based polymer, exhibited improved 

piezoelectric and dielectric properties in comparison to the polymer component. The high power 

density, effective energy conversion and sensitivity of the harvester [13] demonstrated the 

potential for these materials to play an important role in a range of transducer applications. A 

successful combination of a (Pb, La)(Zr, Ti)O3 ferroelectric ceramic, polyvinylidene fluoride 
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polymer and multi-walled carbon nanotubes enabled Pal et al. [14] to achieve improved 

piezoelectric and energy-storage characteristics in a novel three-component composite, in 

comparison to the similar two-component ceramic / polymer composites. However, to date, the 

modified FOMs known from work [9] have yet to be studied for 2–2-type composites based on 

the aforementioned relaxor-ferroelectric SCs. The aim of the present paper is to study the 

modified FOMs for the system that are related to the longitudinal and transverse piezoelectric 

effects in the 2–2 and 2–2–0 composites based on either PMN–xPT or PZN–yPT SCs. It should 

be added that the piezo-active 2–2-type composites can be manufactured by a variety of methods 

[10–12, 14] that are suitable for fabricating novel composites based on relaxor-ferroelectric SCs 

poled along specific crystallographic directions.        

 

2. Model concepts, methods and components  

2.1. Model of the piezo-active 2–2-type composite  

In the present paper we study the performance of the parallel-connected 2–2-type composites 

with a regular distribution of the SC and polymer layers in the OX1 direction, as shown in Fig. 1. 

The layers of each composite have their long dimension in the OX2 and OX3 directions. The first 

layer type is considered to be a domain-engineered SC, see inset 1 in Fig. 1, and this SC is poled 

along OX3. The main crystallographic axes of the domain-engineered SC are oriented as follows: 

X || [001] || OX1, Y || [010] || OX2 and Z || [001] || OX3.  

The second layer type is either monolithic polymer (inset 2 in Fig. 1) or porous polymer 

with 3–0 connectivity (inset 3 in Fig. 1). In the porous polymer layer, the air pores are described 

by the equation  

(x1 / a1,p)2 + (x2 / a2,p)2 + (x3 / a3,p)2 = 1,                                                        (3) 

where a1,p, a2,p
 = a1,p and a3,p are semi-axes of the spheroid from Eq. (3). Hereafter we use the 

aspect ratio p = a1,p
 / a3,p and volume fraction mp to characterise the spheroidal shape and 

volume fraction of the air pores, respectively. Both p and mp are related to the second layer type 

shown in inset 3 of Fig. 1. The air pores are distributed regularly in the polymer medium, and 

their centres of symmetry form a simple parallelepiped lattice. The SC / monolithic polymer 

composite is characterised by 2–2 connectivity in terms of work [6, 15], and the SC / porous 

polymer composite is described by 2–2–0 connectivity. In both these composites, the poling 

direction is the OX3 axis shown in Fig. 1.  

2.2. Methods to find effective properties and related parameters of composites 

The effective elastic, piezoelectric and dielectric (i.e., electromechanical) properties of the 

2–2 composite were determined by means of the matrix method [6, 16] that takes into account 
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the electromechanical interaction between the layers. A matrix of the effective properties of the 

2–2 composite is given by    

|| C* || = [|| C(1) ||.|| M || m + || C(2) || (1 – m)] [|| M || m + || I || (1 – m)]-1,       (4) 

where  

|| C(n)|| = 
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is the 9  9 matrix that characterises the properties of the SC (n = 1) or polymer (n = 2) 

component. In Eq. (4), m is the volume fraction of the SC layers. || M || is the 9  9 matrix related 

to the boundary conditions at interfaces x1 = constant (see Fig. 1), and || I || is the 9  9 identity 

matrix. The || C(n) || matrix from Eq. (5) contains a 6  6 matrix of elastic compliances || s(n),E || at 

electric field E = constant, the 6  3 matrix of piezoelectric coefficients || d(n) ||, the 3  3 matrix 

of dielectric permittivities || (n), || at  = constant, and the superscript t is introduced to show the 

matrix transposition. The matrices of properties || C(1) || and || C(2) || from Eq. (4) belong to the 

components that can be from any symmetry class. The effective electromechanical properties of 

the 2–2 composite were determined in a long-wave approximation [6], whereby any wavelength 

from an external field is much longer than the thickness of separate layers of the composite 

sample, as shown in Fig. 1.  

The effective electromechanical properties of the 2–2–0 composite were found in two stages. 

In the first stage, the effective properties of the porous polymer matrix (see inset 3 in Fig. 1) 

were determined as a function of the aspect ratio p of the pores and their volume fraction 

(porosity) mp in the polymer layer type. This determination is based on Eshelby’s concept of 

spheroidal inclusions in heterogeneous solids [17, 18]. The effective properties of the porous 

polymer medium with 3–0 connectivity are represented in the matrix form [18] as follows: 

|| K(3-0) || = || K(2) || [|| I || – mp(|| I || – (1 – mp)|| S ||)-1] .                   (6) 

In Eq. (6), || K(2) || is the 9  9 matrix of the properties of the polymer component, || I || is the  

identity matrix, and || S || is the matrix that comprises components of the electroelastic Eshelby 

tensor. The || S || elements depend on the aspect ratio p of the pore and on the properties of 

polymer [17]. The properties of the polymer component are given by    

|| K(2) || = 
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In Eq. (7), || c(2),E || is the 6  6 matrix of elastic moduli measured at E = constant, || e(2) || is the 3 

 6 matrix of piezoelectric coefficients, and || (2), || is the 3  3 matrix of dielectric permittivities 

at  = constant. The structure of the || K(3-0) || matrix from Eq. (6) is similar to the || K(2) || 
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structure, and the || K(3-0) || elements are found in the long-wave approximation [6]. This 

approximation indicates that the longest semi-axis of each air pore is much smaller than the 

thickness of any layer of the 2–2–0 composite.   The || K(3-0) || matrix was used to form the || C(2) || 

matrix involved in Eq. (4), and a transition from the || K(3-0) || elements to the || C(2) || elements 

was performed in terms of formulae [19] for a piezoelectric medium.  

During the second stage, we determined the effective properties of the 2–2–0 composite in 

accordance with Eq. (4). In this case, the || C* || matrix from Eq. (4) depends on m, mp and p. 

Based on the || C* || elements from Eq. (4), we determined the set of effective parameters of the 

composite, including its ECFs kij
* from Eq. (1), FOMs (Qij

*)2 from Eq. (2), and the full set of 

modified FOMs. In the present study, we present results based on the modified FOMs concerned 

with the longitudinal (ij = 33) or lateral (ij = 31 and 32) piezoelectric effect in the 2–2-type 

composites.     

The modified FOMs, introduced to characterise an effectiveness of a piezoelectric material 

in terms of its ability to convert input mechanical to useable electrical energy [9, 20]; this  

includes 

(i) the transmission coefficient that represents the maximum ‘output electrical energy / input 

mechanical energy’ ratio  

3j,m
* = [(k3j

*)-1 – ((k3j
*)-2 – 1)1/2]2,             (8)

 

(ii) the ‘maximum output electrical energy / stored electrical energy’ ratio
 

L3j
* = 3j,m

*/ (k3j
*)2,              (9) 

 

(iii) the FOM for a stress-driven harvester  

F3j
* = L3j

*(Q3j
*)2,             (10)  

and  

(iv) the FOM for a strain-driven harvester 

F3j
* = F3j

* / (sjj
*Esjj

*D),             (11)  

where j = 1, 2 and 3. In Eqs. (9) and (10), k3j
* are ECFs from Eq. (1). In Eq. (10), (Q3j

*)2 are 

traditional FOMs [see Eq. (2)] that are important to estimate the ‘signal / noise’ ratio of a 

piezoelectric device [6]. In Eq. (11), sjj
*D are elastic compliances at electric displacement D = 

constant. ECFs k31
* (proportional to the piezoelectric coefficient d31

*) and k32
* (proportional to 

d32
*) are taken as absolute values in Eq. (8).  

2.3. Components of composites  

Our further evaluations of the effective properties and FOMs from Eqs. (2), (8)–(11) were 

carried out by using the full sets of experimental electromechanical constants [3, 6, 21–24] of the 

material components, see Table 1. Of specific interest are the domain-engineered relaxor-
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ferroelectric SC components that exhibit a high piezoelectric activity. In Table 1 we show the 

electromechanical properties of the high-performance PMN–xPT and PZN–0.08PT SCs, where 

0.28  x  0.33. The PMN–0.33PT and PZN–0.08PT compositions listed in Table 1 are related to 

the morphotropic phase boundary in the well-known relaxor-ferroelectric solid solutions [25] 

with the perovskite-type structure. The PMN–xPT and PZN–0.08PT SCs poled along [001] of 

the perovskite unit cell are characterised by non-180 domain types, which are shown in the inset 

1 of Fig. 1, and by large piezoelectric coefficients d3j and ECF k33. As follows from Table 1, the 

piezoelectric coefficient d33 exhibits a monotonic decrease on decreasing the molar concentration 

x from 0.33 to 0.28. A similar decrease of  d31 is observed in the same x range, see Table 1. 

In contrast to the aforementioned relaxor-ferroelectric SCs, polyurethane is the piezo-

passive component, i.e., dij = 0, as shown in Table 1. Below we now analyse the piezoelectric 

performance and modified FOMs of the 2–2-type composites based on the SCs shown in Table 

1.   

 

3. Piezoelectric properties, modified figures of merit and large anisotropy factors   

3.1. Piezoelectric properties  

Taking into account Eqs. (1) and (8), we can write the transmission coefficient 3j,m
* in terms of 

the electromechanical constants involved in the || C* || matrix from Eq. (4). The relation  

3j,m
* = 2{33

*sjj
*E – [33

*sjj
*E (33

*sjj
*E– (d3j

*)2)]1/2}(d3j
*)-2 – 1       (12)  

suggests that the transmission coefficient 3j,m
* depends on the three forms of electromechanical 

constants. The piezoelectric coefficients d3j
* influence both 3j,m

* from Eq. (12) and the remaining 

FOMs from Eqs. (9)–(11) to a large extent. For instance, as d3j
* → 0 we approach an indefinite 0 

/ 0 ratio in Eq. (12), and F3j
* = 0 and F3j

* = 0 in accordance with Eqs. (10) and (11), 

respectively. An increase of |d3j
*| of the composite leads to appreciable changes in the behaviour 

of its modified FOMs.   

In the case of 2–2-type composites based on the domain-engineered SCs, we consider three 

different volume-fraction (m) dependences of the piezoelectric coefficients d3j
*, see Fig. 2. These 

composites are characterised by the macroscopic mm2 symmetry due to the presence of the SC 

component from the 4mm symmetry class [3, 21–24] and due to the number of interfaces 

between the SC and polymer layers, x1 = constant, see Fig. 1. The smaller |d31
*| values at m = 

constant are due to the influence of interfaces that separate the highly piezo-active SC and piezo-

passive polymer (monolithic or porous) components. The large d33
* values at m = constant are 
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achieved as a result of the large d33
(1) of the SC component that is distributed continuously along 

the OX3 axis, see Fig. 1.  

The shape of the d3j
*(m) curves undergoes minor changes when replacing the monolithic 

polymer layers with the porous layers where the aspect ratio p  1, compare Fig. 2, a–c. 

However, a change in the d3j
*(m) dependence is observed in the presence of a porous polymer 

with a system of highly oblate pores (p >> 1), see Fig. 2, d. This is a result of the change in the 

elastic properties of the porous polymer layer at p >> 1: in this case the elastic compliance  

s33
(3-0) becomes relatively large in comparison to s11

(3-0) of the porous layer. Such an elastic 

anisotropy of the porous layer leads to appreciable changes in the d3j
*(m) curves at relatively 

small volume fractions of SC m, i.e., in the volume-fraction range where the elastic properties of 

the porous polymer layer have an important role and strongly influences the effective 

piezoelectric properties of the composite. Moreover, the system of highly oblate pores in the 

polymer medium leads to a larger anisotropy of d3j
* of the 2–2–0 composite in comparison to the 

anisotropy of d3j
* of the similar 2–2 composite. It should be added that the similar d3j

*(m) curves 

are obtained for the 2–2 and 2–2–0 composites based on PZN–0.08PT.  

3.2. Modified figures of merit  

3.2.1. 2–2 connectivity 

Examples of the volume-fraction (m) behaviour of the twelve modified FOMs of the 2–2 PMN–

0.33PT-based composite are shown in Fig. 3, a–d, and further examples of the volume-fraction 

behaviour of the modified FOMs of the 2–2 PZN–0.08PT-based composite are shown in Fig. 3, e 

and f. Hereby we see that the modified FOMs of the studied 2–2 composites exhibit either non-

monotonic or monotonic volume-fraction behaviour. Despite the intriguing dependence of the 

transmission coefficient 3j,m
* on the piezoelectric coefficients d3j

* [see Eq. (12)], we observe a 

similarity of the 3j,m
*(m) (Fig. 3, a) and d3j

*(m) curves (Fig, 2). A transition from 3j,m
* to L3j

* in 

accordance with Eq. (9) does not lead to significant changes to the shape of the L3j
*(m) curves, 

cf. Fig. 3, a and Fig. 3, b. A mutual arrangement of the curves related to the piezoelectric effect 

(d3j
* at j = 1, 2 and 3) does not lead to changes in Fig. 3, a (3j,m

*  at j = 1, 2 and 3) and Fig. 3, b 

(L3j
* at j = 1, 2 and 3). This is due to the fact that the monotonic character of the volume-fraction 

dependence of ECFs k3j
*(m) leads to a monotonic L3j

*(m) dependence. It should be added that 

differences between the 3j,m
*(m) values related to the PZN–0.08PT-based and PMN–0.33PT-

based composites are less than 10% in the wide m range, and therefore, in Fig. 3 we do not show 

the 3j,m
*(m) dependence the PZN–0.08PT-based composite. Similarly, only a small difference is 

observed on comparing the L3j
*(m) values related to the PZN–0.08PT-based and PMN–0.33PT-

based composites.   
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Important examples of the non-monotonic volume-fraction (m) behaviour of the modified 

FOMs F3j
* are shown in Fig. 3, c and e. The maxima of F3j

* in Fig. 3, c are a result of the link 

between F3j
* and (Q3j

*)2 [see Eq. (10)] and max[Q3j
*(m)2] at smaller volume fractions m. The 

smaller m values suggest that the dielectric properties of the composite strongly influence its 

FOMs (Q3j
*)2. Based on Eqs. (2) and (10), we represent F3j

* in the form F3j
* = L3j

*d3j
*g3j

*, and 

using the relation [6, 19] between the piezoelectric coefficients d3j
* = 33

*g3j
*, we write F3j

* as 

follows:  

F3j
* = L3j

*(d3j
*)2 / 33

*,                                    (13)  

where j = 1, 2 and 3. As is known from earlier studies on 2–2-type composites [6], at a volume 

fraction of SC m << 1 the piezoelectric coefficient d33
*(m) exhibits a larger increase in 

comparison to 33
*(m). This leads to a maximum of F33

*(m) and large values of this modified 

FOM from Eq. (13). The smaller maxF31
* and maxF32

* values (see curves 1 and 2 in Fig. 3, c 

and e) are due to the smaller |d31
*| and |d32

*| values in comparison to d33
*. Our comparison of 

maxF33
* related to the studied 2–2 composites (see Fig. 3, c and e) shows that the largest 

maxF33
* value is achieved for the PMN–0.33PT-based composite, which is observed at a small 

volume fraction m (see curve 3 in Fig. 3, c), and the piezoelectric coefficient d33
* in this m region 

approaches 1000 pC / N (see curve 3 in Fig. 2, a). The small volume fraction m leads to a lower 

dielectric permittivity 33
* and, according to Eq. (13), leads to the large modified FOM F33

*. 

We add that L33
* at m = constant (see curve 3 in Fig. 3, b) undergoes minor changes after 

replacing the PMN–0.33PT SC with the PZN–0.08PT SC in the composite, and a difference 

between the ECF k33
(1) values of these SCs [3, 24] does not exceed 3%.       

In contrast to the modified FOMs F3j
* from Fig. 3, c and e, the modified FOMs F3j

* with 

j = 1, 2 and 3 exhibit a monotonic behaviour, see Fig. 3, d and f. This is likely to be due to the 

elastic compliances sjj
*E and sjj

*D of the composite [see Eq. (11)], which are interrelated [19] as 

follows: sjj
*D = sjj

*E[1 – (k3j
*)2] = sjj

*E – (d3j
*)2(33

*)-1, where j = 1, 2 and 3. The graphs in Fig. 3, 

d and f indicates that the PMN-0.33PT-based composite exhibits the largest FOMs F3j
*, 

especially at m > 0.5, and this high-performance is achieved due to the larger FOM F3j
(1), of the 

SC component. The larger F3j
(1), values of the PMN–0.33PT SC are related to the smaller elastic 

compliances |spq
(1),E| with pq = 11, 12, 13, and 33 (see Table 1) in comparison to |spq

(1),E| of PZN–

0.08PT. As follows from Fig. 3, d and f, the large anisotropy of F3j
* is observed, so that the 

conditions  

F33
* / F31

* >> 1 and F33
* / F32

* >> 1           (14)  

are valid.  
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Figure 4 shows the maxima of two longitudinal FOMs, namely, max[(Q33
*)2] and maxF33

* 

of the 2–2 PMN–xPT SC / polyurethane composite as a function of PT fraction, x. As follows 

from Eq. (10), F33
* and (Q33

*)2 are linked in accordance with the relation F33
* / (Q33

*)2 = L33
*, 

and the proportionality between both FOMs is clear when comparing both the diagrams from 

Fig. 4. This proportionality is due to a relatively small ( 0.1) difference between values of the 

volume fraction m at which maxF33
* and max[(Q33

*)2] are achieved in each 2–2 composite 

based on PMN–xPT with 0.28  x  0.33. For example, in the composite based on PMN–0.33PT, 

maxF33
* (see curve 3 in Fig. 3, c) and max[(Q33

*)2] are observed at m = 0.184 and 0.109, 

respectively. In the composite based on PMN–0.30PT, maxF33
* and max[(Q33

*)2] are observed 

at m = 0.116 and 0.078, respectively. The diagrams in Fig. 4 show that the monotonic increase of 

both maxF33
* and max[(Q33

*)2] with increasing x is consistent with the increase of the 

piezoelectric coefficient d33
(1) of the PMN–xPT SC in the same x range, see Table 1.     

Table 2 shows the performance of the 2–2 PMN–xPT SC / polyurethane composite at 

volume fractions of SC m = 0.1 and 0.2. These m values are of interest due to their proximity to 

the volume fractions related to the aforementioned maxF33
* and max[(Q33

*)2]. We see the 

consistent increase of FOMs F3j
* and (Q3j

*)2 on increasing x at m = constant. A similar 

consistent increase of FOMs is observed in a 1–3 PMN–xPT SC / polyurethane composite [26] 

wherein the SC component is represented by the parallelepiped-shaped rods that are parallel to 

the poling axis OX3. In contrast to changes in d3j
*, (Q3j

*)2 and F3j
* of the 2–2 composite on 

increasing x at m = constant, the modified FOMs 3j,m
*, L3j

* and F3j
* show smaller changes (see 

Table 2). This is a result of the influence of the elastic properties of the SC component on 3j,m
*, 

L3j
* and F3j

* of the 2–2  composite. The elastic properties of the PMN–xPT SC vary in a 

relatively narrow range, see Table 1, and the volume fractions of SC m = 0.1 and 0.2 are 

relatively small and do not strongly influence the elastic properties of the studied 2–2 composite. 

It should be noted that conditions (14) are valid at m = 0.1 and 0.2 irrespective of x, see Table 2. 

The largest F33
*  value at m = 0.2 is achieved in the PMN–0.28PT-based composite SC due to 

the smallest elastic compliance s33
(1),E of this SC, among those listed in Table 2.    

3.2.2. 2–2–0 connectivity   

The influence of porosity on the modified FOMs from Eqs. (8)–(11) is shown in Fig. 5. Hereby 

we consider 2–2–0 composites whereby air pores are characterised by one of the following 

aspect ratios: p = 0.01 (highly prolate pores), p = 1 (spherical pores), or p = 100 (highly oblate 

pores). It is seen that in the porosity range of 0 < mp  0.3, irrespective of the SC component, the 

modified FOMs 3j,m
* and L3j

* only undergo minor changes (see Fig. 5, a, c , e, and g) with the 
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exception of 31,m
*, 33,m

* and L33
* at p = 100 (see curves 1, 3 and 6 in Fig. 5, e and g). The 

graphs in Fig. 5, b, d, f, and h suggest that the modified FOMs F3j
* and F3j

* undergo 

appreciable changes at various aspect ratios p, and we observe a validity of conditions (14) in 

the wide p range and validity of inequalities   

F33
* / F31

* >>1 and F33
* / F32

* >> 1                       (15)  

at p = 100. It should be noted that the graphs in Fig. 5 are related to 2–2–0 composites at m = 

0.1, where the volume fraction of the porous polymer layers 1 – m is nine times larger than the 

volume fraction of the SC layers m. The value of m = 0.1 is of specific interest because maxF33
* 

can be found in the vicinity of this volume fraction, as follows, for instance, from Table 3.  

Table 3 shows that an increase in maxF33
* values is observed on increasing porosity mp 

and/or aspect ratio p. These factors lead to an appreciable decrease of the volume fraction of SC 

m3 (that is related to maxF33
*), and therefore, a decrease of the dielectric permittivity 33

* of the 

composite. This takes place in the region of m << 1, where the piezoelectric coefficient d33
* of 

the composite increases rapidly (see, e.g., curve 3 in Fig. 2, b–d). The porous polymer layers at 

p >> 1 lead to a large anisotropy of F3j
*: for instance, at p = 100 we observe a validity of 

conditions (15) in a wide mp range (see Table 3). It is of interest to note that the difference 

between the maxF33
* values of the PMN–0.33PT-based and PZN–0.08PT-based composites at 

mp = constant and p = constant remains relatively small, irrespective of the pore shape.  

In Fig. 6 we show the volume-fraction (m) behaviour of the modified FOMs of the 2–2–0 

composite that contains the porous polymer layers with p >> 1. We focus our attention here on 

the modified FOMs concerned with the longitudinal piezoelectric effect and note the large 

anisotropy of the transmission coefficients 3j,m
*, i.e., the conditions  

33,m
* / 31,m

* >> 1 and 33,m
* / 32,m

* >> 1           (16)  

hold in a wide m range at porosity mp = 0.1 – 0.3 in each polymer layer. On comparing the 

graphs in Fig. 6, a, c and e, we see minor changes of the 33,m
*(m) and L3j

*(m) dependences on 

increasing the fraction of porosity mp from 0.1 to 0.3. As follows from Fig. 6, b, d and f, the 

maxF33
*(m) increases and shifts towards the smaller volume fraction of SC m on increasing the 

porosity mp, and the F33
*(m) dependence undergoes minor changes in the same m and mp ranges. 

The trends of the maxF33
*(m) behaviour (see Fig. 6, b, d and f) are similar to those shown for 

the PZN–0.08PT-based composite in Table 3. The modified FOMs F33
* and F33

* of the PMN–

0.33PT-based and PZN–0.08PT-based composites at the aspect ratio p >> 1 obey conditions 

(14) and (15) for a large anisotropy.   
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Table 4 shows the linkages between the modified FOMs F3j
* and FOMs (Q3j

*)2 of the 2–

2–0 PMN–0.33PT-based composite at p >> 1. We observe a similar volume-fraction (m) 

behaviour of these FOMs and their large values at m << 1. Hereby we emphasise the strong 

influence of the relatively small dielectric permittivity 33
* on both F3j

* and (Q3j
*)2 in 

accordance with Eq. (13) and the formula (Q3j
*)2 = (d3j

*)2 / 33
*. The modified FOM F33

* 

concerned with the longitudinal piezoelectric effect has a maximum at a volume fraction m3 that 

is larger than a volume fraction related to max[(Q33
*)2], which has an important implication on 

piezotechnical stress-driven systems. Table 4 suggests that conditions (15) and  

(Q33
*)2 / (Q31

*)2 >> 1 and (Q33
*)2 / (Q32

*)2 >> 1            (17)  

hold in wide m ranges.       

3.3. Diagrams on a large anisotropy of modified figures of merit   

Validity of conditions (14)–(17) for a large anisotropy of the studied FOMs means the high 

effectiveness of the energy conversion in the composite sample (see Fig. 1) along the OX3 axis in 

comparison to the energy conversion along the OX1 or OX2 axis. In Fig. 7 we present new 

diagrams to show the volume-fraction (m and mp) ranges where a large anisotropy of two 

modified FOMs is achieved. Both diagrams in Fig. 7 are related to 2–2–0 composites with aspect 

ratio of pores p >> 1. These diagrams suggest that conditions for the large anisotropy  

F33
* / F31

* > 10 and 33,m
* / 31,m

* > 10                       (18)  

hold simultaneously in a wide m range, while conditions  

F33
* / F32

* > 10 and 33,m
* / 32,m

* > 10                           (19)  

are valid simultaneously in a relatively narrow m range, at m << 1. The reason of this distinction 

is related with three features of a piezoelectric response of the 2–2–0 composite as follows.  

Firstly, the system of interfaces x1 = constant in the composite in Fig. 1 leads to a 

weakening of the piezoelectric effect related to d31
*. Secondly, the system of pores at p >> 1 in 

each polymer layer leads to a stronger piezoelectric effect related to d33
*, even at a volume 

fraction of SC m << 1. Thirdly, changes in porosity mp from 0.1 to 0.3 do not lead to drastic 

changes of the diagram areas where the conditions (18) and (19) valid. This is illustrated by 

minor changes of the length of arrows 1–4 on varying the mp value, see Fig. 7. In fact, the highly 

oblate shape of the pore in the polymer layer plays an important role in forming the large 

anisotropy of the modified FOMs (18) and (19), irrespective of the SC component (cf. Fig. 7, a 

and Fig. 7, b). As is known from Table 1, the SC components are characterised by a moderate 

anisotropy of the piezoelectric coefficients d3j and, therefore, cannot be responsible for the 

validity of conditions (18) and (19) for the composite, especially at m << 1.           
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4. Comparison and discussion  

In Table 5 we show the ECFs and modified FOMs of 2–2–0 composites at three volume 

fractions of SC, namely, at m = 0.2 (SC has only a moderate influence), m = 0.5 (equal volume 

fractions of the SC and porous polymer layers), and m = 0.7 (SC has a strong influence). We 

compare the aforementioned parameters of the PMN–0.33PT-based and PZN–0.08PT-based 

composites. It is shown that the larger ECF k33
* of the PMN–0.33PT-based composite leads to 

larger modified FOMs 33,m
*, L33

*, F33
*, and F33

*, which are related to the longitudinal 

piezoelectric effect. This trend is observed at a variety of volume fractions m, from 0.2 to 0.7 

(see Table 5). We note that the larger piezoelectric coefficient d33 of the PZN–0.08PT SC in 

comparison to the d33 of the PMN–0.33PT SC (see Table 1) cannot simply promote a larger 

33,m
*, L33

*, F33
*, and F33

* values in a specific m range. This is due to the influence of the 

porous polymer layers of the composite on its piezoelectric performance, ECFs and FOMs, and 

such an influence should be taken into consideration even, for instance, at a large volume 

fraction of SC m = 0.7.   

The studied composites are of interest due to the large values of the modified FOMs 33,m
*, 

L33
*, F33

*, and F33
* and due to the large anisotropy of the FOMs, see validity of conditions 

(14)–(17). The values of 33,m
*, L33

*, F33
*, and F33

* in a wide m range are comparable to those 

of a poled porous ferroelectric BaTiO3 ceramic [9], although the maxF33
* values (see Fig. 6, b, d 

and f, and Table 3) are larger than the typical F33
* values of the porous BaTiO3 ceramic from 

this previous work. It should be noted, however, that the piezoelectric d3j coefficients of the 

poled monolithic BaTiO3 ceramic are an order-of-magnitude lower [6] than the d3j values of the 

SC-based composites studied here.  

On comparing the ECFs k3j
* from Eq. (1) and transmission coefficients 3j,m

* from Eq. (8), 

we demonstrate that the larger 33,m
* value is achieved at a larger k33

* value, see Table 6. 

However a large anisotropy of 3j,m
* is observed in the volume-fraction region where the 

anisotropy of the ECFs k3j
* remains moderate. A difference between the anisotropy factors 

concerned with 3j,m
* and k3j

* is accounted for by the anisotropic elastic properties of the studied 

2–2-type composites. We add that in these composites, an appreciable elastic anisotropy is 

achieved due to the system of the interfaces between the SC and polymer layers and due to the 

porous structure in the polymer layers, see Fig. 1.   

A further comparison can be drawn by considering data from Table 6 and work [27–31]. 

Prior to the publication of work [9, 19] on modified FOMs (8)–(11), a number of authors have 

used the ECFs k3j
* to evaluate the effectiveness of piezo-active composites in energy-harvesting 

[6] and other applications. Taking the k3j
* values from work [27–31] and using Eqs. (8) and (9), 
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we evaluate the modified FOMs 3j,m
* and L3j

* for specific piezo-active composites, as shown in 

the 3rd and 4th columns in Table 6. As follows from Table 6, the 33,m
* and L33

* values of the 1–

3-type PMN–0.33PT-based composite studied in work [27] are approximately equal to the 

related FOMs of the 2–2 PMN–0.33PT SC / polyurethane composite at m > 0.5 (see curve 3 in 

Fig. 3, a and b). Moreover, the 33,m
* and L33

* values of the related 2–2–0 PMN–0.33PT SC / 

porous polyurethane composite at m = 0.1, mp = 0.2–0.3 and p = 100 differ from the similar 

FOMs of the 1–3-type PMN–0.33PT-based composite to a small degree.  

The results on 1–3 and 2–2 composites show that the modified FOMs from the 3rd and 4th 

columns of Table 6 are comparable to the similar parameters of the 2–2-type composites from 

our present study, see, e.g. Figs. 3, a and b, and 5, a, c, e, and g.  

  

5. Conclusions  

This paper reports new results on the twelve modified figures of merit (FOMs), given in Eqs. 

(8)–(11), which are concerned with the longitudinal (ij = 33) or lateral (ij = 31 and 32) 

piezoelectric effect in the parallel-connected 2–2 and 2–2–0 composites based on domain-

engineered relaxor-ferroelectric SCs. This has been the first study on the vast group of the FOMs 

in composites whereby differences between their piezoelectric coefficients d3j
* are observed (Fig. 

2) in a wide volume-fraction (m) range and with changes in the volume fraction mp and aspect 

ratio p of pores in the polymer layers. In addition to electromechanical coupling factors, [Eq. 

(1)] and traditional (squared) FOMs [Eq. (2)], which strongly depend on d3j
*, the new modified 

FOMs from Eqs. (8)–(11) are taken into account to evaluate the effectiveness of piezo-active 

composites for energy conversion, energy harvesting and under external mechanical fields 

(either at  = constant or  = constant). In the present study we demonstrate the influence of the 

relaxor-ferroelectric SC component with high piezoelectric activity and the influence of porosity 

of the piezo-passive polymer medium on the modified FOMs and their anisotropy.  

Our results on the modified FOMs (see Figs. 3–6 and Table 3) show that the studied 

parameters vary in wide ranges. A highly oblate pore shape (p >> 1) is preferable to achieve a 

larger longitudinal piezoelectric coefficient d33
* at a smaller volume fraction of SC m and, as a 

consequence, to achieve larger values of the modified FOMs, in particular F33
*. The porous 

structure of the polymer layers leads to a large anisotropy of the modified FOMs, and conditions 

(14)–(16) hold in specific volume-fraction (m and mp) ranges. The important relationship 

between the traditional (squared) FOMs (Q3j
*)2 and modified FOMs F3j

* [see Eq. (10) and Table 

4] is to be taken into account in the context of the large anisotropy of FOMs and further 

applications of piezo-active composites. The obvious advantage of the F33
*(m) dependence (see 
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Fig. 3, c and e) over the [Q33
*(m)]2 dependence of many piezo-active composites [6] consists in 

the presence of maxF33
*(m) at a larger volume fraction of SC m, and this can facilitate the 

manufacture of such 2–2-type composites. This advantage is due to the strong influence of the 

ECFs on the F33
*(m) behaviour, see Eqs. (8)–(10). The new diagrams presented in Fig. 7 

suggest that both the PMN–0.33PT-based and PZN–0.08PT-based composites are of value as 

advanced piezoelectric materials with a large anisotropy of two kinds of the modified FOMs, 

namely, F3j
* and 3j,m

*, for which conditions (18) and (19) hold simultaneously. Moreover, the 

modified FOMs 3j,m
* and L3j

* of the studied 2–2-type composites are either larger or 

approximately equal to the similar FOMs of the composites listed in Table 6.  

The large modified FOMs 33,m
*, L33

*, F33
*, and F33

* of the 2–2-type composites based on 

relaxor-ferroelectric SCs are to be taken into account in a variety of piezotechnical applications 

including transducers based on stress-driven and strain-driven systems, where energy conversion 

and harvesting play the key role and where the longitudinal mode can be exploited due to the 

large anisotropy of specific FOMs.      
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Table 1. Room-temperature elastic compliances sab
E (in 10-12 Pa-1), piezoelectric coefficients dij 

(in pC / N) and dielectric permittivities pp
 of components  

Components 
Es11  

Es12  
Es13  

Es33  
Es44  

Es66  d31 d33 d15 
11 /0 

33 /0 

PMN–0.33PT 

SCa [3] 
69.0 –11.1 –55.7 119.6 14.5 15.2 –1330 2820 146 1600 8200 

PMN–0.30PT 

SCa [21] 

52.0 –18.9 –31.1 67.7 14.0 15.2 –921 1981 190 3600 7800 

PMN–0.29PT 

SCa [22 ] 

52.1 –24.6 –26.4 59.9 16.0 28.3 –699 1540 164 1560 5400 

PMN–0.28PT 

SCa [23] 

44.57 –28.91 –13.91 34.38 15.22 16.34 –569 1182 122 1672 5479 

PZN–0.08PT 

SCa [24] 
87.0 –13.1 –70.0 141 15.8 15.4 –1455 2890 158 2900 7700 

Polyurethane [6] 405 –151 –151 405 1110 1110 0 0 0 3.5 3.5 

a Domain-engineered SC poled along [001] of the perovskite unit cell, macroscopic 4mm 

symmetry. See the schematic of domains in inset 1 on Fig. 1 
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Table 2. Piezoelectric coefficients d3j
* (in pC/ N) and FOMs (Q3j

*)2 (in 10–12 Pa–1), 3j,m
*, L3j

*, 

F3j
* (in 10–12 Pa–1), and F3j

* (in 1010 Pa) of the 2–2 PMN–xPT SC / polyurethane composite at 

m = 0.1 and 0.2  

x 0.33 0.33 0.30 0.30 0.29 0.29 0.28 0.28 

m 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 

d33
* 768 1290 789 1180 659 966 669 882 

d32
* –328 –571 –334 –521 –278 –419 –305 –411 

d31
* –277 –472 –284 –433 –238 –354 –236 –320 

(Q33
*)2 241 217 181 153 171 141 144 102 

(Q32
*)2 44.0 44.6 32.5 29.6 30.3 26.5 30.1 22.1 

(Q31
*)2 31.3 30.4 23.4 20.4 22.3 18.9 17.9 13.4 

33,m
* 0.343 0.417 0.271 0.339 0.268 0.332 0.326 0.375 

32,m
* 0.0462 0.0646 0.0366 0.0479 0.0337 0.0419 0.0361 0.0385 

31,m
* 0.0253 0.0288 0.0194 0.0200 0.0184 0.0184 0.0151 0.0134 

L33
* 0.439 0.502 0.404 0.448 0.402 0.444 0.439 0.472 

L32
* 0.274 0.283 0.269 0.275 0.267 0.271 0.268 0.270 

L31
* 0.263 0.265 0.260 0.260 0.259 0.259 0.258 0.257 

F33
* 106 114 72.9 68.5 68.8 62.5 63.4 48.1 

F32
* 15.0 18.1 11.5 12.7 10.6 11.2 11.0 9.90 

F31
* 8.23 8.05 6.09 5.31 5.79 4.91 4.62 3.44 

F33
* 0.383 0.899 0.304 0.685 0.313 0.705 0.646 1.41 

F32
* 0.0171 0.0299 0.0135 0.0219 0.0122 0.0186 0.0136 0.0175 

F31
* 0.00859 0.0115 0.00670 0.00819 0.00628 0.00743 0.00525 0.00549 
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Table 3. Local maxima of modified FOMs F3j
* (in 10–12 Pa–1) and related anisotropy factors  

F33
*(m3) / F31

*(m3) and F33
*(m3) / F32

*(m3) of the 2–2–0 PZN–0.08PT SC / porous 

polyurethane compositea at p = constant and mp = constant. 

p mp maxF33
* m3 F33

*(m3) / F31
*(m3) F33

*(m3) / F32
*(m3) 

0.01 0.1 101 0.232 12.6 4.50 

 0.2 111 0.199 13.0 3.90 

 0.3 124 0.169 13.3 3.42 

1 0.1 109 0.206 13.7 5.30 

 0.2 128 0.161 15.2 5.32 

 0.3 153 0.126 16.8 5.36 

100 0.1 458 0.025 777 76.1 

 0.2 865 0.012 2790 197 

 0.3 1350 0.008 5840 361 

aThe volume fraction of SC m3 is found from the equation maxF33
* = F33

*(m3) at p = constant 

and mp = constant. 
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Table 4. Links between modified FOMs F3j
* (in 10–12 Pa–1) and traditional FOMs (Q3j

*)2 (in  

10–12 Pa–1) of the 2–2–0 PMN–0.33PT SC / porous polyurethane composite at p = 100, mp = 0.3  

and m = constant. 

            m 

FOMs 

0.05 0.10 0.15 0.30 0.50 0.70 

F31
* 0.0305 0.0124 5.44.10-3 0.0767 1.73 3.47 

F32
* 19.9 23.2 31,9 33.5 28.3 20/6 

F33
* 739 455 335 268 124 91.5 

(Q31
*)2 0.122 0.0496 0.0217 1.76 6.85 13.4 

(Q32
*)2 59.7 68.6 66.9 53/6 40.3 32.0 

(Q33
*)2 1370 808 585 327 208 153 
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Table 5. Comparison of effective parameters of the 2–0–2 PMN–0.33PT SC / porous 

polyurethane and PZN–0.08PT SC / porous polyurethane composites at p = 100, mp = 0.3  

and m = constant.    

Effective 

parameters  

PMN–

0.33PT-

based 

composite, 

m = 0.2 

PZN–

0.08PT-

based 

composite, 

m = 0.2 

PMN–

0.33PT-

based 

composite, 

m = 0.5 

PZN–

0.08PT-

based 

composite, 

m = 0.5 

PMN–

0.33PT-

based 

composite, 

m = 0.7 

PZN–

0.08PT-

based 

composite, 

m = 0.7 

k31
* –0.0268 –0.0379 –0.155 –0.174 –0.260 –0.285 

k32
* –0.519 –0.506 –0.572 –0.570 –0.585 –0.585 

k33
* 0.950 0.919 0.955 0.928 0.956 0.931 

31,m
* 1.79.10-4 3.59.10-4 6.06.10-3 7.65.10-3 0.0175 0.0211 

32,m
* 0.0782 0.0739 0.0989 0.0980 0.104 0.105 

33,m
* 0.523 0.434 0.543 0.458 0.547 0.464 

L31
* 0.250 0.250 0.253 0.254 0.259 0.261 

L32
* 0.291 0.288 0.302 0.301 0.305 0.305 

L33
* 0.523 0.514 0.595 0.531 0.599 0.536 

F31
*, 10-12 Pa-1 0.0767 0.156 1.73 2.27 3.47 4.48 

F32
*, 10-12 Pa-1 33.5 32.2 28.3 29.1 20.6 22.1 

F33
*, 10-12 Pa-1 268 252 124 121 91.5 90.9 

F31
*, 1010 Pa 4.18.10-5 8.23.10-5 0.0217 2.65.10-3 9.46.10-3 0.0109 

F32
*, 1010 Pa 0.0250 0.0228 0.0514 0.0489 0.0799 0.0751 

F33
*, 1010 Pa 1.05 0.479 2.71 1.25 3.83 1.77 
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Table 6. ECFs of some piezo-active composites (published data) and evaluated modified FOMs 

3j,m
*  and L3j

* from Eqs. (8) and (9), respectively    

Composites k3j
* 3j,m

*   L3j
* 

1–3-type PMN–0.33PT SC / porous araldite 

composite at the volume fraction of SC m = 

0.120 and aspect ratio of pores p = 100 [27]  

k33
* = 0.946  33,m

* = 0.510   L33
* = 0.570 

1–3-type PMN–0.33PT SC / porous araldite 

composite at the volume fraction of SC m = 

0.252 and aspect ratio of pores p = 10 [27] 

k33
* = 0.941 33,m

* = 0.494   L33
* = 0.558 

1–3 PMN–xPT-based composites [28, 29], 2–2 

PMN–xPT-based composites [30]  

k33
*  0.8 33,m

*  0.25  L33
*  0.39 

2–2 PZT ceramic / epoxy composite [31] k31
* = –0.36 31,m

* = 0.035 L31
* = 0.27  
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Figure captions to the paper “Twelve modified figures of merit of 2–2-type composites 

based on relaxor-ferroelectric single crystals” by A. N. Isaeva et al. 

Fig. 1. Schematic of piezo-active parallel-connected 2–2-type composite. (X1X2X3) is the 

rectangular co-ordinate system, m is the volume fraction of the SC layers, and 1 – m is the 

volume fraction of the polymer layers. In inset 1, spontaneous polarisation vectors Ps,1, Ps,2, Ps,3, 

and Ps,4 of domains in the SC layer are shown. In insets 2 and 3, polymer layers in the composite 

are characterised.  

 

Fig. 2. Piezoelectric coefficients *

3 jd  (in pC / N) of the 2–2-type composites based on the PMN–

0.33PT SC: a, with the monolithic polyurethane layers, b – d, with the porous polyurethane 

layers (porosity mp = 0.2) at the aspect ratio of pores p = 0.01 (b), 1 (c) and 100 (d).    

 

Fig. 3. Volume-fraction (m) dependences of modified FOMs of the 2–2 PMN–0.33PT SC / 

polyurethane composite (a – d) and 2–2 PZN-0.08PT SC / polyurethane composite (e and f): a, 

3j,m
*, b, L3j

*, c and e, F3j
* (in 10-12 Pa-1), and d and f, F3j

* (in 1010 Pa).  

 

Fig. 4. Diagrams of maximum values of FOMs (Q33
*)2 (a, in 10-12 Pa-1) and F3j

* (b, in 10-12 Pa-1) 

of the 2–2 PMN–xPT SC / polyurethane composite at 0.28  x  0.33. 

 

Fig. 5. Volume-fraction (mp) dependences of modified FOMs of 2–2-type composites based on 

either the PMN–0.33PT SC (a – f) or PZN–0.08PT SC (g and h) at m = 0.1: a, c, e, and g, 3j,m
* 

and L3j
*, b, d, f, and h, F3j

* (in 10-12 Pa-1), and F3j
* (in 1010 Pa).  

 

Fig. 6. Volume-fraction (m) dependences of modified FOMs of the 2–2–0 PMN–0.33PT SC / 

porous polyurethane composite at mp = constant and p = 100: a, c and e, 3j,m
* and L3j

*, b, d and 

f, F3j
* (in 10-12 Pa-1), and F3j

* (in 1010 Pa).    

 

Fig. 7. Diagrams showing the volume-fraction (m and mp) areas wherein conditions for the large 

anisotropy of modified FOMs hold for the 2–2–0 PMN–0.33PT SC / porous polyurethane 

composite at p = 100 (graph a) and 2–2–0 PZN–0.08PT SC / porous polyurethane composite at 

p = 100 (graph b).    
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