3 OPEN ACCESS

JOURNAL OF ADVANCED DIELECTRICS
Vol. 11, No. 2 (2021) 2150010 (9 pages)

© The Author(s)

DOI: 10.1142/S2010135X21500107

) FFRAAY

XIAN JIAOTONG UNIVERSITY

\\:e World Scientific

www.worldscientific.com

Lead-free 0-3-type composites: From piezoelectric sensitivity
to modified figures of merit

Ashura N. Isaeva and Vitaly Yu. Topolov*

Department of Physics, Southern Federal University
5 Zorge Street, 344090 Rostov-on-Don, Russia

*vutopolov @sfedu.ru

Received 29 January 2021; Revised 16 March 2021; Accepted 17 March 2021; Published 9 April 2021

Effective piezoelectric properties, electromechanical coupling factors (ECF) and figures of merit (FOM) are studied in lead-
free 0-3-type composites based on novel ferroelectric 0.965(K 4sNay 5,)(Nb 9¢Sby 04)O05—0.035Bi, sNa,, sZr, ;sHf ;505 ceramic.
Systems of prolate ceramic inclusions are surrounded by a large polymer matrix that can be either monolithic (in the 0-3 compos-
ite) or porous (in the 0-3—-0 composite). Non-monotonic volume-fraction dependences of the effective piezoelectric coefficients
&3> ECF k3", squared FOM d;"gy;" and their modified analogs for stress-driven systems are analysed, and examples of the high
longitudinal piezoelectric sensitivity (gs;;" > 100 mV -m/N) are considered. A role of microgeometrical factors, that promote the
large effective parameters and anisotropy of properties in the 0-3-type composites, is highlighted. New “aspect ratio — volume
fraction” diagrams are first built to describe conditions for high piezoelectric sensitivity, large modified FOM and their anisot-
ropy in the studied composites. These advanced materials can be of value for piezoelectric sensor, energy-harvesting and related

applications.
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1. Introduction

In the last decades, piezo-active composites were devel-
oped mainly due to use of high-effective lead-containing
components, e.g., ferroelectric ceramics' (FCs) based on
Pb(Zr, Ti)O; or domain-engineered relaxor-ferroelectric
(I - x)Pb(Mg,;Nb,3)0; — xPbTiO; (PMN-xPT) and
(1 —y)-Pb(Zn,;sNb,,3)O, — yPbTiO, single crystals.>*In recent
years, many efforts in the field of lead-free piezoelectrics>’
show that novel lead-free composites®'! can be a good alterna-
tive due to the strong electromechanical coupling, high piezo-
electric sensitivity, large piezoelectric anisotropy and figures
of merit (FOMs). Among piezo-active lead-free composites to
be of interest in academic and technological senses, we men-
tion 0-3 composites.”!>!3 The piezo-active 0-3 composite is
described*? as a system of piezoelectric inclusions in a large
matrix that can be either piezo-passive or piezoelectric. The
0-3 FC/polymer composites are often manufactured by means
of the dielectrophoresis.®!'*!> The dielectrophoresis means a
movement of dielectric inclusions in a surrounding medium
in an external inhomogeneous electric field E.>!#!5 In the case
of the aforementioned 0-3 composite during dielectrophore-
sis, small FC particles of this composite construct the so-called
chain-like structures (or highly prolate inclusions)'“!> oriented
along the E direction. As is known, a degree of alignment
of these chain-like structures depends on a force that acts
on the FC particles inclusions being formed in the external

*Corresponding author.

electric field E, and this force depends on an amplitude and
frequency of the electric field, on the dielectric properties of
the FC and surrounding polymer components, on sizes of the
FC particles," and so on. The system of the highly prolate FC
inclusions poled along the E vector promotes an improved
piezoelectric performance of the structured composite in com-
parison to the related non-structured 0-3 composites.®!3

Moreover, novel piezo-active 0-3-0 composites with
porous polymer matrices'® exhibit characteristics that are
improved in comparison to the 0-3 analogs."> A performance
of a dielectrophoretically aligned quasi 1-3 composite based
on a lead-free FC is studied by Stuber e al.,” and a high level
of the piezoelectric sensitivity of the quasi 1-3 composite is
highlighted.

In the literature, one can find full sets of electromechanical
(i.e., elastic, piezoelectric and dielectric) constants of poled
lead-free FCs,'”!8 and the lead-free compositions are often
selected among ferroelectric solid solutions based on alkali
niobates with the perovskite-type structure. Very recently, Qiao
et al.'® studied a novel 0.965(K, 4sNa, s,)(Nby ¢6Sb04)O5—
0.035Bi,, sNay, sZr, ;sHf, 1505 (KNNS-BNZH) FC. This FC
material was manufactured by means of the traditional sol-
id-state method. KNNS-BNZH FC samples with gold elec-
trodes were poled in silicone oil at room temperature for 5
min, and a dc electric field E = 40 kV/cm was applied for
this poling.'® The full set of electromechanical constants of
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the poled KNNS-BNZH FC'® suggests that this promising
lead-free material is characterised, for instance, by the piezo-
electric coefficients d3; = 380 pC/N (longitudinal) and d,s =
690 pC/N (shear), which are larger than the similar constants
of the conventional PZT-5 or PZT-5A FC'5-18 based on Pb(Zr,
Ti)O;. The longitudinal electromechanical coupling factor
(ECF) of the poled KNNS-BNZH FC is k3 = 0.70,'® and this
parameter equals k55 of the PZT-5A FC.!8 In this context, the
KNNS-BNZH FC may be of value as a piezoelectric compo-
nent of novel lead-free composites. Below we show how the
KNNS-BNZH FC influences the piezoelectric performance
and related parameters of the 0-3 and 0-3—-0 composites. The
aim of this paper is to analyse piezoelectric sensitivity, ECFs
and related FOMs of novel 0-3-type composites with prolate
KNNS-BNZH FC inclusions.

2. 0-3-Type Composites and their Performances
2.1. Model and effective parameters

The composite represents a system of the FC inclusions
arranged in a large polymer matrix (Fig. 1). The shape of
each FC inclusion is described by the equation (x,/a;)* +
(x,/ay)? + (x3/a;)*> =1 in the coordinate system (X, X,X5), where
a, = a,. The remanent polarisation of each FC inclusion is PV
|| OX;. Itis assumed that centres of these FC inclusions occupy
the sites of a simple tetragonal lattice with unit-cell vectors
being parallel to the OX; axes shown in Fig. 1. To characterise
the shape of the FC inclusion, we introduce the aspect ratio
p =a,/a;. The polymer matrix surrounding the FC inclusions
is either monolithic (inset 1 in Fig. 1) or porous (inset 2 in
Fig. 1). The shape of each isolated pore is described by the
equation (x,/a; ,)* + (x,/a,,)* + (xs/a; ,)*= 1, where a, , =
a, ,, and the aspect ratio of the pore is p,=a, ,/a; ,. Centres
of the pores in the polymer medium occupy the sites of a
simple tetragonal lattice with unit-cell vectors that are par-
allel to the OX,, axes in Fig. 1 (by analogy with the arrange-
ment of tbe FC inclusions), and the linear sizes of each pore
are much smaller than the smallest axis of the spheroidal FC
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Fig. 1. Schematic of the 0-3-type composite. (X, X,X;) is a rect-
angular coordinate system, m is the volume fraction of FC, p is the
aspect ratio of the FC inclusion, m, is the volume fraction of air
pores in the polymer matrix and p, is the aspect ratio the air pore.
The arrow shows the orientation of the remanent polarisation vector
in the FC inclusion.
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inclusion. We also assume that surface charges appearing
owing to the ferroelectric polarisation of each FC inclusion
are fully screened by free charge carriers flowing to interfaces
between the components of the composite. The composite
(Fig. 1) with the monolithic matrix is characterised by 0-3
connectivity in terms of work,*!° and the composite with the
porous matrix is characterised by 0-3—0 connectivity.

The effective electromechanical properties of the 0-3
composite are evaluated by means of the effective field
method (EFM).%? In the EFM, an electromechanical
interaction between the aligned piezoelectric inclusions
is taken into account in terms of the effective electroelas-
tic field that acts on each FC inclusion in the composite.
The effective properties determined for the 0—3 composite by
using the EFM are given by

I C* =l C® Nl +m ([ CO| = [[CP DT T ]|+ (1 = m) x
IS THEC® A C® ) -1 e b1 M

The || C* || matrix from Eq. (1) is written in the general form
as follows:

*E ot
||c*||:[”c‘ e ) @
e Il —lell

In Eq. (1) || CV|| and || C?® || describe the electromechanical
properties of the inclusion and surrounding medium, respec-
tively, || I || is the identity matrix, and || S || is the matrix that
contains the electroelastic Eshelby tensor components?! that
depend on the elements of || C® || and on the aspect ratio p of
the inclusion. In Eq. (2) || ¢*E ||, || €* || and || €*¢|| character-
ise elastic moduli at E = const, piezoelectric coefficients and
dielectric permittivities of the composite at £ = const, respec-
tively, and the superscript ¢ is used to show the transposition
of the matrix. The || CV|| and || C? || matrices from Eq. (1)
have the structure of the || C*|| matrix from Eq. (2).

In a case of the 0-3-0 connectivity pattern, the || C® ||
matrix related to the porous polymer medium is to be found
before averaging in accordance with Eq. (1). The effective
properties of the porous polymer medium are found by using
the method,?? and the main formula has the form

HC@ =N G, I -m Tl - A =m) IS, ). @)

where || C, || characterises the properties of polymer, || S, ||
contains the Eshelby tensor components,?! and these tensor
components depend on the || C, || elements and aspect ratio
p, of the pore.

In the final stage of our study, we compare the effective
parameters evaluated by using the EFM [see Eq. (1)] to
the effective parameters evaluated by means of the effec-
tive medium method (EMM)*20 that is also termed “self-
consistent method.” In the EMM, it is assumed that a single
piezoelectric inclusion is surrounded by an effective piezo-
electric medium, and this medium represents a matrix with the
similar inclusions. The effective electromechanical properties
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are evaluated by taking into account the electromechanical
interaction between the aforementioned single inclusion and
surrounding medium. In the EMM, the matrix of the effective
properties of the composite is written as follows:

I l=N €@l +m I Ol -1 C@D-[|A]l @

where

lali=tzi+Nsici-deoi-nert. o)

is the mechanical strain — electric field concentration matrix.?°
In Eq. (5), the || C* || matrix characterises the effective prop-
erties of the composite (as an effective medium surrounding
the inclusion), and the || C*|| matrix from Eq. (5) equals || C*||
from Eq. (4). The procedure to be carried out in the EMM
is self-consistent*?? and needs iterations for solving Eq. (4)
and evaluating the effective properties of the composite. In a
case of the 0-3-0 composite, the || C? || matrix is related to
the porous polymer medium with the properties determined
previously within the framework of Eq. (3). The final || C*||
matrix from Eq. (4) has the structure shown in Eq. (2).

The effective properties of the 0-3 composite and ele-
ments of || C* || from Egs. (1), (2) and (4) depend on the vol-
ume fraction m and aspect ratio p of the FC inclusions (Fig. 1).
Taking into account porosity of the polymer matrix (see inset
2 in Fig. 1), we note that the effective properties of the 0-3-0
composite depend on m, p, m,, and Pp- A transition from the
full set of electromechanical constants involved in Eq. (2) to
the piezoelectric coefficients d;;" and g;", elastic compliances
s. &, and dielectric permittivities ,,*” at mechanical stress
o =const is performed in terms of formulae? for a piezoelec-
tric medium.

In this paper, we analyse the following effective parame-
ters of the lead-free 0-3-type composites:

(i) piezoelectric coefficients

gy =d'yl e (6)
(i1) traditional (or squared) FOMs
(O3 ) =dy'gy, @)
(iii) ECFs
ky* = dy" (35 ;)2 (8)
and (iv) modified FOMs for a stress-driven harvester
Fy'7 =Ly (03 (€))
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where

Ly = [y ) = (kg )2 = DR (k)2 (10)

and j=1 and 3. The piezoelectric coefficients g;” from Eq. (6)
characterise the sensitivity*!>1 of a piezoelectric sample, its
ability to generate an electric field under an external mechan-
ical stress. The FOMs (Q5;)* from Eq. (7) characterise the
sensing and actuating capability of the piezoelectric coeffi-
cient and are used to describe the “ signal / noise” ratio and
energy-harvesting performance.*!>?* The ECFs ky;" from
Eq. (8) describe an effectiveness of the energy conversion
in the piezoelectric medium.** The modified FOMs Fy;"
from Eq. (9) are important®* to describe an effectiveness of a
piezoelectric material in the sense of ability to convert input
mechanical energy to useable electrical energy at o= const.
In Eq. (10), the ECF k3j* is considered as an absolute value.
The modified FOMs Ly from Eq. (10) are used to evalu-
ate the “maximum output electrical energy/stored electrical
energy” ratio®* for the piezoelectric sample.

In this paper, we analyse the effective parameters (6)—(9)
of the 0-3-type composites wherein the poled KNNS-BNZH
FC is the piezoelectric component, and high-density polyeth-
ylene is the piezo-passive component. Experimental constants
of these components'32> are shown in Table 1. As follows from
Table 1, the KNNS-BNZH FC exhibits the small anisotropy of
both the piezoelectric coefficients (es5 /| e5 | = 1.4) and dielec-
tric permittivities (g, / e33¢ = 1.1).

2.2. Volume-fraction and aspect-ratio dependences
of effective parameters

In Sec. 2.2, we show and analyse some examples of the
volume-fraction (m) and aspect-ratio (p) dependences of
the effective parameters (6)—(9) which are evaluated for the
0-3 KNNS-BNZH FC / polyethylene composite and 0—3-0
KNNS-BNZH FC / porous polyethylene composite.

2.2.1. 0-3 Composite

Graphs of the effective parameters of the 0—3 composite based
on the KNNS-BNZH FC are shown in Fig. 2. It is seen that
the piezoelectric coefficients g3;" from Eq. (6), FOMs (Q;;")>
and F3; from Egs. (7) and (9), and ECFs k3;" from Eq. (8)
strongly depend on the volume fraction of FC m and aspect
ratio of the FC inclusion p at m << 1 and p << 1. To describe

Table 1. Room-temperature elastic moduli c,,* (in 10'° Pa), piezoelectric coefficients e; (in C/m?) and dielectric permittivity

&, of FC and polymer components.

Components ch ck ch ck ck, es €33 s &/5 &5/
KNNS-BNZH FC!'8 13.62 8.62 6.59 9.85 2.28 —11.2 15.9 15.6 1100 975
Polyethylene!>2* 0.0778 0.0195 0.0195 0.0778 0.0292 0 0 0 2.3 2.3
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Fig. 2. Volume-fraction (m) dependences of effective piezoelectric coefficients g;* (a, in mV-m/N), squared FOMs (Q5;")? (b, in 10-12 Pa™),
ECFs ky;" (c), and modified FOMs F3;7 (d, in 10-!2 Pa™!) of the 0-3 KNNS-BNZH FC/ polyethylene composite at p = const. Effective elec-
tromechanical properties of the composite are found by means of the EFM, see Eq. (1).

the performance of the 0-3-type composites in this work, we
consider the ranges of 0.001 <m < 0.5 and 0.01 < p<0.15.
The system of the very prolate FC inclusions with p << 1
(Fig. 1) promotes the larger piezoelectric coefficients ds;"
and g;;" of the 0-3 composite at m = const. The presence of
extreme points of g;" at m << 1 (Fig. 2(a) is accounted for
by the active influence of the dielectric permittivity &3 of the
composite at £ ~ £;5P7 in the volume-fraction region of m
<< 1. Increasing the aspect ratio p of the FC inclusion at m =
const leads to the smaller | d; j* | values, and hence, stimulates

decreasing | g3, I in accordance with Eq. (6). Such a feature
of the 0-3 composite is associated with specifics of its piezo-
electric activity in the presence of the isolated FC inclusions
(Fig. 1). The next important feature of the 0-3 composite
consists in the almost constant volume fractions m related
to max gs;" and min g5,” (see, for instance, curves 1 and 2 in
Fig. 2(a)).

The larger piezoelectric coefficients dy;” and g3, lead to
the larger FOMs (Q;)* from Eq. (7). Increasing the aspect
ratio p leads to the larger volume fraction m at which points

2150010-4
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of max[(Q;;")’] are observed (Fig. 2(b), and the maximum
sharpness is weakened. The latter feature is associated
with the smaller piezoelectric coefficients | dy;" | and | g5 |
of the composite at the larger aspect ratio p and m = const.
Comparison of curves 2 and 3 or curves 4 and 6 in Fig. 2(b)
enables us to assert that the aspect-ratio influence on FOMs
(Q3;)* is strong even in the narrow aspect-ratio range, e.g., at
0.01 <p<0.05.

As follows from the volume-fraction dependence of the
ECFs ky;" from Eq. (8), a weak minimum of k," is the only
example of the non-monotonic behaviour shown in Fig. 2(c).
The presence of min k5, at 0.01 < p < 0.04 is accounted for
a link between k;," and g;,". Taking into account Egs. (6) and
(8), we write the ECF ky," = g5,"(£53/s,,"F)"? and show that the
proportionality k5" ~ g5," is more pronounced at the smaller
aspect ratio p. The ECF k;;" = g3,"(53/555™F)"? exhibits the
monotonic behaviour (see curves 1, 3 and 5 in Fig. 2(c)) even
despite the presence of max g;;* (see curves 1, 3 and 5 in
Fig. 2(a)). Such a behaviour is concerned with the strong
influence of the 5§/ 555" ratio on the k43"(m) dependence. It is
obvious that the £3/s5;"F ratio can influence the longitudinal
piezoelectric effect and ECF k55" to a larger extent due to the
very prolate shape of the FC inclusions oriented along the
poling axis (Fig. 1). In contrast to £5§/s55", the £3/s,,"F ratio
is less sensible to changes in the aspect ratio p and/or volume
fraction m of the FC inclusions because of specifics of the
dielectric and elastic response of the studied 0-3 composite.

0-3 KNNS-BNZH FC / polyethylene
composite, m=0.10
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Comparing Figs. 2(b)-2(d) and considering Eq. (9), we note
the important analogy between the [Q(m)]* and F3;"°(m)
dependences. This analogy is achieved due to the stable
behaviour of Ly;"(m). Maxima of F;;(m) shift towards the
larger volume fractions m in comparison to max [Q3j*(m)]2 or
max gs;", and this is important to take into account on manu-
facturing the composite. !4

In general, one can note that the volume-fraction range of
0 <m < 0.2 is of interest to achieve the large g;5", (Q4;")? and
Fs3" values (Figs. 2(a), 2(b) and 2(d)) at the aspect ratio p
<< 1. These effective parameters remain relatively large even
on increasing the volume fraction m by 0.05-0.10. The large
ki3 values are achieved at m > 0.1 owing to the monotonic
increase of k;"(m) (Fig. 2(d) irrespective of p. An anisotropy
of g;", (Q3)* and F;; "~ undergoes minor changes in the range
of 0<m<0.2atp<<1.

An example of the aspect-ratio (p) dependence of the
effective parameters (6), (7) and (9) of the 0-3 composite is
shown in Fig. 3(a). We observe this dependence at the vol-
ume fraction m = 0.1 that is related to large values of g;5",
(0337)? and Fj;™. However these values decrease markedly
on increasing p from 0.01 to 0.10, and this is concerned with
the key role of the prolate shape of the FC inclusion in form-
ing the piezoelectric properties of the composite. A further
increase of p does not lead to the significant decrease of
(033")? and F33™, and these parameters at p > 0.10 are small
in comparison to those at p = 0.01. Thus, we emphasise the

0-3-0 KNNS-BNZH FC / porous polyethylene

composite, m =0.10, m_=0.10, p_=0.01

1’ 933*
4,10Q,

3,
6, 10F, **

2,9,"
5, 10F,,*

180
150
120

(b)

Fig. 3. Aspect-ratio (p) dependences of effective piezoelectric coefficients g;;* (in mV-m/N), squared FOMs (Q;")* (in 10-'2 Pa!) and
modified FOMs F;; (in 10712 Pa™!) of the 0-3 KNNS-BNZH/polyethylene composite (a) and 0-3-0 KNNS-BNZH / porous polyethylene
composite (b—e). Effective electromechanical properties of the composites are found by means of the EFM [see Eq. (1)], and properties of the

porous polymer matrix are determined in accordance with Eq. (3).
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0-3-0 KNNS-BNZH FC / porous polyethylene
composite, m = 0.10, m, = 0,10, Py = 1

J. Adv. Dielect. 11, 2150010 (2021)

0-3-0 KNNS-BNZH FC / porous polyethylene
composite, m=0.10, m = 0.10, P, = 100
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Fig. 3. (Continued)

strong influence of the microgeometrical factor (namely,
the aspect ratio p of the FC inclusion) on the piezoelectric
performance and FOMs of the 0—3 composite based on the
KNNS-BNZH FC.

2.2.2.  0-3-0 Composites

Graphs in Figs. 3(b)-3(e) show examples of the aspect-ratio
behaviour of the effective parameters (6), (7) and (9) of the

0-3-0 composite at the volume fraction of FC m=0.10. Now
we change characteristics of the matrix that surrounds the FC
inclusions in the composite, see inset 2 in Fig. 1. Among these
characteristic we mention the volume fraction of pores (or
porosity) m, and aspect ratio of pores p,. Comparing graphs
in Figs. 3(b)-3(d), we note changes in the effective param-
eters of the 0-3-0 composite at the relatively small poros-
ity m, = 0.10. Hereby, the aspect ratio of each pore in the
polymer medium undergoes changes from p, = 0.01 (highly
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prolate pore) to p, = 100 (highly oblate pore), cf. Figs. 3(b)
and 3(d). These changes mainly lead to decreasing | g5," I,
(05" and F3," which are concerned with the transverse
piezoelectric effect. Case of pp= 1, that is related to the spher-
ical air pore shape in the polymer medium, may be regarded
as an intermediate on comparing the effective parameters in
Figs. 3(b)-3(d). As noted for the 0-3 composite (see Sec.
2.2.1), at p > 0.10 the effective parameters (6), (7) and (9)
of the 0-3-0 composite become small in comparison to the
similar parameters at p = 0.01, and such a trend is observed
irrespective of p,. We again see the strong influence of the
aspect ratio of the FC inclusions p on the effective parameters
of the 0—3-0 composite by analogy with that described in the
final part of Sec. 2.2.1.

Our further description in Sec. 2.2.2 concerns Figs. 3(d)
and 3(e). Increasing porosity from m, = 0.10 (Fig. 3(d) to
in both these cases) enables us to improve the piezoelectric
sensitivity, anisotropy and related parameters of the compos-
ite. On increasing porosity m, the piezoelectric coefficient
g3~ and FOM (Q55")? increase to a certain extent at m << 1
(see curves 1 and 3 in Figs. 3(d) and 3(e)), however the mod-
ified FOM F3;* undergoes minor changes (see curve 5 in
Figs. 3(d) and 3(e)). In our opinion, the larger g;" and (Q53")?
values in Fig. 3(e) are caused by the smaller dielectric per-
mittivity of the composite £ at 7, = 0.30 in comparison to
&9 of the similar composite at m, = 0.10, p, = 100, m = const,
and p = const. Comparing Figs. 3(d) and 3(e), we observe
decreasing | g4," I, (Q5,")? and F3,*. Both the larger poros-
ity m, and highly oblate pores at p, >> 1 weaken the trans-
verse piezoelectric effect in the 0-3—-0 composite to a certain
degree and, therefore, influence the anisotropy of the effec-
tive parameters of this composite.

2.3. New diagrams

In Sec. 2.3, we put forward p — m diagrams that are plot-
ted for the 0-3 composite (Fig. 4(a) and 0-3-0 composite
(Fig. 4(b) for the first time. In both the diagrams we show
regions 1 and 2 which are related to validity of conditions

g3 >100mVm/N  and Fs"> Fy(De, (1D

respectively. Inequalities (11) mean the high longitudinal piezo-
electric sensitivity of the composite in comparison to the lon-
gitudinal sensitivity of its FC component (i.e., g35"/g3;(" > 4.8)
and the large modified FOM related to the longitudinal piezo-
electric response. Itis shown thatregions 1 and 2 do not undergo
significant changes on replacing the monolithic polymer with
the porous polymer at p >> 1. In Fig. 4(b), region 3 means that
the condition for the large anisotropy of the modified FOMs

Fyo/Fy > 10 (12)

holds for the 0-3—-0 composite with the polymer matrix con-
taining the highly oblate air pores. Such a porous polymer
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0.5
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044 polyethylene composite,
m = 0.30, P, = 100
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02412 3
0.14
1
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001002 004 006 008 010 012 014
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Fig. 4. Diagrams that show regions of the large piezoelectric coeffi-
cient g4;", modified FOM Fy;*” and anisotropy F;"%/F5,*” which are
found for the 0-3-type KNNS-BNZH-based composites. Effective
electromechanical properties of the composites are found by means
of the EFM [see Eq. (1)], and properties of the porous polymer
matrix are determined in accordance with Eq. (3).

matrix is characterised by the large elastic anisotropy?® that
promotes the better longitudinal piezoelectric sensitivity and
weakens the transverse piezoelectric response of the com-
posite sample in the wide volume-fraction (m) range. It is
noteworthy that the m range in region 3 (Fig. 4(b) remains
relatively wide and almost constant at 0.01 < p < 0.15.
However, it should be added that the modified FOM Fj;"c
decreases rapidly on increasing the aspect ratio p (see curve
5 in Fig. 3(e)), and in the sense of potential applications,
the aspect ratios from the range of 0.01 < p < 0.05 would be
preferable.
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Table 2. Comparison of effective piezoelectric coefficients evaluated for the
0-3 KNNS-BNZH FC / polyethylene composite by means of the EFM and EMM."

p m dy", pC/N dy,", pC/N g,mVm/N g, mVm/N
0.01 0.05 231 (236) —106 (-109) 350 (362) -161 (-167)
0.10 259 (271) ~119 (-122) 191 (202) ~87.5(-90.8)
0.30 295 (329) ~133 (~148) 67.6(71.3)  —30.5 (=32.1)
0.05 0.05 41.5 (42.6) -19.1 (-19.5) 251 (260) -115(-119)
0.10 51.9 (56.0) -23.8 (-25.0) 160 (163) -73.4 (-75.0)
0.30 73.2 (80.8) -33.0 (-36.5) 64.4 (67.1) -29.0 (-30.3)
0.10  0.05 11.2(11.4) -5.12 (-5.20) 147 (153) -67.4 (-69.8)
0.10 16.0 (16.6) -7.29 (7.34) 118 (123) -53.8 (-54.5)
0.30 26.5(29.2) -11.9 (12.9) 58.5 (60.9) -26.3 (-26.9)

Note: “Results obtained by means of the EMM are given in parentheses.

3. Comparison of Results and Discussion

In Sec. 2, we analysed examples of the high piezoelectric
sensitivity, large FOMs and anisotropy of some parameters
of the lead-free 0-3-type composites. The effective electro-
mechanical properties of these composites were evaluated by
using the EFM, and the related parameters were found by
taking into account the EFM results. Now, we compare some
parameters calculated by means of two methods, namely, the
EFM and EMM. Table 2 shows results on the piezoelectric
coefficients dy;" and g;;" which were evaluated by means of the
EFM [see Eq. (1)] and by using the EMM [see Egs. (4) and
(5)]. We see the similar volume-fraction () and aspect-ratio
(p) dependences in Table 2. A difference between the piezo-
electric coefficients d;;" evaluated by using these two methods
increases on increasing m at p = const or on decreasing p at
m = const. Both the modes of changing m and p lead to an
increase of the piezoelectric activity, i.e., to the larger | dy;" |
values of the 0—3 composite.

In contrast to the piezoelectric coefficients d*, a differ-
ence between the piezoelectric coefficients g3, evaluated by
using the EFM and EMM decreases at the same modes of
changing m and p, see Table 2. This may be concerned with
specifics of the determination of the dielectric permittivity
3¢ in these methods and with the important link between the
piezoelectric coefficients d;;" and g3;", see Eq. (6).

The volume-fraction and aspect-ratio dependences
shown in Table 2 have trends being similar to those in a
0-3 PMN-0.33PT single crystal / araldite composite?’ with
spheroidal aligned inclusions. Despite the very large piezo-
electric coefficients dj; of the domain-engineered PMN—
0.33PT single crystal (d5; ~ 10° pC / N)*?¢ in comparison to
the dy; values of the KNNS-BNZH FC,"® we find compa-
rable values of two parameters related to the 0-3 KNNS—
BNZH-based and PMN-0.33PT-based composites with the
similar microgeometry. These parameters are the longitudi-
nal piezoelectric coefficient g;;" and ECF k43" at the aspect
ratio p=0.1.

The piezoelectric coefficients of the studied KNNS—
BNZH-based composites (see, e.g., data in Table 2) are larger
than the same parameters found?® for advanced lead-free FC/
epoxy composites with well-ordered 3—1 and 3-2 channel
structures. According to experimental results®® on the 3-1
and 3-2 (Na, 5K, 5)NbO; / epoxy composites, largest values
of their longitudinal piezoelectric coefficients are ds;" = 98
pC /N and g;;" = 66 mV'm / N. The largest gs;" value of a
(Ko.50N20 50)0.04L10 06NDO5 FC / epoxy composite? structured
through the dielectrophoresis is 118 mV-m/N, and the largest
&35 value related to a quasi 1-3 dielectrophoretically struc-
tured K 455Na 49511 03NbO; FC / polydimethylsiloxane com-
posite® equals 510 mV'm / N. The same quasi 1-3 composite
is characterised® by the largest FOM (Q55")>= 1791012 Pa~".
The aforementioned g;;" and (Q5;")? values from Refs. 9 and
29 are comparable to those of the studied 0-3 KNNS-BNZH-
based composite at the volume fraction of FC m = 0.1 (see
Figs. 2(a) and 2(b)).

4. Conclusions

This paper reports new results on the piezo-active lead-free
0-3-type composites based on the KNNS-BNZH FC'® with
the relatively large piezoelectric coefficients dy;. The non-
monotonic volume-fraction (m) dependences of the effective
piezoelectric coefficients g3, ECF k3", FOMs (Q5)?, and
modified FOMs F; (Fig. 2) have been analysed. The new
diagrams (Fig. 4) show regions of validity of conditions (11)
and (12) in terms of the m and p ranges related to the 0-3-type
composites.

The system of highly prolate FC inclusions oriented along
the poling axis OX; (see Fig. 1) promotes the large param-
eters of the studied composites (see Figs. 2—4 and Table 2)
and make them competitive among piezo-active compos-
ites?14-16.26-29 including modern lead-free composites. The
oblate air pores in the polymer matrix (see inset 2 in Fig. 1)
help to weaken the transverse piezoelectric response of the
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0-3-0 composite, and this weakening leads to the large
anisotropy of dy", g5, (Q3")% and Fy;. The large anisot-
ropy of dy" and gy at the piezoelectric coefficient g3, >
100 mV'm / N can promote sensor applications concerned
with an exploitation of the longitudinal oscillation mode. The
large FOM (Q5;%)? values (about 10-1 Pa~!) are important for
energy-harvesting and sensor applications where the longi-
tudinal piezoelectric response plays the key role. The large
modified FOM F3;™ (about 10-!! Pa~!) are to be effective in
stress-driven piezoelectric devices or systems.
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