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ARTICLE INFO ABSTRACT

In the quest for eco-friendly alternatives within materials science, the development of sustainable and non-
toxic piezoelectric composites is of utmost importance. This study undertakes a computational exploration
to elucidate the influence of phase connectivity on the engineering performance of lead-free piezocomposites.
Employing a combination of analytical and numerical methodologies, we critically evaluated various figures of
merit across different microstructural configurations, juxtaposing these findings with traditional lead zirconate
titanate (PZT)-based materials. Our analysis considers 0-3 and 1-3 connectivity patterns, incorporating active
phases in the form of spherical particles and cylindrical fibers. We also examine the impact of carbon
nanotubes (CNTs) in enhancing the polymeric matrix, which introduces the potential for network percolation
and further mechanical and electrical property optimization. The study yields pivotal insights into the
phase connectivity of lead-free piezocomposites, with direct implications for their application in sensing,
actuating, and energy harvesting domains. We ascertain that the electromechanical performance of these
composites is contingent upon the connectivity pattern and the proportion of active phase. Notably, the
KNNS-BNZH & Polyethylene composite demonstrates exceptional potential in 1-3 configurations, while the
BTO & PVDF composite distinguishes itself with superior dielectric and piezoelectric responses across varying
volume fractions. The strategic infusion of CNTs into the PDMS matrix emerges as a significant enhancer of
electromechanical attributes, albeit with performance improvements that are specific to the type of coefficient
and CNT concentration. This investigation underscores the nuanced interplay between composite design and
microstructural attributes, reinforcing the critical role these factors play in the advancement of effective and
eco-conscious piezoelectric materials.
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1. Introducti . - . . . .
niroduction piezoelectric devices. The main drawback in the adoption of lead-free

Eco-friendly and lead-free piezoelectric materials have recently be- piezocomposites is the low electro-mechanical performance when com-

gun to be studied and have undergone a remarkable development in
recent years [1,2]. In the last decade, environmental concerns have
led to attempts to eliminate lead-based materials from consumer items,

pared with their lead-based counterparts. In short, reliable adoption of
eco-friendly piezocomposites requires profound understanding of any
relevant feature or mechanism that improves coupling performance.

including piezoelectric transducers, sensors and actuators. Regulatory
frameworks, such as the Restriction of Hazardous Substances (RoHS)
directive in the European Union, are already in place and antici-
pate the phasing out of lead in electronics, further underscoring the
urgency for viable lead-free alternatives. Therefore, the market for
lead-free piezoelectric materials and devices is expected to grow in
the coming years, driven by increasing demand for environmentally
friendly and safe technologies as well as the growing adoption of
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In the realm of piezocomposite materials, the configuration of phase
connectivity plays a pivotal role in determining the material’s overall
performance characteristics. Ten significant connectivity patterns exist
in two-phase composites, spanning from a 0-0 unconnected checker-
board arrangement to a 3-3 configuration where both phases are three-
dimensionally self-connected. In particular, two of them deserve spe-
cific attention, namely 1-3 and 0-3 connectivity patterns, which present
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distinct advantages and limitations [3,4]. In a 1-3 connectivity, piezo-
electric fibers are embedded in a polymer matrix in such a way that
the soft polymer matrix has sufficient ductility to sustain mechanical
deformation and transfer loads to the piezoceramic fibers. This offers
high anisotropic properties and, according to Smith [5] and Kumar
et al. [6], finds extensive use in aerospace, naval, or biomedical in-
dustries. Conversely, the 0-3 connectivity typically involves a random
dispersion of piezoelectric particles within the matrix, resulting in
isotropic properties but often at the cost of reduced electromechan-
ical coupling [7]. This configuration is typical for active printable
piezocomposites [8,9]. The choice between connectivity patterns is not
merely a matter of material design but has far-reaching implications
in specific engineering applications, such as sensing, actuating, and
energy harvesting [10]. Therefore, a rigorous study that elucidates
the contrasts in coupling performance between these configurations
is not only timely, but also essential for the advancement of efficient
piezocomposite materials.

The relations between the microgeometric configurations in piezo-
composite systems and these specific applications have been deeply
explored in lead-based piezoelectric composites for forty years. In
the context of connectivity in piezoelectrics, the pioneering study by
Newnham et al. [3] deserves to be mentioned, where the critical
role of connectivity patterns in diphasic solids has been firstly eluci-
dated. The work further explored the implications of these patterns for
piezoelectric transducers and pyroelectric detectors, offering valuable
insights into the structure-property relations in both composite and
single-phase materials. Particularly noteworthy is their conclusion that
anisotropic structures with a molecular mechanism for piezoelectricity
are optimal for hydrostatic sensors, a finding that has had enduring
relevance in the field. Later, many experimental [11] and numeri-
cal [12-23] works were developed to evaluate the effective properties
and the so-called figures of merit (FOMs) to assess their performance
for sensing, actuating, or energy harvesting applications.

A recent and comprehensive review on composite connectivity in
piezocomposite design can be found in [10]. This review elucidates
the different types of connectivity class and their implications on the
composite properties. The authors also provide in-depth analysis of
the contributions from active and passive phases, focusing primarily
on ferroelectric ceramics and polymer-based composites. However, the
review does not discuss the environmental impact, particularly the ur-
gent need to transition to lead-free piezoelectrics to mitigate ecological
risks and comply with international regulations. This omission is a
significant gap that deserves immediate attention for eco-friendly next
generation technologies.

Recent works [24-31] have studied lead-free piezocomposites —
based on barium titanate (BaTiOj;, referred to as BTO) inclusions 1-
3-connected to a polydimethylsiloxane (PDMS) or a polyvinylidene
fluoride (PVDF) matrix [32,33]- via numerical analysis to study the
impact of several microstructural characteristics in improving the per-
formance of such lead-free piezoelectric composites (e.g., the role of
tuning the dielectric environment of the matrix by adding nanoin-
clusions, such as graphene or carbon nanotubes (CNTs)). However,
these studies [24-26] were developed considering 2D finite element
models, where some important simplifications are assumed. Specifi-
cally, intrinsic three-dimensional pattern connectivities, such as the 0-3
configurations, cannot be properly modeled under the plane hypothesis.
In contrast, recent 3D representative volume element (RVE) modeling
studies — based on the finite element method (FEM)- performed in
[7,34] have been shown to be more precise to identify how the CNTs
addition to the piezocomposite matrix can affect the piezoelectric
performance.

In this context, this work presents a detailed study on the perfor-
mance of several lead-free piezocomposites, taking into account not
only the phase connectivity but also micromechanical aspects, such as
active phase volume fraction or matrix tuning. The piezoelectric com-
posites considered in this work are three: BTO embedded in soft poly-
meric matrices, such as PDMS or PVDF —i.e., BTO & PDMS and BTO &
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PVDF [11,16,35]- and a potassium sodium niobate (K,_,,Na,NbOs, re-
ferred to as KNN) based piezocomposite, i.e., KNNS-BNZH & Polyethy-
lene [36]. This last piezocomposite is based on a lead-free piezoelectric
ceramic (KNNS-BNZH) where KNNS means a potassium sodium niobate
containing antimony (Sb), and BNZH denotes doping with Bismuth (Bi),
Sodium (Na), Zirconium (Zr), and Hafnium (Hf): 0.965(Kg 4gNag 55)
(Nbyg.96Sbg.04)05-0.035Bi( 5Nag 5Zr( 15Hfj 7505. For this purpose, this
work develops a numerical/analytical microelectromechanical model
that helps to elucidate the influence of connectivity patterns in the
performance of lead-free piezocomposites for each relevant engineering
application. Consequently, various FOMs for actuating, sensing and
energy harvesting are analyzed to show if the performance of these
lead-free piezoelectric composites present a response compared to the
lead-based counterparts.

This paper is organized as follows. Section 2 presents a brief de-
scription of the constitutive equations for piezoelectric materials and
the computational methods (i.e., Mori-Tanaka and RVE-FEM-based
methodologies) to obtain the effective properties of the piezocompos-
ites. Section 3 presents and analyses several effective figures of merit
for various combinations of lead-free piezocomposites under 0-3 and
1-3 connectivities. Furthermore, the role of CNT polymeric matrix
tuning in lead-free piezocomposites is analyzed on a BTO & PDMS
piezocomposite. Finally, the main concluding remarks are presented in
Section 4.

2. Micromechanics modeling

In this section, we systematically explore the micromechanical mod-
eling of piezoelectric composites. We start by establishing the constitu-
tive equations that define the electro-mechanical interactions, both at
the micro- and macro-scale levels. Two models are used for the esti-
mation of effective coupled properties. It is pertinent to note that both
models operate under the assumption of scale separation. Firstly, we
present the analytical framework employing the Mori-Tanaka method
to elucidate the effective electromechanical properties. Subsequently,
we describe the numerical homogenization techniques, specifically fi-
nite element analysis of a representative volume element (RVE), to
validate and complement the analytical insights.

2.1. Constitutive equations

The constitutive equations to describe piezoelectric materials as-
suming linear static case without body charge or forces can be given
in the following form,

0ij = C,fklgkl = ey Ey
D; = e; 61y + €5 Ep. )

i ikl <kl ik —k
These equations correlate stresses (o; ), strains (gg,), electric field (E,)
and electrical displacements (D,). In the expressions above, C‘.‘fkl is the
fourth-order elasticity tensor under constant electric field (i.e., short
circuit boundary conditions), efk is the second-order free body electric
tensor (under constant strain), and e, ; is the third-order piezoelectric
strain coupling tensor. Taking into account the symmetry of the tensors
Gijs Eijs lekl and €;» Eq. (1) can be written — by using Voigt’s notation
— in a vector/matrix notation as

HE Pt @

where the superscript 7 denotes a transposed matrix.
Another widely used alternative and equivalent representation con-
sists in writing the constitutive Eq. (2) in the following form:

3 sE a7 c
= - ; 3)

D d € E
where the compliance matrix under constant electric field S%, the
piezoelectric stress coupling matrix d and the dielectric permittivity
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matrix under constant stress €° hold the following relationships with
the Eq. (2) constitutive matrix terms: S¥ = CEil, d = e S¥ and
e’ =¢ +del.

For the sake of compactness, the piezoelectric constitutive Eq. (2)
can be further simplified as

>=LZ, (C))

where X and Z are the 9 x 1 column vectors (i.e., 27 = [¢7 D'] and
Z" = [T — E"]) and L is the 9 x 9 matrix presented in Eq. (2).

2.2. Electromechanical properties via Mori-Tanaka model

The effective electromechanical properties of the composite can be
evaluated by means of effective field method (EFM) as

L=L,—c(L,—L,)A,, )

where ¢, is the volume fraction of the active phase (i.e., the piezo-
electric fibers -in 1-3-type composite- or the piezoelectric inclusions
-in 0-3-type composite-), L, and L, describe the electromechanical
properties of the matrix and the piezoelectric inclusions, respectively,
and A, is the strain-potential gradient concentration matrix of the
active phase.

Several procedures exist for evaluating the concentration tensor.
One of most widely used approached is the Mori-Tanaka (MT)
scheme [37]. According to MT, A, can be expressed as

A, = AY((1=c)I +c, AT ! (6)

where A?! = (I + SL;'(L, — L,) )”', being I the identity matrix
and S the coupled electroelastic Eshelby’s matrix. The components of
S depend on both, the properties of the matrix and the geometry of
the inclusions. The explicit components of (S) for a 1-3 connectivity
scheme, with transversely isotropic cylindrical -piezoelectric- inclu-
sions in a transversely isotropic -piezoelectric- matrix, can be found
in [12]. However, when a 0-3 connectivity scheme is considered, the
explicit expressions for the S terms can only be obtained in [13,38] for
transversely isotropic spherical -piezoelectric- inclusions in an isotropic
-dielectric- matrix. For a spherical inclusion in an anisotropic piezo-
electric solid, the Eshelby’s matrix components cannot be obtained
analytically and should be computed numerically. The interested reader
is referred to [39] for transversely isotropic piezoelectric composites
with spherical inclusions and to [40] for orthotropic piezoelectric
composites.

2.3. Electromechanical properties via RVE finite element modeling

Another approach to estimate the electromechanical properties of
the piezoelectric composites is the finite element analysis of a RVE —
or unit cell — of the material. It should be noted that the complete
microstructure can be obtained by tessellation of this periodic unit cell.
Due to this periodicity, the unit cell is taken as a RVE, which allows us
to consistently obtain the macroscopic response of the piezocomposite
G.e, 2 = Lt 7). Since the piezoelectric composite materials can
be represented as a periodic array of unit cell volumes, the periodic
boundary conditions must be applied on the RVE models. Consequently,
each RVE in the PE composite exhibits the same deformation mode,
so there is no separation or overlap between the neighboring RVEs.
Then, proper periodic boundary conditions should be considered in the
numerical implementation.

The averaging process of the different parameters on a given mate-
rial unit cell volume ¥ can be approximated — using the FEM - by the
weighted average over the RVE volume as

N, N,

- 1 1 O - 1 I O
== 2dV ~ — .V, Z =— ZdV ~ — zZ, VvV, (7
/ DA -/ y L7 O

In the expressions above, N, is the number of finite elements of the
complete unit cell and V is the volume of the e-element.
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The commercial software ANSYS APDL is used for numerical calcu-
lations in RVE finite element modeling. In Fig. 1 we can see the finite
element meshes of the RVEs under: 1-3 type connectivity conditions -
Fig. 1(a)- and 0-3 type connectivity conditions - Fig. 1(b)-, for an active
phase volume fraction of 22.22%. To obtain the homogenized effective
properties, we apply the macroscopic periodic boundary conditions to
the RVE by coupling opposite nodes on opposite boundaries (i.e., S;’
and Sj‘) in the usual way:

st ST st S; s+ S- - st S7
" —u" =g (xj —X; ), ¢ —¢ =k (xj - X; ), (8)
where g;; is the average strains and E; is the average electric field

defined. In terms of modeling, this means that each node (S;r) has its
displacements related to those of node on the opposite surface ($7). A
detailed explanation can be found in [7,17].

The calculation of the effective coefficient Lfnf,ﬁ has to apply the
boundary conditions in the RVE in such a way that, except for Z,, all
other mechanical strains and gradients of electric potential (Z,,, being
m # n) become zero. Then, the mean value of £, is calculated according
to Eq. (7). Therefore, the material parameters can be obtained from the
relation average over the RVE volume as

z
ff _
Lfrm - Z__’" (9)

n

where the subindex n corresponds to the applied strain/electrical field
and the m corresponds to the average stress/electrical displacement
computed in the RVE.

3. Lead-free piezocomposites performance

In this section, we present the effective material properties and
some figures of merit for various combinations of lead-free piezocom-
posites and connectivities. For actuating and sensing applications, the
piezoelectric strain constant (d;;), or the piezoelectric voltage constant
(e;;), can be an appropriate criterion. Conversely, when evaluating
piezoelectric materials for energy harvesting, energy conversion effi-
ciency becomes more significant. In this context, the electromechanical
coupling factor emerges as a key metric, particularly the thickness
electromechanical coupling factor (k,) and the planar coupling fac-
tor (k,). They serve as crucial indicators in piezoelectric materials,
delineating the efficiency with which an electrical stimulus can be
transformed into mechanical response and vice versa, thus quantifying
the bidirectional energy conversion capability. According to [41], these
factors are quantitatively defined by

CE 1/2
()
C33

and

ef CD 1/2
3/ \ G5

respectively, where C3 = CZ +¢Z, /¢¢,. Physically, the factor k, quanti-
fies the coupling between the electric field and the mechanical strain in
the direction of polarization (typically the thickness of a piezoelectric
disk). A higher value of k, implies a more efficient conversion between
the electrical and mechanical energies in that specific direction. On the
other hand, the factor k, pertains to the in-plane coupling, or equiva-
lently, the efficiency of energy conversion in the plane orthogonal to
the polarization direction. Both of these factors, which range between
0 (no coupling) and 1 (perfect coupling), serve as tools in the selection
and design of piezoelectric devices, ensuring optimal performance by
maximizing the electromechanical energy conversion.

This section is divided into three subsections. Firstly, the accuracy
of the computing frameworks implemented in this work to obtain the
effective electromechanical properties of piezocomposite is validated
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(a)
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(b)

Fig. 1. Finite element meshes of the RVEs under: (a) 1-3 type connectivity conditions and (b) 0-3 type connectivity conditions. These meshes correspond to an active phase volume

fraction of 22.22%. It should be noted that x;-axis is the poling direction.

by comparison with some experimental results of a lead-based piezo-
composite obtained from the literature. Secondly, through rigorous
computational analysis, we quantify the performance metrics of the
lead-free piezocomposites under these configurations, providing a clear
comparative study with established lead PZT piezoelectrics to gauge
the relative performance and potential advantages of the lead-free
alternatives. Finally, the role of CNT polymeric matrix tuning in the
BTO & PDMS lead-free piezocomposite is also analyzed.

3.1. Computing frameworks validation

To illustrate the accuracy of the computing frameworks imple-
mented in this work to obtain the effective electromechanical proper-
ties of piezocomposites (i.e., the MT methodology and the RVE finite
element modeling), we consider the PZT & Epoxy (Araldite D) piezo-
electric composite in a 1-3 configuration, as experimentally studied
in [11]. Figs. 2 (a-c) present the experimental and the computed
variation of the relative dielectric constant €, /¢, (being €; = 8.85418 -
10~12 F/m), the thickness electromechanical coupling factor k, and the
charge constant d3;, with the volume fraction of PZT-7A. We can see
how the computed results present an excellent agreement with the
experimental data. The computed results presented in Figs. 2 (a) and (b)
were obtained for the PZT-7A properties given in Table 1 and Table 2,
where x;-axis is the poling direction. However, similar to [11], the
calculated results for the effective charge constant d;; were obtained
considering dy; = 167 - 10712 m/V (e5; = 12.28 C/m?) for the PZT-
7A. It can be seen that the agreement is quite good. Therefore, the MT
methodology and the RVE finite element modeling can be considered
to study the performance of several piezoelectric composites.

3.2. Analysis of 0-3 and 1-3 configurations

Throughout this paper, we utilize the lead-based piezocomposite
(PZT-7A & Epoxy) as a benchmark for all figures of merit. First, we
are going to analyze the mechanical performance of the lead-free
piezocomposite in comparison to our established benchmark. Figs. 3 (a-
c) present the effective elastic coefficients (CIEI,Cf;,Cf;), respectively,
for different piezocomposites (i.e., PZT-7A & Epoxy, BTO & PDMS, BTO

& PVDF and KNNS-BNZH & Polyethylene) and different configurations
(i.e., 1-3 and 0-3 configurations), as a function of the active phase
volume fraction. We can observe that, firstly, the higher mechanical
performance is obtained for the lead-based piezocomposite (PZT-7A &
Epoxy). The lead-free 0-3 piezocomposites could be ordered in terms
of increasing C;, C[, and Cf; elastic coefficients performance as: BTO
& PDMS less than KNNS-BNZH & Polyethylene less than BTO & PVDF.
However, it cannot be like this for the lead-free 1-3 piezocomposites.
When 1-3 configuration is adopted, they can only be ordered in that
way when Cfl elastic coefficient performance is observed. Their C3’3;
elastic coefficient values are quite similar, and, for CIE3 elastic coeffi-
cient, the lead-free piezocomposites ranking is a function of the active
phase volume fraction. Secondly, for all the piezoelectric composites,
the values of these coefficients increase with the active phase volume
fraction, being the higher increments of the elastic coefficients observed
for the PZT-7A & Epoxy and the BTO & PVDF piezocomposites. How-
ever, for the Cf; coefficient, these increments are clearly affected by
the piezoelectric configurations. Since the 1-3 configuration presents a
clear orientation of the active phase in the x;-direction (see Fig. 1(a)),
the slope of the C3E3—active phase volume fraction curve is significantly
greater in the 1-3 configuration than in the 0-3 configuration — for all
the piezocomposites —.

In Fig. 4, the variation of piezoelectric strain coefficients against
the volume fraction of the active phase is elucidated for different
composite systems. The composites encompass dielectric matrices, in-
cluding epoxy (Araldite D), PDMS, and polyethylene. Additionally,
the piezoelectric matrix (indicated in all figures afterhere by dashed
lines), PVDF, is scrutinized for comparison. It is evident that for the
dielectric matrices, the effective piezoelectric coupling approaches zero
in the absence of active phases. In contrast, for the piezoelectric PVDF
matrix, a non-zero effective coupling remains, as expected. In Fig. 4(a),
the cross e3; coefficients for both the 1-3 and 0-3 configurations are
illustrated. As the volume fraction of the active phase is increased, an
enhancement in effective coupling is discernible for composites with
dielectric matrices. On the contrary, for the piezoelectric matrix, an in-
triguing interplay of the piezoelectric components is observed, leading
to a scenario in which the cross coefficient attenuates to zero for some
volume fraction within the range from 0.4 to 0.5. Among the various
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Table 1
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Material properties of the piezoelectric constituents of the piezocomposites.

Material PZT-7 [11] BTO [35] PVDF [16] KNNS-BNZH [36]
Elastic coefficients (Pa)

CIEI(IOID) 14.8 27.51 0.38 13.62
CIEZ(I()‘U) 7.62 17.89 0.19 8.62
Cﬁ(lo”’) 7.42 15.155 0.10 6.59
C,(10'%) 14.8 27.51 0.32 13.62
Cz“;(l()'“) 7.42 15.155 0.09 6.59
CE(10'7) 13.1 16.48 0.12 9.85
Cﬁ(lom) 2.54 5.43 0.07 2.28
Cfi(l()m) 2.54 5.43 0.09 2.28
CGEG(IO‘”) 3.59 11.31 0.09 2.50
Piezoelectric coefficients (C/m?)

e -2.1 -2.69 0.024 -11.2
e -2.1 ~2.69 0.001 -11.2
es3 9.5 3.65 -0.027 15.9
es 9.2 21.3 0 15.6
Relative permittivity

€, /e 460 1970 7.4 1100
€5, /€ 460 1970 9.3 1100
&,/ 235 109 7.6 975

Table 2
Material properties of the dielectric constituents of the piezocomposites.

Material Araldite D [11] PDMS [42] Polyethylene [20]
Elastic coefficients (Pa)

CIEI(IOIO) 0.8 0.03342 0.0778
Cg(lo“)) 0.44 0.03329 0.0195
CE(10') 0.44 0.03329 0.0195
CE(10') 0.8 0.03342 0.0778
CE(10'%) 0.18 0.00006671 0.0292
Cﬁi(lolo) 0.18 0.00006671 0.0292
Relative permittivity

€, /e 4.2 2.72 2.3
623/6‘0 4.2 2.72 2.3

systems evaluated, the PZT-7 A & Epoxy composite exhibits the most
pronounced increase in the piezoelectric response. Additionally, the 1-
3 configuration of the KNNS-BNZH & Polyethylene system manifests
a significant improvement, underscoring its potential efficacy for this
pattern connectivity. In Fig. 4(b), the variation of the e;; coefficient is
depicted. For the 1-3 configuration, all evaluated systems demonstrate
a significant amplification, with the KNNS-BNZH & Polyethylene com-
posite capturing attention due to its pronounced enhancement. In the
context of the 0-3 configuration, once again a piezoelectric interplay
between the matrix and additive particles emerges for the BTO &
PVDF composite; resulting in a null effective coupling around a volume
fraction of 0.35. Of all the systems under this configuration, the PZT-7 A
& Epoxy composite evinces the most substantial advancement.

Fig. 5 shows the evolution of the piezoelectric stress coefficients
with the volume fraction of the active phase for the studied composite
systems. Fig. 5 (a) presents the behavior of the cross components ds;.
In parallel to our discourse on effective piezoelectric strain coefficients,
the first observation is that, for the dielectric matrices, the effective
piezoelectric coupling essentially attenuates to nullity in the absence
of the active phases. On the contrary, with the piezoelectric PVDF
matrix, the system retains a substantial effective coupling underscoring

the intrinsic piezoelectric nature of the PVDF matrix. Also, a similar
piezoelectric interplay is observed for the BTO & PVDF system, where
d3, decreases with the addition of the active phase. However, no null
effective coupling is observed for 0-3 configuration. In contrast, we
observe that for the 1-3 configuration, a null effective coupling occurs
at a notably low volume fraction (~ 0.02) and rapidly the coefficient
increases until a volume fraction of approximately 0.1, and then mono-
tonically increases with a lower gradient. Upon the incorporation of
BTO, the effective d;; manifests an augmentation exceeding fourfold
the intrinsic value of the matrix, albeit accompanied by an inversion in
polarity. This behavior can also be observed for the d;; component, as
depicted in Fig. 5 (b). Interestingly, for the 1-3 configuration, even a
minimal addition of BTO to the PDMS matrix results in nearly invariant
effective piezoelectric coefficients d;; and dj; across the entire volume
fraction spectrum. Another noteworthy mention is the 1-3 configura-
tion for the KNNS-BNZH & Polyethylene system, which shows a notable
performance, suggesting its potential for eco-friendly applications with
this connectivity pattern. Within this comparative exploration, the PZT-
7 A & Epoxy and BTO & PDMS composite stands out among the
dielectric matrix systems, showcasing the most prominent boost in its
piezoelectric response for configurations 0-3.

The relative dielectric permittivity coefficients, €7, /¢, and €7, /¢, as
functions of the active phase volume fraction are illustrated in Fig. 6.
Subplot (a), delineating the behavior of ¢, consistently reveals a trend:
permittivity increases with the volume fraction. The curves represent-
ing each composite system are smooth and largely parallel. Among
them, the BTO & PVDF composite system stands out, consistently reg-
istering the highest permittivity values and setting a benchmark for the
others. This is followed by the PZT-7 A & Epoxy composite. Meanwhile,
the BTO & PDMS and KNNS-BNZH & Polyethylene composites display
more moderate trajectories.

In Fig. 6(b), focusing on the ej, permittivity, similar trends are
observed for the 0-3 configuration. Specifically, the BTO & PVDF com-
posite maintains its dominance. However, in the 1-3 configuration, the
nonlinear behavior becomes more pronounced. The relative dielectric
permittivities for BTO & PDMS and BTO & PVDF converge at volume
fractions close to 0.1. As a global observation, all systems exhibit
an increase in permittivity as the volume fraction increases, albeit at
different rates and magnitudes. Notably, for this 1-3 configuration, the
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Fig. 2. Experimental and computed variation of the: (a) relative dielectric constant eJ,/¢,, (b) thickness coupling constant k, and (c) charge constant ds;, with volume fraction

of PZT-7A.

KNNS-BNZH & Polyethylene composite presents the highest permit-
tivity values across nearly the entire volume fraction spectrum. The
observation of these significant values for the permittivity e, leads
us to examine the influence of the permittivity on piezoelectric per-
formance, especially in the context of energy harvesting applications.
The literature suggests that lower permittivity is generally preferred, as
it is crucial in enhancing both the sensitivity and the harvesting figure
of merit [43,44]. This assertion is further supported in our study by
examining the figure of merit k, as defined in Eq. (10). For illustrative
purposes, we assume constant elasticity. The relationship between k,,
the piezoelectric e3; coefficient, and the dielectric coefficient e, is
depicted in Fig. 7. The graphical representation clearly illustrates that
lower values of €, correspond to a more favorable , factor, particu-
larly at reduced values of e;;. Consequently, our analysis aligns with
the broader consensus in the field that for enhanced energy conversion
performance, a lower value of €, proves to be more advantageous. This
leads to the conclusion that the high permittivity values observed in
Fig. 6(b) are not optimal for energy conversion efficiency in piezoelec-
tric applications, highlighting the need for careful account this effect
when designing microstructural features in piezoelectric composites for

such purposes.

Figs. 8 (a) and (b) show the k, and k, electromechanical factors,
respectively. In the 1-3 configuration, k, increases rapidly from its
initial value and subsequently reaches a plateau at distinct levels. In
particular, the pure dielectric matrices take null value for k, as derived
from Eq. (10). Both the KNNS-BNZH & Polyethylene and PZT-7 A &
Epoxy systems converge at an identical saturation point. However,
systems incorporating BTO to the matrix stabilize at slightly diminished
levels compared to the previous two. In the 1-3 configuration, the
planar electromechanical coupling factor k, demonstrates discernible
peaks at relatively lower volume fractions. In particular, the PZT-
7 A & Epoxy system maintains a consistently elevated value of k,
across the entire volume fraction spectrum, while the BTO & PDMS
system exhibits a pronounced peak, surpassing the other composites
at its peak. Both the BTO & PVDF and KNNS-BNZH & Polyethylene
systems also exhibit peaks, though at different volume fractions and
magnitudes. Identifying these peaks is of paramount importance within
the context of material optimization. For the 0-3 configuration, both
electromechanical factors exhibit similar behavior. Specifically, the
largest factors are observed for the pure piezoelectric matrix of PVDF.
These factors diminish with the introduction of BTO particles but
remain higher up to volume fractions of about 0.3. Beyond this volume
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Fig. 3. Effective elastic coefficients: (a) ClEl, (b) CS and (¢) ng’ for different piezoelectric composites (i.e., PZT-7A & Epoxy, BTO & PDMS, BTO & PVDF and KNNS-BNZH &
Polyethylene) and different configurations (i.e., 1-3 and 0-3 configurations), as a function of the active phase volume fraction.

CNT Volume fraction (f, ) 0.0% 0.061% 0.304% 0.504% 0.544% 0.582% 0.602%
Sfent! e 0.0 0.10 0.50 0.82 0.89 0.95 0.99
Elastic coefficients (GPa)

CIF‘1 0.3342 0.5058 1.196 1.762 1.876 1.984 2.044
ch 0.3329 0.3894 0.6218 0.8092 0.8472 0.8833 0.9055
cf, 0.3329 0.3894 0.6218 0.8092 0.8472 0.8833 0.9055
(¢ 0.3342 0.5058 1.196 1.762 1.876 1.984 2.044
ch 6.671-107* 0.05819 0.2873 0.4765 0.5144 0.5505 0.5692
ck 6.671-107* 0.05819 0.2873 0.4765 0.5144 0.5505 0.5692
Relative permittivity

e /e, 2.72 3.09 6.25 22.64 40.54 119.48 694.18
S;/So 2.72 3.09 6.25 22.64 40.54 119.48 694.18

fraction, the PZT-7 A & Epoxy system possesses the highest electrome-
chanical coupling factors. For systems with a dielectric matrix, the
factors increase upon the addition of the active phases. Among them,
the PZT-7 A & Epoxy composite system outperforms, followed by the
KNNS-BNZH & Polyethylene, and lastly, the BTO & PDMS system.

3.3. CNT tuned matrix in piezocomposites
The enrichment of matrices with nanoadditives to tune and augment

the properties of piezocomposites has garnered increasing attention in
the realm of advanced materials research. In this section, we delve into

the intricacies of CNT incorporation within the matrices, elucidating its
implications on the effective mechanical and electromechanical charac-
teristics of the lead-free piezocomposites. By comprehending the role
of CNTs as tuning agents, we aim to underscore the potential of these
nanostructures in paving the way for next-generation piezocomposite
materials. For this purpose, the BTO & PDMS system is considered,
where the PDMS matrix is doped with CNTs. The electroelastic con-
stants of the PDMS matrix doped with CNT are taken from Cafiamero
et al. [7], and summarized in Table 3. The addition of MWCNTs also
increases the dielectric permittivity of the matrix. Based on existing
experimental evidence [45,46], the variation of the dielectric constant
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Fig. 4. Evolution of the piezoelectric strain coefficients with the volume fraction of the active phase. (a) Components e;; for 1-3 and 0-3 configurations. (b) Components e;; for

1-3 and 0-3 configurations.

with Senr follows a percolation behavior, described by a power-law
P
et =¢ S , (12)
fe=Tenr

where € is the relative permittivity of the pristine polymer matrix, f, is
the percolation threshold of the nanotubes, Song 18 the volume fraction
of the nanotubes in the PDMS matrix, and p is a critical exponent
determining the percolative variation of the effective permittivity. In
this work, parameter p is set to 1.2 for PDMS polymer. The percolation
threshold, f,, and the critical exponent, p, are functions of mainly the
aspect ratio of the MWCNTSs and the agglomeration characteristics. This
was discussed in detail by authors [7].

Note that our study primarily focuses on modifying the dielectric
properties of piezocomposites, particularly within the PDMS matrix,
through the incorporation of CNTs. The proposed approach follows the
phenomenological model based on percolation theory, as delineated
by Eq. (12), and is grounded by experimental data. We recognize that
the significant contrast in conductivity between CNTs and the matrix
may lead to the formation of nanocapacitors — a phenomenon referred
to as Maxwell-Wagner-Sillars polarization — which could consequently
influence the dielectric properties. Although these interfacial effects

are not explicitly encompassed within our current model framework,
they could exert a considerable influence on the effective dielectric
properties of the matrix under specific conditions. Nonetheless, our
model indirectly accounts for this nanocapacitor effect, among poten-
tial others, through the selection of parameters in the model given
by Eq. (12). In other words, the described phenomenon is implicitly
accounted for in our approach.

In Fig. 9, we can see the effective elastic coefficients of BTO &
PDMS piezocomposite: (a) C1E|’ ®) Cf; and (c) sz’ for different pat-
tern connectivities (i.e., 1-3 and 0-3 configurations), as a function of
the BTO volume fraction, and the CNT volume fraction relative to
the percolation threshold ( Fenr /f.). For all cases, we observe an in-
crease in the elasticities as the CNT content approaches the percolation
threshold. Same behavior is observed in Fig. 10 for the piezoelectric
strain constants when a tunned matrix is considered. In Fig. 10(a) a
substantial increase of the e;; component is observed for both pat-
tern connectivities, but mainly remarkable for 0-3 configurations. The
larger coefficients are obtained when the CNT content approaches the
percolation threshold for all BTO volume fractions. Similar behavior
is obtained for the e;; component when the 0-3 configuration is con-
sidered, however, the effect of CNT content is negligible for the 1-3
configuration (see Fig. 10(b)).
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Fig. 5. Evolution of the piezoelectric stress coefficients with the volume fraction of the active phase. (a) Components d;, for 1-3 and 0-3 configurations. (b) Components d;; for

1-3 and 0-3 configurations.

The effective piezoelectric stress coefficients of the BTO & PDMS
piezocomposite are depicted in Fig. 11. For the 1-3 configuration, there
is a marked degradation in the d3; and ds; coefficients upon CNT addi-
tion. On the contrary, the 0-3 configuration sees a pronounced enhance-
ment in these properties. As the CNT content approaches the percola-
tion threshold, the improvement amplifies non-linearly, as illustrated
in Fig. 11.

Fig. 12 illustrates the relative dielectric permittivities, €7, /¢, and
eg’3 /€y, for different pattern connectivities. In subplot (a), the behavior
of 7, is nearly linear with respect to the BTO volume fraction. Curves
for varying the CNT content remain parallel to each other. However,
as the CNT content approaches the percolation threshold, there is a
noticeable enhancement in the relative constant €] /€. Subplot (b)
presents a distinctly nonlinear trend for the dielectric constant 7, in
the 1-3 configuration. The dielectric constant intensifies with increasing
CNT enrichment. Interestingly, as the CNT content approaches the
percolation threshold, ej, shows a declining trend with the volume
fraction of the BTO. Particularly, at font ~ 0.95f., the curve slope
transitions to zero for both configurations. Beyond this point, the slope
assumes a negative value, as can be discerned from Fig. 12(b).

In Fig. 13(a), the electromechanical (thickness) coupling factor k,
is plotted against the BTO volume fraction. For both pattern configura-
tions, an increase in k, is observed with a higher BTO volume fraction,
with this trend being more noticeable for the 1-3 configuration. For
this connectivity, undoped matrices yield the highest coupling values,
which are achieved even with minimal BTO presence, and then sta-
bilize over the entire BTO volume fraction range. Introducing doping
results in a reduction of the electromechanical coupling. In the 0-3
configuration, there is a consistent rise in coupling with BTO addition.
Notably, the maximum coupling is found for a volume fraction slightly
less than percolation, specifically with the curve of foyr = 0.95f.,
after which there is a decrement in performance for values approaching
the percolation threshold at 0.99. In Fig. 13(b) concerning the 1-
3 configuration, the planar electromechanical coupling factor k, is
presented as a function of the BTO volume fraction. The pure BTO
& PDMS sample reveals a pronounced enhancement in k, with the
incremental addition of BTO, reaching a peak and then experiencing a
minor diminishment. The influence of CNTs, characterized by different
fractions (fcnt), exhibits a diverse range of behaviors. The prominence
of the peak diminishes with the inclusion of CNT into the matrix,
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Fig. 6. Evolution of the relative dielectric permittivity coefficients with the volume fraction of the active phase. (a) Components €7, /¢, for 1-3 and 0-3 configurations. (b)
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Fig. 7. Dependence of the k, coefficient on e;;. The lower the value of €, is, the
more favorable k, factor is obtained, especially at low values of the e;; piezoelectric

coefficient. The elasticity CJ; is arbitrarily set to 10 GPa.

and this peak is manifest at elevated BTO volume fractions. The peak
vanishes when fcyr/f, approaches approximately 0.8. Subsequent to
this, the behavior of k, is characterized by a consistent increase with
the addition of BTO, tapering off as the matrix nears the percolation
threshold. The behavior for the 0-3 configurations is similar to the
described for k,. Consequently, the value of fcyr which optimize the
electromechanical coupling coefficient k, in 1-3 configuration depends
on the active phase (i.e., BTO) volume fraction.

4. Conclusions

This work presents a comprehensive analysis of the performance
of several lead-free piezoelectric composites, including BTO & PDMS,
BTO & PVDF, and KNNS-BNZH & Polyethylene systems, in 1-3 and
0-3 connectivity patterns. We meticulously evaluated their effective
properties and various FOMs, as functions of the active phase volume
fraction. These were then compared with the performance of traditional
lead-based counterparts, specifically PZT-7 A & Epoxy, across a range
of applications including actuating, sensing, and energy harvesting.
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Fig. 8. Evolution of the electromechanical coupling factors with the volume fraction of the active phase. (a) The thickness electromechanical coupling factor k, for 1-3 and 0-3
configurations. (b) The planar electromechanical coupling factor k, for 1-3 and 0-3 configurations.

In summary, our numerical analyses provide substantial evidence
that under certain connectivity patterns and active phase volume frac-
tions, some of these lead-free composite systems can perform compara-
bly or even superiorly to conventional lead-based piezocomposites. The
results obtained notably reveal that:

+ Observing the effective elastic coefficients (C1E1’ ClE3 and C3E3),
we first can observe that the lead-based piezocomposite presents
higher mechanical performance (i.e., higher values of the elastic
coefficients) in both connectivity patterns. Additionally, if we
compare the lead-free piezocomposites, they can be ranked from
low to high as: BTO & PDMS, KNNS-BNZH & Polyethylene and
BTO & PVDF, for all the elastic coefficients, when 0-3 pattern is
considered. Also for 1-3 connectivity patters, when CIE1 elastic
coefficient is considered. For C3’3; elastic coefficient and 1-3
configuration, the lead-free piezocomposites present very similar
values.

11

+ The effective piezoelectric coefficients e;; and es;, for both the
1-3 and 0-3 configurations, increase their values with the active
phase volume fraction. In general, the PZT-7 A & Epoxy com-
posite exhibits the most pronounced increase in the piezoelectric
response. Additionally, the 1-3 configuration of the KNNS-BNZH
& Polyethylene system manifests a significant improvement, un-
derscoring its potential efficacy for this pattern connectivity. It is
also interesting to mention that, for BTO & PVDF, in general, ej;
coefficient does not improve with the addition of BTO. It depends
on the value of the BTO volume fraction.

This study has demonstrated that the effective piezoelectric stress
coefficients, in general, are significantly influenced by the vol-
ume fraction of the active phase in the composites. As expected,
the PVDF matrix maintains effective piezoelectric coupling even
without the active phase, underscoring its inherent piezoelectric
properties. In the 1-3 configuration, we observe a null effective
coupling at a remarkably low volume fraction, which rapidly
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Fig. 9. Effective elastic coefficients of BTO & PDMS piezocomposite: (a) C.
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the BTO volume fraction and the CNT volume fraction relative to the percolation threshold (f_ /f.).

increases up to approximately 0.1, thereafter ascending more
gradually. The inversion of polarity noted for the PVDF matrix
with the addition of BTO, alongside the nearly constant effective
coefficients in the BTO-PDMS matrix, are notable outcomes that
provide valuable insights for the design of piezocomposite materi-
als. Furthermore, the superior performance of the KNNS-BNZH &
Polyethylene system in the 1-3 configuration indicates its promise
for actuation applications. In the 0-3 configuration, the BTO &
PVDF system exhibits optimal performance, which decreases as
the BTO volume fraction increases.

Analysis of the relative dielectric permittivity coefficients, €7, /¢,
and g, /€, as functions of the active phase volume fraction has
revealed distinct trends across the composite systems studied.
The results for €7, indicates that permittivity increases with the
volume fraction, with all systems exhibiting smooth and largely
parallel trajectories. Notably, the BTO & PVDF composite system
consistently registers the highest permittivity values, outperform-
ing the others and establishing a benchmark within the group.
Results also show that this trend persists for the e, permittiv-
ity in the 0-3 configuration, with the BTO & PVDF composite
maintaining its lead. However, in the 1-3 configuration, a more
pronounced nonlinear behavior is observed. Here, the KNNS-
BNZH & Polyethylene composite stands out, demonstrating the
highest permittivity values across almost the entire volume frac-
tion spectrum. Overall, an increase in permittivity with volume
fraction is a common characteristic among the systems, although
the rates and magnitudes of this increase vary.

The thickness electromechanical coupling factor k, increases with
the active phase volume fraction, in 1-3 and 0-3 configuration,
for all the piezoelectric composites considered but BTO & PVDF.
However, it reaches the largest factors — compared to the rest of
the other piezocomposites — for the pure piezoelectric matrix of

12

oNT

PVDF. For the 1-3 pattern, k, in all of the considered piezocom-
posites increases rapidly with the active phase volume fraction
from its initial value and subsequently reaches a plateau at dis-
tinct levels. The highs values were obtained by the KNNS-BNZH
& Polyethylene lead-free composite.

The planar electromechanical coupling factor k, presents a similar
behavior of k, when a 0-3 configuration is considered. However,
for a 1-3 pattern, k, shows discernible peaks in the three lead-free
piezocomposites considered at relatively lower volume fractions.
Nevertheless the PZT-7 A & Epoxy system maintains a consistently
elevated value of k, across the entire volume fraction spectrum.
The BTO & PDMS system exhibits the highest peak. Both the BTO
& PVDF and KNNS-BNZH & Polyethylene systems also exhibit
peaks, though at different volume fractions and magnitudes. Iden-
tifying these peaks is of paramount importance within the context
of material optimization.

The role of the addition of CNTs in the polymeric matrix is also
analyzed in the BTO & PDMS lead-free piezocomposite. The pres-
ence of CNTs in the PDMS matrix improves — for both patterns —
the performance of mechanical coefficients (CE, CE, CE), piezo-

11° 7132 33

electric coefficients (e3;, e33) and the dielectric coefficients (€7,
€7,). However, we have observed that the value of feyr which
optimize their values is not the same in all these coefficients, and

a negligible improvement in C3E3 and e3; coefficients.

Piezoelectric coefficients (d;;, di3) increase their values with
the addition of CNTs when a 0-3 configuration is considered.
However, their values decrease with fcyr for 1-3 piezocomposite
pattern.

Finally, regarding the influence of fcyr in the electromechanical
coupling coefficients k, and k,, we have observed that, for 1-
3 paterns, the addition of CNTs in the PDMS matrix reduces
k, coefficient, whereas increases k, coefficient. Nevertheless, for
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Fig. 10. Effective piezoelectric strain coefficients of BTO & PDMS piezocomposite: (a) e;; and (b) es;, for different configurations (i.e., 1-3 and 0-3 configurations), as a function
of the BTO volume fraction and the CNT volume fraction relative to the percolation threshold (f _/f.).

0-3 configurations, the addition of CNTs increases significantly
both: k, and k, values. However, we have observed that the
value of fcnr which optimize these electromechanical coupling
coefficients depends on the BTO volume fraction.

Therefore, this study not only reinforces the viability of lead-free
piezoelectric composites in matching or surpassing the performance
of traditional lead-based materials in certain configurations, but also
highlights the critical role of connectivity patterns, active phase vol-
ume fraction, and strategic integration of CNTs in tailoring their elec-
tromechanical properties for specific application needs, thus marking a
significant improvement in the pursuit of environmentally sustainable
and high performance piezoelectric materials.
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Fig. 11. Effective piezoelectric stress coefficients of BTO & PDMS piezocomposite: (a) d;; and (b) ds;, for different configurations (i.e., 1-3 and 0-3 configurations), as a function
of the BTO volume fraction and the CNT volume fraction relative to the percolation threshold (f  /f.).
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Fig. 12. Effective relative dielectric permittivities of the BTO & PDMS piezocomposite: (a) €], /¢, and (b) €%, /¢,, for different configurations (i.e., 1-3 and 0-3 configurations), as
a function of the BTO volume fraction and the CNT volume fraction relative to the percolation threshold (f, /f.).
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Fig. 13. Effective electromechanical coupling factors of the BTO & PDMS piezocomposite: (a) The thickness electromechanical coupling factor k, for 1-3 and 0-3 configurations,
and (b) the planar electromechanical coupling factor k, for 1-3 and 0-3 configurations; as a function of the BTO volume fraction and the CNT volume fraction relative to the
percolation threshold (f_ /f.).
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