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Abstract. A new micromechanicalumodel is proposed to analyse the piezoelectric
properties of freeze-cast porous composite materials based on a ferroelectric lead

zirconate titanate-type (PZT).ceramics. The important influence of the composite

microgeometry ‘and the perdus ceramic matrix on the piezoelectric coefficients d, J-

and g;- and the piezoelectric anisotropy factor dj,/|d;,| in the porosity range of m,

= 0.2-0.6 is evaluated and discussed. The resulting piezoelectric parameters of
parallel-connected freeze-cast composites with highly aligned pore channels are

then compared to those of PZT-based porous materials with randomly distributed

porosity. Due to the relatively large piezoelectric coefficients d,; ~ 102 pC N?,
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J;,~ 40-100 mV m N, anisotropy factor d, / |d;,| ~ 3-5 and the presence of

aligned porous channels, the parallel-connected freeze-cast compasite has
advantages over conventional monolithic PZT-type ceramics (e.g.«Qs3. =124.2
mV m N* and dsa/|ds; | =2.2 in the PZT-5 ceramic) and is suitable for piezoelectric

transducer, sensor, acoustic, and energy-harvesting applications.

Keywords: piezoelectric coefficients, piezoelectric anisotropy, porous medium,

freeze-cast porous composite
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Introduction

It has been reported that porous piezoelectric materials, in both ceramic and
composite forms, exhibit electromechanical properties that strongly depend.on the
ceramic volume fraction and microgeometry of pores [1-3], processing method [4—
7] and poling conditions [8, 9]. The relationships in the well-known,fundamental
triangle of ‘composition — structure — properties’ [10] for porous ferroelectric
ceramics (FCs) are intricate and complex for a number ofureasons. Firstly, the
‘composition’ of the porous material depends net only on the chemical
composition of the FC component (with possible.composition fluctuations therein,
especially near the morphotropic phase boundary [11]), but also on the volume
fraction of pores within the porous sample,/m. Sgcondly, the ‘structure’ relates to
features of the pore structure, the.microstructure of the FC and the specific
connectivity patterns in the composite. Thirdly, the physical ‘properties’ of the
porous material are regarded as effective [1-3, 5, 7], and are averaged by taking
into account the microgeoinetry, the properties of the FC, the porosity fraction, and
degree of poling.

In recent years, novel piezo-active porous composites based on lead zirconate
titanate (PZT).FCs have been manufactured by means of the freeze-casting
method, and the characteristics of these novel materials have been typically studied
in a'porosity m, range of 0 to 60 vol. %, as reported in work [12-16]. Much effort
have been made to form so-called one-dimensional porous structures that are

described as 3-1- or 1-3-type [12-14] in terms of the composite connectivity
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patterns in terms of work [3, 17]. Undoubtedly, of an independent interest is the
control over FC grain orientations and domain configurations within individual
grains of the manufactured porous samples [13] and a control over the pare size
and other microgeometric characteristics of the materials [14]. “Moreover, the
freeze-casting method has been employed to create 3-1/PZT EC / epoxy
composites [18]. Despite the vast experimental data on the “aforementioned

materials with the one-dimensional porous structures 41214, 18], their
piezoelectric anisotropy factor d.,/d;, has yet to be analysed, even in a restricted

porosity range. To provide further progress 4ntthe field of porous piezoelectric
materials and improve their properties, there.is'a.need for a detailed understanding
of the relationships in the aforementioned fundamental triangle of composition,
structure and properties.

This paper provides a detailed analysis of the piezoelectric properties and
their anisotropy factors in.a freeze-cast PZT-based material with aligned porosity,
and introduces a model-to;understand the piezoelectric properties, their anisotropy
and related parameters of this material at porosity m, = 0.2-0.6. The potential
benefits of forming, aligned porosity, as opposed to randomly distributed porosity,
are also quantified.<A need for a new micromechanical model of the freeze-cast
compositer* material is motivated by the complex relations between the

microgeometry and properties in piezo-active composites [3] and from a strong

dependence of their piezoelectric response on porosity [1, 2, 4].
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Experimental

The method to manufacture the piezoelectric freeze-cast PZT-based material is
described in our previous work [15, 16]. The ferroelectric component used for the
manufacture of the porous FC is a commercial lead zirconate titanate powder
(PZT-51, Zibo Yuhai Electronic Ceramic Co., Ltd, Zibo, China). During the
freeze-casting process, dense columns and cellular channels are formed in samples
at the beginning of the freezing cycle; such a structure is=formed since the
formation of ice crystals lead to the ceramic particles being forced into dense
columns, while the cellular and more porous channels,represent the locations of the
ice crystals which are removed by freeze drying, as shown in figure 1. After the
removal of the dense and cellular layers formed ;t the initial phase of the freeze
casting process, typically <2 mm thickness, a homogenous lamellar structure was
formed and was utilised for the following characterisation study. The freeze-cast
and freeze-dried porous samples were then sintered to form porous materials with
the FC aligned in the freez\ing direction, which can then be cut either perpendicular
or parallel to the freezing direction. The two main composite structures formed can
be considered_as. eithersparallel-connected (when cut perpendicular to freezing
direction) and.series-connected (when cut parallel to freezing direction). The
parallel-connected system with the PZT columns aligned on the poling direction
will'be the focus of our present paper. The system of the parallel-connected PZT
columns in the sample facilitates its poling in the electric field E oriented along

these columns, see the vertical direction in figure 1. The thickness of the samples
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for characterisation is ca. 1.0 mm. For comparison, porous PZT with randomly
distributed pores were fabricated by the burned out polymer spheres (BURPS)
process [3, 5]. PZT powders were mixed with ethanol and pore forming.agent-
polyethylene glycol (PEG) at mass fractions based on the PZT powders. The
obtained mixture powders were uni-axially pressed to form pelletshof 13'mm in
diameter and 1.5 mm in thickness.

The resulting microstructures of the manufactured -samples, their pore
morphology and the structure of the PZT walls were studied by scanning electron
microscopy (SEM, JSM-6480LV, JEOL Technigues; Tokyo, Japan). The porosity
of the samples (mp) was determined by the,Archimedes method [19]. Corona
poling was conducted on the samples at temper;ture T = 393 K by applying a
potential difference of 14 kV to a point source above the sample for 15 min and the
cooled to T = 303 K under a corena field, and the poled samples are relaxed for 24
h before measurements of their piezoelectric and dielectric properties. Following
notations [3], in the pre{ent paper we will use the asterisk (*) to denote the
effective (or averaged) physical properties of the poled freeze-cast porous

composite material.

The longitudinal piezoelectric strain coefficient d;, and the transverse
piezoelectric strain coefficient d,, were measured using a Berlincourt Piezometer
(PM25;, Take Control, UK). Measurements of the relative dielectric permittivity
&35/ go/at a constant mechanical were carried out at frequencies of f = 1 Hz — 1

MHz at room temperature using an impedance analyzer (Solartron 1260,
6
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Hampshire, UK). The properties of poled monolithic PZT-51 FC at room

temperature are characterised by the piezoelectric coefficients d{{<’ = 552 pC N

and d{f® = —182 pC N and relative dielectric permittivity £{5°%7/ eg=12158(at f
= 1 kHz). To the best of our knowledge, the full set of electromechanical,constants
IS yet to be measured on poled monolithic PZT-51 FC samples:

SEM images of microstructures of parallel-connected {samples in the
direction, that is parallel to the unidirectional freezing direction, are shown in
figure 2(a)—(d). Highly aligned and homogeneous lamellar pore channels with a
pore width of 15-25 um and a dense FC-wall thickness of 5-15 um are achieved in
the manufactured samples; we define the'volumefraction of these FC-walls as m
and the volume fraction of air in the porous,channels as p,. In contrast to porous
FC structures with uniformly.distributed porosity [20], a large fraction of the FC
links in the pore volume of thefreeze-cast porous samples determines their
improved piezoelectric properties when there is a parallel connection of layers. The
FC links can also improVe poling of the sample and its resulting piezoelectric
performance. It shouldbe:added that the character of the distribution of the porosity
and pore size (10 —30 pum) in the manufactured samples, and the related modelling
features are to be considered as a subject of a future independent study.

The pore volume-fraction (m,) dependences of normalised parameters X* /

XFC) and“piezoelectric anisotropy factor d,,/d,, of the poled parallel-connected

samples are shown in figure 2(e). The piezoelectric coefficient g, , that
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characterises the piezoelectric sensitivity along the poling axis OXs, is determined

from measurements of the piezoelectric coefficient d,, and dielectric permittivity
&,1 , and the aforementioned parameters are linked as follows:

05 = dsal £33 . (1)
The energy harvesting figure of merit

(Qus)?= s 0y = (33 )%/ &35 )
~

IS used to characterise the ‘signal — noise’ ratio [3].In the poling direction. The
normalised parameters with respect to the monolithic FC X*/ XFO (X = dj;, gj etc.)
is of value for the assessment [3, 4, 7] ofithe performance of porous materials
based on FCs. y

Curves 1 and 2 in figure 2(e) indicate a weakening of the piezoelectric effect
due to the presence of porosity“in,the structure, and its influence is stronger at
larger levels of porosity‘m, values and in the lateral direction (OX; direction). This
influence is inseparably connected with the piezoelectric anisotropy due to the

N
porous structure and other microgeometric factors, see figure 2(a—d). The d,, and

|d;,| decrease trendsifsee.curves 1 and 2 in figure 2(e)] are combined to provide a
., Increase trend [see curve 3 in figure 2(e)], and this increase is important for

potential'sensor applications. It should be noted that in the real freeze-cast parallel-

connected sample, no difference between the piezoelectric coefficients d;, and d_,

IS observed due to the mosaic, non-unidirectional character of the arrangement of
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the FC-walls [see figure 2(d)] as a result of the growth of multiple ice crystals in
the sample.

The inequality

A / dgs” > dyy [ 05T 3)
holds in the wide m, range, cf. curves 1 and 2 in figure 2(e) and eondition (3)

influences the anisotropy factor d./d;, [curve 5 in figure 2(e)]. The increase in
both g}, and (Q;,)? which has been determined from equations (1) and (2), with
porosity level are a consequence of the monotonic decrease of &5, which is more

appreciable than the decrease of d; in the same mgwrange. This effect leads to a

monotonic increase of g, / gf® and (Qs5)? /(Q%S)? with increasing level of

porosity, see curves 3 and 4 in figure 2(e).

It should be added that the “thermal stability of the studied piezoelectric
properties is related to thewrelatively high Curie point of the FC component (Tc =
473 K) and undergoes mirfr changes at the transition from the parallel-connected to
series-connected compaesite’ structure. Normally, the operating temperature of a
piezoelectric ceramics.is.below one half of the Curie temperature (in °C) [21]. The
PZT powder used in'this work is similar to the PZT 5H FC, with small changes in
the coupling coefficient, dielectric loss and permittivity below its half point of Curie
temperature of 100 °C [22].

As a comparison to the freeze-cast material micrographs in figure 2(a)—(d), in

figure 3 we show SEM images of the microstructures, normalised parameters X*/
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XFC) and piezoelectric anisotropy factor d,,/d,, of composites with randomly

distributed pores, where X is the property of the poled FC component. Porous
PZT with the equi-axed spherical pores, due to the uniform shape and«distribution
of the pore former (i.e., PEG in our experiments), can be seen in figure 3(a) and
(b). As more PEG being added, higher levels of porosity and larger pore sizes can

be obtained, as shown in figure 3(b). The graphs in figure 3(c) and (d) suggest that
the piezoelectric properties related to the piezoelectric coefficients d ; and their

anisotropy become less favourable and fall more quickly with porosity level in
comparison to the parameters of the materialwith the freeze-cast parallel-

connected layers, see figure 2(e). Theshigher Qiezoelectric activity (or larger
d;fj /déjFC) ratios) and the larger anisetropy of d;- in the parallel-connected porous

samples [see curves 1, 2 andSsin figure 2(e)] make this freeze-cast material more

promising in sensor, andstransducer-applications.

Model of the compasite %d Its effective properties

The piezoelectric  properties and related parameters of the parallel-connected
freeze-cast porous material are now analysed using a model based on a ‘composite
in compesite’, as.pictured in figure 4 which shows the model different orientations.
It is assumed that monolithic FC rods are surrounded by a porous FC matrix and is
regularly-distributed over the sample, figure 4(a). The FC rods represent the dense
columns as shown in figure 4(a), while the porous matrix represents the porous

channels that surround these rods. The porous FC matrix acts as a continuous
10
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medium with a system of aligned isolated pores which is characterised by 3-0
connectivity. The monolithic FC rods are parallel to the OXs axis, which is the
poling axis for composite as a whole. The elliptical cross section of each rod\by the
(X10X2) plane [see figure 4(a) and (c)] is described by the equation
(x1/ a1)?+ (x2/ a2)?=1 (4)

in the rectangular co-ordinate system (X1X2X3). In equationi(4), a; and a, are semi-
axes of the elliptical cross section, see figure 4(c). Thedaspectiratio of the elliptical
cross section is defined as n = a;/ a; and we assume that the centres of symmetry
of the rod bases are located at apices of rectangles that form a simple lattice in the
(X10X2) plane.

Within the porous matrix, the air pores are cr:aracterised by its semi-axes ap,
ap2 = ap1, and ap3, Where the aspect ratiois defined as p, = ap1/ ay3. The spheroidal
shape of the air pore is described:by the equation

(Xe/ ap1)* + (Xo/ @p1)* £(Xs/ ap3)*=1 (5)
in the co-ordinate system, (XiX>Xs). The pores are considered to be regularly
distributed in the, FC/{medium that surrounds the monolithic FC rods in the
composite, as shown infigure 3, and centres of symmetry of the air pores are also
located in apices.of rectangular parallelepipeds which form a simple lattice.

Taking into account the presence of the air pores in the matrix and the volume
fraction of the monolithic FC rods m in the composite (figure 4), we describe the
total porosity of the composite as m, = (1 —m)u,, where p, is the volume fraction

of.the pores in the matrix that surrounds the rods.

11
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The composite shown in figure 4 is characterised by 1-3-0 connectivity, and
in the limiting case, at n = 0 or n — oo, the connectivity indexes would be 2—2-0.
A 2-2-0 composite in this case represents a system of monolithic and.porous FC
layers that are parallel-connected, as in figure 2. The effective piezoelectric,
dielectric and elastic (i.e., electromechanical) properties of the 1-3=0 composite
shown in figure 4(a) are predicted on the assumption that‘the linear sizes of each
pore [see the semi-axes in equation (5)] are much smaller than-the diameter of each
monolithic FC rod.

In the first stage, the effective properties, of the'3-0 porous medium are
determined within the framework of Eshelby’s concept [2, 3, 23] based on
spheroidal inclusions in a heterogeneous /solid Zdilute approximation) which is
expressed by a 9 x 9 matrix

ICPDN=[ICENTNT N = o] = (X p)ll ST D). (6)

In equation (6),

”C(FC),E ” ~ e(FC) t
”C(FC)”:[ e | 0

ey Al
iIs a9 x 9 matrixthat'.characterises the electromechanical properties of the poled
FC, ||1]|.is"a9 x:9-identity matrix, and || SFO || is a 9 x 9 matrix that contains the
Eshelbyrtensor.components depending on elements of || CF|| and the aspect ratio
pgrof the pores. In equation (7), || cF9)E|| is a 6 x 6 matrix of the elastic moduli of

the.FCat E = const, ||eF9|| is a 3 x 6 matrix of the piezoelectric coefficients of the

12
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FC, || £F9¢|| is a 3 x 3 matrix of the dielectric permittivities of the FC at & = const,
and the superscript t denotes the transposition.

In the second stage, the effective properties of the 1-3 system of.‘monelithic
FC rods — porous FC matrix’ are evaluated using the effective field method [3]. This
method enables us to take into account the electromechanical (interaction between
the FC rods in the porous matrix that is assumed to be either'non-poled (isotropic) or
poled along the OXs axis (transversely isotropic). The effective properties of the
composite are given by a 9 x 9 matrix as follows:

IC* (1= CP™ || +m(|| CE | CP™ [D]I] (L =m)lf S [[[| CP™[(ICE | -
I CP™ DT (8)
The || C®™ || and || C* || matrices fram equations (6) and (8), respectively, have the
structure shown for || CFO || in equationu(7). The || S || matrix from equation (8)
contains the Eshelby tensor components that are related to the circular cylinder
[i.e., the base of the monolithic FC rod, see figure 4(a)] and depend on the
properties of the porous FC medium that surrounds the rods. The || C* || matrix
from equation (8).canbe represented in the general form as ||C* || =] C*(m, n, Wy,
pp) |l The ||«C*7|| matrix from equation (8) is determined in the longwave
approximation, which assumes that the wavelength of any external field is much
greatersthan thediameter of each monolithic FC rod in the composite in figure 3.

Taking into account the elements of || C* || from equation (8) and formulae for
the piezoelectric medium [24], we evaluate the piezoelectric coefficients d;; and

g;; ( = 1, 2 and 3), anisotropy factors

13
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Car = dyy / dy = g/ gy and $gp=diy [ 0, = g3 / g3, 9)
and energy harvesting figure of merit (Q;,;)? from equation (2). To evaluate the

normalised parameters X* / X(F©), we use constants of the perovskite-type'FCs'slich
as PZT-5 and PCR-7M: see data in table 1. This is undertaken due to thedack of
the full set of electromechanical constants of the PZT-514FC that is used to

manufacture the freeze-cast samples. As a result of the somm symmetry [11, 24,

25] of the FC component that is poled along the OXa axis,\the equalities d{f® =
d$5< and g{f= g5 hold.

It should be added that the model put forward (figure 4) to interpret the
piezoelectric performance and related parameters.of the freeze-cast porous material
strongly differs from the model by Roscow et al. [26]. In work [26], finite element
modeling is applied to characterise,the performance of freeze-cast porous BaTiO;
by taking into account features of thedistribution of pores, poled and unpoled FC
regions, and complex porous regions. The model [26] is used to interpret the
longitudinal piezoelectric;nd dielectric responses of the freeze-cast porous BaTiO;
samples. By applying the model shown in figure 4, we are able to place an
emphasis on, the ‘microgeometry — properties’ relations in the presence of FC

regions with"variable porosity. Here we also show an influence of the porous

structure oncthe piezoelectric anisotropy that was not considered in work [26].

Comparison of results and discussion

14
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We now examine the calculated normalised parameters X* / X(F©) and anisotropy
factors ¢, and ¢, predicted from the model, where we assume that the porous

FC matrix of the composite, shown in figure 4, is either non-poled (figure:5)or
poled along the OX3 axis (figure 6). For this data we assume a constant FC rod
aspect ratio of n = 0.1, so that the FC rods in the (X;0X;) plane [see:figure 4(c)]
have an almost rectangular form, and a system of such rods that are distributed
regularly over the sample is analogous to a laminar structure of the 2-2-type
parallel-connected composite in figure 2 [3].

Changes in p, and p, enable us to vary the elastic properties and their
anisotropy in the porous matrix. Thissleads tg changes in the piezoelectric
performance and related parameters,of the composite, and graphs in figures 5 and 6
illustrate these changes. With regard to thevaspect ratio of the ferroelectric rods of
n = 0.1, this is close to that of the monolithic FC regions shown in figure 2(d).
The aspect ratio of the pore wy.= 10 represents highly oblate pores, whose shape
strongly influences the elastie-anisotropy of the porous matrix and the size of the
pores are small‘in'.comparison to ferroelectric rods. A large total porosity m, = 0.5
or 0.7 is selected to represent the porous matrix of the porous channels, and
increasing my results in an increase in the specific volume of the pores in the
porous channels, which can be either poled or non-poled.

Graphs in figures 5 and 6 suggest that agreement between the calculated and

experimental parameters is achieved on various levels of porosity of the sample m,

with a relatively large porosity of the matrix p,= 0.5-0.7. At relatively low total

15
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porosity levels of m, < 0.4, the presence of a poled porous FC matrix can influence

the piezoelectric response of the sample more actively. It should be noted that the

average of the anisotropy factors &5, and £, [see equations (9) and-figure 5(f)

and (g)] is consistent with the experimental d,,/d,, value insthe whole range of
m,.

The calculated values of g, / g and (Q;3)2 / (Q:ggFC))Z from the model are

larger than the experimental parameters; see, for instance, d;a in figures 5(d) and
(€) and 6(d). The larger predicted g, / ¢ and ( Q)2 / (Q%~))? values are
observed in the presence of both poled and non-poled:porous FC matrices and may
be due to the assumption of a system of ideally:aligned air pores at p, = const in

the model shown in figure 4. A system.of highly oblate pores with an aspect ratio

pp >> 1 promotes an elastic ‘anisotrepy that influences the anisotropy factors ¢y,

and £, from equations (9)vand leads to a smaller dielectric permittivity &,; of the

composite. This is achieved due to a decrease of the dielectric response along the

OXsz axis in a_medium where the system of the layer-like pores violates a

continuous distribution,of the FC component along the same axis. The smaller &5
value then"leads'tolarger g, / ¢ and (Q;3)2/(QS5")? values in accordance with

equations (1)7and (2). We add that the similar decrease of &, influences both g;,

and (Q;,)2 of the parallel-connected 2-2 and 1-3 FC-based composites wherein the

poled FC component is distributed continuously along the poling axis OXs [3].

16
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Changes in the aspect ratio of the FC rod base n do not lead to drastic changes

in the piezoelectric coefficients d;— (j =1 and 2), see figure 7. In the range of 0 <

n < 1, the piezoelectric coefficient d,, undergoes changes of léss than»1%

irrespective of characteristics of the porous FC matrix. This is a result of the

continuous distribution of the poled FC rods along the peling axis OXs;. On

approaching the condition n — 1 and equi-axed rods_results in d;,— d;; and

~

ds,— Js, and any distinction between the piezoelectric responses along the OX;
and OX; axes disappears. The difference between the dj ; values related ton = 0

(2—2-type composite) and n = 0.01 at m, ==const does not exceed 1%. The data in

figure 7 also shows that the presence of a poled porous FC matrix promotes larger
|d§j| values at m, = const, compared.to the unpoled case, and this is due to the

stronger electromechanical coupling in the composite structure (see figure 4)
where an interaction between the poled FC rods becomes stronger in the presence a
poled matrix surrounding therods.

A typical example.ofithe FC composite with the microgeometric parameters
used in our /calculations is shown in figure 8. Our results obtained for the
composites with the poled and non-poled porous matrices for rods with a variety of
aspect ratiosimpsuggest that the main effort to improve piezoelectric performance of
these porous materials is related to the formation of a highly anisotropic porous

matrixat p, > 0.5, with a specific microgeometry of pores (see figure 8).

17
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A comparison of the present results on the anisotropy of d;; [see curve 5 in

figure 2(e)] to experimental data [18] on the freeze-cast PZT FC / epoxy composite

shows that our parallel-connected freeze-cast porous material is characterised.by a

larger degree of anisotropy of d;;, and a difference in the djs/ d;, values reaches

about 20-30%. On replacing the full set of electromechanical constants of the
PCR-7M FC with the full set related to the PZT-5 FC (see table) leads to minor
changes of the studied normalised parameters and aniSotropy factors of the
composite shown in figure 4. These changes do not exceed 5% for the same set of
m, M, Mp, and pp, and in the present paper we do,not show graphs built for the
similar PZT-5-based composite. 3

It should be added that a {reviously. reported three-component 2—2-type
composite based on the PZT-5 FC [27] exhibits a piezoelectric sensitivity that is
comparable to that of the studied freeze-cast composite. The composite from work
[27] consists of monolithic ' FC (piezoelectric) layers and cement/epoxy resin
(piezo-passive) layers that are’parallel-connected. In contrast to the freeze-cast

composite studied in the present work, porosity of the composite [27] can be

associated with therepoxy-resin inclusions in the cement medium. The g;, / g{i

ratio evaluated for various samples of the composite [27] is varied from 1.4 to 2.8,

and these values do not differ significantly from the g, / g values on curve 3 in
figure 2(e). The largest (Q;,)% / (Q®)? ratio related to the composite samples [27]

approaches 1.5, and this is from the range shown by curve 4 in figure 2(e).

18
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Conclusion

In the present paper, the piezoelectric performance of PZT-type porous FC
materials with varying microstructure have been analysed. Freeze casting and
BURPS methods were utilised to prepare the aligned and randomly distributed
pore structures. A new model, outlined in figure 4, has been proposed to link the
microgeometry and effective electromechanical properties ofwnovel porous

composite materials. In this model the porous FC matrix plays the key role in
forming the piezoelectric coefficients d;- and g;j and anisotropy of d;’j in the wide

porosity range (m, = 0.2-0.6). The effective electramechanical properties and
related parameters of the composite aresevaluated as functions of the volume

fraction of the FC rods m, aspectsratio of 'the rod base ), volume fraction of air

pores in the FC medium, p,, and aspect ratio of the air pore p,. Typical values of
the microgeometric parameters of'the monolithic FC rod and porous FC matrix are
shown in figure 8. In thepresent study, we have first considered variations of two
aspect ratios, namely; 1 andypp. In our calculations, we have used the full set of
electromechanical constants of related PZT-type FCs to find the normalised X*/
XFC) and piezoelectric anisotropy factors &, and £, of the composite. Graphs in
figures 5 and 6.show that agreement between the calculated and experimental
results Is achieved for the parallel-connected freeze-cast porous material in the
studied porosity (m,) range.

The microgeometry (figure 4) and the presence of the transversely isotropic

FC component enable us to conclude that no drastic changes in the piezoelectric
19
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performance are observed in the aspect ratio 0 < n < 1, see figure 7. The studied
parallel-connected freeze-cast porous material is characterised by the relatively

large piezoelectric coefficients d;, ~ 102 pC N* and g;; ~ 40-100 mV-m.N%at d.,
/ |d;,] = 3-5 and, therefore, has advantages over the conventional PZT-type FCs

(see, for instance, work [3, 11, 25] and footnote in table 1). The advantages include

larger piezoelectric sensitivity as well as piezoelectric anisotropy which are the
~

important design parameters for transducer, sensor< and energy-harvesting

applications.
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Table 1. Experimental room-temperature values of elastic moduli ¢, (in 10%° Pa),

piezoelectric coefficients e;; (in C m) and dielectric permittivities =< of poled FCs

oNOYTULT D WN =

PZT-5[25] | PCR-7TM" [3]

1 cE 12.1 133

14 S 7.54 9.2
16 ch 7.52 9.1

19 Ca3 11.1 125 I
21 co, 2.11 2:28

23 €31 54 - 95
25 €33 15.8 31.1
27 €15 12.3 12.3

28 &

" &ile 916 540

32 8353/80 830 830

35 % For poled PZT-5 FC, d33 = 373 pC N, 'd3; =170 pC N, gs3 =24.2 mV m N

38 b For poled PCR-7M FC, d33i= 755 pC N, d3; = 347 pC N1, g3 = 17.2 mV m N

41 N
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Figure captions to the paper SMS-108293 “Piezoelectric performance of PZT-based

materials with aligned porosity: experiment and modeling” by Y Zhang et al.

Figure 1. Schematic of freeze-cast PZT with parallel-connection and seriés=eonnection

directions.

Figure 2. Micrographs of the parallel-connected freeze-cast composite (a)—(d) and room-

temperature dependences of its normalised parameters X* / X and piezoelectric anisotropy
~

factor d;/d;1 on porosity mp (e). In micrographs (a)—(c),.thespoling/direction is vertical. In

micrograph (d), orientations of some FC-walls are shown, with dash lines. Graph (e) has been

built by using experimental values of the piezoelectricy.coefficients d;- and dielectric

permittivity €55 at mechanical stress ¢ = const. y

Figure 3. Micrographs of the compesite with, randomly distributed pores (a and b) and room-

temperature dependences of its normalised parameters X* / X(FO and piezoelectric anisotropy
factor d;/d; on porosity my (c-and d). In micrographs (a) and (b), the poling direction is
vertical. Graphs (c) and‘(d) have-been built using experimental values of the piezoelectric

coefficients d; j and dielectricpermittivity S;Zf at mechanical stress o = const.

Figure 4. Schematic.of the studied composite (a) and sections of the composite sample by the
(X20X3) plane (b) and by the (X10Xz) plane (c) of the rectangular co-ordinate system (X1X2X3). m
is the volume fraction of monolithic FC rods, and 1 — m is the volume fraction of the porous FC
matrix. In inset of figure (a) wp is the volume fraction of air pores in the porous FC matrix, 1 — pp
is the'volume fraction of FC in the porous matrix, and ap1 and ap3 are semi-axes of the air pore

therein. In figure (c) a1 and a, are semi-axes of the elliptical cross section of the FC rod.
26



Page 27 of 36

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SMS-108293.R1

Figure 5. Calculated dependences of normalised piezoelectric coefficients d;l / délFC) (a), d;z
1 i), dig 1 5D (©), and 055 / 9457 (d), normalised energy harvesting figurelof merit

(Q;3 )2I( Q§§C> )2 (), and piezoelectric anisotropy factors g’;l (f) and /;52 (9) onporosity my of

the 1-3-0 composite (see the schematic in figure 4) with the non-poled porous FC matrix.

Calculations have been performed by using the full set of electromechanical, constants of the

PCR-7M FC from monograph [3], see data in table 1. Experimental.curves are related to the
~

parallel-connected freeze-cast porous PZT-based composite at.room temperature.

Figure 6. Dependences of normalised piezoelectric coefficients d;l / délFC) (a), d;z / délFC)

(b), d; / dégc) (c), and g§3 / gégc) (d) on porosity. mp of the 1-3-0 composite (see the

schematic in figure 4) with the poled porous FC matrix. Experimental curves are related to the

parallel-connected freeze-cast porous PZT-based composite at room temperature.

Figure 7. Dependences of nermalised piezoelectric coefficients d;j / d:,ijC) of the 1-3-0

composite (see the schematic i figure 4) on the aspect ratio of the FC rod base 0.01 <1 <0.90

at porosity mp = 0.204a), 0:30 (b) and 0.60 (c). The aspect ratio of the air pore is pp = 10.

Figure 8. Schematic of the 1-3-0 composite at typical values of volume fractions of air pores in
the matrixX pp and aspect ratios of the rods n and pores pp (see legends in graphs of figures 5 and

6). Porosity of the composite mp = (1 —m)y, is varied by changing m and .
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* Parallel connection *
Growth direction Series connection

Fig. 1
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