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This paper presents a numerical homogenization analysis of a porous piezoelectric composite with a partially metalized pore
surface. The metal layers can be added to the pore surfaces to improve the mechanical and electromechanical properties of
ordinary porous piezocomposites. Physically, constructing that composite with completely metalized pore surfaces is a challenging
process, and imperfect metallization is more expected. Here, we investigate the effects of possible incomplete metallization of
pore surfaces on the composite’s equivalent properties. We applied the effective moduli theory, which was developed for
the piezoelectric medium based on the Hill-Mandel principle, and the finite element method to compute the effective moduli
of the considered composites. Using specific algorithms and programs in the ANSYS APDL programming language, we
constructed the representative unit cell element models and performed various computational experiments. Due to the presence of
metal inclusion, we found that the dielectric and piezoelectric properties of the considered composites differ dramatically from the
corresponding properties of the ordinary porous piezocomposites. The results of this work showed that piezocomposites with
partially metallized pore surfaces can have a higher anisotropy, compared to the pure piezoceramic matrix, due to the defects in
metal coatings.

Keywords: Piezoelectricity; piezoelectric composites; piezoelectric ceramic-metal composite; partial metalization; effective properties;

finite element analysis.

1. Introduction

Owing to the unique electromechanical coupling properties
of the piezoelectric materials, they have potential utility in
many applications: particularly in the medical applications,'->
aerospace industries,’ smart material systems,* microelec-
tromechanical systems (MEMS),”> and structural health
monitoring (SHM).® Piezoelectric ceramics are the most
frequently used piezoelectric materials because of their out-
standing piezoelectric properties. Moreover, by incorporating
a controlled porosity into the piezoelectric material, the effi-
ciency of piezoelectric ultrasonic devices can be improved.”™
The porous piezocomposites are distinguished by greater
piezoelectric voltage moduli (g;,), lower acoustic impedance
(Z,), and higher hydrostatic figure of merit (HFOM).'*"!?
However, piezoceramics and, therefore, porous piezoceramic
composites are fragile materials, and this imposes restrictions
on their use.'*!* The poor mechanical properties of the po-
rous piezocomposites may lead to mechanical damage, di-
electric breakdown, and low reliability.'>~!”

The incorporation of the metal particles into the piezo-
electric matrix significantly improves its mechanical properties,

especially the fracture toughness.'®° To enhance the

mechanical properties of piezoelectric ceramics, a metal-core
piezoelectric ceramic fiber/aluminum composite was formed
using the interphase forming/bonding process.”' In these
works, the piezoelectric ceramic is strengthened by embed-
ding it in an aluminum matrix. To improve the mechanical,
electrical, and functional properties of porous piezoceramic
composites, Rybyanets et al.”*>> developed a novel approach
for fabricating the piezocomposites by introducing various
forms of polymeric micro granules, which are filled or coated
with metal-containing micro- or nanoparticles, into the ce-
ramic matrix during the manufacturing process. In this way,
they created a metal layer from these micro- or nanoparticles
on the pore surface. In our previously published work,?® we
considered the effects of polarization inhomogeneity on
the effective material properties of that piezocomposite.
Compared with the effective properties of ordinary porous
piezocomposites, we found a dramatic shift in dielectric
permittivity and some piezoelectric properties of the com-
posite. To only investigate the effects of adding the metal
layer on the dielectric and electromechanical coupling
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properties, we assumed that the metal layer deposited on the
pore surface has negligible thickness. Here, the system (pie-
zocomposite) with a metalized pore surface is referred to
(SMPS).

The SMPS is a three-phase composite with a closed po-
rosity and, accordingly, with a closed metallization structure,
i.e., 3-0-0 composite according to Newnham’s definition for
composites connectivity.?’” Due to the structural complexity
of the SMPS, we implemented the numerical finite element
analysis to determine its effective properties. Our approach
involves computer modeling of the representative volume
element (RVE) model, using the finite element analysis and
the effective moduli method to obtain the macro-properties of
composite over the RVE. This technique allows the internal
structure of the porous composite to be considered, including
the type of connectivity, pore sizes, and local effects such as
the polarization field inhomogeneity.”>%> We implemented
a simple RVE consisting of a cube of piezoceramics, which
contains a vacuum pore at its center and a metal layer at the
interface between the piezoelectric and vacuum phases.
Physically, constructing the piezocomposite (SMPS) with a
completely metalized pore surface (SCMPS) is difficult;
therefore, in this work, depending on our previous re-
search,”’®*" we explore the influence of the incomplete
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metalization on the effective moduli of the SMPS. Conse-
quently, we studied different cases for the system with a par-
tially metalized pore surface (SPMPS). From the results of
our computer investigations, we observed a major impact of
the internal configuration of the RVE on the effective
moduli and the crystal symmetry of the piezocomposite under
consideration.

2. Mathematical Model and Methodology
2.1. Representative volume element (RVE)

The representative unit cell element or the representative
volume Q is a cube of piezoceramic matrix Q”, whose edge
length equals L and contains a cubic compound pore Q¢ of
edge length B = L /0., where v, = [Q€|/|Q| is the porosity
volume fraction. The compound cubic pore Q¢ consists of a
vacuum pore 7 besides the metal layer ¢ coating some or
all pore sides, i.e., Q = Q™ U Q¢ and Q¢ = Q° U Q7F.

As noted earlier,”**° when modeling a composite with a
piezoceramic matrix, pores, and metal layers at the pore
boundaries in ANSYS finite element package, it is sufficient
to use piezoelectric elements (for example, SOLID227 in
Fig. 1) for all three phases with the corresponding material
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Fig. 1. (Color online) The half of the RVEs for composites without the vacuum pore: (a) OPS — ordinary porous system, (b) SPMPS2X —
the system with a partially metalized pore surface, when two metalized pore sides are normal to the x-axis, (c) SPMPS2Z — the system with a
partially metalized pore surface, whose metalized pore sides are normal to the z-axis, (d) SPMPS2X2Y — the system with a paritally metalized
pore surface with two metalized pore sides normal to the x-axis and two metalized pore sides normal to the y-axis, () SPMPS2X2Z — the
system with a partially metalized pore surface with two metalized pore sides normal to x-axis and two metalized pore sides normal to z-axis,
and (f) SCMPS — the system with a completely metalized pore surface, at v. = 0.2. The metal layer Q¢ on the pore surface is presented for

each case using red elements.
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properties, which have extreme values (very small or very
large) for pores and metal interface layers.

For our new RVE with incomplete metallization of pore
boundaries, it makes sense to discuss in more detail the fea-
tures of modeling thin metal layers, for which the most im-
portant parameter is the area of the metal-piezoceramic contact
surface. Unfortunately, there are no piezoelectric or dielectric
shell elements in ANSYS to represent the metalized pore sides/
electrodes. Therefore, we implemented tetrahedral SOLID227
elements with a small size to model the metal sides of the pore.
Each metal layer (electrode) is designed as a 3D-trapezoid with
a very thin thickness H, e.g., H = B/20. According to this
design, only the greater square side of the electrode is con-
nected to the piezoceramic matrix. The electrode design is
clearly depicted in Fig. 1(c). The metal layer coating the vac-
uum pore is filled with a piezoelectric material with minimal
elastic stiffness and piezoelectric moduli and very high di-
electric permittivity moduli. The minimal elastic properties and
the 3D-trapezoidal design of the metal layer simulate its actual
negligible thickness. Due to the proposed design and material
properties of the metal layer, the effective properties of the
SMPS are independent of the metal coating’s thickness (H).*"

The vacuum pore is modeled as a piezoelectric material
with negligible piezomoduli and elastic stiffness moduli and
with dielectric permittivity of vacuum.

The SCMPS models the system with an optimally met-
alized pore surface; while the ordinary porous system (OPS)
represents the ordinary porous piezocomposite without a
metal layer, i.e., Q¢ = QP. Figure 1 introduces the different
cases of the RVEs understudy. The abbreviations denoting
different cases of the SPMPS are shown in Fig. 1, accom-
panied by the metal layer’s construction. For example, the
abbreviation SPMPS2X2Z, in Fig. 1(e), signifies the SPMPS,
which contains two metalized pore faces perpendicular to
x-axis, and two metalized pore faces perpendicular to z-axis.

To construct the finite element model, we implemented
10-node 40-degrees of freedom tetrahedral SOLID227 ele-
ments. We utilized a free mesh with the ability to control the
element size. The element size can be altered by controlling
the maximum tolerable edge length. When restricting the
maximum element edge length to L/8 (L/8 for the OPS and
SCMPS and L/10 for the systems with partly metalized pore
surface) for the piezoelectric and vacuum elements (™ and
Qr) and 2H for the metal layer elements (Q¢), we got results
with reasonable accuracy. In Fig. 1, the elements representing
the piezoelectric matrix and the metal layer are plotted
respectively in sky blue and red colors.

2.2. Governing equations

For quasi-static homogenization problems, the elastic and
electric fields can be expressed using the simplified linear
elasticity equations and Maxwell’s equations as follows:

S=L(V)-u, E=-Vg, (1)

J. Adv. Dielect. 11, 2160009 (2021)

8 0 0 0 & o )
L'V)=|0 & 0 & 0 8|, V={06
0 0 & 6, 8 0 05

The quasi-electrostatic homogenization problem also
involves the following equilibrium equations neglecting the
body forces and the free charges

L*(V)- T=0, V-D=0 xe€Q (2)
where S = {S11,5227 8533, 2S23, 2S13, 2S12} and T = {0'11, 027,
033,023,013, 01 } are, respectively, the arrays of the strains s;;
and of the stresses ojj in Viogt’s matrix notation; E, D, ¢, and
u are the electric field vector, electric flux density vector,
electric potential, and mechanical displacement vector, re-
spectively; L is a matrix operator; V is the gradient operator
relative to the position vector x, which can be expressed as
x = {x,y,z} = {x1, X, x3}. The constitutive equations of this
system considering the linear piezoelectric theory can be

written as follows:
cE —e* T
YX=1II-Z, H_{e 55}’ 2_{D},

7- { S }
E
Here, c is the 6 x 6 matrix of short-circuit elastic stiffness
moduli; e is the 3 x 6 matrix of piezoelectric stress coeffi-
cients; €5 is the 3 x 3 matrix of the clamped dielectric per-
mittivity moduli; (.. .)* is the matrix transpose operation; and
(...)-(...) is the scalar product operation of matrices or
vectors.

The boundary conditions can be generally represented by
the following equation:

3)

u=L"(x)-Sy, ¢=—xE; xe€T, (4)
where I' = 0Q is the external surface of the representative
volume Q; Sy and E, are specific strain and electric field
vectors, respectively, applied on the boundary I' in a manner
consistent with the concept of the theory of effective
moduli.**?

At the interface boundaries I' of any two adjacent phases
I and II (Q™, Q¢, or QP) of the composite, the full contact

continuity conditions are met; consequently, we have”®°

ul — ll”, L*(n) . T[ — L*(n) . TII7

o' =",

xel', (5)
n-D/=n-D¥ xeT (6)

where n is the unit normal vector to the boundary I'..

2.3. Effective moduli determination

We considered the piezoelectric material PZT-5H
with the properties: ¢, = 12.6 - 1010, ¢, =7.95. 1019, &,
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= 8.41-10', & =11.7-10', ¢f =2.3-1010 (N/m?),
€3 = —6.5, e33 =23.3, )5 = 17.0 (C/m?), &3, = 1700¢,,
£33 = 1470¢,, where ¢, = 8.85 - 102 (F/m) is the vacuum
dielectric permittivity. For the vacuum pore Q7 the elastic,
piezoelectric, and dielectric permittivity moduli are modeled, re-
spectively, as (cfy)? = rcly, (€;,)? = x (C/m?) and (£},)P =
€0, where k = 1010, For the metal layer Q¢, we considered
the elastic, piezoelectric, and dielectric permittivity moduli as
follows: (crp)¢ =rchy (ei,)¢ =x (Cm?), (£§)¢ = peo,
where = 102, 0, =1,2,...,6,and i = 1,2, 3.

To clarify the effective moduli of the SPMPS, we con-
sidered the most general electroelastic properties, which are
81 parameters. We assumed an asymmetric stiffness matrix
(36 elastic constants), different values for direct and converse
piezoelectric constants (36 piezomoduli), and nine permit-
tivity constants. The macro properties obtained using ana-

lytical or numerical homogenization techniques must satisfy
!
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the Hill-Mandel principle.** This principle states that in the
RVE, under the same external influences (4), the averaged
potential energy (U) in a composite medium is identical to
the potential energy U, in an equivalent homogeneous me-
dium with effective moduli, which must be determined based
on this condition.

The constitutive equations (3) for homogeneous effective
medium can be written briefly in one equation

B, = I Z,, (7)

where X, = {Ty,Dy} is the nine-component array of
constant stresses and electrical displacement fields, Z, =
{So,Eq} is the nine-component array of constant strains
and electrical fields coinciding with the values S, and
E, from (4). The detailed components of the arrays 3
and Z,, and the effective property matrix IT°ff are as
follows:

Z:O = {2017 E027 E037 E047 E057 Z067 ZO% E087 Z09}
= {To1, To2, Tos, Toa, Tos: Toss Dois Doz, Dos}s
Zy = {Zoy, Zuy, Zo3, Zos, Zoss Zoss Zo7, Zogs Zoo}
= {01, S02, 503, So4» Sos S06> Eo1» Eoa, oz},
c Ilfleff ¢ Ilfzeff c 1E:%eff c 1E4eff c ]lfseff c IlEﬁeff —e ? ]eff —e 5 ]eff —e 2 ]eff
c Eleff c Ezeff c %eff c §4eff c }zfseff c 1256eff —e ? 2eff —e 5 zeff —e % 2eff
c Eleff c .;Ezeff c %eff c §54eff c éfseff c §6eff —e Cl 3f:ff —e g ??ff —e g 3eff (8)
c 4Eleff c 4Eze:ff c 4E}eff c 4E4eff c Eseff c 4E()eff —e ? fff —e 5 fff —e g 46ff
Treft c Eleff c Ezeff c g;:ff c §4eff c gfseff c §6eff —e i 5eff —e g Seff —e gseff
c Eleff c Ezeff c gSeff c 1654eff c ]Gfseff c 1656eff —e i 6eff —e g 6eff —e % eff
e cll 1eff e (llzeff e (1136ff e c114eff e c]lseff e zll6eff e ?‘ 1eff e fzeff e fBEff
e g 1eff e zzizeff 6121 eff e L214eff e zziseff e gﬁeff e %‘ 1eff e gzeff e §3eff
e d 1eff e 1312eff e d eff e 1314eff e gi;ff e gﬁeff c § 1eff e gzeff c §3eff

In accordance with the general theory of the effective moduli
method for piezoelectric composites and Eqgs. (1)—(8), the

following equalities hold>*—4;
20U)=(2-2) = (%) -(Z) =2Uy =3 - Lo, (Z)=1.

©)

The averaged piezoelectric fields by volume Q and by phase
volumes Q" are determined by the formulas (r = m, e, p)

1
<...):@/Q(...)dg7
1

<>r

(10)

-1 Q'(...)dg_

As can be seen from (9), the energy relation is equivalent to
the equality

(%) = %. (11)
Consequently, the homogenized properties (81 parameters) of
the most generalized form of the piezoelectric composite can

|
be determined by solving the homogenization problem with
Egs. (1)—(8), (10), (11) nine times using specific cases for the
applied vector field Z;. So, to compute the effective moduli
(8) in the column with number y of the matrix IT¢, all ex-
ternal boundary conditions are set to zero except the com-
ponent y = 1,2,...,9 of the vector Z,

Zop = Zoybp, = 13y = (Sa)/ 20y,
(12)
o,f=1,2,...,9.

Note that as has been proven,*® the matrices of effective
stiffnesses and permittivities must be symmetric, and the
piezomoduli of the direct and converse piezoelectric effects
must be equal: cs/))eff — Cgaeff’ ggeff — E].;;eff’ g){eff _ e;,,eff —
e, This fact was also confirmed by numerical calculations

for all considered composites.
In our study, nine (y = 1,2,...,9) homogenization pro-
blems with Egs. (1)—(8), (10)—(12) for each variant of com-
posite were solved using specialized algorithms and programs

via ANSYS Mechanical APDL.
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3. Results and Discussions

The conventional porous piezoelectric composites were ex-
tensively studied in many works,'?*>7% and therefore we did
not carry out a special study of the ordinary porous system
(OPS). But in all subsequent figures, the effective moduli of
the OPS and the system with a completely metalized pore
surface (SCMPS) are provided, as reference cases, to reveal
the influence of various cases of partially metalized pore
surface on the effective material properties. We analyzed the
relative values of the effective moduli, which are the ratios of
the effective modulus value to the corresponding modulus of
the dense piezoceramic material, for example, r(c¥;) =
et /cE. In this way, the effective moduli of the composites
are compared to the analogous moduli of the pure piezo-
electric matrix. Our discussion focuses on the effective
moduli of the systems with partially metalized pore surfaces
(SPMPS). We studied four cases for the SPMPS. The
SPMPS2X and the SPMPS2Z have two metalized pore sides;
while, the SPMPS2X2Y and the SPMPS2X2Z have four
metalized pore sides, as indicated earlier in Fig. 1.

3.1. Exploring the effective moduli of the SPMPS2X and
the SPMPS2Z

The relative elastic modulus r(c¥;) and the dielectric per-
mittivity moduli r(e},) and r(e3;) are shown in Figs. 2(a)-
2(c), respectively, as functions of porosity. The effective
elastic modulus ¢ reduces with the porosity growth, as
seen in Fig. 2(a). Note that for all investigated piezo-
composites, nonzero elastic moduli cfﬁeff almost take the same
trend of decrease with the porosity rise. Since the elastic
moduli of the material filling the layer Q¢ are negligible,
the pore surface metalization has a negligible effect on
the effective elastic moduli. The dielectric moduli r(¢},) and
r(e%;) of the SCMPS greatly increase with the porosity rise;
however, the analogous moduli of the OPS decrease with the

porosity growth. For example, at v. = 0.5, the effective

J. Adv. Dielect. 11, 2160009 (2021)
dielectric permittivity modulus 55" of the SCMPS increases
about 1951% from the analogous modulus of the OPS. For
the SPMPS2Z, as the porosity increases, the effective di-
electric permittivity modulus 5?‘1’“ grows, but the effective
dielectric permittivity modulus 55" reduces, as seen in
Figs. 2(b) and 2(c). The dielectric permittivity moduli 5f?ff
and 35 of the SPMPS2X vary oppositely to those of the
SPMPS2Z. In contrary to the pure piezoceramic PZT-5H, we
observed that the dielectric permittivity moduli e3¢ and e35"
of the SPMPS2X are not equal, as depicted in Fig. 2(b). This
occurs due to the asymmetric construction of the metalized
pore sides relative to the applied electric fields Ey; and E,, as
discussed later.

Figure 3 presents the piezoelectric constants r(es; ), r(e33),
and r(e;s) versus porosity for the SPMPS2X and the
SPMPS2Z. The effective piezomoduli el and e {l decrease
with the porosity increase for all systems presented in
Figs. 3(b) and 3(c). For the SPMPS2X, the effective piezo-
$If decreases at a greater rate than the OPS; how-
ever, the effective piezomodulus efgf is roughly identical to
the OPS’s analogous modulus with the porosity growth. For
the SPMPS2Z, as the porosity grows, the effective piezo-
$if nearly decreases like the OPS, but the effective
shearing piezomodulus el reduces at a slighter rate than
the OPS. The main results in this discussion are those con-
cerned with the relative piezoelectric modulus r(e3)
because it, unlike usual, increases in specific systems with
increasing porosity. The transverse piezomodulus |e$i| of
the SPMPS2X increases with the porosity growth, for
v.<0.2, then slightly decreases with more porosity rise.
However, the modulus |e | of the SPMPS2Z monotonically
decreases when porosity increases, as shown in Fig. 3(a). For
the SPMPS2X, e$if £ ¢Sl and esHf £ efff, as shown in
Figs. 3(a) and 3(c).

In Fig. 4, we plotted the system states related to the es-
timation of the effective piezomodulus e §it

modulus e

modulus e

and the effective

D’ *
*
’ 8 i
OPS o .
* .,
. .'
SPMPS2Z o 6 R
SPMPS2X 5 .
vl o o’
. Q' .t
X4 .t
* " At S
* -
. * s
e - o“ 2 » * “..N“,...-.. ot
s\:v‘mnhq\iﬂ“" - ‘0“,...“-“-"
0.0 0 0
00 01 02 03 04 05 0.0 0.1 02 03 04 05 0.0 01 02 03 04 05
Porosity Porosity Porosity
(@) (b) (©

Fig. 2. The elastic modulus r(c%;) and the dielectric permittivity moduli 7(e%,) and r(c%;) are plotted versus porosity in (a)—(c), respectively,

for the systems SPMPS2X and SPMPS2Z.
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Fig. 3. The piezomoduli r(es;), r(es3), and r(e;5) are shown in (a)-(c), respectively, versus porosity for the systems SPMPS2X and

SPMPS2Z.
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Fig. 4. The E-field vectors, the electric flux density vectors, and the strees x-component’s contour plot are shown in (a), (c), and (e),
respectively, for the SPMPS2X; and in (b), (d), and (f), respectively for the SPMPS2Z, in the half RVE without the vacuum pore at v. = 0.3

with Eg; # 0.
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dielectric permittivity modulus 55, According to Egs. (8),
(10), and (12), the piezomodulus efff and the dielectric per-
Seff can be obtained using the boundary
condition Eg3 # 0 as follows: £35" = (Ds)/(E3) = ({D3)™ +

3
(D3)¢ +(D3)?)/Eyps  and (o11)/Eoz = ({o11)"+

mittivity modulus e

egflf —
(o11)¢ + (011)?)/Eps. Since the vacuum dielectric permit-
tivity is negligible, the integral value of the electric flux
density generated in the pore volume ({D;)?) tends to zero.
So, the effective dielectric permittivity modulus £33 is pro-
portional to the integral value (D3)™ + (D5)¢. The metalized
pore sides can be considered as metal conductors placed in a
region of a semi-regular electric field. The free charges of the
conductor move freely to the polar regions, and the E-field
within the conductor’s volume vanishes. So, the conductor
almost becomes a dipole. The metalized pore sides of the
SPMPS2X create greater dipoles relative to those of the
SPMPS2Z, owing to the geometric configurations of
both systems. As a result, the integral values of the induced
electric flux densities (D;)™ and (D;)¢ are higher in the
SPMPS2X than in the SPMPS2Z, as seen in Figs. 4(c)
and 4(d). Which increases the SPMPS2X’s effective dielectric
permittivity modulus £33, as seen in Fig. 2(c).

When an E-field is externally applied in z-direction
(Ep3 # 0), the mechanical stress generated in the compound
pore Q¢ is negligible due to the minimal piezomoduli of the
metal and vacuum phases. Consequently, the effective trans-
verse piezomodulus e depends on the integral value of
stress generated in the piezoelectric phase ({o(;)™). The
presence of metalized pore sides causes dispersion in the
electric field vectors, as seen in Figs. 4(a) and 4(b). Electric
field vectors are more dispersed in the SPMPS2X than in the
SPMPS2Z; because the SPMPS2X’s metalized pore sides
generate larger dipoles. This dispersion in the electric field
vectors of the SPMPS2X raises the average values of stresses
(o11)™ and (02,)™, as seen in Figs. 4(e) and 4(f); and
decreases the average stresses (o33)™. Consequently, the

J. Adv. Dielect. 11, 2160009 (2021)

effective transverse piezomodulus |e]'| of the SPMPS2X is
higher than that of the SPMPS2Z. However, the longitudinal
piezomodulus e$i of the SPMPS2X is less than the
SPMPS2Z, as shown in Figs. 3(a) and 3(b).

3.2. Exploring the effective moduli of the SPMPS2X2Y
and the SPMPS2X27

Figure 5(a) presents the transverse elastic modulus r(c%;)
versus porosity. Due to the assumed negligible stiffness
moduli of the metal layer, the elasticity coefficients of the
SPMPS2X2Y and the SPMPS2X2Z are approximately equal
to those of the SPMPS2X and the SPMPS2Z. The permit-
tivity moduli r(e3;) and r(c%;) of the SPMPS2X2Z are
nearly identical to those of the SCMPS. The permittivity
modulus r(¢%,) of the SPMPS2X2Y is almost identical to that
of the SCMPS; whereas, the dielectric constant r(£3;) of the
SPMPS2X2Y is smaller than the analogous modulus of the
SCMPS, as seen in Figs. 5(b) and 5(c). Figure 5(b) indicates
that the dielectric permittivity moduli #(¢%,) and r(¢5,) of the
SPMPS2X2Z are not equal.

Figure 6 outlines that the piezomoduli of the
SPMPS2X27 are approximately identical to those of the
SCMPS. The SPMPS2X2Y has greater longitudinal piezo-
modulus r(es3) and smaller transverse piezomodulus r(e3)
and approximately identical shear piezomodulus r(es)
compared to the SPMPS2X2Z7Z, as observed clearly in
Figs. 6(a)-6(c). For example, at v, = 0.3, the effective pie-
zomodulus |e$iT| of the SCMPS, SPMPS2X2Z, and
SPMPS2X2Y increases by 733%, 718%, and 378% from the
corresponding modulus of the OPS. The change in piezo-
electric and dielectric moduli in this way depends primarily
on the structure of the metalized pore surface, as shown in the
following discussion.

Figure 7 explains the system states associated with the pie-
zoelectric modulus e {I' and the dielectric permittivity modulus

31
£33 of the SPMPS2X2Y and the SPMPS2X2Z. These moduli

! -
o L] - J
: & OPS m— o
¥ SCMPS S =
6} |SPMPS2X2Y -vovneens
-~ SPMPS2X2Z rormees o
b2
9
T4
o
‘,.w:“m‘.‘
% mﬂ‘.‘.":l'\n-t"“
it
0.0 C.g
00 01 02 03 04 03 00 01 02 03 04 05 00 01 02 03 04 05
Porosity Porosity Porosity
(2) ®) ©

Fig. 5. (a) The relative elastic modulus r(c’;), and the relative dielectric moduli r(¢%,) and r(e3;) are shown in (a)~(c), respectively, versus

porosity for the systems SPMPS2X2Y and SPMPS2X27.
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Fig. 6. The piezomoduli r(e3), r(es3), and r(e;s) are shown in (a)—(c), respectively, versus porosity for the systems SPMPS2X2Y and

SPMPS2X27.

can be explained in the same way as in the discussion of Fig. 4.
The distribution of electric field vectors and electric flux density
vectors in the SPMPS2X2Y and the SPMPS2X2Z can be
clarified via Gauss’s law as follows. If an electrical voltage is
applied to both systems in z-direction (Eg3 # 0) such that the
higher potential is on the top side, an electric field is produced,
within the piezoelectric material, in the negative direction of the
z-axis, as seen in Figs. 7(a) and 7(b).

For the SPMPS2X2Z, the metalized pore sides act as a
closed conductor because the E-field vectors are perpendic-
ular to the upper and lower metalized pore sides. The positive
and negative charges move freely in the conductor generating
an electric field E’ inside the pore QP, which opposes the
original E-field (Ey; # 0). The electric charges continue
moving until vanishing the electric field inside the pore, i.e.,
(E') approximately equals the integral value of the electric
field inside the pore of the OPS (E;)?. The electric field
outside the pore equals the sum (E3)™ + (E3)? in the corre-
sponding OPS. According to this discussion, the applied
electric field is optimally conserved within the volume of the
piezoelectric phase ((E3) = (E3)™ = E3).

The metalized pore sides of the SPMPS2X2Y do not form
a closed surface w.r.t. the electric field applied in the direction
z. The SPMPS2X2Y’s metalized pore sides correspond just to
a large dipole; they do not act as a closed cubic conductor w.r.
t. the applied E-field (Ey; # 0). So, the effective piezoelectric
modulus |e$T| and dielectric permittivity modulus 35" of the
SPMPS2X2Y are less extensive than those of the
SPMPS2X27. For example, under the boundary condition
Ey # 0 at v, = 0.3, the SPMPS2X2Y preserves 76% of the
electric field’s effect in the piezoelectric volume Q™; how-
ever, the SPMPS2X2Z preserves 100% of the applied E-field
within the piezoelectric volume under the same conditions, as
shown in Figs. 7(a) and 7(b).

According to this discussion and Egs. (8), (10), and (12),
the obtained integral values (D3;)™ and (o)™ in the
SPMPS2X?2Z are greater than the corresponding values in the
SPMPS2X2Y, as seen in Figs. 7(c)-7(f). Due to the greater

absolute value of (o;)", the effective piezomodulus |e $f| of
the SPMPS2X2Z is more extensive than that of the
SPMPS2X2Y, as Fig. 6(a) shows. Figures 7(c) and 7(d) show
a higher interfacial polarization (D3)¢ in the SPMPS2X2Z
than in the SPMPS2X2Y. This phenomenon of increasing the
dielectric permittivity moduli is due to the presence of a metal
inclusion inside a dielectric medium.’”*° Therefore, the
SPMPS2X27’s dielectric permittivity 55 is greater than that
of the SPMPS2X2Y, as shown in Fig. 5(c). According to this
discussion and Eqgs. (8), (10), and (12), the SPMPS2X2Y keeps
100% of the applied E-fields for the cases Ey; # 0 and E, # 0
within the piezoelectric volume under the same conditions, thus
the dielectric permittivities £ and 35 of the SPMPS2X2Y
are equal and higher than the dielectric permittivity modulus

55 of the SPMPS2X2Z, as shown in Fig. 5(b).

3.3. Effects of the partially metalized pore surface on the
crystal symmetry

In the OPS and the SCMPS, the effective moduli with indices
corresponding to Ox; axes and moduli with indices corre-

sponding to Ox, axes are equal, i.e., ¢t = L5 cEeff —

Eeff Eeff __ _Eeff eff __  eff eff __  eff Seff __ _Seff
€233 s Cag = Cs5 5, €31 =€30, €34 = €15, &1 — €22 »
and cET ~ (cFEtt — ¢E5T) /2. So, the OPS and the SCMPS

have the same hexagonal 6 mm crystal symmetry of the
piezoceramic matrix PZT-5H. Owing to the configuration of
the metalized pore faces, the SPMPS2X and SPMPS2X2Z do
not fulfill this symmetry. These systems differently handle the
electric field applied or induced in the x- and y-directions. For
example, if the SPMPS2X2Z is subjected to the boundary
conditions Ey; # 0 and Ey, # 0, the integral value (D) will
be higher than the integral value (D,), respectively; because
the metalized pore sides in this system can be considered as a
closed conductor only when the electric field is externally
applied in x or z-directions. As a result, according to
Egs. (8), (10), and (12), the dielectric permittivity moduli

e and 35" of the SPMPS2X2Z satisfy the relationship
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Fig. 7. The E-field vectors, the electric flux density vectors, and the stress x-component’s contour plot are shown in (a), (), and (e), respectively, for the
SPMPS2X2Y; and in (b), (d), and (f), respectively, for the SPMPS2X2Z, in the half RVE without the vacuum pore at v, = 0.3 with Ey; # 0.

et > ¢35 The crystal asymmetry can be well understood ~ the  SPMPS2X  and  the SPMPS2X27 satisle the
For

from the discussion of Figs. 4 and 7. This phenomenon was crystal symmetry of mm2 othorhombic sysfems. .
indicated in Figs. 2(b), 3(a), 3(c), 5(b), and 6(c). On contrary ~ example, at v. = 0.3, the effective electro-elastic properties

to the pure piezoceramics PZT-5H, the OPS, and the SCMPS, T of the SPMPS2X have the following values:
|

5.751-10' 2.772-10'° 2.718 - 101° 0 0 0 0 0 7.61
2.772-10' 5.805-1010 2.732- 1017 0 0 0 0 0 6.77
2.718-10'0 2.732-.1010 4.778 - 1010 0 0 0 0 0 -12.9
0 0 0 1.254-1010 0 0 0 —94 0
IIeft — 0 0 0 0 1.251-10% 0 —8.74 0 0
0 0 0 0 1.246 - 1010 0 0 0
0 0 0 0 8.74 0 1.1-1078 0 0
0 0 0 9.4 0 0 0 2.98-1078 0
—7.61 —6.77 12.9 0 0 0 0 0 2.66-1078
In the previous matrix, it can be shown that applying |
metallization perpendicular to only one axis Ox; leads to Since here, the metalized pore sides are assumed to have
a very large difference between the effective dielectric  negligible elastic properties, the change in crystal symmetry

permittivity moduli £55' and £33 and to a rather significant slightly appears in the elastic moduli, but nonetheless

difference between the effective piezomoduli e and eSN, ¥ £ 55 Bl £ Bl and  cffT £ £ and

and the effective piezomoduli e$T and e$ff. cEet £ (Bt — ¢ESMT) /2. This change in crystal symmetry
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regarding the elastic properties is due to the influence of the
piezoelectric effect on the elastic properties.

4. Conclusions

This paper investigates a porous piezocomposite consisting of
a ceramic matrix with superlattices of closed pores coated
with metal particles. At the interface surface between the
piezoceramic phase and the void, these particles produce a
metal coating with negligible thickness. We considered a
simple representative volume consisting of a cubic piezo-
ceramic matrix and containing at its center a cubic compound
pore consisting of a vacuum pore and coated with a metal
sheet of a minimal thickness. Because of the possible defi-
ciencies in the metalization process, the porous piezo-
composite with a completely metalized pore surface is
challenging to be physically constructed. Consequently, the
homogenized properties of porous piezocomposites with a
partly metalized pore surface have been discussed here.
Different metalization processes are simulated by analyzing
the effective moduli of porous piezocomposites with four and
two metalized pore sides, respectively. We found that the
effective moduli of the systems with four metalized pore
sides, in which the metal layer coats 67% (four sides) of the
pore surface, are almost near to those of the system with a
completely metalized pore surface. The dielectric permittivity
moduli of structures with sufficiently metalized pore surfaces
increase monotonically as porosity increases. This enhance-
ment of effective permittivity moduli is due to the interfacial
polarization induced by the excessive electric field at the
limiting neighborhood of the interface between the piezo-
electric and metal phases. The absolute value of the trans-
verse piezomodulus of a sufficiently metalized porous
piezocomposite significantly increases with the growth of
porosity; since the presence of the metal layer induces dis-
persion in the electric field vectors and preserves their in-
fluence in the piezoelectric phase. In the piezocomposites
with partially metalized pore surfaces, the following asym-
metries were observed due to the dependence of piezoelectric
and dielectric permittivity moduli on the configuration of the

metalized pore sides: el # Sl e $if £ o ¢ff o Fefl oL oS¢t

Eeff E eff Eeff Eeff Eeff Eeff Eeff
ciy Fcey, ciy Fceyo, cgy Fcss, and cge

(cEeff— ¢ESf) /2. These asymmetries are predicted to occur

with more complex representative volumes that contain many
closed pores with randomly metalized pore surfaces. The piezo-
composites with partially metalized pore surfaces may have
higher anisotropy (orthorhombic mm2 system) compared to
lower anisotropy of the piezoceramic matrix (hexagonal 6 mm
system). Further we intend to study the homogenization problem
presented here using such complicated representative volumes.
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