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ABSTRACT

Porous piezoelectric materials have been widely used in hydrophone applications owing to
their excellent hydrostatic charge constant (dy,) and voltage constant (gy). However, owing to
the difficulty in sample manufacturing, the evaluation of the overall piezoelectric properties for
reliable device design using simulations is challenging. Herein, a two-step simulation was
performed to accurately determine the overall properties of the porous PZT. First, the piezo-
electric charge constant was calculated by displacement calculations using the electrostrictive
effect. Second, using the calculated piezoelectric charge constant and impedance spectrum
obtained from the experiment, the initial value for optimizing the properties was selected, and
the overall properties were obtained using the parametric estimation technique. These para-
metric estimation simulation procedures were performed with the samples of radial and
thickness modes based on the IEEE standards. Finally, the piezoelectric properties obtained
were compared and verified with the experimental values. Therefore, the overall piezoelectric
properties include mechanical, frequency and dielectric properties according to the porosity
were obtained with reliable results.
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1. Introduction In this study, the hydrostatic charge constant (d;,)
and voltage constant (g;,) of porous piezoelectric cera-
mics according to the porosity were calculated
through simulations. In addition, the elastic compli-
ance and overall piezoelectric properties were
obtained through a parametric estimation technique
using the calculated piezoelectric constant as a para-
meter, and the changes according to porosity were
analyzed. In addition, the physical properties deter-
mined from the simulations were compared and
experimentally verified.

Porous piezoelectric materials have been widely used
in hydrophone applications owing to their excellent
hydrostatic charge constant (d;,) and voltage constant
(gn) [1-5]. Because these devices require very high
precision and reliability, simulations have been
employed to obtain a reliable design [6,7]. Although
various preprocessing technologies exist, the material
properties fundamentally affect the analysis results
and final design.

Several attempts have been made to predict the
properties of piezoelectric ceramics using simulations
and experimental methods [8-16]. Boumchedda et al.
investigated the dependence of hydrostatic properties
and c; on the porosity of porous PZT [17]. Ting [18]

2. Method

2.1. Determining the piezoelectric charge
constant through displacement calculation based

reported the piezoelectric charge constants and cou-
pling factor (k) behavior for various porosities of PZT.
Eichhorn et al. [19] investigated the hydrostatic proper-
ties of porous PZT with different pore orientations.
However, most previous studies have investigated
the hydrostatic charge constant (d},) and voltage con-
stant (gy), or permittivity (g) variations with porosity.
Properties such as elastic compliance or stiffness have
not been reported because of the difficulty involved in
sample preparation and the measurements required to
determine the overall physical properties required for
simulation.

on FEM

Porous piezoelectric ceramic is regarded as
a piezoelectric composite composed of PZT and
pores. In general, the physical properties of piezoelec-
tric composites, including density, mechanical, dielec-
tric and piezoelectric properties are calculated by
equation (1) according to the general mixture rule [20]

PPZT~Pore composite — PPZT : (1 - V) + Ppore % (1)

where, v represents the volume percent of pore and
P represents physical properties. However, since this
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general mixing rule is very linear, it does not clearly
describe the practical application piezoelectric para-
meters of porous ceramics, such as coupling factor
(kj), piezoelectric constant (d;) and elastic modulus
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Figure 1. Finite element model for calculating d;; of KICET-PZT8 ceramics: (a) 2D conceptual model and (b) 3D model.

(Siy)except for density and permittivity [21].
Therefore, in this study, among the material properties
of porous PZT, only permittivity and density were cal-
culated according to the general mixture rule, and the
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Figure 2. Flowchart for the property optimization of KICET-PZT8 using the finite element method.
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Table 1. Effect of frequency of KICET-PZT8 in radial and thickness modes on various parameters.
Increased Radial mode Thickness mode
Parameter fr1(rad) fal(rad) fr2(rad) fa2(rad) fr(TE) fa(TE)
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Table 2. Pore characteristics of the fabricated porous KICET-PZT8 ceramics according to PMMA vol%.

PMMA Vol (%) 10 20 30 40 50 60
Porosity (%) 7 13 22 30 39 48
average pore size (um) 42.08 40.81 33.84 34.16 37.77 33.93

following method was used for calculating the rest of Sj=dj-E

the material properties.

Porous PZT for the displacement calculations was mod- At

eled using COMSOL Multiphysics® SW ver. 6.0 [22]. To T dj-—

obtain the piezoelectric charge constants (ds;, dss) from

displacement calculations, the piezoelectric equation is At

modified as shown in Equations (2), (3), and (4) below. dj = v

1000.880 um 1000.880 ym

@ G

Porosity 22%

¥

1000.880 ym 1000.880 ym

(d)

1000.880 ym

(e)

Figure 3. Micrographs of sintered KICET-PZT8 ceramics with different porosities: (a) 7% (b) 13% (c) 22% (d) 30% (e) 39%.
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Figure 4. Calculated change in dj; of KICET-PZT8 according to
the number of pores at 30% porosity: (a) ds3 (b) d3;.

where §;; is the strain in the j-direction for the ceramic
polarized in the i-direction, d;; is the piezoelectric
charge constant, E is the electric field, and t is the
length of the ceramic in the j-direction. Therefore,
from Equation (4), dj; is the value obtained by dividing
the change in the length in the j-direction by the
applied voltage. Figure 1 shows the model used for
the displacement calculations. The model had a cubic
shape with dimensions of 1 x 1 x 1 mm?3, and the
internal pores were also arranged in cubic shapes.
The internal pore size was modeled and determined
to be 20-50 pm according to the porosity to render it
almost similar to the actual pore size. Figure 1(a) shows
the 2D conceptual model of the finite element model
used to calculate the dj of KICET PZT8 ceramics. To
determine dss, a fixed boundary with dimensions of
0.01 x 0.01 mm? was marked in the Z-direction, and to
determine ds;, a fixed boundary with dimensions of
0.01 x 0.01 mm? was marked in the X-direction to
obtain displacement. The size of the square pillar
used as the fixed boundary was very small compared

to that of the overall model because the fixed bound-
ary did not affect the displacement significantly.
Figure 1(b) shows the 3D model and overall model
for pore arrangement and calculations. An electric
potential of 1 V was applied to the opposite surface
of each fixed boundary to generate a displacement
using the electrostrictive effect on the completed
geometry.

2.2. Parametric estimation using piezoelectric
charge constant

The piezoelectric properties of porous PZT were
derived through parametric estimation following the
method proposed by Shin et al. [23]. Figure 2 shows
the process of deriving the overall piezoelectric prop-
erties through parametric estimation. The TS mode is
an independent vibration mode that does not affect
RAD and TE vibrations. Therefore, 554 and d;s5, which
can be derived in TS mode, are the experimental
values. The geometry of the model for calculation
was the same as that of the actual RAD sample, and
the equivalent properties according to the porosity
were added to the bulk model without pore modeling.
The initial properties for the simulation were derived
from the RAD mode sample for each porosity, and the
impedance spectrum (Zggm) Was obtained via simula-
tion. The obtained Zggy was adjusted to fit the experi-
mental impedance spectrum (Zgxp) by considering the
frequency response characteristics, according to the
parameters listed in Table 1. A blue arrow pointing to
the left side means a decrease in frequency, and a red
arrow pointing to the right side means an increase in
frequency. The fitting process for the Zggy and Zeyp is
as follows. To optimize the first resonant frequency
(frragq), the anti-resonant frequency (fa,.q1) in the radial
(RAD) mode, and the second resonant frequency
(frrag2) @and anti-resonant frequency (fa,.q2) were opti-
mized. The corresponding property was selected as the
optimized property. Among the properties used for
parametric estimation, values obtained through displa-
cement calculation in section 2.1 were used for ds; and
ds3, which are factors that have an important influence
on the frequency response characteristics.

2.3. Synthesis of porous PZT

For the experimental verification of property optimiza-
tion, porous PZT was synthesized using calcined KICET
PZT-8 powder via a conventional solid-state reaction
process. Polyvinyl alcohol (PVA) was added to the dried
powders at 4 wt%, and spherical poly methyl metha-
crylate (PMMA) powder with an average particle size of
35 um was added at ~10-50 vol%. The powders were
molded into shapes according to the IEEE standards
[24]. Each shape was divided into radial (RAD), thick-
ness expansion (TE), transverse shear (TS), and
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Figure 5. Simulation results of piezoelectric constant at various porosities: (a) d33 and ds; (b) dy, (¢) g, and (d) dy*gp,.

longitudinal expansion (LE) modes according to the
vibration mode. The molded samples were sintered
at 1250°C for 2 h in a sealed alumina crucible contain-
ing atmospheric powder with the same composition as
the specimens. The specimens were poled in a silicone
oil bath at 120°C under an applied electric field of 2.5
kV/mm for 30 min. The piezoelectric properties were
calculated by measuring the impedance characteristics
using an impedance analyzer (HP 4194A, Agilent).

3. Results and discussion
3.1. Microstructural characteristics of porous PZT

Table 2 shows the porosity of PZT and its pore size
according to the PMMA vol%. As the PMMA content
increased, the porosity increased, indicating that
PMMA successfully occupied the space and evapo-
rated during particle growth through sintering. In addi-
tion, because the average size of the pores was ~ 34-
42 pm, which is similar to the size of spherical PMMA
powder, PMMA appears to be a suitable material for
porous PZT synthesis. Figure 3 shows the microstruc-
ture of porous PZT according to the porosity. The

microstructure revealed that the number of spherical
pores of a certain size increased as the porosity
increased. In addition, at porosities of 30% or higher,
some pores were connected to each other. The mate-
rial seems to change from a 0-3 type to a 3-3 type
piezoelectric composite when the porosity of the por-
ous PZT is ~ 22%. In addition, porous ceramics were
successfully synthesized when the density and result-
ing pore microstructure were comprehensively
considered.

3.2. Piezoelectric charge constants of porous PZT
derived using displacement calculations

In piezoelectric composites or porous PZT, piezoelec-
tric charge constants such as d;; are known to change
significantly depending on the shape, size, and num-
ber of pores. In particular, porous PZT exhibits signifi-
cant changes in d33 and ds; depending on the location
and distribution of pores at constant porosity [25-27].
Therefore, to use it as an initial property value for
parametric estimation, it is necessary to determine
the number of pores that exhibit little variation and
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Table 3. Normalized mechanical and piezoelectric properties of KICET-PZT8 calculated using h-parametric estimation.

Porosity
Property 0% 7% 13% 22% 30% 39%
Mechanical properties s, (1071°m? /) 1.00 1.10 1.31 1.65 2.09 294
-st, (1071°m2/N) 1.00 1.09 1.48 1.79 235 3.30
-s£2 (107°m?/N) 1.00 1.02 1.09 1.25 129 1.72
sk5 (1071°m? /N) 1.00 1.03 1.25 175 221 361
sk (1071°m? /N) 1.00 1.10 1.36 1.69 2.16 3.03
Piezoelectric constants ds3 (pC/N) 1.00 0.97 0.95 0.93 0.91 0.91
-d31 (pC/N) 1.00 0.94 0.80 0.51 0.45 031
dp (pC/N) 1.00 1.07 1.49 243 255 3.04
gn (1073Vm/N) 1.00 1.13 1.81 3.98 4.95 7.59
dy * gy (107°m? /N) 1.00 1.21 2.69 9.67 12.62 23.06
Dielectric constants e§3 /€ 1.00 0.95 0.87 0.61 0.51 0.40
&,/ 1.00 0.96 0.92 0.81 0.67 0.56
Frequency Constants Np(Hz * m) 1.00 0.98 0.96 0.88 0.83 0.76
N¢(Hz + m) 1.00 0.95 0.84 0.68 0.61 0.49
Density (kg/m?) 1.00 0.93 0.87 0.78 0.70 0.61

* Each result was normalized with respect to the value at 0% porosity.

reflect the actual properties. Figure 4 shows the
changes in the ds3 and ds; values when the number
of pores was changed at a porosity of 30%. It can be
seen that the change in both the ds3 and ds; values is
very large, up to 200 when the number of pores is
relatively small, but converges to a constant value
when the number of pores is more than 400. This
seems to occur because, with an increase in the num-
ber of pores beyond a certain level, the internal pores
become more regular; thus, the variables affecting the
calculation are reduced. Therefore, 400 or more pores
were selected for the displacement calculations. The
exact number of pores was determined by selecting
the number of pores corresponding to a size of
35 x 35 x 35 um?, which is similar to the actual pore
size according to the porosity. Figure 5 shows the
results obtained for various piezoelectric charge con-
stants (d;j) and piezoelectric voltage constants (gj)
after calculating the displacement according to the
porosity. dy, and g, values were calculated using
Equations (5) and (6), respectively, and the required
dielectric constant according to the porosity was

Rad, TE

Porosity 13%

mathematically calculated using Equation (7) by
Marutake et al [28].

dp = d33 + 2d3 (5)

gh = dn/el; (6)

) . 3 (Ega(bulk) B 1)
€33(por) = €33(bulk) 1- W
u

-V (7)
As the porosity increases, ds3 and ds; decrease.
However, it can be seen that the decrease in ds; is
much larger than that in dss. When porosity was
greater than 10%, the decrease in ds; increased
rapidly. The difference in the extent of the decrease in
ds3 and ds; according to porosity leads to an increase
in dy,. Accordingly, as shown in Figure 5(b), d;, also
increases rapidly above 10% porosity, and the values of
gn and dy*g;, exhibit a similar trend.

Figure 6. Fabricated KICET-PZT8 samples with various vibration modes to derive piezoelectric properties using a resonance

method based on IEEE standards.



3.3. Piezoelectric properties derived through
parametric estimation based on piezoelectric
charge constant

Piezoelectric property optimization using parametric
estimation was performed using the dsz; and ds3 values
obtained through displacement calculations as two
parameters. Table 3 shows the normalized results for
samples with no porosity, to observe the changes in
the porosity of the overall piezoelectric properties
obtained through optimization. s£, and st, increased
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with increasing porosity, and st, decreased at a rate
similar to that of the increase in st,. In the case of sf;,
the decrease was very small compared to the increase
in s§;, which suggests that with an increase in the
porosity, the displacement in 3-directions becomes
easier than that in the 1-direction. This results in the
decrease in d3; becoming larger than that in ds3 as the
porosity increases. A larger decrease in ds; led to an
increase in dp, which in turn increased g, and dp*gp,.
This also shows a sharp increase when the porosity was
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Figure 7. Comparison of the mechanical properties of KICET-PZT8 optimized through parametric estimation and experimental
results with various porosities: (@) st, (b) s&, (c) s55 (d) s5; and (e) sk
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greater than 13%. The relative permittivity decreased
as the porosity increased and the frequency constant
(N) decreased, indicating that the resonance and anti-
resonance frequencies were pulled forward as the por-
osity increased.

By optimizing the material properties via simula-
tion, the overall trends in the properties were
obtained, and the overall piezoelectric properties
were obtained using only the impedance spectrum
of the Rad mode sample.

3.4. Experimental validation of the simulation
results

Experimental verification was performed to verify the
piezoelectric properties according to the porosity, as
obtained via simulations. As shown in Figure 6, IEEE-
standard samples were prepared for each porosity
value, the piezoelectric properties were obtained
using the resonance method, and the results were
compared with the simulation results. Figure 7 com-
pares the elastic compliance obtained from the
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Figure 9. Comparison of coupling factors and frequency constants of KICET-PZT8 optimized through parametric optimization and
experimental results with various porosities: (a) k; (b) ks3 (c) N¢, and (d) Np.

simulation and the experiment. sf, and s, exhibit
values that are quite close to the experimental
values. However, sf; and st exhibit some differences,
which can be attributed to an error in the LE-mode
sample among the IEEE-standard samples. The LE-
mode sample responds very sensitively to the skill
of the operator and the shape of the jig because it
has a shape that maximizes the vibration in the
longitudinal direction. Consequently, it is assumed
that an error occurs in the s5; value derived from
the LE mode, and a slightly larger error occurs in the
st value calculated using sf;. Figure 8 shows
a comparison of the piezoelectric constants obtained
from the simulation and experimental results. The
overall constants are similar to the experimental
and simulation values. ds;; exhibits a difference
between the experimental value and graph, but the
difference is within 4%, which is considered an error
in the measurement. In the case of ds3;, the value
deviated slightly from the initial value obtained from
the displacement calculations, mainly because it is
a major parameter in the process of fitting the impe-
dance spectrum. In addition, similar values of ds;

were obtained experimentally and after parametric
estimation, implying that the initial value obtained
through the displacement calculation can be opti-
mized to match the experimental value. The dielec-
tric constants (&3;/€o,€l5/€) also decreased with
increasing porosity, which is almost consistent with
the experimental results. Figure 9 shows
a comparison of the coupling factors and frequency
constants obtained from the simulation and experi-
mental results. In the case of the coupling factor (k),
the value of the coupling factor in the thickness
mode (k;) increases as the porosity increases, and
its value in the longitudinal mode (k33) decreases,
exhibiting a trend consistent with the overall experi-
mental value. Both the thickness direction frequency
constant and radial direction frequency constant
show that the porosity decreases as the porosity
increases. It can also be observed that the frequency
constant (N) is almost equal to that obtained from
the experimental results. From the experimental ver-
ification, it was concluded that the piezoelectric
properties obtained from the simulation were
reliable.
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4. Conclusions

In this study, porous KICET-PZT8 ceramics were suc-
cessfully fabricated, the overall piezoelectric properties
required for device design were derived through simu-
lation, and the properties were experimentally verified.

The porous KICET-PZT8 ceramics were sintered by
mixing spherical PMMA powder with calcined KICET
PZT8 powder. As the PMMA vol.% increased, the
porosity of the sintered body also increased. In the
overall piezoelectric property derivation process, dss
and ds; were derived via displacement calculations.
In the simulation, to select the number of pores with
an accurate value that is not affected by the number
of pores, the displacement according to the number
of pores was calculated. The ds; and ds; values
tended to decrease according to the porosity, and
the decrease was much greater in ds; than in dss.
The derived ds3 and ds; values were used as para-
meters in the parametric estimation process to deter-
mine the remaining piezoelectric properties.
A parameter estimation technique was used to com-
pare the analyzed impedance spectrum (Zggy) and
the measured impedance spectrum raw data (Zep)
of the test sample according to the change in the
piezoelectric constants (sy, dj). The radial vibration
mode and thickness expansion modes were used for
the predicted and analyzed vibration modes, respec-
tively. The elastic compliance, piezoelectric charge
constant, and relative permittivity were obtained
using a parametric estimation technique, and each
property showed a tendency to increase or decrease
according to the porosity. Each property changed
more significantly in the section where porosity was
> 12%. To experimentally verify the properties
obtained through the simulation, samples for each
vibration mode according to the IEEE standard were
produced for each porosity, and the properties were
derived using the resonance method. Each piezoelec-
tric property was very similar to the corresponding
property obtained through simulation, but the values
of sf; and sf; showed differences compared to the
other properties. This was attributed to the high
error in the measurement of the LE sample.

Through this study, it was possible to derive the
overall piezoelectric properties (not the partial proper-
ties of the porous PZT ceramic) through simulation.
The derived piezoelectric properties are quite reliable,
and it is expected that they can be used in the design
of piezoelectric composites and piezoelectric devices
in the future by identifying trends in the overall piezo-
electric properties according to porosity.
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