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FEA Study of Shear Mode Decoupling in
Nonstandard Thin Plates of a Lead-Free
Piezoelectric Ceramic

Pilar Ochoa-Pérez, Amador Miguel Gonzalez-Crespo®, Alvaro Garcia-Lucas,
Francisco Javier Jiménez-Martinez, Manuel Vazquez-Rodriguez™, and Lorena Pardo

Abstract—The finite-element analysis (FEA) is used in
this work to study the impedance curves and modes of
motion at resonance of nonstandard shear plates, thick-
ness poled, and longitudinally excited. An ecological,
lead-free, piezoelectric ceramic of (1—x)(BigsNag5)TiO3—
xBaTiO3 with x = 0.06 (BNBT6) composition is studied. The
FEA modeling is based on the full matrix of the material
coefficients. These are obtained from complex impedance
measurements on two-thickness poled resonators. A study
as a function of the variations of the dimensions of the
plate was accomplished (t = thickness for poling and
L and w = lateral dimensions, where w is the distance
between electrodes for the electrical excitation). We aimed
to a further understanding, and, thus, the ability to control,
the coupling of the main shear resonance and the lateral
modes. The use of uncoupled shear modes to obtain the
material parameters is a key issue for their determination
as complex quantities, thus considering all material losses,
electromechanical, dielectric, and elastic.

Index Terms— Barium, bismuth, ceramics, ferroelectrics,
finite element analysis (FEA), impedance, piezoelectric
materials, titanium compounds.

|. INTRODUCTION

HREE-DIMENSIONAL (3-D) modeling carried out by
finite-element analysis (FEA) has become an unavoidable
tool for the design of devices using piezoelectric ceramic
parts [1], [2]. The seminal articles, which aroused in parallel
with the microprocessor technology, are from the decade
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of 1970 [3], [4]. The use of FEA is due to the computational
power and speed available nowadays for the calculus and the
access of some piezoelectric elements in commercial finite-
element codes.

Determining accurate and precise electromechanical, dielec-
tric, and elastic properties of poled ferro-piezoelectric ceramics
in the linear range and considering all losses [5], is an integral
part of the way to their successful modeling by FEA. The
resonance method consists in the analysis of the experimental
complex impedance curves of a resonator at an electrically
excited electromechanical resonance. For this, an analytical
expression of the impedance as a function of the frequency
is solved. This expression includes the material parameters,
the density, and the dimensions of the resonator. This is the
most common and standardized way for the piezoceramic
properties determination. It presents the advantages of using
commonly available laboratory equipment and providing great
repeatability and accuracy [6]. One of the disadvantages of
standard measurement methods [7] is that they require five
resonator geometries for the determination of the complete
matrix of coefficients of the piezoceramic. This matrix has
ten independent coefficients, due to the macroscopic 6-mm
symmetry induced by poling. The independent coefficients of
piezoceramics are for one of the forms of the piezoelectric
constitutive equations [7]: the five elastic compliances sy,
512, S13, $33, and sgq [since s21 = s12, $220 = 511, S23 = S13,
531 = 513, $32 = 13, 8§55 = Saa, and se6 = 2(s11 — s12)]; the
three piezoelectric charge coefficients d;s, d3;, and ds3(since
dy = d31 and dyy = d)5); and the two dielectric permittivity
components &;; and ¢&33 (since g» = ¢11). Among other
inconveniences, standard methods do not consider electro-
mechanical losses. A current approach to determine losses is to
define material coefficients as complex quantities [8]. Methods
for determination of complex coefficients from resonance
have been developed for all resonator shapes and resonance
modes of relevance for material characterization and this is
an ongoing topic of research [9]. The curious reader can get
information on this topic in the previous works dedicated to
it [5], [6], [10]-[12].

The automatic iterative [13], [14] analysis of the impedance
curves at resonance is one of those methods. It combined the
implementation of the software for all resonator geometries in
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the full characterization with the needed calculus. It reduced
the number of the required resonator geometries to only three.
The resonances required were only four, namely: the length
resonance of the, length poled, rod or bar; the radial and
thickness resonances of the, thickness poled, thin disk; and the
shear resonance of the standard thin rectangular plate, in-plane
poled, and thickness excited [15].

Later on, the advantages of using nonstandard thin plates
instead of standard ones for the determination of the shear
parameters were revealed [16] and will be commented in
the following. The nonstandard plates, here under study, are
thickness poled and length excited.

First, lower electric voltages are needed for poling
this resonator, which allows the characterization of mate-
rials in which this process is difficult, as the porous
ceramics [17].

The dynamical clamping of the standard shear plate at
inevitably coupled resonance leads to inhomogeneous strain
and underestimation of the electromechanical coefficients.
This undesired effect was modeled by FEA [18] and studied
by laser interferometry [19]. It is worth noticing that the
analysis of the shear resonance of the standard plate, which
is difficult due to this unavoidable coupling of modes, is
still focus of study nowadays [20], [21]. A second advan-
tage of the nonstandard plate is that it shows a periodical
coupling—decoupling from the shear resonance with other
lateral modes. This was observed as the aspect ratio (w/t =
length for excitation/thickness for poling) was increased.
The periodical coupling—decoupling was experimentally deter-
mined for a commercial lead titanate-zirconate (PZT) [22] and
Ba;_,Ca,TipgpZry.1003 (BCZT), where x = 0.15, lead-free
piezoceramic [23]. This periodicity allows effective decou-
pling of the shear mode of the plate by controlled reduction of
the thickness of the plate. The uncoupled shear mode provides
the accurate, complex impedance data which are needed,
in addition to the characteristic frequencies, for determining
material coefficients as complex quantities, thus considering
all losses.

A third advantage of the rectangular shear resonator
studied here is that it could be cut out of a, thickness
poled, thin disk after the parameter’s determination from
its radial, and thickness resonance modes. Similarly, the
long bar, longitudinally poled, could be also cut out of the
disk. These facts could reduce the number of resonators
for complete characterization by the resonance method to
only one, thin disk, thickness poled. However, the procedure
includes cutting and repoling it in a long direction [24].
This is not recommended as it has to be done with extreme
care in order to avoid damaging the ceramic. Instead, it was
recently shown that it is possible to obtain the full matrix of
coefficients using only two resonator geometries [25], namely,
the disk and shear plate, thickness poled. The coefficients
that should be obtained by analysis of the, longitudinally
poled, rod or bar [15] were instead determined from a
wide impedance spectrum of the thin disk [25]. For this, an
alternative methodology was used. The complex impedance
spectrum, from the radial mode, its overtones, the thickness
mode and some other modes close to it, was measured and

e

Fig. 1. FEA model of the nonstandard shear plate, thickness poled, and

longitudinally excited (t = thickness for poling and w = distance between
electrodes for the electrical excitation).

the modes were identified. A first model of the spectrum was
made, using a specific FEA code [12] for this purpose, and
based on the data from the automatic iterative analysis of the
two thickness-poled resonators mentioned. After a sensitivity
study of different parameters on the model, the difference
between the numerical and experimental data was minimized
and the full set of complex coefficients were obtained [25].

FEA is used in this work to study the impedance curves
and modes of motion at resonance of, thickness poled and
longitudinally excited, nonstandard plates as a function of
the change of its dimensions (Fig. 1). We aim to check
reproducibility, general character, and independence of
artifacts of the experimentally observed coupling—decoupling
phenomenon as the thickness of the plate is reduced and in
the case of a material not yet studied in this regard [26].
Besides, by modeling, it was also possible to the study all the
dimensional changes potentially affecting the aspect ratio of
the plate. This study, otherwise costly for many samples are
required, involves the changes in thickness for poling, width
for excitation, and length of the plate. The final purpose of
this work is to gain a further understanding and the ability to
control decoupling of this resonator.

Il. EXPERIMENTAL METHODS
A. Material

A ceramic obtained from nanopowders [26] with com-
position (1 — x)(BipsNags)TiO3—xBaTiO; with x = 0.06
(BNBT6) was selected for this study. This is a widely studied
material and its matrix characterization was readily avail-
able [25]. For the sake of this study, a ceramic plate of the
initial dimensions (w x L x t) 0of 9.53 x 9.43 x 0.89 mm? and
density 5.49 g-cm~® was made as explained elsewhere [26].
The complex impedance was measured using an impedance
analyzer (model HP4192A-LF impedance analyzer, Hewlett
Packard, Palo Alto, CA, USA). The plate thickness was
reduced in 0.02-mm steps and the impedance measured again,
so as to obtain two spectra, with (# = 0.89 mm) and
without (# = 0.83 mm) coupling with lateral modes. These
measurements were used to check the validity of the FEA
results.
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Fig. 2. Complex impedance, plotted as conductance (G) and resistance
(R) peaks, of a nonstandard plate of BNBT6 of 9.53 x 9.43 x 0.89 mm3.
Experimental data as well as FEA calculated peaks are shown.

B. Finite-Element Analysis

COMSOL Multiphysics V5.2 FEA modeling software was
used here. The piezoelectric device module (PZD) was used
to simulate the piezoelectric response of the plates. The 3-
D structural mechanics module has been used to simulate
the mechanical response in the frequency domain. The mesh
used was selected so as to have five nodes per wavelength,
which allowed simulating modes of resonance that are excited
together with the main shear resonance. The convergence
criterion of the FEA analysis was the reproduction of the
experimental results previously mentioned above. The number
of frequencies analyzed was chosen so as to get a high
resolution of each calculated spectra. The shear plate was
simulated as a full 3-D item. This results in, typically, 1-5
h calculation time for each sweep of 200-1000 frequencies,
respectively. The 3-D harmonic analysis, used here, yields the
complex impedance values in a given interval of frequencies
and the modes of motion at each frequency. The intervals
of the frequency of interest in this work were those of the
experimental results. The dimensional changes modeled here
were: 1) w from 8.7 to 10.35 mm, L = 9.43 mm, and t = 0.89
mm; 2) L from 8.0 to 10.5 mm, w = 9.53 mm, and ¢t = 0.89
mm; and 3) ¢ from 0.85 to 1.10 mm, w = 9.53 mm, and
L =943 mm.

C. Determination of the Matrix of Complex Material
Coefficients

An initial FEA calculation of the complex impedance of the
shear plate showing mode coupling (¢t = 0.89 mm) was made
based on the material coefficients determined in [25].

Complex impedance was plotted as the peaks of the resis-
tance (R), real part of the impedance, and conductance (G),
real part of the inverse of the impedance, the admittance.
Coefficients were slightly adapted, considering the deviation of
the experimental measurements, for an optimum reproduction
of the shear impedance spectra of the plate. The frequencies
as well as the height and width of all the G and R peaks, of

TABLE |
TEN INDEPENDENT BNBT6 COEFFICIENTS USED IN THE FEA MODEL

Quantity (units) Value
s¥11(10™ m¥/N) 8.774 - 0.079i
sF1 . -2.190 + 0.021i
s¥13 . -2.750 + 0.024i
st . 9.889 - 0.090i
sFss . 24.729 - 1.222i
dsy; (102 C/N) -35.18 + 0.63i
dy; - 101.81 - 1.87i
dys 203.25 — 24,851
g1 (g) 774 - 43i

g3 534 - 15i

0.00024

¥ w=10,35mm

0.00020 8- w=10,00mm
w=9,75mm
w=9,53mm

0.00016 ——w=9,15mm

- w=8,7mm
& 0.00012
Q
0.00008
0.00004

0.00000 -
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

Frequency (kHz)

Fig. 3. FEA modeled conductance (G) peaks as the distance between
electrodes was changed from 8.7 to 10.35 mm and the lateral dimension
(L) and thickness (f) of a nonstandard plate of BNBT6 were keep
constant.

the shear and lateral resonance modes were well determined
(Fig. 2). This set of coefficients shown in Table I was used
for all the calculations showed here.

[1l. RESULTS AND DISCUSSION
A. Electrical Impedance

1) Variation of the Distance Between Electrodes for the
Electrical Excitation of the Electromechanical Resonance (w):
Figs. 3 and 4 show the modeled peaks of G and R, respec-
tively, for the plates as a function of the lateral dimension w.

An increase of the frequency of the peaks of the lateral
mode as w decreases is observed below 1500 kHz, where the
antiresonance does not affect them. This sequence is observed
for two sets of peaks and it is clearer in Fig. 4. This shows that
w is the main dimension of the plate that drives these lateral
modes. The closer the frequency of the lateral resonance is
to the main shear one, the more intense is the corresponding
G and R peaks. This is due to the energy transfer between
resonances when coupling takes place.

2) Variation of the Lateral Dimension of the Plate (L): Figs. 5
and 6 show the G and R peaks, respectively, of the plate
under study as a function of the lateral dimension from 8.0
to 10.5 mm. It is apparent that changes of L do not affect
significantly neither the frequency of the main shear resonance

Authorized licensed use limited to: Univ Politecnica de Madrid. Downloaded on January 13,2026 at 19:50:47 UTC from IEEE Xplore. Restrictions apply.



328 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 68, NO. 2, FEBRUARY 2021

210000
=% w=10,35mm
-0-w=10,00mm
180000 ,
w=9,75mm
w=9,53mm
150000 == w=9,15mm
- w=8,7mm |
120000
)
X 90000
60000
30000
0 oL a
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
Frequency (kHz)
Fig. 4. FEA modeled resistance (R) peaks as the distance between

electrodes was changed from 8.7 to 10.35 mm for constant tand L of a
nonstandard plate of BNBT6.
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Fig.5. FEAmodeled conductance (G) peaks of a nonstandard, thickness
poled, and length excited, plate of BNBT6 as the lateral dimension L
was changed from 8.0 to 10.5 mm with constant w = 9.53 mm and
t=0.89 mm.
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Fig. 6. FEA modeled resistance (R) peaks of a nonstandard plate of
BNBT6 as the lateral dimension L was changed from 8.0 to 10.5 mm with
constant w=9.53 mm and = 0.89 mm.

nor that of the lateral modes at both sides of it. However,
for an increase of L, the electrode area (L X t) increases.
Consequently, the capacitance of the resonator increases, as
well and its admittance, which changes the height of the G
and R peaks.
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Fig. 7. FEA modeled conductance (G) peaks (resonance) of a plate

of BNBT6 as the thickness changes with constant w = 9.53 mm and
L=9.43mm. (a) 1.30 < t< 1.10 mm. (b) 1.00 < t < 0.79 mm.(c) from
0.85 < t< 0.65 mm.

3) Variation of the Thickness for Poling (t): The results of
the FEA in Figs. 7 and 8 reproduce well for BNBT the
phenomena previously observed experimentally for PZT [22]
and for a BCZT lead-free ceramic [23], showing its general
character and that it is not a result of an experimental artifact.
As the thickness of the plate is reduced, the main shear
resonance takes place at higher frequency, meaning that this
is a thickness-driven resonance. As it was already observed
from Figs. 3-6, a number of lateral modes take place at almost
constant intervals of frequency. These have very weak intensity
when taking place away from the frequency of the main shear
resonance. However, they are also mechanically excited by the
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Fig. 8. FEA modeled resistance (R) peaks (resonance) of a nonstandard
plate of BNBT6 as the thickness changes with constant w and L.
(a) 1.30 < t < 1.10 mm. (b) 1.00 < t < 0.79 mm. (c) from 0.85 <
t < 0.65 mm.

shear movement when their frequency matches the frequency
of the, electrically excited, shear resonance, and the coupling
of resonances takes place. This also produces a slight change
of frequency in the lateral modes, which can be seen, e.g.,
nearly 1450 kHz in Fig. 8(a).

The periodic coupling—decoupling phenom-
enon occurs  three times in the analyzed
frequency  range  [for 1.30 > t(mm) >
0.95, 095 > t(mm) > 079, and 0.79 > ¢(mm) in

Fig. 7]. For both extreme values of these intervals, it can be
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Fig. 9. Complex impedance, plotted as conductance (G) and resistance
(R) peaks of a nonstandard plate of BNBT6 and 9.53 x 9.43 x 0.83 mm?
(aspect ratio 11.48). Experimental data as well as FEA calculated peaks
are shown.

seen a resolved shear resonance G peak, while double peaks
are observed in the middle of the interval. The R peak for
t = 1.30 mm is also resolved, which provides the required
unique resonance to analyze for the determination of the
material coefficients. However, as the thickness decreases, the
G and R peaks become wider and to get the proper thickness
for an uncoupled shear resonance is more difficult.

For + = 0.95 mm [Fig. 8(b)], the double R peak shows
clearly that coupling with the following lateral mode, has
been reached. Therefore, in this thickness range, the uncoupled
shear mode is obtained in the intervals from 1.00 > z(mm) >
0.95 to 0.85 > t(mm) > 0.79. Given the value of w =
9.53 mm, these conditions for uncoupled shear modes corre-
spond to aspect ratios (length for excitation/thickness for pol-
ing) of 7.33,9.53 < w/t < 10.03, and 11.22 < w/t < 12.06.
Indeed, the prediction of the FEA results is in agreement
with the experimental spectrum measured (Fig. 9) for the
ceramic sample of BNBT6 with ¢ = 0.83 mm (w/t = 11.48).
The small changes of material parameters required for the
optimum modeling of the coupled spectra (Fig. 2) explain the
differences between the FEA calculated and the experimental
spectra in Fig. 9, where, nevertheless, the uncoupled spectra
is reproduced.

Due to the mechanical characteristics of piezoceramic sam-
ples, which are brittle materials, the range of achievable aspect
ratios with bulk ceramic resonators is not unlimited. Those
here shown from the thickness interval studied in Figs. 7 and 8
are feasible with BNBT6 ceramics. However, the EMAS6100
Standard [27] recommendation for standard shear plates, in-
plane poled, is that the aspect ratio (length for poling/thickness
for excitation) of the shear mode must be larger than 32. This
will mean with our actual samples a thickness smaller than
0.30 mm, to suppress the spurious peaks. Besides, even for
such a high aspect ratio, secondary modes are not eliminated,
but their coupling with the primary, thickness-driven shear
mode is reduced [28]. Therefore, the results in Figs. 7 and 8
reproduce the coupling—decoupling phenomenon that was
experimentally observed. They also show that it takes place
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Fig. 10.  3-D representation of the motion at three characteristic
frequencies of the impedance spectra of the BNBT6 plate of 0.89-mm
thickness showed in Fig. 2: the frequencies for the maxima of the two G
peaks, (a) 1504 kHz, (b) 1594 kHz, and (c) 1702 kHz, the frequency for
the maximum R.

for realizable aspect ratios of the nonstandard shear plate. This
was achieved without using a large number of samples.

B. Modes of Motion

In order to get an insight on the modes of motion at
resonance, Figs. 10 and 11 show the displacement field. The
color scale indicates the magnitude (in millimeters) and the
direction in the x-axis of the displacement in each point of
the plate. The displacement in the 3-D representation is the
actual one amplified by a factor of 3 x 10°.

Fig. 10 shows the movements of the BNBT6 plate of dimen-
sions (w x L x t) 9.53 x 9.43 x 0.89 mm?>. The frequencies

x107®
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Fig. 11. 3-D plots of the motion at the characteristic frequencies of the
impedance spectrum of the BNBT6 plate of 0.83-mm thickness showed
in Fig. 9. (a) 1526 kHz, the frequencies for the maximum of the G peak for
a lateral mode. (b) 1653 kHz, the frequencies for the maximum of the G
peak for the shear mode. (c) 1796 kHz, the frequency for the maximum R.

of 1504 and 1594 kHz correspond to the two maxima of the
G spectrum (electrical resonances), and the frequency of 1702
kHz corresponds to the maximum at the R spectrum (electrical
antiresonance), that are shown at Fig. 2, which is an example
of mode coupling.

For 1504 kHz [Fig. 10(a)], an inhomogeneous mode of
movement is observed with standing waves in both plate
edges in the x-direction (w = distance between electrodes)
and with a strong interference pattern in the plane of the
plate. Also, the deformation at the four twisted corners of
the plate shows shear movement with components in all
three axes. At 1594 kHz, we found the still strong influence
of the lateral modes on the plate movement [Fig. 10(b)].
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The dominating lateral waves are at the electrode edges of the
plate in Fig. 10(b), and they have overall higher displacements
at the interference pattern than in Fig. 10(a). Fig. 10(b) also
shows a mirror plane perpendicular to the xy-plane and the
electrodes.

For 1702 kHz [Fig. 10(c)], at the electrical antiresonance,
we obtain the expected, virtually pure, shear movement with
little out-of-plane displacement in the z-direction. However, it
is noticeable that near the electrodes, there are layers with low
displacement and that movement increases toward the center
of the plate. That is to say that the plate shows some extend of
dynamic clamping and inhomogeneous motion, which should
lead to underestimation of electromechanical parameters from
the spectra in Fig. 2. Indeed, this was previously observed
experimentally for standard plates [18], [19].

Fig. 11 shows the movements of the BNBT6 plate of
dimensions (w x L x 1) 9.53 x 9.43 x 0.83 mm?>. The
frequencies of 1526 and 1653 kHz correspond to the two
maxima of the G spectrum (electrical resonances), for the
lateral and the shear mode, respectively. The frequency of
1702 kHz corresponds to the maximum at the R spectrum
(electrical antiresonance) for the shear mode. These are shown
in Fig. 9, where an uncoupled shear mode is observed.

Fig. 11(a) and (b) shows the same modes of motion of the
plate described previously in Fig. 10(a) and (b). It reveals, due
to the decoupling of modes, that the motion of the standing
wave for the lateral resonance at 1526 kHz [Fig. 10(a)] occurs
with a higher displacement. It also shows that the main
shear resonance at 1653 kHz [Fig. 11(b)] occurs with a lower
distortion caused by a lateral resonance. Finally, Fig. 11(c)
reveals a shear movement that occurs homogeneously at the
whole plate, without clamping, and with a minor component
of out-of-plane displacement.

It must be noticed that the study of vibrations of plates
is a complicated field [29] and a more detailed or analytical
description of these modes of movement is itself a project,
which is out of the scope of this work. However, here we are
concerned with the use of nonstandard piezoceramic plates
for material characterization. In this article, the comparison
of results in Figs. 10 and 11 reveals the dynamical clamping
[Fig. 10(c)] of the shear mode when coupling with lateral
modes takes place, which leads to the experimentally observed
underestimation of the shear parameters [18]. These results
also confirm that a virtually free, unclamped, shear resonance
[Fig. 11(c)] can be achieved by the effective reduction of the
thickness of the plate.

IV. CONCLUSION

COMSOL Multiphysics V5.2 commercial FEA software
was used for modeling of the complex impedance spectrum
and modes of motion at resonance of nonstandard piezo-
ceramic plates, thickness poled, and longitudinally excited.
Modeling was accomplished as a function of the change of
all plate dimensions (¢ = thickness for poling, L, and w =
lateral dimensions, where w = distance between electrodes
for the electrical excitation). The FEA was based on a full
matrix of BNBT6 coefficients as complex quantities (Table I),

thus considering all material losses. The determination of all
these coefficients was made from measurements on only two
resonators: thickness poled thin disk and plate. A plate of
composition (1 — x)(BigsNags)TiO3—xBaTiO3; with x = 0.06
(BNBT6), not yet studied in this regard, was selected for this
work. Experimental values of complex impedance at the shear
resonance were used to check the validity of the FEA results.

The results of the FEA calculations show that w is the main
dimension of the plate controlling the frequencies at which
the secondary lateral modes take place. L does not affect
significantly, neither the frequency of the main shear resonance
nor that of the lateral modes at both sides of it. However, for
an increase of L, the electroded area (L X t) increases as
well and it leads to small changes in the impedance of the
resonator.

The periodic coupling—decoupling phenomenon that was
observed experimentally as the thickness for poling, ¢, is
reduced can be well reproduced by FEA for its control
without the need of a large number of samples. Besides,
it also takes place for realizable aspect ratios (length for
excitation/thickness for poling, w/f) of the nonstandard shear
plate. For the BNBT6 shear plate analyzed here, uncoupled
modes are found for w/t = 7.33 and in the intervals of
9.53 < w/t < 10.03 and 11.22 < w/t < 12.06. These aspect
ratios are much lower than those needed for the use of standard
shear plates (length for poling/thickness for excitation > 32).

The FEA modeled modes of motion at relevant frequencies,
for both the coupled and uncoupled impedance spectra, of
the BNBT6 plates confirm that homogeneous shear modes of
movement are obtained when an uncoupled shear resonance
of the plate takes place.
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