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Analysis on vibration characteristics of large-size rectangular
piezoelectric composite plate based on quasi-periodic
phononic crystal structure

Li-Qing Hu(#A#E1%), Sha Wang(E7F), and Shu-Yu Lin(#k 43 %)"
Shaanxi Key Laboratory of Ultrasonics, Institute of Applied Acoustics, Shaanxi Normal University, Xi’an 710119, China
(Received 9 September 2021; revised manuscript received 12 October 2021; accepted manuscript online 4 November 2021)

Based on the theory of composite materials and phononic crystals (PCs), a large-size rectangular piezoelectric com-
posite plate with the quasi-periodic PC structure composed of PZT-4 and epoxy is proposed in this paper. This PC structure
can suppress the transverse vibration of the piezoelectric composite plate so that the thickness mode is purer and the thick-
ness vibration amplitude is more uniform. Firstly, the vibration of the model is analyzed theoretically, the electromechanical
equivalent circuit diagram of three-dimensional coupled vibration is established, and the resonance frequency equation is
derived. The effects of the length, width, and thickness of the piezoelectric composite plate at the resonant frequency are
obtained by the analytical method and the finite element method, the effective electromechanical coupling coefficient is also
analyzed. The results show that the resonant frequency can be changed regularly and the electromechanical conversion can
be improved by adjusting the size of the rectangular piezoelectric plate. The effect of the volume fraction of the scatterer
on the resonant frequency in the thickness direction is studied by the finite element method. The band gap in X and Y
directions of large-size rectangular piezoelectric plate with quasi-periodic PC structures are calculated. The results show
that the theoretical results are in good agreement with the simulation results. When the resonance frequency is in the band

gap, the decoupling phenomenon occurs, and then the vibration mode in the thickness direction is purer.

Keywords: composite materials, rectangular piezoelectric plate, coupled vibration, band gap

PACS: 43.40.4s, 43.35.4d, 63.20.D—, 63.20.—¢

1. Introduction

Piezoelectric ceramic transducers are widely used in
high-power ultrasonic and underwater acoustic fields. In or-
der to improve the performance of transducers, many schol-
ars combine piezoelectric materials with polymer materials to
expand the advantages of materials.!'~") Tt is found that the
strength and brittleness of the ceramics can be effectively re-
duced by adjusting the volume ratio and mass ratio of the ma-
terial. The transverse coupling of the ceramics can be reduced,
the longitudinal electromechanical conversion efficiency of
the composite can be increased, and the composite also has
wide bandwidth, low acoustic impedance, and easy impedance
matching with water, skin, and other media.®-'91 As a func-
tional material with periodic structure, PC is also composed of
two kinds of materials, and because of their band gap and pass-
band characteristics, in recent years, many scholars have stud-
ied their applications in noise reduction and vibration reduc-
tion of acoustic transducers.!!!~1%! Kong er al.!">! and Ahmed

161 have shown that the existence and width of a complete

etall
band gap can be adjusted by adding a defect state into the PC
structure, thereby changing the filling rate of the scatterer, the
temperature, efc. Based on their bandgap characteristics, the
PCs have been widely used in vibration suppression. Shao et
al. applied the PC of honeycomb structure to low-frequency

vibration reduction. The effects of plate thickness, column

fCorresponding author. E-mail: sylin@snnu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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height, and column radius are analyzed. It has been found
that the amplitude of the vibrating plate can be significantly
reduced under the optimal size.!!”! Wilm et al. used the plane
wave expansion method to obtain the dispersion curves of the
wave propagating in the composites by considering the piezo-
electric effect, the acoustic loss, and the electric excitation. 8!
Silvia e al.!"! and Aragon et al.”?"! drilled a periodic cylin-
drical hole array in the thickness direction of the piezoelectric
ceramic and found that the finite-period PC structure has an
obvious effect on suppressing the coupled vibration. Several
researchers have effectively improved. The large-scale ultra-
sonic plastic welding system by designing the quasi-periodic
PC structure on the front cover plate of the transducer and
the tool head, and the uniformity of the displacement distri-
bution on the radiation surface of the front cover was also
improved. 217241

The characteristics of a piezoelectric ultrasonic trans-
ducer are closely related to the material, geometry, and size of
the piezoelectric vibrator. The piezoelectric composite plate
is the key to the vibration of the transducer, so it is important
to study the vibration characteristics of the piezoelectric vi-
brator. In general, the transverse dimension of a piezoelectric
ceramic transducer is less than one-fourth of its wavelength,
so the transverse vibration can be neglected. When trans-
ducers are used at high frequencies and in applications such

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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as ultrasonic welding, the transverse dimension of transduc-
ers needs increasing. The vibration mode of the piezoelec-
tric ceramic transducer is affected by the vibration mode of
other dimensions, and the influence of coupled vibration on
the transducer cannot be neglected in the theoretical calcula-
tion. Otherwise, the frequency error will increase. Therefore,
the coupled vibration theory must be used to analyze the vi-
bration of the large-size rectangular composite piezoelectric

[2526] Many scholars have studied the

plate to reduce the error.
vibration of the piezoelectric ceramic rectangular plates. Ji et
al. have studied the two-dimensional (2D) coupled vibration
of a rectangular piezoelectric plate, and discussed the correla-
tion between transverse effective electromechanical coupling
coefficient and the ratio of length to width. Lin et al.!*’! used
the equivalent elastic method to analyze the three-dimensional
(3D) coupled vibration of the piezoelectric ceramic rectangu-
lar plate with and without the piezoelectric effect. The 3D
equivalent circuit was derived, and the resonant frequency of
the piezoelectric vibrator was calculated. It is shown that the
theoretical results are in good agreement with the experimen-
tal results and can be effective. 282

In the present work, a piezoelectric composite plate com-
posed of piezoelectric ceramics and epoxy is proposed. The
structure of PZT-4 and epoxy are analyzed by the theory of PC.
A large-size rectangular piezoelectric composite plate model
with the quasi-periodic PC structure is presented in Fig. 1(a).
The length, width, and thickness are /1, l>, and /3. Figure 1(b)
shows a protocell of PC. The epoxy resin that is not connected
is called scatterer and the side length is a; the PZT-4 con-
nected with the epoxy rasin as a whole is called matrix and
the side length is b. The equivalent material parameters of the
rectangular piezoelectric composite plate are derived by us-
ing the series-parallel connection theory and the uniform field
theory proposed by Newnham e al.*%! The complex coupled
vibration of a rectangular piezoelectric composite plate is sim-
plified into the coupling of three one-dimensional (1D) vibra-
tions, and the electromechanical equivalent circuit diagram of
the coupled vibration is obtained. According to the resonance
frequency equation of coupled vibration, the resonance fre-
quency of three dimensions can be calculated. When the vol-
ume fraction of the piezoelectric ceramics is 91% and the vol-
ume fraction of the epoxy is 9%, the influence of the thickness,
length, and thickness of the rectangular composite piezoelec-
tric composite plate on the resonant frequency and the elec-
tromechanical coupling coefficient in different dimensions are
studied. The influence of the volume fraction of polymer on
the thickness resonance frequency of the transducer is also in-
vestigated. The acceleration response curves in the X and Y
directions are calculated by the finite element method. The
bandgap range of the large-size rectangular piezoelectric com-
posite plate with the quasi-periodic PC structure is calculated.

When the volume fraction of the polymer is changed such that
the thickness resonance frequency of the rectangular piezo-
electric composite plate is in the bandgap range of in the X
and Y directions, the transverse vibration can be suppressed
effectively. The thickness vibration amplitude increases and
the vibrational modes also become purer.

Fig. 1. (a) Diagram of large-size rectangular piezoelectric composite plate
with quasi-periodic PC structure. (b) Cell of rectangular PC.

2. Derivation of equivalent material parameters
of large-size rectangular piezoelectric plate
with quasi-periodic phononic crystal struc-
ture

In order to study the vibration characteristics of the large-
size rectangular piezoelectric composite plate with the quasi-
periodic PC, the effective equivalent parameters of the mate-
rial need calculating. By using the Smith’s method to analyse
the composite materials, the strain and electric field are chosen
as the independent coordinates in our analysis.3!! The piezo-
electric phase is made of PZT-4, we take it to be poled along
the P in Fig. 1(a):

T =C1181 +Ci2S2 + C1383 —ea1 B3, (H
T = C1281 + C11852 + C1383 — e31 E3, (2
T3 = C1381 +C1352 + C3353 — e33E3, (3)
D3 = e3151 +e3152 +€3353 + €33E3. 4)

The epoxy is an isotropic homogeneous medium, and the
constitutive equation is as follows:

Tp1 = Cp115p1 +Cp128Sp2 +Cp12Sp3, (5)
Ty = Cp12Sp1 +Cp115p2 +Cp128p3, (6)
T3 = Cp12Sp1 +Cp128Sp2 +Cp115p3, @)
Dp3 = €,11Ep3. ®

Here, subscript p is used to distinguish the parameters of dif-
ferent materials for the polymer parameters, and subscript m
for the equivalent parameters of composites; T is the stress;
S is the strain; E is the electric field strength; D is the elec-
tric displacement; C is the elastic stiffness constant; e is the
piezoelectric stress constant; € is the dielectric constant.
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In the X and Y directions, the piezoelectric phase and
the polymer phase are connected in series so that the lat-
eral stresses are equal in both phases, and the lateral strains
are calculated according to the volume fraction of the con-
stituent phases, i.e., T = Tp; = T,p1, Sm1 = v1S1 + v2Sp1,
T, = Tpy = Typ, and S;p = v1S7 +v2Sp;. In the Z direction,
the piezoelectric phase and the polymer phase are connected
in parallel, and the two phases vibrate together with uniform
thickness, so the vertical strain is the same and the stress is
calculated according to the volume fraction of the constituent

phases, i.e., T,3=v T3+ v2Tp3 and S3 = Sp3 = S;,3. The elec-

tric field intensity components are equal, and the electric dis-
placement component is calculated according to the volume
fraction of the constituent phases, i.e., E3 = Ep3 = E,;3 and
D,;3=v1D3+v,Dp3. Here v| and v, are the volume fractions
of the piezoelectric phase and the polymer phase respectively.
The Ti, T, S3, and Ej are the independent variables in piezo-
electric phase and Tpy, Tpp, Sp3, and E,3 are the independent
variables in polymer phase. Taking the equal quantities in two
phases as independent variables, the constitutive relation can

be established as follows:

_ —CiiEze3; +CioEze3 +C11C1383 — CioCi3S3 — Cii 11 + Cio s

054302-3

Sy = &)
2 2
Ch—Ch
—CrEze31 +CizEze3; +C11C1383 — C12C1383 +CioTh — Cii Iz
SZ = - CZ C2 ) (10)
11— %12
2
T —2C13E3e31 + Cr1E3e33 + CioE3e33 +2C1383 — C11C3383 — C12C3383 — Ci3Th — Ci3 T an
3=
Ci+Cn2 '
D —2E3e}, +2C13e3153 — Cr1e3383 — C12e3383 — e31 T — e31Th — C11 E3€33 — C12E3 €33 (12)
3= —
Cni+Cn2 ’
2
_ Cplle12Sp3*Cp12Sp3*CpllTpl +Cpl2Tp2 13
pl — — C2 _Cz ) ( )
pll pl12
—Cp11Cp12Sp3 +C12,]2Sp3 —Cp12Tp1 +Cp1 T2
S]J2 = - _C2 +C2 ) (14)
pll pl2
2 2
I, — ~Cr118p3 — Cp11Cp128p3 +2C515Sp3 — Cp12Tp1 — Cp1a T2 (15)
p = — )
Cot1 +Cp12
Dp3 = Ep3é€p1r- (16)
It can be obtained from Egs. (9)—(16) that Spi Ty
S T,
Pl =p| 2|, (18)
S1 T Tp3 Sp3
S T
T3 83
Ds E;3 | where
r 2C11 . ;Clzz _C11C123*C122C13 _C12€%1*C1216‘3|
Cll_C12 Cll_CIZ CII_CIZ CII_CIZ
*C122 2C1| . _C11C123—C122C13 _Clzezl —C£1€31
A — C|]7C|2 C|17C|2 C117C]2 C117C12
Ci3 Ci3 _2C123*C11C337C12C33 _ —2Ci3e31+Cr1e33+C12€33
Cn+Ci Ci+Ciz Cii+Cia Cii+Ciz
e3] e3] _2C13e31—Ci1&83—Cipezz —2931—C11833—C12533
L Cii+Cr2 Ci1+Cip Cii+Ci2 Cii+Ci2
2 -
Cp11 —Cp12 _ GpnCp1a—Cyp 0
C,2;1|*C%|2 C%H*C,zﬂz C,%1|*C212
2
—Cp12 Co11 _ GnGp1a—Cypn 0
B= C,2;1|*C%|2 C%H*CIZAZ C,%II*C,Z;Q
2 2
Cp12 Coi2 G GuCpnt2C, 0
Cpll+cp12 C[)II+C]712 Cpll+C[)12
L 0 0 ep11 |
The constitutive equation of the composites can be expressed as
St T Tp T
Sm2 T Tp T2
=yA +wB = (v,A+wnB (19)
T3 83 Sp3 v, ) Sim3
D3 E;3 Ep3 En3
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According to the transformation of Eq. (19), the equivalent parameter matrix can be obtained as follows:

T Cin11 Cu12 Cin1z —em31 Sm1

To | _ | G2t G2 Grz —em32 Sm2 20)
T3 Cin31 Cu32 Cn3zs —em33 Smz |’

D3 em3l €m32 €m33 Em33 Ens

where

(€11 (€21 =€) w1+ ChiCpurva = CHCpiva)

G = )
N (C - Cn 200G~ 200G + () )
Ci2 <C[2,11 _CPIZ) V1 +C3HCpiava — C2,Cpiava
Cm = C2 1V — 21,03 +2C11Cpt1viva — 2C12Cpiaviva + (C — Ch) 3
Cran = C13(Cp11 +Cp12) vi + (C11 +C12) Cpiov2
Cp11v1 +Cpi2vi + (Ci1 +Ci2) 2
esiy = — (Cpi1 +Cpi2) e31v1 7
Cp11vi +Cpiovi + (Ci11 +Ci2) v2
C2(Chyy — Copp)vi + 71 Cpiava — CiyCpiama
Gt = 555> 2 23,2
Co11vi — Coiavi +2C1Cp11viva —2C1Cp12viva + (C —Ciy)vs
Coy — CII(CZU _C;2712)V1 +CHCp11v2 = CrCpriva
Cf,”v% _C;2712V% +2C11Cp11viva — 2C12Cp12viva + (C12] —CIZZ)V%,
Cos = Ci3(Cp11 +Cpi2)vi + (C11 +C12)Cpiava
- Cp11vi +Cpi2vi + (C11 +Ci2)v2
sy — (Cpi1 +Cp12)ezv ’
Cpi1vi +Cpi2vi + (Ci1 +Ci2)v2
Coai = C13(Cp11 +Cp12)V1 +(Cn +C12)Cp12v2
Cp11v1 +Cp12vi + (C11 +Ci2)v2
C13(Cp11 +Cp12)vi + (C11 +C12)Cpiav2
Cnz2 =

Cpi1vi +Cp12vi + (Ci1 +Ci2)n2

V) (72C123V1 JrC,szV] +4C13Cp12v1 — ZC]2712V1 +Cp11 (Cplzvl +Ci1v +C12V2))

Cnzz = C33v1 +

Cp11v1 +Cpi2vi + (Ci1 +Ci2) 2

)

vi(Cpi1ezsvi +Cpinezzvi — 2Ci3e31v2 +2Cp12e31v2 + Crie3zva + Cioe3sa)

€m33 = —

Zeglvlvz
Cp11v1i +Cp12vi + (Cr1 +Ci2)v2

Em33 =

The elastic constant matrix is the inverse of the flexible matrix,
we have

Cut1 Cui2 Gui3
Cm21 G2 Cu3

Smt1 Sm12 Smi13
Sm2l Sm22 Sm23 -
Sm23 Sm23 Sm23

(21
Cn23 Cu2z Cin23

The equivalent piezoelectric constant can be obtained as fol-
lows:

(dm31 dm32 dp33 )

Smit Sm12 Sm13
= (ems1 ems2 em3s) | Sm21 Sma2 Smas (22)

Sm23 Sm23 Sm23

Cp11vi +Cp12vi + (Ci1 +Ci2)»2

b

+Vv2€p11 +V1E33.

\
3. Vibration analysis of large-size rectangu-

lar piezoelectric composite plate with quasi-
periodic phononic crystal structure
3.1. Theoretical analysis of three-dimensional coupled vi-
bration of large-size rectangular piezoelectric com-
posite plate with quasi-periodic phononic crystal
structure
When the X, Y, and Z dimensions of the large-size rectan-
gular piezoelectric composite plate with the quasi-periodic PC
structure are comparable to each other, the complex coupling
vibration can be formed in the three directions. By introducing
3D mechanical coupling coefficients ny = Ty /Th, ny = T/ T,
and n3 = T3 /T, the equivalent circuit diagram of 3D coupled

054302-4
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vibration can be obtained as shown in Fig. 2, where V is the
total voltage of the rectangular piezoelectric composite plate,
V = V31 = V3o = V33, where Vi1, V31, and V3 are the Voltages
across the two electrodes of the corresponding resonator in the
three extensional vibration modes, respectively.

Zy v

+C(“§§ | Z12 ‘o

12N11

(NI} =45

12N22
133 I Z;;gl I Z31 V31
V32 l
COZ% g
Yo Zp o ¥
1ZN33

Fig. 2. Electromechanical equivalent circuit of 3D coupled vibration of
large-size rectangular piezoelectric composite plate with quasi-periodic PC
structure.

In Fig. 2, Z;1, Zp, and Z;3 are equivalent mechanical
impedances in the three directions (i = 1, 2, 3), 31, [32, and 33
are the currents flow into the rectangular piezoelectric plate,
the total current I = I3; + Iz, + Is3.

K.l
Z11 :Z12=jZOXtan( ;1> , (23)
ZOx
Ziz= 24
13 jsin(Kilp)’ (24)
Ly = joCo V31 — Nyt (Vi1 +vi2), (25)
. K,
Zp1 = Zpy = jZpytan (;) ; (26)
Zoy
73 = ———— 27
B = Thn(Kh)’ (27
By = jwCoy V30 — Noo (va1 +va2), (28)
. K.l
Z31 ZZSZZJZ()ztan< ;3), (29)
ZOz
733 = ——17—— 30
7 Jsin(K.l) (30)
k3 =jwCo, V33 — N3z (v31 +v32). (€29)

Here, Zox = Lilz3pVy, Zoy = Lil3pVy, Zo, = L1 bpV;. p=vip; +
V202, P1 is the density of the piezoelectric material, and p>
is the density of the polymer. The velocities at the ends in
the X, Y, and Z dimensions are vii, vi2, Va1, V22, V3], and
vip. Ve = /1/sxp, Vy = \/1/s,p, and V, = \/1/(s.p) are
called the equivalent sound velocity along the X, Y, and Z
dimensions. K, = @/V,, K, = 0/V,, and K, = 0/V, are
named the equivalent wave number of the extensional vibra-

tion of the piezoelectric composite plate in the X, Y, and Z
Iy
directions. V31 = Esl3, V35 = E3l3, and V33 = [ E3dz are re-

0
ferred to as the voltages. sx = Syu11 + Smi12/n1 + Smi3ns, sy =

Smi1 +Smi2n1 +Sm13/n2, and s; = Sp33 + Sp13no + Sz /n3 —
[d,33(dm33 +dm3ina +dim31 /n3)] /€m33 represent the equiva-
lent elastic compliance constant in the X, Y, and Z dimensions.

Nit = L (dw31 +dm31/n1 +dwsanz) /sy,
Nap = [ (dm31 +du31n +dm33/n2)/s}’7

d
N33 = Ii (d33 +d3iny + rj;)/szlo

ds3 (d33 +dziny + %) }
(€3357)

denote the electromechanical conversion coefficient of the X,

x{l—k

Y, and Z dimensions.

L em3s — dus1 (duws1 + dimzi1 /11 + dinz3nz) /s

C =

Ox l3 3
Co. = Ll ess

Iz 9

d33(dy3td3 my+ds; /n3)
b1+ (e3352) }

Co, — LD [€n33 — dm31 (31 + dms1n +dwzz /n2) /5]

y =

I3

are the equivalent clamped capacitance in the X, Y, and Z di-
mensions.

When the large-size rectangular piezoelectric composite
plate vibrates freely, Fi; = Fio = F>1 = Fop = F31 = F3p = 0.
The equivalent electrical admittances Y7, Y», and Y3 in the X,
Y, and Z dimensions are expressed as

L jolbe n oo ((tan(kdy /2
y, = oL = 12REs {1—1(321“(321 <( d1/ ))} (32)

Vi I3 keli/2
Iz jolihess 1 1, ( tan (kylz /2)
Y, = o2 =TSRy gl g2 (2T (33
2= v, s 3+ K3; k)2 , (33)
I jol e 1—K2
v, = 2 1233[ - 33 }7 34)
Va3 I3 1 — K35 (tan (k;[3/2) /k;13/2)
where

K2 = dp31 (dp31 + dp31 /1 + dp33ng) 7
€33 (Sm11 +Sm12/n1 + Sm13n3)
K2 = dp31 (dp31 4 dpzin +dm33/n2)7
€33 (Sm11 + Smi2n1 + Sz /n2)
dy33(dm33 + dpzing + dp31 /n3)
€m33

2
K33 =

are called the equivalent transverse and longitudinal elec-
tromechanical coupling factors in the X, Y, and Z dimensions.

When the large-size rectangular piezoelectric composite
plate is in resonance, the input electric admittance becomes
infinite. The three frequency equations can be obtained from
Egs. (30)-(32) as follows:

tan (klel) = oo, (35)
tan ("}212) = oo, (36)
1 — K33 (tan (k.13/2) /k:13/2) = 0. 37)
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The third equation is clearly a transcendental equation,
let A = (fa— fr)/fa» where f; and f, are the resonance fre-
quency and antiresonance frequency in the Z direction respec-
tively. For the fundamental mode, K, = ®/V,, K, = ®,/V;, and
tan(k,l3/2) = . According to the three frequency equations,
the frequency equation of the large-size rectangular piezoelec-
tric composite plate with the quasi-periodic PC structure con-
sidering the piezoelectric effect and vibration coupling in dif-
ferent directions can be written as follows:

a(1)PP+a(2) PP+ o (3) P+ a(4) =0, (38)
where
CiC3(1—-A)?
o(1) = GGU_AS
i3I
a(2) = _CiJr CiK3; _ CiCi(1-4)?
5 1l G
a1 -ay
A
OC(3) _ Cflzic%KSZS CiiC%Ké C%(lfA)Z
B ? 12 2 12
1 1 2 2 3
_G(1-A)Pv},  Cluivs Cloiaus
;3 If I3
C]2(1 —A)21)13l31 Clz(l —A)21)13Z,31
? 2 ’
1 2
2
T
P — E’
1
= :
! (Sm11p)
1
c = .
> (Su3sp)

3.2. Influence of size of large-size rectangular piezoelectric
composite plate with quasi-periodic phononic crystal
structure on its vibration characteristics

The piezoelectric material used in this model is PZT-4,
and its material parameters are p; = 7500 kg/m?, C;; = 13.9 x
10" m?*/N, C1, =7.78 x 10" m?*/N, C3 = 7.43 x 10'° m?*/N,
Cs3 = 11.5 x 101 m?/N, e3; = —5.2 C/m?, e33 = 15.1 C/m?,
£33/€) = 1300, and g = 8.8542 x 107! F/m. The poly-
mer is epoxy resin, and its material parameters are Cp1q =
8 x 10" m?/N, Cp12 = 4.4 x 10'° m*/N, and &,1; = 0.037 x
10~ F/m. The volume fractions of piezoelectric materials and
polymers are fixed at 91% and 9%, a = 10 mm, and b = 3 mm.
Wolfram Mathematica 9.0 can be used to calculate the values
of equivalent parameters of the large-size rectangular piezo-
electric composite plate from Egs. (20)-(22). The resonance
frequencies of the rectangular piezoelectric composite plate in
the X, Y, and Z dimensions can be obtained by substituting the
parameters into Eq. (38).
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Fig. 3. (a) Relationship between resonance frequency and length of rectan-
gular piezoelectric plate. (b) Relationship between effective electromechan-
ical coupling coefficient and length of rectangular piezoelectric plate.
Figures 3(a)-5(a) respectively illustrate the effect of ge-
ometric size on resonant frequency by changing the length,
width, and thickness of the piezoelectric plate. The black solid
line denotes the resonance frequency curve calculated by the
analytical method; the red dotted line refers to the resonance
frequency curve calculated by FEM. The square point repre-
sents the resonance frequency in the X direction; the triangle
point represents the resonance frequency in the Y direction;
the diamond point represents the resonant frequency in the Z
direction. As can be seen from Figs. 3(a)-5(a), when the width
and thickness of the rectangular plate are fixed at 50 mm and
30 mm, respectively, the resonance frequency in the X direc-
tion decreases with the increase of the length of the rectangular
plate; the resonance frequency in the Y direction remains al-
most unchanged; the resonance frequency in Z direction also
decreases slowly. When the length and thickness of the rect-
angular plate are fixed at 100 mm and 30 mm, respectively, the
resonance frequency in the Y direction decreases with the in-
crease of the width of the rectangular plate, the resonance fre-
quency in the X direction remains almost unchanged, and the
Z direction resonance frequency decreases slowly. When the
length and width of the rectangular plate are fixed at 100 mm

and 40 mm, respectively, the resonance frequency in the Z
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direction decreases with the increase of the thickness of the
rectangular plate, the resonance frequency in the Y direction
decreases slowly, and the X direction resonance frequency re-
mains almost unchanged.

The effective electromechanical coupling coefficient of

the transducer can be expressed as

Kett = \/ - (fr/fa)za

where f; and f; represent the resonance frequency and antires-
onance frequency of the piezoelectric composite plate respec-

tively. Kefrx, Kefr—y, and Kegr—, represent the effective elec-
tromechanical coupling coefficients of the piezoelectric rect-
angular plate in the X, Y, and Z directions, respectively. The
effect of geometry on the effective electromechanical coupling
coefficient is studied and shown in Figs. 3(b)-5(b). It can be
seen that the resonance frequency of the piezoelectric compos-
ite plate and the effective electromechanical coupling coeffi-
cient can be changed by adjusting the size of the piezoelectric

composite plate.
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Fig. 4. (a) Relationship between resonance frequency and width of rectangular piezoelectric plate. (b) Relationship between effective elec-
tromechanical coupling coefficient and width of rectangular piezoelectric plate.
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Fig. 5. (a) Relationship between resonant frequency and thickness of rectangular piezoelectric plate. (b) Relationship between effective
electromechanical coupling coefficient and thickness of the rectangular piezoelectric plate.

3.3. Influence of volume fraction of scatterer on thick-
ness vibration characteristics of large-size rectangu-
lar piezoelectric composite plate with quasi-periodic
phononic crystal structure
The volume fraction of the polymer phase, also known

as the filling ratio of the scatterer, affects not only the mate-

rial parameters of the composite piezoelectric composite plate
but also the existence and width of the complete band gap of
the PC. The lattice period also affects the band gap of the PC.

When the vibration frequency is within the band gap range,

the propagation of elastic waves can be suppressed or even

forbidden. The large-size rectangular piezoelectric composite
plate is a typical quasi-periodic 2D PC with the finite periodic

structure in the X and Y directions. When the thickness reso-
nance frequency of the piezoelectric composite plate is within
the band gap range in the X and Y directions, the transverse
vibration can be suppressed and the thickness vibration can be
more uniform. The dispersion curve can be used to visualize
the band gap properties of PCs. The plane wave expansion
method is usually used to calculate the dispersion curve of an
ideal 2D PC with infinite period in two dimensions. The quasi-
periodic PC structures used in transducers are all finite peri-
odic structures. Based on the characteristic of finite periodic
structure, the finite element method can be used to calculate

the band gap. The acceleration response curves in the X and Y
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directions can be obtained by uniformly applying 1-m/s? ac-
celeration to one side and calculating the output response to
the other side of the finite-period 2D PC.

The length, width, and thickness of the rectangular piezo-
electric composite plate are 100 mm, 40 mm, and 10 mm re-
spectively, a is 10 mm, and b is changed from 2 mm to 5 mm.
v is the volume fraction of the scatterer, specifically v = b* /a?.
The relationship between resonance frequency and v, studied
by the analytical method and by finite element method, are
shown in Fig. 6(a). It is obvious that the effective electrome-
chanical coupling coefficient increases to about 0.5 with the
increase of v in Fig. 6(b). When b = 2 mm, the resonance
frequency of the piezoelectric composite plate is 180650 Hz.
As shown in Fig. 7(a), it is obvious that its thickness vibra-
tion mode is affected by the transverse vibration. The vibra-
tion amplitude is small and the mode is chaotic. As shown in
Fig. 7(b), when the side length of the scatterer is b = 5 mm,
the thickness resonance frequency of the large-size rectangu-
lar piezoelectric composite plate with the quasi-periodic PC
structure is 180910 Hz. The extensional vibration in the thick-
ness direction is more uniform, and the vibration amplitude
increases. In this work, the large-size rectangular piezoelec-
tric composite plate with the quasi-periodic PC structure used
in transducers possesses a finite-periodic structure. The two-
dimensional PC structure has a band gap in the X and Y direc-
tions, when the thickness resonance frequency is in the band

23

(a)
—— Resonance frequency (FEM)
—— Resonance frequency (theory)

22
21
20
19
18

Frequency (kHz)

17
16

15 1 1

10 20
v

gap, the transverse vibration can be suppressed and the thick-
ness resonance frequency can be affected. From Fig. 8, when
the side length of the scatterer is » = 2 mm the resonance fre-
quency 180650 Hz is not in the transverse band gap; when
the side length of the scatterer is b = 5 mm, it is noticed that
the band gap exists in X direction varying from 180300 Hz
to 181500 Hz and the band gap exists in Y direction varying
from 179800 Hz to 183300 Hz near the resonance frequency.
The resonance frequency 180910 Hz is in the band gap range
of both X and Y directions, which can effectively suppress the
influence of the transverse vibration on the thickness vibra-
tion to achieve more uniform thickness vibration. It is shown
that the photonic band gap can be adjusted by changing the
volume fraction of the scatterer and the period. If the thick-
ness resonance frequency is in the range of the transverse band
gap, the coupled vibration of the piezoelectric composite plate
can be effectively reduced. The vibration displacement distri-
butions along the length and width of the rectangular piezo-
electric composite plate when it vibrates along the thickness
direction are drawn. As shown in Fig. 9, when b = 5 mm,
the whole vibration is more uniform and the displacement of
the whole vibration is obviously increased. When used in ul-
trasonic transducers, the structure can effectively suppress the
transverse vibration of the transducers, and the performance of

the transducers can be optimized.

0.5+ (b) . —"
_ 04}
&
0.3} /
| |
0.2 i) 20

v

Fig. 6. Effect of volume fraction of epoxy on vibration characteristics of the composite piezoelectric plate, showing (a) relationship between
thickness resonance frequency and volume fraction of epoxy, and (b) relationship between effective electromechanical coupling coefficient and

volume fraction of epoxy.
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Fig. 7. Longitudinal vibrations of large-size rectangular piezoelectric composite plate with quasi-periodic PC structure in the Z direction for

b =2 mm (a) and 5 mm (b).
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Fig. 8. Acceleration response curves of large-size rectangular piezoelectric
composite plate with the quasi-periodic PC structure in X and Y directions
for b = 2 mm (a) and 5 mm (b).
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Fig. 9. Longitudinal displacement distribution of large-size rectangular

piezoelectric composite plate with quasi-periodic PC structure along X (a)
and Y directions (b).

4. Conclusions

In this work, a large-size rectangular composite piezo-
electric plate with a quasi-periodic PC structure is presented.
The equivalent material parameters of the rectangular compos-
ite piezoelectric plate are derived by using the series-parallel
theory and the uniform field theory. The coupled vibration
frequency equation of the piezoelectric plate is derived by in-
troducing the electromechanical coupling coefficient, and the
equivalent circuit diagram of the 3D coupled vibration is es-
tablished. The vibration characteristics of the structure are an-
alyzed by theory and finite element simulation, and the con-
clusions are drawn as follows.

(i) The equivalent material parameters of a large-size rect-
angular piezoelectric plate with a quasi-periodic PC structure
are derived. By substituting the equivalent material parame-
ters into the coupled vibration frequency equation, the reso-
nant frequencies in the X, Y, and Z directions can be calcu-
lated.

(i) The resonance frequency and effective electrome-
chanical coupling coefficient can be changed by adjusting the
size of the rectangular composite piezoelectric plate. The the-
oretical results are in good agreement with the simulation re-
sults.

(@iii) The influence of material volume fraction on the
thickness vibration characteristics of the large-size rectangu-
lar piezoelectric composite plate with the quasi-periodic PC
structure is studied. The resonance frequency of the thickness
can be located in the band gap in the X and Y directions by
adjusting the volume fraction of the scatter.

(iv) When the thickness resonance frequency is within
the transverse band gap range of the PC structure, the effect
of the transverse vibration on the thickness vibration can be
effectively suppressed. The vibration displacement distribu-
tion along the length and width of the rectangular piezoelec-
tric composite plate are drawn when the plate vibrates along
the thickness direction. The thickness vibration amplitude is
increased and the vibration is more uniform by optimizing the
size of the large rectangular piezoelectric composite plate with
the quasi-periodic PC structure.

Acknowledgements

Project supported by the National Natural Science Foun-
dation of China (Grant Nos. 11674206, 11874253, and
12174240) and the Fundamental Research Funds for the Cen-
tral Universities, China (Grant No. 020CBLY003).

References
[1] Lee H J and Zhang S 2012 IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 59 1969

[2] Gururaja T R, Schulze W A, Cross L E and Newnham R E 1985 IEEE
Trans. Sonics Ultrason. 32 481

054302-9


http://dx.doi.org/10.1109/TUFFC.2012.2415
http://dx.doi.org/10.1109/TUFFC.2012.2415
http://dx.doi.org/10.1109/T-SU.1985.31623
http://dx.doi.org/10.1109/T-SU.1985.31623

Chin. Phys. B 31, 054302 (2022)

[3]
(4]
[5]
(6]
(71
(8]
[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

Chan H L W and Unsworth J 1989 IEEE Trans. Ultrason. Ferroelect.
Freq. Contr. 36 434

Chen C and Lin S Y 2021 Acta Phys. Sin. 70 017701 (in Chinese)
Zhou D, Cheung K F, Chen Y, Lau S T, Zhou Q F, Shung K K, Luo H
S, Dai J Y and Chan H L W 2011 IEEE Trans. Ultrason. Ferroelect.
Freq. Contr. 58 477

Hou S, Yang X, Fei C, Sun X H, Chen Q, Lin PF, Li D, Yang Y T and
Zhou Q F 2018 J. Elec. Mater. 47 6842

Jian XH,Han ZL,LiuPB, XuJ,LiZJ,LiP Y, ShaoWW,Cui Y Y
and Zhou Y J 2017 Biomed Res. Int. 2017 9327270

Liu D, Yue Q, Deng J, Lin D, Li X B, Di W N, Wang X A, Zhao X Y
and Luo H S 2015 Sensors 15 6807

Kim K B, Hsu D K, Ahn B, Kim Y G and Barnard B J 2010 Ultrasonics
50 790

Jadidian B, Hagh N M, Winder A A and Safari A 2009 [EEE Trans.
Ultrason. Ferroelect. Freq. Contr. 56 368

Wang S and Lin S Y 2019 Acta Phys. Sin. 68 024303 (in Chinese)
LinJ Y and Lin S Y 2020 Acta Phys. Sin. 69 184302 (in Chinese)
Biger A 2021 Ultrasonics 117 106551

Silvia R and Francisco M E 2018 Adv. Appl. Ceram. 117 117

Kong XY, Yue LL, Chen Y and Liu Y K 2012 Chin. Phys. B21 096101
Ahmed N, Ahmed M and Arafa H A 2018 Chin. Phys. B 27 094301

[17]
(18]

[19]
[20]
[21]

[22]
[23]

[24]
[25]
[26]
[27]
(28]
[29]
[30]

[31]

054302-10

Shao H B, Chen G P, He H and Jiang J H 2018 Chin. Phys B 27 126301
Wilm M, Khelif A, Laude V and Ballandras S 2007 J. Acoust. Soc. Am.
122 786

Ronda S, Aragén J, Iglesias E, et al. 2017 Transducers. [J]. Sensors
(Basel, Switzerland) 2017 17

Aragén J L, Quintero-Torres R, Dominguez-Judrez J L, Iglesias E,
Ronda S and Francisco M E 2016 Ultrasonics 71 177

Zhao T T, Lin S Y and Duan Y L 2018 Acta Phys. Sin. 67 224207 (in
Chinese)

Wang S and Lin S Y 2019 Ultrasonics 99 105954

LinJ Y, Lin SY, Wang S and Li Y 2021 Scientia Sinica Physica Me-
chanica & Astronomica 51 100

HuL Q and Lin S Y 2021 J. Appl. Acoust. 40 323

Lin S'Y 2004 J. Sound. Vib. 275 859

Meng X D and Lin S Y 2019 J. Acoust. Soc. Am. 146 2170

Ji B, Wang C, Hong L, Sang Y J and Lan Y 2019 AIP Adv. 9 125338
Lin S Y and Zhang F CJ 1993 J. Acoust. Soc. Am 94 2481

Lin SY 1994 J. Acoust. Soc. Am. 96 1620

Newnham R E, Skinner D P and Cross L E 1978 Mater. Res. Bull. 13
525

Smith W A and Auld B A 1991 IEEE Trans. Ultrason. Ferroelect. Freq.
Contr. 38 40


http://dx.doi.org/10.1109/58.31780
http://dx.doi.org/10.1109/58.31780
http://dx.doi.org/10.7498/aps.70.20201352
http://dx.doi.org/10.1109/TUFFC.2011.1825
http://dx.doi.org/10.1109/TUFFC.2011.1825
http://dx.doi.org/10.1007/s11664-018-6603-0
http://dx.doi.org/10.1155/2017/9327270
http://dx.doi.org/10.3390/s150306807
http://dx.doi.org/10.1016/j.ultras.2010.04.001
http://dx.doi.org/10.1016/j.ultras.2010.04.001
http://dx.doi.org/10.1109/TUFFC.58
http://dx.doi.org/10.1109/TUFFC.58
http://dx.doi.org/10.7498/aps.68.20181955
http://dx.doi.org/10.7498/aps.69.20200804
http://dx.doi.org/10.1016/j.ultras.2021.106551
http://dx.doi.org/10.1080/17436753.2017.1391974
http://dx.doi.org/10.1088/1674-1056/21/9/096101
http://dx.doi.org/10.1088/1674-1056/27/9/094301
http://dx.doi.org/10.1088/1674-1056/27/12/126301
http://dx.doi.org/10.1121/1.2749462
http://dx.doi.org/10.1121/1.2749462
http://dx.doi.org/10.3390/s17040729
http://dx.doi.org/10.3390/s17040729
http://dx.doi.org/10.1016/j.ultras.2016.06.009
http://dx.doi.org/10.7498/aps.67.20181150
http://dx.doi.org/10.7498/aps.67.20181150
http://dx.doi.org/10.1016/j.ultras.2019.105954
http://dx.doi.org/10.1360/SSPMA-2021-0004
http://dx.doi.org/10.1360/SSPMA-2021-0004
http://dx.doi.org/10.11684/j.issn.1000-310X.2021.03.001
http://dx.doi.org/10.1016/j.jsv.2003.07.030
http://dx.doi.org/10.1121/1.5126866
http://dx.doi.org/10.1063/1.5132377
http://dx.doi.org/10.1121/1.408231
http://dx.doi.org/10.1121/1.410241
http://dx.doi.org/10.1016/0025-5408(78)90161-7
http://dx.doi.org/10.1016/0025-5408(78)90161-7
http://dx.doi.org/10.1109/58.67833
http://dx.doi.org/10.1109/58.67833

	1. Introduction
	2. Derivation of equivalent material parameters of large-size rectangular piezoelectric plate with quasi-periodic phononic crystal structure
	3. Vibration analysis of large-size rectangular piezoelectric composite plate with quasi-periodic phononic crystal structure
	3.1. Theoretical analysis of three-dimensional coupled vibration of large-size rectangular piezoelectric composite plate with quasi-periodic phononic crystal structure
	3.2. Influence of size of large-size rectangular piezoelectric composite plate with quasi-periodic phononic crystal structure on its vibration characteristics
	3.3. Influence of volume fraction of scatterer on thickness vibration characteristics of large-size rectangular piezoelectric composite plate with quasi-periodic phononic crystal structure

	4. Conclusions
	References

