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Abstract

It is theoretically considered the propagation (first evidence) of new dispersive shear-horizontal
(SH) acoustic waves in the piezoelectromagnetic (magnetoelectroelastic) composite plates. The
studied two-phase composites (BaTiO3-CoFe204 and PZT-5H-Terfenol-D) possess the piezoelectric
phase (BaTiO3, PZT-5H) and the piezomagnetic phase (CoFe;0., Terfenol-D). The mechanical,
electrical, and magnetic boundary conditions applied to both the upper and lower free surfaces of
the plate are as follows: the mechanically free, electrically closed, and magnetically closed surfac-
es. As a result, the fundamental modes of two new dispersive SH-waves recently discovered in
book [Zakharenko, A.A. (2012) ISBN: 978-3-659-30943-4] were numerically calculated. It was
found that for large values of normalized plate thickness kd (k and d are the wavenumber and
plate half-thickness, respectively) the velocities of both the new dispersive SH-waves can approach
the nondispersive SH-SAW velocity of the piezoelectric exchange surface Melkumyan (PEESM)
wave. It was also discussed that for small values of kd, the experimental study of the new disper-
sive SH-waves can be preferable in comparison with the nondispersive PEESM wave. The obtained
results can be constructive for creation of various technical devices based on (non)dispersive
SH-waves and two-phase smart materials. The new dispersive SH-waves propagating in the plates
can be also employed for nondestructive testing and evaluation. Also, it is obvious that the plates
can be used in technical devices instead of the corresponding bulk samples for further miniaturi-
zation.
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1. Introduction

The function of the piezoelectric and piezomagnetic materials in transducers is well-known that was discussed
already by about half-century ago, for instance, see [1]. Today there are several ways to bond these two dissimi-
lar materials together to form unique smart materials with desired or new properties. For instance, one three-
dimensional material representing a piezoelectric phase can be used as a matrix with zero-dimensional inclu-
sions (particles) of the piezomagnetic phase, or vise versa. This two-phase piezoelectromagnetic (PEM) compo-
site has the (3-0) connectivity. The example of such PEM composite is BaTiO;-CoFe,0, [2] [3] of hexagonal
class 6 mm, consisting of the BaTiO; piezoelectric phase and the CoFe,O, piezomagnetic (magnetostrictive)
phase. References [2] [3] provide the measured material constants given as percentage volume fraction (VF) of
BaTiO; in the BaTiO3-CoFe,O4 composites. These bulk composites, however, can be also formed as plates be-
cause the form of plate can be preferable for further miniaturization of some smart material technical devices.

One of the other possible connectivities between the piezoelectric and piezomagnetic phases to form PEM
composites represents a multi-layered (sandwich-like) structure. Such laminated composites have the (2-2) con-
nectivity. These piezoelectromagnetic (magnetoelectroelastic) laminates can be composed of linear homogene-
ous piezoelectric and piezomagnetic layers with a perfect bonding between each interface. It is natural that av-
erage material properties of such laminated plates can be treated. Concerning the transversely isotropic PEM
plates, the material parameters of the BaTiO5;-CoFe,0, and PZT-5H-Terfenol-D laminated composite [4]-[6] are
well-known, see also paper [7]. Reference [8] has stated that researches on the behavior of the PEM laminate
composites are relatively recent. The PEM laminates can demonstrate significant interactions between the elastic,
electric, and magnetic fields and have direct applications in sensing and actuating devices, for instance, damping
and control of vibrations in structures.

The two-phase materials possessing both the piezoelectric and piezomagnetic effects can actually have the
magnetoelectric effect. In the magnetoelectric materials, the value of electromagnetic constant a can be respon-
sible for the evaluation of magnetoelectric interactions. The magnetoelectric materials can be formed as the
composites discussed above and also exist in the single-phase form such as monocrystals. In comparison with
the other PEM composites and PEM single-phase materials, the laminated composites can possess a very strong
magnetoelectric coupling [9]. The most famous PEM monocrystals are Cr,O3, LiCoPO,, and TbPO,4 [9] and they
can be also used in the forms of bulk materials or monocrystal plates. The magnetoelectric effect in the single
phase materials is usually very small and none of them can have combined large and robust electric and mag-
netic polarizations at room temperature. However, it is essential to mention the SrzCo,Fe,,04; Z-type hexaferrite
[10] with a hexagonal structure discovered in 2010. It is thought that the Sr;Co,Fe,,O4; hexaferrite with the rea-
lizable magnetoelectric effect can be already sufficient for practical applications. It is hoped that the complete
list of the review works on the magnetoelectric materials and their applications can be found in [9]-[52].

This short report has the purpose to calculate the wave characteristics for some piezoelectromagnetic compo-
sites. This was not carried out in [53] because it did not study concrete composites. Using the corresponding
dispersion relations given in the following section, these calculations can be performed only numerically. The
first two composites which will be researched are BaTiOs-CoFe,O4 and PZT-5H-Terfenol-D. However, it is ne-
cessary to start with a brief review of the theory and then to report the results of the calculation. This is the main
purpose of the following section.

2. Theory and Results

First of all, it is necessary to mention the high symmetry propagation directions for the transversely isotropic
piezoelectromagnetic materials of class 6 mm. In these propagation directions, the propagation of the SH-waves
possessing the anti-plane polarization must be coupled with both the electrical and magnetic potentials. This
means that such propagation directions can also support the propagation of the purely mechanical Lamb waves
possessing the in-plane polarization. As a result, this report has no interest in the propagation of purely mechan-
ical Lamb waves. So, the wave propagation direction is along the plate surface and perpendicular to both the
surface normal and the sixfold symmetry axis of the studied material of class 6 mm. The surface normal and the
sixfold symmetry axis must be also perpendicular to each other [53]-[55]. It is possible to state that many such
propagation directions can be found. However, the SH-wave speed in such propagation directions must be the
same because this is the transversely isotropic case. Note that the high symmetry propagation directions are
well-known and can be also found in [56] [57]. Also, it is worth noting that in the high symmetry propagation
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direction, the following independent nonzero material parameters exist: the stiffness constant C, piezomagnetic
coefficient h, piezoelectric constant e, dielectric permittivity coefficient ¢, magnetic permeability coefficient y,
and electromagnetic constant a, where C = Cyy = Cgg, € = €15 = €34, h = hyg = N3y, € = £11 = €33, 4 = 131 = 33, and «
= ay1 = az3 [53]-[55], see also the famous books cited in [58] [59].

The boundary conditions in the case when the treated material simultaneously possesses the piezoelectric,
piezomagnetic, and magnetoelectric effects are perfectly described in [60]. To obtain the dispersion relations for
the case of the mechanically free, electrically closed, and magnetically closed surfaces of the piezoelectromag-
netic plate, the following points must be passed through:

consider thermodynamic variables and functions;

write constitutive relations;

thermodynamically define material constants;

compose equilibrium equations;

exploit the electrostatics and magnetostatics in the quasi-static approximation;

constitute coupled equations of motion in the differential forms;

represent the tensor form of the equations of motion;

treat the suitable high symmetry propagation directions for SH-waves;

find the eigenvalues and the corresponding eigenvectors;

employ the mechanical, electrical, and magnetic boundary conditions at the upper and lower surfaces of the

piezoelectromagnetic plate.
As a result, the corresponding dispersion relations can be obtained for this case of the mechanical, electrical,
and magnetic boundary conditions. Following book [53], the following two dispersion relations for the determi-
nation of the velocities Vyeno and View11 Of the tenth and eleventh new SH-waves propagating in the piezoelec-
tromagnetic plate can be written:

2 2
%tanh (kd)- 1/1—(Vnevvlo Nem )ztanh (del—(VneW10 Neem )2 ) =0, (1)

em
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In Equations (1) and (2), the velocities Vyew10 and Vyens1 are numbered similar to those used in [53] to avoid
any confusion. It is also central to state that dispersion relations (1) and (2) are valid for calculation of the veloc-
ities of the fundamental modes when the velocities Viewio and Vyews1 are smaller than the speed Vi, of the
shear-horizontal bulk acoustic wave (SH-BAW) coupled with both the electrical and magnetic potentials. The
value of the SH-BAW velocity Vi, can be evaluated with the following expression:

Vew =C/p (14K, )" ©)

where p is the mass density of the piezoelectromagnetic plate.
In Expressions (1), (2), and (3), the following material parameter is also present:

»  ue® +gh? —2aeh
Kem Y
C(gy—a )
The material parameter Kezm defined by Expression (4) is called the coefficient of the magnetoelectrome-
chanical coupling (CMEMC). This dimensionless coefficient represents the material characteristic of the
two-phase materials. However, in the dispersion relations written above the second dimensionless coefficient
denoted by Knﬁ can be found. This coefficient of the magnetomechanical coupling (CMMC) represents a ma-
terial characteristic of a purely piezomagnetic material and is defined by the following expression:
h2
KZ=1l_
Cu
It is transparent in dispersion relations (1) and (2) that for kd — oo, both the velocities Vi ew10 and Vyew11 Of the

new dispersive SH-waves in the piezoelectromagnetic plate will approach some nondispersive SH-SAW veloci-
ty recently discovered by Melkumyan [61]. This SH-SAW velocity is called the piezoelectric exchange surface

(4)

®)
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Melkumyan (PEESM) wave [6] and can be defined by the following expression:

2 22 T

Kem - Km

Voeesm = Veem | 1 1+ K2 . (6)
em

Also, it is possible to discuss in this report that for the case of a very small value of the electromagnetic con-
stant «, this constant can be neglected, namely o = 0. This discussion is missed in [53]. Therefore, Expression (4)
for the CMEMC KZ, can be reduced to the following form:

2 e h 2 2
KemO =C—8+a= Ke+Km‘ (7)
where KZ represents the coefficient of the electromechanical coupling (CEMC). It is a material characteristic
of a pure piezoelectrics.

Using Expression (7) instead of (4), it is possible to write the following definitions instead of the SH-BAW

and SH-SAW velocities defined by Expressions (3) and (6), respectively:

12
VtemO = \]C/p (1+ Kezmo) ! (8)
ke Y|
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So, it is now possible to report the obtained results concerning the calculation of the dispersion curves for
concrete transversely isotropic composite materials, namely to investigate the dependencies of the velocities
Viewto @and View11 0N the normalized half-thickness kd of the piezoelectromagnetic plate, where k and d respec-
tively stand for the wavenumber in the propagation direction and the plate half-thickness. This is the main pur-
pose of this paper. It is possible to briefly discuss the piezoelectromagnetic composites given in Table 1 for
comparison. The table lists the material parameters for two famous composites such as BaTiOz-CoFe,O,4 and
PZT-5H-Terfenol-D. The material parameters of the composites were borrowed from papers [4]-[6]. In the table,
one can find that the value of eu for the BaTiO3-CoFe,O4 composite is an order larger than that for the other
composite. Also, both composites have the dominant piezoelectric phase because the CMMC K2 is signifi-
cantly smaller than the CEMC K?. It is well-known that the PZT-5H-Terfenol-D composite can possess a large
value of the electromagnetic constant « that is the characteristic of the magnetoelectric effect. Therefore, to
study this composite is preferable in this short report.

In the table, the value of the CMEMC for the PZT-5H-Terfenol-D composite is K2, ~ 0.8. Therefore, the
value of the CMEMC for a hypothetic (composite) material graphically studied in Figure 1 is chosenas KZ2, =
0.8. This figure shows the dependence on the second parameter such as K? that can be found in dispersion re-
lations (1) and (2). To understand the influence of this parameter on the fundamental mode dispersion relations,
the values of K2 were chosen as follows: K2 =0.1,0.4, and 0.7. In Figure 1, dispersion relations (1) and (2)
are shown by the grey and black lines, respectively. It is natural that when the value of K? is significantly
smaller that the value of K:m (case of K2 = 0.1 in the figure) both the normalized velocities Vpey10/Viem and
View11/Veem €aN be situated well below the SH-BAW velocity Vi, coupled with both the electrical and magnetic
potentials. In contrast, the large value of K2 = 0.7, which is slightly below the value of KZ = 0.8, leads to
the case when the velocities Ven1o/Viem and View1/Viem for the corresponding fundamental modes of the new

Table 1. The material parameters of the piezoelectromagnetic composites. For these parameters there are the following val-
ues of the electromagnetic constant a: ¢ = 0.0001 eu [s%m?] and o = 0.01 gu [s*/m?] for BaTiO5-CoFe,0, and PZT-5H-
Terfenol-D, respectively.

Composite material C, 10", N/m? e, C/m? h, T & 107 F/m  p, 10 N/A? p, kg/m®
BaTiO;-CoFe;04 4.40 5.80 275.0 56.4 81.00 5730
PZT-5H-Terfenol-D 1.45 8.50 83.8 75.0 2.61 8500
Composite material &u, 107 K? K? K2 Viem, M/S Vpeesm, M/s
BaTiO3-CoFe,0,4 4568.40 0.1356 0.0212 0.1557 2979.033 2958.790
PZT-5H-Terfenol-D 195.75 0.6644 0.1856 0.7876 1746.253 1644.243
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dispersive SH-waves are positioned just below Vi, This already looks like the dispersion relations shown in
Figure 2 for the BaTiO;-CoFe,0, composite possessing the significantly smaller value of the CMEMC KZ ~
0.16 listed in the table.

Figure 2 shows dispersion relations (1) and (2) for the fundamental modes of the new dispersive SH-waves
propagating in the piezoelectromagnetic plates. Two composite materials listed in the table such as Ba-
Ti0Os-CoFe,04 and PZT-5H-Terfenol-D are compared. It is clearly seen in Figure 2 that the BaTiOs-CoFe,04
composite with smaller value of the CMEMC KZ illuminates the weakly dispersive behaviors of the veloci-
ties Viewro/Viem and Vipew11/Viem. However, the values of the velocity Vw0 at the plate half-thickness kd — 0 can
be situated significantly below the value of the SH-BAW velocity Vi, This is true because the BaTiOs-
CoFe,0, composite has the value of Vi, twice as much compared with the PZT-5H-Terfenol-D composite. This
peculiarity manifests that to use plates instead of the corresponding bulk samples can be preferable for investi-
gation of the SH-wave propagation. The plates are also used to further miniaturize various technical devices
based on smart materials. It is well-known that the sensitivity of some technical devices (for instant, biological
and chemical sensors, delay lines) based on different dispersive and non-dispersive SH-waves can be more sig-
nificant. It is also flagrant that the piezoelectromagnetic SH-waves can be produced by the electromagnetic
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Figure 1. The dispersion relations for the fundamental modes of the new
dispersive SH-waves propagating in the piezoelectromagnetic plates. For

KZ = 0.8, the following values of K? areused: K2 =0.1,0.4, and 0.7.
The grey and black lines are for dispersion relations (1) and (2), respectively.
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Figure 2. The fundamental modes of the new dispersive SH-waves propa-
gating in the piezoelectromagnetic plates. The black lines are for the Ba-
TiO3z-CoFe,0, composite and the grey lines are for the PZT-5H-Terfenol-

D composite.
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acoustic transducers (EMATS) [62]. This non-contact method (EMAT) can offer a series of advantages in com-
parison with the traditional piezoelectric transducers [63] [64]. The results of this short report can be also useful
for constitution of technical devices with a higher level of integration such as lab-on-a-chip, etc.

3. Conclusion

The propagation of new dispersive acoustic SH-waves in the transversely isotropic PEM plates was considered.
The two-phase PEM composites such as BaTiOs;-CoFe,0, and PZT-5H-Terfenol-D were studied. For the plates,
the case of the mechanically free, electrically closed, and magnetically closed surfaces was treated. The funda-
mental modes of two new dispersive SH-waves were numerically calculated. It was found that for large values
of kd, the velocities of both the new dispersive SH-waves can approach the nondispersive SH-SAW velocity of
the PEESM wave. For small values of kd, the value of the corresponding new SH-wave in the plate can be si-
tuated significantly below the value of the SH-BAW velocity V. This can be convenient for experimental stu-
dies of the new dispersive SH-waves propagating even in such PEM materials as BaTiOs-CoFe,O,4 in compari-
son with the nondispersive PEESM wave. It is thought that such new dispersive SH-waves can be also exploited
in the nondestructive testing and evaluation. It is natural that various technical devices based on dispersive
SH-waves and two-phase smart materials can be constituted, for instance, dispersive wave delay lines.
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