HAYKA FOTA POCCHUH 2025 T.21 M2 C.17-26
SCIENCE IN THE SOUTH OF RUSSIA 2025 VOL.21 No.2 P 17-26

MEXAHHUKA

VK 539.3
DOI: 10.7868/525000640250204

K IPOBJIEME MOAEJINPOBAHUA
HNBE3OJIEKTPUUYECKUX/TIBE3OMATI'HUTHBIX IIJVIACTHH
N3 NPEAHAIIPSKEHHBIX
OYHKIIMOHAJIBHO I'PA/IMEHTHBIX MATEPUAJIOB

© 2024 r. T.U. Beasinkona', E.U. BopoBuy?, wi.-kopp. PAH B.B. Kanunuyx'

AnHoTtanus. [IpeuioxkeH MoaXoq K MOJICIUPOBAHHIO COCTABHBIX MarHUTOMICKTPOYIPYIUX CTPYKTYp H3
MIPEIHANPSDKEHHBIX HEOJHOPOAHBIX MTHE303JIEKTPHYECKOTO 1 IIbE30MarHUTHOT'O CJIOEB. B kauecTBe CTPyKTYpbI
paccMOTpPEHbl MarHUTOAIEKTPOYIPYTHE IUIACTHHBI, BHEITHUE TOBEPXHOCTH KOTOPBIX B OTCYTCTBHUHM MEXaHH-
YEeCKUX HAIPSHKEHUH CBOOOJHO KOHTAKTUPYIOT C BAaKYyMOM, Ha I'PaHUIIE pa3/esa CJIOeB BBIIOJHEHBI YCIOBHS
cLeIUieHus. PacnipocTpaHeHre BOJIH B CTPYKTYpe BBI3BAHO ACHCTBHEM YJAJICHHOIO MCTOYHMKA FapMOHHYE-
cKkux Kosiebanuii. Ci1ou BBITTOIHEHBI U3 (PYyHKIIMOHAIBLHO TPAMEHTHBIX MaTepPHUAJIOB, CBOWCTBA KOTOPBIX J10CTa-
TOYHO MPOU3BOJIILHBIM 00Pa30M MEHSIIOTCS 110 TOJIIIMHE. B Ka)KI0M M3 CIOEB MPUCYTCTBYIOT HauaJlbHbIE Je-
(dopmary, HaBeJCHHbIE ACHCTBHEM HayaJbHBIX MEXaHHMYECKUX HanpspkeHud. HavanpHo-nedopMupoBaHHOE
COCTOSIHME CJIOEB TUIACTHHBI 110J1araeTcsi OHOPOAHBIM, HEOAHOPOAHOCTh HAYAILHOTO HAIPSKEHHOTO COCTOS-
HUS 00yCIIOBIICHA HEOJHOPOIHOCTBIO CBOMCTB MaTepHuaioB. Hamuune B CIIOSX 2JIEKTPUYECKOr0 U MarHUTHOTO
TIOJICH BBI3BAHO JEWCTBHEM MEXaHMYECKHMX HAINPSDKCHUH, CBA3aHO C MPOSBICHUEM IIbE303JIEKTPUYECKOrO U
MTbE30MAarHUTHOTO 3(Q(PEKTOB M 3aBHCUT OT ITbE30ICKTPHUCCKUX M MMbE30MAarHUTHBIX CBONCTB MaTepHasoB.
B ocHOBe IpeAnoKEeHHOT0 IOAX0/a, C OJHOM CTOPOHBI, JI€KUT UCIIOIb30BAaHNE INHEAPU30BAHHBIX B JTarPAHIKe-
BOH cHCTEMe KOOPANHAT, CBA3aHHOI C €CTECTBEHHBIM COCTOSHHEM MaTepHaia, ONpeIessIOINX COOTHOMLEHHH
U ypaBHEHHUIT IBHIKCHUS MTPEIHANPSUKCHHOM MarHUTOIIEKTpOoypyroi cpenbl. C Ipyroil CTOpOHBI — CBEJCHHE
C TIOMOIIIBIO MHTETPaJIBHOTO NpeobpazoBanust Pypee cucreM JuddepeHInanbHBIX YpaBHEHUH 2-T0 OpsKa
B YaCTHBIX MPOU3BOJIHBIX C MEPEMEHHbIMU KOAP(UIMEHTaMU K cHCTeMe OOBIKHOBEHHBIX T depeHimas-
HBIX YpaBHEHHM 2-T0 TOpsi/iKa ¢ IepeMEHHBIMH Ko uipenTamu. PenieHue nmociaeanel CTpouTcs Ha OCHOBE
pemnieHust cucTeMsl 3a1a4 Koy ¢ HaqaabHBIMU KPaeBbIMU YCIIOBHSMH. VICIIONB30BaHNE YHCICHHBIX METO/I0B
M03BOJISIET OBICTPO M A(PPEKTUBHO BOCCTAHABIIMBATH 3HAUYCHMSI HEU3BECTHBIX (DYHKIMI HANPSDKEHUH, epeme-
LICHHH, MEKTPHUYECKUX U MAarHUTHBIX NOTEHIMAJIOB MO TOJNIIMHE CJIOEB, CTPOUTH MHTETPAIbHOE NPECTaB-
JICHHE, ONHMCHIBAIOIIEE IBHKCHUE MPOU3BOIBLHOM TOYKU CTPYKTYPBI, ¥ TUCIEPCHOHHOE YpaBHEHHE, PeIICHHE
KOTOPOTO OIpEeJIeIIsieT OCHOBHBIE XapaKTEPUCTUKHU ITOBEPXHOCTHBIX aKyCTHYECKHX BOJIH.

KiroueBble ci0Ba: HauanpHbIE IeOopManny, HadaaIbHO-Ie()OPMUPOBAHHOE COCTOSIHNE, (PyHKIIMOHATBLHO
IPaJIMCHTHBIN MTHE303IEKTPHUUYECKUI MaTepHall, (yHKIMOHAIBHO TPAMEHTHBIN ITbe30MarHUTHBIN Marepuall,
MarHMTOMIEKTPOYNPYTHH MaTepual, CUCTEMbl OOBIKHOBEHHBIX AH((PEpeHINATbHBIX YPaBHEHUH, Hadalb-
HO-KpaeBble 3a1adu Ko, moBepxHOCTHBIE aKycTHueckne BonHb (ITAB), HopManbHBIE TOBEPXHOCTHBIE BOJI-
HBI, BOJIHEI Pasiest — JIambOa.

ON THE PROBLEM OF MODELING PIEZOELECTRIC/PIEZOMAGNETIC PLATES
FROM PRE-STRESSED FUNCTIONALLY GRADIENT MATERIALS

T.I. Belyankova', E.I. Vorovich?, Corresponding Member RAS V.V. Kalinchuk!

Abstract. An approach to modeling composite magnetoelectroelastic structures from prestressed
inhomogeneous piezoelectric and piezomagnetic layers is proposed. Magnetoelectroelastic plates are considered
as a structure, the outer surfaces of which in the absence of mechanical stresses freely contact with vacuum,
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and the adhesion conditions are satisfied at the interface between the layers. Wave propagation in the structure
is caused by the action of a remote source of harmonic oscillations. The layers are made of functionally graded
materials, the properties of which vary quite arbitrarily across the thickness. Each of the layers contains initial
deformations induced by the action of initial mechanical stresses. The initial strain state of the plate layers is
assumed to be uniform, the inhomogeneity of the initial stress state is due to the inhomogeneity of the material
properties. The presence of electric and magnetic fields in the layers is caused by the action of mechanical
stresses, is associated with the manifestation of piezoelectric and piezomagnetic effects and depends on the
piezoelectric and piezomagnetic properties of materials. The proposed approach is based, on the one hand,
on the use of linearized in the Lagrangian coordinate system associated with the natural state of the material,
constitutive relations and equations of motion of a prestressed magnetoelectroelastic medium. On the other
hand, it is reduced by means of the integral Fourier transform of systems of second-order partial differential
equations with variable coefficients to a system of ordinary second-order differential equations with variable
coefficients. The solution of the latter is based on the solution of a system of Cauchy problems with initial
boundary conditions. The use of numerical methods allows one to quickly and efficiently restore the values of
unknown functions of stresses, displacements, electric and magnetic potentials across the thickness of layers,
construct an integral representation describing the motion of an arbitrary point of the structure, and a dispersion
equation, the solution of which determines the main characteristics of surface acoustic waves

Keywords: initial deformations, initially deformed state, functionally gradient piezoelectric material,
functionally gradient piezomagnetic material, magnetoelectroelastic material, systems of ordinary differential
equations, initial-boundary value problems of Cauchy, surface acoustic waves (SAW), normal surface waves,
Rayleigh-Lamb waves.



CIIMCOK JIMTEPATYPBI (REFERENCES)

. Gulyaev Y.V. 1969. Electroacoustic surface waves in solids.
Soviet Physics. Journal of Experimental and Theoretical
Physics. 9: 37-39.

. Matthews H. 1977. Surface wave filters: design, construction
and use. New York, John Wiley & Sons: 521 p.

.Maugin G. 1988. Continuum mechanics of electromagnetic
solids. Amsterdam, North Holland: 620 p.

. Al’shits V1., Darinskii A.N., Lothe J. 1992. On the existence of
surface waves in half-infinite anisotropic elastic media with
piezoelectric and piezomagnetic properties. Wave Motion.
16(3): 265-283. doi: 10.1016/0165-2125(92)90033-X

. Vinyas M. 2021. Computational analysis of smart magneto-
electro-elastic materials and structures: review and classification.
Archives of Computational Methods in Engineering. 28(3):
1205-1248. doi: 10.1007/s11831-020-09406-4

. Wang H., Wu B., Gao X., Liu Y., Li X,, Liu X. 2023. Ultrasonic
guided wave defect detection method for tank bottom plate based on
SHO mode multichannel magnetostrictive sensor. Measurement.
223:113790. doi: 10.1016/j.measurement.2023.113790

. Pan E. 2002. Three-dimensional Green’s functions in anisotropic
magneto-electro-elastic bimaterials. Zeitschrift fiir angewandte
Mathematik und Physik. 53(5): 815-838. doi: 10.1007/s00033-
002-8184-1

.Chen J1.Y.,, Pan E., Chen H. 2007. Wave propagation in
magneto-electro-elastic multilayered plates. [International
Journal of Solids and Structures. 44(3—4): 1073-1085. doi:
10.1016/].1js0lstr.2006.06.003

. Othmani C., Zhang H., Li C., Wang Y.Q., Kamali A.R. 2022.
Orthogonal polynomial methods for modeling elastodynamic
wave propagation in elastic, piezoelectric and magneto-electro-
elastic composites. Composite Structures. 286: 115245. doi:
10.1016/j.compstruct.2022.115245

10. Dziatkiewicz G. 2021. New forms of the fundamental solutions for

3D magnetoelectroelasticity equations. Applied Mathematical
Modelling. 91: 563-580. doi: 10.1016/j.apm.2020.09.052

11. Kuo H.-Y., Wang Y.-L. 2012. Optimization of magnetoelectricity
in multiferroic fibrous composites. Mechanics of Materials. 50:
88-99. doi: 10.1016/j.mechmat.2012.03.005

13.

15.

16.

17.

18.

20.

. Sladek J., Sladek V., Pan E. 2016. Effective properties of coated

fiber composites with piezoelectric and piezomagnetic phases.
Journal of Intelligent Material Systems and Structures. 28(1):
97-107. doi: 10.1177/1045389X16644786

Bbensinkosa T.M., Boposuu E.U., Typuun A.C. 2024. SH-Boi-
HBl HA TMOBEPXHOCTH OUMOP(HONW MATHHTOAIEKTPOYIPYron
wiactunbl. Hayka Oza Poccuu. 20(2): 3-15. doi: 10.7868/
S25000640240201

Belyankova T.I., Vorovich E.I., Turchin A.S. 2024. [SH-waves
on the surface of a bimorph magnetoelectroelastic plate].
Nauka Yuga Rossii. 20(2): 3—15. (In Russian). doi: 10.7868/
S25000640240201

. Ezzin H. 2025. Vibration analysis of power law functionally

graded magneto-electro-elastic plate. International Journal
of Structural Stability and Dynamics. 25(8): 2550077. doi:
10.1142/S0219455425500774

Zhang R., Pang Y., Feng W. 2014. Propagation of Rayleigh
waves in a magneto-electro-elastic half-space with initial
stress. Mechanics of Advanced Materials and Structures. 21(7):
538-543. doi: 10.1080/15376494.2012.699595

Li L., Wei P.J. 2014. Surface wave speed of functionally graded
magneto-electro-elastic materials with initial stresses. Journal
of Theoretical and Applied Mechanics. 44(3): 49-64. doi:
10.2478/jtam-2014-0016

Xia Q., DuJ., Wang J. 2012. Rayleigh waves in piezomagnetic/
piezoelectric structures with biasing magnetic fields. In:
Proceedings of the 2012 Symposium on piezoelectricity,
acoustic waves, and device applications (Shanghai, China,
23-25 November 2012). 1EEE: 179-182. doi: 10.1109/
SPAWDA.2012.6464065

Belyankova T.I., Kalinchuk V.V. 2016. Dynamic equations of
a prestressed magnetoelectroelastic medium. Mechanics of
Solids. 51(5): 588-595. doi: 10.3103/S0025654416050125

. Belyankova T.I., Kalinchuk V.V. 2023. Rayleigh waves in

an electroelastic medium with prestressed inhomogeneous
coating. Vestnik St. Petersburg University, Mathematics. 56(4):
424-434. doi: 10.1134/S1063454123040040

Belyankova T.I., Vorovich E.I., Kalinchuk V.V.  2025.
Propagation of SH-waves in a pre-stressed compound
piezoelectric/piezomagnetic plate. Journal of Advanced
Dielectrics. 2440024. doi: 10.1142/S2010135X24400241

HAVKA IOTA POCCHUUM 2025 Tom21 Ne2



