l ' ﬁ PV v Agentira na podporu vyskumu a vyvoja
v

Formular ZK

Zavereéna karta projektu

Nazov projektu Eviden¢né cislo projektuSK-CN-RD-18-0005

MultiSkalova flexoelektricka teoria a nova metoda na detekciu mikrotrhlin v
dielektrikach v realnom ¢ase

Zodpovedny riesitel  prof. Ing. Jan Sladek, DrSc.
Priiemca Ustav stavebnictva a architektary SAV

Nazov pracoviska, na ktorom bol projekt rieSeny

Ustav stavebnictva a architektury SAV Bratislava

Nazov a stat zahraniéného pracoviska, ktoré spolupracovalo pri rieSeni

State Key Laboratory for Strength and Vibration of Structures,
School of Aerospace,

Xi'an Jiaotong University

Xi'an 710049, China

Udelené patenty/podané patentové prihlasky, vynalezy alebo uzitkové vzory, ktoré su
vysledkami projektu

Ziadne

Najvyznamnejsie publikacie (knihy, ¢lanky, prednasky, spravy a pod.) zhriiujuce
vysledky projektu — uvedte aj publikacie prijaté do tlace

[1]Jd. Sladek, V. Sladek, M. Repka, C.L. Tan: Crack analysis of solids with gradient thermo-
piezoelectricity. Theoretical and Applied Fracture Mechanics 103 (2019) 102267 .

[2] J. Sladek, V. Sladek, M. Jus: The MLPG for modeling of flexoelectricity. AIP Conference
Proceedings 2116 (2019) 450005, https://doi.org/10.1063/1.5114472 .

[3] J. Sladek, V. Sladek, M. Repka, C.L. Tan: Size dependent thermo-piezoelectricity for in-
plane cracks. Key Engineering Materials 827 (2019) 147-152.

[4] J. Sladek, V. Sladek, M. Repka, S. Schmauder: Gradient theory for crack problems in
quasicrystals. European Journal of Mechanics / A Solids 77 (2019) 103813.

[5] V. Sladek, J. Sladek, M. Repka: Mesh-free analysis of plate bending problems by Moving
finite element approximation, WIT Transactions on Engineering Sciences, Vol. 126 (2019),
pp. 211-223, ISSN 1743-3533.

[6] O. Hrytsyna, H. Mroz: Some general theorems for local gradient theory of
electrothermoelastic dielectrics, Journal of Mechanics of Materials and Structures 14 (2019)
25-41.

[7]1 O. Hrytsyna, V. Kondrat: Local gradient theory for thermoelastic dielectrics: Accounting
for mass and electric charge transfer due to structural changes. Journal of Mechanics of
Materials and Structures, Vol. 14, No. 4, (2019) P. 549-568.

[8] X. Tian, M. Xu, Q. Deng, J. Sladek, V. Sladek, M. Repka, Q. Li: A general explicit
solution to a micro-hole in flexoelectric solids, Acta Mechanica 231 (2020) 4851-4865.

Formular ZK, strana 1/3



https://doi.org/10.1007/s00707-020-02792-7

[9] L. Sator, V. Sladek, J. Sladek: Analysis of coupling effects in FGM piezoelectric plates
by a meshless method. Composite Structures 244 (2020), 112256.
https://doi.org/10.1016/j.compstruct.2020.112256

[10] J. Sladek, V. Sladek, M. Repka, S. Schmauder: Crack analysis of nano-sized
thermoelectric material structures. Engineering Fracture Mechanics 234 (2020) 107078.
[11] O. Hrytsyna: A Bernoulli-Euler beam model based on the local gradient theory of
elasticity. Journal of Mechanics of Materials and Structures 15 (2020) No 4, 471-487.
https://doi.org/10.2140/jomms.2020.15.471

[12] O.Hrytsyna: Applications of the local gradient elasticity to the description of the size
effect of shear modulus. SN Applied Sciences 2 (2020) 1453.
https://doi.org/10.1007/s42452-020-03217-9

[13] J. Sladek, S. Hocker, H. Lipp, V. Sladek, Q. Deng: Atomistic approach for the
evaluation of direct flexoelectric coefficients in gradient theory, Ferroelectrics 569 (2020)
182-195.

https://doi.org/10.1080/00150193.2020.1822681

[14] X Tian, J. Sladek, V. Sladek, Q. Deng, Q. Li: Collocation mixed finite elements for
flexoelectric solids. International Journal of Solids and Structures 217-218 (2021) 27-39.
https://doi.org/10.1016/j.ijsolstr.2021.01.031

[15] J. Sladek, V. Sladek, M. Repka, Q. Deng: Flexoelectric effect in dielectrics under a
dynamic load, Composite Structures 260 (2021) 113528.
https://doi.org/10.1016/j.compstruct.2020.113528

[16] J. Sladek, V. Sladek, S.M. Hosseini: Analysis of a curved Timoshenko nano-beam with
flexoelectricity. Acta Mechanica 232 (2021) 1563-1581.
https://doi.org/10.1007/s00707-020-02901-6

[17] J. Sladek, V. Sladek, M. Xu, Q. Deng: A cantilever beam analysis with flexomagnetic
effect, Meccanica 56 (2021) 2281-2292. https://doi.org/10.1007/s11012-021-01357-9

[18] J. Sladek, V. Sladek, X.Tian, Q. Deng: Mixed FEM for flexoelectric effect analyses in a
viscoelastic material. . International Journal of Solids and Structures, 234-235 (2022)
111269.

https://doi.org/10.1016/j.ijsolstr.2021.111269

[19] O.Hrytsyna, J. Sladek, V. Sladek: The effect of micro-inetrtia and flexoelectricity on
Love wave propagation in layered piezoelectric structures, Nanomaterials 11 (2021) 2270.
https://doi.org/10.3390/nano11092270

[20] J. Sladek, V. Sladek, M. Repka: The MLPG method in multiphysics and scale
dependent problems. Mechanisms and Machine Science, 98 (2021) 385 — 403.

[21] O. Hrytsyna: Local gradient Bernoulli—-Euler beam model for dielectrics: effect of local
mass displacement on coupled fields. Mathematics and Mechanics of Solids. 2021, Vol.
26(4) 498-512. https://doi.org/10.1177/1081286520963374

[22] O.Hrytsyna: Electromechanical fields in a hollow piezoelectric cylinder under non-
uniform load: Flexoelectric effect. Mathematics and Mechanics of Solids.
https://doi.org/10.1177/10812865211020785

[23] O. Hrytsyna: The effect of local mass displacement on coupled fields in dielectrics.
Appl Nanosci (2021). https://doi.org/10.1007/s13204-021-01714-w

[24] J. Sladek, V. Sladek, M. Repka, E. Pan: Size effect in piezoelectric semiconductor
nanostructures, Journal of Intelligent Material Systems and Structures, accepted

Uplatnenie vysledkov projektu

Monitorovanie zdravia konStrukcii (SHM) je potrebné k predchadzaniu katastrofickej
destrukcie, znizovania nakladov na urzbu a jej prevadzku. Zviast délezité je to pre velké
Specialne konstrukcie, kde ich zlyhanie moze viest k Zivelnej katastrofe so stratami Zivotov a
velkym hmotnym Skodam. Doteraz sa na monitorovanie vyuzivali senzory na principe
piezoelectricity. Piezoelektricky material ma schopnost transformovat' mechanicku energiu
na elektricku alebo naopak. Pre silnu odozvu senzora je potrebné mat piezoelektrické
materialy s velkym piezoelektrickym koeficientom. AvSak tento koeficient je v prirodnych
materialoch dost maly a piezoefekt sa vyskytuje len v materiadloch nevykazujucich
centrosymetriu. Cesty cez kompoziciu viacerych materialov boli iba Ciastone uspesné a
podarilo sa zvysit piezoelektricky koeficient iba 10-20%. Preto je potrebné hfadat’ iné cesty
so silnejSou odozvou v senzoroch. V polovici minulého storoCia objaveny a v su¢asnosti
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intenzivne Studovany jav flexoelektricity sa ukazuje byt vefmi vhodny pre navrh novych
senzorov vyuzivajucich gradient deformécii. Na rozdiel od piezoefektu vyskytuje savo
vSetkych materialoch a koeficient transformacie mechanickej energie na elektricku je mozné
zvySit az o stovky percent v porovnani s klasickymi piezoelektrickymi materialmi. Novy typ
senzorov citlivych na gradient deformacii je vhodnejSi ako klasické snimace monitorujuce
priemerné hodnoty deformacii z relativne velkej oblasti, €o nie je postacujuce pre lokalizaciu
unavovych trhlin. Senzory na principe flexoelektricity mézu merat’ gradient deformacii na
malej lokalnej zone v okoli korefa unavovej trhliny. Vibrujuce €asti strojov (odpadova
energia) je mozné v piezoelektrickych materialoch pretransformovat na elektricki energiu.
No efektivnost' transformacie zavisi od piezoelektrického koeficienta, ktory je Zial dost maly.
AvSak flexoelektricky efekt mdze byt daleko efektivnejSie vyuzity aj pre tento ucel.

Suhrn vysledkov riesenia projektu a naplnenia cielov projektu v slovenskom jazyku
(max. 20 riadkov)

Cielom projektu je vybudovat spolahliva vypo&tovu metddu pre ulohy v gradientnej teorii
kontinua, kde velkostny efekt je sprievodny jav uvazenia gradientov deformacii v
konstitutivnych rovniciach. Variacné principy su korektnym nastrojom na odvodenie
riadiacich rovnic spolu s moznymi okrajovymi podmienkami. Nasledne je vybudovana FEM
formulacia pre numerické rieSenie takto postavenych okrajovych uloh. Riadiace rovnice su
parcialne diferencialne rovnice 4-tého radu. Potom C1 spojitost pre premiestnenia a
elektricky potencial su poZzadované pre existenciu vysSich derivacii vo FEM. Z dévodu
eliminacie potiazi s C1 kontinualnymi elementami v 3-D ulohach, sme sa rozhodli pre
vybudovanie zmieSanej FEM formulacie pre priamu a konverznu flexoelektricitu v
piezoelektrickych materialoch. Pre urCenie flexoelektrickych koeficientov sme navrhli a
pouzili hybridny atomisticko-kontninualny model s analytickym rieSenim pre jednoduchy
problém v gradientnej tedrii kontinua. Flexoelektrické javy su tiez experimentalne potvrdené
pre Specialnu triedu makkych materialov, ako napr. biologické membrany. Vlastnosti
dotvarovania v makkych materidloch s polymérnym zakladom sme zahrnuli aplikovanim
principu koreSpondencie na rieSenie 2-D elektro-vazkoelastickych problémov s
flexoelektrickym efektom. Flexoelektricky efekt a vedenie tepla v gradientnej tedrii sme
uvazovali pre ulohy s trhlinami v nano-rozmernych konstrukciach pri teplotnom zatazeni.

Suhrn vysledkov rieSenia projektu a naplnenia cielov projektu v anglickom jazyku
(max. 20 riadkov)

The goal of the project is to develop a reliable computational method for problems in
gradient theory, where the size-effectis accompanied by consideration of strain gradients in
the constitutive equations. The variational principles are correct tool for derivation of the
governing equations together with the corresponding boundary conditions. The FEM
formulation is developed for numerical solution of the posed boundary value problems. The
governing equations are partial differential equations (PDE) of the fourth order. Then, C1
continuity for approximation of displacements and electric potential are required for
existence of higher-order derivatives. In order to eliminate difficulties with development of
C1 continuous, we decided for development of a mixed FEM formulation for direct and
converse flexoelectricity in piezoelectric materials. For determination of the flexoelectric
coefficients, we proposed and used a hybrid atomistic-continuum model with the analytical
solution for a simple problem within gradient theory of continua. Flexoelectric effects are
experimentally observed also in soft materials, like biological membranes. The creep
behaviour in soft materials with a polymer base is taken into account by applying the
correspondence principle to solve general 2-d electro-viscoelastic problems with
flexoelectric effect. The flexoelectric effect and higher-order heat conduction are considered
for the fracture mechanics analysis of piezoelectric nano-sized structures under a thermal
load.
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