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Abstract

Introduction. Highly porous composites — metal foams — are widely used due to their mechanical properties. The
literature presents various methods for their mathematical modeling, including those based on periodic Gibson-Ashby
cells. Piezoactive composites have a number of properties, such as high sensor sensitivity and a large bandwidth. This is
the reason for the interest in their modeling. However, when constructing such models from piezoceramic materials, a
certain difficulty, associated with the selection of the distribution of preliminary polarization, arises. It should be noted
that this issue, specifically for highly porous piezoceramics, has not been sufficiently studied in the literature. Therefore,
the objective of this work was to establish the effect of the polarization model on the characteristics of the piezoactive
composite.

Materials and Methods. The design material was PZT-4 piezoceramics, whose polarization depended significantly on
the conditions of its guidance (model geometry, electrode arrangement). The study was divided into two steps: in the first,
the residual polarization was calculated based on the theory known in the literature, the implementation of which was
performed in the ACELAN package; in the second, a number of problems for a composite cell were solved, and the
dependence of its properties on the polarization model was found. The finite element method implemented in the
ACELAN package was used as a method for solving the corresponding boundary value problems of electroelasticity for
piecewise inhomogeneous bodies.

Results. The problem of determining nonuniform polarization for two types of flat cell designs of highly porous
piezoceramics was solved. Some features of the obtained polarization distribution were noted, in particular, its nonuniformity
and the presence of counter polarization in some edges. The problems of determining natural frequencies and vibration
modes “intra cell” and their dependence on the polarization model (homogeneous and nonhomogeneous) were solved. It was
noted that some frequencies differed by 10%, while the vibration modes coincided qualitatively. The dependence of the
stress-strain state and output characteristics on polarization, whose difference in some values reached 15%, was analyzed.
Discussion and Conclusion. The process of polarization of highly porous piezoceramics has a number of features that
must be taken into account to obtain reliable information about its mechanical and electrical behavior. Auxetic properties,
the difference in the mechanical and electrical response of the cell in question are directly related to these features. Thus,
the polarization model has a significant impact on the characteristics of the piezoactive composite, which determines the
importance of its correct selection. The results obtained should be taken into account when modeling representative
volumes of highly porous piezoelectric composites to determine their effective properties, on the basis of which models
of piezoelectric devices are constructed, and their output characteristics are calculated.
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AHHOTAUMSA

Beeoenue. BricOKONIOPHUCTBIC KOMITIO3UTHI — METAIUTHYCCKHE TICHBI — HAXOMAAT IIMPOKOE MPUMEHEHHE B CIUTy CBOHMX
MEXaHMYECKUX CBOMCTB. B JIMTEpATypC NPpEACTABIICHBI PA3JIMYHBIC METOAbI UX MAaTEMATUYCCKOTO MOJIC/IUPOBAHNS, B TOM
qHcIie, Ha OCHOBE IMEePHOANYEeCKUX siaeek | mocona-Omobu. [Ire30akTHBHBIE KOMIIO3HUTHI 00JIAAA0T PSAOM CBOMCTB, TAKUX
KaK BBICOKasl 4yBCTBUTEIBHOCTh CEHCOPOB U IIMPOKas 110JI0CA MPOIYCKaHUsl. DTUM 00YyCIIOBJIEH HHTEPEC K UX MOJEIIH-
poBanuto. OTHAKO TPU TIOCTPOCHUHM TAaKHUX MOJENEH M3 MbEe30KEePaMUUECKUX MATEPHaJOB BOZHHKACT OIpEcIICHHAS
TPYIHOCTb, CBSI3aHHAsI C BBIOOPOM pacIipe/ieIeHuUs IpeABapUTeNbHOM nomsipuzanuu. CienyeT OTMETUTb, YTO 3TOT BO-
POC, 0COOEHHO ISl BEICOKOTIOPUCTOH Me30KEPaMUKH, HEIOCTATOYHO H3Y4eH B nuTeparype. [loaToMmy menpro JaHHON
pa60T1)1 ABJIAJIOCH YCTAHOBJICHUC BJIMSAHUA MOACIIN MOJAPU3aANN Ha XapaAKTECPUCTUKHU TbE30AKTUBHOT'O KOMIIO3UTA.
Mamepuanst u memoost. Matepnana KOHCTPYKIIMH — Tbe30kepaMuka PZT-4, momspuzaims KOTopol CyIIeCTBEHHO 3aBH-
CHT OT yCJIOBUI ee HaBeAeHHs (TeOMETPUH MOJIENH, PACTIONOKEHHUS IeKTpoioB). MccienoBanue paszaeneHo Ha JBa miara:
B IIEPBOM IIPOBOJIUTCS PacUeT OCTATOYHOM MOJSIPHU3AIIHA HA OCHOBE TEOPHUN N3BECTHOH B IUTEPATYpE, PeaTU3anus KOTOPOi
ocymiectnieHa B makere ACELAN; Ha BTopoM peraercs psj 3aaad Ui ssYeKu KOMIIO3UTa U HAXOAUTCS 3aBUCUMOCTD €€
CBOHCTB OT MOJIENN TOJISIPH3aLUy. B kaduecTBe MeTo/1a pelIeHHsI COOTBETCTBYFOIIIX KPAEBBIX 3214 AJIEKTPOYIPYTOCTH IS
KYCOYHO-HEOTHOPOTHBIX TEJ UCIIONIL3YETCSl METO/I KOHEUHBIX AJIEMEHTOB, peann3oBaHHbil B makete ACELAN.
Pesynomamul uccnedosanus. Periena 3agaya onpeaesieHuss HEOAHOPOJHON MOJISIpU3ALMU ISl IBYX BUIOB KOHCTPYKLIMH
IUIOCKUX SIY€eK BHICOKOIIOPUCTOM Mbe3okepaMuku. OTMeUeHbl HEKOTOPhIE OCOOCHHOCTH MOJIY4YEHHOTO paclpeeIeHus
MOJISIPU3ALUH, B YACTHOCTH, €€ HEOJHOPOTHOCTh M HAIMYHME BCTPEYHOW MOJSIPHU3ALNU B HEKOTOPHIX pedpax. PemreHs
3ajJ]a4M OlpeeeHHs COOCTBEHHBIX YacTOT U (popM KoJieOaHUH «BHYTPH SUEHKM» U NX 3aBUCUMOCTb OT MOJIEJIH TOJISIPH-
3anuu (OAHOPOTHOW W HEOTHOPOIHOW). OTMEYaeTC s, YTO HEKOTOPBIE YacTOTHI oTirdaroTcs Ha 10 %, a hopmsbr komeba-
HHUI Ka4eCTBEHHO coBIanaroT. [IpoaHain3upoBaHa 3aBUCUMOCTh HAMTPSHKECHHO Je(POPMHUPOBAHHOTO COCTOSHUS U BBIXOJI-
HBIX XapaKTEPHUCTHUK OT IMOJIPU3AINH, Pa3HUIIA HEKOTOPHIX 3HAYSHUN KOTOPHIX tocturaia 15 %.

Oocyrcoenue u 3axnouenue. IIpoiiecc Mosipru3alui BEICOKOTIOPUCTHIX ThE30KEPaAMUK UMEET Psii 0COOEHHOCTEH, KOTO-
pBIe HEOOXOAUMO YUUTHIBATH [UIS TIOTyYEHHS TOCTOBEPHBIX CBEICHHI O €€ MEXaHMUECKOM H SJICKTPUIECKOM ITIOBEICHUH.
AYKCEKTHUYECKHE CBOMCTBA, pa3HUIIA B MEXaHUYECKOM U DJIEKTPUUIECKOM OTKIIMKE PACCMaTPUBAEMOMN STYEHKH HAMIPSIMYIO
CBSI3aHBI C STUMH 0cOOeHHOCTSIMH. TakuM 00pa3oM MOJIENb TOJSIPU3AIIH OKa3bIBaeT CYIIECTBEHHOE BIMIHUE HA XapaK-
TCPUCTUKHU NMTbE30AKTUBHOI'O KOMIIO3UTA, YTO ONPECACTIACT BAXKHOCTH €€ IPAaBUJILHOTO Bbl60pa. HOJ’Iy‘IeHHbIe pE3yJIbTaThl
HAJ0 YYUTHIBATh IPU MOJEIUPOBAHUH IIPEACTABUTEIBHBIX 00hEMOB BEICOKOMIOPHUCTHIX MBE30IEKTPHUECKUX KOMITO3H-
TOB JyIsI ONIpeeIeHuUs MX P PEKTUBHBIX CBOHCTB, HA OCHOBE KOTOPBIX CTPOSITCS MOZIEIIH ITbE303JIEKTPUUECKUX YCTPOHCTB
U PaCCUUTHIBAIOTCS MX BBHIXOJHBIC XapAKTEPHCTHKH.

KuawueBble ciioBa: BBICOKOIIOPpHUCTAsA NIbE30KEPAMUKa, HCOAHOPOAHAA MTOJIAprU3aliusd, IJI0CKasd ﬂqeﬁxa, METOA KOHCYHBIX
OJIECMCHTOB

BHaFO}IapHOCTI/I. ABTOpBI BbIpaXKaroT 6J'IaFOI[apHOCTB pe€aakuu XypHajla W PpCUHCH3CHTaM 3a BHHUMATCJIbHOC
OTHOIICHHUEC K CTAaThE.
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Introduction. One type of highly porous composite is a material constructed on the basis of Gibson-Ashby cells [1].
In [2], an assessment of the effective Young's modulus of porous titanium with open pores was performed on the basis of
a three-dimensional array of such cells. A comparison of the mechanical behavior of foam models composed of regular
and irregular arrays of open Gibson-Ashby cells is carried out in [3]. Figure 1 @ shows an open cell, Figures 1 » and 1 ¢
show modified Gibson-Ashby models with inclined edges for functionally graded lattice structures [4].

cell edge

a) b) ¢

Fig. 1. Schemes of cells of highly porous composite: a — Gibson-Ashby cell;
b — cell with inclined edges; ¢ — flat cell with inclined edges [4]

Homogenization methods used in modeling the effective properties of composites are considered in monographs [5, 6].
Studies on highly porous structures, such as foamy, cellular, honeycomb and cell structures are presented in monographs [7, 8],
in reviews [9-12], etc. In [13], the polarization of porous piezoceramics is considered experimentally and theoretically and,
based on a model example, features of some of its effective properties are theoretically explained, as mentioned above. The
issue of the effective properties of highly porous piezoelectric composites has not been sufficiently studied in the scientific
literature. This is primarily due to the fact that the process of describing the polarization of such structures is a certain difficulty.
This research is aimed at studying the influence of the polarization model on the stress-strain state of the cell and on the effective
properties of such composites. Two models are considered: the first model assumes uniform polarization; in the second, the
polarization distribution is calculated using methods and software known from the literature, among the developers of which is
one of the authors of this work. The work shows that the selection of the polarization model affects significantly the mechanical
properties of highly porous piezoelectric composites.

Materials and Methods

Mathematical Formulation of the Problem. We consider flat cells, which are elements of the structures shown in
Figure 1. The cell material is PZT-4 piezoelectric ceramics, described within the framework of the linear theory of
electroelasticity [14]. In the homogeneous case, it is polarized along the vertical axis, in the inhomogeneous case — the
polarization distribution is found according to the theory proposed in [15] and implemented in the finite element package
ACELAN [16].

Materials. Figure 2 a shows the geometry of a flat cell corresponding to the diagram in Figure 1 a with inclined edges,
the edge thickness is 1 mm, the external size is 10x10 mm. Figure 2 » shows a diagram of nonuniform polarization for
such a design, when the electrodes are located on the outer ends of the upper and lower vertical edges. The characteristic
feature of this polarization is its nonuniformity on inclined edges and the presence of its opposite directions on the upper
and lower horizontal edges. Figure 2 ¢ shows the polarization scheme for a composite element, whose periodicity is
realized through vertical and horizontal edges. The characteristic feature of the polarization of this element is the

practically unpolarized horizontal edges.
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a) b) ¢

Fig. 2. Schemes of cells and polarization of highly porous composite:
a — uniform polarization; » — nonuniform with electrodes on the lower and upper edges;
¢ — nonuniform with electrodes at the bottom and top on vertical edges

Methods. The finite element method (FEM) implemented in the ACELAN package is used as a method for calculating
the stress-strain state of cells [16].

Research Results. First, the natural frequencies and modes of vibrations “inside” the cell shown in Figures 1 c and 2 ¢
are investigated. In this case, the cell is fixed in the corners along the normal to the thickness of the horizontal and vertical
edges, which corresponds to the periodicity of the composite structure. Table 1 shows the natural resonance frequencies for
uniform and nonuniform polarization (Fig. 2 ¢), and Figures 3—5 show eigenvibrations at these frequencies.

Table 1
Eigenvibrations for Uniform and Nonuniform Polarization
Eigenvibrations in Hz
Frequency number \ Polarization

Uniform Nonuniform
1 0.43455 x 103 0.41271 x 103
2 0.47277 x 10° 0.47249 x 10°
3 0.54538 x 10° 0.49562 x 10°
4 0.61497 x 10° 0.58611 x 10°
5 0.67255 x 10° 0.67607 x 10°

For nonuniform polarization 1, 3 and 4, the natural frequencies are lower than for uniform polarization, but the
vibration modes 1-5 are qualitatively the same. Therefore, Figures 3—5 show the natural modes for a cell with uniform
polarization. Figures 3 a, b show the distribution of horizontal displacements and vertical displacements for the first
vibration mode. In Figures 4 a, b the distributions for the second mode of vibrations of horizontal displacements and for
the third mode of vibrations of vertical displacements are presented, respectively. In Figures 5 a, b the distribution of the
displacement modulus is presented for the fourth and fifth modes, respectively.
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Fig. 3. The first form of vibrations is uniform polarization:
a — distribution of horizontal displacements;
b — distribution of vertical displacements
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Fig. 4. Forms of vibrations of uniform polarization:
a — the second, distribution of horizontal displacements;
b — the third, distribution of vertical displacements
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Fig. 5. Forms of vibrations with the distribution of the displacement modulus
for uniform polarization: a — the fourth mode; b — the fifth mode

With longitudinal tension-compression of this cell in the vertical direction in the composite structure (modeled by the
free entire upper surface and the application of uniform pressure to the upper end of the vertical edges), the displacement
in the case of uniform polarization is 15% greater (Fig. 6 a). The potential on free electrodes is 3% higher in the case of
nonuniform polarization. It should be noted that the shear stresses (Fig. 6 b) are 10% higher in the case of nonuniform
polarization. The electromechanical coupling coefficient for the 7th oscillation mode (Fig. 6 ¢) is 14% higher for uniform
polarization of the cell.
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Fig. 6. Under the action of vertical pressure, the distribution of:
a — vertical displacement; b — shear stresses;
¢ — distribution of vertical displacement on the 7th oscillation mode

N
Mechanics

343



https://vestnik-donstu.ru

344

Soloviev AN, et al. Finite Element Modeling of a Flat Cell of Highly Porous Piezocomposite with Inclined Edges Taking ...

Calculations for the cell presented in Figures 2 a and b show that the vertical displacement (Fig. 7 a) under the action
of pressure on the end of the upper rod in the case of nonuniform polarization is 11% greater. In statics, under the action
of the potential difference at the lower and upper ends, the cell exhibits auxetic properties, which is associated with the
opposite polarization (Fig. 2 b) of the horizontal edges. Figures 7 b and ¢ show the distributions of vertical and horizontal
displacements. It is evident that when stretched vertically, the cell also expands horizontally.
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Fig. 7. Distribution: a — vertical displacement under the action of vertical pressure;
b — vertical displacement under the action of potential difference;
¢ — horizontal displacement under the action of potential difference

Discussion and Conclusion. Thus, on the basis of this stress-strain state (SSS), the effective properties of composites,
which are used in modeling piezoelectric devices, are found. Therefore, the study of the influence of the type of
polarization on the SSS of a highly porous piezoactive material is urgent.

The calculation of the preliminary polarization field in a cell of a highly porous material has shown that it depends
significantly on its geometry and the arrangement of the electrodes. These features include the fact that some edges are
practically not polarized, others are polarized in one direction, but nonuniformly, and, finally, edges with opposite
polarization may appear. The calculation of the mechanical and electrical response of the cell and its natural resonance
frequencies have proven that taking into account the nonuniformity of polarization leads to the fact that the magnitude of
the discrepancy between these results and the results for the model with uniform polarization reaches 15% and 10%,
respectively. And the cell with edges on which there is counter polarization exhibits auxetic properties. The paper shows
that in problems of determining the effective properties of highly porous piezoelectric composites based on the
construction of representative volumes from its cells, it is essential to take into account the inhomogeneous polarization
corresponding to their structure.

The practical relevance of the results obtained is due to the fact that the effective properties of composites allow for
modeling, calculation and optimization of various piezoelectric devices (sensors, emitters and receivers of acoustic waves,
piezoelectric generators, etc.) at the design stage.
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3aneneHHblIl 6K1A0 ABMOPOB:

A.H. CosoBbeB: (HOpMYITUPOBKA UICH 1 HCCIIEIOBATENILCKUX LIENEH 1 3a1a4, IPUMEHEHHE MAaTEMAaTHUECKUX METOI0B
aHaM3a ¥ CHHTE3a JaHHBIX HCCIICIOBaHU, Pa3paboTKa BCIIOMOTaTEIEHBIX aTOPUTMOB.

M.C. I'epmMaHuyK: IPOBEICHUE UCCIEIOBATENECKOTO MPOIlecca, a IMEHHO, IIPOBECHHUE YUCIEHHOT0 3KCTIEPUMEHTa
B makete ACELAN, noarotroBka u co3iaHue YepHOBHUKA PYKOIIHCH, TOPaOOTKA TEKCTA.

Kongnuxm unmepecos: aBTopsbl 3asiBJIsIIOT 00 0TCYTCTBHH KOH(JIMKTA HHTEPECOB.
Bce asmopbi npouumanu u 0000punu 0KOHYamebHbLI 6APUAHM PYKORUCU.

Received / Iloctynuaa B penakuuio 14.10.2024
Reviewed / IToctynuiia nociie penensuposanus 30.10.2024
Accepted / Ilpunsta k nyoauxamuu 08.11.2024


https://vestnik-donstu.ru/
https://www.elibrary.ru/author_profile.asp?id=15882
https://orcid.org/0000-0001-8465-5554
https://www.scopus.com/authid/detail.uri?authorId=55389991900
https://www.webofscience.com/wos/author/record/H-7906-2016
mailto:solovievarc@gmail.com
https://www.elibrary.ru/author_profile.asp?authorid=886296
https://orcid.org/0000-0002-7317-3768
https://www.scopus.com/authid/detail.uri?authorId=57222573725
https://www.webofscience.com/wos/author/record/O-2528-2017
mailto:m.german4uk@yandex.ru

