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Pedepar:

1. Po6oTa BukoHaHa Ha 165 cTopiHkax, BKJto4ae 42 inmocrtparii, 19 Tabnuup Ta 112 nocunaHHs Ha IKepera.
Jucepranis CKIagaeTbes i3 4 OCHOBHUX PO3[ijiB — Iepli [Ba IPUCBSYEHI ONKUCY TEOPETUYHUX 3acal, Ha AKUX
I'PYHTY€ETBCS NOCIIIPKEHHS, IO ONUCAHO y po3finax 3 ta 4. Po3nin 3 npucssyeHnii IpOBEEHHIO 004K CII0BATIBHOIO
€KCIIEPUMEHTY [JI1 OLIIHKM ME€XaHiYHOI NOBEIiHKY MaTepiasny 3i CTPYKTYPOIO iHBEpCHOTO onaiy. Y 4 po3nii
IIPOBOJIATHCS NOCTIIKEHHS 3a1eXXHOCTi koedinienTa [TyaccoHa Bi BHYTPilIHbOI FeOMETPii BUCOKOIIOPUCTOTrO
Marepiany Ha IPUKJaAi IPOCTOPOBOI CTPYKTypU iHBEPCHOTO O[)KOJIMHOTO CTiIbHUKA. Bu3HaueHHS e(peKTUBHUX
BJIACTUBOCTEN Pi3HOMaHITHUX CTPYKTYP CIIPHYAE MOIIYKY ONTUMAJILHUX MaTepiasiB 11 [0J0JIaHHS iH)KEHEPHUX

BUKJIMKIB B IHHOBAlLlilIHMX rajy3sx, TaKUX sIK aBia- Ta pakeToOyayBaHHs, iHPpopmMalliliHi Ta 060pOHHI TeXHOJIOTI],



6iomenr4Ha iHXeHepid, Tomo. JJOCIiIKeHH BILIUBY K CTPYKTYPU METamaTepialy Ha Oro peoJIoriYHui BillTyK,
TaK i BIUIUBY ,e(OPMYBaHHS Ha 3MiHy CTPYKTYPH, — € BaJIMBUM HAyYKOBUM Ta NIPAKTUYHUM 3aBAAHHSIM. B po6oTi
IOCJiI)KYBaJIMCh [Ba TUIIU CTPYKTYP MOPUCTUX MeTaMaTepiasiB — «iHBEpCHI oNaju» Ta «iHBepCHi OJ)KOJIMHI
CTinbHUKWY. [Ipy oMy OyJ1a BAJiZIEHA HU3KA IPOOJIeM JOTUYHUX [0 €(PEKTUBHUX PEOJIOTiYHUX BJIACTUBOCTEN
TaKUX MeTamaTepiaiiB. BinnosigHo 1o 1bOro, 06'€KTOM [OCIIIPKeHHS AUcepTaliiiHOl pobOTH € pi3HOMaHITHI
BIIOPSIIKOBaHI BUCOKOIIOPUCTi NEPIONYHI CTPYKTYpU iHBEpCHOTO ONajly Ta iHBEPCHOrO 6P)KOJIMHOTO CTi/IbHUKA.
[IpenmeToM OCTiIKEHHS € IIpoLeC Nepexoy LIMX MaTepiasiB BiJ, 3BOPOTHUX [0 HE3BOPOTHUX AedopMalliil Ipu Iii
30BHIIIHIX 3yCHJIb. METOIO ITOCII>KEHHS! € 3HAXOIPKEHHS 3aJIEKHOCTEN MK FeOMETPUYHMMU XapaKTEPUCTUKAMU
[IOPOBOTO IIPOCTOPY Ta MEXaHIYHUMU BJIACTUBOCTIMU MarepianiB. OCHOBHMMH 3aBIAHHSIMU IUCEPTALIHOTO
IOCJIIPKEHHS €: - 3HaXO[KEHHS IIPY>KHUX i INIACTUYHYMX BJIACTUBOCTEN MaTepiasiB; - aHaJITUMHUI OIUC
3aJIEXKHOCTEM MEXaHIYHUX BJIACTUBOCTEN i FEOMETPUYHUX XaPAKTEPUCTUK CTPYKTYP; - ONTUMi3allisl reoMeTpii
CTPYKTYP, 10 XapaKTepu3ylThCs BieMHUM KoedilieHToM [TyaccoHa. B 0CHOBY LIbOTO gucepTaLiiiHOro
IOCJiIKeHHSI TTOKJIaZleHO MeTOA MIKpOMEeXaHiKH i3 3acToCcyBaHHSIM 00UYUCIIOBAJIbHUX METO/IB aHasIi3y MPOIECiB,
METOJly CKiHYEHHUX €JIEMEHTIB. BUKOpHCTaHHS METO/IiB MiKpOMEXaHiK1 00yMOBJIEHO THM, 10 32 PaXyHOK
NepioAMYHOCTI CTPYKTYPU MU MOXKEMO 4iTKO BUOKPEMUTH €JIEMEHTApPHUIL 06'€M y IIPOCTOPI, 0 pO3risgaeThest. Le
Jlae 3MOTY paliOHaJIbHO BUKOPUCTOBYBAaTH PECYPCH OOUMCIIIOBAIbHOI TEXHIKY, IO B IIEPIIY YEPTY MA€ SIK PE3yJIbTaT
€KOHOMIIO Yacy, a y BUIAJIKy [IOAPIOGHEHHS CiTKM CKiHY€HHUX €JIEMEHTIB — 361/IblIIEHHs] TOYHOCTi pO3paxyHKy. 3a
pe3yJbTaTaMu JOCiIKeHHS 6yB C(POPMOBAHUI PSIJi BUCHOBKIB, 1I0 ONIMCYIOTh HAYKOBY HOBU3HY Ta ITPAaKTUYHE
3HAYEHHs AUcepTaliiiHoi po6oTu: 1. Bnepiue 6ys0 3HaleHO rPaHNYHI 3HAaY€HHS HAllpY)KeHb [IPY>KHOTO
nedOopMyBaHHS [1J11 iHBEPCHO-0IaJIOBOTO TIOPMCTOrO MaTepialy 3 METalIeBOI0 MaTPULIEIO /1JIs1 BChOTO J1iarla3oHy
CXEM HaBaHTaXXEHHSL. 2. Biepiue AJ1s1 MIMPOKOro Aiana3oHy CTPYKTYPHU iHBEPCHOTO onajy 0yJio 3HaieHO €(PEKTUBHI
MOZYJIi IPYKHOCTI. 3. ByJI0 3MOZE€/IbOBaHO MPOL,EC HE3BOPOTHOTO IJIACTUYHOTO CTUCHEHHSI IOPUCTOr0 MaTepiany 3
iHBEPCHO-0MAJIOBOIO CTPYKTYPOIO &K IO MOMEHTY, KOJIA CTPYKTYpa IIOP CTa€ 3aKpUTOIO. 4. Bysio nmokasaHo, 1o
ineHTHpiKalis 1aCTUYHOI 10BEIiHKY iHBEpPCHOTO ONajly HEBiIOMOI CTPYKTYPH 32 LOIIOMOT0I0 IPOCTOr0
€KCIIEPMMEHTY Ha OJHOBICHE HABaHTAXKEHHSI € KOPEKTHOIO TiJIbKU Y BUCOIIOPUCTOMY BUMNAIKY. B IpoTHBHOMY
BUIIAJIKy TPOTHO30BAHA 34 PE3yJIbTaTaMU €KCIIEPUMEHTY Ha OJJHOBiICHE HaBAaHTAKE€HHSI BEJIMYMHA IPAHULL] TEKYy4OCTi
Ha BCeOiYHMI CTUCK Jae oxuoKy Ha 30%. 5. 7151 3pyYHOCTI BUKOPUCTAHHS OTPMMAaHOI MOJieJli IIJIaCTUYHOCTI B
[IaKeTax CKIH4EHO-EJIEMEHTHOI'O MOJEJIIOBAHHS 3 METOIO ONTUMI3allil KOHCTPYKLiN 3a HAABHOCTI B HUX €JIEMEHTIB
iHBEpCHOTO omnainy, 6yJ0 3/1iiCHEHO HAOIMKEHHSI OTPMMAHUX OOYMCIIIOBA/IBHUX JAHUX (PEHOMEHOJIOTIYHOIO
mogemno Jlemnanga-®neka. BusgBuiocs, o Take HabIMKEHHS JOCUTh KOPEKTHE, TOOTO (pOpMa KpHUBOi TEKYUYOCTi B
IJIOLIMHI iHBapiaHTIB TeH30pa HANPY>KeHb 0J1M3bKa A0 elinTu4Hoi. 6. Ha npukiazi ckianHoi NpocTopoBoi
CTPMXHEBOI CTPYKTYpU OyJI1a JOCIIKEHA ayKCETMYHA MTOBE[iHKA METaMaTepialiB, M0 € BAKJIMBUAM JJ1s1
[IPOTHO3yBaHHS MEXaHIYHUX BJIACTMBOCTEN MaTepiay i ONTHMMi3aLlii 10ro BHYTPIIHbLOI CTPYKTYPU IIPU
BHMKOPHUCTaHHI y eJleMeHTax 3aXUCHUX KOHCTPYKILil. 7. Bysio nokazaHo, mo koediuienT [TyaccoHa HabyBae Bifj€eMHUX
3Ha4YeHb 32 BiTHOCHO BUCOKUX 3HaY€Hb [IOPUCTOCTI CTPYKTYPH iHBEPCHOTO GJ)KOJIMHOTO CTi/IbHUKA — TIOHAT, 75% i
[IEPEB)KHO BU3HAYAETHCS FEOMETPIEI0 CTPYKTYPU. 8. Pe3ysibTaTu JOCIiIKEHHS I0KA3aJIH, 10 3HAY€HHS
KoedinienTa I[lyaccoHa cTpyKTypu iHBEpCHOTO OI)KOJIMHOTO CTIIbHUKA MOKYTh BapiloBaTUCs Y LIMPOKOMY
IianazoHi py BiTHOCHO Mavlifl 3MiHi BeJIMYMHU NOPUCTOCTI (3%) 32 paxyHOK BBEJIEHHS Y T€OMETPIl0 CTPYKTYPH
IOJATKOBUX C(PEpPUYHUX BY3JIiB y MiCLSX [IEPETUHY CTPWKHIB. Kito4oBi ciosa: MikpoMexaHika, MeTamaTepiany,
IIPYXHICTb, IJIACTUYHICTD, fedopmariiss, MOAyIb PYKHOCTI, koedilieHT ITyaccoHa, anpokcumallis, IOPUCTICTb,
MMOBEPXHsI HABAaHTAa’KEHHSI, MeTO]] CKiHYeHHUX eJIEMEHTIB, eJleMeHTapHa KOMipKa, e(peKTHBHi BIaCTUBOCTI,

iHBepcHUI oma, iHBepCHUI 61)KOJIMHUI CTiNIbHUK.

2. The work is executed on 165 pages, includes 42 illustrations, 19 tables and 112 references. The dissertation
consists of 4 main chapters - the first two are devoted to the description of the theoretical foundations on which
the study is based, which are described in Chapters 3 and 4. Chapter 3 is devoted to a computational experiment to
evaluate the mechanical behaviour of a material with an inverse opal structure. Chapter 4 investigates the
dependence of the Poisson's ratio on the internal geometry of a highly porous material using the example of the
spatial structure of an inverse honeycomb. Determining the effective properties of various structures helps to find



optimal materials to overcome engineering challenges in innovative industries such as aircraft and rocketry,
information and defence technologies, biomedical engineering, etc. Investigating the influence of both the
structure of a metamaterial on its rheological response and the effect of deformation on structure change is an
important scientific and practical task. Two types of structures of porous metamaterials - "inverse opals" and
"inverse honeycomb" - were investigated in this work. A number of problems related to the effective rheological
properties of such metamaterials were identified. Accordingly, the object of study of this thesis is a variety of
ordered highly porous periodic inverse opal and inverse honeycomb structures. The subject of the study is the
process of transition of these materials from reversible to irreversible deformations under the action of external
forces. The aim of the study is to find the dependencies between the geometric characteristics of the pore space
and the mechanical properties of materials. The main tasks of the dissertation research are: - Determination of the
elastic and plastic properties of materials; - analytical description of the dependencies of mechanical properties
and geometrical characteristics of structures; - optimisation of the geometry of structures characterised by a
negative Poisson's ratio. This dissertation study is based on the methods of micromechanics with the use of
computational methods of process analysis, the finite element method. The use of micromechanics methods has
been chosen since, due to the periodicity of the structure, we can clearly distinguish the elementary volume in the
space under consideration. This allows us to rationally use computer resources, which primarily results in time
savings and, in the case of finite element mesh refinement, an increase in calculation accuracy. Based on the
results of the study, several conclusions have been formed that describe the scientific novelty and practical
significance of the dissertation: 1. For the first time, the limit values of elastic deformation stresses for an inverse-
opal porous material with a metal matrix were found for the entire range of loading schemes. 2. For the first time,
effective elastic moduli were found for a wide range of inverse opal structures. 3. The process of irreversible
plastic compression of a porous material with an inverse-fuel structure up to the moment when the pore structure
becomes closed was modelled. 4. It has been shown that the identification of the plastic behaviour of an inverse
opal of unknown structure using a simple uniaxial loading experiment is correct only in the highly porous case.
Otherwise, the uniaxial loading experiment results in an error of 30% in the yield strength in all-round
compression. 5. For the convenience of using the obtained plasticity model in finite-element modelling packages
to optimise structures with the presence of inverse opal elements in them, the obtained computational data were
approximated by the phenomenological Deshpande-Fleck model. 6. The auxetic behaviour of metamaterials was
studied on the example of a complex spatial rod structure, which is important for predicting the mechanical
properties of the materials and optimising their internal structure when used in elements of protective structures.
7.1t has been shown that the Poisson's ratio acquires negative values at relatively high values of the porosity of the
inverse honeycomb structure - more than 75% and is mainly determined by the geometry of the structure. 8. The
results of the study showed that the values of the Poisson's ratio of the inverse honeycomb structure can vary in a
wide range with a relatively small change in the porosity value (3%) due to the introduction of additional spherical
nodes in the geometry of the structure at the intersection of the rods. Key words: Micromechanics, metamaterials,
elasticity, plasticity, deformation, elastic modulus, Poisson's ratio, approximation, porosity, loading surface, finite
element method, unit cell, effective properties, inverse opal, inverse honeycomb.
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