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VY nucepramiiHoMy JOCHIDKEHHI BHUKJIQJACHO TWIAXiJ 10 TOMOTeHi3alii
OJIHOCIIPSIMOBAaHUX KOMITIO3UTIB 13 TPAHCTPOIMHUMHU MATPUIICIO Ta TMOPOKHUCTUMHU
BOJIOKHaMHU. 3a JIONOMOTOK METOAY MPEACTABHUIBKOIO O0’€MHOTO EJIEeMEHTY
PO3B’sA3aHO KpaioBi 3a7a4i PO MO3A0BXKHIN Ta MONIEPEUHUN PO3TAT, MO3I0OBXKHIN Ta
MOTIEPEYHUH 3CYB JUIsl HEOJJHOPITHOTO Ta TOMOT€HI130BaHOTO MaTepiany. OTpuMaHo
aHANITUYHI  CIHIBBIJHOWICHHS Il  BU3HAUYEHHA  €(DEKTUBHUX  MPYKHUX
XapaKTEePUCTUK BKa3aHUX KOMIIO3UTIB. 32 OCHOBY OOpaHO KIHEMaTUYHUN KpUTEpii
Y3TOJKCHHSI.

OcHOBHA YacTUHA JUCEPTAIlil CKIAA€ThCS 3 BCTYIY, YOTHPHOX PO3ILIIB Ta
BHUCHOBKIB.

OOrpyHTyBaHHSI BUOOPY TEMHU JOCTIKEHHS, OPMYJIFOBAaHHS METH, 3aB/IaHb,
METO/IB JOCIHIKEHHS, HAYKOBY HOBHU3HY Ta MPAaKTHUYHE 3HAYEHHS OTPUMAaHHUX
pe3ynbTaTiB BUKIAAEHO y BcTyni. HaBoauTbest oOrpyHTYBaHHS Ta JOCTOBIPHICTH
OTpUMaHUX pe3yabTaTiB. PO3kpuTO 0cOOMCTHI BHECOK 3/100yBava y JOCTIKEHHSIX,
BUKOHAHWX Yy CIIIBaBTOPCTBI, MOJAHO BIJIOMOCTI IIOAO ampoOarlii pe3ysbTaTiB
JYcepTalii.

VY mepmioMy po3aini BUCBITIIOIOTHCS OCHOBHI MIAXOAW 1O BU3HAYCHHS
HaIpy>KEeHO-1e(OPMOBAHOTO CTaHy BOJIOKHHCTUX KOMIIO3UIIIMHUX MartepiajiB Ta
KOHCTPYKIIiM, CIIPOEKTOBAHUX 3 iX BUKOpPUCTaHHAM. OcCOONMBY yBary mpHaUIEHO
BpaxyBaHHIO ceM(IYHUX BIACTUBOCTEHN CKIIAJIOBUX, TAKUX SIK B’ SI3KOMPYKHICTh,

aH130TpOIIISI Ta 1HIIKX, MPU BU3HAYEHH1 €()EKTUBHUX MEXAHIYHUX XAPAKTEPUCTHUK



komno3uTa. OKpeMoO BHCBITJIEHI MUTAaHHS FOMOTEHI3allll KOMIIO3UTIB, apMOBAHUX
MOPOKHUCTUMHU BOJIOKHaMHU. Bim3HadeHi mepeBarnm Ta HEMOMIKA YUCETBHUX Ta
EKCIIEPUMEHTAJILHUX MIJIX0/IIB O BU3HAYEHHS HANpPyKeHO-e(OPMOBAHOTO CTaHy
TaKUX KOMIIO3UTIB Yy TMOPIBHIHHI 3 aHaMITHYHUMU MeTojnamu. Ha ocHOBI
MIPOBEICHOT0 aHa13y c(hOPMYJILOBAaHO OCHOBHI 3aB/IaHHS, sIKI HEOOX1THO BUPIIITUTH
B XO/1 JOCHIIKECHHS.

Y 1poMy po3diii HaBEAEHO OCHOBHI CITIBBITHONIICHHS MJIi BU3HAYCHHS
e(eKTUBHUX MPYKHUX XAPAKTEPUCTUK KOMIIO3UTIB 3 MOPOKHUCTUMHU BOJIOKHAMM,
KOMIIOHEHTH SIKUX € 130TPONMHUMHU Martepiaiamu, oTpuMmani [. A. Baninum Ta
. M. KapmniHocowm.

Jlpyruii  po3Aill  BHUCBITJIIOE OCHOBHY 1/1€0 3aCTOCYBaHHS METOAY
MPEACTAaBHUIBKOIO 00 €MHOTO  €JIIEMEHTY i BHU3HAYEHHS €(QEKTUBHHUX
MEXaHIYHUX XapaKTEPUCTUK OJHOCIPSMOBAHOTO KOMIIO3MIIMHOIO Mmarepiany 3
HNOPOKHUCTUMHU BOJIOKHaMHU. BHU3HA4eHO OCHOBHI KOMIIOHEHTH HaIpYyXEHO-
neOopMOBaHOTO  CTaHy  TPAHCTPOIIHUX  KOMIIOHEHTIB ~ KOMIIO3HTY  Ta
TOMOT'€HI30BaHOTO OJHOPITHOTO MaTepiaidy Mpu MomnepeuHux Aedopmaiisx. 3a
OCHOBY B3SITO YMOBY 1J€allbHOTO KOHTAKTy Ha MeXi «MaTpHUIS-TIOPOKHHUCTE
BOJIOKHOM.

Posrasigaerbest MeToarKa BUBHAUEHHS €(PEKTUBHUX MPYKHUX XapAKTEPUCTUK
IIPU TIOTIEPEYHOMY PO3TSATY Ta YUCTOMY MOTIEPEYHOMY 3CYBI. [IJIst KOXKHOTO BUMAIKY
po3B’si3aHO JIBI KpaiioBi 3amaui. llepma 3amada mpo cymicHe nedopmyBaHHS
MaTpHI 1 TOPOKHUCTOIO BOJIOKHA, Ipyra — Mpo J1e(opMyBaHHS TOMOT'€HI30BAHOTO
TpaHCTpONHOTO Martepiany. Iliaxin, sSKuil 3amporoOHOBAHO I BUKOPUCTAHHS,
IPYHTYETHCS Ha 3aCTOCYBAaHH1 KIHEMAaTHYHUX YMOB y3TO)KEHHS MIEPEMILIEHb TOUOK
TOMOTEHI30BaHOTO KOMITO3UTY Ta HOTO CKIAJAOBHX — MAaTpPHIl Ta TMOPOXKHUCTOTO
BOJIOKHA.

[TocTaHOBKM KpalOBUX 3a7a4 Ta X PO3B’SI3KU MPHU MO3OBXKHIX AehopMaIrisix
JUTSE OTHOCTIPSIMOBAHOTO KOMITO3UIIIHHOTO MaTtepiany 3 MOPOKHUCTHM BOJOKHOM
HaBeJIeHI Yy TpeThoMy po3aimi. OTpuMaHO aHANITHYHI CHIBBIIHOIICHHS IS

BU3HAUCHHS €(QEKTUBHUX TI03/I0BXKHBOTO MOAYJS TMPYKHOCTI, KoedimieHTa



[Tyaccona Ta mO3AOBXKHBOTO MOy 3CYBY Takux KOMIO3uTiB. CKianoBi
KOMIIO3UTa TpUWMaiucs TpaHCTponHUMHU. CHIBBITHOWIEHHS JUIsI  KOXKHOI
XapaKTEepPUCTUKU OTPUMAHO 13 PO3B’s3aHHS JBOX KpailoBux 3anay. Ilepma mpo
cyMicHe JedopMyBaHHS MAaTpUIll 1 TIOPOKHUCTOrO BOJOKHA. [lpyra —
nehopMyBaHHS OJTHOPITHOTO TPAHCTPOIMHOTO MaTepiaiy, 0 MOJAEIIOE KOMITO3HUT.
Sk ymoBa y3ro/i>KeHHs U1l 000X 3a7a4, BAKOPUCTOBYBAJIACh PIBHICTh KOMITIOHEHTIB
BEKTOPY MEePEMIIICHb.

YerBepTHii po3/Iija NPUCBIYECHUN BUKOPUCTAHHIO OTPUMAHUX y JIPYroMy Ta
TPETbOMY pO3[iJaxX CHIBBIAHOIICHb MJI PO3PaxXyHKy €(QEKTUBHUX MPYKHHUX
XapaKkTepUCTUK BOJIOKHUCTUX  KOMIIO3UTIB. OO4YMCIEHHS MpOBEACHI s
NBOX(a30BUX OJHOCHPSIMOBAHMX BOJIOKHUCTHUX KOMIIO3HUTIB 3 130TPOIHUMU
KOMIIOHEHTaMH, a TaKOX JUIsl BHUIIAJKy TPAHCTPOMHHUX BOJIOKOH. IIpencraBneni
pe3yabTaTH po3paxyHKiB Bi0OpakKaroTh 3aJI€KHICTh €PEKTUBHUX MPYKHUX CTATTUX
KOMITO3UIIITHOTO Marepiainy BiJi 00’€MHOro BMICTYy Marepiajly BOJIOKHa Ta
MOPOKHUHU B MaTepiaii KOMIIO3UTY.

Po3paxyHku eQEeKTUBHHX MEXaHIYHMX XapaKTePUCTHK BOJIOKHUCTHX
KOMITO3UIIIHUX MaTepiaiiB 3a OTpUMaHUMHU (QOpMyJIaMH JEMOHCTPYIOTh BHCOKY
30DKHICTh pe3yJbTaTiB 3 OOUMCIICHHSIMHU 3a criBBigHomeHHIMHU I'. A. Banina Tta
1. M. Kapminoca.

Ha oOCHOBI BHMKOHAaHOrO JOCHIIKE€HHA C(HOPMYIbOBAHO BUCHOBKH 3a
JUCEPTAIIITHOI0 pOOOTOIO.

HaykoBa HOBM3Ha OTpUMAaHHX PE3YIbTATIB IMOJATAE Y TAKOMY: PO3BUHEHO
METOJl  MNPEACTABHULIBKOTO 00’eMHOTO €JIEeMEHTy Ui  TOMOTeHI3allil
OJTHOCTIPSIMOBAHOT'O KOMITO3ULIIHHOTO MaTepiainy 3 TPAaHCTPOIIHUMHU MAaTPHIICIO Ta
MOPOKHUCTUM BOJIOKHOM TIPH TIOTIEPEUHOMY Ta TI03I0BKHEOMY PO3TATY 1 3CYBI, 10
IPYHTYEThCS HA BUKOPUCTAaHHI KIHEMAaTHYHUX YMOB Y3TO/DKEHHS TEpPEMIIICHb
KOMIIO3UTY Ta WOro CKJIAJOBHX; BIIEpIIe, HAa OCHOBI pO3B’sI3aHHSA 3ajadi
rOMOT€HI3allli Mpo MOMEPEYHUN PO3TAr Ta YUCTUN MOMEPEYHUHN 3CYB, OTPUMAHO
aHAJIITUYHI CHIBBITHOLLIEHHS /Ul BU3HAYEHHSI TIONIEPEUHOT0 MOJYJIS MPY>KHOCTI Ta

koedimienta IlyaccoHa OAHOCHPSAMOBAHOTO KOMIO3UTY 3 TPAHCTPOITHUMU



MaTpPHUILIEIO Ta TOPOKHUCTUM BOJOKHOM, IO 3aJI€KaTh B/l IPY>KHUX XapaKTEPUCTHK
HOro CKJIaJ0BUX Ta 00’€MHOTO BMICTy MaTepially BOJIOKHAa Ta TOPOKHUHU Y
KOMIIO3UTI; BIEPIIIE, HA OCHOB1 PO3B’sI3aHHS 3a/1a4l TOMOTEHI3aIlii PO MO3I0BXKHIN
PO3TST Ta YUCTUN TO3I0BXKHIH 3CYB, OTPMMAHO aHATITHYHI BUPA3H IS PO3PAXYHKY
MO3/10BXKHBOTO MOZYJS MPYKHOCTI, KoedimieHnta IlyaccoHa Ta mMoO370BKHBOTO
MOJyJI 3CYBY OJHOCHPSMOBAHOTO KOMIIO3HMILIMHOIO MaTepially 3 HOPOKHUCTUMHU
BOJIOKHAMH Y BUTIQIKY TPAHCTPOITHOCTI 000X KOMIOHEHT KOMIO3HTY, L0 3aJIeXKAaTh
BIJl MPYXHUX XapaKTEPUCTHK HOro CKJIaJ0BUX Ta 00’€MHOr0 BMICTY Marepiairy
BOJIOKHA Ta TMOPOXKHUHU Yy KOMIIO3HTI; BIEpIIE MPOBEACHO PO3PAaXyHKH 3a
OTpUMaHUMH (POpMyJIamMH Ta MOOYJOBAHO 3aJEKHOCTI €(PEKTHUBHUX NPYHKHUX
CTAJIMX KOMITIO3UTIB 3 MOPOKHUCTUMHU BOJIOKHAMHU B1J] 00’ €MHOTO BMICTY MaTepiary
BOJIOKHA Ta MOPOKHUHU Y KOMIIO3ULIKHOMY MaTepiall.

[IpakTuHe 3Ha4YeHHS pe3ynbTaTiB pPOOOTH MOJIATAE Y MOMKJIMBOCTI
0e3nocepelHbOr0 BUKOPUCTAHHS OTPUMAHMX AHAJITUYHUX CIIBBIIHOLIEHb IS
BU3HAUCHHS €(DEKTHBHUX TPYKHUX CTANHX JBOX(A30BUX OTHOCIPSIMOBAHHUX
KOMIIO3UIIITHUX MaTepiaiiB 3 MOPOKHUCTUMU BOJIOKHAMH, IO CKIAAAIOTHCS SK 13
130TPOIHUX, TAK 1 TPAHCTPOMHUX KOMIOHEHTIB. [IpeacTaBieni y poOOTi aHaTITHYHI
3aJIEKHOCTI JIO3BOJISIIOTH HA CTall MPOEKTYBAHHS, BApPIIOIOYH MaTepiajoM MaTPHIII,
MarepiaJioM BOJIOKHa, O0’€MHMM BMICTOM BOJIOKHA Ta 00’€MHHUM BMICTOM
NOPOXKHUHU Yy HbOMY, OTPUMYBAaTH KOMIO3MIIHHI MarTepiaiu 13 panioHaJIbHUMHU

XapaKTEPUCTUKAMHU.

BOJIOKHUCTUM  KOMIIO3UT, E®EKTUBHI XAPAKTEPHMCTHKU,
MATPUILLA, ITOPOXHUCTE BOJIOKHO, TPAHCBEPCAJIBHO-
I30TPOITHUM MATEPIAJI, TOMOI'EHI3AIIS, MOAYJIb IIPY>XHOCTI,
MOAVIJIb 3CYBY, KOEDILICHT ITYACCOHA



ABSTRACT

Stoliarova A. V. Homogenization of composite material with hollow
transtropic fibers. — Qualification scientific work, manuscript.

Thesis for the degree of Doctor of Philosophy, specialty 113 “Applied
Mathematics” — Zaporizhzhia National University, Zaporizhzhia, 2021.

In the dissertation research, the approach to a homogenization of
unidirectional composites with transtropic matrix and hollow transtropic fibers is
stated. Using the method of a representative volumetric element, the boundary value
problems of longitudinal and transverse elongation, longitudinal and transverse
shear for innomogeneous and homogenized material are solved. Analytical ratios to
determine the effective elastic characteristics of these composites were obtained.
The kinematic criterion of coordination is chosen as a basis.

The main part of the dissertation consists of an introduction, four sections, and
conclusions.

The justification of the choice of the research topic, formulation main aim,
tasks, research methods, scientific novelty, and practical significance of the obtained
results are stated in the introduction. Given justification and reliability of the
obtained results. Presented personal contribution of the applicant in the researches
executed in co-authorship is revealed, the information on approbation of results of
the dissertation.

The first section covers the main approaches to determining the stress-strain
state of fibrous composite materials and structures designed using them. Particular
attention is paid to taking into account the specific properties of the components,
such as viscoelasticity, anisotropy, and others when determining the effective
mechanical characteristics of the composite. The issues of homogenization
composites, reinforced by hollow fibers, are covered separately. The advantages and

disadvantages of numerical and experimental approaches to determining the stress-



strain state of such composites, compared to analytical methods, are noted. Main
tasks, that need to be solved during the research, are formulated based on analysis.

This section presents basic relations for determining the effective elastic
characteristics of composites with hollow fibers, components of which are isotropic
materials, obtained by G. A. Vanin and D. M. Karpinos.

The second section covers the basic idea of applying the method of a
representative volumetric element to determine effective mechanical characteristics
of unidirectional composite material with hollow fibers. The main components of
the stress-strain state of the transtropic components of the composite and the
homogenized homogeneous material at transverse deformations are determined. The
condition of perfect adhesion between the materials of the matrix and the hollow
fiber is taken as a basis.

The method of determining the effective elastic characteristics at transverse
elongation and simple transverse shear is detailed. Two boundary value problems
are solved for each case. One of them about the common deformation of the matrix
and the hollow fiber, the second — the problem of deformation of homogenized
transtropic material. The proposed approach is based on the application of kinematic
conditions of coordination of displacements for points of the homogenized
composite and its components — matrix and hollow fiber.

Statements of boundary value problems and their solutions for a unidirectional
composite material with hollow fiber at longitudinal deformations are given in the
third section. Analytical relations to determine the effective longitudinal modulus of
elasticity, Poisson's coefficient, and longitudinal shear modulus of such composites
were obtained. The components of the composite were taken transtropic. The ratio
for each characteristic is obtained by solving two boundary value problems. The first
is about the common deformation of the matrix and the hollow fiber. The second is
the deformation of a homogeneous transtropic material that models the composite.
The equality of the components of the displacement vector was used as a condition

of the agreement for both problems.



The fourth section is devoted to the use of relations obtained in the second and
third sections to calculate the effective elastic characteristics of fibrous composites.
The calculations were performed for two-phase unidirectional fibrous composites
with isotropic components, as well as for the case of transtropic fibers. The presented
calculation results reflect the dependence of the effective elastic constants of the
composite on the volumetric content of the fiber material and the cavity inside the
composite material.

Calculations of the effective mechanical characteristics of fibrous composite
materials according to the obtained formulas demonstrate a high convergence of the
results with the calculations based on the ratios of G. A. Vanin and D. M. Karpinos.

Conclusions on the dissertation work based on the performed research are
formulated.

The scientific novelty of the obtained results is as follows. Firstly, developed
a method of representative volumetric element for homogenization of unidirectional
composite material with transtropic matrix and hollow fiber at transverse and
longitudinal elongation and shear. It is based on the use of kinematic conditions of
coordination of displacements of composite and its components.

Secondly, for the first time, based on the solution of the problem of
homogenization on transverse elongation and simple transverse shear, were obtained
analytical ratios for determining the transverse modulus of elasticity and Poisson’s
coefficient of a unidirectional composite with a transtropic matrix and hollow fiber,
depending on the elastic characteristics of its components and volumetric content of
fiber and the cavity inside the composite.

Thirdly, for the first time, based on the solution of the problem of
homogenization of longitudinal elongation and simple longitudinal shear, were
obtained analytical expressions for calculating the longitudinal modulus of
elasticity, Poisson's ratio, and longitudinal shear modulus of unidirectional
composite material with hollow fibers in the case of transtropeness of both
components of the composite, depending on the elastic characteristics of its

components and volumetric content of fiber and the cavity inside the composite.



Fourthly, for the first time calculations according to the obtained formulas
were performed, and the dependencies of effective elastic constants composites with
hollow fibers on the volumetric content of fiber and cavity inside the composite
material were constructed.

The practical significance of the work results lies in the possibility of direct
use of the obtained analytical relations to determine the effective elastic constants
two-phase unidirectional composite materials with hollow fibers, which consisting
of both isotropic and transtropic components. The analytical dependences presented
in this thesis allow to obtain composite materials with rational characteristics at the
design stage, varying the matrix’s material, fiber’s material, volumetric fiber’s

content, and volumetric content of the cavity in it.

FIBROUS COMPOSITE, EFFECTIVE CHARACTERISTICS, MATRIX,
HOLLOW FIBER, TRANSVERSALLY-ISOTROPIC MATERIAL,
HOMOGENIZATION, MODULUS OF ELASTICITY, SHEAR MODULUS,
POISSON'S COEFFICIENT
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