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VY nucepraimiiiHOMy JOCHIDKEHHI BHUKJIQJCHO MIAX1A J0 TOMOTreHi3alil
OJTHOCTIPSIMOBAaHUX KOMITIO3UTIB i3 TPAHCTPOITHUMH MATPHIICIO Ta TOPOKHUCTUMHU
BOJIOKHAMH. 3a JOTIOMOTOI0 METOJy NPEJICTaBHHIIBKOTO 00’€MHOTO CIEMCHTY
PO3B’s13aHO KpaioBi 3a/1a4i PO MO3J0BXKHIM Ta MOMEPEUYHUN PO3TAT, MO30BXKHIN Ta
NOTIEPEYHU 3CYB JJI1 HEOAHOPITHOTO Ta TOMOTEHI30BaHOTr0 Marepiany. OTpuMaHo
aQHAJITAYHI  CITIBBIAHONIGHHS  JUIsl  BU3HA4YeHHS  €(QEKTUBHUX  MPYKHUX
XapaKTepUCTUK BKa3aHUX KOMITO3UTIB. 32 OCHOBY O0OpaHO KiIHEMaTUYHUIN KpUTEpii
y3TOJ[KEHHSI.

OcHOBHA YaCcTHHA JUCEPTallil CKIAAAETHCSA 3 BCTYITY, YOTHPHOX PO3ALTIB Ta
BHUCHOBKIB.

OOGrpyHTYBaHHSI BUOOPY TEMH JOCIIKCHHS, (hOPMYJTIOBAaHHS METH, 3aBJIaHb,
METOMIB JOCIIIHPKCHHsS, HAYKOBY HOBH3HY Ta MPaKTUYHE 3HAYCHHS OTPUMAaHHX
pE3yNbTaTIB BUKIAACHO y BCTymi. HaBoauThcs oOTpyHTYBaHHS Ta JOCTOBIPHICTH
OTPpUMAaHUX pPe3yiabTaTiB. PO3KpHTO 0cOOMCTHI BHECOK 3100yBaya y JOCIIKCHHSX,
BUKOHAHMX Yy CIIBaBTOPCTBI, MOJAHO BI1JIOMOCTI HI0OJ0 ampobarlii pe3yiabTaTiB
JUCepTaItii.

Y mepmomMy po3aiai BHCBITIIOIOTBCS OCHOBHI TMiAXOAW JIO0 BH3HAYCHHS
HaIpy>KeHO-1e(POPMOBAHOTO CTaHy BOJOKHHUCTUX KOMIO3UIIIMHUX MaTepiaiiB Ta
KOHCTPYKIII, COPOEKTOBAHUX 3 1X BUKOpUCTaHHAM. OcoOJIMBY yBary NpuIUICHO
BpPaxyBaHHIO CIICIHU(IYHNX BIACTUBOCTEH CKIIAIOBUX, TAKUX SK B’ SI3KOMPYKHICTB,

aHI30TPOIIA Ta IHIIMX, MPU BU3HAUYCHHI €(DEKTUBHUX MEXAHIYHUX XapaAKTEPUCTUK



koMio3uta. OKpeMo BHUCBITJIEHI MUTaHHS TOMOTEHI3alli KOMIO3UTIB, apMOBAaHUX
MOPOKHUCTUMHU BOJIOKHamu. Bin3HaueHi mepeBarn Ta HEAOJIKA YUCEIBHUX Ta
€KCIIEpPUMEHTAIBHUX MIJX0/IB JO BU3HAYEHHS HANpyKeHO-Ae()OPMOBAHOIO CTaHY
TAaKUX KOMIIO3UTIB Yy TMOPIBHSAHHI 3 aHaJITUYHUMH Meroaamu. Ha ocHOBI
MIPOBECHOTO aHaI3y cPOPMYTbOBAHO OCHOBHI 3aB/IaHHSI, IK1 HEOOXITHO BUPIIIUTH
B XO/I1 JOCIIKEHHS.

Y upoMy po3ail HAaBEJAEHO OCHOBHI CITIBBIIHOIICHHS I BU3HAYCHHS
e(EKTUBHUX MPYKHUX XaPAKTEPUCTHK KOMIIO3HTIB 3 MOPOKHUCTUMHU BOJIOKHAMH,
KOMIIOHEHTH SKUX € 130TPONHMMHU Marepianamu, oTtpuMmani I'. A. Baninum Ta
1. M. Kapmiinocom.

Hpyruif  po3ail  BUCBITIIIOE OCHOBHY 17€H0 3aCTOCYBAHHS ~ METOIY
NPEICTABHUIIBKOTO 00 €MHOTO  €JIEMEHTY /Ui BHU3HA4YE€HHS  €(QEKTUBHUX
MEXaHIYHUX XapaKTEPUCTUK OJIHOCIPSIMOBAHOTO KOMIIO3MIIITHOTO Marepiany 3
NOPOXKHUCTHUMH  BOJIOKHAMHU. BuW3HAau€HO OCHOBHI KOMIIOHEHTH HaIpy>KEHO-
neOpMOBaHOTO  CTaHy  TPAHCTPONHUX  KOMIIOHEHTIB  KOMIIO3UTY  Ta
TOMOTEHI30BaHOT'O OJIHOPIAHOTO MaTepiaiay IpH TomnepedHux aedopmarisx. 3a
OCHOBY B34TO YMOBY 1l€aJIbHOTO KOHTAaKTy Ha MEXI1 «MaTPHISI-TIOPOKHUCTE
BOJIOKHO.

Posrnsimaerbes MeToiuka BU3HAYCHHS €PEKTUBHUX MPY>KHUX XapaKTEPUCTHK
IIPU TIOTIEPEYHOMY PO3TATY Ta YACTOMY TOTIEPEYHOMY 3CYBI. [[7151 KO’KHOTO BUNIAAKY
po3B’si3aHO NBi KpaiioBi 3amaui. Ilepma 3amaya mpo cymicHe aepopMyBaHHSA
MaTpHIli 1 MTOPOKHUCTOTO BOJIOKHA, JIpyra — Mpo Ae(opMyBaHHS TOMOT€HI30BaHOTO
TpaHCcTpomHOrOo Matepiany. Ilimxid, sKWii 3ampONMOHOBAHO ISl BUKOPHCTAHHS,
IPYHTYETHCS Ha 3aCTOCYBaHH1 KIHEMAaTUYHUX YMOB Y3TO/)KCHHS MTEPEMIIIICHb TOYOK
TOMOT€HI30BaHOTO KOMIIO3UTY Ta HOro CKJIAJAOBUX — MAaTpPHUIl Ta MOPOKHHCTOTO
BOJIOKHA.

[TocTaHOBKM KpalloBUX 3a/1a4 Ta X pO3B’SI3KH MPH TO3A0BKHIX JAePOopMaIIisgx
U1 OJHOCTIPSIMOBAHOTO KOMIMO3HUIIHOTO MaTepiaidy 3 MOPOKHUCTUM BOJIOKHOM
HaBeJeHlI y TpeTboMy po3auil. OTpUMaHO aHAIITHYHI CIIBBIIHOUIEHHS ISt

BU3HAYEHHSI €(EKTUBHUX IIO3/I0B)KHBOTO MOAYJSL MPYKHOCTI, KoedilieHTa



IlyaccoHa Ta mO3J0BXKHBOTO MOAYJSA 3CyBY TakuxX Kommo3uTiB. CKiaaoBi
KOMIO3UTa TpUAManucs TpaHCTpomHUMHU. CHIBBIAHOMICHHS I KOXKHOT
XapaKTEepUCTUKH OTPUMAHO 13 PO3B’si3aHHS JBOX KpaioBux 3amay. [lepma mpo
CyMicHe Jae(popMyBaHHS MaTpulll 1 TOPOXKHHUCTOrO BOJOKHA. [lpyra —
nedopMyBaHHS OJHOPITHOTO TPAHCTPOITHOTO MaTepiany, 10 MOJAETIOE KOMITO3UT.
Sk ymoBa y3roJiKeHHs AJi1 000X 3a/1a4, BAKOPUCTOBYBAJIACh PIBHICTh KOMIIOHEHTIB
BEKTOPY MEPEMIIIICHb.

YerBepTHil po3aisl MPUCBIYCHUI BUKOPUCTAHHIO OTPUMAHUX Y JAPYrOMy Ta
TPETbOMY pO3/LIaX CHIBBIIHOUIEHb [JI PO3PaxXyHKy e(EeKTUBHUX MPY>KHUX
XapaKTEePUCTUK  BOJIOKHUCTHX KOMMO3UTIB. OOYMCICHHS TPOBEACHI s
nBOX(a30BUX OJHOCIPSIMOBAHUX BOJOKHHCTUX KOMITO3UTIB 3 130TPOITHUMHU
KOMIIOHEHTaMH, a TaKOX JUIS BHIAJKy TPAHCTPOIHUX BOJOKOH. IIpencramieHi
pe3yabTaT PO3pPaxyHKiB BIIOOPaXKatTh 3aJICKHICTh €PEKTUBHUX MPYKHUX CTATHX
KOMITO3MITIHHOTO MaTepiany Big 00’€éMHOro BMICTY MaTepialy BOJIOKHA Ta
MOPOXKHUHM B MaTepialii KOMIIO3UTY.

Po3zpaxyHku e(eKTUBHUX MEXaHIYHMX XapaKTEPUCTHK BOJOKHUCTUX
KOMIO3UIIMHUX MaTepialiiB 3a OTPUMAaHUMH (PopMylaMu JAEMOHCTPYIOTH BHUCOKY
30DKHICTh pe3yJbTaTiB 3 OOUYMCICHHSIMHU 3a criBBigHOIeHHAMH ['. A. Banina ta
J1. M. KapmiHoca.

Ha ocHOBI BHMKOHAaHOTO JOCHIIKEHHS C(HOPMYJIbOBAaHO BHCHOBKH 3a
JUCEPTALIHOI0 POOOTOTO.

HaykoBa HOBM3HAa OTpUMAaHHMX PE3yJIbTATIB IMOJSATAE Y TAKOMY: PO3BHHEHO
METOJ  NIPEJACTABHUIBKOTO  00’€MHOTO  €JIEMEHTy IS  TOMOTeHi3arii
OJTHOCTIPSIMOBAHOT'O KOMITO3UIIHHOTO MaTepiany 3 TPaHCTPOIHUMH MaTpULECIO Ta
MOPOKHUCTUM BOJIOKHOM IPH MOMEPEYHOMY Ta MO3/0BXKHBOMY PO3TATY 13CYBI, 1110
IPYHTYEThCS HAa BUKOPUCTAaHHI KIHEMATHYHUX YMOB Y3TOJKCHHS TEpPEMIleHb
KOMIIO3UTY Ta WOTr0 CKIAJOBHX; BIIEpIIEe, Ha OCHOBI pO3B’sI3aHHS 3a1adyl
rOMOT€eHI3alllil Mpo MOMEPEYHUN PO3TAT Ta YUCTUN MOMEPEUHUIl 3CYB, OTPUMAHO
aHAJITUYHI CHIBBIAHOIICHHS JIJI BA3BHAYEHHS MOMEPEUYHOr0 MOAYJISl MPYXKHOCTI Ta

koedimienta IlyaccoHa OZHOCHPSIMOBAHOTO KOMIIO3UTY 3 TPaHCTPOIHUMU



MaTPHUILIEIO Ta TOPOKHUCTUM BOJIOKHOM, IO 3aJI€KaTh Bi/l IPY>KHUX XapaKTEPUCTHK
HOro ckinazoBux Ta 00 €MHOIO BMICTY Marepiajgy BOJIOKHA Ta MOPOXXHUHHU Y
KOMIIO3UTI; BIEPIIIEe, HA OCHOB1 pO3B’sI3aHHS 3a7a4l TOMOTE€HI3allil PO MO310BXKHIN
PO3TAT Ta YMCTUI MO3OBXKHIHN 3CYyB, OTPUMAaHO aHAJIITUYHI BUPA3H JJIsl pO3PAXyHKY
MO3/IOBXKHBOTO MOJAYJSI TPYXKHOCTI, KoedimieHnta IlyaccoHa Ta MO310BXKHBOTO
MOJYJISL 3CYBY OJHOCTPSMOBAHOTO KOMITO3HMIIIHHOTO MaTepiany 3 MOPOKHUCTHMHU
BOJIOKHAMH Y BHUITJIKy TPAHCTPOITHOCTI 000X KOMITOHEHT KOMITO3UTY, IO 3aJIeKaTh
BiJl TIPY)KHUX XapaKTEPHCTUK HOTO CKIAJOBHX Ta 00’€MHOTO BMICTy MaTepiaimy
BOJIOKHA Ta TOPOKHUHHM Yy KOMIIO3UTI; BIEpIIE TMPOBEACHO pPO3pPaxXyHKH 3a
OTpUMaHUMHU (POpMyJIaMH Ta MOOYJOBAHO 3aJIEKHOCTI €(PEKTHUBHUX MPYHKHUX
CTaJIMX KOMIIO3UTIB 3 TOPOKHUCTUMU BOJIOKHAMH Bi/l 00’ €MHOTO BMICTY MaTtepiany
BOJIOKHA Ta MOPOKHUHU Y KOMITO3UI[IHHOMY MaTepiai.

[lpakTridHe 3HAYCHHS pE3YJNbTATiB POOOTH TOJATAE Y MOXIHUBOCTI
0e31mocepe/THbOr0 BUKOPUCTAHHS OTPUMAHUX AHATITHYHUX CIIBBIIHOIIECHb IS
BU3HAUCHHS €(PEKTUBHUX TMPYKHUX CTAIMX ABOX()A30BUX OFHOCIPSIMOBAHUX
KOMIIO3UIIMHUX MaTepialliB 3 MOPOKHUCTUMH BOJOKHAMHU, 110 CKIAJAIOThCS SIK 13
130TPOMHUX, TaK 1 TPAHCTPOITHUX KOMITOHEHTIB. [IpeacTaBneHi y poOoTi aHAIITHYHI
3QJI)KHOCTI JJO3BOJIAIOTH Ha CTa 1l IPOEKTYBAaHHS, BAPIIOIOYM MaTepiajoM MaTpPHIII,
MarepiajJoM BOJOKHa, O0’€MHHMM BMICTOM BOJIOKHA Ta O0’€MHHUM BMICTOM
MOPOXHUHHU Yy HBOMY, OTPUMYBATH KOMIIO3HIIIMHI MaTepiaau i3 parjioHaATbHUMH

XapaKTepUCTUKAMH.

BOJIOKHUCTUM  KOMIIO3UT, E®EKTUBHI XAPAKTEPUCTHKU,
MATPUILA, I[TOPOXXHUCTE BOJIOKHO, TPAHCBEPCAJIBHO-
I30TPOITHUM MATEPIAJI, TOMOI'EHI3AIISL, MOAYJIb IIPYXXHOCTI,
MOAVIJIb 3CYBY, KOE®IICHT 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 inhomogeneous 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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