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AHOTAILISA
Illanosanosa M.I. OniHka TPaHUYHOTO CTaHy JBOKOMIIOHEHTHOTO Marepiany 3
KYyJSICTAHMU BKJIIOYEHHSIMH Ta MPOTHO3YBAaHHSA HAJIMHOCTI KOHCTPYKIIi METoJaMu
KOMIT'FOTEPHOTO 1 MATEMaTUYHOTO MOJICITFOBAHHS.
Juceprariiss Ha 3700yTTS HAYKOBOTO CTyIeHS JokTopa ¢urocodii 3a
cunemianpHicTIO 113 «[Ipukimagna wmatematuka». — HarmioHansHUN  TexXHIYHUN

YHIBEPCUTET «XapKiBCbKUH MOMITEXHIYHHUI IHCTUTYT», XapKiB, 2021.

JluceprartiiiftHa poOoTa MPUCBSYEHA CTBOPEHHIO MAaTeMaTUYHUX METOJIB OIL[IHKU
MILIHOCTI €JIEMEHTIB KOHCTPYKIIi Ha OCHOBI aHali3y MPY>KHUX MapaMeTpiB Marepiaty 3
ypaxyBaHHAM OCOOJIMBOCTEM HOro BHYTPIIIHBOI MIKPOCTPYKTYPH; BCTAHOBJICHHIO
3aJIEKHOCTI  PO3MOJAUTY BKJIIOYEHb BIJI 1X KOHIIEHTpalli Ha IUIONIMHI 3pa3Ka
BUKOPHCTOBYIOUM TEXHOJIOTII0 KOMII'IOTEpHOrO 30py Ta 0OpoOkM 300pakeHb
CTPYKTYpH Matepially; 3aCTOCYBaHHIO PO3POOJIECHUX IMTIXOIIB A0 OIIHKK WMOBIPHICHUX
MOKA3HUKIB XapaKTePUCTUK MaTepiamy.

06 ’exm 0ocnidxncenns: — nporiec 1ehopMyBaHHS JTBOKOMIIOHEHTHUX MaTepiatiB 3
KYJISICTUMHU BKJIFOUEHHSIMHU.

IIpeomem Oocniosxcenus — WMOBIPHICHI XapaKTEPUCTUKU TPYKHUX TMapaMeTpiB,
IPaHUYHOTO CTaHy, $K TIOBEPXHI IUIMHHOCTI, TPH PI3HOMAHITHIM KOHIIEHTpaIlii
BHYTPIIIHIX KOMIIOHEHTIB MaTepialy; CTATUCTUYHUNA TPOTHO3 HAIIMHOCTI KOHCTPYKIIIN
3 IBOKOMITOHEHTHUX MaTepiaiB.

TeopernuHoro 6a3or0 nucepranii € MeToau: oOpoOKH 300paxkeHb ((pinbTparis,
CerMEHTallisi, HopMali3allisi Ta poO3MI3HaBaHHAM OO0 €KTIB); MEXaHIKA TBEPJOTO
nedhopMOBaHOTO TiNia; TeOpii WMOBIPHOCTEW Ta BWITAJIKOBUX TMPOIIECIB, TEOPIn
HagiiHocTi.  PospaxyHok  HJIC  CTaTUCTMYHO-EKBIBAJIEHTHUX  MIKPOCTPYKTYP
MIPOBOJIMBCS Y pAMKaxX METOTy CKIHUEHHUX €JIEMEHTIB.

HaykoBa HOBH3HA aucepTaIliiHOl pOOOTH MOJISATAE y HACTYITHOMY:

— 3alpONOHOBAHO HOBUM PO3PAXYHKOBUW MIAXiJ JJIS OLIHKK HMOBIPHICHUX
napaMeTpiB  TPaHMYHOTO CTaHy JIBOKOMIIOHEHTHOTO Martepialy 3  KYJISACTUMHU

BKJItOUeHHsIMU. [lel minxin ocHoBaHui Ha Metoql Monte-Kapno, Ta, Ha BIAMIHY Bij
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ICHYIOUHX, CIHMPAEThCS HAa aHalll3 CTAaTUCTUYHO-EKBIBAJICHTHUX MIKPOCTPYKTYp. BiH
JI03BOJISIE€ TTPOTHO3YBATH 3AJIMIIIKOBHI pecypc eJIeMEeHTIB KOHCTPYKIIIN, BU3HAYATH HOTO
HMOBIPHICHI XapaKTePUCTUKH;

— po3pobiieHO anropuTMH (OCHOBaHI Ha METOAaX KOMII FOTEPHOI OOpOoOKH
300pak€Hb) JJII ABTOMATHM30BAHOTO BHU3HAYCHHS WMOBIPHICHUX XapaKTEPUCTUK
pO3Mipy, TPOCTOPOBOIO PO3MOJAUTY Ta KOHUEHTpamii CcQEepuuyHUX BKIIOYEHb
JIBOKOMITOHEHTHOT'O MaTepiany;

— BIIEpIIIE, 3a JIOIOMOT0I0 CTBOPEHHX aJTOPUTMIB, BCTAHOBIICHO (PYHKIIi T'YCTUHH
pO3MOALTY PajaiyCiB BKIIOYEHb B 3aJIEKHOCTI BiJ iX KOHILIEHTpauli sl YaByHY MapoK
BU35-BU100 (mikpoctpyktypu tumy [I2-11II'12). [le nmo3Boauno po3poOuTu
aJITCOPUTM CUHTE3Y CTaTUCTUYHO-E€KBIBAJIEHTHUX CTPYKTYD;

— BIIEpLIE BCTAHOBJIEHO 3aKOHOMIPHOCTI BIUIMBY KOHIIEHTpalli BKJIIOYEHb Ha
byHKIIi TYCTHHU po3moauly (Ta iX HapaMmeTpu) KOMIIOHEHTIB TEH30PY >KOPCTKOCTI
(30kpema KoedIilI€HTIB B3aEMHOTO BIUIUBY MEPIIOTO Ta JPYroro MOpsAKy) JUisl YaBYHY
mapok BU35-BU100 (mikpocTpykrypu Tumy LHT2-111"12);

— BIIEpIIE BCTAHOBJEHO  KOHIEHTPAIIMHI  3aJIeKHOCTI  MATEMaTUYHOTO
OUIKYBaHHS, JUCHEpcii Ta [OBIpYl IHTEPBAJIM TPAaHUIb IUIMHY NpPHU CTUCKAaHHI Ta
po3TsiranHi A yaByHy Mapok BU35-BU100 (mikpoctpyktypu tumy IT2-11T12).

Y Bcmyni oOTpyHTOBAHO aKTyaJdbHICTh TEMHU qucepTarlii, chopMyIbOBaHO 1 METy
1 3a/a4i, BU3HAYEHO OO’ €KT, MpeIMEeT 1 METOAM AOCIIHKEHHsS, HAYKOBY HOBU3HY Ta
MPaKTUYHY 3HAYYIIICTh POOOTH.

llepwuti  po3oin  poOOTH TMPUCBAYEHUM aHATI3y Cy4YaCHUX MIAXOAIB JI0
BU3HAYECHHS BIUIMBY MIKPOCTPYKTYpH MaTepially Ha MOro MEXaHIYHl BJIACTUBOCTI, Ta
MICTUTh OIJISJT HAyKOBUX MyOiikauid 3a HampsiMoMm poOoTu. PosrisHyTo mnpsmi
(excriepuMeHTaNIbH1) Ta PO3paxyHKOBI METOJM OILIIHKUA B3a€MO3B 513Ky MIKPOCTPYKTYPH
MaTrepialy Ta XapakTepUCTHUK MiHOCTI. [IpoaHani3oBaHO BUKOPHCTaHHS METOIIB
MaITMHHOTO HABYaHHS Ta KOMIT IOTEPHOTO 30py Mpu poOOTI 13 MeTanorpadpiyHIMU
300pakeHHAMH, JUIsS 3a7ad kKiacudikaii, mnepenOadyeHHs Ta CTAaTUCTUYHOI OIlIHKHU

BIUITMBY BHYTPIIIHBOI CTPYKTYpPH Ha BJIACTUBOCTI Matepiany. Hagano crucauii omnumc i



Cy4yaCHUU CTaH KPUTEPIiB MIIHOCTI MEXaHIKUA CYIIHBHOTO CEpPEOBHINA, Ta METOMIIB
KEPOBAHMX JAHUMU Yy 3a/ladyaX MEXaHIKH TBEpPOro Tija.

BuznaueHo, 110  HAWMOIIMPEHINIMM  YUCEJIBHUM  METOJIOM,  SIKHM
BUKOPUCTOBYETHCS ISl JTOCTIPKCHHS HaAINpPYKEHO-Ie(OPMOBAHOTO CTaHy MOJENEH, €
Metoy; ckinueHHux eneMmeHTiB (MCE). IlpoBenenuii aHaii3 HayKOBUX HaIpsSMIB Ta
MIJIXO0/IB TOB’SA3aHUX 13 3aJadero 1JIeHTHdIKaIlli mapamMeTpiB MIITHOCTI MaTepialiB Ha
OCHOBI 1X MIKPOCTPYKTYPH Y TOMY YHCJIi BU3HAUYEHHSI TPAHUYHOTO CTaHY, K MOBEPXHI
IUIMHHOCTI — CHpUsiB  (OPMYJIOBAaHHIO 3aJlad JIOCHIIPKEHHs, Ta OIUCY MIJIAXIB
no0y1I0BU METOTYy PO3PaXyHKY.

Y  Opyeomy po30ini omnucaHi TEOPETHYHI OCHOBM PO3B’SI3aHHS  3ajadi
imeHTudIKaIii mapaMeTpiB  MIIHOCTI 3 BHUKOPUCTAHHAM JaHUX, OTPUMaHUX 13
300pakeHb MIKPOCTPYKTYpH MaTepiany. Bxirodae po3misii —TEXHOJOTIN, 1o
BUKOPHUCTOBYIOTHCS MPpU 00poOIIl 300paskeHs. OnMucaHo MiIX0 4 1 METOU MONEPEIHbO1
OOpoOKHM BXIJIHOTO 300pa)K€HHs, CEerMeHTailli, HopMmam3amii Ta QuibTpamii 13
MOAAJBIINM PO3II3HABAHHSAM 00’ €KTIB.

CdopmynboBaHa 3arajbHa MaTeMaTW4YHa ITOCTAaHOBKA JIJISi aHAJI3y MPYKHHUX
BJIACTUBOCTEN Martepialy Ha OCHOBI IJIOCKOI 3ajayl Teopil MpyKHOCTI. Sk OogHUM 3
YHIBEpCAIBbHUX METO/AIB BU3HAYCHHS HAMPYXEHO JAeOPMOBAHOTO CTaHy MOJETM —
posrisanaeTbess Metoy ckiHueHHux enemeHTiB (MCE). lle uwucenbHuii BapiariiitHO-
PIZHHMILIEBUH METOJ aHalli3y TEXHIYHUX KOHCTPYKIIH, NPUUHATHI SK CTaHIapTHUI
METOJA  JOCTIPKEHHsSI 3aBASKA YHIBEPCATbHOCTI Ta MOXJIMBOCTI poOOTH Ha
OOYHUCITIOBAILHUX CUCTEMAaxX. YBary mpuaulieHo (pOpMYyBaHHIO CKIHYEHHO-€JIEMEHTHOTO
NIIXO0Y 10 pO3B’sI3aHHS 3a7aul KJIACMYHOI Teopii MpyKHOCTI. MeXaHiuHl BJIaCTUBOCTI
MaTtepiary BU3HAYAIOTHCA 4Yepe3 KoePiIlieHTH TeH30pa KOopcTKOcTi. OIliHKa MIIHOCTI
pealizoBaHa o0y 10BOI0 MOBEPXHI INIMHHOCTI MaTepiany. [ BU3HaUeHHSI TPaHUYHOTO
CTaHy MaTepially pO3IVISIHYTI ICHYIOYl TIMOTE3U MIITHOCTI KOMITO3UIIIHHUX MaTepiais,
Ta TMPOBEIEHO MOAU(IKAIII0 KPUTEPIiB JUIsl BpaxyBaHHS PI3HOTO CYNPOTHBY Martepiaity
P PO3TATYIOYMX T4 CTUCKAIOYMX HAIPYKCHHSIX.

Y Tpemwvomy po3dini onmucaHWW TMPOIEC IITYYHOI TeHepalii CTaTHCTHYHO-

CKBIBAJICHTHOI MIKPOCTPYKTYpPH, IO 3a OCHOBY Oepe MertaynorpadiyHi 3HIMKU



BHUCOKOMIITHOTO YaBYHY 3 KYJSICTUMH BKJIIOUEHHSMHU. ONHMCAaHO aIrOpUTM OTPUMAHHS
GyHKIT po3MOALTy BKIIOYEHb HA IUIOMIMHI Ta MpOIeC MOOYJOBH IMITyYHOI
MIKPOCTPYKTYPH Ha OCHOBI MAaTeMaTHYHOTO OYIKYBaHHS Ta JauMcHepcii pajiyciB
BKJIFOUCHB B 3aJIC)KHOCTI BiJT iX KOHIIEHTpAIIii.

Ha ocHOBI oTpuMaHuX Mojeliel, sl PO3paxyHKY CKJIQJHOTO HampyKeHOro
CTaHy IpH OAHOYACHIN Mii PO3TATYIOUMX 1 3CYBHUX HABAHTAKE€Hb, BUKOPUCTOBYETHCS
cepis BIpTyalbHUX eKcrepuMeHTIB. IIpykHI KOHCTaHTH MaTepiany BHU3HAYAIOTHCA 3
BukopuctanHaM MCE 13 cepii TecTiB Ha OAHOBICHUI pO3TAT y3A0BXK X KoopauHatu, Y
KOOpAMHATH, OJHOYACHUU PO3TAr y3A0BXK X Ta Y KOOpAWHATHHX OCEH, Ta 3CYyB y
wiomuHl XY, OrTpumMaHO MMOBIPHICHI XapaKTEPUCTHUKUA MOIYJA HPYXKHOCTI,
koediuienty Ilyaccoma Ta wmoayns 3cyBy. [lpoBeneHa mnepeBipka OTpUMaHUX
pE3yNbTaTIB JOCHIPKEHHSI HAa JIOCTOBIPHICTh, Ta HAJAHO pe3yJbTaTh 3 Bepu(ikalli
METOy po3paxyHKy. 3a gomnomoroto tecty llamipo-Binku, nepeBipeHo TinoTe3u 1moo0
HOPMAJILHOTO PO3MOJILTY IMapaMeTPiB BKIIOYEHB Ha TUIOIIMHI.

Yemeepmuii po30in COPSIMOBAaHMM Ha BU3HAYEHHSA TNapaMETpiB IUIMHHOCTI
Marepialy. Ha OCHOBI CKIHUCHHO-CJIEMEHTHHX MOJCICH IPOBEACHI JJTOCIIIKESHHS
Martepiajly MpU CKJIQJHOMY HaIlpyXEHOMY CTaHl Ha IJIOCKMX MoAeNsX. BusHaueHi
MOBEPXHI TUTMHHOCTI /I cepii BUMPOOyBaHb. BUKOpHUCTaHO METO aHaJi3y MEepexoay
Marepialy 3 TPYXHOTO B IUIACTUYHUN CTaH  3aCTOCOBYIOUM  HMOBIPHICHI
XapaKTEPUCTUKU MOBEPXOHb IJIMHHOCTI. BH3HaUeHI CTaTHCTHYHI MapaMeTpu TpaHuULl
IUIMHY, K. MaTeMaTHYHE OYIKyBaHHs, JUCTEpCis Ta KoedilieHT Bapiailii BUIAIKOBOT
BEJIMUMHU. AHaJI3 OTPUMAaHMX JAHUX TOKa3ye BIUIMB KOHIIEHTpalii BKIIOYEHH Ha
XapaKTEPUCTUKU MILHOCTI MaTepiaiy.

Y II’'smomy po30ini 3MIMCHEHO OIIHKY MapaMeTpiB HAAIMHOCTI Ta 3aJHIIKOBOTO
pecypcy Hacocy BIAIIGHTPOBOTO THUITY, MMPU HOPMaJbHUX YMOBaX €KCIUTyaTailii Ta mpu
rigpoBurnpoOyBaHHSX. BpaxoBaHO 3MEHIIIEHHS TOBIIMHU CTIHOK KOPIYCHHUX JeTajei
BiJl €po31iHO-KOpO3iitHOrO 3HOCY. Ha OCHOBiI po3pobsieHOT MaTreMaTWuyHOI MOJEN,
MPOBOJAMUTHLCS OIlIHKA MOBEPXHI IUIMHHOCTI MaTepiady KOpIYyCHHUX JeTajell Hacocy 3
BUKOPUCTAHHSAM JaHUX WOTO BIACTUBOCTEH, OTPUMAHUX Yy TMOMEPEIHHOMY PO3JILII.

AHaJ3 KOHCTPYKIIii MPOBEJEHO HAa MaKpo- Ta MIKpOpPiBHI. BUHUKHEHHS MIACTUYHUX



nedopMariiii Ha MIKpOPIBHI MOK€ MPU3BECTH IO PO3BUTKY TPIIIMHU Ta CTPYKTYPHUX
pylHYBaHb Ha MAaKpOpiBHI. Y pe3yabTaTi AOCIKEHHS BHU3HAYCHA MHMOBIPHICTH
BUHUKHEHHS IJIaCTUYHOI lehopmaliii y KOHTPOJIBHUX TOYKaX, Ta BCTAHOBJIEHI 30HU, 1110
BUMArarloTh PETEIbHOTO0 KOHTPOJIO TMPOTATOM YChOTO TEPMiIHY eKCIUTyaTarlii
oOJ1aTHaAHHS.

Y Buchoéxkax 3a3Ha4€HO HAYKOBO-TIPAKTHYHI 3ajlayi, 1o Oylu poO3B’si3aHi B
po0OTi, BUKIAJACHI HaWOLIbII BaXKJIMBI HAyKOBI Ta MpPaKTHYHI pe3yJdbTaTH, HaJaHi
B1JIOMOCTI IIOI0 BIPOBAHKEHHS PE3YyJIbTaTIB JOCIIIKCHHS.

Knrouosi cnosa. BUCOKOMIIHUN YaByH, MIKPOCTPYKTypa, oOpoOka 300paxeHb,
koMIT torepHe mozentoBanHs, MCE, MexaHi4H1 BJIACTMBOCTI Marepiaiy, aHi30TpOIlis,

MOBEPXHS IUTMHHOCTI, HAIIMHICTh, TPAHUYHUM CTaH.
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ABSTRACT

Shapovalova M.I. Evaluation of the limiting state of a two-component material
with spherical inclusions and predicting the reliability of the structure by methods of
computer and mathematical modeling. — Manuscript.

Thesis for obtaining the philosophy doctor scientific degree on the specialty 113
“Applied mathematics”. — National Technical University “Kharkiv Polytechnic
Institute”, Kharkiv, 2021.

The PhD work devoted to the creation of mathematical methods for assessing the
strength of structural elements based on the analysis of the elastic material parameters,
taking into account the features of its internal microstructure; determining the
dependence of the inclusions distribution from their concentration on the sample plane
using computer vision and image processing technology of the material structure;
application of developed approaches to the estimation of the probabilistic features of
material characteristics.

The object of research is the deformation process of two-component materials
with spherical inclusions.

The subject of research is the probabilistic characteristics of elastic parameters,
the limiting state, as a yield surface, at various concentrations of the internal
components of the material; statistical forecast of the reliability of structures made of
two-component materials.

The theoretical basis of the PhD work is the following methods: image processing
(filtration, segmentation, normalization, and object recognition); solid mechanics,
probability theory, theory of random processes. The calculation of the stress-strain state
is carried out using the finite element method.

The scientific novelty of the dissertation work consists of the following ones:

— a new computational approach is proposed for assessing the probabilistic
parameters of the boundary state of a two-component material with spherical inclusions.
This approach is based on the Monte Carlo method and, in contrast to the existing ones,
is based on the analysis of statistically equivalent microstructures. It allows predicting

the residual life of structural elements, determining its probabilistic characteristics;



— algorithms (based on methods of computer image processing) have been
developed for the automated determination of the probabilistic characteristics of the
size, spatial distribution, and concentration of spherical inclusions of a two-component
material,

— for the first time, using the created algorithms, the distribution density functions
of the radii of the inclusions were determined depending on their concentration for cast
iron (microstructures of the ShG2-ShG12 type). This made it possible to develop an
algorithm for the synthesis of statistically equivalent structures;

— for the first time, the regularities of the influence of the concentration of
inclusions on the distribution density functions (and their parameters) of the
components of the stiffness tensor (including the coefficients of mutual influence of the
first and second-order) are established for cast iron (microstructures of the ShG2-ShG12
type);

— for the first time, concentration dependences of the mathematical expectation,
dispersion, and confidence intervals of the flow boundaries under compression and
tension are established for cast iron (microstructures of the ShG2-ShG12 type).

The introduction contains the relevance of the chosen topic, objectives, subject
and research methods, scientific novelty, and the practical significance of the work.

The first section of the work contains the analysis of modern approaches to
determining the influence of the material microstructure on its mechanical properties
and a review of scientific publications on the topic of work. The analysis of
experimental and analytical methods of the material microstructure influence on its
strength characteristics is carried out. The machine learning and computer vision
methods for metallographic images classification, prediction, and statistical assessment
of the internal structure influence on material properties are considered. The current
state of strength criteria and data-driven methods in problems of solid mechanics is
described.

It is determined that the most common numerical method, that used to study the
stress-strain state of models is the finite element method (FEM). The analysis of

scientific directions and approaches related to the task of identifying the strength
2



parameters of materials based on their microstructure, including the determination of the
yield surface, contributed to the formulation of research tasks and the description of
ways of building a calculation method.

The second section describes the theoretical basis for solving the problem of
identifying strength parameters using data obtained from material microstructure
images. Including consideration of techniques used in image processing. Approaches
and methods of input image pre-processing, segmentation, normalization, and filtering
with further object recognition are described.

A general mathematical statement is formulated for analyzing the elastic
properties of a material based on plane stress elasticity theory. The finite element
method is used to determine the stress-strain state of the model. This is a numerical
variation-difference method for analyzing technical structures, which is a standard
research method due to its versatility and ability to work on computing systems.
Attention is paid to the formation of a finite-element approach for solving the problem
of the classical theory of elasticity. The mechanical properties of the material are
determined through the stiffening tensor coefficients. Strength assessment is
implemented by the construction of material yield surface. To determine the limit state
of material existing hypotheses of the strength of the composite material are considered
and modified to take into account different resistance to tensile and compressive
stresses.

The third section describes the process of artificially generating a statistically
equivalent microstructure, which is based on metallographic images of high-strength
cast iron. An algorithm for obtaining the function of inclusion distribution in-plane and
process of artificial microstructure construction based on mathematical expectation and
dispersion of inclusion radii depending on their concentration is described.

Based on the obtained models, a series of virtual experiments is used to calculate
the complex stress state with the simultaneous action of tensile and compressive loads.
Elastic material constants are determined using FEM from the series of tests for uniaxial
stretching along with X coordinates, Y coordinates, simultaneous stretching along X and

Y coordinate axes, and displacement in the XY plane. Probabilistic characteristics of
3



elasticity modulus, Poisson coefficient, and shear modulus are obtained. The obtained
results of the study are verified for reliability. For testing the hypotheses about the
normal distribution of the inclusion parameters on the plane the Shapiro-Wilk test is
used.

The fourth section is aimed to determine the yield parameters of the material.
Materials research is carried out in a complex stress state using the finite element
method on plane models. The yield surfaces for the test series have been determined.
The research of the transition of a material from an elastic to a plastic state based on the
entire set of probabilistic characteristics of the yield surfaces is used. The statistical
parameters of the yield stress are determined by the mathematical expectation, variance,
and coefficient of variation. Analysis of the obtained data shows the effect of the
inclusions concentration on the strength characteristics of the material.

In the fifth section, the reliability parameters of the centrifugal pump are
evaluated (under normal operating conditions and during hydro tests), taking into
account the decrease in wall thickness of the housing parts from erosion-corrosion wear.
Based on the developed mathematical model, the yield surface of the parts of the pump
is evaluated using the material properties data obtained in the previous section.
Structural analysis is carried out at the macro- and micro-levels. The occurrence of
plastic deformations at the micro-level can lead to the development of a crack and
structural damage at the macro level. As a result of the study, the probability of plastic
deformation at control points is determined, and areas that require careful control during
the entire life of the equipment are established.

The conclusion indicates the scientific and practical problems that are solved in
the work, outlines the most important scientific and practical results provided by the
information on the implementation of the research results.

Keywords: cast iron, microstructure, image processing, computer modeling, FEM,
mechanical properties, anisotropy, yield surface, reliability, limit state.
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