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1. 3anumkoBi Hanpy>keHHs Ta gedopmallii 3BapHUX 3'€JHAHb i KOHCTPYKLiH i3 a/llOMiHi€BUX CIIJIaBiB IIPY 3BapIOBaHHI
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Pedepar:

1. 3BaproBaHH TepTsM 3 epemiuryBaHHgIM (3TTI) - BifHOCHO HOBHUII MPOLEC 3BaPIOBAHHS, IKUI B>XX€ OTPUMAaB
IOCUTD IIMPOKE 3aCTOCYBAHHS /1J11 BUKOHAHHS 3'€IHAaHb KOHCTPYKLil B aBiaKOCMi4Hiil rajy3i, TPaHCIIOPTHOMY Ta
Cy[HOOyIyBaHHi, B iHIINX ranyssx npomucyioBocTi. Xoua 3TII Bumarae BUKOPHUCTaHHS CKIaAHOTO 00JIafHAHHS, el
IIpOLIeC B NOPIiBHSIHHI 3 TPAAULIIHUMU AyTOBUMH ITPOLIECAMU 3BaPIOBAHHS Oisblll 6€311€YHUH 11711 HAaBKOJIMIIHbOTO

CE€penoBUlIla, OCKiJIbKU HE HOTpe6y€ BUKOPUCTAHHS 3aXMCHUX I‘aSiB, d TAKOX HE 1H1Ll110€ HEraTuBHE OJI4 B,HOpOB,H



€JIEKTPOMAarHiTHe BUIIPOMiHIOBAHHS T4 BUKJIIOYA€E PO3MOBCIOIPKEHHS IIUJIY T a€PO30JIiB, @ TAKOX BBAXKAETHCS, 110
npu 3TII MeHIIe HarpiBaeThCs MeTasly 3'€ITHaHHS, OCKiJIbKY 3BapIOBaHHS BiiOyBa€eThCs B TBepAiil dasi, Ta
BiITIOBiIHO 320€3I1€4y€eThCSI CYTTEBE 3HMKEHHSI PiBHS 3aJIMIIKOBUX HANpY)XeHb i gedopmaliiil. Xoua BXe €
TexHoJiorii BukopuctanHs 3TII 1151 KOHCTPYKLINMHUX CTajei, B OCHOBHOMY, L€l IPOLeC 3BapIOBaHHS MOIIMPEHUN
17151 3’€JHAHHS €JIEMEHTIB 3 JIETKUX aJIlOMiHi€BUX CILIaBiB. [IJ1 IPOrHO3yBaHHS TOYHOCTI, MiLIHOCTI i pecypcy
3BapHUX KOHCTPYKLil, BUKOHaHUX 3a goromoroto 3TTI, HeobxigHa iHpopmallisi CTOCOBHO 3aJIMIIKOBUX HANPY>KEHb i
Iedopmaliii, a TaKoK MEXaHIYHMX BIACTUBOCTEN MaTepiajy B 30Hi 3BapHOro 3'€JHaHHS. Ajle icHy1oua iHpopMalis
OO PiBHS 3aJIMIIKOBUX HANPY>KeHb i nedpopmauiit npu 3TTI amomiHieBUX CIIaBiB LyXKe CyNepedsnBa, 3 MeTOou
PO3paxyHKOBOTO IPOTHO3YBaHHS TEMIIEPATYPHUX PO3IOisiB, MEXaHIYHUX BJIACTUBOCTEN, TUMYACOBOTO i
3aJIMIIKOBOTO HaINpPYy>KeHO-1e(pOpPMOBAHOrO CTaHy 3BapeHux npouecom 3TII KOHCTPYKLiN Ay>Ke pi3HOMAaHITHI.
AKTyasnbHICTb NPO6JIEMU: BUBHAYEHHS] MEXaHIYHUX BJIACTUBOCTEN Ta HANPY>KEHO-Ie(POPMOBAHOTIO CTaHYy 3BAPHUX
3'elHaHb | KOHCTPYKIH i3 ajlOMiHIEBUX CILJIaBiB, BUTOTOBJIEHUX 3a TexHoJorieo 3TT], HeloCTaTHRO OCTiIKEHe.
MeTo10 oCiI>KeHHs € BU3HAYEHHS MEXaH{YHUX BJIaCTUBOCTEH 3 ypaxyBaHHIM e(deKTy 3HeMillHeHHs MaTepiajy Ta
3aJIMIIKOBOTO HANPYy>K€HO-1e(OPMOBAHOTrO CTAaHYy 3BaPHUX 3'€JHAHb i3 aJIlOMiHi€BUX CIIJIaBiB, BAKOHAHUX
3BapIOBAHHSM TEPTSM 3 [IEPEMIITYBaHHS, Ta MAaTEMAaTUYHE MOJEIOBAHHSI METOLOM (PYHKLi yCaZKy 3arajlbHUX
3BapIOBaJIbHUX AedopMalliil BeJIMKOrabapuTHUX KOHCTPYKLIN HMTIHIPUIHNX EMHOCTE aep0o-KOCMIYHOTO
MpU3HAYEHHS 3 BEJIMKOIO KiJIbKiCTIO 3'€HaHb 3a TexHoorielo 3TTI. O6'eKToM NOCiIKEHHS € TEeIJIOoBi i
TepMmogeopMaliliHi MpoLecy B allIOMiHi€EBUX CIJIaBaxX IIPU 3BapPIOBaHi TEPTSIM 3 IEPEMIITYBAHHSIM. Y IEPIIOMY
PO31ini po6oTa MiCTUTh PE3yIbTAaTH IIPOBELEHOT0 aHATITUIHOTO OIJISALy Cy4aCHOTO CTaHy IPobieMu
MaTeMaTUYHOIO MOJIEeJII0OBaHHS BUBHAUEHHSI TeMIIepaTypHUX I10J1iB i GOpMyBaHHS 3BapHUX 3'€[IHaHb [P 3BapIOBaHi
TEPTSM 3 [lepeMillyBaHHSIM. 3po0JIeHNU OISy, iICHYIOUMX MaTeMaTUYHUX MOJIeJIell Ta OCHOBHUX iX 0COOIMBOCTEN i
IapaMeTpiB [ IPOTHO3YBaHHS HAIPY>XEHO-1€()OPMOBAHOIO CTaHy, @ TAKOX IIPOAHAJIi30BAHO €KCIIEPUMEHTAJIbHI
IaHHI BUMIPIOBaHHS 3a/IMLIKOBUX HANpy>XeHs i gedopmauiit mpu 3TII amominieBux crasis. ¥V gpyromy posmini
[IPEMICTaBJIEHO TEXHOJIOTIIO 3BAPIOBAHHS TEPTSM 3 IEPEMILTYBAHHAM [OCIITHNX 3Pa3KiB 3 TEPMO3MILIHEHOTO
anmoMiHieBoro crtaBy 2219-T81 aepo-KOCMIYHOrO TPU3HAYEHHS], HAJJaHi pe3yJIbTaTu IPOBEIEeHUX BUIIPOOYBaHb
3pasKiB 11 BUSHAYEHHS MEXaHIYHUX BJIACTUBOCTEN MaTepiajy Ta Pe3yJbTaTiB BUMIPIOBAHHS 3aJIMIIKOBUX
HaIpyXKeHb 3BApHOr0 3'€JHAHHS 3 ayloMiHieBoro ciasy 2219-T81. Y TpeTboMy po3aiji HalaHO ONnuC po3pobJeHoi
MaTeMaTU4HOI MOJieJli BUBHAUYEHHS 3BapIOBAJIbHUX HAIIpyKeHb i fegopmaliiil B 3'elHaHHSIX, BUKOHAHUX
3BapIOBaHHSM TEPTSM MIEPEMIITYBAaHHIM, HA OCHOBI 3araJlbHOTO METOly TEPMOILJIACTUYHOCTI | METOLy CKiH4EHHUX
€JIEMEHTIB. BIIpoBasiKeHO MOJiesIb 3HEMIIJTHEHHS aJllOMiHieBOTO criaBy 2219-T81 npu 3BapioBajibHOMY HarpiBi, o
CYTT€BO BIUIMBA€ Ha TOYHICTb BU3HAUEHHSI 3aJIMIIKOBUX HANPY>KeHb i AedpopMaliiil. OTpUMaHO pe3yibTaTu
MaTeMaTUYHOIO MOJEIOBAHHS 3/IMIIKOBUX 3BAPIOBAJIbHUAX HAIIPYKEHb i IJIACTUYHUX AedopMalliil 3'€JHaHD 3
amoMminieBoro crasy 2219-T81, Bukonanux 3TII, npoBeaeHi npouenypu Bepidikauii i Basigauii po3po6seHoi
MaTeMaTU4YHOI MOJieJli 3a pe3yJibTaTaMU €KCIIepUMEHTAaIbHOIO BUMipIOBaHHS 3aJIMIIKOBUX HaIlpyKeHb. 3p0o0JIeHO
IIOPiBHSIHHS Pe3yJIbTaTiB MaTEMAaTUYHOTO MOJIE/IIOBAHHS 3aJIMIMIKOBOrO HAIIPY)XeHO-1€(POPMOBAHOTO CTaHy
3'e[JHaHb 3 aymoMiHieBoro criaBy AMr6 npu 3TII 3 ;yroBuMu mpoliecamu 3BaploBaHHS. Y 4eTBEPTOMY PO3iJi
pPO3pobJieHa METOL0JIOTiSI MO e IIOBAaHHS 3BAPHUX 3aJINIIKOBUX HAPY>KeHb i medopMaliiil BeJIMKorabapuTHUX
LUWJIIHAPUYHUX €EMHOCTEN 32 MeTOOM (PYHKLII ycaaku. BUKOHaHO AOCHiIyKEHHS MOXJINBOCTI OTPUMaHHS
napametpiB QyHKUii ycagky (M1acTUYTHUX gedopmalliil) Ta po3noisliB 3aJMIIKOBYX HAMIPYKEHb [1J15 KiJIbLIE€BUX i
MIOB3[IOBXXHIX CTUKOBUX 3BAPHUX 3'€JHAHb BEJIMKOTrabaprUTHOI UMIiHIPUIHOI OG0JIOHKY Ha CIIPOLIEHNX MOJEJISX
00ME>XeHOT'0 PO3MIpy MeTOIaMu TepMOIIaCTUYHOCTI. [IpoBeneHo Bepidikaliito i Basifaliiio MaTeMaTU4HOI MOJiei
BM3HAUEHHSI 3BapIOBAJILHUX JleopMaliill 17151 BeJIMKOrabapuTHUX UUJIIHAPUYHUX €EMHOCTEH i3 alloMiHieBOTO
craBy. 3po6s1€HO MOPIBHSIHHS PEe3yJIbTaTiB MaTEMAaTUYHOTO MOJIE€JIIOBAHHS 3arajibHUX JeopMaliiit
BEJINKOrabapuTHUX LUJIIHAPUYHNX EMHOCTEH i3 aylloMiHieBOro craBy npu BukopuctanHi 3TTI i myrosoro
3BapIOBAHHSL.

2. Friction stir welding (FSW) is a relatively new welding process that has already been widely used to make
structural joints in the aerospace industry, transportation and shipbuilding, and other industries. Although the
process requires the use of sophisticated equipment, it is safer for the environment than traditional arc welding



processes, as it does not require the use of shielding gases, does not initiate electromagnetic radiation that is
harmful to health and eliminates the spread of dust and aerosols, and is believed to heat the joint metal less, as
welding takes place in the solid phase, and therefore significantly reduces residual stresses and deformations.
Although there are already technologies for using FSW for structural steels, this welding process is mainly used to
join lightweight aluminum alloy components. To predict the accuracy, strength, and service life of welded
structures made using FSW, information on residual stresses and strains, as well as the mechanical properties of
the material in the welded joint zone, is required. However, the existing information on the level of residual
stresses and strains during the FSW of aluminum alloys is very controversial, and the methods for calculating the
temperature distributions, mechanical properties, temporary and residual stress-strain state of structures welded
by the FSW process are very diverse. The relevance of the problem: to determine the mechanical properties and
stress-strain state of welded joints and structures made of aluminum alloys using the FSW technology. The
purpose of the investigate is to determine the mechanical properties, taking into account the effect of material
weakening and the stress-strain state of welded joints made of aluminum alloys by friction stir welding (FSW), and
to mathematically model the total welding deformations of large-sized structures with a large number of joints
using FSW technology using the method of shrinkage function. The object of study is thermal and thermo-
deformation processes during friction stir welding in aluminum alloys. In the first section, the work contains the
results of an analytical review of the state of the art of mathematical modeling of determining temperature fields
and forming welded joints in friction stir welding. A review of mathematical models and identification of their main
features and parameters for obtaining the stress-strain state during FSW of aluminum alloys was made, and
experimental data for measuring residual stresses and strains were analyzed. The second section describes the
technology of friction stir welding of prototypes made of aluminum alloy 2219-T81, determination of mechanical
and thermophysical properties of the material, and obtaining the results of measuring residual stresses of the
welded joint made of aluminum alloy 2219-T81. In the third section, a mathematical model for determining welding
stresses and strains in joints made by friction stir welding based on the thermoplasticity method was developed.
The results of mathematical modeling of the residual stress-strain state of AMg6 aluminum alloy joints at FSW with
arc welding processes were compared. A model of the weakening of aluminum alloy 2219-T81 during welding
heating was introduced, which significantly affects the determination of residual stresses and strains. The results
of mathematical modeling of the welding stress-strain state of joints made of aluminum alloy 2219-T81, made by
FSW, were obtained. Chapter fourth develops a methodology for modeling welded residual stresses and strains in
large cylindrical tanks. A mathematical model for predicting residual welding stresses and strains using the method
of the shrinkage function was obtained. The possibility of obtaining the parameters of the shrinkage function and
residual stress distributions for welded joints of a large cylindrical shell on simplified models of limited size by
thermoplasticity methods was investigated. Verification and validation of the mathematical model for determining
welding deformations for large-sized cylindrical aluminum alloy tanks using the FSW were carried out. The results
of mathematical modeling of the total deformations of large-sized cylindrical aluminum alloy tanks using FSW and

arc welding were compared.
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Baacwue IlpizBumie Im's Ilo-6aTbKOBI:
1. MoTpyHiu CBsiTocnaB IropoBuy

2. Svyatoslav I. Motrunich

KBasigikanis: x.r.u., c.z1., 05.03.06
InenTudikarop ORCHID ID: 0000-0002-8841-8609
JonaTkoBa iHdopmanist:

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI OCOOM: [HCTUTYT elekTpo3BapioBaHHs iM. €. O. [Tarona HaujoHanbHOI

akagemii Hayku YKpainu

Kopg 3a €APIIOY: 05416923

Micue3HaxoaKeHHS: ByJ. Kazaumupa Manesuua, 6yg. 11, Kuis, 03150, Ykpaina
dopma ByracHoCTI:

Cdepa praBJIiHHﬂZ HanjionanbHa akageMisd HayK YKpaiHu
InenTudikarop ROR: He zacrocosyerscs

CeKTop HayKH: AkaneMivHui

VIII. 3aKkJII04Hi BiZoMOCTi

Biacue IlpizBuie Im's I1o-6aTbKOBI Kuuw Bitaniit Bacumbosnd

TOJIOBH paju



Bnacue IlpisBume Im'a [T0-6aTbKOBI Knym Birasiit BacuiboBid

TOJIOBYIOYOTO Ha 3acCiiaHHi

BiAHOBiAaJIbHI/II';I 3a HiAI‘OTOBKy HOHOMapbOBa €BreHia I’OpllBHa

00JIiKOBUX JOKYMEHTIB

PeecTpaTop VkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZIIIOBiZaJIbHUM 32 peECTpallilo HAayKOBOIi IOpuenko TeTsHa AHaTosiiBHA

OisSIIBHOCTI




