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AHOTAIIA

Llapux B.P. «3anuwkosi nanpysxcenus ma oegopmayii 36apHux 3’€OHAHb |
KOHCMPYKYIU 13  QUIOMIHIEBUX CNIABI6 Npu  36aplOGAHHI  mMepmaM 3
nepemiuiysannamy. — Kpamidikaliiiina HaykoBa Mpailsi Ha MpaBax PYKOIUCY.
JlucepTaris mojgaHa Ha 3100YTTS HAyKOBOTO CTYIEHsS JokTopa dimocodii 3a
cnemianpHicTi0O 132 — «MarepianosnaBctBo» (13 — MexaHiuyHa iHKeHepis). —
[HcTuTyT enexrpo3BaproBanus iM. €.0. [latona HAH VYkpainu, Kuis, 2025.

3BaproBaHHs TepTsaM 3 mnepemimyBanHsM (3TII) — BigHOCHO HOBHI
MPOLIEC 3BAPIOBAHHS, SIKUWA BXKE OTPUMAaB JIOCUThH IIMPOKE 3aCTOCYBAHHS IS
BUKOHAHHS 3’ €HaHb KOHCTPYKIIA B aBIaKOCMIYHIN Tajy3i, TPAHCIOPTHOMY Ta
CynHOOyAyBaHHI, B IHIIMX Tramdy3sx mnpomucioBocti. Xoua 3TII Bumarae
BUKOPUCTAHHS CKJaJAHOro oOOJagHaHHS, IIed TMpolec B TMOPIBHSIHHI 3
TpaJMLIITHUMU JYrOBUMHU TMpOILIECAMHU 3BAapIOBAaHHA OUIbII O€3MeYyHUu Jis
HABKOJIMIIIHROTO CEPEOBHINA, OCKUIBKH HE MOTPeO0y€e€ BUKOPUCTAHHS 3aXHUCHUX
ra3iB, a TaKOXX HE IHILIIOE HEraTUBHE JJisi 370pOB’S EIEKTPOMAarHiTHE
BUITPOMIHIOBaHHS Ta BUKIIIOUAE PO3MOBCIOKEHHS MUYy Ta a€pO30JiB, a TAKOX
BBakaeTbes, mo npu 3TII MeHie HarpiBaeThcsl METalNy 3’ €HAHHS, OCKUIBKH
3BaplOBaHHs BIJOYBAa€Tbcsl B TBepld (a3i, Ta BIANOBIAHO 3a0€3MeUyeThCs
CYTT€BE 3HM)KEHHS PIBHS 3aJIMIIKOBUX HANPYX EHb 1 AeopMaliiii.

Xoua Bxke € TexHoJorii Bukopuctanus 3TII s KOHCTPYKIIIHUX CTaNeH,
B OCHOBHOMY, II€¥ TIPOIIEC 3BAPIOBAHHS MOIIUPEHUMN 1JIsI 3’ €JHAHHS €JIEMEHTIB 3
JISTKHUX JTFOMIHIEBUX CIUIABIB. JJIsI MPOTHO3YBaHHS TOYHOCTI, MIITHOCTI 1 pecypcy
3BapHUX KOHCTPYKIIIH, BUKOHAHUX 3a joromMororo 3TTI, HeoOxigHa iHGOpMaITis
CTOCOBHO 3aJIMIIKOBUX HaIpy>KeHb 1 JAeopMaliil, a TaKoX MEXaHIYHHX
BJIACTUBOCTEN MaTtepiaiay B 30HI 3BapHOTO 3’ €HAHHS. AJie ICHy0UYa iHpOpMaIIis
IIOJI0 PIBHS 3aJMILKOBUX HampykeHb 1 Aedopmaiiii npu 3TII amomiHieBux
CIUIaBiB JyXe CyNepewinBa, a METOAW PO3PaxXyHKOBOTO MPOTHO3YBAHHS
TEMIIEPATypPHUX PO3MOIiIIB, MEXaHIYHHUX BJIACTHBOCTEH, THUMYAcCOBOTO 1
3aJIMIIKOBOTO HAIMpPYXEeHO-AePOPMOBAHOTO CTaHy 3BapeHux mporiecom 3TII

KOHCTPYKUIN Ay’e pI3HOMaHITHI.



AxmyanvHicms npobOiemu: BU3HAYCHHS MEXAHIYHMX BJIACTUBOCTEH Ta
HaIpyKeHO-1e(OPMOBAHOTO CTaHYy 3BapHUX 3 €HaHb 1 KOHCTPYKIH 13
AJIOMIHIEBUX CIUIaBIB, BHTOTOBIICHHMX 3a TexHousoriero 3TII, HemocTaTHBO
JTOCITIJIKEHE.

Memorw Oocniodxcennss € BU3HAUCHHS MEXAHIYHMX BJIACTMBOCTECH 3
ypaxyBaHHAM €(EeKTy 3HEMIITHEHHS MaTepiady Ta 3aJHIIKOBOTO HAMpy>KEHO-
ne(opMOBaHOrO CTaHy 3BapHUX 3’€HAHb 13 aJIOMIHIEBUX CIUIABIB, BUKOHAHUX
3BApIOBAHHSM TEPTAM 3 TMEpEeMIillyBaHHS, Ta MaTEeMaTH4YHE MOJCIIOBaHHS
MeToaoM  GYHKINI  ycaAKd  3araJibHUX  3BapIOBAIbHUX  JedopMailriii
BEJIUKOTa0APUTHUX KOHCTPYKIHM IHIIHIPUYHUX €MHOCTEH aepo-KOCMIYHOTO
MPU3HAYCHHS 3 BEJIMKOIO KUIBKICTIO 3’ €AHaHb 3a TexHojoriero 3TII.

06 ’ekmom OocnidxcenHss € TEIUIOBI 1 TepMmonedopmaliiiiii mpouecu B
AIFOMIHIEBHX CIUIaBaxX MPHU 3BAPIOBAHI TEPTAM 3 IIEPEMILITYBAHHSIM.

Y  nepwomy po3dini pobOTa MICTUTH PE3yJbTaTU MPOBEICHOTO
AQHATITUYHOTO OISy  CY4YaCHOTO CTaHy MpoOJieMH  MaTeMaTHYHOIO
MOJICJIFOBAHHSI BU3HAYEHHS TEMIEPATYpPHUX IMOMIB 1 (POPMYBaHHS 3BapHUX
3’€¢/lHaHb TpPU 3BApPIOBaHI TEPTSAM 3 TMEpPEeMIlIyBaHHIM. 3pOOJICHUN OIS
ICHYIOUMX MaTeMaTUYHUX MOJIEIEeN Ta OCHOBHHUX 1X 0COOJMBOCTEH 1 MapaMeTpiB
JUIS ~ TPOTHO3YBaHHS  HANpY>KEHO-IeOPMOBAHOTO  CTaHy, a  TaKOX
MIPOAHAII30BAHO  €KCIIEPUMEHTAIbHI  JJaHHI  BUMIPIOBAHHS  3QJMIIKOBUX
Harpy>keHb 1 gedopmariiii npu 3TII anromiHiEBUX CIUIaBIB.

VY Opyeomy po3dini NpeAcTaBIEHO TEXHOJIOTIIO 3BapIOBaHHsS TEPTIM 3
MepeMIITyBaHHSIM JOCIITHUX 3pa3KiB 3 TEPMO3MIITHEHOTO aJTIOMIHIEBOTO CIUIABY
2219-T81 aepo-KOCMIYHOTO TMpU3HAYEHHS, HAJaHI pPe3yJbTaTH MPOBEICHUX
BUNPOOYBaHb 3pa3KiB /Il BU3HAYEHHSI MEXaHIYHUX BJIACTUBOCTEN Marepiaity Ta
pE3yNbTaTIiB BUMIPIOBaHHS 3aJMIIKOBUX HANpPYyXeHb 3BAapHOTO 3 €IHAHHS 3
antoMiHieBoro criary 2219-T81.

Y mpemvomy po30ini HagaHO OMUC PO3POOIEHOI MAaTEMAaTUYHOI MOJIEI
BHU3HAYECHHS 3BapIOBAIbHUX HAMPYKEHb 1 1eopMalliil B 3’ € JHAHHAX, BAKOHAHUX

3BapIOBAHHSM TEPTSAM TEpPEeMINIyBaHHSIM, Ha OCHOBI 3arajbHOTO METOY
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TEPMOIIJIACTUYHOCTI 1 METOJYy CKIHYEHHX eJIeMEHTIB. BHpoBalKeHO MOEIb
3HEMIIIHEHHS alltoMiHieBOro criaBy 2219-T81 npu 3BaproBaibHOMY Harpisi, 110
CYyTT€BO BIUIMBAE HA TOYHICTh BHU3HAUEHHS 3aJMIIKOBUX HAMNPYXKEHb 1
nedopmariiii.  OTpuMaHo  pe3yJbTaTd  MATEMAaTUYHOTO  MOJIEITIOBAHHS
3aJMIIKOBHX 3BapIOBAJIbHUX HANPYKEeHb 1 TUIACTUYHHX JAedopmalliil 3’€JHaHb 3
amominieBoro crutaBy 2219-T81, Buxonanux 3TII, mpoBenmeni mnpoueaypu
Bepidikalii 1 Bamigamii po3po0iaeHol MaTeMaTUYHOI MOJIEN 3a pe3yjbTaTaMH
EKCIIEPUMEHTAJILHOTO BHUMIPIOBAHHS 3aJMIIKOBUX HAMPYXEHb. 3POOJICHO
MOPIBHSIHHSA ~ pe3yJbTaTiB  MaTeMAaTUYHOTO  MOJENIOBAaHHS  3aJIMIIKOBOIO
HaIpy>KeHO-1e(POPMOBAHOTO CTaHy 3’ €JJHAHb 3 ATIOMIHIEBOTO cIiylaBy AMr6 npu
3TII 3 gyroBuMu nporecaMmu 3BaprOBaHHs.

Y yemeepmomy po30ini po3poOIeHa METOI0JIO0T1sI MOJIETIOBAaHHS 3BAPHUX
3AJIMIIKOBUX HaNpykeHb 1 Jedopmamniii BeTUKOrabapuTHUX LUIIHAPUYHUX
eMHOCTEN 3a MeTojioM (PyHKIT ycaaku. BukoHaHO MOCTIIKEHHS MOMXIUBOCTI
OTpUMaHHA TapameTpiB (yHKINT ycaaku (MacTUurHuX naedopmariii) Ta
PO3MOUIIB 3IMIIKOBUX HAMpPYKEHb JJIS KUIBIEBUX 1 MOB3JOBKHIX CTUKOBHUX
3BapHUX 3'€THAHb BEIMKOTa0ApUTHOI HUIIHAPUYHOT OOOJIOHKM Ha CIPOIICHUX
MOJIETISIX OOMEXEHOTO pOo3Mipy MeToJaMu TepMmoracTuyHocTi. [IpoBeneHo
Bepidikaliio 1 BadiJalil0 MaTEeMAaTUYHOI MOJENI BU3HAYEHHS 3BaprOBAIBHUX
nedopmarliii 11l BEIMKOrabapuTHUX HUATIHAPUYHUX €MHOCTEH 13 aTIOMIHIEBOTO
criaBy. 3po0JICHO TOPIBHSIHHSL PE3yJbTaTIB MaTEMAaTUYHOIO MOJEIIOBaHHS
3arajgbHuX Jedopmaliii  BeIMKOTadapuUTHUX MWIIHAPUYHUX €MHOCTEH 13

aIFOMiHI€BOTO criiaBy npu BukopuctanHi 3TII 1 myroBoro 3BaproBaHHS.

Kuro4uoBi ciioBa: 3BaproBaHHI TEPTSAM 3 TIEPEMIIITYBAHHIM, ATFOMiHIEBHMA
CIUIaB, IUTACTMYHI Jedopmalii, 3aJMIIKOBl HANpPYXXEHHS, 3HEMILHEHHS

Marepiaily, MaTeMaTHYHE MOJICJIFOBAHHS.



ABSTRACT
Tsaryk B. R. " Residual stresses and deformations of welded joints and
structures made of aluminum alloys at friction stir welding" — Qualifying
scientific work on manuscript rights. Dissertation for obtaining the scientific
degree of submitted Doctor of Philosophy in specialty 132 - "Materials Science"
(13 - Mechanical Engineering). - E.O. Paton Electric Welding Institute of the
National Academy of Sciences of Ukraine, Kyiv, 2025.

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
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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.

Key words: friction stir welding, aluminum alloy, residual deformations,

residual stresses, mathematical modeling.
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YMOBHI CKOPOYEHHS
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BCTYII

AKTYaJIbHICTh TEMM.

3BaproBaHHs TepTsaM 3 nepeminryBanusaM (3TII) — BiTHOCHO HOBUI TIPOIIEC
3BapIOBaHHS, SIKUW BXE€ OTPUMAB JOCUTDH IIUPOKE 3aCTOCYBAHHS ISl BUKOHAHHS
3’€¢lHAHb ~KOHCTPYKIII B  aBIaKOCMIYHIM Tamy3i, TpaHCHOPTHOMY Ta
CyIHOOyIyBaHHI, B IHIMMX Taiy3sx mnpomucioBocti. Xouda 3TII Bumarae
BUKOPUCTAaHHS CKJIaJAHOro oOOJaJgHaHHS, 1€l TMpolec B MOPIBHSIHHI 3
TPaIUIIHHUMHU JYTOBUMHU TMIPOLIECAMHU 3BApPIOBAHHA OLIbII O€3MeyHuil ams
HABKOJIMILIHBOTO CEPEJOBUILA, OCKUIBKH HE MOTPe0y€e€ BUKOPUCTAHHS 3aXHUCHUX
ra3iB, a TaKOXX HE IHILIIOE HEraTUBHE IJs 370pOB’S E€JIEKTPOMArHiTHE
BUIIPOMIHIOBaHHS Ta BUKIIOYA€ PO3MOBCIOKEHHS MUY Ta aepo30iB, SKi
CHPUSAIOTH XBOPOOaM JIETEHIB, a TAK0XK BBaXkaeThes, 110 3TII 3a0e3neuye meHIuni
HarpiB MeTally 3’€IHaHHs, OCKUIbKH 3BapIOBAHHS B1AOYBa€ThCA B TBEPAIN (a3i,
Ta CyTTEBE 3HMKEHHS PIBHS 3AJIMIIKOBUX HANIPYKEHb 1 AePOopMaliii.

Xoua Bxke € TexHosorii Bukopuctanus 3TII 1ist KOHCTPYKIIHHUX CTalleH,
B OCHOBHOMY, II€¥1 MIPOIIEC 3BAPIOBAHHS MOIIMPEHUH IS 3’ €THAHHS €JIEMEHTIB 3
JISTKUX JTFOMIHIEBUX CTUTaBiB. JIJIsl MPOTHO3YBaHHS TOYHOCTI, MIITHOCTI 1 pecypcy
3BapHUX KOHCTPYKIIINA, BUKOHAHUX 3a aornoMororo 3TII, neobxigHa iHbopMalis
CTOCOBHO 3aJIMIIKOBUX HaIpyXeHb 1 JAeopMamiid, a TaKoX MeEXaHIYHHX
BJIACTUBOCTEN MaTtepiaidy B 30HI 3BapHOTO 3’ €JHAHHS. AJie iCHytoua iHpopMallis
HIOJI0 PIBHS 3aJMILKOBUX HampykeHb 1 aedopmauii npu 3TII amominieBUX
CIUIaBIB JIy’)K€ CyNepewInBa, a METOAU PO3PaXyHKOBOTO BU3HAYCHHS
(MpOTrHO3YBaHHsS) TEMIIEPATyPHUX PO3MOIUTIB, MEXAaHIYHUX BJIACTHUBOCTEH,
TUMYACOBOTO 1 3aJIMIIIKOBOIO HAMpPY>KeHO-aepopMoBaHoro crany 3BapeHux 3TII
KOHCTPYKLIN Ay’e pI3HOMaHITHI.

Takum 4yMHOM, BH3HAYCHHS MEXaHIYHUX BJIACTUBOCTEH Ta HAIpPYKEHO-
ne(opMOBaHOTO CTaHy 3BapHUX 3 €JHAHb 1 KOHCTPYKIHN 13 aJIFOMIHIEBUX
CIUTaBiB, BUTOTOBJICHHX 3a TexHosorieo 3TII, € Bkpaii akTyalbHOI0 MPOOIeMOI0

CYy4acHOTO 3BaprOBAJILHOTO BUPOOHUIITBA.

14



3B’5130K po00TH 3 HAYKOBUMH NPOTrPaMaMMu, IJIAHAMHU, TEMAMHU.

PesynapTatn auceprariiiHoi poOOTHM TOB’sA3aHI 3 TaKUMH HAyKOBUMH
nporpaMamu:
1. Bimomua, Bimomue 3amoBnenHs HAH Ykpaiau. Haykosa po6ora 1.6.2.34.5

(34/5) «Po3poOka HOBOrO TIOKOJIIHHS MaTEeMaTHYHUX  MOJICIIEH,
PO3PaxXyHKOBHX QJITOPUTMIB 1 KOMII FOTEpPHUX MPOTpaM ISl €KCIIEPTHOTO
aHaTI3y HaIMPY>KEHO-1e(POPMOBAHOTO CTaHy, MIITHOCTI Ta pOOOTO3JaTHOCTI
BEJIMKOTAa0ApUTHUX 3BAPHUX KOHCTPYKIIH OO ’€KTIB  CHEPreTHKH,
aBilakOCMIYHOI TeXHiKU Ta TpaHcnopTy» (2019-2021 pp.)

2. HaykoBi 1 HayKoOBO-TeXHIYHI (EeKCIEpUMEHTaJIbHI) pPOOOTH  3a
npiopuTeTHUM  HampsmoM. HaykoBa poGora 1.6.34.37 (34/37)
«Po3paxyHok napaMmeTpiB HATpPYKEeHO-AePOPMOBAHOTO CTaHy
KOHCTPYKTHUBHUX €JIEMEHTIB PaKETHO-KOCMIYHOI TEXHIKM Yy BHUIJISIIIL
LWTIHJIPUYHUX 000JIOHOK CKJIaJIHOI T€OMETPIi Ta HEOJHOPITHOI CTPYKTYpHU
3a CTATUYHUX 1 JUHAMIYHUX HaBaHTakeHb. Po3u1 2. Po3paxyHOK KIHETUKH
TEMIEPATYPHOTO, CTPYKTYPHOTO, HAIIPYKEHO-AE(POPMOBAHOIO CTaHy MPU
3BaprOBaHHI OOOJOHKOBUX KOHCTPYKIINA pPaKETHO-KOCMIYHOI TEXHIKK»

(2023-2024 pp.)

Meta noc/iiaKeHHs:

BusHaueHHsT MeXaHIYHUX BIJIACTUBOCTEW 3 ypaxXyBaHHSIM eQeKTy
3HEMIIHEHHSI MaTepiajly Ta HampyKeHO-Ie(OpPMOBAHOTO CTaHy 3BAPHUX
3’€¢lHAaHb 13 QNIOMIHIEBUX CIUJIAaBIB, BUKOHAHMX 3BApIOBAaHHAM TEPTIM 3
nepemimryBanHsam (3TII), Ta mMarematnuHe MOJETIOBaHHS METOAOM (YHKIIIL
yCaJIKH 3arajbHUX 3BapIOBAJIbHUX JePopMalliil BETMKOrabapuTHUX KOHCTPYKIII

3 BEJIMKOIO KUIBKICTIO 3’ €1HaHb 3a TexHosoriero 3TII.

O0’ekT nocCaiIzKeHH:
TeroBi 1 TepmoaedopmalliiiHi MpOIECH MpU 3BaplOBaHl TEPTIM 3

NepeMilyBaHHIM B aJIIOMIHIEBUX CILJIaBaXx.
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IIpeaMer nocaigKeHHs:

3aNuIIKOBI Hampy»XeHHs 1 AedopMallii CTUKOBHUX 3’€IHaHb, BUKOHAHUX
3BAPIOBAHHSM TEPTAM 3 TEPEMIITyBaHHIM, €JIEMEHTIB 13 TEPMO3MIIIHEHOTO
anmoMiHieBoro crutaBy A2219-T81 Tta 3aranbHi 3BaproBalibHI Aedopmariii

BEJIMKOTa0apUTHUX KOHCTPYKIIIN 3 BETMKOIO KUTBKICTIO 3BapHUX 3’ €HAHb.

MeToau n0c/TiIKeHHS :

YucenbHi METOOU CKIHYECHHO-EIEMEHTHOTO MOJICITIOBAHHS Hampy KeHO-
ne(opMoOBaHOTO CTaHy 3BapHUX 3’ €HAHD 31 3aCTOCYBAHHSM IT1JIX0/11B BUPIIIICHHS
3alad  HECTAIllOHAPHOI  TEIUIOMPOBIAHOCTI 1 3araJlbHOTO  METOIY
TEPMOIUIACTUYHOCT], a TaKO0X HAOMMKEHOTO METOxy (YHKIUT ycaaku st
BU3HAYCHHS B MEXKaxX TEOPii MPYKHOCTI 3arajibHUX 3BaprOBaIbHUX Jehopmarliit
BEJIMKOTA0APUTHUX KOHCTPYKIIM 3 BEIMKOI KIUIBKICTIO 3BapHUX 3’€/IHAHb.
ExcniepuMeHTanbHl METOIM BU3HAUYCHHS 3aJIUIIKOBUX HAINPYXEHb B CTHUKOBUX
3BapHHUX 3 €HAHHAX: PYWHIBHUU METOJ PO3PI3KH 3 BUMIPIOBAHHAM MPY>KHUX
nedopmariiii 1 HamiB-pyHHIBHHM METOA rojiorpadidyHoi crekiiHTepdepoMeTplii.

EKCHepI/IMeHTEUII)HI/Iﬁ MCTOJ BU3HAYCHHAA MEXaHIYHUX BJIaCTHBOCTEH MaTepiaJIy.

HaykoBa HOBH3HA OTPUMAaHMX pe3yJbTaTiB:

1. BusHaueHi OCHOBHiI (pakTOpW, $KI BIUIMBAIOTh Ha TOYHICTh
PO3PaxXyHKOBOTO BU3HAUCHHS 3aJUIIKOBUX HaIpykeHb 1 nedopmartiit mpu 3TII.
Pe3ynbraramMu po3paxyHKOBHX 1 €KCIIEPUMEHTAIBHUX JOCIIKEHb TOBEIECHO, 10
edeKT 3HEeMIIIHEHHs MaTepially altoMiHieBOro crutaBy 2219-T81 BHacmigox
BIUIMBY TEPMIYHOIO LMKy 3BaplOBaHHs CYTTEBO BIUIMBAE HA PO3MOJILI
3aJMIIKOBHUX HampykeHb. He BpaxyBaHHS 3HEMIIIHEHHS MaTepialy MPU3BOIUTH
110 CYTTeBOro 301bIIeHHs (011b1 HIXK Ha 30%) po3paxyHKOBHX MaKCUMAIbHUX
MOB30BXKHIX 3aJIMIIKOBUX HAIMPYKEHb.

2. OtpuMaHi 3a JONMOMOIOK pPO3pPOOJICHOI MaTeMaTUYHOI MOJeNl
PO3paxyHKOBI pe3yJbTaTH MPHU 3BapIOBaHHI IIACTUH TOBITUHOIO § MM 31 CILJIaBy
AMr6 1 2219-T81 mokazanu, mo npu 3TII anromiHiEBUX CIUIaBIB YTBOPIOIOTHCS

JIOCUTh BHMCOKI 3aJIMIIKOBI HANpPY>KEHHSA, 10 MEXI TEKy4OoCTl maTepiany y
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BIIMAJICHOMY CTaHi, a 3aJUIIKOBI ieopmaliii MOKyTh MaTH HIDKUYUKM PIBEHB, HIXK
Opy  TPAAUIIHHUX JyTOBUX CHOco0ax 3BaproBaHHs. A caMme, MO3J0BXKHS
KOMIIOHEHTA 3aJIMIIKOBUX MIacTHUHUX nedopmaniii npu 3TII 3a BennunHOIO B
1,5-2 pa3u HWXK4YE 1 po3MNojiJieHa B OUIBII BY3bKiM 30HI, HDK MPHU JYTOBOMY
3BaproBaHHi. [lomepedyHa KOMITOHEHTA 3QIHMINKOBUX IIACTHYHHUX JeopMariiin
npu 3TII 3a BenwumHOIO TakoX B 2-3 pa3ud HIDKYE, HDK TMPH TyTOBOMY

3BapIOBaHHI.

IIpakTHYHEe 3HAYMMICTH OTPUMAHUX Pe3YJIbTATIB.

Bnockonanena wmeToguka 1 MareMaTMdHa MOJENIb PO3PAXyHKOBOTO
BU3HAYCHHS 3aJUIIKOBUX HampyxeHb 1 aedopmariit npu 3TII amoMiHieBUX
CILIaBIB, a caMe:

e po3poOiicHa MaTeMaTHYHa MOJENIb, OCHOBHHMH OCOOJHUBOCTSIMHU SKOI
SBJISIFOTHCS TETUIOBUIJICHHS Bl TEPTA poOOUYOTO IHCTPYMEHTY BiJHOCHO
Marepiaty 3’eqHaHHs, cneuudiuni st 3TII  yMoBH  KOpPCTKOTO
3aKpITUICHHS €JIEMEHTIB 3’ €IHAHHSI, MOCIIJIOBHE MPOCTEKEHHS 32 4acoM
TepMoiehopMalliitHUX TPOIECiB B MaTepianl 3 €HAaHHS BiJ MOYATKY
HarpiBy JI0 ITOBHOTO OXOJIOKEHHS;

® pO3po0JieHO TmporpamMHe  3a0e3nedyeHHs, sKe Moxke e(EeKTUBHO
BUKOPHCTOBYBATUCS ISl ONEPATUBHOTO PO3PAXyHKOBOTO BH3HAYCHHS
3QJIMIIKOBUX HANpy»XeHb Ta JAedopMaliii B 30HI 3BapHHUX 3'€IHAHb,
BukoHanux 3TII, 3 MeTOI OIlIHKKM MIIHOCTI 3BapHUX 3’€HAHb MPHU
eKcIuTyaTailii ado MpOrHO3yBaHHA 3arajbHUX 3BaprOBaJbHUX Jedopmariii
BEITMKOTabapUTHUX KOHCTPYKIIIH 3 BEJIMKOIO KIJIBKICTIO 3BaPHUX 3’ €THAHb.

® TMIPOBEACHE TIOPIBHSIHHS PE3yJbTATIB MAaTEMAaTHUYHOTO MOJICITIOBAHHS
3BapIOBAJILHUX JedopmMalliii BEIUKOTa0ApUTHOI HUJIIHIPUIHOI €MHOCTI

(miametp 3200 MM, 3arambHa qoBxkuHA 12 000 MM, TOBIMHA CTiHKH 10 MM)

13 amominieBoro cruiaBy 2219-T81 mpu Bukopuctanui nporecy 3TII 1

O1IBII TPAAMUIIIHHOIO IyTOBOTO 3BAPIOBAHHSI TTOKA3aj0, 1110 BUKOPUCTAHHS

3TII mpu MOHTaKHOMY 3BapIOBaHHI BEIMKOTA0APUTHOI IWITIHAPUIHOI
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€MHOCTI 13 aJIFOMIHIEBOTO CILJIaBY J03BOJIsIE 3HAYHO (B 2-3 pa3u) 3HU3UTH

PIBEHB 3AJIUIIIKOBUX JehopMartii.

Oco0ucruii BKaaja 3100yBayva.

B poborax, omyOjikoBaHHWX B CIIBaBTOPCTBI, JUCEPTAHTy HAJICKHUTh
y4acTh y MOCTAHOBII 3a/1a4, po3po0Ill MaTeMaTUYHUX MOJIEIEH Ta TeCTyBaHHI
PO3paxyHKOBHUX aJITOPUTMIB, aHali3l OTPUMaHUX pe3yjbTaTiB Ta (OpMyBaHHI

BHUCHOBKIB.

Anpobanisi pe3yJabTaTiB AUCEePTAILil.
Pesynbratu auceprariiftHoi poOoT Oyiu anpoOoBaHi Ha:

e Young professional international conference on welding and related
technologies (Kyiv 2021)

e |V mixnHapoaHa koHpepeHlis «IHHOBaLIS TEXHOJOTI Ta 1HXUHIPUHTY Y
3BaproBaHHi 1 criopigHeHux nporecax PolyWeld 2023y (Kuis 2023);

e [ MDKHapo/IHa HayKoOBO-TeXHiIYHa KoHpepeHiis «lIpukianHa MexaHikay
(Tepuomnins 2024);

o XIV wmixnHapogHa koHdepeniis «KomriekcHe 3a0e3neueHHs SKOCTI

TEXHOJIOTIYHUX TporieciB Ta cuctem» (UepHiris 2024);

Iy6aikamii.

3a MaTepianamMu IucepTalii miAroTOBIEHO 8 HAyKOBUX pOOIT, 3 sKuX 4
nyOmikamii [31, 36, 44, 47] — B cnemianizoBaHMX HAYKOBUX JKypHayiax, Ta 4
nyOmikanii [37, 45, 46, 48] — B 30ipHHMKaX IOMOBiAEH MiXHAPOJHUX HAYKOBHUX

koH(epeHii, 1 myomikamis [44] BHeceHa 10 HaykomeTpudHoi 6azu SCOPUS.

Crpykrypa Ta 00csr aucepranii.

Hucepraiiiiina poboTa CKIagaeTbcs 31 BCTyMy, 4 pPO3ILIIB, 3araJbHUX
BHUCHOBKIB, CIIUCKY BUKOPHUCTAHOI JliTeparypu. OOCAT OCHOBHOTO TEKCTY CKJIaJa€e
156 cTOpiHKM MAIIMHOMHMCHOTO TeKCTy, MicTuTh 110 mamtonku, 13 Talmuilb,

CHHCOK JiTepaTypu 13 50 HaliMeHyBaHb.
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PO3AUI 1.01'JIA ] CTAHY ITPOBJIEMHU MATEMATHUYHOI'O
MO/JEJIIOBAHHA 3BAPIOBAHHSA TEPTM 3
[TEPEMILIYBAHHAM AJIIOMIHIEBUX CIIIABIB

1.1. AHadiTHYHMI OrJIAX ICHYIOUMX MATEeMAaTHYHUX Mojejieil BU3HAYEHHS
TeMIIepPaTyPHUX PO3NOALIIB i popmyBaHHs 3BapHUX 3’€aHanb npu 3TII
[Tportec 3BaproBanHs TepTsiM 3 mepeminryBanHaMm (3TII) xapaktepusyeTbces
JOCUTh CKJIAJHUM MeXaHi3MOM (OpMyBaHHS 3BapHOTO 3 €IHAHHS, KUK
00’equye  (Pi3MUHI  TPOIECHM HArpiBy, MEXaHIYHOTO TIEpPEeMINTyBaHHS 1
nedhopMyBaHHS MaTepialy 3a paXyHOK CHJIOBOI il 1 TepTS poO0YOro IHCTPYMEHTY
BITHOCHO TIOBEpXHI1 €JIEMEHTIB 3BapHOro 3’e€gHaHHsA. /i1 MaTeMaTU4YHOIO
mozemoBanHs 3TII po3pobneno 0araTto po3paxyHKOBHX MIIXOMIIB, SIKI B Pi3HIN
MIp1 COPOLIEHHS OMUCYIOTh (P13UYHI MPOLIECH (POPMYBAaHHS 3BAPHOTO 3’ €THAHHS.

B crarri [1] posmisgaeTbcsi MOJACTIOBaHHS KPYTHOTO MOMEHTY Ta
temriepatypu nipu 3TII ass pi3HOMaHITHHX cepiil altOMIHIEBUX CILIABIB, a CaMe:
AA2xxx, AASxxx, AA6xxx, AATXXX.

BukopucrtoByBanachy ckinueHHo-eneMeHTHa (CE) mozens, sika BKIIOYae
poOOUMii IHCTPYMEHT, 30HY IEpPEMIIIyBaHHSA Ta YacTUHY 3pa3Ka 3BApHOTO
3’ennanns (Puc. 1.1) [1]. [ncTpyMeHT 3MoenboBaHmid JlarpaHkeBUM METOIOM,
3pa3ok — EitnepeBum, 30Ha nepemimryBanHs Jlarpanxesum/Eitnepesum (ALE).

Tpeba 3aznauntH, o noBuibHe Jlarpanxese/Eiinepese ¢hopmyatoBaHHS
(Arbitrary Lagrangian-Eulerian — (ALE)) - ne CE dopmymoBanHs 3amgadi
TEMJIOMAcOOOMIHY, B IKOMY OOUYHMCIIIOBAHA CUCTEMA MOXE OyTH 3aKpIIUIEHOIO B
MPOCTOPI, 1 pyX YACTUHOK MaTepiany 3IIMCHIOEThCS BigHOCHO BOynoBaHoi CE
CITKH, HANIpUKJIaJ, K EfinepeBe ckiHueHHO-eeMeHTHE hopmymoBadHs, abo CE
CITKa MOXe OyTH MpUB’s3aHa J0 PYXOMOTO 1HCTPYMEHTY, sik y JlarpanxeBomy
CE dopmymioBanHi, a00 TaKoX MEPEMINIyBAaTHCh TOBUILHUM CIOCOOOM SIK II€
nokasaHo Ha Puc. 1.2.

CE mopnemioBanHs Ha ocHOBI ALE Moxxe ycyHyTH Henounikd, siki € B CE
MOJIeNIIOBaHH1 Ha OCHOBI Timbku Eitnepa Ta Jlarpamka. Hanpukinang ALE moxe
BiaTBOpUTH 3HauH1 Aedopmaitii CE citku, siki He MOXKe BIa0 BIATBOPUTH METO/
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Jlarpanska, a TaKOX MOKA3aTH TOYHY TPAHMITIO PO3/LITY MK MaTepiaiamu, siKy He

MoOKe 1mokasatu meron Eiinepa [2].

E
[
g
=
=11]
=
=
&)
<
—

—— ALE stir zone

workpiece

~

Puc. 1.1. CkinyeHHO-eeMeHTHa Moienb [1] 3pa3ka 3BapHOTO 3’€AHAHHS

(a), 30HU mepemimnyBaHHs (0) Ta po604Oro iHCTpyMEHTY (B).

N/

=

L=
Lagrangian description

N

Eulerian description

ALE description

Particle motion

A Material point

-~ Mesh motion

(O Node

Puc. 1.2. OgnoBumipuuit npukinaj pyxy CE ciTku Ta yacTUHKHM MaTtepiary

B Jlarpamxesiii, Eiinepesiii Ta ALE nocranoBsii [2].
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1106 kuTbKiCHO BU3HAYWTH BIUUB napametpiB 3TII Ha KpyTHHIT MOMEHT 1

TEMIEpaTypy B JaHOMY Tporieci Oyio po3risHyTo ABa koedimienta Cy ta Cr, ne

Cy =24t (L1)

Ga
C=—, 1.2
T (1.2)
G:%Dﬁerpp, +%(D3—Dp)2 , (L.3)

Cwm - xoedimieHT kKpyTHOro momeHTy, Cr - koedimienT Temmepatypu, G -
reOMETPUYHUI apaMeTp, @ - MBUAKICTb 00epTaHHS pOOOUOT0 IHCTPYMEHTY, V —
JiHIAHA MIBUAKICTh PYXy IHCTPYMEHTY, - TOBIIMHA JIMUCTAa 3BAPIOBAHOTO
matepiany, Dy - nmiamerp miHa iHcTpyMmeHTy, Ds - nmiamerp Oyprtuka (mieda)
IHCTPYMEHTY, P|- JOBXHHA (BHCOTA) MiHA.

Koepinieatn Cyv 1 Cr garoTeh 3MOTy OTpPHUMATH 3HAYEHHS KPYTHOTO

MOMEHTY IHCTPYMEHTY 1 TeMIIepaTypy B MaTepiaji 3a HACTYTHUMHU (popMyliaMu:
M=K, Syt (1.4)
)

T =K,C/ mma C; <20000,

(1.5)
T =590°C mna C, 220000,

ne Ky, Kr, ¢ - KoHCTaHTH, SIK1 3aJ1€KaTh Bl XapaKTEpPUCTUK Oa30BOT0 MaTepialy.

JloBkMHa 1 MIMpUHA 3pa3Ka 3BAPHOTO 3’€qHAHHS cTaHoBUia 160 MM, a
toBmMHAa 10 MM. Po3paxyHKOB1 pe3yibTaTh TEMIEPAaTypHOTO PpO3MOJALTY Ta
MIBUAKICTH Aedopmaliii matepiany B 30HI epeminryBanHs HaBeAeHo Ha Puc. 1.3
Puc. [1].

I3 3anexnocreit (1.1)-(1.5) BumuBae, 1o po3Mipu iHCTPYMEHTY, a TaKOX
HIBUIKICTH MOTO OOEpTaHHsS, Ma€ 3HAYHUN BIUIMB HAa KPYTHUM MOMEHT 1
TEeMIIepaTypy HarpiBy Marepiajy 3BapHOTO 3’€qHaHHA. TakoXX aHaTI3yl4Yu
poboty [1] MoxHa 3pOOMTH BHCHOBOK, INO JiHIHA IIBHIKICTH POOOYOro

IHCTPYMEHTY 1 TOBIIMHA OCHOBHOIO MaTepialy Ma€ JPYropsIHUNA BIUIMB Ha
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Temrepatypy 1 kpytHuid MomeHT npu 3TII. Ane nanuii BIUIMB Ha KpyTHUH
MOMEHT 30LIBIIYETHCS, SKIIO BUKOPUCTOBYETHCS BEIUKHUN po3Mip OypTUKY

(Tuteya) IHCTPYMEHTY Ta BeJIMKa TOBIIMHA JINCTIB OCHOBHOTO MaTepiany.

Temperature
measurement
location

Temperature [°C]

650
580
510
440
Retreating 370

i1 & 300
side | 530

160
90
20

Strain rate
log (s )

3
2.67
2.33

+2.00
- 1.67
g 1.33
1.00

0.67
0.33
0

Puc. 1.3. Pe3ynbraTu po3paxyHKy TEMIEpATypHOTO po3noity (a) Ta
HMIBUIKICTh edopMariii B 30H1 nepeminryBarus (0) [1]

Advancing
side

B po6orti [3] Oyno 3monensoBano temmeparypy npu 3TII npu 3miHHOMY
koeditienTi TepTsa. B mocmimkeHi po3risaaBcs amtomiHieBuit criaB 2219. s
OTPUMaHHS PO3NOAUTY Temieparyp Oylia BUKOPUCTaHA MOJENb, SKa BPaXOBYE:
3akoH noToky (“flow rule”), sxuit BU3Ha4Yae mpupicT mIacTUIHOI aedopMartii Bix
NPUPOCTY HABAHTAKEHHS, 3aKOH JedOopMaIlifHOTO 3MIIHEHHS 1 KpUTepii
IJIACTUYHOCTI. 3arajbHa cyMapHa po0oTa IIacTUYHOI AeopMallii BUpaKaeThCs

PIBHSIHHSIM:

|
7=[{o} [M]{de"} (L6)
¥ - WwiactHuHa pobota, [M]- matpuus Mac, ¢ - Tensop Hanpysxkenb Ko, deP'-
3MiHa (IPHpPICT) MIAaCTHYHOI Aedopmarrii.
Takox B maHiil MoJemi KUIBKICTh TUIACTUYHOT pOOOTH, SIKa TIEPETBOPEHA B

Teruio aopiBHIOE 80% , TOMY 3HaUEHHS BUAUICHOTO TETLIa I0PIBHIOE:
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t

0, =0.8x y =0.8x [{o}' [M]{de"}. (1.7)

0

Tpeba BIAMITHTH, IO B IHIIMX JOCTIDKEHHSIX [4] KUIBKICTH TeIlIa, sKa
BUJIIISIETHCS Bl IJTACTUYHOI poOOTH, MiHIMalIbHA (MeHIe 5%) B MOPIBHSHHI 3
TEIUIOM, SIK€ BUAUIAETHCS BIJ TEPTSI.

B nmocmimkenni [3] Oyma mobynoBana CE wmomens (Puc. 1.4), sika
CKJIAJIA€ThCSl 3 THCTPYMEHTY 1 IUIACTHUH, IO 3BaprO€ThCcs. Mojenb 3BapHOTrO
3’€HAHHS Majia Taki po3mipu: noBxkuHa 609.6 mm, mmpuHa 152.4 MM, TOBIIMHA
8.128 mM. Takox B 11iif MOJI€ITl BUKOPUCTOBYBABCS 3MIHHUN KOE(PIIIEHT TEPTS, B
3aJICXKHOCTI BiJl TEMITepaTypH, 3HAUCHHsI, IKOTO HaBeaeHH] B Taomumg 1.1. Jlana
CE Mopenb € J0CTaTHbO PECYPCOEMHOIO, PO3PaXyHOK KOXKHOTO BapiaHTy

ctanoBuB 30 roauH.

Convection from surface of the tool

Convection from top of the
work piece

Finer mesh along
centerline

Z

Convection from side of the
work piece X

Conduction from bottom of
the work piece

Puc. 1.4. CE citka ta rpanuuni ymoBu B CE moxeni [3].

Pesyneratu CE MozenoBaHHA, a caM€ 3HA4YEHHA TEMIIepaTypu
MOPIBHIOBAIUCH 3 EKCIIEPUMEHTATPHUMHU JaHuMU. [loxubka po3paxyHKOBOI
TEeMIIepaTypy BITHOCHO €KCIEPUMEHTAJIbHUX JIaHUX MPU HACTYITHUX NapaMeTpax

3TII: ockoBa cuma F,=12,455 kH, kyToBa mBHAKICTE OOEepTaHHS IHCTPYMEHTY
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=350 00/xB, miHIiHA MBUIKICTH 1HCTpyMeHTY V = 1,27 mwm/c, B Toulll Ha
B1JICTaHI1 BiJ] LICHTPY 3BapHOTO mIBa 26 MM ckJiajna 5.64%, a cepeHs moxuoka st
TprOX TOYOK (Tepmomap) craHoBwia 2.47%. I'padix posmomineHHs

MaKCHMAJIbHOI TeMIIepaTypH JIJIs JaHOTO BUMNAAKY HaBeaeHo Ha Puc. 1.5.

Tabnuus 1.1.— 3navenns koedimieHTY TEPTS B 3aJIS)KHOCTI BiJ TeMiieparypu [3].

Temmneparypa T,°C KoedirieHT Tepts
25 0.4
100 0.4
200 0.4
300 0.35
400 0.25
420 0.25
543 0.01
500
-*-From FEA _
: 1P i —— |
400 | ; A — T

350

[ 23 F'A‘-55| 8.51|

Temperature (°C)

300

250

200

0 10 20 30 40 50
Distance (mm)
Puc. 1.5. [TopiBHSAHHS MiX €KCIIEPUMEHTATLHIMH Ta PO3PaXyHKOBUMH JaHUMHU
3aJICKHOCTI MAaKCUMAJILHOI TEMITepaTypH Bijl BiICTaHi Bix oci mmiBa [3].
Taxox B nociimkenni [3] Oy npoBenenuii anainisz napamerpis 3TII, sk-oT

OChOBa CHJIA, IIBHIKICTH oOOepTaHHS Ta JiHIHHA IIBHIKICTH POOOYOro
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IHCTPYMEHTY Ha €HEPril0 PO3CIFOBaHHS TEePTs. AHAJI3 OTPUMAHMUX 3aJIeKHOCTEN
MOKa3aB, IO MIBUJKICTb OOEpPTaHHS 1HCTPYMEHTY Ma€ HaWOUIbIIWKA BIUIMB Ha
YTBOPEHHS €Heprii TepTsl.

B poGoti [5] posrismaerbcs HamiB-aHANITHYHA MOJEb, SIKA OIKCYE
nporecu TeronposigHocTi npu 3TII. OcHOBHI BHU3HauadbHI PIBHSHHS, SKi

BUKOPHCTOBYBAJIMCH JIUIS JOCIIKEHHS 1 TPOrHO3yBaHHs TeMiiepatypu ripu 3TI1

pe,l + 0y =V-kVT (L9)
ne Qint — MOTYXHICTHh 00’€MHOTO JIKEpena Teria, sIKe BUHHUKAE 3a PaxyHOK
mwiactuunoi mucunanii (Br/m®), p - ryctuna marepiany, Cp, - IHTOMa Macosa
TEIUIOEMHICTh, K-  Koe(ilieHT TeIIonpoBiAHOCTI, T - TeMIeparypa,

V=1—+]—+M— - onepatop rpazienra.
ox Ty Mg - omepaTop rpax

PiBusinusa (1.9) e piBHsHHsAM TeronpoBigHocTi nipu 3TII, #ioro moxHa

cipoctutH y piBHsAHH (1.10) Ta rpanmuny ymosy (1.11).
pe, T =V-kVT (1.10)
q=—-kVT (1.11)

Takox piBHsHHA (1.10) mMoxxHa cnpocTuTH A0 piBHAHHS (1.12) 3a paxyHOK

MOCTIMHUX BJIACTUBOCTEN MaTepiaiB.

1. 0T 0T 07
—T =gt —t+—7,
a ox- oy oz

(1.12)

e a=—— - KOE]IIEHT TeMIepaTyponpoBiIHOCTI. [l TOCATHEHHS

BCTAHOBIICHOTO PEKHMY, BPaxOBYIOUM II0JI€ IIBHIKOCTEH JpKepena eHepril
V=(vx,Vy,v2)=(v,0,0), MOXHa BUKOPUCTATH HACTYIHY 3MiHy CHCTEMY KOOPJIUHAT:

F=xw,y=y,z=z1t=t

Toni nudepentiitae pisasHHA (1.12) MokHa 3anmucaTy HACTYITHUM YHHOM:
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vaT 9T 0T T

= + + . 1.13
a 0& 852 8y2 0z° ( )

Po3mnonin TemnepaTypu MOXHa BUPA3HUTH:
T=T,+e""*p(£,y,2) , (1.14)

ne To- moYaTkoBa TEMIEpaTypa 1 ¢ - OCECUMETPUYHA (PyHKIIIA, AKY HEOOX1THO
BU3HaUuTH 1 migcraButy B piBHAHHA (1.13). OcraTtouHe piBHAHHS

TEIUIOMPOBITHOCTI €:

o 09 0% v Y

+ + + =0 1.15
652 8y2 622 2a (D ( )

Takum 4MHOM, PO3TIIAIaI0YM TOYKOBE JKEPENIO HArpiBy, SIKE PYyXaeThCs B

HalBHECKIHUCHIH TUIaCTHHI 0€3 KOHBEKIIIMHUX BTPAT, po3B’ 130K piBHAHHS (1.15)

Ma€ BHUI'JISA .

\

Q €™
T-T, =——¢ —_— 1.16
° 27k r ( )

BpaxoByrouu, 1110 moTy>XHICTh Jkepena temia npu 3TII qopiBHIoE:

2 T *
Qg =175 70, (1—T—j[(R§h ~R)(L+tan B)+ RO +3R2H |, (1.17)
M
e n=% , - KyTOBa IIBUJAKICTh IHCTPYMEHTY, To- «IIATOHOYHHUI»

napaMmerp, Twm - TeMIepaTypa IUIaBJIeHHs, S - KyT KOHyca IIjIe4a IHCTpyMeHTa, Hp
- BHCOTA ITiHa IHCTPYMEHTY, R¢h 1 Ry - paniyc mieua Ta mina Bigmnosiano (Puc. 1.6).

Takum uwmHoM, miacraBmssroun (1.17) B (1.16), oTpumaHO ocTaTtouyHe

PIBHSHHS
2 T= 3 3 3 2 v
ng Az 1= [(RS,—R?)(1+tan B)+ R? +3R?H,, | S
T=T,+ M e ez (1.18)
27tk r

Posrnsnanack minactuHa 3 amtomiHieBoro ciuiaBy 2024-T351 ToBumHOIO
4 mm. Jlns mporo 3paska Oyiu po3paxoBaHi 3aJeKHOCTI TEMIEpaTypH Bif

KOOPJIMHATHU LEHTPY 3BAPHOIO IIBA 3a JIONOMOTOI0 HalliB-aHAIITUYHOI MOJEN1 Ta
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MIPOBEJICHO TOPIBHAHHSA 3 JaHUMH JITEpaTypHUX JuKepen. SIK MoXHa moOadnuTu
Ha Puc. 1.7 pesynapTatu po3paxyHKy pO3MOALTIB MaKCHUMaJbHUX TEMIIEpaTyp
MOTIEPEYHOMY TIepepi3i 3BapHOTO 3 €JHAHHS B 3aJCKHOCTI BiA JIIHIHHOI

HIBUIKOCTI 3BaprOBaHHs JOOpE y3roKYIOThCS 3 JTITepaTypHUMU JaHUMHU.

ml\
e AL
3
D

Puc. 1.6. CxemaTiuHe 300paXeHHS TCOMETPUIHUX PO3MIPiB iIHCTpYMEHTY [5].
350 ¢
300

250

200
A pest data, v = 400 mm/min (P. Vilaca
et al., 2007)
150 ==Semi-analytical model

Temperature (°C)

© rtest dara, v = 100 mm/min (P. Vilaca
100 er al., 2007)
=—Semi-analytical model
50 o
O test data, v = 200 mm/min (P. Vilaca
et al.,, 2007)

=1

5 10 15 20 25 0

Distance from the centre of the nugget {(mm)

Puc. 1.7. 3anexHicTh MaKCUMaIbHOI TEMIEPATypH BiJ IMIBHIKOCTI 3BapIOBAHHS
npu 3TII gns amominieBoro criaBy 2024-T351 [5].

B po6ori [6] 6yna pospobiiena (CE) momens 3BapHoro 3’eananus (Puc.
1.8), sika BKiIrOYaE B ceOe 3pa3oK y BUIIISI IJIACTUHU Ta pOOOYUH IHCTPYMEHT,
JUIS BU3Ha4YeHHs TemneparypHux posnoautiB npu 3TII 3 ypaxyBaHHSM
KOe(DILIEHTY TEPTSI, IKUW 3aJICKUTH BIJ TEMIEpATypH MaTepiaity 3’ €1HaHHs. [

MoaemoBaHHs 0yiio Bukopuctano naker CE anamizy ABAQUS. B nociimkenHi
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OyJia pO3IIsSIHYTa IJIACTUHA TOBIIMHOK 10 MM, g0BxuHOI0 200 MM 1 HIMPHUHOIO

100 mm, 3 amominieBoro criaBy AA6061-T6, a incTpymenT 31 cram H13. Jlns

eKCIIEPUMEHTAJIbHOrO BUMIpIoBaHHs TemmepaTypu mpu 3TII mo 3paska Oynu

npueaHaH1 TepMonapu B Toukax A, B, C, D, sk mokazano Ha Puc. 1.9.

Puc. 1.8. KE monen 3BapHoro 3’eananns npu 3TTI [6]

Olw)

Welding divection
—

@0
@™

Welding rotational
direction

®

«

Advancing side

(©

(

@>
@w

(@

@

Puc. 1.9. Po3ramryBanHs TepMoIIap BiJl IIESHTPY 3BapHOTO MIBa 2 MM (TOYKa A),
4 mm (Touka B), 10 mm (Touka C), 40 mm (Touka D) [6]
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3 METOI0 YHUKHEHHS MpoOJeM, MOB’S3aHUX 3 BEJIUKUMHU IIACTUYHUMU
nedopmartisimu  npu  CE  mogemoBanni 3TII, OyB BHKOpHUCTaHMI 3aKOH
Jlxoncona-Kyka (1.19), sxuii onucye miacTUYHy MOBEAIHKY 3a JIOIOMOTOIO 2-X

TOJIOBHMX IMapaMETPiB: TEMIIEPATypPH Ta IMIBUIKOCTI aedopmartii

n .P Tst _Troom '
o, =[ A+B(sp) ]{uct—oﬂll{#} } (1.19)

melt ~— ' room
Je oy - TPAHMIS TEKYYOCTi, &f 1 & - epEeKTHBHA IUIACTUYHA HedopMarlis

(lHTeHCHUBHICTB), e(eKTHMBHA IIBUIKICT, IIACTU4YHOI  Aedopmarii Ta

HOpMaJTi30BaHa MIBUIKICTh MJIACTUYHOI AedopMallii BiIOBIIHO,

€p :g\/(51_82)2+(52_53)2+(53_51)21 (1.19a)

ne €, &,,€; - TOJIOBHI INIACTUYHI AegopMarii . [TapameTpu Mmoaeni maTepiary

Jl)xoHcoHa-Kyka HaBeneHo B Tabymii 1.2.

Tabmuus 1.2. [TapameTpu 3akony Jxoncona-Kyka st cruiasy AA6061-T6 [6].

Kimuatna Temneparypa I, (°C) 25
Temneparypa mnasnenss 1, (°C) 582
['panutis TekydocTti (A) 6e3po3mipHa BeTUYnHA 546
daktop nedopmariii (B) 6e3po3mipHa BeIuIrHa 678
ExcnionenTa nedopmarii (n) 0.71
dakrop mBuakocTi aedopmariiii (C) 0e3po3MipHa BEIMUUHA 0.024
ExcnionenTa temmneparypu (m) 1.56

KoedoirienT Tepts B podoTi [6] OyB po3paxoBanwuii 3a popmy.ioro (1.20)

_ h~4
1-0)R,(L-sina)

i (1.20)
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ne Po - oChOoBUI TUCK Ha JHO IJIeYa IHCTPYMEHTY, 0 = 0 — JjIs1 TOBHOT'O KOB3aHHS
(“sliding”) maTepiany BiTHOCHO IHCTPYMEHTY, 0 = 1 — JIJIsl TOBHOI'O IIPHJIHIIAHHS
(“sticking”), motw4Hi HampyXeHHs [T OIYHOI IJIONI TMiHA 1HCTPYMEHTY : T1 =
1Posina xonu 0 = 0, Ta 71= 7y K01 6 = 1, KyT a - 300paxkeHo Ha Puc. 1.10. 3rinHo
dbopmynu (20) Oyna oTpumaHa 3aJeKHICTh KOe(DIIiEHTy TepTs B TeMIlepaTypH
(Puc. 1.11). Po3paxyHkoBuii KoedillieHT TepTs 3Ha4HO 3MiHIOEThes 3 0.2071 mo

0.0006 3 migBuieHHsM Temiepatypa Bia 25°C no 580°C.

il

«— N =
¢« O —
-— -
— —
—

a 0
Puc. 1.10. ITpodink iHCTpyMEHTY 3 pi3n0010 (a) Ta KoHiuHOT hopmu (0) [6].

025 : :
Phasel : Phasell H Phaselll

02 e

0.15 \\

Coefficient of Friction
/

0.05 N

o 100 200 300 400 500 600
Temperature *C

Puc. 1.11. Po3paxyHKoBa 3a/ie)HicTh Koe(ilieHTy TepTs Bix Temneparypu [6].
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3a ponomororo po3pobnenoi moaeni 3TII Ha ocHOBI 3akoHy JI>KOHCOHA-
Kyka Ta 3MiHHOrO KOe(Qill€HTYy TEpTsS OTPUMAHUM PO3MOJALT TeMIEpaTypu B
3aJIe)KHOCTI BiJl 3MiHU KoopAuHAT. ['padik po3noaisieHHs TeMIIepaTypu BiTHOCHO
BIJICTaHI BiJl LIEHTPY 3BaproBaHHs HecuMeTpuunuit (Puc. 1.12a). e, moxiuBo,
3yMOBJICHO THM, III0 HA MOCTYManbHUI (JiHIHHUI) pyX poOOYOro iHCTPYMEHTY
HAKJIAJAEThCS e oOepTaHHS 1HCTPpyMEHTY. HampsMok BEKTOpYy pyXy OJHI€i 3
KpallHbOI TOUYKH IiHA JOJAETHCS 3 BEKTOPOM JIIHIMHOTO pyXy 1HCTPYMEHTY, a
HANpPSMOK BEKTOPY PYXy MPOTUJICKHOI TOYKM TiHA BIAHIMAETHCA 3 BEKTOPOM
pyXy IHCTpYMEHTY. B pe3ysnbTaTi pi3HULI TeMIepaTypu B TOYKAX 3BAPHOTO IIIBY

O pi3H1 HOro CTOpoHU CTaHOBUTH Osin3bko 30°C.

TEMP l l
600 (Avg: 75%) ‘ l
f — 4367404
+3.207e+
+2.740e +
§ +2.273e+
+1.806e+1
+1.335e+
+8.714c 4
+4.043e 4

0
5% 40 30 20 10 0 10 220 30 40 50 r x?
Distance from the welding centre (mm) 2

w
o
o

Y
o
o

Temperature °C
w
8

N
o
o

8

Printed using Abaqus/CAE on Sun Sep 04 17:23 15 Malay Peninsuia Standard Tme 2015 IISINADIEIS

Advancing side

367 414 400 SO7 wQ

—

008 F5Podt  Abaqus/Explick 6 14-3  Thu Mar 03 09:77:25 Malay Pexinsuls Standard Time 2015

) Q-
= Increment 145333 Step Teme = 8.000
Primacy Vae

Deformed

Var: U Defarmation Scale Factor: +1.0006400

a) 0)

Puc. 1.12. TlopiBHSHHS EKCIEPUMEHTAIBHUX 1 PO3PaXyHKOBUX PO3MOILIIB
TeMrepaTypy B MOMEPEUHOMY Tiepepisi (a), Ta Ha BEPXHIiM MOBEPXHI 3BAPHOTO
3’eaHanHs (0) [6].

Puc. 1.13 noxkasye, 110 npu 301IbII€HI IBUIKOCTI 00EpTaHHS IHCTPYMEHTY

30UIBIIY€ETHCS MaKCHUMajbHa TEMIIEpaTypa B Marepiall 3’€IHaHHS, ajie Ipu
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30UIbIICH] JIHIMHOT MIBUAKOCTI PYXy IHCTPYMEHTY CIIOCTEPITa€eThCs 1HINA

TEHJICHI[I1 — MaKCUMaJlbHa TeMIIepaTypa 3MEHIIIYEThCSI.

450
400

350

300
250 /
200 /
150 ' 7 ,.
100
. / ‘ /
0

800 RPM .40 1200 RPM 40 1600 RPM-40 800 RPM- 70 1200 RPM-70 1600 RPM-70 800 RPM-100 1200 RPM-100 1600 RPM.100

Temperature °C

o

MM/ Min MM/ Min MM/Min MMM MMM MN/Min L MM/ Min MM/MA
Experement [°C) 195878 0859 357.146 285366 295828 3381713 24795 19655 308.893
# present study (*C) 301.267 0529 365084 PLIAY 290034 a0l 8565 88301 §18.00%

Literature values [14, 15, 25,271 (°C) 260305 A6 42259 men inos Q6502 274378 1N 436892

Ewperiment (°C)  ® present study (°C) Literature values (14, 15, 25, 27](°C)

Puc. 1.13. YucenbHi 1 eKCIIEpUMEHTAIbHI PE3yIbTaTH IIOJ0 MaKCUMAaJIbHUX
TEeMIIepaTyp TpH PI3HIM MBHUIKOCTI 0oOepTaHHsA (00/XB) Ta JIHIMHOTO PYyXy
iHCTpyMeHTy (MM/XB) [6].

B crarri [7], sx 1 B pobGoti [8] mpm mnpoBeneHHI MATEMAaTUYHOTO
MOJISITIOBaHHS TeMriepaTypHux po3mnoainiB nmpu 3TII migi BUKOpUCTOBYBAIOCH

PIBHSIHHS IEPEHOCY TeIlIa:
or _ .
P 0 +vgradT |=div(AgradT), (1.21)

ne p,¢,, A - BiINOBIHO TYCTUHA, IIATOMA TEIIOEMHICTh NPH NOCTIHHOMY THCKY
1 KoedIlIeHT TEeIJIONPOBIAHOCTI MaTepially, Vv — BEKTOp IIBUJKOCTI,
T — remneparypa, t — gac.

His moxepena Teia, sSIKe BUHUKAE 3a PaXyHOK TepTsa 1 AedopMyBaHHS

Martepiany, Oyia 3alaHa y BUIJISIII 3arajbHOTO JDKEpesia Teruia Ha TMOBEPXHI

KOHTAKTy IITHPs Ta OypTHKa 3 JETAJLTI0, TaK caMo sK i B podorax [9, 10, 11]:
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oTr

A= [pup, + A= HeleR. (122)

ne P, - HopMajibHe 3yCHIIIS B TOUIl KOHTAKTY, () - KyTOBa IMIBUIKICTh B TOUKaX
MOBEpPXHI KOHTAKTy, A - Koe(ilieHT TepTs, R — BiicTaHb TOYKU KOHTAKTY BiJ OCl
oOepTaHHs WTUPS, T - TPAHUIlI TEKYUYOCTi MaTepiaiy, 77 - KOeQili€eHT KOPUCHOL

i1, KoeilieHT B Busnauaerses mo dbopmyi:

@R
p=1- exp(——j (1.23)
Po@R;
KoeditienT Teptss 1 po3paxoByeThes 1Mo GopMyi:
1= 1, €XP(—o fOR) (1.24)

ne R, - pamiyc 6ypruxa, @, - xapakrepHa BenMuMHA KyTOBOi IIBHJKOCTI,
Uy - ocTiiiHe 3HaYeHHs KkoedilieHTy TepTs, [, - mocTiitHmit KoedimieHT 3i

3HAYeHHAM Ha Bimpisky [0,1], mocTitina /4, , sxa mopismioe 1 ¢/m. Ha puc. 1.14

300paxkeHa po3paxyHkoBa oosacth 3TI1, sika po3rsgaaeTses y podori [7].

Hanpasaenne e
1 BPALCHINA phat pr
e

K

Puc. 1.14. Po3paxyHkoBa 00JacTh (ITOB30BKHE ciueHH mionuHoro ABCD):
1-cTransHuUl BaJl NpUBOY; 2 — CTalbHA JIepKaBKa; 3, 4 — OypTHK 1 IITUP POOOYOro
CJIEMEHTY; 5, 6 — 3BapHi AeTali; 7 — TBepaociiaBHa oboiima [7].

Ha mnoBepxHsx OypTuKy 1 jdeTani, SKi KOHTaKTYIOTh 3 30BHIIIHIM
CepeIOBHIIEM TEMIIEPATYPH |, 33aI0ThCSl YMOBH KOHBEKIIITHOTO TEMI000MiHY

—/16—T=a(T -T.) (1.25)
on
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ne O - KoedileHT KOHBEKIIIHOTO TEIJI000MIHY.
Takok Ha TIOBEpXHSAX JeTajcii Ta OypTHKa 3aqal0ThCsl YMOBH

BUINIPOMIHIOBaHHS TEIUIA BIAMOBIMHO 10 3akoHy Ctedana-bonpimana

—zg—T oo (T =T (1.26)
n

ne & - cTeliHb YOPHOTH MOBEPXHi, O - mocTiitHa Ctedana-boapiMana.

Ha puc. 1.15. 300pakeHa cxema po3stairyBaHHs Tepmorap (1, 2) npu

BUMIpIOBaHHI TeMiiepaTypu B npoiieci 3TII.

u. MA

Puc. 1.15. Cxema posramryBanHa Tepmonap (1, 2) mnpu BUMIpIOBaHHI
temneparypu B niporeci 3TII [7].

Pe3ynbraty TOpIBHSHHS E€KCIIEPUMEHTAJIBHUX 1 PO3PAXYHKOBUX PO3IOJLIIIB

TeMrepaTypu 300paxkeHo Ha puc. 1.16.

T, K

900
800
800
700 _
700

600 600 |

200 300

400 400

300

300

0 .30 100 150 200 250 f, ¢

Puc. 1.16. Pesynpratu po3paxyukiB (1) Ta BuMipioBaHb (2) Temmeparypu B
nporieci 3TII: a, 6 — BiaAmoBigHO Temmeparypa 1-11 2-1 repmomnapu [7].
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Ha puc. 1.17 3006paxkeno po3noain remneparypu rpu 3TII na 2-it crazii, To0To

KOJIM BIJIOYBA€ThCS pyX IITUPS 3 OYPTUKOM BITHOCHO 3BAPHOTO 3’ €HAHHS.

NBRREELSEE>

S#e

23z

a 0

Puc. 1.17. Po3nonin temneparypu npu 3TII gepes 25 ¢ (a) i 125 ¢ (0) micas
MOYaTKY JIIHIKHOTO pyXy 1mtups [7].

B po6oti [7] moOpe y3rokyroThesi eKCIIEpUMEHTAIBHI Ta PO3PaXyHKOBI
posmoain temrepatypu npu 3TII, mo roBopuTh mpo BUOIp ameKBaTHOI
MaTEeMaTUYHOI MOJIENi JaHoro Tporecy. Asne B poOOTI HE MOKa3aHO SKi came
YaCTHHH TeIIa BHHUKIIN 32 PaXyHOK TepTs 1 neopmyBanHs marepiary mpu 3TII.

Sk nokazaHo B po6oTax [4, 9] TerioBUIINICHHS, IKE OTPUMAHO 33 PaXyHOK
nedhopMyBaHHS MaTepialy allOMIHIEBOTO CIUIaBYy, CTAaHOBUTH ONM3bKO 4% Bif
3arampHOTO TeroBuAineHHss mipu 3TII. Tomy mpu po3poOii €KOHOMIYHOI i
ehekTHBHOT MoOJenl Jpkepena 3BaproBasibHoro Harpiey mpu 3TII mokHa

3HCXTYBAJIM TCIIJIOM, SIKC BUHUKAE 3a PAXYHOK I[e(l)OpMYBaHHSI MaTepiaJIy.
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1.2 Orasaag MaTeMaTHYHHX MojleJleil BU3HAYEHHS 3aJIHIIKOBHUX HaIIPpY’K€Hb i

aepopmaniii npu 3TII ajmomiHieBUX CIUIaBiB

PoGoTa [12] monsirana y MaTeMaTHYHOMY MO/ICITFOBAHHI 3QJTUIIIKOBUX HAMIPYKCHb
B MaTepiayi 3BapHOTO 3’€AHAHHS BiA TemriepaTtypHoro BrumBy mpu 3TIL
O6’exTOoM JOCHIIKEHHS OyB 3pa3oK 3 altoMiHieBO-MarHieBo criapy AlMgSc.
Temnepatypa B w1iii poOoTi Bu3Hayanacs 3a ¢popmynoro (1.27), a ii mapamerpu
Po,P1,P2,P3 Ta TemmompoBigHICTE MaTepialy 1HCTPYMEHTa 3HaXOAwiacs 3a

JIOTIOMOT'0I0 METOJTY aJIallITUBHOI MOBEPXHI BIATYKY.

T®)=P+ 1 (1.27)
t—P
1+exp[ 2]
P,

AJ'Il"OpI/ITM MCTOY I[OCJ'Ii,H)KCHH?I 3aJIMIITKOBUX HaIIpY>XCHb 3

BukopuctanasaMm CE po3paxyHKy HaBeneHui Hik4e Ha Puc. 1.18.

Puc. 1.18. Anroputm po3paxyHKy 3aJUIIIKOBIX HANPYKeHb Ta
nedpopmaniii npu 3TII [12].
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CE po3paxyHOK 3aJIMILIKOBUX HaNpy>KeHb HA OCHOB1 MOJIEJ, SIKa BKIIIOYAE
iHcTpyMmeHT st 3TI, moTpedye miIBUILIEHUX PO3PAXYHKOBUX PECYPCIB, aje Jae
3MOTy OUIBII TOYHO BHU3HAUUTU TEMIIEPATypHI PO3MOAUIM 1 JOCITTH Kpamoi
BIJIMOBIJTHOCTI 3 pe3yJbTaTaMu eKcnepuMeHTy. Po3mipu Mozeni 3BapHOro
3’€HAHHS, SIKAA PO3TJISIAABCSA B JTAHOMY JOCIIKEHHI, CTAHOBWJIM: TOBIIMHA
3.2 mmM, noxkuHa 500 MM, a mmpuHa 220 mm. Takox B CE momeni po3risgaBcs
IHCTPYMEHT, sikuit o06epTaBcs 31 BUAKICTIO 1200 00/XB 1 MaB JiHIAHY IBUJIKICTh

600 mm/xB. Mozenb IHCTpYMEHTY Ta 3pa3Ka 3BapHOTO 3 €THAHHS HABEJACHO HA

Puc. 1.19 ta Puc. 1.20.

RT a)

\

T[°C] m—— e —
25 80 136 191 247 302 358 413 469 525

Puc. 1.19. CE monens inctpymenty aist 3TII (1/4 moneni) (a); TemmeparypHuii
PO3MOALT B IHCTPYMEHTI Tij yac 3BaproBanHs (0) [12].

support
(cast iron)
sheet

(AlMgSc)

blank holder
(steel)

Puc. 1.20. CE monens 3pa3ka 3BapHOTO 3’ €HAHHS 3 YCTaTKYBaHHSIM
3akpimieHns [12].
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Po3paxyHKOBI pe3ynbTaTd pO3MOMIICHHS KOMIIOHEHT 3aJHMIIKOBHX
HaIpy>XKeHb TMOCEPEANHI JIMCTa TOBIIMHOK 3,2 MM 13 aJFOMiHI€BO-MarHi€BOTro

crutaBy (Mexa Texkydocti 183 MIla) naBeneno Ha Puc. 1.21.

400

300

200 f

100 }

Stress o [MPa]

80 —-60 —40 20 0 20 40 60 80

Distance from weldseam y [mm]|

Puc. 1.21. Po3paxyHKOBHi1 pO3IOA1LT 3AJIMIITKOBUX HAMPYKeHb1 (KOMIIOHEHTH: gy
— MOB3/IOBXHSI, 0y — IIOTIEPEYHA, 07 — 110 TOBIIHHI) [12]

o mo nedopmariiii k07007€HHS, TO BOHU 0YyJIM pO3paxoBaHi Ta BU3HAYEH1

CKCIICPUMCHTAJIbHO-OIITHYHHUM MCTOJOM. Xoua pOSHOI[iJ'I ’KOJIOOJICHHS

xomronentn Y; mae cxoxwmit XapaKkTep PO3MOJUTY, PI3HHIS 3HAYEHb MK

PO3PaxXyHKOM 1 €KCIIEPUMEHTOM CSTa€ B JEAKUX TOYKax Ouibine Hix y 10 pas.
ABTOpH 11€ TOSICHIOIOTh THM, IO AJIS PO3PaXyHKY >KOJIOOJIEHHSI HEIOCTaTHHO
TIIBKA BpaxyBaHHsS BIUIMBY 3aJMIIKOBUX HAalpy>KeHb, M0 CIPUYHUHEH]
TEMIIEpaTypoIO, 1 AJisl OLIbII TOYHOTO MPOTHO3YBAaHHA KOJIOOJIEHHS HEOOXITHO
BpaxoByBaTH Takox 1 1H1I acriekTy 3TII. Po3paxyHkoBe Ta ekcriepuMeHTaIbHO
BH3HAUYCHE PO3MOAUICHHS edopmariii xkoao0ieHHs U, 300pakene Ha Puc. 1.22 ta

Puc. 1.23 BiamoBigHO.
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u, [mm] I T .
-0.08 -0.02 0.04 0.10 0.16 0.22 028 0.33 0.39 046

Puc. 1.22. Po3paxynkoBa aedopmaiiis (IepeMillieHHs) 13 IUIOIIUHHI JINCTa
u; mcas 3TTI [12].

u, [mm]

||
0.0 1.6 3.2 4.8 6.4

Puc. 1.23. Pe3ynbraTti BUMIpIOBaHHS TIEPEMIICHb 13 TUIOIIMHU JIUCTA U, TCTS

3TTI [12].

B po6oTi [13] npoBoauBCs aHai3 TeMIepaTypH i 3aJIHIIKOBUX HAMIPYIKCHb
npu 3TII B 3pa3ky i3 amominieBoro cmiaBy 6061-T6 (Puc. 1.24). 3pazok maB
noBXKUHY 145 MM, mmpuHy 150 MM, Ta TOBITMHY 6,35 MM. [ MojaenmroBaHHS
npouecy 3TII BuxopucroByBanmack mnporpama CE anmamizy ABAQUS. Cam
pobounii IHCTPYMEHT HE MOJICJIIOBABCA. 3pa30K CKJIAJaBCs 3 2-X IUIACTHH, SK1
Manu 8001 ckinueHux enemeHTiB Ta 10456 By3miB.

TemmneparypHa MOJENb:

c,o(£+v£j=£(kxgj+i k o +g(kz£), (1.28)
ot ox) ox\U"ox) oy\ Yoy ) ez\ ‘oz

Je C - MacoBa IHMTOMAa TEIUIOEMHICTh, p- TycTWHa, K - KkoedimieHT
TEIJIONPOBITHOCTI, | - TeMmmeparypa, V — JiHIHHA MIBUIKICTh MPOCYBaHHS
1HCTPYMEHTY.

MexaHiyHa MOJENb:
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j t.ovdS + j f.ovdV = j o[ 2V dv | (1.29)
S \Y \Y 8)(

ne V- nozHavae 00’ €M, SIKHiA 3aliMae 4aCTUHY 3BapHOTO 3pa3Ka, S - HOBEPXHS, 10
obMexye 1ieit 00’eMm, T - MoBepXHEBE TePTS Ha OJUHHINO ILIoI, f - cuita Tijga Ha
OJIMHUIIIO 00’ €MY, OV - TOBUIbHE BipTyabHE MOJIE MIBUIKOCTEH.

Ak 1 B poboTi [6] po3paxyHKOBE PO3IMOAIICHHS TEMIIEPATyp BITHOCHO
IIEHTPY IIBa € HECHMETPUYHUM, MaKCHUMallbHa TeMIeparypa Ha BEpXHIH
noBepxHi 3paska gocsarae 525°C, Ha HwkHIA 430°C, pi3HUIT MaKCHUMAaTbHUX
TEeMIIepaTyp B TOYKAX 3BAPHOIO HIBY MO Pi3HI HOTO CTOPOHHU CTAHOBUTH OJIU3BKO
50°C (Puc. 1.25 ta Puc. 1.26).

Sx BuanHo 3 Puc. 1.27 3anumKkoBi HaNpYy>KEeHHSI JJI aJTIOMIHIEBOTO CIUIABY
6061-T6 npu 3TII, sxi Oynu BU3HAUEHI PO3PAXYHKOBO HJIsi PI3HUX JIIHIMHHX
HIBUAKOCTEN 1HCTpyMeHTy V=280 MM/xB 1 V=787 MM/XB MpH MIBHUAKOCTI
obepranHs ®=1250 o06/xB, € Bumi (10 25%) HDK TI, sSKi OyJM BU3HAUYECHI
CKCIIEpUMEHTaIbHO. Lle moB’sa3yr0oTh 3 THUM, IO B jpociuijkeHi [13] He OyB
po3rsiHyTHlA  BIUMB  1HCTpymeHTy Ha 3TII. Bsaram, orpumane noOpe
Y3TOJIPKEHHS MK PO3PaxXyHKOBUMU 1 €KCTIEPUMEHTATLHUMU JIAHUMH, 3T1THO SIKUX
MTOB3/IOBXKHS KOMIIOHECHTA 3aJTMIIIKOBUX HAPYKEHb XapaKTEPHU3YEThCS BUCOKHUMHU
po3TaryBasibHUMU HanpyxxeHHsiMu 10 200 MIla, a monepeyHa KOMIOHEHTa HE

nepeuiye 50 MIIa.

We,

ding Djre
z h=30W/m2.k < ———=—8ction

— 2
h=350W/urk | o soW/m2k

Puc. 1.24. 3pa3ok 3BapHoro 3’ennanns 3TII 3 antoMiHIEBOTO CIUIaBy
6061-T6 [13].
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Puc. 1.25. TemnepaTypHuii po3mnozin B 3pa3ky (a) i nepepisi (b) mpu 3TIT (v=280

MM/xB, ®=1250 06/xB) [13].

00 y=280mm/min S oatmm| ]
4s0.L @@= 1250rpm i ;‘l;idcl g
400, - -

g’ 350.p L
5 300, . . E . . :'
5 Retreating side /! Advancing side |
a 250. - —
g 200, : -
- ; J
150, ' .
100. - H -

50, o oo AR U SRS SO i NP CSFICY IREPOM SO SEPOR R

-0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0.01 0,02 0.03 0.04 0.05 0.06 0.07

Distance from center line (m)

Puc. 1.26. TemnepaTypHi po3MoAiIA BIIHOCHO BIJICTaH1 BiJ] IIEHTPY 3BapHOTO
IIBY Ha BEPXHiH, HUXKHIM MOBEPXHSX 1 B CEpEAHbOMY Tepepisi 3paska [13].
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280 ez e s e T
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200 1 V=787 mum'imin 511 233 200 ~1250 a—a 522 | ]
w=1250 rpmn ;i o HD o HD i pm
- 150 + + = c _ =0
. [
= 100 - g 1o
A . ::.rl.n:-;-n::ul:ﬁn Duug?ﬁ?lnnﬁ g
LT — I [
=
-100 + T
-100 0 50 100 =75 B0 45 <-30 -15 0 15 30 45 &0 75
Distance ([mm) Distance from center line (mm)

(a)

(6)

Puc. 1.27. 3anumkoBi Hanpy>keHHs (1oB310BxKHI S11 1 nonepeuni S33), siki
OyJM BU3HAYCHI EKCIICPUMEHTAIBHO (2) Ta po3paxyHkoBo (0) [13].

PoGota [14] mpe3eHTye po3paxyHOK 1 aHaJI3 PO3MOILITYy TEeMIIEpPaTypy Ta

3QJIMIIKOBUX HAIpy>XEHb JJISl PI3HOPITHUX aIOMIHIEBUX CIUIABIB, 3’ €JHAHHS

IKAUX BUKOHaHe 3a noroMoror texuosorii 3TII. B pmamiii crarri 00’e€kTom

JOCIIJKEHHST € 3BapHi 3pa3ku 31 criaBiB AA2024-T3 ta AA6061-T6 3

HACTYITHOIO TeOMETpi€r0: ToBIIMHA 5 MM, AoBxkuHa 100 MM 1 mupun 50 mm.

Pucynok 3paska 3 posranryBaHHSIM TepMOMap 1 TEH30JaTYMKIB MPUBEICHUIMA

Hwkde (Puc. 1.27). Byno posrisiayto yotnpu pesxkumu 3TIT (Tadmums 1.3).

Tabmuns 1.3. Pexxumu 3TIT [14].

[To3HaueHHs [IBuakicTs 0O6epTaHHS [IBUAKICTH JATHIHHOTO PYyXY
1HCTpYMEHTY (00/XB) IHCTpYMEHTY (MM/XB)
A 550 40
b 950 40
B 550 60
I 950 60
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50 mm |
35 mm | vl

Strain gage (rosette)

TC1 \

AA 2024 (Advancing Side)

'/
................................. @ &
> e
15 mm
Welding direction
£39 —
BT
>, 15 mm
Y
--------------------------------- &) (=)
ﬁ c2 it 50 mm
Thermocouples
AA 6061 (Retreating Side)

100 mm

Puc. 1.27. T'eomeTpis 3pa3ka pizHopigHoro 3’ eananss 3TII 3 po3ranryBaHHsIM
TepMoIap i TeH3o1aTIuKiB [14].

[TobynoBana CE Mozenb Ha ocHOBI 3B’s13aHoro EitnepoBo-Jlarpan:xeBoro
metoay (coupled Eulerian—Lagrangian -{CEL}). Lleit metox, sik i merox ALE,
noennye EinepeBuit 1 JlarpamxkeBuil MeToau 3aJaBaHHSl y3araJlbHEHUX
KOOPAMHAT JIJIs1 YCYHEHHS 1X HeJ0JIKIB. AJie BiApi3HIEThCs B MeToy ALE THMm,
mo mua ALE nHa xpomi pememunry Oyayerbcest HoBa citka, a jisi CEL
3aJIMIIAETHCS MOYATKOBA CITKA CKIHYEHHUX €JIEMEHTIB, SK 300pa)x€HO Ha
Puc. 1.28 [15].

PoGounii 1HCTpyMEHT MoJenoBaBcs JlarpaHkeBUMU CKIHUCHHUMU
€JIEeMEHTAaMH, YHUCENBbHICTh SKHX CTaHOBWIa 4456, a 3pa3ok 3’€AHAHHA 2-X
miacTud OyB 3MmojenboBanuii 19200 EitnepeBUMH CKIHYCHHUMH €JIEMEHTAMH.
CE Mopenb 3pa3ka Ta iHCTpyMeHTy 300pakeHa Ha Puc. 1.29.

Takox Tpeba 3a3HaunTH, 1O B gociuimkeHHi [14] 100% eneprii TepTs
MEePEXOAUTH Yy TEIUIOBY €HEeprito, 1 90% MmaacTUIHOi poOOTH IEPEXOAUTH Y TEILIO.
JI71st MOJIeIOBaHHS MIACTUYHOI poOOTH OYJIO 3aCTOCOBAHO BUILIE3TaIaHy MOJIETh
Jlxoncona-Kyka (1.19), mapamerpu sikoi juisi JBOX MaTepiayiB HaBEACHO B
Tabmuui 1.4. Pe3ynbrat po3noaiay TeMIepaTyp, 3aJUIIKOBUX HaNpyX eHb Ta

iacTUuHuX Aedopmariiii HaBeaeHo Hikde (Puc. 1.30 — Puc. 1.34).
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Lagrangian

Bart Advected | Fixed | , . 4

i mesh -

|
I

Initial configuration ALE CEL

B Material A [ ] Void elements [} Advected material
[l Material B |:| Lagrangian part

Puc. 1.28. Iopisusaast metoxy ALE 3 CEL [15].

Puc. 1.29. CE mozens 3paska Ta iHCTpyMeHTy [14].

Tabmuus 1.4. [Tapamerpu moneni J[>xoncona-Kyxka mist crmaBis AA2024-
T3 Ta AA6061-T6 [14].

Material A(MPa) B (MPa) n C m Toett (O Troom (°C)
AA GO61-T6 324 114 0.42  0.002 1.34 582 25
AA2024-T3 369 684 0.73 0.0083 1.7 521 25
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Puc. 1.30. Po3noainu Temnepatyp, OTpUMaHi YAUCETbHUM Ta €KCIIEPUMEHTATHBHUM
msixoMm it tepmorniap TC1 1 TC2 [14] nns pizuux pexumi 3TII: a) A; 6) b;

B)B;r)I.

NT11
+5.050e+02

+3.461e+02
+3.063e+02
- +2.666e+02
+2.269e+02
+1.872e+02
- 4+1.475e+02

+2.829e+01

AA 6061

—
Direction of FSW

AA 2024

B)

Puc. 1.31. Po3noninu TemrepaTyp B KiHII 3BapIOBAHHS JJISI PEKUMIB:
a) A;0) b; B) B; r) I [14].

NT11
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—— Numerical p rediction

Thermocouple result

Temperature (° C)
Temperature (° C)

AA 6061

AA2024 )
100

—— Numerical prediction

¢ Thermocouple result

AA 6061

-60 -40 -20 0 20 40 60 -60 -40

Tim‘e (s)

a)

Tim; (s)

0)

Puc. 1.32. Po3nozin Temrieparyp 1o MIMpHHI 3pa3ka st pexumis a) A; 6) b [14]

PEEQVAVG
PEEQVAVG (Avg: 75%)
(Avg: 75%) ~ 49.408e+00
g o - +8.624e+00
F-as1aiu0 +7.840e+00
+7.519e+00 17.0562400
+6.767e+00 162720400
+6.015e+00 k- i
+5.263e+00 s e e
+4.511e+00 e
+3.759e+00 Saabeve
+3.008e+00 +2-352e+°o
- +2.256e+00 +2. e+
- +1.504e+00 +1.568e+00
+7.519e-01 +7.840e-01
+0.000e+00 +0.000e+00

Max: +9.408e+0(
Elem: EULERIA

Max: +9.023e+0
Elem: EULERIAN

Node: 2328 Node: 2328
a)
- PEEQVAVG
PEEQVAVG o (Avg: 75%)
(Avg: 75%) ] +9.319e+00
+8.682e+00 +8.542e+00
+7.958e+00 < +7.766e+00
+7.235e+00 < | +6.989e+00
H +6.213e+00
12064100 - +5.436e+00
33310400 +4.659¢+00
13.617e+00 +3.883e+00,
- +2.894e+00/ +3.106e+00
+2.170e+0 +2.330e+00
+1.447e+00 - +1.553e+00
+7.235e-01 +7.766e-01
+0.000e+00 +0.000e+00

Max: +8.682e+00
Elem: EULERIAN
Node: 2315

Max: +9.319e+00
Elem: EULERIAN
Node: 2328

<
o
o
~
<t
=

B)

0)

AA 6061

AA 2024

AA 6061

r)

AA 2024

Puc. 1.33. Po3nonin mmactuanux aedopmartiii 11 pizaux pexumin 3TII:

a) A, 6) B, 8) B, r) T [14].

46



s, s11
(Avg: 75%)
+1.747e+08

-9.3
-2.773e+07
-4.613e+07

S, 522
(Avg: 75%)
+1.417e+08

s, 522

(Avg: 75%)
+1.691e+08
+1.330e+08

+9.703e+07
+6.101e+07

Fa

-2.189¢+08
-2.5370+08

) —— Logitudinl KEL)
— e Transverse (CEL)
®
[ * longitudnal Exp.)
=
7
g
%
®
gso 50
@
-4
2
AA 2024 Distance (mm) AA 6061
4 —Longhtudinal (CEL)
5 =—Transverse (CEL)
w o Longhudinal (Bp)
g 4 o Trnswrs (o)
-
s 10
"
g ——
<
AA 2024 Distance (mm)  AA 6061
® = Longitudinal [CEL)
G 2 s Tramsverse (CR)
§ + Longitudinal [Ex0.)
’;‘ * Transverse (bip)
§ A
& 0
]
3
B
0 0
x
2
AA 2024 Distance (mm) AA 6061
= — longkudinal CEL)
® ——Transverse (CE)
* longkudnal €3]

+ Transverse (Bxp)

Residual stress (MPa)

2a \7\
10
20

I-/v 60

30

AA 2024

r)

Dist‘ame (mm)

AA 6061

Puc. 1.34. Po3paxyHKOBI pO3MOALIN MOB3IOBXKHIX Ta MONEPEYHNX 3aTUIIKOBUX
HaIpY>KeHb, 1 TOPIBHSIHHS 3 €KCIIEPUMEHTATPHIUMU TAHUMH JIJIS1 PI3HUX PEKUMIB
3TII: a) A, 6) b, B) B, r) I" [14].
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Pe3ynbraTi nmokasanu, 1110 MakCUMalibHEe 3HAYEHHS TEMIIEPATYPH BUIIE HA
CTOPOHI 3pa3Ka, SIKUi BUTOTOBJICHUH 3 MaTepiany AA6061-T6 Takox s BCix 4-
x pexumiB A), b), B), I') (Puc. 1.30). Ilpu 30iibIIeHi MBHIKOCTI 0OepTaHHS
1HCTPYMEHTY B1J10yBa€ThCs 30UIBIICHHS TEMIEpaTypH 3pa3ka, a IpHu 30UIbIICHHI
NOCTYNAJILHOTO PYyXY IHCTPYMEHTY BiJOYBa€ThCSl 3MEHILIEHHS TeMIEpaTypu y
3pa3ky (Puc. 1.30 — Puc. 1.32).

[Tnactuuni aedopmarii crmaBy AA6061-T6 mepeBUIyOTh IIJIACTUYHI
nedopmMariii B 4acTHHI 3pa3ka, sika 3pooiieHa 3i crurapy AA2024-T3 (Puc. 1.33).

[ToB310BXH1 3aJIUIIKOBI HAINPY>KEHHSI € 3HAYHO BHUIIMMH HIK MOMEPEUH1
3aJIMIITKOBI HAPYKEHHS, TAKOXK Tpeda BIIMITUTU BIUIUB PEKUMY IHCTPYMEHTA Ha
3anuikoBi HanpyxeHHs (Puc. 1.34). Ilpu 30iabIIeHHI MIBUAKOCTI 0OCpTaHHS
IHCTPYMEHTY 3aJIMIIKOBI HAINPY>KEHHS MAlOTh TEHJCHINIO 0 3HWKEHHS, a MpU
30UTBIIEH] IBUJKOCTI MOCTYNAIBHOIO PYXy HAINpPY>KEHHS MIABULIYIOThCA. s
BCIX 4-X PEXHUMIB 3BAPIOBAHHS 3aJUIIKOBI HanpyxeHHs B ciuiaBi AA6061-T6 €
BUIIMMU HIXK Yy ciuiaBy AA2024-T3.

B crarti [16] po3rinsnanacs miactuna 3 matepiary AA 6061-T6 (rpanuist
Teky4docTi 276 MIla) po3mipom 100x70x12 mm. [HCTpymMeHT OyB 3poOieHuit 3i
cram SKD-51, BucoTa mieya iHCTpyMeHTY AopiBHIOBana 20 MM, aiameTp 32 M,
BHCOTa WITUPs Oyina 9 MM, a loro BepxHiil 1 HUWKHIN aiamerp ctaHoBwiH 11,6 Ta
8,30 mm BimmoBigHO. IlIBHMakicTe oOepTanHs 1HCcTpymMeHTy 600 06/xB, a
NOCTYyNaIbHUN pyX 1HCTpYMeHTy 50 MM/XB.

Cxematnune 300paxenns mpomecy 3TII mokazano wa Puc.1.35, ne
MoKa3zaHl 5 xapakTepHUX o0yiacTeil 3BaproBaHHS. A came: MiCIle 3aHypEeHHS
po6ouoro iHctpymenty (plunging region), micue 3ynuaku (dwelling region),
00JIacTh 3BapIOBaHHS Ha cTamioHapHoMy pexkumi (Steady state FSW region),
npyre wicue 3ymuuaku (dwelling region) Ta wmicie BuWMaHHS IHCTPYMEHTY
(releasing region). Ha Pwuc.1.36 300paxkeHO MOJCNIb Tedii MeTaay B 30HI
nepeMillyBaHHs, sKa [JUIMTBCS HA YOTHUPH 00JacTi BEPXHIO 1 HIDKHIO
HACTYTalo4y, Ta BEPXHIO 1 HIDKHIO BiJICTymarmoudy. TakoX Ha JaHOMY PHCYHKY

300paXXeHO 30HU. eKCTpy3ii, Iuleya I1HCTPYMEHTY Ta 3aBUXPEHHs, SKi
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BUKOpUCTOBYIOTbcst B CE anami3zi i po3paxyHKy 00’€My TEIJIOBOTO
HaBaHTaxeHHs npu 3TII.

CE mogmens ckmaganace 10010 By3miB ta 8100 enementiB. Ha Puc. 1.37
MOKAa3aHO PO3MO/ILIIN PO3PaXyHKOBUX 3JIMIIKOBUX HANPYKEHb B MIIOMIMHI X-Y Ha
Bincrani 0, 4, 8, 12 MM Bixg Bepxubpoi mnomunu (Puc. 1.37a), Ta B3mM0BX X-Z Ha

BifcTani 4, 12, 20, 28 mm 3 BiacTymnarodoi ta Hactynarodoi cropin (Puc. 1.3706).

l Dwelling region \
\

| Steady state FSW Region | ——

\

Shoulder
I i — \ v
m \ \‘\ \ /| Releasing region

Upper Advancing sjdé . -\':”
. Upper e —V /k/'/ ! ;1— Upper Retreating side
a v /

Puc. 1.36. Cxema Mozerni Teuii Metairy B 30H1 nepemimnyBants npu 3TIT [16]
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Thickness (mm)

Puc. 1.37. PesynbraTéi 4HCETBHOTO PO3PAXYHKY TOB3JIOBXKHIX 3aJUIIKOBUX
HanpyxeHs (MIla) [16].

‘|w.!-|-|'ll_'_l'.|."

—O— FEM Results
—m—Measured value

Residual stress (MPa)

0 4. 0-0=0-0-0-000

T T L
-70 60 50 -40 30 -20 10 O 10 20 30 40 S0 60 70
Distance from the weld line (mm)

Puc. 1.38. IlopiBHSHHS JaHUX €KCTIEPUMEHTAIBHOTO BUMIPIOBAHHS 1

YHCETHHOTO PO3PAXYHKY IMOB3IOBKHIX 3QJIMIIIKOBUX HANpPYXeHb [16]

[IpoBenena Bamigaiiss CE Mozaeni BU3HAYEHHS 3aJMIIKOBUX HAIMpYXKEHb
[UIIXOM TIOPIBHAHHS 3 pe3yJibTaTaMU EKCIIEPUMEHTAJIbHOTO BHMIPIOBAHHS
MOB3JIOBXKHIX 3anuIKoBUX HampyxkeHb (Puc. 1.38). 3a wmakcumanbHUM
3HAYEHHSIM TOB3JI0BXKHIX PO3TATYBAIBHUX HANPYKEHb 3JIUINKOBI HAMPY KCHHS
CTaHOBJIATH 24% BiJl rpaHMIIl TEKYUYOCTI OCHOBHOTO Martepiany. Takox momMiTHa
aCUMETpIsl  3aJIMIIKOBUX HAIpyXeHb BIJHOCHO JIiHIT 3BaproBaHHs. lle

NOSICHIOETHCS HAsSIBHICTIO HACTYMaro4oi 1 Bifctynato4oi cropouu B 3TII.
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B po6orti [17] Oyno posrisHyTo TepMomexaHiuni mporecu npu 3TII
MarHieBoro cmiasy MA 2-1. Mogens 3BaploBaJIbHOTO JPKepesa HarpiBy
BpaxoByBaJla TUIbKU TEIUIO, SIKE BUIUIAETHCA B PE3yJbTaTi MpOLECy TepTs
poboUYoro 1HCTPYMEHTY BIJIHOCHO TIOBEpPXHI JieTaliei, $Ki 3BapIOIOTHCS.
Busnaueni TepMiyHI LMKIX 1 PO3MOAUIA TeMIeEpaTypu MPHU PI3HUX JTIHIMHUX
mBHIKOCTAX 3BaproBaHHs (puc. 1.39). Takox nociimxyBanuch mupuaa 3TMB,
MOB3/I0BKHI 3aJMIIKOBI HANPY>KEHHS Ta IUIACTHYHI JedopmMaliii mpu pi3HHUX
JTHIAHUX BUAKOCTAX 3BapioBanHA ( puc. 1.40 ta puc. 1.41). Tpeba 3ayBaxuTu,
10 31 30UIBIIEHHSAM JIiHIMHOT mBUAKOCTI mupuHa 3TMB 3Mmenmyerbcs, ane
MaKCUMaJlbHI TEMIIepaTypu HarpiBy MaTepialy B 30HI TepTs poOOYoro
IHCTPYMEHTY MarOTh OJIM3bK1 3HAUYEHHS, OCKUIBKMA BU3HAYalOThCsI, B OCHOBHOMY,
HIBUJKICTIO OOEpTaHHS 1 CHJIOI0 MPUTHCKAHHS 1HCTPYMEHTY. TOMy 3aJIMIIIKOBI
HaIpy>KeHHA 1 AedopMaiii s pI3HUX JIHIMHUX [IBHJIKOCTEW 3BaprOBaHHSA

MarOTh OJIM3bKI PO3MOIIIN 1 MAKCUMAJIbHI 3HAYEHHS.

650
500
550 i ——133mm/x8
% i - = 266MMm/xB =
450 N
400 R e o I 399mm/x8
350 5
300
250
200
150
100
50

deg.C
715

544

483

74

Temnepatypa, (°C)

203

17

Puc. 1.39. Tepmiuni nukim (a) Ta Temneparypuaux nouis (6) mpu 3TII mnactun
TOBUIMHOIO 2 MM 13 MarHi€BOro CIuiaBy MpH pi3HUX LIBUJKOCTAX 3BAPIOBAHHS
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joinl_ line joint line
| |

tool traverse

30.0

trailing
edge

L 2 moo
10 mm -480 320 160 00 160 320 480

Puc. 1.40. lupuna 3TMB npu niHiMHIA TIBUAKOCTI 8 M/TOJ B 3pa3Ky Ta MOJEII

100 0.05
BiacTaHb Big oci wea, (mm) . BiacTaHe Big oci wea, (M)
< 80 i~ £ 0 i
I = \i:'- 15
] > = -200 -100 ] 3 100 200
ES : —— 133 mm/xe g 0 j
a = i
= H ;
3 20 i - = 266 mm/xB _§ 0.1 ;
2 _ £l [ 399 mMm/xe T s 1
=0T ¢ z i
= s
E2 rE § 02 1
o 0 e - = ; ——133 mm/fxe
z k E 025 ;I /
E -200 F 20¢ § 4 - = =266 mm/xs
g 20 3 T 03 ‘
o o : B I 399 mm/xe
[=:] (2]
e a0 g -035
{
-60 -0.4
a 0

Puc. 1.41. Po3nonis MOB3IOBXKHIX 3aJUIIKOBUX HAMPYKEeHb (a) Ta MIACTUYHUX
nedopmaitiii (0) B CTUKOBOMY 3’ €HAHHI IIJIACTUH TOBUIUHOIO 2 MM 13 MarHi€BOro

CIUIaBY MPH PI3HUX JIHIMHUX IIBUIKOCTAX

1.3. ExkcnepuMeHTa/ibHi BHMIPIOBAaHHS 3aJIMIIKOBHX HANpPYKEeHb i
aepopmaniii mpu 3TII

B poGori [18] Oymo mochimkeHO 3alieXKHICTh MIKPOCTPYKTYPH,
3QJIMITKOBUX HamNpyXeHb Ta TepMiyHuX acnektiB npu 3TII mis amromiHi€BOTO

cruiaBy 1050. Mexaniuni xapaktepuctuku cruiaBy 1050 HaBegeno B Ta6mumi 1.5.

Tabnuus 1.5. MexaHniuHi BAaCTHBOCTI anoMiHieBoro cruiaBy 1050 [18].

['panuis I'panuis BunoBxenns TBepaicTh Mo
MIIHOCTI TEKY4OCTI (%) Bikepcy
(MITa) (MITa)
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127,41 119,13 9,90 13

JocmimxyBanuch aBa 3pasku  posmipom 200x100x3 MM 3  pi3HUMH

napamMeTpaMu 3BapIoBaHHS, sKi HaBeneHi B Tabmu 1.6.

Tabmuus 1.6. [TapameTpu pexumy 3TTI mocmigaux 3paskis [18].

3pa3ok Nel 3pa3zok Ne2
[IBuakicTs obepTanHs @ ,(00/XB) 560 710
JliniifHa MBUIKICTH V,(MM/XB) 56 80
HIBuakicTe mepeminryBaHHs SR 60 53,25

[IBUAKICTH MEepeMIllyBaHHs 3HAXOIUThCS 3a popmyiioro [18]

— w dPin
Vv

SR , (1.30)

sKa TMOKa3ye KUIbKICTh OOEpTIB MIapy marepiaiy, o npuiunae ao mrtups. e
BIIOYBAa€ThCS HA BIJICTaHI Moro mgiameTpy. BBaxkaeTbcs, IO HIBUIKICTD
nepeMIlTyBaHHs € TapHUM MOKAa3HUKOM SIKOCTI IIEPEMIIITYBAHHS MaTepialy.

byno Busnaueno mBuakicth nepeminryBanas (Tabmuisg 1.6) matepianmy
3BapHOIO 3’ €IHAHHS IHCTPYMEHTOM, AKUM OyB 3po0iienuii 31 ctani XC42, niamerp
mieda 14 MM, miameTp ITHpS 6 MM, Ta JOCHIPKCHO BIUIMB IIBHJIKOCTI
nepeMilTyBaHHs Ha 3aJIMIITKOBI HaIpyXEHHS. 3a JOTIOMOT 010
€KCIIEPUMEHTAJIbHOTO METONY PEHTTEHIBChKOI audpakiii Oyiau BHU3HAYEHI

PO3MOMIIN 3ANUIIKOBUX HAmpyKeHb s aBoX pociiguux 3paskiB 3TIT (Puc.

1.42).
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Puc. 1.42. Pe3ynbpTaTyl BUMIPIOBAHHS 3IMIITKOBUX MTOB3/IOBXKHIX HAMPYXKEHB MPU

3TII (cuniit xomip) B 3pa3ky Nel (a) 1 3pazky Ne2 (0) y nopiBHSIHHI 3 MPOLIECOM
ayrosoro (MIG) 3BaproBaHHs (uepBoHuUi Koiip) [18].

BusnayeH1 ekCriepuMEHTaIbHO 3aJUIIKOBI HAMIPY>KEHHSI B 30HI 3BAPHOTO
mBa € Bix eMHUMH 1 qocuTh Hu3bkuMu a0 -20 MIla. ¥V Bumanky 3TII, xomam
HIBUIKICTh MEpeMIlllyBaHHS MaTepiany Ouibima (3pazoxk Nel), 3anuimikosi
HaIpY>KEHHA TPOXH BUII. Tako, 3 HUX Pe3yJbTATIB CIIAYE, MO 3aTHIIKOBI
Hanpy>keHHa npu 3TII OGnM3pKi 10 3aJMIIKOBUX HANpY>KE€Hb MPU JTyTOBOMY

(MIG) 3BaproBanHi. Alle, BpaXOBYIOUH XapaKTep PO3IMOMIJICHHS 3aJUIIKOBHX
Hampy>keHb 1

BEIMYMHY, TOYHICTh 1

JIOCTOBIPHICTD

OTPUMAHUX
EKCIIEpUMEHTAJIbHUX JaHUX BUKIIUKAE MTUTAHHS.

B crari [19] 6yB nocmimkenuii 3pa3ok posmipom 1000x300x6,8 mm 3

amominieBoro craBy 2024-T3, skuii OyB 3Bapenuil 3a nonomoroto 3TII mpu
HACTYMHUX TEXHOJOTIYHUX mNapaMmerpax. Paalyc ruieda 1 MITUPS 1HCTPYMEHTY

nopiBHoBaB 10 MM 1 3 MM BianoBigHo. JliHiMiHA IIBUIKICTH 1HCTPYMEHTY
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nopiBrioBasia 300 mm/xB, a mBHaKiCTE oOeptaHHs 300 00/XB, MOCTiiiHA CHIa
nputuckanug 2019 H.

BumiproBaHHsS TOB3JOBXKHIX 3aJUIIKOBUX HANPYXEHb TPOBOIUIOCH
METOJIOM pEeHTreHIBChKoi audpakiii. TouHICTh JaHOTO METOAYy JOPIBHIOE
+10 MIla. Cxema 3pa3ka, Ha SIKOMY BHUMIPIOBAJIKMCH ITOB3JIOBXKHI 3aJIMIIKOBI
Hanpy KeHHsI, HaBeJeHa Ha puc. 1.43.

BumMiproBaHHs 103a-IUIONIMHHKUX Jedopmaliiii BUMIPIOBAINCH Ja3epHO-
BUMIPIOBAIbHUM MPUCTpOoeM. TouHicTh gaHoro mnpuctporo: 0,005 Mmm/m.
CnoyaTky 10 3BaproBaHHS BHMIpIOBajach IOYaTKOBA MO3a-TUIONIMHHA
nedopmMmairiss 3pa3ka, MakCUMajbHE 3HaueHHS skoi, crtaHoBujo 0,011 mm.
3Ha4YeHHS LbOI0 €KCTPEMYMY OJIM3bKE O TOYHOCTI JIa3€pHO-BUMIPIOBAIBHOTO
OpPUCTPOIO, TOMYy TodaTtkoBa Jedopmariisi 3pa3ka Oyina 3HEXTyBaHa.
3BaprOBAJILHUI 3pa30K 1J1a3€pHO-BUMIPIOBAJIbHUI PUCTPIN 300pakeHH Ha PUC.
1.44. TlopiBHSIHHS pO3MOAUTIB BUMIPIOBAaHUX 1 PO3PAXYHKOBUX ITOB3I0BKHIX
3aJIMIIKOBUX HANpyKeHb HaBeeHI Ha puc. 1.45 [19].

Tpeba BIAMITUTH, 1110 HOB3OBXHI PO3TATYBaJIbHI 3aUILKOB] HAPYKEHHS
OUIBIII 110 LIEHTPY 3pa3Ka Mo JIOBXKKHI, HIXK Ha MOYaTKy 1 B KiHII1, Ta CATAIOTh J0
200 MITa. IToB310BXHI CTUCKYBaJIbHI 3aIMILIKOBI HAPYXEHHS OUIbIII B KIHIII Ta
Ha MIOYaTKy 3pa3Ka, HiXk MO LEHTPY, 1 cTaHOBIATH -50 MITa.

[TopiBHSIBHUN PO3MOIIT 3AUINKOBUX I103a-TUIONTMHHUX JedopMarriit

(pO3paxyHKOBHX 1 €eKCIIEPUMEHTAIBHIX ) 300pakennii Ha puc. 1.46.
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Retreating

side
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Welding
direction

1000

5004

50

Puc. 1.43. Cxema 3BapHOTO
BHUMIPIOBAJILHOTO 3pa3ka [19]

o
~—

Residual stress (MPa)

300
=== Calculation
— E_xponmenl
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Distance from welding line (mm)

Test
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Laser

/" wacker

«

Puc. 1.44. 3BaproBaibHUil 3pa3oK Ta

Ja3epHO-BUMIPIOBATILHUN MPUCTPIN

[19].

o\
—
n
8

Residual stress (MPa)

80 60 40 -20 0 20 40 60 80

Distance from welding line (mm)

=0 Calculation
e ent

8) 200
&
= 1001
4
1]
£
L4
® 04
3
0
Q
x
'100 T
-80 -60

40 20 0

20 40 60 80

Distance from welding line (mm)

B) B KiHIII 3pa3ka 1o JgoBxuHi [19].

Puc. 1.45. [ToB310BKHI 3aJIUIIIKOBI HATIPYXKCHHS: ) TI0 IIEHTPY, 0) Ha TOYAaTKY,
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Puc. 1.46. 3anumkoBi mo3a-TutonuHHI Aedopmaiiii (a - po3paxyHoK, 0 —
excriepumMent) [19].

B poGoti [20] mocaimkyBaBcs 3pa3ok 3BapHoro 3’emHanns 3TIT 3
antoMiHieBoro craBy 6061-T6. Po3mip 3pa3ka cranoBuB 150x65x6 mm. [liameTp
ieya 1HCTpyMEHTy 18 MM, a JoBkuHa 1 JiaMmerp mtups 5,7 MM Ta 6 MM
BiAnoBigHO. OOepTajibHa MIBUJKICTh 1HCTPYMEHTY Ta MOTO MOCTyIajabHa
MIBUJKICTb, JUIS SKHX BiOyBajgoCh BUMIPIOBAHHS 3aJMILKOBUX HaIPY>KEHb,
nopiBHioBasio 600 06/xB 1 1,5 MM/C BIZITIOBITHO.

Bu3HaueHHsl 3aiMILIKOBUX HampyXeHb OyJlIO BUKOHAHO 3a JOIOMOTIOIO
METOJly PEHTreHIBChbKOi audpakuii. Touku 3pa3ka, B SKUX BHU3HAYAIUCH
3aJIMIIKOBI HAIpy>KeHHsI, 300paxeHi Ha puc. 1.47. 3HayeHHS NOB3IOBXKHIX
3aJIMIIKOBUX HAMNpYyKEeHb B PI3HUX TOUKaX 3pa3ka HaBeeH1 y Tadbmuui 1.7. ITo oci
3BapHOTO 3’ €JHAHHS OTPUMaH1 HU3bK1 3HAYEHHS 3aJIMIIKOBUX HANpPY’KEHb, ajie Ha
BijicTaHl 14 MM 1 19 MM 3HAU€HHS CTHCKYBAJIbHUX HAINpPY>KEHb JIOCATAE PIBHS -

50...60 MI]Ia.

il | [CEECECICTEC(C] o

& N

K |
r\IOrnm/‘\lOlmn/I\ 65mm )

Puc. 1.47. Touku BUMipIOBaHHS 3aJIMIIKOBUX HanpysxeHb [20].
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Tabmuns 1.7. 3HayeHHS TOB3JOBXKHIX 3aJMIIKOBUX HANpPYXEeHb, OTPUMAHUX
METOJIOM peHTreHiBchbkoi qudpakiii (XRD) [20].

Spot Residual Stress (MPa)

+1.5£2.6
—0.7+£2.2
—-1.0+29
—62.4+23.7
—50.5+18.3

ok W b=

Takoxx B poOoti [20] Oyma 3pobieHa crpoOa MOPIBHSHHS 3HAYCHb
EKCIIEPUMEHTAJILHOTO BUMIPIOBAaHHS 3aJUIIKOBUX HAMPYKCHb 3 pe3yJbTaTaMu
aHAITUYHOTO 1 YUCEIBHOTO po3paxyHKy. [IpeacTaBieHi MOB3I0BKH1 3aJIUIITIKOBI
Hanpy>KeHHsI B 3aJIGKHOCTI BiJI BiZIcTaHi B oci 3BapHOTro 3’ e¢aHanus (Puc. 1.48a)
Ta MONEPEYHI 3aJMILIKOBI HAPYXEHHS B 3aJ€KHOCTI B BIJACTaHI BiJl MOYATKYy
3BaproBanHs  (Puc. 1.480). SIkmio 3HayeHHS 3aJMIIKOBUX ITOB3JOBXKHIX
Halpy>keHb Ha BIJCTaHI BIJ OCl IMIBa IS E€KCIEPUMEHTY 1 PO3PAXyHKY
y3TOJKYIOTBCS, e Maike HYJIbOBI 3HAUCHHSI 3JTMIIIKOBUX HAIIPY>KEHb B IIEHTP1
3BapHOTO 3’€THAHHS BUKJIMKAIOTh CYMHIBH. THUM O11bI1I, TII0 BUMIPSIHI TIOTIEpEYH1
3QJIMIIKOBI HAMpPYKEHHS BIAPI3HSIIOTHCS 1 3a 3HAKOM, 1 3a BEJIUYUHOIO BIiJ

PO3paxyHKOBUX JTAHUX.

= -
& &4 B SRUR
c b3
» 10 4 8 Residual Stress = R H Residual Stress
g (Experimental) S (Experimental)
& 20+ 3
® Residual Stress o
g 30 1 | (Analytical) q° = Residual Stress
4 s s 4 (Numerical)
2 o 4 = Residusl Stress b1} 4 4
(Numerical) ("
& v
50 ¢ . 2 E o
® 60 1 g
3 o
. &0 = =1
80 ~ 2
0 14 19 83 84 85
Distance from the weld centerine (mm) Distance from the start of the plate i x-direction (mm)

Puc. 1.48. IToB3nosxHi (a) Ta monepeuni (0) 3amuikosi HanpyskeHHs [20].
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B crarti [21] mocnmimkyBaBcs 3pa30K Pi3HOPIAHOIO 3BAPHOIO 3’€THAHHS
po3mipom 87,5x400x8 MM 3 3 amominieBux cruiaBiB 2024-T3 ta 7075-T6 (Puc.
1.49). TlapameTrpu 3BaproBaHHS OyJiM BHUKOPHUCTaHI HACTYITHI: IIBHIKICTh
obepranus iHCTpyMeHTY 400 00/XB, JiHIMHA MBUAKICTH 3BapIOBAHHS CTAHOBUJIA
150 mm/xB. [liameTp 1uieya iHCTpYMEHTy nopiBHIOBaB 20 MM, a aiameTp i

JOBKMHA IITUPS JOPIBHIOE 5 17,5 MM.

Puc. 1.49. 3pazok pizHopigHoro 3BapHoro 3’eqnanns 3TIT [21].

BuMiproBaHHs 3aJUIIKOBUX HampyXeHb B poOoTi [21] mpoBommiiocs 3a
JIOTIOMOTOI0 ~ METOAy HelTpoHHOi nudpakimii. Heittponno-nudpakiiiine

oOnasHaHHs, Ta JiHIT BUMIpIOBaHHs 300paxeni Ha puc. 1.50.

ND
L 'I"D .
0)

Puc. 1.50. Herrponno-audpaxiiiiine odnaaHanus (a) Ta jiHii BumiproBanss (0) [21]
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Ha puc. 151 1 pwuc.1.52 npencrapieHi pe3yiabTaTd BHUMIpIOBaHHS
MO3/I0BXKHIX Ta MOMEPEYHUX 3aJUIIKOBUX HAIPYXKEHB JJIS PI3HOPITHOTO 3paszka
3TII. 3anumkoBi MOB3MOBXKHI HampykeHHs1 (puc. 1.51) B 30HI 3BapHOTrO HIBY
SBIISIIOTBCS  PO3TATYBAJIBHUMH 1 JIOCSTAlOTh JOCHTH BHCOKOTO PiBHS (J10
225 MIla). Takox 111 Hanpy>keHHs BUIII 31 cTroponu criaBy 7075. Takox Tpeda
3a3HAYUTH, 1110 HA BEPXHIN CTOPOHI 3pa3Ka MOB3I0BXKHI 3aIUIITKOBI HAIIPYKECHHS
npu6au3Ho Ha 100 MIla Bummi HiXK Ha HUKHIM cTOopoHi. [lomepeuHi 3aauIIKoBi
HarnpykeHHs (puc. 1.52) HaBmakw BHU3HAYCHI Ay)KE€ HHU3BKHUMH, MaKCHMAaJIbHI

CTUCKYBaJIbHI 3HAYEHHS 31 CTOpoHU ciuiaBy 2024 He nepeBUIyOTh -25 MIla.

Hh

—a— Exp Top
—#—Exp Middle
—&— Exp Bottom

2024

25

1 5k

15k

Fesidual stress (MPa)

-150

L i I L I L L L
o L | | B | I 2041 Gl Bl

Distance from the weld center {mm)

Puc. 1.51. IToe3noBxHi 3anuinkoBi Hanpyxeras 3TIT [21].

iy

Welded #hne

225k —&— Exp Top
= —s— Exp Middle
= 130t —d— Exp Bodioi
7 s 7075 2024
=
™
= ! ""‘._H_.w.._._—‘.-.‘
o
=
2 275 |
=

S50k

_:!5 '] 1 L i A L i 1 1

B =60 40 200 O 20 40 6b Ei

Distance from the weld center (mm)

Puc. 1.52. TTonepeuni 3anuiikosi HanpyskeHHs 3TIT [21].
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B po6orti [13] npoBoanaoCh BUMIPIOBAHHS 3aJHUIIKOBUX HAIPYXEHb MPHU
3TII nns anmrominieBoro crutaBy 6061-T6. ToBimHa 3pa3ka 3BapHOTO 3’ € THAHHS
ckiagana 6.35 MM, MBHIKICTH 3BaproBaHHA 280 MM/XB 1 787 MM/XB, MIBUIKICTh
obepranHs miHa 1250 06/xB). Bu3HadyeH1 eKCIEpPUMEHTAIBHO 3aJIUIIKOBI
HaANpy>KCHHs, MOB3IOBXHsS KommoHeHTa S11 1 momepeuHa kommoHeHTa S33,

npeacrasieHi Ha Puc.1.53.

OOuIBI KOMIIOHEHTH 3aJUIIKOBHX HAMNpyKeHb MO LEHTPY 3BapHOTO
3’€¢lHaHHS BH3HAuY€HI pPO3TATYBAJBbHUMHM, aJié MaKCHMAaJbHI IOB3/I0BXKHI
3aJMINKOBI HAamMpy>KeHHA B 3-4 pa3u Bullle HX mornepeuHi. YuM BUILE JiHIKHA

IHBI/II[KiCTB 3BApPIOBAHHA , TUM BHUIIIC MaKCHUMaJIbHI1 HOB3I[0B)KHi HAIIPY>KCHHA.

200 T—02580 mmvmin -EE'J fi&u [
180 4 @=1230 rpan et t———
I3 &
2 100 s
» --
]
]
-5
=100 . ;
-100 50 o 50 1000
b 250
Ty L i | T EE——————
200 1 Tw=T87 o v 511 333
450 4 w@=1250 rpin. | g e = D o MO
£
= 100 =
"] .
b 7 .-_:r.-.n::::::r:n:un . + G oo pag s
LT Y e—_—_ cr_._.‘..wn-"'-";’. X
50+
=100 T T
-100 - 0 50 100

Distance (mm)

Puc. 1.53. 3anumxkoni HanpyxenHus rpu 3TII, oTpumani ekcriepuMeHTaIbHO JIS
crutaBy AA6061-T6 [13].

B cratTi [14] Oy BU3HAYEHI eKCIIEPUMEHTAILHO 3aJIUIIIKOBI HAITPYKEHHS
JUISL PI3HOPITHOTO 3pa3Ky 3BApHOIO 3’€IHAHHS 3 altoMiHIeBUX criiaBiB 2024 Ta

6061, s 4-x pexxumiB 3TIT (Tabmurs 1.3).
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ExcniepuMeHTanpHi Ta pO3paxyHKOBI PO3MOALIN 3ATHINKOBUX HATIPYKCHb
npenacrasieni Ha Puc.1.54. J{ns Bcix po3risHyTux pexxkumiB 3TII moB3goBxHS
KOMITOHEHTA 3aJIUIITKOBHUX HAIPYKEHb 110 IICHTPY 3BapPHOTO 3’ €THAHHS BU3HAYCHA
PO3TATYBaJIBHOIO 3 MaKCHUMallbHOIO BenumumHOK 10 50 Mlla, a momepedna
KOMITOHEHTa — CTHCKyBaibHa He BuIIe -15 MIla. Po3paxynkoBi mgaHi moOpe
Y3TOJIKYIOThCS 3 EKCIIEPUMEHTATLHUMU JTaHUMH, ane TOYOK

EKCIIEPUMEHTAJILHOTO BUMIPIOBAHHS 3aJIMIIKOBUX HAINpPYKEeHb Ayke mano (3-4

TOYKH ).
M ~——Longitudinal {CEL) 40 e Longhtudina| (CEL)
Transverse (CE) > e Transverse (CEL
* longitudnal Exp.) E N o longhudinal (Bxp.)
* Transverse (Exp.) s o Transwrse (Exp
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Puc. 1.54. TlopiBHAHHS €KCIEPUMEHTAIbHUX Ta PO3PaXyHKOBHX 3aJIMIIKOBUX
HanpyxeHb st 4-x pexumis 3TIT [14]:
a) pexuM A; 6) pexum b; B) pexxum B; 1) pexum I

BucHoBkmu 10 po3ainy 1

1. Amamiz mrtepaTypHHX JKEpEeNT CTOCOBHO MAaTEMaTUYHOTO MOJIEITIOBAHHS
TewoBux 1 Tepmoaedopmaniiiaux mporeciB npu 3TII ansa  4gucensHOTO

BU3HAYCHHS 3QIUIIKOBHUX HAMNPYXEeHb Ta aeopMalliii B 30HI 3BAPHUX CTUKOBUX
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3'€lHaHb 13 QJIIOMIHIEBUX CIUIAaBIB IIOKa3aB, 10 HAWOUIBII MOIIUPEHOIO 1
aJICKBaTHOIO € PO3PaxyHKOBA CKIHUEHHO-EJICMEHTHA MOJIENTh Ha OCHOBI TTiAXO/IiB
TEPMOTPYKHOIIACTUYHOTO  aHaiizy. OCHOBHMMH OCOOJMBOCTSIMH MOJEINI
SIBIISTIOTHCS:

- TEIUIOBUAUICHHS BiA TEpTs poOOYOro IHCTPYMEHTY BIHOCHO Martepiany
3’€IHAHHA, a TAaKOX 3a PaxXyHOK IHTEHCHUBHOTO IJIACTUYHOTO Ae(POpMYyBaHHS
Marepiay Iij] 4ac rmepeMilTyBaHHs,

- cienuivni 17151 3TIT yMOBH )KOPCTKOTO 3aKPITIIICHHS €JIEMEHTIB 3’ € THAHHS TT1]1
qac 3BaprOBaHHS,

- TIOCIIIJIOBHE TPOCTEXKEHHS 3a 4YacoM TepMmojehopMalliiiHuX IMpoIeciB B

Matepiaii 3’ €IHaHHs BiJ MOYaTKy HarpiBy A0 MOBHOT'O OXOJIOKECHHS.

2. B okpemMux aociipkeHHSX B po3poOsieHux maremaTuuHux mopaensx 3TII
JI0JIATKOBO BPAXOBYIOTHCA HACTYIIHI (DAKTOPH: 3AJIEKHICTb KOEPILIEHTY TEPTS BI[T
TeMIrepaTypu MaTepiaity, BIIBOY TEIlja B pOOOUYUHN IHCTPYMEHT 1 OCHAILICHHS JJIs
3aKPITUICHHS], 3HUKEHHS TETJIOBUIICHHS Bl TEPTS 32 paxXyHOK MEPEeMIllyBaHHS
Marepialy, JO0JaTKOBOTO TEIUIOBUJUICHHS BIJ IUIACTUYHUX JedopMaliiii

Marepiaiy.

3. BpaxoBytouu, o B OubmocTi BunaakiB Ha npaktuul 3TII BukopuctoByeThCs
JUIS.  3BApIOBAHHS BHUCOKOMIIIHUX QJIIOMIHIEBUX CIUJIaBIB, SKI T €O
3BaproBa’gbHOrO Harpisy B 3TB oTpumyroTh edeKT 3HEeMIIHEHHsSI maTepiany,
TOOTO Jerpajaiii MeXaHIYHUX BJIACTMBOCTEH alOMIHIEBOTO CIUIaBYy, TO
HEOOXITHO B MaTEMaTHUYHINA MOJell BU3HAYCHHS 3aJIMIIKOBUX HAMpPYXKEHb 1

nedopmarliii BpaxoByBatu e eexr.

4. IcHyroul pe3yJIbTaTh €KCIEPUMEHTAIBHOIO BUMIPIOBAHHS 1 PO3PAXyHKOBOTO
BU3HAYCHHS 3IMIIKOBHUX HanpykeHb npu 3TII € 1ocuTh cynepewmBUMHU SIK 3a
XapakTepoM PO3MOAUTY TOB3JOBXKHIX 1 MOMEPEYHUX HAIpPyKEeHb, TaK 1 3a iX

BCINYHUHOIO, TOOTO Bi)ICYTHC 3araan0anﬁHﬂTe YABJICHHSA 3 OHbOI'O ITMTAaHHA.
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Merta i 3apa4i 10CTIKEeHb:

MeToro JOCHIPKEHHS € BHU3HAYEHHS MEXaHIYHUX BJIACTHUBOCTEH 3
ypaxyBaHHSIM €(QEeKTy 3HEMIIHEHHS MaTepially Ta HampyXeHO-IePOpMOBAHOTO
CTaHy 3BapHHMX 3’€IHaHb 13 AJIOMIHIEBUX CIUIaBIB, BUKOHAHMX 3BApPIOBAHHSIM
TeptsiM 3 mepeminryBanusaM (3TII), Ta maremarnyHe MOJETIOBAaHHS METOAOM
GyHKIIT ycanku 3araJbHUX 3BaprOBaJbHHUX JedopMaliii BeITHMKOTradapuTHUX
KOHCTPYKIIIH 3 BEJIMKOIO KIJIBKICTIO 3’ €qHaHb 3a TexHojorieo 3TII.

Jl5is nocSATHEHHST METH JOCTIKEeHb B pOOOTI MOCTABIICH1 HACTYITHI 3a/1a4i;
- BU3HAYMTH TEIUIO(I3MYHI Ta MEXaHIYHI BJIACTMBOCTI Marepiajlly 3BapHOIO
3’¢HAHHS 3 ajoMiHieBoro cruiaBy 2219-T81 3  ypaxyBaHHSM edekTy
3HeMIHEeHHs Matepiany B 3TB;

- BUKOHATH €KCIIEPUMEHTAJbHE BUMIPIOBAHHS 3aJIMIIKOBUX HAINpPYXCHb B
JOCITITHAX 3pa3Kax 3BapHUX 3’€qHAHb 13 alrOMiHi€EBOro cruiaBy 2219-T8l1,
BukoHaHux 3TII,;

- Ha OCHOBI Pe3yJIbTaTIB aHANI3y ICHYIOUUX MaTeMaTUYHUX MOJIETIEH pO3PaXyHKY
3aMMIIKOBUX nAedopManiid 1 HampyxkeHb npu 3TII B antoMiHIEBUX CILJIaBax
BUOpaTH Mojeib mkepena HarpiBy npu 3TII amomiHieBUX CIUIaBiB, PO3pOOUTH
PO3pPaxyHKOBI aJITOPUTMHU BUPIIIECHHS 3a7a4l HECTAI[IOHAPHOT TEJIOMPOBIIHOCTI
npu 3TII amromiHi€EBUX CIUIaBiB, a TaKOX 3acTOCyBaTH €(QEKTUBHY MOJCIb
tepmonedopmyBanuss marepiany npu 3TII anroMiHieBHX CIUlaBiB Ha OCHOBI
METO/Y TEPMOILIACTUYHOCTI Ta 3 YpaXyBaHHAM €PEeKTy 3HEMILIHEHHs MaTepialy;
- BHKOHAaTH PO3PaxyHKOBE JOCIIPKEHHS Ha OCHOBI PO3po0JeHO0i Mojae
TEPMOIUIACTUYHOTO  aHaNi3y JUIsl YHUCEIBHOTO BHU3HAYEHHS 3aJUIIKOBUX
Harnpy:KeHb Ta Jedopmalliii B 30H1 3BapHUX CTUKOBHUX 3'€IHAHb 13 aTIOMIHIEBUX
cruiaBiB, Bukonanux 3TII.

- PO3BHHYTH MaTeMaTUYHy MOJIENb Ta MPOBECTH PO3PaXyHKOBE AOCTIHKEHHS 3a
MeTonoM  GYHKIT  ycaAKd  3arajJibHUX  3BapIOBaJbHUX  JedopMalliii
BEITMKOTa0APUTHUX IIMITTHAPUIHUX KOHCTPYKIIH 3 BETUKOIO KIJIBKICTIO 3’ € THAHD

3a texHouoriero 3TII.
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PO3A1JI 2. EKCIIEPUMEHTAJIBHE JOCJI/DKEHHSA MEXAHIYHUX
BJIACTUBOCTEM 1 3AJIMIIKOBUX HAIIPYXXEHh HA 3PA3KAX
3BAPHUX 3’€IHAHb, BMKOHAHNWX 3BAPIOBAHHAM TEPTAM 3
I[TEPEMIIIYBAHHAM

2.1. TexHOJI0Tisl 3BAPIOBAHHA TEPTAM 3 MepeMilllyBaHHAM J0CTiIHUX

3pa3KiB 3 a;jwMiHieBoro cmiasy 2219-T81

Hocmigui 3pazku 3TII, sx1 gociimpKyBaauch B poOOTi, OyJIuM CTUKOBUMU
3’€IHAHHAMU TUTACTUH TOBIIMHOIO 6 MM 1 10 MM 3 amrominieBoro criaBy 2219-
T81. 3TII BUKOHYBaJIOCh 3 TEXHOJOTIYHMMHM IapaMeTpaMH, SKI BKa3aHl B
Tabmumi 2.1. Ocobnusictio TexHonorii 3TII gBisieTbest JKOPCTKE 3aKPIMICHHS
€JIEMEHTIB, 10 3’ €IHYIOThCA, A0 onopHoi T (Puc.2.1), po3irpis 3a paxyHoOK
o0epTaHHs poOOYOro IHCTPYMEHTY 1 3aHypEHHsI Ha MOYaTKy 3’ €JIHaHHS, MOTIM
pYyX 3 MOCTIMHOKO JiHIAHOI MBUAKICTIO (Puc.2.2), 3ynuHKa JiHIHHOTO pyXy 1
BUMMAaHHS IHCTPYMEHTY B KIHIIl 3’€JHaHHSA, TOOTO, BUKOHAHHS 3BapHOIrO

3’€JIHAHHS HA CTAI[IOHAPHOMY PEXKHUMI IO BCIH JOBXKHUHI KPIM KIHIIEBUX JUISHOK.

Jnst cknaganHs ctukoBoro mBa npu 3TII BUKOpUCTOBYEThCS MiAKIaIHA
OTOpHA IJIACTUHA, a 3 30BHINIHBOI CTOPOHHU €JIEMEHTH 3’ €IHAHHS (PIKCYIOThCS

NPUTUCKHUM MEXaH13MOM Tuily ¢opremnianHoi knasimi (Puc.2.3).

Tabmuug 2.1. Texnonoriuni napametpu 3TII gocnigHuX 3pa3KiB

[IBuaKiCcTH Jliniiina Kyt maxumy
ToBiMHa obepTaHHs MIBUJIKICTh nieva
(vin) IHCTPYMEHTY 3BapIOBAaHHSI IHCTPYMEHTY
(00/xB) (MM/XB) (°)
6 700 200 2.5
10 700 170 2.5
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e S

Puc.2.2. Po6ouwnii incrpyment nipu 3TII ctukoBoro 3’eaHanHs

Puc. 2.3. Ocnarmenns ayis npuTuckanus eneMenTiB 3’ eqHands npu 3TI (Bua
3BEPXY)
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Jlnis cKitagaHHs KiThIIEBOTO CTUKOBOTO IIIBa 00OJIOHOK BUKOPHUCTOBYETHCS
BHYTPIIIHS OMOpa 1 3 30BHINIHBOI CTOPOHU 000JIOHKA (DIKCYETHCS MPUTUCKHUM
MexaHi3MOM Tuity (GopTemanHoi Kiagimmi. J{iaMeTp 30BHINIHBOTO MPUTHUCKHOTO
MeXaHi3My € (hIKCOBAHOI BEJIUUMHOIO, a JlaMeTp 000JIOHKH MOXe OyTH Ha 2 MM
MEHIIINH 32 IlaMeTp MPUTUCKHOTO MexaHi3Mmy. [1i7 yac 30upaHHs BUCTABISIIOTHCS
B CTUK OOHUBI 00O0JIOHKH 1 PO3KUMAIOTHCS BHYTPIIIHBOIO OMOPOIO (PO3KUMHUM
kitbiieM). [llupuna myroBoro 670Ky BHYTPIITHBOI OMOPH CTAHOBUTH MPHUOJINU3HO
100 MM, a 3OBHIIIHINA JiaMeTp BHYTPIMIHBOI OMOpPHM Ha 2 MM OUIBLIMI 3a
BHYTPIIIHIN J1aMeTp OOOJOHKH. 3a paxyHOK e(EeKTy JOKaJIbHOrO MPYKHOTO
po3xKUMy OOOJIOHKM TMiJ 4Yac CKJIaJaHHS 1 3BaplOBaHHS HaMararThCs

KOMIIEHCYBATH YTBOPEHHS Jie(popMaliil KOPCETHOCTI JIsl KITbLEBUX 3’ €HAHb.
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2.2 MexaHiuni Ta TemjogizuyHi BJACTHBOCTI MaTepiajqy 3BapHOro
3’€IHAHHA 3 AJIOMiHi€BOro cmiasy 2219-T81

AmrominieBut cmmaB 2219 3 Mmoo, SK OCHOBHUM JIETYBaJlbHUM
enementoM (Al-6,5% Cu) (Tabmumus 2.2), Ma€ IIHPOKE 3aCTOCYBAaHHS B
aepOKOCMIUHIM Taimy3i. AmroMiHieBuil crmmaB 2219-T81 — BHCOKOMIIHMIA
TEPMO3MIIIHEHUN CIUIaB, 3 XOPOIIOI0 3BApIOBAHICTIO Ta B’S3KICTIO 0
pyHHYBaHHS, Ma€ BUCOKY KOPO3iHHY CTIMKICTh SIK OCHOBHOTO MaTtepiaiy, Tak 1

MaTtepiary 3BapHUX 3’€IHaHb [22].

Tabmung 2.2. XiMigyHUH CKIIa]] afoMiHieBoro cruiaBy 2219 [23].

Si Fe Cu Mn | Mg \ Zr Zn Ti Al
0.20 | 0.30 | 5.8- | 0.2- | 0.02 | 0.05- | 0.1- | 0.10 | 0.02- | bal.
6.8 | 0.4 0.15 | 0.25 0.1

B 3anexxHocTi Bij TexHONIOT1T TepMO0OpoOKH criaB 2219 Moke MaTH pi3Hi
MexaHiyHi BiaacTuBocTi (Tabmuis 2.3).

AmominieBu#t crutaB 2219-0O - ne craB 2219 y BignaneHomy ctaHi. Bin
Ma€ HaHM)K4YY MIIHICTh 1 JPYry 3a BEJIMYMHOK IUIACTUYHICTH MOPIBHSIHO 3
IHIIMMU BapiaHTaM# TepMooOpoOkH criasiB 22109.

AmominieBuit cmaB 2219-T81 - me craB 2219 micns TepMiduHOTO
BiNycKy 3a pexxumoM T81. I[o6 gocsrtu mexu tekydocti Ha piBHi 350 Mlla,
MeTal MiJAEThCs TePMIuHIi 00poOIll B po3uuHi, AePopMaliiftHOMy 3MIITHEHHIO
Ha 1%, a moTiM WITydyHOMY cTapiHHIO. BiH Mae apyry HailBUIly MILHICTb
MOPIBHSHO 3 1HIIMMHU BapiaHTaMH TePMOOOPOOKH alfoMiHiI€BHX CTIaBiB 2219.

AmominieBuit criaB 2219-T852 - me crumaB 2219 micis TepMidHOTO
BIIMyCKy 3a pexxumoM 1852. MeTtan miagaeTbesi TepMidHid 00poOIIi B pO3UnHI,
3HIMAIOTBhCSl HANpY’>KEHHS, a MOTIM METajl MiAJA€ThCs MITYYHOMY CTapiHHIO.
3HATTA HANpPyXEeHb JOCATAETHCS LUIAXOM XOJOJHOTO MEXaHIYHOTO CTHCHEHHS
Metany Ha 1-5%. CmiaB Mae HaWHWKYY IJIACTUYHICTh MOPIBHSHO 3 1HIIUMHU
BaplaHTaMu TePMOOOPOOKH amoMiHIEBUX cruiaBiB 22109.

ITicnst 06po6ku C10S (Tepmiuna 00poOKa po34MHOM, XOJ0AHA 00poOKa 3

nedopmariieto npuban3Ho 10%, mTydHe cTapiHHs) CIUIaB JEMOHCTPYE BIAMIHHI
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MEXaHI4H1 BJIACTUBOCTI — Mexa Teky4docTi 10 410 MlIla, cTifikicTs 0 KOpO3ii mif

HaAIPYKCHHSIM 1 3BaproBaHicTh [23].

Tabmums 2.3 - Mexa mmHHOCTI crutaBy 2219 miis pi3HEX TEpMOOOPOOOK

T, 2219-0 2219-T81 2219-T852 2219-C10S
°C ot, MlIla ot, Mlla ot, Mlla ot, Mlla

[24] [24] [22] [23]
20 76 350 315 410
100 347 312 406
200 325 293 381
300 200 180 234
400 100 91 119
500 50 44 57

Ha Puc.2.4-2.10 npuBeneni rpadiku 3aleXHOCTI BiJ TeMIlepaTypu

MEXaHIYHUX Ta Temio(Mi3uYHNX BiacTUBocTe cruiaBy 2219-T81, 3Baphi

3’€THAHHS 3 KOTO PO3MIIIAIOTHCS B pOOOTI, 3 Pi3HUX JITepaTypHUX Jukepen [3,

24, 25], a TakoK 3riIHO Pe3yJIbTATiB PO3PAXYHKY 3a XIMIYHHUM CKJIAJIOM CILJIaBY B

13 JMatPro [26]. Ha ocHOBI mOpiBHSIBHOTO aHai3y AaHuX Ha Puc.2.4-2.10 Oyu

BUOpaHi 3aJIe)KHOCTI BIJ TeMIepaTypu BiacTuBocTei craBy 2219-T81, siki

SBJISIOTHCS OLtbI focToBipHUMU (Tabmuis 2.4).

Tabnuns 2.4 - MexaniuHi Ta Teruiogi3uydHi BIaCTUBOCTI cruiaBy 2219-T81

T, E, oT, or(TY/| v a-108, A, Cp, Jox/ D,
°C MlIla MIla | 6,(20) | [24] 1/°C Bt/ (cm3-°C) | xr/m®
[24] [24] [24,26] | (cm-°C) [24] [24]
[24]

20 73000 350 1 0,3 20,3 120 2,47 2840
100 | 67500 347 0,99 | 0,304, 215 127 2,5 2840
200 | 58000 325 0,93 | 0,308, 22,8 133 2,58 2840
300 | 39800 200 0,57 | 0,311 24 135 2,84 2840
400 | 33000 100 0,29 |0,315 25 136 3,18 2840
500 | 27000 50 0,14 | 0,32 26,4 137 3,71 2840

[aTepBan Temnepatyp mwiaBieHHs [27]: Tso = 543°C, Tiig = 643°C.

[Turoma TerunoTa ruiaBineHHs [27]: Qiig = 390 x/x/kr = 1,03 [Hx/mm3.
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Mutoma Tennoemuicts, Mxx/(cm®*°C)
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Pe3yabTaTn 1adopaTopHuX BUNPOOYBAaHb IJIOCKUX 3Pa3KiB 3BAPHUX
3'€1HaHb

Byno mpoBeaeHO CTaTUCTUYHE MOCHIIKEHHS MEXaHIYHUX BIIACTUBOCTEH
KOHTPOJIbHUX 3BapHHUX 3pa3kiB. OCKUIbKK HEe OyB BIOMHUI HAMpPsIMOK MPOKATY
JUCTIB METajy, 3 SKUX BUTOTOBJBUIM TIJIOCKI 3pa3Ku, TO IS BHUMPOOYBaHb Ha
OJIHOOCBHOBHM PO3TAT OyJ0 BUrotoBieHo mo 10 3pa3kiB Ha po3puB 3 OM y aBox
B3a€EMHO TEPIICHINKYJIAPHUX HAMpsMKax (I MaKCHMajdbHOI Ta MiHIMalbHOI
TOBIIUHY TUIACTHH, BIAMOBITHO, 10 1 6 MM) 13 METOIO MOJAIBIIOTO BU3HAYCHHSI
3pasKiB, sIKi BiJMIOBIAaOTh HAIMPSAMY MPOKATY Ta MEPHEHIUKYISIPHUX 10 HBOTO.
MerTan 31 3BapHOTO 3'€IHaHHS ICTOTHO MEHILOIO MIPOIO 3aJI€XKHUTh Bl HAIPSMKY
MPOKaTy 4epe3 MepeKkpucTatizaiio Metainy mBa 1 3TB y nporeci 3BaproBaHHS,
TOMY IS IIUX BUNPOOYBaHb BUKOpUCTOBYBaidM 10 3pa3kiB (aHAJIOTI4HO, JUIS

MaKCHMAaJIbHOI Ta MIHIMaJIbHO1 TOBIIIMH TIJIACTHH).

i
QY
=R R
g5 &l
760
(a)
N R
35 60
760
()

Puc. 2.11. Cxema 3BapHOTO (@) 1 OCHOBHOTO MeTaiy (0) 3pa3KiB JJ1st

BUNPOOYBAaHb HA OJHOBICHUN PO3TAT
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IIpoTokoJ BUNpodyBaHb Ha oHOBicHMIT po3Tar (3pa3ok 1.1.)

Tumn 3pazka 3BapHHUIA 3pa30K HAa PO3PHB
TormuHa 3pa3zka, MM 5,950
HIuprHa OCHOBHOI YaCTHHU 3pa3Ka, MM 20,340
HoMmiHanbpH1 XapaKTEPUCTUKH:

YMOBHaA MeXa TEKy4OCTi 0'3'2 , MIla 153,0
I'pannus nponopuiiHocTi -, MIla 85,2
Tumuacosuii omip oz, MIla 309.7
ITikoBe HaBanTaxxenus P, H 37478.8
Hedbopmarii miacTH4Hoi Teuil ¢~ 0,0010
Monyns FOnra E*, I'Tla 85,2
Po3paxyHKOB1 XapaKTCPUCTUKH:

Ictunni nedopmanii mIacTUIHOI Tewii ¢ 0,001
Ictunnauit moxyns FOura E, I'Tla 85,3
IcTHHA yMOBHA rpaHuLs TEKY4OCT] go.2, MIla 153,4
IcTuHHA rpaHKIA TPONOPUIMHOCTI & , MIla 85,3

5

4725‘

Puc.2.12 Ilpuknan npoTokoy BUIPOOYBaHb HA OJTHOBICHE PO3TSATHEHHS.
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Ha npukiani 3BapHUX 3pa3KiB pi3HOI TOBIIUMHU 3 allFOMIHIEBOTO CILIaBY
2219-T81 B Tabmumi 2.5 mokazaHo pe3yJbTaTH NPOBEACHHS CTATUCTHYHHUX
JOCTIIKEHb MEXaHIYHHUX BIIACTUBOCTEN MeTany. DyHKIIIT po3MoIiiTy MEXaHI YHUX
BJIACTMBOCTEH 3BapHUX KOHTPOJBHHUX 3pa3KiB, IO PO3TISAAOTHCS (MOIYIIS
lOnra # ymOBHOI TpaHWI TEKy4OCTi), 3 JOCTaTHIM CTyNE€HEM TOYHOCTI
BIJIMOBIIaI0Th HOPMATHHOMY 3aKOHY PO3ITOJILTY.

Tabmug 2.5. [TapameTpu HOPMAITBHOTO 3aKOHY PO3MOLTY BETHYUH

Moy FOHra 1 rpanuili TeKy4ocTi

ITapameTpu HOPMAJILHOIO PO3NOALTY
XapaKkTepuCcTHKA 6 MM 10 mm
marepiany AHCTICPCis aTeMa e b aTeMa e
. | MAaTeMaTU4H = | MaTeMaTU4H
BHUIIAJKOBO1 ) BUIIAIKOBO1 )
ey | CTOMBAHH | ey | CTIOAIBAHHS

3pa30k 3 OCHOBHOTO METally

Mopynb FOnra, I'Tla 5,3 76,5 4,8 74,1
['panung Tekyvocri
B3JIOBK HAMPSIMKY 2,9 383,3 9,0 388,0
npokary, Mlla
['panung Tekyyocri

12,3 369,5 3,2 371,0

BIIOTIEPEK HAIPAMKY
npokary, Mlla

3BapHUil 3pa3okK

Monyns FOnra, I'Tla 8,4 85,5 16,0 76,5
['paHuIls TEKy4OCTi, 9,0 156.3 6,3 1379
MlIIa

<X > - MaTeMaTH4YHE CHOIBaHHS, DX - TUCTIePCis BUMTAIKOBOT BeIMUnHM [28]

(X)ziij(xj) (2.1)

D, = Z(Xj _<X>)2 P; (x;) (2.2)
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https://uk.wikipedia.org/wiki/%D0%94%D0%B8%D1%81%D0%BF%D0%B5%D1%80%D1%81%D1%96%D1%8F_%D0%B2%D0%B8%D0%BF%D0%B0%D0%B4%D0%BA%D0%BE%D0%B2%D0%BE%D1%97_%D0%B2%D0%B5%D0%BB%D0%B8%D1%87%D0%B8%D0%BD%D0%B8
https://uk.wikipedia.org/wiki/%D0%94%D0%B8%D1%81%D0%BF%D0%B5%D1%80%D1%81%D1%96%D1%8F_%D0%B2%D0%B8%D0%BF%D0%B0%D0%B4%D0%BA%D0%BE%D0%B2%D0%BE%D1%97_%D0%B2%D0%B5%D0%BB%D0%B8%D1%87%D0%B8%D0%BD%D0%B8
https://uk.wikipedia.org/wiki/%D0%9C%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D1%87%D0%BD%D0%B5_%D1%81%D0%BF%D0%BE%D0%B4%D1%96%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F
https://uk.wikipedia.org/wiki/%D0%9C%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D1%87%D0%BD%D0%B5_%D1%81%D0%BF%D0%BE%D0%B4%D1%96%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F
https://uk.wikipedia.org/wiki/%D0%94%D0%B8%D1%81%D0%BF%D0%B5%D1%80%D1%81%D1%96%D1%8F_%D0%B2%D0%B8%D0%BF%D0%B0%D0%B4%D0%BA%D0%BE%D0%B2%D0%BE%D1%97_%D0%B2%D0%B5%D0%BB%D0%B8%D1%87%D0%B8%D0%BD%D0%B8
https://uk.wikipedia.org/wiki/%D0%94%D0%B8%D1%81%D0%BF%D0%B5%D1%80%D1%81%D1%96%D1%8F_%D0%B2%D0%B8%D0%BF%D0%B0%D0%B4%D0%BA%D0%BE%D0%B2%D0%BE%D1%97_%D0%B2%D0%B5%D0%BB%D0%B8%D1%87%D0%B8%D0%BD%D0%B8
https://uk.wikipedia.org/wiki/%D0%94%D0%B8%D1%81%D0%BF%D0%B5%D1%80%D1%81%D1%96%D1%8F_%D0%B2%D0%B8%D0%BF%D0%B0%D0%B4%D0%BA%D0%BE%D0%B2%D0%BE%D1%97_%D0%B2%D0%B5%D0%BB%D0%B8%D1%87%D0%B8%D0%BD%D0%B8
https://uk.wikipedia.org/wiki/%D0%9C%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D1%87%D0%BD%D0%B5_%D1%81%D0%BF%D0%BE%D0%B4%D1%96%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F
https://uk.wikipedia.org/wiki/%D0%9C%D0%B0%D1%82%D0%B5%D0%BC%D0%B0%D1%82%D0%B8%D1%87%D0%BD%D0%B5_%D1%81%D0%BF%D0%BE%D0%B4%D1%96%D0%B2%D0%B0%D0%BD%D0%BD%D1%8F

BrmiivB HampsiMKy TpoKaTy Ha MEXaHIuHI BJIACTUBOCTI PO3MISIHYTOTO
Matepiany He nepesuinye 4,5 %, M0 ae 3MOTy HE BPaXOBYBaTH aHI30TPOIIIIO
MaTepialy il dYac TPOBEACHHA PO3PaxyHKIB, OMNEPYIOUYH MiHIMAIbHOIO
cepeIHbOI0 BenmmunHOI (0p2=369,5 MIla, E=74,1 I'Tla). BinuyTHu#i BIUIMB Ha
(akTUYHI BIACTUBOCTI METaly 3BapHUX 3'€HaHb YUHUTH MPOIEC B3a€EMOII
JIETYIOUMX €JIeMEHTIB MK co0or mpu temmeparypax 350-370°C, mo crpusie
NEepepo3NOALTY CTPYKTYPHHX CKIIAJOBHUX CIUIaBY 1 MPU3BOJAUTH O 3HUKCHHS
TBEpAOCTI MeTany B 30HI HarpiBy [29, 30]. Sk 3a3mauamocs B poboti [22],
OCQ/DKCHHS 1 KoaryJisiis 3MIIHIOYMX (a3 HepO3UYMHHHUX EJIEMEHTIB 3aji3a 1
KPEMHIIO, a TaKOX OCEpPEeIKIB YTBOPEHHS JIETKOTUIABKMX E€BTEKTHK Ha MEKax
3epeH MpU MIJBUIIEHUX TEMIIepaTypax 3BapIOBAIILHOIO HArpiBY, 1 MPOTIKAHHS
IPOLIECIB KOAryJslli 3 YTBOPEHHSAM 3MIIHIOIOUMX (a3, MO MNPU3BEIO 0
30UIBIICHHS. PO3MIPIB  IHTEPMETANIIHUX OCaJiB, CHPUYMHWINA 3HIKECHHS
TBEPJIOCTI B M1 30HI, B SIKI B pe3yJbTaTi BU3HAYEHO CYTTEBE 3HEMIIIHCHHS
MeTaly: 3HUKEHHS THMYACOBOI0 OIOPY PO3pHUBY 03 10 44,4 % 1 1CTUHHOT IpaHHUII

TEKY4OCTi 0p,2 10 63,4% BiIHOCHO OCHOBHOTO METaIy.

2.3 PesyabTaTi BUMIPIOBAHHS 3AJIUIIKOBUX HANPYKEHb B 3BAPHOMY

3’€IHAHHI 3 aJIOMiHi€BOro cruiaBy 2219-T81

Byno BUKOHaHO OCIHIKEHHSI 3QJIMIIKOBUX 3BaprOBajIbHUX HANpPYXEHb B
3pa3kax 3 ajJtoMiHieBOro craBy 2219-T81, axi Oynu 3BapeHi 3 BUKOPUCTAHHAM
texuosorii 3TII [31, 32]. BuMiproBaHHS 3aIMITKOBUX HAIPY>KEHb POBOIUIOCS
JIBOMa METO/IaMHU:

1. MeTtonoM po3pi3yBaHHS MeTajdy 3BapHOIrO 3’€HAHHS Ha BY3bKI
CMYXXKH (TEMIUIETH) ISl 3BUIBHEHHS B HHUX BHYTPINIHIX HAMpyXeHb 1
BUMIPIOBAHHSA OTPUMAaHUX MPU LBOMY MNPYXHUX Jedopmalliil (3aIUIIKOBUX
3BapHUX IMOB3JOBXKHIX HampyxkeHb) [33]. Jag 1bOro BHKOPHUCTOBYBABCS

MexaHIYHuil aedopmomerp 3 0azoro0 BumiptoBaHHs 20 MM (pucyHok 2.13) 1
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CHUCTEeMa KOHYCHHMX OTBOPIB, IMOIEPEIHbO BUCBEPAJICHUX HA BEPXHIM 1 HUKHIN
MOBEPXHSX B MOMEPEYHUX TIEpepi3ax B cepeIHINA YaCTHHI 3pa3KiB.

2. MeTonoM OTBOPIB y TOENHAHHI 3 PEECTPAIIEI0 MEPEMIIIEHB, IO
BUHUKAIOTh Yy PE3YJIbTATl JIOKAJIBHOI pesiakcallii Halpy>KeHb, 3a JIOMOMOTOIO
nazepHoi cnekn-intephepomerpii (ESPI-HD meton) (puc. 2.14). Bin He Bumarae
MIATOTOBKM TOBEPXHI Ta MOXKE BHKOPHUCTOBYBATHUCH JUIsl BU3HAYCHHS
3QJIMIIIKOBUX HampykeHb Ha 6a3i 0.5-1.0 MM y giameTpi Ta riauOuHOIO 10 1 MM.
BumipioBaHHs ~ BUKOHYBaJIMCh Yy  HACTYNHIA  TOCTIOBHOCTI:  CIEKJI-
1HTEpPEpPOMETP BCTAHOBIIIOBABCA HA 3BapHE 3'€ THAHHS, MICIISl YOTO 3aKUCyBaAIACA
udpoBl 300paKeHHS, MO0 XapaKTEPHU3YIOTh MOYATKOBUM CTaH IOBEpPXHI [0
cBep uUTiHHA OoTBOpY. Ilicns penakcaliii Hampy>KeHb, 10 BUKJIMKAHA CBEPAJIIHHSIM
HEKpi3HOTro oTBOPY AiameTpom 1,0 MM 1 rmbuHOO 0,5 MM, 3aMMCyBaBCS 1HIIHMA
Hallp CHEKI-300pakeHb, 10 BiIoOpakanu nedopmoBaHuil craH. Ha ocHOBI
OTPUMaHUX 300pak€Hb METOJA0M (Pa30BHUX KPOKIB pO3paXxOBYBAIUCHh 3HAYEHHS
NepeMillieHHs] B IUIOIIMHI 3pa3ka HABKOJO OTBOPY, 32 SIKUMH BHU3HAYAIHUCS
3aJIMITKOBI HanpyxeHHs [34, 35].

BumiproBaHHs 3a JONOMOro0 MEXaHIYHOro JAePopMOMETpa KOXKHOT
BUMIpIOBaJIbHOI 0a3u (20 MM) MPOBOAMIIKCH JI0 1 MICIS MOBHOTO PO3PI3yBaHHS
3pa3KiB HAa TEMIUIETH MJisi TIOBHOTO 3BITBHEHHS BiJ 3alUIIKOBHX TPYKHUX
nedopwmartiit. Ilicas 1poro OyB BHKOHAHUU TMEPEPAXyHOK OTPUMAHMX JaHUX
NpYy>KHUX JAepopMaliid KOKHOI BHUMIPIOBAIBHOI 0a3M B 3ajJUIIKOBI 3BapHi
HaIMpy>KeHHs B 3aJaHii Toull 3paska. [Ipu 1boMy naJisi JaHOTO aNOMIHIEBOTO
crutaBy 2219-T81 B po3paxyHKax BUKOPUCTOBYBABCS MOJYJIb MPY>KHOCTI, SIKAN

nopisatoe E=75000 MITa.
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Puc. 2.13. 30BHimHI# BUTIISA MeXaHidHOTO AedopMoMeTpa, 6a3a BUMIpPIOBAHHS
20 MM, Ta BUpI3aHI YaCTHMHHM 3BapHOrO 3pa3ka (TEMIUIETH) 3 MaTepiaJlbHUMHU
0a3zaMu (KOHYCH1 OTBOPH) JiJ1sl BU3HauUeHHs 33H

s

cnekA-iHTepbepomerp

g U

AOCAI AMYBAHUIA 3pa3OK

CBEPAAIHHA OTEOPY
Puc. 2.14 3osuimniit Burasg ESPI-HD npunany ans sumiproBanus 33H.

3pa3ok ISl BUMIPIOBaHHS 3JIMIIKOBUX HAIPY>KEHb MPEJICTABIISE CTUKOBE
3'€THaHHS JBOX OJIHAKOBHMX IUIACTHH 3arajbHUM po3MipoM: aoBxkuHa 500 M,
mupuaa 300 MM 1 ToBmMHA 8 MM. JIJis BUMIPIOBAHHS 3JIMIITKOBUX TPYKHUX
nedopmailiii BUKOpUCTaHO 26 BUMIPIOBAIbHUX 0a3 (52 0TBOpHU) y MOMEPEUHOMY

nepepizi A Ha 000X cTopoHax 3paska (auB. puc. 2.15).
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Puc. 2.15. Cxema po3ranryBaHHs MipsiibHUX 0a3 (a) Ta 30BHIIIHIA BUTIsL (0)
3pazka Ne2 pozmipom 500x300x8 MM CTHKOBOTO 3’€qHAHHS IUIACTHH TOBITHHOIO
8 MM, BukoHanoro 3TTI.

150
——BepxHA cTopoMa

—d— HWHHA cTOpoHa

HanpyseHus, MMa

Bincraut Big ueHTpy wea, Mm

Puc. 2.16. 3anumKkoBi MO30BXHI HAMPYKEHHS B MOMEPEUYHOMY IIEHTPATHLHOMY
nepepisi B 3pa3ky Nel TOBIIMHOIO § MM Ha BEpXHiil (GX, BEpX) 1 HIDKHIH (GX, HU3)
MOBEPXHSIX.

Pe3ynbpTat BUMIpIOBaHHS 3aIMIIKOBUX TMO3/I0BXKHIX HalPY>KEHb y 3pa3Ky
Nel y nenTpanbHOMY mepepisi 1y 3pa3ky Ne2 y nBox nepepizax A 1 B ctukoBoro
3’eaHanHsi, BukoHaHoro 3TII, micist MOBHOTO po3pi3aHHsS MaTepially Ha

MOB3/I0BKHI TEMIUIETH 1 BUMIPIOBAHHS MPYKHUX JAedopMalliil nmokaszaid rapHy
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MOBTOPIOBAHICTh  pe3yJIbTaTIB 1  MakKCUMaJbHUM  PIBEHb  HANPYKEHb
posTaryBaibHuX A0 180 MIla (Puc. 2.17).

Busnauena 3HayHa BiIMIHHICTH MK PIBHEM 3aJIUIIKOBUX IMO3TOBKHIX
HaIpy>KeHb Ha BEpXHIH 1 HUKHIM MOBEPXHsIX 3pa3ka. Ha BepxHiii moBepxHi piBEHb
BUMIPSHUX  Hampy>KeHb TOMITHO HW)X4Ye: MaKCHUMaJbHI  HaIpyXCHHS
po3TATYBaNIbHI He TiepeBulyoTh 80 Mlla, B TOl dac sk Ha HIDKHIN MOBEPXHI —
nocsratots 180 MIla. 3HauHy 3ruHaIbHY CKIJIAJIOBY TIOB3JOBXKHIX HAIPYKEHb 110
TOBIIUHI TIATBEPIKYE HASBHICTh 3aJUIIKOBOTO TOB3IOBXHLOTO IPOTHUHY
LIEHTPaJIbHOI YaCTUHU 3pa3ka J10 2,5 MM.

CiveHHA A-A

175

~fll-BepxHa cTopoHa

—&—HwuHA cTopoHa

Hanpy:eHHa, MlMNa

—h——k—— A
-80 -/0%= -30/°-20 -10 10 2 30 40 50 60 70 80

50 BigcTaHb Big, UeHTPY WBa, MM

CivyeHHAa B-B

200

—-BepxHsa cTopoHa

—— HW>XHA cTopoHa

5

50

HanpyeHHa, MlMa

25

Fay

i 6 ———d—
-80 -70"-60 -50 -40 -30//20 -10 10 2 30 40 50 60 70 80
-25

50 BigctaHb Big LeHTpY Wea, Mm

0

Puc. 2.17. ExciepuMeHTaIbH1 pO3MOIIIN 3AIMIIKOBUX TTOB3/IOBXKHIX HAMPYKECHb
Ha HIDKHIN 1 BEpXHIM MOBEPXHSIX 3BapHOTO 3pa3ka Ne 2 31 crutaBy A2219-T81 B
nepepizax A (a) 1 B (0).
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BumiproBannss wMetojgoM rosorpadiuHoi - criekiiaTepdepomerpii (i3
3aCTOCYBAaHHSM CBEpIAJIHHS OTBOPIB JiaMeTpoM 1 MM) TPOBOAMIU Y JBOX
nonepevyHux nepepizax: nepepi3 1 - Ha Bijgcradi 130 MM BiJl TOYATKy 3BapHOTO
mBa 1 mepepis 2 - Ha BifcTani 350 MM. Y mepepisi 1 BUMipIOBaHHS OTPUMaHO Ha
BEPXHI 1 HIKHIN MOBEPXHSX 3pa3Ka, a B riepepisi 2 - TUIbKHU Ha HIKHIN TOBEPXHI.
PesynpraTtn BuMiproBaHHs mokazanu (Puc. 2.18), mo mepeBakae IMO3I0BKHS
KOMIIOHEHTa 3aJUIIKOBHX HampykeHb. Ha BepxHiil MOBepXHI pO3TATryBajibHI
MO3JIOBXKHI HampyXeHHs He mnepeulryioTh 120...150 MIlla, a Ha HUXKHIN
noBepxHi jgocsrarote 200..215 MIla. Pemra KOMITIOHEHTIB 3aJUIIKOBHX
HaIpy>KE€Hb ICTOTHO HMJKY1 32 BEJIMUMHOIO. [lonepeyHi po3TaryBaibHi 3aJIMIIKOBI
HaIpY>KEHHS Ha BEpXHill OBEpXH1 HE epeBUILYIOTh 20-25 MIla, a Ha HUXKHIHA —
50 MITa.

Meron ronorpadiuHoi cneksiHTepdepoMeTpli B AUISHLI BHUCOKHX
HaIpy>KeHb, OMU3BKUX JO MEXI TEKY4OCTI Marepialdy, TaKOXX MOXKE MaTH
N1JBUILIEHY TOXUOKY BUMIPIOBAHHS, YEPE3 T€, 1110 NPU NEPEPAXYHKY AePopMalliii
B Halpy>XCHHsS BHUKOPUCTOBYIOTH METOJM TEOpPil MPYKHOCTI, IKI HE MOXYTh

BU3HAYWTHU IJIACTUYHY MOBEIIHKY MaTepiaiy.

225

280 BepxHA cTopoHa

175 Hu#HA cTopoHa

150

125

100

7h

a0

[MoEZA0EHHI HanpyseHHA, MWMa

25
. BiacTaHk Bi oci WEa, MM

60 50 400 300 A0 -10 10 2N 30 40 50 50
-25

-a0
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200 BepxHA cTopoHa

175 Hu:#HA cTopoHa

150
125
100

75

MonepedHi HanpyseHea, Ma

= Wy < -,

3 s
B0 500 40 2300 200 10 1@ 207730 M 500 6D
-25 BincTakb Bif oci WEE, MM

-50 6

Puc. 2.18. Pe3ynbraTé BHUMIPIOBaHHS 3aJUIIKOBUX HANpPYXEHb METOJOM
rojorpadii Ha Bigctani 130 MM BiJ MOYaTKy 3BapHOTO ImiBa y 3pasky Nel:

a) MO3/I0B’KHSI KOMIIOHEHTA; 0) MonepeyHa KOMIIOHEHTa

[Ipore pe3ynbTaT BHUMIPIOBAHHS JBOMa METOJAMH 3aJIUIIKOBHX
Hampy>keHb y 3pa3ky Nel mokaszanu, 1m0 TiJ 4Yac 3BapIOBaHHSA TEPTAM 3
nepeMilllyBaHHSIM Pi1BEHb 3ATUIIIKOBUX MO30BXKHIX HAIIPY>KEHb TOBOJI1 BUCOKUM,
OJIM3BKUNA O MEXI IUIMHHOCTI allfoMiHieBOTO cruiaBy 2219-T81 y BiamaneHomy
ctani (mo 150-180 MlIla), ToOTO 3 ypaxyBaHHSIM 3HEMIIIHEHHS MaTepialy B 30HI
3BapIOBAJILHOTO HarpiBy. l[Ipu 1bOMY 3aJMIIKOBI MO3J0BXKHI HAMNPY>KEHHSI Ha
HUKHIW TIOBEpXH1 3pa3ka 1cToTHO BHI (mpubau3Ho Ha 20%), HIXK BUMIpPSHI Ha

BEPXHII MOBEPXHI.
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BucHoBku 10 po3ainy 2:

1. PesynpTaTh MexaHIYHMX BHUMpPOOyBaHb 3pa3KiB OCHOBHOI'O MaTepiany 1
3BapHUX 3’€IHaHb 3 afOMiHi€EBOTO cruiaBy 2219-T81 mokazanu, 1m0 BIUIKB
HAnpsSMKy MpOKaTy Ha MEXaHIuHl BJIACTUBOCTI PO3TJISIHYTOTO MaTepialy He
nepesunrye 4,5 %, 1o 1ae 3MOry He BpaxOBYBaTH aHI30TPOIIIIO MaTepiay Mmij
4yac TPOBEICHHS PO3PaxyHKIiB, OMEPYIOYN MIHIMAJIBHOIO CEPEIHBOI0 BETMINHOIO
(002=369,5 MIla, E=74,1 I'Tla). BimayTHuii BIUIMB Ha (paKTUYHI BJIACTUBOCTI
MeTaly 3BapHHX 3'€IHaHb YNHUTH BUCOKA TEMIIEpaTypa 3BaplOBAIbHOTO HArPiBY,
10 NPU3BOAMUTH JO 3HUKEHHS TBEPIOCTI METaly B 30HI HarpiBy. B 3paskax
3BapHUX 3’€qHaHb B 3TB BH3HAU€HO CyTTEBE 3HEMIIHEHHS METANy: 3HH)KCHHS
TUMYacCOBOT'0 OMOPY pO3pUBY o 10 44,4 % 1 1ICTUHHOI T'PaHULl TEKYUYOCTI 002 10
63,4%.

2. Pe3ynpratd eKCHEPUMEHTATBHOTO BUMIPIOBAHHS 3aJIHMIIKOBUX
Hampy>keHb y 3pa3ky Nel mokazanu, 10 TpU 3BaprOBaHHI TEPTIM 3
NepeMIITyBaHHSIM PiBEHb 3AIMIIIKOBUX MO30BKHIX HAIIPYKEHB I0BOJII BUCOKHIA,
OJIM3bKUN 10 MEX1 TEKY4OCT1 altoMiHieBoro ciiaBy 2219-T81 y BiamaneHomy
ctani (mo 150-180 MlIla), ToOTO 3 ypaxyBaHHSM 3HEMIIIHEHHS MaTepiaily B 30HI
3BapIOBAJILHOTO HarpiBy. I[Ipu 1bOMY 3aJMIIKOBI MO3J0BXKHI HANpPY>KEHHS Ha
HWKHIM MOBEpxH1 3pa3ka Buill (mpudiau3Ho Ha 20%), HIXK BUMIPSIHI Ha BEPXHIM
noBepxHi. [lonepedni po3TATyBalibHI 3aIUIIKOBI HAMPYKEHHS ICTOTHO HIDKY1 3a
BEJIMUMHOIO: HA BEPXHi MOBEpXHi He nepeBuInytoTs 20-25 MIla, a Ha HIDKHIT —

50 MTI]a.
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PO3ALI 3. MATEMATHNYHE MO/JIEJIIOBAHHA  HAIIPYJKEHO-
JEDPOPMOBAHOI'O CTARY 3’€ IHAHHD I3 AJIIOMIHIEBUX CIIJIABIB,
BMKOHAHIX 3BAPIOBAHHAM TEPTAM 3 [IEPEMILLTYBAHHAM

3.1 Po3podka MaTeMaTH4HOI MoOjeJi BH3HAYEHHS 3BAPHOBAJIBLHUX
HANpyxkeHb 1 aedopmanii B 3’e¢aHaHHsAX, BukoHaHux 3TII, Ha ocHOBI
3arajibHOr0 MeTo1y TepMOILIACTUYHOCTI

VY nporieci 3BaproBaHHs TepTs 3 nepeminryBadasaM (Puc.3.1), komu poGounii
iHcTpyMeHT (Puc.3.2) 3aHypeHuil y mMeTan 3BapHOro 3'eHaHHS, o0epTaeThes 1
MIOCTYTIIOBO PYXAETHhCSI B3MIOBXK 3'€JHAHHS, BiOYBA€THCS THTCHCHBHHM MpOIIEC
TEPTsI IJIe4a IHCTPYMEHTY 3 MMOBEPXHEIO €JIEMEHTIB, 110 3'€JHYIOThCS, 1 TOBEPXHI
mTUPS 3 MarepiaioM B 00’eMy getaneid. Takoxk BinOyBaeTbCs MpPOILEC
nepeMilryBaHHs MeTally B 00'eMi OOJIM3Y MOBEPXHI KOHTAKTY IITHUPS 1 IJIeda 3
eJleMeHTaMu, IO 3'enHytoThecs. i cun TepTd Ta AePOpPMYyBaHHS MeETay
3BApHOTO 3'€IHaHHSA MPHU3BOAUTH JO IHTEHCHUBHOTO BHJAUICHHS Temia Ta
M1JBUIIEHHS TEMIIEpAaTypHu poOOYOro IHCTPYMEHTY Ta MaTepially €JIE€MEHTIB, 110
3'€ THYIOThCHI.

Jns  edeKTHBHOTO  MOJENIIOBaHHS  JAHOTO  MPOLECYy  MOXKYTh
BUKOPUCTOBYBATUCS PI3HI MIAXOAM B 3aJIEKHOCTI BiJl METU JOCHiKeHHs. [le
MOXe OYyTH NpPOTHO3YBaHHS SIKOCTI (POpMyBaHHS 3BAPHOTO 3’ €IHAHHS JUIS
ONTHUMi3alli TEXHOJIOTi 3BaploBaHHSA a00 MPOTHO3YBAHHS  3aJMIIKOBUX
3BapIOBAJIbHUX HAMNpyXeHb 1 jAedopmailiif, sKi BIJIMBAIOTH Ha CIIykKOOBi
XapaKTEPUCTHKH, & CAME TOYHICTh 1 MILHICTh 3BAPHOr0 By3ja a00 KOHCTPYKIIIi.

[cHyroui MaTeMaTW4HI MOJENl BU3HAYECHHS HaIPY>KEHO-Ie(OPMOBAHOTO
crany mnpu 3TII BpaxoBylTh [il0 TEpPMOHANPYXKEHb HAa  MPOIIECH
NPYXKHBOIUTACTUYHOTO JIe(pOpMyBaHHS Marepiajlly B Mpolleci 3BapIOBaHHS 1
NOJIAJIbIIOT0 0XO0JIOMKEHHSI. OCHOBHOIO OCOOJMBICTIO MOJIETIOBAHHS IPOLIECY
3TII € noBosi MOpPCTKE 3aKpiIUIEHHS B MpOIECi 3BApPIOBAHHS E€JIEMEHTIB, SIKi

3’€THYIOTHCS .
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3aHypeHHA

Ob6epTaHHA
iHCTPYMEHTY l

3aXKum i — —

3pa3okK

HanpAmoK 3BaptoBaHHA
L
—

OnopHa nauTa

Puc.3.1. Cxema nporecy 3TII

1

Puc.3.2 Cxema po6ouoro iHCTpyMeHTY mpu 3TII

B pesynbrari aHamizy iCHyrO4YHX pOOIT 3 MaTE€MaTHYHOTO MOJICTIOBAHHS
MPOLIECIB TEPMONPYKHBOILIACTUYHOTO JiepopmyBaHHs 1 Macorniepenocy npu 3TI1
Oyna po3po0JieHa TOCHTh MPOCcTa MaTeMaTHyHa Mojeib [36, 37], cnpsMoBaHa Ha
OTepaTUBHE BU3HAYEHHS 3AIMIIIKOBHUX 3BAPIOBAILHUX HAIPY>KEHb 1 edopmarii
3 THKEHEPHOIO TOUHICTIO 3 METOIO MOAAIBIIOT OI[IHKY MIIIHOCT1 3BapHUX 3’ €/THAHD
B YMOBax eKcIulyaTtaiii a0o TMpOTHO3YBaHHsS 3arajbHUX jAedopMalriii
BEITUKOTa0ApUTHUX KOHCTPYKIIIHA 3 BEJIHMKOIO KIJBKICTIO 3BApHUX 3 €IHAHBb 3a
mMeToaoM ¢yHKIii ycaaku [38].

Bigomo, mo temmoBuminends mnpu 3TII, orpumane B pesyibTaTi

nedopMyBaHHS, He TIEPEBUILYE 5% BiJ 3arajabHOl KUIBKOCTI TEIUIOBUALIEHE [39].
b
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Tomy B 3anponoHOBaHiil MOJE1 AJIsi ONEPATUBHOIO OTPUMAHHS IaHUX B1IHOCHO
3aJIMIIKOBUX 3BapIOBaJIbHUX HarpykeHb Ta nedopmariiiii mpu 3TII enemeHTiB 3
AIFOMIHIEBUX CILIaBIB TEIUIOBUAUICHHSM BiJl IedOpMyBaHHS METaly MOXHa
3HEXTyBaTU. Takoxk 3 METOI0 CIPOIICHHS MOJEN! MpU 30epeKeHH] 1HKEHEPHOI
TOYHOCTI MPOTHO3YBAaHHS HE OyJIW BpaxoBaHI HACTYIMHI (haKTOPH: 3aJEKHICTh
KoedillieHTa TEepTsA BiJ TEeMIEpaTypyd MaTepialy, BiABIA Tema B pPoOOUMii
IHCTpYMEHT 1 OCHAIIEHHS IS 3aKpiIJICHHS €JIEMEHTIB 3 €JHaHHs (OmopHa
IJIaCTUHA 1 TPUKUMH), YACTKOBE 3HIDKCHHS TEIUIOBUIUICHHS BiJ TEpTA 3a
paxyHOK TMepeMillyBaHHA MaTepiany. BpaxyBaHHsS e(exTy 3HEMIIIHEHHS -
3HIKEHHSI MEXaHIYHUX BIACTUBOCTEH alFOMIHIEBOTO CIUIABY ITiJ1 YaC HArpiBaHHs
€ B@XIUBUAM aCIEKTOM MOJICIOBAaHHSI MEXaHIYHUX BIIACTHBOCTEH MaTepialy
3BapHoro 3’enHanH 1 BianosigHo HJC npu 3BaproBanHi [40].

IIpu mopemoBanHi TemneparypHux nosiB npu 3TII 3actocoByBanocs
PIBHSHHS HECTAI[IOHAPHOI TEIUIOMPOBIAHOCTI, SIKE BKIIIOYA€ B ce0€ BpaxXyBaHHS

00'eMHOTO 3BaproBaJIbHOTO JKepesa Harpisy W(X,y,z,t)

ﬁ(zﬁ}ﬁ PRl +§(iﬁj+w(x,y,z,t)=0p£ (3.1)
ox\_ ox) oy\ oy ) oz\ oz ot’

e p — UIUIBHICTh Martepially, ¢ — TMUTOMa TEIUIOEMHICTh, A — KOEQIIIEHT
TEIJIONPOBITHOCTI, T - TeMIlepaTypa MaTepiay.

I'paHnyHI yMOBU Ha TOBEPXHSX CJIEMEHTIB 3’€IHAHHS 3 ypaxyBaHHSIM
KOHBEKI[IHHOTO TEIJI0OO0OMIHY 3 HABKOJMIIHIM CEpPEOBUIIEM 3aJlaBAIUCA Y

BUTJISIL:
q=—h(T,,, —T), (3.2)

ne Tout — TEeMIIepaTypa JOBKOJHMIITHBOTO CEPEOBUINA, (| — TEIUIOBHIA MOTIK, h —
Koe(DillieHT Teruionepeaadl 3 MOBEPXHI MPU KOHBEKLIMHOMY TEIUIOOOMiHI 3
HABKOJIMILIHIM CepeloBUIIEM (3a3BHYaii B yMOBaxX MNPUPOJHOI KOHBEKLII Ha
nositpi Toyt =20°C, h=10-20 B1/m?°C).

Oco0bnuBicTiO po3po0ieHoi Moaeni Jkepena HarpiBy npu 3TII sBaseTscs

TEIUIOBUIICHHS 32 PaXYHOK TE€PTsI IHCTPYMEHTY BIAHOCHO MaTepiaiy 3’ €IHaHHS.
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[HCTpyMEHT 00epTacTbcsi HABKOJIO BEPTHUKAIBHOI OCI 3 TEBHOI KYTOBOKO
IIBUJIKICTIO @, (00/C), 1 MPUTUCKAETHCS JI0 IUIACTUH 3 OCHOBUM 3yCHJUISIM Pp
(ITa), mo BUKIMKAE HA MOBEPXHI KOHTAKTY IHCTPYMEHTY TEIUIOBUI MOTIK B
MaTepian 3’ €THaHHS

A%:y-Pn-ayr,(BT/Mz), (3.3)

ne i - KoeimieHT TepTs, I‘:\/ (X—X0)2 +(y- y0)2 — BiJICTaHb PO3IJISHYTOI TOYKH
KOHTaKTy BiJl OCi 0O0epTaHHS POOOYOro IHCTPYMEHTY (Xxo,V0). Y 3arajabHOMY
BUIIISA/IL 11 BUPOOY, 1110 3BaproeThest (Puc.3.1.), mig yac pyxy HeHTpy (xo,0,20)
poO0OYOTO THCTPYMEHTY 31 MIBUAKICTIO 3BaproBaHHS Vy BIICTaHb PO3TJSHYTOT

TOYKHU KOHTAKTY BiJl OCl 00epTaHHs poOOYOro IHCTPYMEHTY B MOMEHT uacy t 0yse

: 2 2
nopisutoBatu = \/(X— X+ VO (Y -Y,) .
Toni moTykHicTh TeroBuauIeHHS Q, (BT), Ha BiAMOBITHUX MMOBEPXHSX

KOHTakKTy 1iomiero S (Puc.3.2):

Q=,U'Pn-a)-7r-_UrdS, (3.4)
a came, B 30HI:
- miede (z = J, R1<r<Rj) le%z,u-Pn-a)-(st—Rf),
- OiyHa MoBepxHs WTUPS (0-h>z>0, I=R;) Q,=27-u-P,-w-R?-h,
27

- HIDKHS TOpIIeBa OBEpXHs mTups (z=0-h, 0>r>R;) Q, = 5 P.w-R’,

Jie 0 — TOBIIIMHA €JIEMEHTIB, 110 3BaplolOThes, R1 — paaiyc mtups, Ry — paaiyc
wieya, h — JOBKUHA IITUPS, SKHI BXOJAWTH B MaTepiall.
Kytrom Haxmity mieda f MOXHaA 3HEXTYBaTH, OCKUIBKH MPH MaIUX KyTax
[<2-3° 301bIIIeHHS TUIOII KOHTAKTy B 30HI Iie4a He nepeBuirye 5%.
BinnosigHo motyxHicTh 06’eMHOro Temnosuaiaenas W(X,y,z,t), (Br/m®)
CKJIaJIa€ThCsl 3 IBOX CKiIaAoBuX. Ilepia mos’s3aHa 3 TEIJIOBULICHHSIM B 00’ €Mi

V1 Ha BepXHil OBEPXHI IJIACTHH 3’ €HAHHS ITiJ] IJIeYeM IHCTPYMEHTY(J-02<z<J,
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R1<r<Rj), dz - po3mip CKIHYEHHOTO €JIEMEHTY, a Jipyra — B 00’ emi mtups V; (-

h<z<d, 0>r>Ry):

W(X,y,z,t) =W, +W,,

Zl 3 _p3
W@ 3 R TR 2up (R +RR +RY) 35)
YV, #z(R?-R})dz 3(R, + R)dz ’
27
27uP wRh + == uP @R’
w, =2 _ _3 = 2,uPna)(1+ &j.
V, 7R’h 3h

[Ticns Bu3HaueHHs TeruioBux po3noAiniB rpu 3TII ynucenbHe BU3HAYEHHS
Harnpy:keHb 1 JedopMaiiiii TpoBOAUTHECS 3a aHAJIOTIYHUM QJITOPUTMOM SIK JJIS
JYTOBOTO 3BApIOBAHHA IIISXOM TOCHIZOBHOTO TMPOCTEKEHHS 3a YacoM
TepMmoiepopMaIliiHUX MPOLIECIB B MaTepiaii 3 €JHAHHS BiJl MOYATKy HArpiBy J0
MOBHOT'O OXOJIO/KEHHSI METOAAMH MPYKHO-TIACTUYHOTO aHAMI3y Ta CKIHYEHHUX
enemMeHTiB [41]. BinMiHHICTIO MO/Ie)Ti BU3HAUCHHS HAPYKEHb 1 TeopMartii mpu
3TII Bim mMojeni mpu TyroBOMY 3BaprOBaHHI € YMOBA OPCTKOTO 3aKpPITUICHHS
€JIEMEHTIB B IIPOLIEC] 3BAPIOBAHHS 1 HACTYITHOTO OXOJIOJKEHHS, TOOTO rpaHU4HI
YMOBHU B 30HI 3aKpIIJICHb MO BCiil JOBXHHI €JIEMEHTIB, 10 3BapIOIOTHCS, Ha
HeBenuKii BifcTani (*30-40 MMm) Bi 3BapHOTO MIBY

Ux(x,y,z,0)=Uy(x,y,2,t)=Uz=0 npu |y|>Yw, (3.6)

7€ Yw— BIJCTaHb BiJ] OC1 3BAPHOTO 3'€THAHHS IO PO3TAIyBaHHS MPHUCTPOIB
3aKPITLJICHHS.
B npyXHbOIutacTHUHIN TIOCTAaHOBI TEH30p Jedopmariiii Moxe OyTH

MIPEICTABJICHUMA Y BUTJISII:

e p P
8”' - gij + gij (I’ J X’ y’ Z) , (37)

€ .o p .o

IS gij — TCH30p IPYKHUX I[G(bOpMaLIII/I, gij — TCH30p INIACTUYHUX z[e(I)opMaum.

. c o € .
KoMrnoHeHTH TeH30piB HaNpyXKeHb ojj Ta NpyKHUX Aedopmaniil &jj mop's3aHi

OJVH 3 OJHUM 3aKOHOM [ yKa:
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= 0.
6 =%+5”(Ka+¢), (3.8)

ne O — ONMHMYHMEA TeH3op (J; =0, sxmo i#, J; =1, axmo i=j),

E 1-2v

1 .
o :g(o-xx +0y, +Gzz)— CepeI[HIP'I THUCK, G= 2(1+v) — MOIYJIb 3CYBY, K= E

NOJIaTIMBICTh 00’eMHOr0 cTUCHEHHS, E — momyns FOura, v — koedimieHt
[lyaccona, ¢ — (QyHKIIS BIUIRHUX BIJIHOCHHX IOJOBXEHb (00’€MHHX 3MiH),

BUKJIMKAHUX 3MIHOIO TEMITEPaTypH:
p=a(T-1,), (3.9)
1e o — Koe(DIIieHT BIIHOCHOTO TEMITEpaTypHOTO BUIOBXKEHHS MaTepialy.

[InacTuuni nedopmarnii moB'sa3aHi 3 HAMPY>KEHUM CTAaHOM PIBHSHHSAM TEOpii

IJIACTUYHOI HE130TepMIYHOI Teuii, acoiiiioBaHoi 3 YMOBOIO TeKy4docTi Mi3zeca:

def =d0-(0, - 6,0) G.i=xv.2), (3.10)

ne dgi}o — MPUPOILICHHSI TEH30pa 85 B JaHUW MOMeEHT 4Yacy t oOymoBiieHe
icTopiero ne(OpMyBaHHs, HAIPYXKEHHSAMH o5 Ta TeMmmeparyporo T, dO-—
CKaJISIpHA (PYHKIIIS, sSIKa BUBHAYAETHCSI YMOBAMHU TEUIi:

d6=0, sxmo f =07 —07(T)<0 a60 f =0, mipu df <0

dg>0, sxmo £ =0 1 df >0; (3.11)

CTaH f > O HEIPUIIYCTUMUI,

1€ &, — IHTEHCUBHICTb HAIIPY’KEHb

1 2 2 2 2 2 2
O-i - \/E (O-XX _O-yy) +(O-XX _O-ZZ) +(0W _O-ZZ) +6(O-xy +0xz +O—yz) '
o, (T) — Mexka TeKydOoCTI MaTepialy nIpu Temneparypi T.
Jlist OTpMaHHS pe3yJIbTaTiB 111010 KOMIIOHEHT 3aJIMIIKOBUX HAIMIPYKEHb Oij
1 nedopMariiii &jj HEOOX1THO PO3MIIAIATH MPOLEC PO3BUTKY MPYKHO-TUIACTUYHUX
nedopmMaiiii 3a yacom, MOYMHAIOUN 3 JESIKOTO MOYaTKOBOTO cTaHy. s mporo

TPaJAMIIIITHO BUKOPUCTOBYIOTh METO/I MOCIIIOBHOTO MPOCTEXKYBAHHS, KOJIH JIJIS

MOMEHTY t pO3B’SI30K IIYKAECTHC, AKIIIO BIIOMHUI TOBHUH PO3B’SI30K TSI MOMEHT
Yy Yy ) Yy
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(t—A4¢), ne At— KpOK TPOCTSKEHHS PO3BUTKY MPYKHO-ILUIACTUIHHUX
nedopMariii, B MeXax SKOTO MOXHAa TPUONM3HO BBaXKaTH, IO PO3BUTOK
BiIOYBA€ETBCS 33 JOCHTH TPOCTOIO TPAEKTOPIEI0 HABAHTAKEHHSA. Y I[HOMY
BUIAAKY 3B'A30K MK KIHIIEBUMH NPUPOLICHHSIMH TeH30pa nedopmauii Aegijj 1
TEH30pOM Hampy>KeHb gij BIAMOBITHO 70 [41] MOXKHa 3amucaTy y BUTIISIIL:

Ag; :W(Uij _é‘ijo-)+é‘ij(Ka)_bij , (3.12)
ne + — (QyHKIis cTaHy MaTepiany B Toull (X, Y, Z) B MOMEHT t.

1
W—z,smmo f <0,

1
V/>E,HKH10f =0, (3.13)
CTaH f > (O € HEIPHUIIYCTUMUM,

b;— Temsopra dymkiis gogaTkoBux gedopmariif, AKa BH3HAYAECTHCS

MPUPOIICHHSIM 00’ €MHUX 3MiH ¢ 1 BIIOMUMH pe3yJibTaTaMH IONEPEIHBOTO

CTally IIPOCTCKCHHA:!

o —0:0
bij = ﬁ-kéij (Ko) +5ijA(p (,j=xY,2)- (3.14)

t—At
YMoBu Teuii y Burisial (9) BKIOYAIOTh 3Ha4YHY (DI3UYHY HETIHIWHICTH B
GbyHKIT cTaHy MaTepiany « , JUIS peajizalii sSKoi 3a3BUYail BUKOPUCTOBYIOTH
1TeparliitHi npoiecu. B pe3ynbTari Ha KOKHIM 1Tepartlii pi3uyHO HeTlH1HA 3aa4a
NepexoAuTh B JIHIMHY 3a7adyy TUIY 3a4adl Teopii MPY>XKHOCTI 31 3MIHHUM

: 1 . .
MOZYJIEM 3CYBY, SIKMI JOPIBHIOE Z , 1 TOAATKOBUMU AePopMalLisiMU by .

3.2 IllopiBHSIHHS pe3yJbTATIiB MATEMATHYHOT 0 MO/I€JII0BAHHSA 32JIMIIIKOBOTO
HANPYKEeHO0-1e()OpPMOBAHOI0 CTAHY 3’ €IHAHDb 3 AJIOMiHi€BOrO0 cruiapy AMro6

npu 3TII 3 xyropumu npouecamMu 3BapOBAHHS

3a pgonomoror po3podnenoi wmozemi 3TII (3.1)-(3.14) mnpoeneHi
pPO3paxyHKH Ui CTHKOBOTO 3'€HAHHS IUTACTUHH OOMEXKEHOT0 pO3Mipy

(300300 MM, 6=8 MM, pexuM 3BaproBanHs Ri=5 MM, Ry=10 MM, »=700 06/xB,
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u=0,4, P,=70MlIla, vy,=1,7Mm/c) Ta TpeaCTaBlIC€HI pe3yJbTaTH MO0
XapaKTEePHOTO PO3MOAUTY 3aJIHINKOBUX HAMPYXEHb Ta IJIACTHYHUX Jedopmarriii
y TIOPIBHSHHI 3 JYyTOBMM 3BapIOBAaHHSM CTHUKOBOTO 3'€THAHHS I TUIACTHHU
po3mipy (500x500 mm, 6=8 mm, pexum TIG 1=230 A, U=15B, v,=3 mm/c,
ehexktuBHU KoedimienT #=0,6). MexaHiuHi 1 TemIo()i3uYHI BIACTHBOCTI
MaTepialy B 3aJIeKHOCTI Bl TeMIiepaTypu OyJy MPUHHSTI PU MOJIETIOBAaHHI K
JUIS aaroMiHIeBOTO cruiaBy AMr6 (Taomurs 3.1).

Tabmums 3.1. Mexaniuni 1 Terio(}i3u4Hi BIACTUBOCTI aTIOMIHIEBOTO CILIAaBY
tuny AMro6 [41-43]

T, E, o7, v a- 108, A, c, Jx/ P,
°C MIla | Mlla 1/°C | Br/em-°C| (cM®°C) | xr/nm?
20 71440 155 0,324 22,7 1,18 2,40 2640

100 68770 152 0,327 23,4 1,22 2,91 2640

200 64790 149 0,332 24,5 1,27 2,62 2640

300 60330 143 0,337 25,5 1,33 2,73 2640

400 55400 98 0,343 26,6 1,38 2,85 2640

500 49590 70 0,351 27,6 1,43 3,00 2640

[pumitku: [aTepBan temneparyp asieHHs [43] Tso = 560°C, Tjiq = 640°C,
nutoma temnora miasieHns [43] Qg = 390 kJlx/kr = 1,03 Jix/mMm>,

Pesynmbratn  umcenmpHOTO  po3paxyHKy —mokazaym  (Puc.3.3), 1o
MakcumaibHa Temneparypa HarpiBanus npu 3TII (mo 500-550°C) 3nauHo HIKYA,
HDK MpU TyroBomy 3BaproBaHHi (10 750°C 1 BuIE) 1 HE AOCITAaE TeMIEpaTypu
IUIaBICHHA alOMIHIEBOTO cruaBy T)ig=650°C. Ilo3oBikHS KOMIIOHEHTa
3aMUIIKOBUX TuiacTuaHuX nedopmaritiii mpu 3TII posnozinena B OiIbIT BY3bKiid
30H1, HDK MIPY AYTOBOMY 3BaprOBaHHi, TOMY 1HTETpajibHa BeJIMYMHA MTO3/I0BXKHBOT
ycaaku mpubmmsHo B 3 pasu Huxk4de (Puc.3.4). Tlomepeyna koMroHeHTa
3aUIITKOBUX TacTUIHUX aedopmaiiii mpu 3TII 3a aGCOMOTHOIO BETUYHHOIO B
3 pa3u HUXKYE, HIXK TIpU AYyroBoMy 3BaptoBaHH1 (Puc.3.5). 3anuiikoBi mo310BKHI

HanpyxeHHsa npu 3TII 3a MakCUMalbHOK  BEJIWYMHOK  HAMNPYKEHb
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po3TsaryBanbHUX (10 150 MIla) MoXHa MOPIBHATH 3 3AJIUIIKOBUMHU MO30BXKHIMHU
Halpy>KeHHAMH TIpU JyroBomy 3BaptoBaHHi TIG, aie 30Ha HampyXeHb
postsaryBasibhnx npu 3TII 3mauno (B 3 paszum) Byxue (Puc.3.6). 3amummkosi
nonepeuHi HanpyxeHHs npu 3TII (mo 14 MIla) 3Ha4HO HMXUI 32 AOCOJIIOTHOIO
BEJIMYMHOIO HIXK 3a TyroBoro 3BaproBaHHs (10 40 MIla) (Puc.3.7).

Takum ywmHOM, OTpHMaHi 3a JONMOMOTOI0 po3pobieHoi moxem 3TII
PO3paxyHKOBI pe3yibTaTH MiATBEPIKYIOTH, 110 Tipu 3TII amomiHi€BUX CILIaBiB
YTBOPIOIOTbCS HeOakaHi HaIpyxXeHHsS 1 aedopmariii, NpUUoOMy 3aJIMIIKOBI
HaIpy>keHHs (0COOIMBO MOB30BKHS KOMIIOHEHTA) 32 BETMYMHOIO 1 XapaKTepoM
po3MmoAlTy OJIM3bKI 10 3aJIMIIKOBUX HAINPY>KEHb MPH JyrOBOMY 3BaprOBaHHI, a
3aJIMIIKOBI AedopMallii MarOTh 3HAYHO HWXKYMKA PIBEHb HIK 3a TpaJHLIHUX

AYT'OBHUX criocobax 3BapPrOBAHHA.
T, degC
750
650
550
450
350
250
150

(mm)
e o o A O R R

0

-60 -48 -36 -24 12 0 12 24 36 48 (mm)

T, degC
750

650
550
450
350
250
150

| || [ |1 50

-60 -48 -36 -24 12 12 24 36 43 (mm)

Puc.3.3. Pe3ynbTaT 4YuCENBHOTO PO3PAXYHKY pO3NOALLY TeMIeparypu
MOMEePEeYHOMY Tepepi3l MpH 3BapIOBaHHI CTUKOBHX 3'€JHaHb (cruiaB AMro6) mis
mozeni TIG 3BaproBanHs (a) mitactTuHu po3mipy (500x500 mm, =8 MM) Ta Mozemi
3TII (6) mnactunu po3mipy (300x300 MM, 6=8 MM).
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Plast Strain XX

0.0127
[ 0.0098
0.0069
0.0040
[ 0.0011
-0.0018
-0.0047

-0.0076
-0.0105

R

v z

[ucrtaHuia Big NiHii 3BaploBaHHA, MM

N
o N\ o/

-0,003 —— BEPXHA NAOWMHA

——— CepeaHA NAoWMHa

MNoB3goexHA nacTuuHa gedopmatis

———HWKHA N10WMHa

-0,004

(a)

Plast Strain XX

MNoB3a0BHA NaacTUuHa gepopmaia

-0.00078
-0.00193
-0.00309
-0.00424

-0,002 \\ /
-0,003

0.00500
0.00384
0.00269
0.00153
0.00038

o

[ucraHuia Big niHii 3BapoBaHHA, MM
100 50 0 50 100

0,000 —K ﬁ
0,001

z

——— BEPXHA NNOWMHA

—— cepefHA naowmHa

——— HUKHA NAOWUHA

-0,004

0)

Puc.3.4. PesynpTaTd YHCENBHOTO PO3PaXyHKY PO3MOIITY  IMO3MOBXKHIX
MJIACTUYHHUX JeopMallii JUisl CTHKOBUX 3BapHUX 3'€MHaHb (criaB AMro6) y

moaeni TIG 3BaproBanus (a) Ta 6) mogemi 3TII.
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Plast Strain YY

0.0250
I 0.0094
-0.0063
-0.0219
[ -0.0375
-0.0531
-0.0688

-0.0844
-0.1000

e

[wucTaHuia Big NiHii 3BaptoBaHHA, MM

50

0

50

100

~

—— BEpXHA NIoWnHa

—— CEepeaHA NAoWMHa |

— HWXHA nAowuHa

100

= 001
5
g 000
& 0,01
=
& -0,02
g
2 0,03
=
£ 0,04
]
S 0,05
o
2 0,06
8 0,07
2 -0,
& 0,08
g

0,09

Puc.3.5.

Plast Strain YY

l 0.00670
-0.00160

[ -0.01821

MonepeuHa nnactuuHa gepopmadis

0,00
-0,01 \ r
-0,02

-0,03
0,04
0,05
-0,06
-0,07
-0,08
-0,09

0.01500

-0.00991

-0.02651
-0.03481
-0.04312
-0.05142

A

[wvcTaHuia Big niHii 3BaptoBaHHA, MM

100 50 1] 50 100
0,01

— BEpPXHA naowmHa

——cepeaHa NAoWMHa

—— HUKHA NAOWMHA

6)

Pesynbrati  uynMcenpbHOTO PO3pPaxyHKy pO3MOAULY  MOMEPEYHUX
IUIACTUYHUX JeopMalliid JUisi CTUKOBUX 3BapHHUX 3'€elHaHb (criaB AMro6) y

Mojeni IyroBoro 3BaproBanus (a) ta mozeini 3TII (6).
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% -50 ——cepeaHA NnoWHa E D I e
o
E ——HUWXHA NNOLWUHA 5
o -100 g -100
= =

a) 0)
Puc.3.6. Pe3ynprati YHCENBHOTO pO3PAXYHKY PpO3MOALTY MO3AO0BXKHIX
3aJIMIIKOBUX HAIpPY>KEHb [JIsl CTUKOBUX 3BapHHUX 3'€lHaHb (cruiaB AMro6) y
MoJiei ;yroBoro 3BaproBanHs (a) Ta mozeni 3TII (0).
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Residual Stress YY
MPa
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Residual Stress YY
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0)

——HWXHA NAoWwuHa

7. PCBYJ'II)TEITI/I YUCCJIIBHOTO  PO3PAaXYyHKY pOSHOI[iJ'Iy IMOIICPCYHHUX

3aJIMIIIKOBUX HAMPY>KeHb I CTHKOBUX 3BapHUX 3'€THaHb (cruiaB AMr6) mozei
TIG 3Baproanns (a) i mogemi 3TII (6).
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3.3 Mopgear 3HeMmillHeHHsI aJjoMiHieBoro cmiaaBy 2219-T81 npm

3BapIOBAJIbLHOMY HArpiBi

[Ipu mojentoBaHHI 3aJMIIKOBUX HAIMpPY>KEHb MOXYTbh OYTH PO3TJISHYTI
pi3Hi ¢pakTopH, sAKi OyayTh B Tiil YM IHIIIN Mipl BIUIMBATH Ha PO3MOBCIOIKEHHS
TEMIIEPATypHOTO TOJIsi Ta YTBOPEHHS 3aJMIIKOBUX HAIpPY>KEHb B 3BapHOMY
3’ennanni npu (3TII). Hanpuknan, Taki sk BiABEACHHS TEIUla B 1HCTPYMEHT 1
OPUCTPOi  3aKpIIUICHHS, TEIJIOBHIICHHS BiJ IJIACTUYHOI pOOOTH  MpH
nepeMillyBaHH1 MaTepiaay, 3MiHa KOe(DIIIEHTY TepPTS BiJl TEMIIEPATyPH, )KOPCTKE
3aKpIMJICHHS €JIeMEHTIB 3’ €HAHHSA, a TAaKOXK €PEeKT 3HEMII[HEHHs] MaTepiay Bij
3BApIOBAJILHOTO HArpiBy. AHaNi3 JITEpaTypHUX JKEeped IOoKa3aB, L0 BHUIIE
nepeiueHHl (akToOpu HE CYTTEBO BIUIMBAIOTh HA YHUCEIBHUN PO3pPaXyHOK
3AJIMIIKOBUX HANPYXE€Hb, KPIM €(PEKTy 3HEMILIHEHHS MaTepiany.

3a pe3yibTaTaMyd BHUMIPIOBaHHS TBEpAOCTI Mo PokBeny B momepedyHOMy
nepepisi jpociigHoro 3paska (Puc.3.8) Oyno BH3HaueHO, IO B 30HI 3BapHOTO
3’eqHanHss B 3TB crmocTepiraeTbCs 30Ha 3HIDKEHHS MIIHOCTI MaTepiainy
HMIMPUHOIO PpUOIN3HO 20 MM, J1€ XapaKTEPUCTUKH TBEPIOCTI 3HIKYIOThCS MaiKe
B JBi4i, B cepenabomy 3 70 HRB 1o 35 HRB [44-46]. Lle TakoX y3ro/uKy€eThCs 3
BU3HAYCHHM B pe3yJbTaTl MEXaHIYHUX BHUMNPOOYBaHb 3pa3KiB Ha pPO3TAT
3HKEeHHSIM B 3TB xapakTepucTuk MIHOCTI Matepiany Juis cruiaBy A2219-T81,
a came Mexi Texkydocti 3 350 MIIa no 160 MIIa.

[TopiBHSIHHS PO3paXyHKOBOTO pO3MOJLITY MaKCUMalIbHUX TEMIIEpaTyp y
norniepeyHomMy Tiepepisi  3BapHoro 3’emHaHHa 3TII mmactuH 0=8 MM i3
amominieBoro cruiaBy 2219-T81 (Puc. 3.9) 3 pesynbratamMu BUMIPIOBaHHS
tBepaocti (Puc. 3.8) mokazaio, 1110 mypruHa 30HHM MMOYATKY 3HUKEHHS MIITHOCTI
40 mm BiamoBigae Temmneparypi 1s=240°C, a 30Ha MaKCUMaJIbHOTO 3HUKCHHS
MIIIHOCTI Ha BEPXHIN MOBEPXHI MUPUHOK MpuOIm3HO 20 MM 1 HA HIDKHIN
noBepxHi mprHOI0 10 MM BU3HAUaA€E TEMIIEPATypPy 3aBEPILICHHS 3HEMIITHEHHS Ha

piBHI T¢=450°C HarpiBy Marepiaiay Mpu 3BaprOBaHHI.
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—e— Bepx

20 — & -Huz

~ TBepaicTb no Pokeeny (HRB)

5 -20 -15 -10 -5 0 5 10 15 20 25
BiactaHb Big oci Wwey (Mm)

Puc. 3.8 Posnozin tBepaocTti no Pokseny B 3’eqnanni 3TII miactus 31 crutaBy

2219-T81

500 450 400 350 300 250 s

Puc. 3.9 IlopiBHSAHHS po3paxyHKOBOTO PO3MOALITY MaKCUMaIbHUX TEMIEPATyp y
nonepeyHomy mnepepisi 3Baproro 3’ eanannsa 3TII mnactus 31 crmaBy 2219-T81 3
¢dopmoro 3TB Ha makponutidi.

[IpuiinATi B Mozenl mapamMeTpd 3HEMIIHEHHS Marepiaily - Le Mexa
TEKY4YOCT1 3HEMIIIHEHOTO MaTepiajy Osft, @ TAKOXK TEMIEPATypH MOYaTKy s 1
3aBepIIeHHs e 3HWKeHHS MinHocTi. Ha puc. 3.10 mpezacrasieni Tpu BapiaHTH
Moneni 3HeMinmHeHHs crutaBy  2219-T81  Bim TemmepaTypu  HarpiBy
(0507=160 MIla, Ts=240°C), siki Biapi3HSIOTHCS TEMIICPATYPOIO 3aBEPIICHHS
3HUKEHHST MIIHOCTI T.=340°C, T.=450°C i 540°C. Ilpu maTeMaTUYHOMY
monemtoBanHi HJIC mnpu 3TII He BpaxyBaHHS 3HEMILHEHHS Marepianty
MPU3BOJUTH 70 CYTTEBOTO 301mbineHHs (Ha 30%) MakcuMaIbHUX TMOB3OBXKHIX

3aJIMIIKOBUX HampyskeHb (puc. 3.11).
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Puc. 3.11 PesynbTaTyi MOJEIIOBAHHS PO3MOALTY MOB3IOBXKHIX 3aJIUIIKOBUX
HaIpy>kKeHb Ha HIKHIN (a) 1 BepxHiil 0) moBepxHsx 3’ eaHanHs 3TII BignoBigHO
1o napameTpiB Ts, Te MOJIEN1 3HEMIITHEHHS MaTepiainy
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3.4 Pe3yabTaTH MATeMATHYHOIO MOJEJIIOBAHHS  3BapHOBAJIbHOIO
HAINPYKeHO-1e()OPMOBAHOI0 CTAHY 3’€IHAHDb 3 AJIOMIHIEBOrO ciiaBy 2219-

T81, Bukonanux 3TII

byna mnpoBemena Bamijaris po3paxyHKOBOI MOJENI BH3HAYCHHS
3QJIMIIKOBUX HampyxeHb 1 aedopmanii npu 3TII mmactuH 3 alrOMiHIEBOTO
criaBy 2219-T81 (Al-6,5%Cu) nuisixoM MopiBHSIHHS pe3yJIbTaTiB PO3PaXyHKY 3a
3aJUIIKOBUMH HAmNpYXKEHHSAMH 3 JaHUMU EKCIEPUMEHTaJbHUX BUMIPIOBaHb.
Po3paxyHkoBl 3anumikoBi mNoB30BkHI HamnpyxkeHHss npu 3TII crtuxoBoro
3’€IHaHHSA aJIIOMIHIEBOTO CIUIaBy TOBHIMHOIO 10 MM Oyiu BU3HAYEHI B pe3yJIbTaTi
BUPILICHHS 3aJa4l TepMoIuiacTUYHOCTI A 3D Mopeni CTHMKOBOIO 3BapHOTO
3’€JHaHHS IUIACTUH oOMexeHoro po3Mipy 300x300 mm. Temnodizuuni i
MEXaHI4YH1 BJIACTUBOCTI AJIIOMIHIEBOIO CILIABY B 3aJIEKHOCTI BIJl TEMIEPATYpPH
npezacrasiacHi Ha Puc.3.12 [24]. Tlapamerpu 3TII Oynu HactymHi: Ry=10 mm,
Ri=5 MM, =700 06/xB, P,=70Mlla, mniHiliHa MWBUAKICT, 3BapIOBAHHS
160 mm/xB. MakcumalibHa po3paxyHKOBa TeMIIepaTypa IIpH 33JaHUX TapaMeTpax
3TII ne nepesuttye 470 °C (Puc.3.13).

ExcriepuMmenTanbHe BHUMIPIOBAHHS PO3MOJAUTY 3aJHMIIKOBUX HAIMpPY>KEHb
IPOBOAMIIM Ha 3pa3Kax CTUKOBUX 3’€JHaHb, BUKOHaHuX 3TII, MmeTogom moBHOI
pPO3pI3KM HAa TEMIUIETH 1 BUMIPIOBAHHS MPYXHHUX Aedopmalliii 3a JOMOMOIO0
MEXaHI4YHOTO JIeOPMOMETPY.

XapakTep po3MoAlTy PO3paxyHKOBUX 3aJIMIIKOBUX HaNpyKeHb OJU3bKHIA
no excrnepumeHTanbHoro (Puc.3.14). MakcuManbHUI pIBEHb PO3PaxyHKOBHX
Hampy>keHb  po3TsryBaimbHuX  (mo 200 MIla)  Tpoxu  mepeBuILye
excriepuMeHTanbHl 3HaueHHsa (qo 180 MlIla). B menTpi 3BapHOTO 3’€IHAHHS €
30Ha CYTTEBOTO 3HWKCHHS IMOB3JOBXKHIX HAMpPYXKEHb PO3TATYBAIBHUX, IO
MOB’513aHO 3 €(EeKTOM 3HEMIIHCHHS aIIOMIHIEBOTO CIUIaBy. Takoxk Jyis
EKCIIEPUMEHTAJILHUX 1 pO3PaXyHKOBUX JAHUX XapaKTepHa 3HAyHA PI3HULA MK
HaIMpY>KEHHSAMH Ha BEPXHIN 1 HIDKHIA TMOBEPXHSX 3BApPHOTO 3 €JHAHHS — Ha

HUKHIM TTOBEPXHI 3aJIMIITKOBI IMOB3/I0BXKHI HAMIPY>KEHHSI O17TBIIT BUCOKI.
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Puc.3.13 Makcumanbaa po3paxyHkoBa Temneparypa npu 3TII crtukoBoro

3’ €THaAHHA
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Orinka MOXMOKK pO3paxyHKOBUX JAaHUX TMOKA3ye, IO B 30HI HANPYKCHb
pO3TATYBaIbHUX (3 IIEHTpaIbHI TOUKH, BiJ -16 MM 110 +16 MM BiJT OCi 3’ € HAHHS )
CepeIHbOKBAAPATUYHE BIXMIICHHS BiJl €KCTICPUMEHTAILHUX 3HAYEHb Ha HIDKHIN
MOBEPXHI 3pa3ka ckianae 21%, a Ha BepxHii noBepxHi — 10 31%. Taka moxundOka
MOKE TIPUIMATHUCS 3aJ0BUIBHOI0, BPAXOBYIOUN CKJIQJIHHN XapaKTep PO3TMOILITY

3QJIMIIKOBUX HAIPY/KEHb.

250
200 ' l
= I
S | | EkcnepumeHnrT:
E 150 | | O BepxHA noBepxHA
% | | A HwHA noBepxHA
§ 100 Po3paxyHoK:
® ——BepxHsa noBepxHA
'g 50 — =-HuHA noBepxHA
x
3
=
&1:" 0 A
o
-50
-80 -60 -40 -20 0 20 40 60 80

BigcTaHeb Big oci LUBY, MM

Puc. 3.14 Po3noin 3a/IMITKOBUX MOB3IOBXHIX HAMPy>KEHb

OTpumaHi pe3ylbTaTd PO3MOJAUIIB 3AJIMIIKOBUX IOB3JIOBXKHIX Ta
nonepeunnx TacTuaHux aedopmartiii mpu 3TII (Puc. 3.15). Tpeba 3a3naunTH,
[0 TOTEepeYHa 1 MOB3JOBXKHS IUIACTUYHI jAedopMailii Ha BEPXHIN MOBEPXHI
3BapHOI TJIACTUHU MPUOIU3HO Ha 25 % BUII 10 aOCOMIOTHIN BEIWYMHI HIK Ha
HUKHINA ToBepxHI. Lle 3yMOBIEHO HEPIBHOMIPHUM PO3MOALIOM MaKCHUMAaJbHOI
TEeMIIepaTypH 1O TOBITUHI 3BAPHOTO 3’ €JHAHHS. TakoX HEOOX1THO BIIMITUTH, 110
NomepeyH1 MacThuHi Aedopmaiiii 3a aOCOTOTHOIO BETUYMHOIO MPUOIU3HO Y 5
pa3iB BUIIE HIK MOB3JOBXHI, aji¢ 30HAa YTBOPEHHS IMOB3J0BXKHIX TUIACTHYHUX

nedopwmartiii B 1,5-2 pasu mmpiie.
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a) 0)
Puc.3.15 Pe3ynbratu po3paxyHKy pO3MOJUTY MO3I0BXHIX (a) 1 monepeyHux (0)
IUIACTUYHUX JAeopMalliii 1 CTUKOBUX 3BapHUX 3'enHanb y mogem 3TII

miactuar (300x300 MM, 6=8 MMm)

BucHoBku 10 po3ainy 3:

1. Po3po6ieHa po3paxyHKoBa MOJIeNIb Ha OCHOBI MIAXOJIB TEPMOIUIACTHYHOTO
aHaI3y JJIsl YUCEIBHOTO BU3HAYCHHS 3aJIUIIIKOBUX HAMPYKEHb Ta eopmarlriii B
30H1 3BapHUX CTUKOBHUX 3'€/IHAHb 13 AJIIOMIHIEBUX CIUIaBiB, BUKOHaHUX 3TII.
OCHOBHUMH OCOOJIMBOCTSIMU MOJIEII SIBIISTFOTHCSI:

- TEIUIOBHAUICHHS BIJI TEPTS pPoOOYOro I1HCTPYMEHTY BIJHOCHO Marepiainy
3’€JIHAHHS,

- cietrdivni s 3TI ymMoBH )KOPCTKOTO 3aKPITIJICHHS €JIEMEHTIB 3’ € THAHHS;

- TIOCIIIJIOBHE MPOCTEXKEHHS 3a 4YacoM TepMmoaedopMalliiHuX MpOLECIB B

Marepiali 3’€IHaHHS BiJI IOYaTKYy HArpiBy 0 MOBHOTO OXOJIO/KCHHS.

2. Ha pe3ynpTaT MaTeMaTHYHOTO MOJEIIOBAHHS 3aJUIIKOBUX HAMPY>KEHb MPHU
3TII amomiHIEBUX CIUIaBIB CYTTEBO BIUIMBAE€ BpPaxyBaHHS MOJENl 3HWKEHHS
MIIIHOCTI MaTepialy B 30HI 3BapIOBAJIBHOTO HArpiBy, MNapamMeTpam# SKOi
SBJISIIOTHCSl 3HAUCHHS MEXHM TEKYy4OCT1 3HEMIIIHEHOTO MaTreplaly Osoft, @ TAKOK
Jiara3oH TEMIEPATypH MOYaTKy s 13aBepiieHHs | e(heKTy 3HIKCHHS MIITHOCTI.
He BpaxyBaHHs 3HEMIIIHEHHS MaTepialy MIPU3BOIUTH IO CYTTEBOTO 301IBIIICHHS

(Outb HIk Ha 30%) MaKCUMAJIbHUX TTOB3JIOBXKHIX 3aIMILIKOBUX HAIPY>KEHb.
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3. OTtpumaHi 3a JOMOMOIOK PO3POOJEHOT MOJENl PO3PaXyHKOBI Pe3ybTaTh
nokazayni, 1o npu 3TII amomiHiEBUX CIUIaBIB YTBOPIOIOTHCS HeOakaHi
3aJMIIKOBI HANIPYKEeHHsI Ta AedopMallii, aje BOHU MOXKYTh MaTH HIKYUI PIBEHB,
HDK TIpU TpaauIiHHUX AYTOBHX croco0ax 3BaproBaHHs. Po3poGieHa momenb
MOKe €(EKTUBHO BHKOPHUCTOBYBATHCS JJIsi OIEPATHUBHOTO PO3PAaXyHKOBOTO
BU3HAUEHHS 3QIMIIKOBUX HANpPYXeHb Ta JIedopMaliiid y 30H1 3BapHUX 3'€/HAHB,
BukoHaHuX 3TTI, 3 METOIO OIIIHKKM MIITHOCTI 3BapHUX 3’ €JHAHb MTPH EKCIUTyaTallii
ab0 MpOTHO3yBaHHs 3arajibHUX JAedopmariii BeMuKorabapuTHUX KOHCTPYKIIIH 3

BEJIMKOIO KUTBKICTIO 3BAPHUX 3’ €JTHAHb 32 METOJ0M (DYHKIIIT yCaIKH.
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PO3/IJI 4. MATEMATUYHE MOJIEJIIOBAHHSI METOJIOM ®YHKLIIT
VCAJIKU  3ATAJIBHUX  JE®OPMALIN  BEJMKOIABAPUTHUX
€MHOCTEl 3 BEJMKOIO KUIBKICTIO 3’€JIHAHb, BUKOHAHHX
3BAPIOBAHHSIM TEPTSIM 3 [TIEPEMILIYBAHHSIM

4.1 MeromoJiorisi MOJEJIOBAHHS 3BAPHUX 3AJMIIKOBUX HaNpPYy:KeHb |

nedopmaniii BeJMKOrabapuTHUX NMJIIHAPUYHUX EMHOCTEH

Ha ocHOBI mpoBeneHOro aHaiidy ICHYIOUMX IIAXOJIB MOJETIOBAHHS
3BapHUX HaAmpyXeHb 1 jaedopmaliii  BEIMKOrabapUTHUX  KOHCTPYKIIIH
MIPOTIOHYETHCS ISl BUPIIIICHHS 3a/1a4 MPOTHO3YBAHHS HAMPY>KEHb 1 AedopMalriii
BEJIMKOra0ApUTHUX LWJIIHIAPUYHUX €EMHOCTEHN 3 AIFOMIHIEBOTO CIUIABY 3 BEJIMKOIO
KUIbKiCTIO 3BapHUX MIBIB (Puc. 4.1) 3acTocyBaTy METOHOJIOTII0 MOJIEIIOBAHHS
3AJIMIIKOBUX ~ 3BaplOBAJIbHUX  HAmpyXeHb 1  jaegopManiid Ha  OCHOBI
KOMOIHOBAHOTO BHUKOPHCTaHHS 3araJlbHUX METOJIB TEPMOILJIACTUYHOCTI Ta
HAOMKEHOT0 MEeTOAy (DYHKIIIT YCaaKH.

3a J0MOMOIOI0 3arajlbHUX METOJIIB TEPMOIUIACTUYHOCTI MOJACIIOIOTHCS
THMYACOBI 1 3aJUIIKOBI HAMPY>KEHHs 1 eopmartii 11 OKpEMUX 3BapHUX IIBIB.
Binomo, 110 3aiMIKoBi 3BapOBaJIbHI HANPYKEHHS 1 MJIACTUYHI Jedopmariii €
JIOKaJIbHUMH, TOOTO YTBOPIOIOTHCSI B OOMEKEHIM 00J1acTi B 30HI 3BapHOIO
3’e¢qHaHHSA. TOMY pO3MOIJICHHS 3IMITKOBUX HAMPYKeHb 1 TapaMeTpiB QyHKIIIT
yCcalKu MOke OyTH OTpPMMAHO Ha CIPOIICHUX MOJENAX 3BAapHOTO 3’€THAHHS
O0OMEKEHOTO PO3MIPYy 3 aHAJOTIYHOTO Marepiaiay 1 TOBIIMHM, NMPU aHATOTIYHIN
TEXHOJIOT1i 3BaproBaHHs1. MOIe/IIOBaHHSI 3AIMIIIKOBUX 3BAPIOBATIBHUX HAMPYKEHb
1 nedopmariit (mapamerpiB  (YHKIII yCaJKHh) Ha CIHPOIICHUX MOACISIX
00OMEKEHOTO pO3Mipy MOTpedye 3HAUHO MEHIIIUX KOMIT FOTEPHUX PECYPCIB 1 4acy
Ha PO3paxyHOK.

CTOCOBHO MPOTHO3YBAaHHS 3BaplOBAJIbHUX HAMNpyXkeHb 1 Aedopmalliii
BEJIMKOTa0ApUTHUX HHIIHIAPUYHUX E€MHOCTEH 3 TOB3JIOBXKHIMHU 1 KiJIBIICBUMH
CTUKOBHUMH 3’ €HAHHSIMH JOIIJILHO PO3TIISAIATH JIBA THUITA CHPOIICHUX MOJACIICH

O0OMEKEHOTO PO3MIpY.
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Jlnsi BU3HAUEHHS JIOKAJIbHUX PO3MOAUICHb 3aJMIIKOBUX HAMPYXEHb 1
nedopmariiii (mapamerpiB (QyHKIII ycaaku) B 30HAaX TOB3JIOBXKHIX 3 €HaHb
WTHIPUYHUX €MHOCTEN BEJIHMKOTO JiaMeTpy MOKHA BUKOPHCTOBYBAaTH MOJE1
CTUKOBOTO 3’€JHAHHA IJIOCKHUX €JIEMEHTIB oOMexeHoro po3Mmipy (Puc. 4.2a).
Hossxuna L 1 cymapna mupuna 2B rmiactus Moxe Ha nepeBunyBatu 50 TOBIIMH.
Hanpuknan, mis eneMeHTiB TOBIIMHOIO =10 MM MOJAENs CTUKOBHUX 3BapHUX
3'enHaHb Moke Oyt po3mipoM 2BxL=500x500 MM 1 HaBiTh MeHie. Po3mip
KIHIICBUX €(EKTiB, MOB'SI3aHAX 3 MOYATKOM 1 KiHIIEM 3BaprOBaHHs, a TaKOXK 3
KpasMH €JIEMEHTIB 3a3Buuail He mnepeBuinye 100. BpaxoByroum oOMexeHi
pO3MIpH MOJEII, MOXKIMBO IPOBEACHHS MOJEIIOBAHHS 3BAPIOBAHHS METOJOM
CKIHUEHHUX €JIEMEHTIB B 3arajibHiil TPhOXMIpPHIM MOcTaHOBLI. Pe3ynabTaTom
MOJIETIOBaHHSL OynyTh XapaKTE€pHI PO3MOAUICHHS 3aJMIIKOBUX HAMpYy>KEHb 1
macTUYHUX Jedopmamiii  (mapameTpiB  (yHKIII ycaJKd) B CEPEIHBOMY
MONEPEYHOMY CIY€HHI TOB3/I0BKHBOTO 3BAPHOTO 3'€/THAHHS.

B 30H1 KinbLIEBUX 3'€1IHAHD IIMIIHAPUYHUX €EMHOCTEH BEJMKOIO Jl1laMeTpy
JUTSl BU3HAUEHHS JJOKAJIBHUX PO3IOALIECHD 3aJUIIIKOBUX HAIPYKEHb 1 AeopMaliiii
(mapameTtpiB (yHKIIT ycagku) MOKHA BHKOPUCTOBYBATH CIPOIIEHY MOJEIb
CTUKOBOT'O KUIBIIEBOTO 3'€IHAHHS PEAILHOTO PO3MIpPY (1aMETp EMHOCTI), ajle IpH
MPUITYIIEH] MBUAKOTO PyXy JKepesa 3BapHOTO HArpiBy 1 TMMOTE3U «ILJIOCKOI
nedopwmartii» (Puc. 4.26). Bkazani npunyieHHs JO3BOJISIIOTh PO3TISAATH 3a4a9y
B JIBOBUMIPHI/ MOCTAHOBL, 0€3 BpaXyBaHHS JOKAJIbHOTO KIHIEBOTO €(EeKTy 1O
JOBKHHI 1Ba (MOYATOK-KIHEIb 3BapOBaHHs). J[BOBUMipHa MOCTAaHOBKA 3ajadi
JI03BOJISIE TIPOBEJCHHSI MOJICJIIOBAaHHsS 3BapIOBaHHS METOJIOM CKIHYEHHHX
€JIEMEHTIB 0€3 BUCOKHUX BUMOT IO KOMII FOTEPHUX MOTY>KHOCTEH 1 32 KOPOTKHIA
4yac po3paxyHKy. Pe3yiapTaToM MOIeTtOBaHHS Oy Iy Th XapaKTEPHI PO3MOIIICHHS
3aJIMIIKOBUX HAmNpyXeHb 1 IMIacTUYHUX Aedopmaiiii (mapameTpiB QyHKIII
yCaJKki) B JIOBUIBHOMY IOIMEPEYHOMY CIUEHI KUIBIIEBOTO 3BAPHOTO 3'€HAHHS
KpIM 30HH KIHIIEBOTO €(eKTy, sSKa MPOSBISETHCSA JIOKATHLHO 1 HE Ma€ BEITUKOTO

BIJIMBY Ha 3arajibHi AeopMariii HUIIHIPUYHOT KOHCTPYKIIII.
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Puc.4.1 Cxema nedopmaniii BenuKorabapuTHO1 HUIIHAPUIHOI EMHOCTI 3

BEJIMKOIO KUIBKICTIO ITOB3J0BKHIX 1 KUIBIIEBUX 3'€IHAHb.

B Z
7 : N
/ \
% )B
A
1 S 0 ‘\/y
{ : (
z b A1 Y [wo
a 3]

Puc. 4.2 JIBa Tunu cHpollleHuX MoJeNed AJisi BU3HAYEHHs napameTpiB (QyHKIIii
ycanku: a) cxema 3D Mopem CTUKOBOTO 3BapHOTO 3 €HAHHS TUIACTUH
00MEKEHOTO PO3MIpY;

0) cxema 2D Mozeni KiJbIIeBOrO CTUKOBOTO 3BAPHOTO 3’ €THAHHS.
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Takum 4MHOM, B MEpUIy Yepry, 3 BUKOPUCTAHHSIM CIPOIIEHUX MOJENei
OOMEKEHOTO pPO3MIpy 3a JOMOMOIoK MeToAiB TepmoruiactTuyHocTi 1 MCE
BU3HAYAIOTHCS XapaKTepH1 PO3MOIIICHHS 3IMIIKOBUX HANPY>KEHb 1 Aeopmariiii
JUISL OCHOBHUX THIIIB 3BapHUX 3'€JHAHb BEIUKOrabapUTHUX UHUIIHIPUYHUX
€MHOCTEH: TOB3/IOBXKHIX 1 KIJTBI[EBUX CTUKOBUX 3'€qHAHb. |1 KOXKHOTO THUITY
3BapHOTO 3'€ THAHHS BPaXOBYETHCSI OCOOTMBOCTI TEXHOJIOTIT 3BaprOBaHHS (IIPOIIEC
nyrosoro 3BaproBanHs TIG uu 3TII, pexxum 3BaproBaHHs, yMOBH 3aKPIIJICHHS Ta
iH.).

[Totim B #Apyry depry, 3 BHKOPUCTAHHSM TPBOXMIPHOI Mojeml
HTIHAPUYHOT EMHOCTI pEaIbHOTO PO3MIPY 3a JI0MIOMOTOI0 HAOJIMKEHOTO METOTY
GyYHKINT ycaku B paMKax MPYKHOT MOCTAHOBKHU 3aJ1aul MOJICJIIOIOTHCS 3arajibH1
nedopmarlii BeIMKOTa0apuUTHOI 3BapHOI KOHCTPYKIIT BiJ BCIX 3BapHUX IIBIB.
Mogens BenMKOrabapuTHOI LMJIIHAPUYHOI €MHOCTI MOXKE BKJIIOYAaTH BCi
KOHCTPYKI[IHI €JIEeMEHTH 1 3BapH1 3’€JIHaHHS, TOOTO MAaTH 3aKIHYECHUU BUJ, YU
YaCTUHY €JIEMEHTIB, MOJICIIOIYM TMPOIEC MOHTAXY BEIMKOrabapuTHOI
KOHCTpYKUii. ITpy mpoMy MiJi THMYaCOBUMHU HANPY>KEHHSAMH 1 JepopMalisiMu
PO3MIISIIal0Th 3AIMIIKOBI HAMpyKeHHS 1 Jaedopmariii miciasi MOHTaXy KOXHOI
CEeKLli €MHOCTI. 3 METOI peanmi3aulli MeToay (yHKIIT ycaaku IS 3BapHUX
3’€JHaHb CKJIATHOT TPOCTOPOBOI KOH(ITypalli MPONOHY€EThCS BUKOPUCTOBYBATH
METO/I CKIHYEHHUX €JIEMEHTIB.

Hwxue mnpencraBiaeHi OCHOBHI CKJIQJHUKH PO3pPOOJICHOI METO0JIO0T1i
MOJICIIIOBAHHSI  3BapIOBAJIbHUX  3QJIMINKOBUX  HANpyXKeHb 1 jAedopmaiii
BEJIMKOra0apUTHUX IMIIHAPUYHUX EMHOCTEH 3 alroMiHieBoro criaBy [47, 48], a
caMme, y3arajibHEHE TpeACTaBleHHs (DYHKIII ycaaku JJjisi 3BapHHUX 3’€JIHAHb 1
3arajbHa T[OCTAHOBKA 3ajlayl BU3HAYEHHS 3BaprOBaJbHUX Jedopmariiit

BEJIMKOrabapUTHUX KOHCTPYKIIi HA OCHOBI TEH30pHOI QYHKIIT yCaIKH.
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4.2 MateMaTH4YHAa MOJe/ib NMPOTHO3YBAHHS 3AJMIIKOBHX 3BapPIOBAJIBLHUX

HaINpy:KeHb i Jedopmairiii 3a meTogoM PyHKIIT ycaaku

AHani3 ICHyIOYMX METOJIB MPOTHO3YyBaHHS 3BapIOBAIBHUX JAedopmarriii
MoKa3aB, 110 ICHye Oarato pi3HOMaHITHMX BaplaHTIB 1HTepnpeTarii ¢GyHKIil
yCaJKH TIPH BUPIICHA] KOHKPETHUX 3a71a4. HaiOubIn 3araipHuM 13 ICHYIOUHX €

npecTaBiIeHHs (PyHKIIT yCaJKu SK TeH30pa IIIACTUYHUX IedopmMartiii

1_Ixx ny sz € gxy €y
Iy =, I, I, = ‘C’Sx ‘C’Sy 852 o (4.1)
1—sz sz sz Sfx gfy 8zpz (I’ J=X%Y,2 )’

p
XX !

p
2z

e € gy, €, — HOPMallbHi KOMIIOHEHTH, a BCi iHmI gf (i) — moTHYHI

KOMITIOHEHTH TE€H30pa. I3 3araibHUX MOJIOXKEHb Teopli aedopmarlii CyiIbHUX
CEpe/IOBUILl MOKHAa Ha BEJIMYMHM KOMIIOHEHTAa TEH30pa HaKJIacTH IIEBHI
obmexeHHs. Tak, TCH30p MOXKHa BBaOXXaTH CHMETPUYHHUM, TOOTO gf = £, a CyMy

HOPMAJIbHUX KOMITOHEHT PIBHOIO HYJIEB1 (YMOBA 30€peKEHHS 00’ eMy).

eb + 85), +¢eP =0 (4.2)

Ili oOMmexeHHS IO3BOJSIOTH 13 JCB’STH KOMIIOHCHTIB HE3aJC)KHUMU

p

P P p
XX 1 € Sxy’ 8XZ’

BBOXKATH TUIBKH I 'ATH (€ o

g),). OCKUIBKH MOB3IOBXKHIN i

MOTICPEYHUI HANIPSIMKH TSl 3BAPHUX IIBIB € TOJIOBHUMH, TO SIKITO TTOETHATH BiCh
X 3 TOB3/IOBXHIM HAIPSIMKOM, a BICh Y 3 TIOTIEPEYHUM 1 BBAXKATH 1X TOJIOBHUMH
s tensopa (1.2.1), TO AOTUYHMMHU KOMIIOHEHTAMHM MOKHA 3HEXTYBaTH 1

MPEACTaBUTH TEH30p (DYHKIIIT YCaIKH B TOCTATHBO MPOCTOMY BUTJISII

e 0 0 m, o 0
=0 ¢, 0 =0 1, 0 | (4.3)

0 0 —(e;+ey) 0 0 (I, +I1,)

B upoMmy Bumanky TUIBKM J1Ba mapaMerpu ((QyHKIIi KOOpAMHAT)

I, =¢,(XY,2) - noB3noBxus ycanka i IT, =¢?(X,y,z) - TonepeyHa ycaska
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BU3HAYAIOTh (DYHKIIIIO YCAJIKH JJIs1 KOKHOTO 3BAPHOTO IIBY.

OcCKiTbKM Yy BIAMOBIAHOCTI 3 3alpONOHOBAHOI  METOOJIOTIEI0
pPO3paxXyHKOBE MOJCIIOBAHHS 3aJMIIKOBUX 3BapIOBAILHUX HANPYXEHb 1
nedopmaliiii BeaukorabapuTHUX MIIHAPUYHUX EMHOCTEN OyJ1€ MPOBOIUTHCH 32
JOTIOMOT'OF0 METOAy (DYHKIIIT yCaaku 1 METOy CKIHUYEHUX €JIEMEHTIB, TO B 30HI1
KOKHOTO 3BapHOTO 3’€IHAHHS CKIHYEHHO-EJIEMEHTHOI MOJENi IMIIHIPUYHOI

€MHOCTI 6y,HYTI) 3aaBaTuCsAa pOSl‘[OI{iJIeHHSI 3aJIMIITKOBHUX INIaCTUYHUX
117 — P . P .
nedopmaniit I, =e5(X,y,z) i I, =gl (X,y,z), oTpuMaHi MOJETIOBAHHAM

3BapIOBAHHS 32 JIOTIOMOTOI0 TEPMOIUIACTHYHOTO aHai3y Ha CIIPOLICHUX MOJEIIIX
TUTIOBUX 3BapHUX 3’€/lHaHb (MOB3/IOBXHIX 1 KUIbIeBUX). s Toro mob
MaKCHMaJbHO CIPOCTHTH PO3PAaXyHKOBY MoAelb 0Oe3 BTpaTH TOYHOCTI
pe3yJbTaTIB MPOTHO3yBAHHS MPOMOHYETHCS 3aaBaTU XapaKTEPH1 PO3MOITICHHS
3QJIMIIKOBUX IUJIACTUYHUX JAedopmailiii, skl OTpUMaHI B CEpeIHIM YacTHHI
3BapHOrO 3’€JHAHHSA O€3 ypaxyBaHHS KIHLIEBUX €QEKTIB IMOYaTKy 1 KIHII
3BaproBaHHA. Toal (QYHKIIO YCaaKh MOXHA TPEICTaBUTH SIK OUIBII MPOCTE

XapaKTepHe PO3IOIITIEHHS 3aJIUIIKOBHUX IUTACTUYHUX nedopmarriit
I, =¢3(y,z) i I, =¢P(y,z) B HaNpAMKaX MONEPEK 3BAPHOTO 3’€THAHHS i
10 TOBIIWHI CTIHKK €MHOCTI. B310BX 3BapHOTro 3’€THaHHS (QYHKIIS ycaaKu Oyie

MOCTIMHOIO SIK M1 TOB3JOBXKHBOTO CcTUKOBOro 3’eqHanHHsa (Puc. 4.2a)

HUAJITHIPUYHOT EMHOCTI TakK 1 I KIJLIEBOTO CTUKOBOTO 3’ €HanHs (Puc. 4.20).

[lin yac MaTeMaTHYHOTO MOJEIIOBAaHHS 3BapIOBAILHUX HAIpPY>KEHb 1
nedbopmarlii  y MWIHAPUYHUX OOOJOHKAX 3pYyYHO BUKOPHUCTOBYBATH

WTHIPUYHY cucTeMy KoopauHat (7, f, z) (Puc.4.3).
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Puc.4.3 Cxema 3BapHOT HWIIHAPUYHOI OOOJOHKM B IWIHIPHYHIA CHCTEMI

xoopauHart (r, f, z)

BusHaumBmMCh 3 PYHKIIEO yCaaKu, HaNpUKiIaa, y Bursial (4.3), MoxxHa

BB&KATH, 10 TEH30p MOBHUX JeopMalliil &; B 3BAPHOMY €JIEMEHTI OyayTh
BHU3HAYATHCS CYMOIO TEH30pa MPYKHHX He(opmaiiii e 1 TeH3opa (QyHKIII

ycanku IT;; .

g; =g +I1; , (I,j=r,B,2). (4.4)

j ?
KomnonenTn TeH3opa moBHUX JedopMalliil &j BUPAXKAIOTHCA B KOXKHIM TOYII

(r,5,Z7) 000NOHKKM TphOMa KOMITIOHEHTAMH BEKTOpy rmepeminieab Ui

(cmiBBigHOMICeHHS Komri) [49]:

ou, ou, 5UB U,
& = y € = BB:—+_’
or 0z r-op r
1(oU, 5U2j
€= + 1
2\ oz or
1( U, aUB UB , (4.5)
€y =" — =t ———
2\r-op or r
1(dU, au,
Ep=m| —+—=
2\ 0z r-op
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PiBHstHHS cymicHOCTI aedopmariiit [49]:

2 2 2
oe, 0%¢, _28 &, .

o> or? oroz’
10%, & (en)_ia_2<f28w>+3[;%)

ropoz orop\r ) 7 orez orir or
1%, +1£ . 0 4, _252( re, ) .\ o, .
rop°> ror or r opor or’

(4.6)

g s — a( rgﬂﬂ ) _ aZgrz _ 82( rg,b’z ) _ a2( rgﬂr ) .
o\ " or 0% orop ozop

s,y 1 0%, 10e, 20(0s, _
st t— =——| =+, |;
0z r-op° r or roz\ op

* (e 0’e * (&, 1%
A L frip=2
orop\ r oz’ orez\ r ) rozop

KomnoHneHnTn TeH3opa MOBHUX AeopMaliil &j y paMKax MPYy»KHOi MOCTaHOBKHU

3a/1a4i MOB'sI3aHi 3 TEH30pOM HalpyXeHsb ojj 3akoHoM ['yka [41, 50].

g, = é(crr —v(csBB + Gzz))+Hrr;

€pp :é( i~ V(O +0,,)) + Iy

€, = é(czz —V(Grr +o ))+sz;

-2 0
€, = 2(1|;Lv)c5rZ +11,,;

€p, = 2(12\/)0[32 +HBZ.

KoMmnoHeHTH TeH30pa Hampy>KeHb IMOB'SI3aHI OJWH 3 OJHUM DPIBHSIHHSIMHU

piBHOBaru [49]

112



0

ror r op 0

10,, 1 6GBB 8GBZ

=2 BB B L 6F =0; 4.8

A I (48)
0

li(rcsrz)+E O | 00y pF, =0;

ror r op 0z

1e p - rycTuHa marepiany, Fr, Fp, F; - KOMIIOHEHTH MacoBOi CUITH, Y PO3IIISIHYTIH
3aa4l BUSHAYCHHS 3BapIOBANILHUX HAMpyXeHb 1 nedopMaiiid y MUIiHAPUIHIHN
obononui F= Fp= F,=0.
Jlinitiny 3amaqy Teopii Mpy>KHOCTI MOXKHA PO3B'sI3yBaTH METOJOM IEPEMIIICHb.
BupakaeMo 3 piBHSIHb y3arajJbHEHOTO 3akoHy ['yka (4.7) HampyKeHHs 4epes
nedopmarii [41, 50]:

O =Ag, + A(gs +&,)+Y,;

Ops = Ay + A(e, +¢e, )+YBB :

O, =Ag, + A, +e5)+Y |

GrB = A?)grﬁ +Yr[3; G, = A38rz +er; GBZ = ABSBZ +YBZ; (49)
2K+y, v-K, 1,

A=Z U A= A=
3yK 3yK \V

K:1—2v; Go E ;
E (1+v)

ne E - moxyns HOpmanbHOI nipy)HOCTI (Moayib FOura); K - Moaynb 00'eMHOTO
ctucHeHHs; G - MoIynb 3CyBY; W - (DyHKIIiSI cTaHy MaTepiaiy, [0 BPaXxOBYE
IUTAaCTUYHY TeYilo, AJIS MpY>KHOI moBeIiHKU Matepiany y = 1/ 2G; nonanku Yij
BPaXxOBYIOTh ~ HABAaHTAXEHHS  UWIHAPUYHOI  OOOJOHKH  JOJATKOBUMH
nedopmarlisiMy BiJl 3BaprOBajbHOT YCaaKH (Y 3araJIbHOMY BUTJISAI)

Y. =AIl, + AL, +11,);

Yo, =All, + AT, +1I1,);

Y, =AIl, + A(I1,, +Hﬁﬁ);

Yes =AlL . Y, =All 0 Y, =All;

Jlnst MozientoBaHHS 3BapOBALHUX AedopMaIliil y MUIIHIPUIHIN 000JOHII Bif

(4.10)

KUTBIIEBUX 1 TO3JIOBXKHIX 3BapHUX 3'€JHAHh MOXKHA 3aJaBaTH TaKl OCHOBHI
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napameTpy (QyHKIIIT yCaaKH - e IIacTu4Hi aedopmarii ycaaku B ockoomy 11,

Ta OKpy)kHOMY IT ,, Hanpsmkax. [lnactuyni gedopmalii ycajaku B pagialibHOMy

HANPAMKY (32 TOBINMHOKIO CTiHKK 00o0noHKHM) Il chopuumusiors nokambHi

nedopmMmaillii Ta HE MarOTh MOMITHOTO BIUIMBY Ha 3arajibHi Aedopmarllii 3BapHOI
MATIHAPUYHOT 000JI0HKH. JIOTHYHUMH KOMITOHEHTAaMH TIACTUYHHX AehopMaIriii

ycajiku Moxkna 3uextysaru 11,11, ;,I1,,, OCKiJIbKM HATIPAMKH 3BapHUX IIBIB Yy

MATIHAPUYHIA OOOJIOHII 30irafoThCA 3 TO3JO0BXKHIM 1 KUTBIIEBHM HAMPSIMKOM

MATIHAPUYHOT CHCTEMH KOOPIAWHAT.
Y, = AL, +11,,);
Y, =All, + AIL;

Yzz = Ainzz + AZHﬂﬂ;
Y =0, Y,=0; Y, =0

(4.11)

BukopucroBytouu cniBBigHomeHHss Ko (4.5), M0 MOB'S3yI0Th KOMIIOHEHTH
TEH30pa MOBHUX JAeopMalliil &j 3 KOMIOHEHTaMH BEKTOpYy mnepemiinieHb U,

MO>KHA BUPA3UTH Hanpyx eHHs (4.9) yepes nepemMimieHHs:

ouU
G :Aiaur +A2(8UZ +—B+&j+Yrr;

or o r-op r
o, U oU. oduU
=A| —E+= |+ ATt A R
O A&[r-as rj Az( or az) "
ou ou, dUg; U
= LA — 4+ ——+—L |+Y ,
Oz =A 0z Az( o r-op r j " (4.12)
ou, U
o= A L T Za .
2\r-op or r

ou
Grz=Aa£(aUr+6UZj; 5, = AL _ﬁ+% ;
2\ oz o 2 oz r-op

[TincTaBUMO OTpUMaH1 BUpa3u M KOMIOHEHT TEH30pa HAIMPY>KEHb y PIBHIHHS

piBHOBar#u (4.8)
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ouU o, U
Eg rAiaUr +rA2 %4__&_’_& +Ei A31 aU +_B__B +
r o r-op r r op r-op or r

0 10U oU 10
+—| A= rp =2 |=—=—(rY.);
2( 0z or D rar( ")

z
o, U oU
%grAsl ou, e Wt +EQA1_B+$ +A2(6Ur+auzj+
r<or aB or r r op r-op r or 0z
N P Uy o, |)__19Y, .
oz\ 2\ &z ras r op
U
10 r&l(auwauzj Grz+18 A31 8UZ N
ror 2\ oz or r op 82 r-aB

ou
+g{ auZ+A2[au _M&D:_avzz;

(4.13)

0z 0z o r-op r 0z

OTpuMaHa cuctemMa pIBHSHb IIOJO TPhOX KOMIIOHEHT BEKTOpa IEPEMIIIECHb
Uy, Up, U; noBinbHOI TOYKM (X, S, Z) UMIIHAPUYHOI OOOJIOHKM B pasl
HAaBAHTAKEHHA JOJATKOBUMHU JedopMallisiMd BIJl 3BaprOBajbHOI YCaJKH
(tomaHk# Yir, Ypg, Y2z B IIpaBiil YaCTHHI PIBHSAHB) 1 TPAaHUYHI YMOBH Ha MOBEPXHI
00OJIOHKM BU3HAYAIOTh 3arajibHy MOCTAHOBKY KpaloBOi 3aa4i.

Jlist po3B’s3Ky 3ajadi MOKHA BUKOPHUCTATH BaplallifHUN MpPUHIIMI
Jlarpan»a, sikuii BU3Ha4Ya€ eKCTpeMalibH1 3HaueHHs nepemimieHs U 1 HanpykeHb
oij IPU 3alaHuX AOAATKOBHUX JedopMarisix Yii 10 BCbOMY 00’€My PO3IJISHYTOI
KOHCTPYKUIi V 1 rpaHUYHUX YMOBaxX Ha MOBEPXHI Sy, € Moxke OyTH 3alaHui
BEKTOpP 3OBHIIIHIX 3ycwib Pi. AOcomoTHuil MiHiMyM ¢yHKIIoOHana D1, 3a
JIOTIOMOT OO SIKOTO peali3yeThes Bapiamiiauii mpuniun Jlarpamka [41]

:__j oy +Yy)-&dV + [ PUdS

Sp

3 (4.14)

BIJIMOBIJIa€ TIPHU 3aJaHUX JOJATKOBUX aedopmarisx Yi JIHCHOMY pO3MOJALTY
BeKTOpY mnepemimieHb U; , sSKUM € pileHHsSIM KpailoBoi 3amayi. MiHIMi3alis
dbynkmionany 2; BimHOcHO Uy, Uy, U, piBHOCWIBHA PIBHSHHSIM PIBHOBAaru B

obmnacTi V npu 3alaHuX TPAaHUIHUX YMOBaX.
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1 ou Y (au, u. Y [(ou,Y
91=—§j” A (ar j +£r-a§3+7j +( oz ) ’

ouU ouU
+2A2[6Ur£ ﬁ+%j+6ur8UZ+8UZ( ﬂ+&n+

or \r-op or oz oz \r-op r
ou, Uu,Y > 1(eu ‘
Al LY Y, U, +1(aur+auz) LY, au, Y,
2\r-op or r 2\ oz or 2\ oz r-op
oU
+2 Yrr%+YBB Sy YU +YZZaUZ r-drdgdz+
or r-opg r 0z
+[(PU, +PU, +PU,)ds,
Sp
(4.15)

Hudepenuiroroun ¢pyHkiionan (4.15) 3a komnonentamu nepemimens Uy, Ug, U,
1 IPUPIBHIOKOYH J0 HYJIS, OTPUMAEMO TPHU PIBHSHHS

=0 0;
ouU, ouU 8 ou,

0. (4.16)

Jlnst BenmukorabapuTHUX KOHCTPYKIINA CKJIAJHOI T€OMETPii MOIIYK PIIICHHS
3pyuHinie npooautu 3a gonomororo MCE. V npyxHil mocTaHOBII HABITH JJIS
BEJIMKOTa0APUTHUX KOHCTPYKIIIH 3 BETUKOIO KITBKICTIO 3BapHUX 3’ €JHAHB MOIIYK
pIIIICHHS 32 3IUIIKOBUMH JedopmMallisiMu (MIepEeMIIEHHSIM TOYOK KOHCTPYKIIii)
3MIMCHIOETHCS 32 OJIUH KPOK HABAHTAXXEHHSI MOJEN KOHCTPYKIIii J0JIaTKOBUMHU
nedopmaitisimu (GyHKITIEIO YCaIKK) B 30HaX BCiX 3BapHUX MIBIB. PO3B’ 30K Takux
3a/1a4 MoTpedye HEBEIMKOI KUTHKOCTI Yacy Ha pO3paxyHOK OJTHOTO BapiaHTy. Aje
NIArOTOBKA CKIHYEHO-EJIEMEHTHOI MOJENl CKJIaJHOI MPOCTOPOBOI 3BAapHOL
KOHCTPYKINi 1 3aaHHs (PYHKIUT ycaak JUisl KOXKHOTO 3BApHOTO 3’ €IHAHHS
MOKYTb OyTH JOCUTH TPYAOMICTKUMH.

OpHuMm 3 cnabKuX MiCIb OMMCAHOTO MiX0ay (YHKIII yCaaKu SBISE€THCS
iHdopmarlis  BIAHOCHO — mapameTpiB 1€l ¢QyHkmii.  Buxopucranhs
EKCIIEPUMEHTAJIbHUX MIAXOAIB MOTpeOy€e B KOXKHOMY KOHKPETHOMY BHMAJKY

MO€EJIHAHHS MaTepially, TOBIIMHU, CIIOCOOY, PEXKHUMIB 1 YMOB 3BapHOTO HAarpiBy
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JIOCTaTHBO 00’ EMHHUX €KCIIEPUMEHTAIBHUX JOCIIKEHb. TOMY 3aciyroBye yBary
BUKOPHUCTAHHS IIJIXO/1B, SIKI 3aCHOBaHI Ha METOJ[aX T€OPii TEPMOILIACTUIHOCTI,
JUTsl BU3HAYCHHS TTapaMeTpiB PYHKITT yCaaKy y BUMTAIKY KOHKPETHOTO 3BAPHOTO
3’¢JHAHHSA 1 YyMOB 3BaprOBaHHA IS JaHOI BeIUMKOrabapuTHOI 3BapHOI

KOHCTPYKIIii 3 BEJIMKOIO KUTHKICTIO 3BapPHUX IIIBIB.

4.3 JlocaimzkeHHs] MOKJIMBOCTI OTPUMAHHA napaMeTpiB GpyHKuii ycagku Ta
PO3NOAIIIB  3AJUMIIKOBMX  HANpPYyKeHb /Ui  3BapHUX  3'€IHAHb
BEJIMKOTa0apUTHOI HWJIIHAPUYHOI O0O0JOHKH HA CHPOUIEHHX MOJEJAX
00MesKeHOro po3Mipy MeToaMH TePMOILJIACTUYHOCTI

[TpoBeneHO JOCHIPKEHHS PO3MOJALTY 3aJIMIIKOBUX IUIACTUYHHUX
nedopMmaiiiii 1 HampyXkeHb Yy 30HI TMO3J0BXKHBOTO 3BapHOrO 3'€JHAHHS
BEJIMKOTa0ApUTHOI HUJIIHJIPUYHOT OOOJIOHKM 3 ajlfOMiHIEBOTO cruiaBy AMroé
niameTpoM 3500 MM 1 ToBIIMHOKO CTIHKK 10 MM. MaTtemaTuyHe MOJICTIOBAaHHS
HAC mnig yac 3BapioBaHHS TMPOBOJWIM Ha OCHOBI 3arajbHOrO METOAY
TEPMOIUIACTUYHOCTI T METOAY CKIHUEHHUX €JIEMEHTIB IIJIIXOM IPOCTEKYBaHHS
KIHETUKM YTBOPEHHS Ta PO3BUTKY IUIACTUYHHUX AedopMalliil 1 HampyXeHb Y
MPOIIEC] 3BAPIOBAIILHOTO HArPiBYy Ta MOJAJBIIOTO OXO0JIO/HKEHHS B 3arajibHik 3D
MOCTAHOBIII.

J171st BU3HaY€HHSI MOXKJIMBOCTI OTPUMAaHHS IapaMeTpiB QyHKLIT yCaaKu
(po3moaily 3alMIIKOBUX IUTACTMYHUX JAedopMalliii) y 30HI MO3J0BXKHBOTO
3BApHOTO 3'€JHAHHS IIWIIHAPUYHOI OOOJIOHKM Ha MajHMX IUIOCKHX 3pa3Kax
CTUKOBOTO 3'€THaHHS OTPUMAHO BIANOBIJHI PE3yJbTaTH MJII CTUKOBOTO
3BapIOBAaHHS TUTACTHHH 3 aJTIOMIHIEBOTO CIIaBy AMr6 oOMeXeHOro po3Mipy
500x500 MM, ToBmmHA 10 MM.

[TopiBHIOBasIMCS XapaKTEepHI PO3MOJLIM 3aTUIIKOBUX IUIACTHYHUX
nedopmarliii 1 Hampy>XKeHb y CePEeIHIN YaCTHHI 3BApPHOTO IIIBa HA BiaJICHH] Bij
KiHIiB. [lopiBHANBbHUI aHAITI3 PO3PAXYHKOBUX PE3YJIbTATIB MOKA3aB aHAIOTTUHHMA

XapakTep  pPO3MOAUTIB  3alMIIKOBUX  IJIACTHYHHMX  Jedopmarii  yis
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BEJIMKOTa0apUTHOI OOOJIOHKM Ta TUIaCTHHU oOmexeHoro po3Mmipy (Puc. 4.4 i
Puc. 4.5). Tpeba 3a3HauuTH, IO MO30BXKHI 3aJTUIIKOBI HAIMPYXCHHS TaKOX
MaroTh aHAJIOTIYHUIN po3noin i Benwuuny (Puc. 4.6), a momepedHi 3aJIMIIKOBI
HalpY>KeHHS MaloTh BIAMIHHOCTI. Y IUIaCTUHI TMONEpPeYHa KOMIIOHEHTa
3aJUIIKOBUX HAMNpy>KeHb Ma€ PIBHOMIPHHMI pPO3MOJT 3a TOBIIMHOIO, a B
WTHIPUYHIA OOOJIOHIII HAmNpy>KeHHS CTHUCKY Ha 30BHIIIHIM MOBEpXHI
MePeXOoISITh Y PO3TATYBaIbHI HA BHYTPIIIHIA MMOBEPXHI, TOOTO BiIPI3HAETHCS 3a
3nakoM (Puc. 4.7).

Takum yuHOM, mapameTpu (GYHKIT yCaJKd 1 XapaKTEepHI PO3IOILIN
3aJIMIITKOBUX HAMPY>KEHb B1Jl 3BAPHUX IIBIB Y BEIUKOTA0APUTHIN IMIIIHIPUYHIMI
00O0JIOHIII MOXYTh OYTH OTPUMAHI HUISIXOM MaTEMaTUYHOT'O MOJICJIOBAHHS 3a
JIOTIOMOTOI0  TEPMOILIACTUYHOTO aHajli3y Ha MPOCTUX 3pa3kaXx CTUKOBOIO
3'eTHaHHA 0OOMEKEHOTo po3Mipy. [Ipu HbOMY TPYJIOMICTKICTh PO3B’A3KY TAKOI'O
pILIEHHS 3HAYHO 3HMXKYETHCS, a TOYHICTh OTPUMAHUX PE3yJIbTaTIB 3aIUIIAETHCS

JOCHTBH BHCOKaA.

118



: &
gphl gxx phi
00250 00250 0.0250
0.0004 l v 0.0084
-0.0063
- -0.0063
-0.0219 0009
l .0.0375 -0.0219 -0.0219
-0.031 l -0.0375 -0.0375
-0.0688 -0.0531 -0.0531
-0.0844 .0.0688 .0.0688
e -0.0844 -0.0844
-0.1000 -0.1000
BiacTatb sia Nikil 3eaptosats, Mm BiacTaHb Big NiHii 38aptoBaHHA, MM BiacTanb 8ia niHil 38apiosanHa, Mm
50 100 _ -100 -50 0 50 100 0 01'1,09 ) S 0 s 100
Lq;‘:o'ol : : K ,.rwsrwwr‘:
H = 0,00 g 000 — T ;
© = \ Y — S SO
g 1 . e g 1 O . T S E '
- = '
3 3 2 0,02 eeeeemmemmmmeeesbeeeeeceeeeee b R —
U A | /e e g 20,02 e E 4 !
[ i R 003 |---cmmmmmmmmkeeccae L e SRR ——
Y B e T | L %003 4 - v
& g | 07 SRS S 1 | S S
RIS S | S — 7004 - : - £
z : i R Y R - 1 ,
E °| —— 30BHIWHA NOBEPXHA [ 7} E '0.05 """"" iy | . E " —— 30BHiLLHA NOBEPXHA
g | S ‘ R :
E "| — cepepnn nosepxta [ E 0,06 ‘ — BepxHA noBepxHA | g 007 o . ——cepeanA nosepxHA ||
E . i | R R i i} ] I . '
] *| ——sryTpiwHA nosepxHs - 3 -0,07 { ——cepeaHs NoBepXHA e BHYTPILIHA NOBEPXHA f
] T a c -0,08 -----omemmemoooooboooeooooeo 1
G 0,08 ememmememesmeseedeecee oo e v -0,08 2 ' ' :
e 5 —— HWXHA NOBEPXHA T T O B L s :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, cC 0‘09

Puc. 4.4 Po3paxyHKOB1 pO3MOALIN MONEPEYHUX TUIACTUYHUX JIehopMalliid 111 CTUKOBUX 3BapHUX 3'€JHaHb 3aBJ0BKKU 500 MM y Mozieni
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Puc. 4.6. Po3paxyHKOBI pO3IOIiITH MTO3OBKHIX 3aJIMIITKOBUX HAMPY KEHB I CTHKOBUX 3BapHHX 3'€THAHB 3aBIOBXKKH S00 MM y Moaei
BenMKorabapuTHol nuiiHapuaHoi 00070HKH (D = 3500 MM, 6 = 10 MM), y mpoCTiit MOJeN TUTACTUHHA 00OMe)eHoTo po3Mmipy (500x500
MM, 0 = 10 MM) Ta B MoJIeJTI IMJIIHAPUYHOT 000710HKH Masioro aiametpy (D =200 mwm, 6 = 10 Mmm): a) po3mo i1 Ha 30BHINTHINA (BEpXHIi)
MOBEPXHI MOJeNi; 0) po3Mmoaia y MOMEePEeYHOMY Tepepi3l 3BapHOTO 3'€qHAHHS HA 30BHINIHIN (BEpXHIN), BHYTPINIHIN (HIKHIN) Ta
CepeMHHIN MOBEPXHI.
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Puc. 4.7. Po3paxyHKOB1 pO3IOIiIU IMONEPEYHUX 3aTUIITKOBUX HAMIPY>KEHbB JIJII CTHKOBUX 3BApHUX 3'€1HaHB 3aBIOBXKKH S00 MM y MoJieni
BeNMKorabapuTHOl nuiiHApraHO1 00070HKK (D = 3500 MM, 6 = 10 MM), y mpocTiii MOJeNi TIaCTHHU 0OMekeHoTo po3Mipy (500x500
MM, 0 = 10 MM) Ta y MoJIesl HUIIIHAPUYHOT 00070HKH Masioro aiameTpy (D =200 mm, 6 = 10 MM): @) po3MO/Ii1 HA 30BHINTHINA MOBEPXHI
Mozeli; 0) po3MOiT y IOTIepeYHOMY TIepepi3i 3BapHOTO 3'€THAHHS HA 30BHINIHIN, BHYTPIITHIN Ta CEpEIUHHINA TOBEPXHSIX
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Pe3yabTaTi MOAE/IIOBAHHS 3AJUIIIKOBUX HANPY:KeHb i Aedpopmaniii npu 3TII
[IpoBeneHo nmonepeiHi po3paxyHkH 3a npecrapieHoro Mmoaesuto 3TII mist cTukoBoro
3'€eHaHHA TUIACTHHU 0OMexkeHoro po3mipy (300x300 mm, 6=8 MM) 1 mpeacTaBICHO
pe3yJbTaTH 3a XapaKTePHUM PO3MOJALIOM 3aJIMIIKOBUX HAIPY>KE€Hb 1 IUIACTHYHHUX
nedopmariiii y mMopiBHSHHI 3 TyroBUM 3BaproBaHHSAM TIG CTHKOBOTO 3'€MHAHHS IS
miacTuHA po3mipy (500x500 MM, 6=10 mm).

Pesynbrat ymcenbHOro po3paxyHky nokazanu (Puc.4.3), mo makcumanbHa
temriepatypa HarpiBy npu 3TII (mo 500 °C) 3Ha4HO HEIKYA, HDK TiJ 9ac AYTOBOTO
3BaproBanHd TIG (mo 750°C 1 Bumie) 1 He JOocArae TEeMIepaTypH IUIABJICHHS
anmoMinieBoro cruiaBy Tig=650°C. [10310BKHS KOMIOHEHTA 3AJIMIIKOBUX TUIACTUYHUX
nedopmariii mpu 3TII po3nozgiieHa B Habarato BY>K4iid 30H1, HIXK MiJl Yac JyrOBOTO
3BaproBanHs TIG, ToMy 1HTerpajibHa BEJIMUYMHA MO3OBXHBOI YCAAKU MPUOIU3HO Y 3
pasu Hux4va (Puc.4.4). IlomepeyHa KOMIIOHEHTa 3aJMIIKOBUX IJIACTUYHUX
nedopwmariiit mpu 3TTI 3a a0CONMOTHOIO BEIMYMHOIO B 3 pa3u HUKYA, HIXK IPU TyTOBOMY
3BaproBanHi TIG (Puc.4.5). 3anumkosi no3aosxHi HanpysxkeHHs nipu 3T1I 3BaproBanHi
32 MaKCUMAaJbHOIO BEJIMYMHOIO PO3TATYBAJIbHHUX HampykeHb (10 150 MIla) moxna
MOPIBHSATH 13 3ATHIIIKOBUMHU MO3/I0BKHIMU HATIPYKEHHSMHU TIPU TyTOBOMY 3BapIOBaHHI
TIG, ane 30Ha po3TsaryBaibHuX HanpyxeHb npu 3TII 3BaproBanHi 3Ha4HO (y 3 pas3m)
Byua (Puc.4.6). 3anumkosi nonepeuni HanpysxenHs npu 3TII (go 14 Mlla) 3nauno
HUKY1 32 a0COJIFOTHOIO BEJIMYMHOIO, HIK MpH 1yroBoMy 3BaproBadHi T1G (o 40 MIla)
(Puc.4.7).

Takum YWHOM, OTpHMaHI 3a JIONMOMOIoKw po3pooneHoi momeni 3TII
PO3pPaxyHKOBI pe3yJIbTaTH YAaCTKOBO MiATBEPKYIOTh BUCHOBKH IHIIHX JIOCIITHUKIB,
110 3aJUIIKOBI HampyxeHHs Ta aedopmarii npu 3TII amomiHiEBUX CIIaBIB MalOTh
CYTT€EBO HIKYHI PIBEHB HIXK 32 TPAAUIIIHHUX TYTOBUX CIIOCOOIB 3BapIOBAHHS, a CaMe,
B YAaCTHHI 3aJIMIIKOBUX 3BaproBaibHUX Jedopmariid. I1lo cTocyeTbcs 3amumkoBUX
HarnpykeHb, To Bu3zHaueHi npu 3TII amroMiHIEBUX CIJIaBIB 3aJUIIKOBI MO30BXKHI

HaANpPYy>KEHHS PO3TATYBaJIbHI JOCATAIOTh MEXH TEKY4OCTI OCHOBHOT'O MaTepiaily K MpH
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JIyroBOMY 3BapioBaHHi. Po3pobOiieHa Mopaenb MOXXe BHUKOPUCTOBYBATHUCA IS
OMEPATUBHOIO PO3PaXyHKOBOI'O BU3HAYEHHS 3AJMIIKOBUX HANMPYKEHb 1 MIACTHUYHUX
nedopmariiii (mapameTpiB GyHKINI) B 30HI 3BapHUX 3'€IHAHb BEIUKOrabapuUTHOI
HWIIHAPUYHOT €MHOCTI, BUKOHaHux mnpounecom 3TII. BaxmuBum dakropom
MOJTIMTIIIEHHS. TOYHOCTI MOJENI € OUIbI KOPEKTHE BpaxyBaHHS YMOB YKOPCTKOTO

3aKpiryeHHs 3'eHyBaHuX ejaemenTiB npu 3TII.

4.4 Bepidikauis i Bagigania MmaTeMaTH4YHOI MO/ie]li BUBHAYEHHS 3BapHOBaJIbHUX
aedgopmauiii 115 BeJIMKOradapUTHUX UMJIIHAPUYHUX €EMHOCTEH i3 aJIIOMIHIEBOTO

ciuiaBpy npu Bukopucranni 3TII

3 MmeToro Bepudikailii po3poOJIEHOTO PO3PAXYHKOBOTO JITOPUTMY BU3HAUCHHS
3arabHUX jAedopmaliidi BEIMKOrabapUTHUX MIIHAPUYHUX OOOJOHOK 31 3BAPHUMHU
IBAMU TO3JI0OBXHBOTO Ta TOMEPEYHOTO (KIJIBIEBOr0) HAmpsMiB Ha OCHOBI
HAOMKEHOTO0 MeToTy (PYHKITT yCcaJIKu MPOBEACHO aHali3 pe3yJIbTaTiB IPOTHO3YBaHHS
JUIS. PI3HUX BaplaHTIB PO3MIIICHHS 3BapHUX 3'€JHaHb B OOOJIOHIIl 3 J1aMETPOM
2R=3500 mm, ToBImMHOIO CTiHKUA =10 MM Ta pi3HOi noBxkUHU L. Metoro anamizy €
nepeBipka aJeKBAaTHOCTI OTPUMAHUX PE3yJbTaTIB 32 XapaKTEPOM  PO3MOJLTY
3BapIOBAIbHUX AedopMaliiii HUIIHAPUIHOT 00OJTOHKH.

Kinbuesuit 3BapHuil moB y mwiiHApu4HiA o6onoHMi (Puc. 4.8a) cnpuuunnse
ocecuMeTpuuHi Jedopmailii y ABOX HampsiMKax: 3arajibHe€ OChOBE BKOPOYECHHS
obosonku U, (mo gowxuni L=2000 mm) (Puc. 4.80) 1 nokanbHuil pagiaJbHUN MPOTUH
U (Puc. 4.8B).

Akmio goBra HWIIHAPUYHA OOOJIOHKA MICTUTH BEJIMKY KUIBKICTh KUIBIIEBUX
3BapHHUX 3'€HAHb, HAMPUKIIAJ, M'ATh KUIbIEBUX 3'eqHaHb Ha aoBxuHi L=6000 mm
(Puc. 4.9a), To nonepeuHa ycagka B ockoBomy Hamnpsmi U; cymyerbes (Puc. 4.906), a

pamiansHUil nporud Uy Mae ToKaabHUM XapaKTep y 30H1 KOXKHOTO 3BApHOTO 3'€ JHAaHHS

(Puc. 4.98).
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Puc. 4.8 Po3snoxin 3amumkoBux nedopmartivi nmumiagpuaaoi o6ononku (D=3500 mwm,
L=2000 MM, 0=10 MM Bim 3BaprOBaHHS KUIBIIEBOTO 3'€THAHHS: a) CXeMa KiIbIICBOTO
3BapHOro 3'€JHaHHS; 0) MomnepeyHa ycajka B 0CboBOMY HamnpsiMKy U;; B) pamianbHUi
nporud Uy.
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Puc. 4.9. 3aranpri aedopmaiiii BeTuKoradapuTHOI IMTIHAPUIHOT EMHOCTI 3aBIOBKKH
L=7000 mwm micnsa 3BaproBaHHs 4 KiJbIEBUX 3'€THAHB: a) cXemMa 0OOJOHKH 3 M'SIThMa
KUIBIICBUMHU 3BapHUMHM 3'€IHAHHSIMU; 0) cyMmMapHa IOIepevyHa ycajka B OChOBOMY
HanpsamMky U;; 6) pagianbanii nporun Uy.
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TunoBuM BapiaHTOM 3BapHOTO IIBA KIJIBIEBOTO HAMPSIMY MOKE OyTH KOPOTKHIA
HE3aMKHYTHUH KUIbIEBUN IIOB, TOOTO HE MO BChOMY KOJY LMJIIHIPUYHOI OOOJOHKH
(Puc. 4.10a). Takuii KiIBIECBUH 3BapHUNA MIOB CIPUYMHSE B IMWJIIHIPUIHIA 00OTOHIT
HeocecuMeTpuuHi nedopmanii, a came: JIOKaJdbHI KoJIoBI mnepemimeHHs Ug
(Puc. 4.100), 3araiibHe ochoBe BKOpoueHHs 00osoHku U; (Puc. 4.10B) Ta nokanpHMIA
pamianpamil mporud U, (Puc. 4.10 r,x).

Tpeba 3a3HaunTH, 1O PO3POOJECHUN PO3PAXYHKOBUN aNTOPUTM BU3HAUYCHHS
3BapIOBAIbHUX JAeopMalliil BeTMKOradapuTHUX IMIIHAPUYHUX O0OJIOHOK Y BUIAJKY
KOPOTKOTO HE3aMKHEHOTO KUIBIIEBOTO IIBAa MPOBOAUTH PO3PAXYHOK HAIPY>KEHO-
nehopMOBaHOTO CTaHy OOOJIOHKH 3a JIOMOMOTOK0 MaTeMaTWYHOI MOJIeJl Ha OCHOBI
Meroay (yHKIII ycaaku. A B pa3l BUSHAUYECHHS HaNpyX eHO-Ie(POPMOBAHOTO CTaHY
OOOJIOHKHM BiJl 3BapIOBaHHS 3aMKHEHOI'O KUIbLIEBOIO IIIBA HEMAa€ HEOOX1THOCTI
MIPOBOJIUTH TaKUH PO3PAXyHOK, OCKUTBKH PE3YIbTATH MO0 3aTUIIIKOBUX HATPYKCHb 1
nedopMaiiiii Bii 3BaprOBaHHS KUIBIIEBOIO IIIBA OTPUMAHO Ha €Tall BU3HAYCHHS
napaMeTpiB (yHKINI yCaJKu ISl 3BapHUX 3'€IHAHb JOCTIKYBAHOI ITAIIHIPUIHOL
00O0JIOHKH 3a JOTTOMOTOIO 3arajbHOTO METOIY TEPMOILJIACTUIHOCTI.

[TozmoBxkHIM 1IOB MO BCikt oBxkuHI 00onoHku (Puc. 4.1la) Bukimkae
CKJIQJIHIIIUKA  XapakTep po3NoAuly 3aiuimkoBux Jaedopmamiii. Ile mokanbHi
nepemimeHHs Ug (Tonepedna ycaaka) y310BXk Kojla OOOJIOHKH B 30HI 3BapHOTO ILIBA
(Puc. 4.116). Takox nepemimenas U, y3nosx oci mBa (Puc. 4.11 B,r), siKi MOXYTh
MPU3BOJUTH IO CIHOTBOPEHHS (GOpPMH KpPOMKH OOOJIOHKH. HalBumux 3HaYeHb

nocsraroTh nedopmariii pagiansaoro nporuny U, y 30H1 3BapHOoro mBa (Puc. 4.11 n,e).
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Puc. 4.10. Po3nogin 3anumkoBux aedopmariit nuniaapuanoi obomonku (D=3500 mwm,
L=1000 MM, 6=10 MM) BiJ1 3BaprOBaHHSI KOPOTKOTO KIJIBIIEBOTO 3'€IHAHHS 3aBJIOBXKKHU
1000 mM: a) cxema po3TallyBaHHS 3BapHOro miBa; O) KoyioBlI mepeMimieHHs Upg;
B) mepemimieHdss U, y3M0BXK yTBOPIOBAIBHOI OOOJIOHKA B CEPEIHBOMY Mepepisi
3BapHOTO I1Ba; T') pamianbHuil mporuH U, y370BX yTBOPIOBajIbHOI OOOJIOHKH B
cepeHbLOMY Iepepi3i 3BapHOIO 11BA; 1) palialibHUM mporuH U, y3/10BK 3BapHOTO IIIBA.
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Puc. 4.11. Po3noain 3ayiimkoBux aedopmaiiid nuiHapuaHoi o0oiaouku (D=3500 mm,

L=1000 mMm, 0=10 MM) BiA 3BaplOBaHHS IIO3/I0BKHBOTO 3'€HAHHSI: a) CXema

po3TalryBaHHs 3BapHOro 11Ba; 0) nepemimeHHs Uy (monepeyHa ycaaka) y370BxK Koja

B CEepeIHbOMY Tiepepi3i 3BapHOro IBa; B) mepemimieHds U, y3m0BX oci IBa,

r) nepeMimieHHs U; y310BXK K0JIa B CEpeTHHOMY IEepepi3i 3BapHOTO I1BA; 1) padiaTbHUMA
nporud U, y310BX oci 1Ba, €) pamiaibHuil mporud Uy y370BXK KoJjia B CEpeIHbOMY

nepepisi 3BapHOro IIBa
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Ha Puc. 4.12 npencraBieHi pe3yiabTaTd PO3paxyHKY 3BaprOBaJbHUX
nedopMaliii MUIHAPUYHOI OOOJIOHKHM BiJI 3BAapIOBAaHHS I103J0BXXHBOTO IIIBA, KU
pO3TaIIOBaHMM JIOKAJIBHO, HE 1O BCiH JOBXKHWHI OOOJOHKH. BiAMmoBigHO, 3aJIMIIKOBI
nedopMallii MarOTh OLIBII JIOKAJTLHUM XapakTep 1 3a MEXKaMH 30HH 3BapHOTO IIBa
IIBMJIKO 3HWXKYIOTBCS, SIK OKpY>KH1 nepemitieHHst Uy (monepeuna ycanka) (Puc. 4.12 0)
1 pamianbanii porud U, (Puc. 4.12 11, ), abo 3a/MmaroThCsl Ha TOCATHYTOMY PiBHI SIK
ochoBI nepemimmenas U; y3nosx oci mBa (Puc. 4.12 B, 1).

VY pasi gexinpkox (Tpbox) mo3moBxkHix mBiB (Puc. 4.13), posramoBaHmnx
JIOKaJIbHO TIO JOBXHHI OOOJIOHKH, 3aJUIIKOBI 3BaproBalibHI JAedopmallii MaroTh
XapakTep TOBTOPIOBAHUX IO JOBXKHUHI JIOKaJbHUX Jedopmarliii: OKpyKHHUX
nepemimenb Ug (momepeuna ycanka) (Puc. 4.13 6) 1 pamianpHOro mnporuny U,
(Puc. 4.13 n, e), 1 3pocTar0yoro no JOBXKHUHI PiBHA OCHOBHX (TI03/I0BXKHIX) EPEMIIIECHb
U, y3noBx oci mBa (Puc. 4.13 B, r). Tpeba 3a3HaunTH, 1110 HAWBUIIUMH 32 A0COTFOTHOIO
BEJIMYMHOIO € AedopMallii paaiagbHOTro Nporuny Uy, nMpu 1bOMY B 30H1 3BAPHUX IIBIB
MIPOTUHU CIPSIMOBaH1 BCEpEANHY 00OJIOHKH, a 32 MEXaMH 3BapHUX IIBIB Ha30BHI.

Ha Puc. 4.14 npeacraBieHo HaUCKIAIHIIINK 13 pO3MISIHYTHX BaplaHTIB AOBIO1
MUAJIHAPUYIHOT 00O0JOHKH, SIKa MICTUTH 6 IMO3JOBXKHIX IIBIB 1 5 KUIBIICBUX IIBIB.
OcHOBHa BIJIMIHHICTh BI1Jl MOMEPEAHBOTO PO3IISHYTOIO BapiaHTy - II€ HAasBHICTb
KUIBIIEBUX 3BapHUX 3'€IHAHb, 1110 TOBTOPIOIOTHCS MO JOBXKHHI OOOJOHKH, 1
PO3TalllyBaHHS IMO3/J0BXKHIX 3BApHUX INBIB HE IO OJHIN JHII, a 31 3MIIICHHAM 3a
KyTOBOIO KOOpAMHAaTOKW. HasBHICTH BENUKOi KIIBKOCTI KIUIBLEBUX 3'€/IHAHb
MIPU3BOJANTL O HAKOIMHMYECHHS IO JIOBXKHWHI OOOJOHKM 3arajbHOTrO PIBHS OCHOBHX
nepemimens U, (Puc. 4.14 B, r). Pemrta kommoHeHTIB nedopmariiid: OKpYKHi
nepeminieHHs Uy (monepeuna ycanka) (Puc. 4.14 6) 1 papianenuii nporus U, (Puc. 4.14

7,€) MarOTh CKJIQJHUH JIOKAJIbHUIA XapakTep PO3MOALTY.
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Puc. 4.12. Po3nozin nokanbHUX 3aUIIKOBHX JAedopMalliii HHIIHAPUIHOT 000TOHKH
(D=3500 mm, L=3000 mm, 0=10 mMm) Big 3BapiOBaHHs IO3J0BXXHLOTO 3'€THAHHS:
a) CXema pO3TalllyBaHHs 3BapHOro 1Ba; 0) mepemiuieHHs Ug (mmomepedyHa ycanka)
y3JIOBX KOJIa B CEpEHROMY TIepepi3i 3BapHOTO I1Ba; B) mepemimieHHs U, y310Bx oci
mBa, r) nepemimeHnHs U, y370BX Koia B CEpPeIHbOMY Mepepi3l 3BApHOTO IIBA;
1) pamiansHuit nporud U, y3M0BX OCl mBa, €) paaiansauil mporud Uy y310BXK KoJia B
CepeHbOMY TEpepi3l 3BAPHOTO I11BA
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Puc. 4.13. Po3noais JOKAIbHUX 3QJIUIIKOBUX JedopMaliiil MUIiHIAPUIHOT 000JIOHKH
(D=3500 MM, L=6000 mm, 0=10 mMM) Bix 3BaprOBaHHS TPHOX IO3IOBXKHIX 3'€HAHb:
a) cXxema po3TalllyBaHHsS 3BapHHUX MIBIB; O) mepemiuienHs Ug (momepedyHa ycajka)
y3JIOBX KOJIa B CEpEHHLOMY TIepepi3i 3BapHOTO I1Ba; B) mepemimennas U; y310Bx oci
mBa, T) nepeMimeHHs U; y370BX Kojla B pI3HUX Mepepizax y3I0BXK JIOBKUHH
o06onoHKH; 1) pamianeHuii nmporud U, y310BX oci miBa, €) pamaianbHuil nporun U,
y3JI0BK KOJIa B PI3HUX TEepepizax y3/I0BXK JOBXKHUHU 000JIOHKH.
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Puc. 4.14. Po3noais JTOKAJIbHUX 3QJIUIIKOBUX JedopMaliiil MUIIHIPUIHOT 000JIOHKH

(D=3500 mm, L=6000 MM, 6=10 mMMm) Big 3BaproBaHHs 6 MO3J0BXKHIX 3'€IHAHb 1 5

KUTBLIEBUX: a) CX€Ma pO3TalllyBaHHS 3BapHUX IIBiB; 0) nepemimienns Uy (monepeuna

ycajKa) y370BX KOJIa B CEPEIHhOMY Iepepi3i 3BapHOro IIBa; B) mepemimieHHs U,

y3[IOBX OCl 1Ba, T') mepeMimeHHs U, y3l0BX Koja B PI3HUX TMepepizax y3I0BK

JOBXMHHU 000JIOHKH; 1) paaiaibHuid mporud Uy y310BXk OC1 1IBa, €) pajialibHUI TPOruH

U y310BX KOJIa B Pi3HUX Tepepizax y3/10BXK JTOBKUHU O0OJOHKH.
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[IpuBeneni  mpukiIaaud  JEMOHCTPYIOTh  €(EKTHUBHICTH  PO3POOIECHOTO
pPO3paxyHKOBOI'O JITOPUTMY TIpH MPOTHO3YBaHHI 3BaplOBajIbHUX Jedopmarliil
BEITUKOTA0APUTHUX IMTIHAPUIHUX 000JOHOK 3 BEJTUKOIO KUTBKICTIO 3BAPHUX 3'€THAHD
Ha OCHOBI HaOJMYKEHOT'0 MeTOTy (DYHKINT yCaIKH.

3 MeTor Bamigarmii po3po0JIEHOr0 PO3PaXyHKOBOTO QJITOPUTMY BHU3HAYCHHS
3arajgpbHUX AedopMalliii BeTUKOrabapuTHUX MUIIHAPUIHUX OOOJOHOK 31 3BapHUMU
IIBaMH TIO3/I0BKHBOIO Ta TONEpPEeYHOro (KUIBIIEBOTO) HAMPSIMKIB Ha OCHOBI
HAOMDKEHOTO MeToxy (DyHKIT ycagkd TIPOBENEHO 3iCTaBJICHHS pe3yJbTaTiB
MPOTHO3YBAHHS JIJIsl MO3/I0BKHBOTO 3BapHOTO 11Ba 3aBaoBkKK 1000 MM B 000J10HII 3
rabaputamu  D=3500 mMm, L=3000 MM, 6=10 MM 3 amtOMiHIEBOrO CILIaBy 3
BIIMOBIHUMU  pe3ysibTaTaMU MOJCJIOBAaHHS 3a OUIbIl 3arajJbHUM METOJIOM
TEPMOIUIACTUYHOTO aHali3y, WI0 IMepeadadae BIICTEKEHHS B 4Yacl KIHETHKHU
TEMIIepaTypPHHUX OB B 00OJIOHII Ta YTBOPEHHS i PO3BUTOK IJIACTUYHUX AedOopMalliii
1 HaIIpy>KEHOI'0 CTaHy B1J] OYATKY 3BAPIOBAIIBHOTO HATPIBY JI0 TOBHOTO OXOJIOIKEHHS.
Takuit miaxing notpeOye TPUBAJIOrO0 4Yacy Il PO3PAXyHKY 3aJIMIIKOBOTO CTaHy
UWTIHAPUYHOT  OOOJIOHKM  Mmiciig  3BaptoBaHHsA. Ha  BHCOKOIPOIYKTUBHOMY
MEPCOHAILHOMY KOMIT'IOTEpPl PO3paXyHOK MOKE€ TPUBATU ONU3BKO 100U, a TaKOX
MOTPiOEH TpUBAIUM Yac I MATOTOBKU PO3PaXyHKOBOI MOJIENI.

Ha Puc. 4.15 npencrasneno CE mozenb 000710HKH 3 MO30BKHIM 3BApHUM IITBOM
1 pe3yabTaTH PO3MOILITY MAaKCUMAIBHUX TEMIIEPATyp MiJ 4ac JyTrOBOT0 3BapIOBaIHLHOTO
HarpiBy Ha MOBEPXH1 0OOJOHKH Ta 10 TOBUIMHI CTIHKH (30Ha IPOIJIABIEHHS ), OTPUMAaHI1
32 JOTIOMOTOI) METOJy TEPMOIUTACTMYHOCTI. BH3HAUYE€HO pO3MOIIIN 3aTUIIKOBUX
nedopmarliii TUIHAPUYHOT 000JI0HKU: pamiansuuit nporud U, (Puc. 4.16a), okpyxHi
nepemimeHHs Ug (Puc. 4.16 6), ockoBi nepemienns U, (Puc. 4.168). Takox oTpumMaHo
napameTpu QYHKIIIT YCaaKi 3BapHOTO I1Ba, TOOTO PO3MOALT TO3A0BXKHIX IIACTUIHUX
nedopManiii 1, y cepenqHpoMy mnepepisi 3BapHoro mBa (Puc. 4.16r) 1 posnoain

nonepeyHux ractuaHux aepopmanii I1,, y cepennbomy mepepisi 3BapHOTO 1IBa

(Puc. 4.167).
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3a 3amaHuXx napamerpiB (yHKUIi ycaaku 3BapHoro msa r, i I1,, Ha ocHOBI

po3pobseHoro HabauxeHOro Mmetony GYHKLID yCaakd OTPUMAHO pe3yibTaTH
MPOTHO3yBaHHA AedopMaltid MuTHAPUIHOI 000moHKH 3 Tabaputamu D=3500 mwm,
L=3000 MM, 0=10 MM BiJ MO3I0BKHBOTO 3BapHOro IBa goBxkuHOW 1000 mMm. Ha
MOTY)KHOMY TIEPCOHAILHOMY KOMITIOTEpl MOTpiOHO npuOmm3HO 1 XBWiIMHA IS
MPOBENCHHS Takoro po3paxyHky (mpubmuzao B 1000 pasiB mBummie, HiK 3a
JIOTIOMOT'0I0 METOJTY TE€PMOIUTACTUYHOCT).

Ha Puc. 4.17 mnpencraBieHO TOpIBHAHHA pPE3yJbTaTiB PO3pPaxyHKy 3a
JIOTIOMOTOI0  METOJIy TEPMOIUIACTUYHOCTI 1 METOAy (QYHKIIi YCaaKh PO3MOALTY
3QIMIIKOBUX JieopMaliiii MUIHAPUIHOI 0OOJOHKH BiJl 3BapIOBaHHS IMO3/I0BKHBOTO
3'enHanHs. OTpUMaHO TapHE Y3roKeHHS (BIOXWieHHs He Ouibiie HiK 20%)
pe3ynbTatiB Uil okpykHuX nedopmauiii Uy (Puc. 4.176) 1 panianbHux nporusiB U,
oOononku (Puc. 4.17x1,e). g ocboBOi kKoMnoHeHTH Aedopmariiii U, oTpuMano rapHuii
301r XapakTepy po3no/alTy, aje BIAXUICHHS 32 aOCOMIOTHOIO BEJIMYNHOIO B JIOKATBHUX
3oHax jgocsarae 50% (Puc. 4.178,r). Ane, 3 orisigy Ha Te, O OCboBi Jedopmarrii U,
UUAJIHAPUYHOT OOOJOHKM BIJ] TO3/I0BKHBOTO 3BapHOrO IIIBA ICTOTHO HWXKYl 3a
BEJIMUMHOI0, HIK OKpYkH1 fnedopmanii Uy (y 4 pasu) 1 paniansHi nporunu U, (y 40
pasiB), TO 3a3HAUYEHY MOMMJIKY MOXKHA MPUUHSTH 330BUIBHOIO.

3aranom, BepuQikalis Ta Bajmigamnis po3po0iaeHoro po3paxyHKOBOIO airOPUTMY
BU3HAYCHHS AedopMalliii BeIMKOrabapuTHUX IMITHIAPUIHUX OOOJIOHOK 31 3BaApHUMU
IIBAMU TO3/I0BXHBOTO Ta TMONEPEYHOro (KUIBLIEBOTO) HAmpsiMy Ha OCHOBI
HAOMMKEHOTO METOTy (DYHKIIIT yCaJKH 3aCBITUIIIA, 1110 PO3POOICHUH MIIX11 A€ 3MOTY
3 JIOCTAaTHHOIO 1HKEHEPHOIO TOUHICTIO MPOTHO3YBaTH edopmallli BeIMKoradapuTHUX
HUTIHAPUYHUX OOOJIOHOK 31 3BapHMMH IIBaMHU PI3HOro po3ramryBaHHs. [Ipu npomy
ICTOTHO CKOPOYYETHCS Yac Ha PO3PAaXyHOK, IO Ja€ MOXKIUBICTh BHUKOHYBATH
PO3paxyHKOBI1 OIIHKHU JedopmMarlliii 1 BeIUKOTabapUTHUX HUTIHIAPUIHUX 000JIOHOK

3 BEJIUKOIO KIJIbKICTIO 3BAPHUX IIBIB 32 KOPOTKUM Yac.
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Temperature NOD_Maximum

19 MM

B
Puc. 4.15. Pe3ynbrar po3paxyHKy 3a METOJOM TEPMOIUIACTUYHOCTI PO3MOALTY
MaKCUMaJbHUX TEeMIeparyp y MumHApudHiiA o6ononm (D=3500 mM, L=3000 wmwm,
0=10 MM) 3 aJIFOM1HIEBOTO CIIaBY BiJl JYTOBOT'O 3BapIOBAHHS MO30BKHBOTO 3'€THAHHS
noBxkUHOK 1000 Mm:

a) CKIHYEHHO-EJIEMEHTHA MOJIeJIb 000JIOHKH 3 TTO3/IOBKHIM 3BapHUM IITBOM;

0) po3MOJT MaKCUMaJIbHUX TEMIIepaTyp IMiJ yYac 3BaplOBAJIbHOTO HarpiBaHHS Ha
MOBEPXHI 000JIOHKH;

B) PO3IO1 MaKCUMaJIbHUX TEMIIEPATYP MO TOBIIMHI CTIHKH (30HA MIPOILIABICHHS).
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Puc. 4.16 Pe3ympraTé po3paxyHKy 3a METOAOM TEPMOIUIACTUYHOCTI PO3MOILTY
3AIMIIKOBUX JedopMamil mumiaagpuaHoi oOononku (D=3500 mmMm, L=3000 wmwm,
0=10 MM) Bix 3BaprOBaHHS TO3J0BXHBOTO 3'€HAHHS: a) pamianbHUN TporuH U,
0) xonoBi mnepemimeHHs Ug (momepeuna ycanka); B) ocboBI mepemimieHHs Uj;
) PO3MOALT MO3[0BXKHIX IJIACTUYHUX JAepopMauiii 1, y CEpeIHbOMY IEpETHHI

3BapHOIO 11BA; /1) PO3IOILI MONEPEUHUX IacTuuHuX nedopmarii I, y cepennbomy

MepeTHHI 3BapHOTO IIIBA.
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Puc. 4.17. IlopiBHSIHHSL pe3yJIbTATIB PO3PAXYHKY 3a METOJIOM TEPMOIUIACTHUYHOCTI 1
METOAOM (YHKIII YyCaakd pO3MOAUTY 3aJMIIKOBUX Jedopmalliii HIIHIPUIHOIL
obononku (D=3500 mm, L=3000 MM, 6=10 MM Bix 3BaprOBaHHS MO3J0BXKHBHOTO
3'€HAHHS: a) CXeMa po3TalllyBaHHsS 3BapHOro 1Ba; 0) nepemimiensa Uy (monepeuna
ycajKa) y370BX KOJIa B CEPEIHhOMY Iepepi3i 3BapHOro IIBa; B) mepemimieHHs U,
y3JIOBX OCI 1IBa, ') nepeminieHHss U; y310BxK Koia B cepeIHbOMY Mepepis3i 3BapHOro
1IBa; 1) paaianbHuil nporuH Uy y310BXk oOci 1iBa, €) pamianbHuil mporud Uy y3m0Bxk
KOJIa B CEpEIHbOMY Mepepi3i 3BapHOro IiBa
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4.5. TlopiBHSIHHS pe3yJbTATIB MATEMATHYHOIO0 MOJEJTIOBAHHS 3arajbHHUX
nedopmaniii  BeJMKOradapuTHUX HWIIHAPUYHUX €EMHOCTEH i3 aJlOMiHIEBOrO
cruiaBy npu Bukopuctanni 3TII i myroBoro 3BapoBanHst

Po3po6ieni maTreMaTnuyHa MOJCHBL 1 PO3PAXYHKOBUH aJITOPUTM Ha OCHOBI
MeToay GYyHKIN yCaaKu MOXKYTh €()EKTUBHO BUKOPHUCTOBYBATHUCH ISl ONIEPATHBHOTO
MPOTHO3YBAaHHS HAMPYXKEHO-Ie()OPMOBAHOTO CTaHy MPH TEXHOJOTIUHIA MiATOTOBII
BUTOTOBJICHHS BEJIMKOrabapUTHUX IMIIHJAPUYHUX €MHOCTe. B saxocTi mpukiamgy
PO3TIITHYTO TPOIEC CKIAMAaHHS 1 3BapIOBAHHS BEJIMKOTA0APUTHOI IMIIHAPUIHOL
emuocTi (miamerp 3200 mmM, 3aranpHa gqoBxkuHa 6000 MM, TOBIIMHA CTIHKH 10 MM) 13
amominieBoro crutaBy 2219-T81. IlopiBHIOBaimum pe3yibTaTd MaTEMaTUYHOTO
MOJICJIIOBaHHSl 3arajbHUX JAedopMaliil pO3MVISIHYTOI €MHOCTI IpPH BHKOPHUCTAHHI
npouiecy 3TII 1 OinbIn TpaguIiiHOTO JYroBOTO 3BaproBanHs (/13).

3a METOJOM TEPMOIUIACTUYHOCTI OyJM OTpUMaHl PO3PaxXyHKOBI PO3MOALIN
3aJIMIIKOBUX IUIACTUYHUX AedopMaliil B MONEpeUuHOMY Mepepisi A MOB3AO0BXKHIX
(Puc. 4.18) i kinbueBux (Puc. 4.19) cTukoBuUX 3’€HAHD (ATFOMIHIEBHH CILIaB, TOBIIMHA
10 mm), Bukonanmx JI3 1 3TII. Bim’emni 3amumkoBi miactuyHi aedopmarii
(medopmarrii ycanku) npu /I3 mMaroTh OUIBII BUCOKI MaKCHMMaJIbHI 3HAYEHHS 1 O1IBII
HIMPOKY 30HY PO3MOBCIOXKEHHS, a iX CyMa NEpEeBUIIY€ BIAMOBIAHI 3aJIUIIKOBI
mactuyaHi nedopmanii npu 3TII mpubnusHo B 2-3 pasu.

Ha Puc.4.20-4.22 upencraBiieHi pe3yiabTaTH MPOTHO3YBAaHHS 32 METOJOM
GyHKLIT ycaaKyd poO3NOAUTY 3aJMIIKOBUX JAedopmauiid (paaiadbHUX 1 OChOBHUX
nepeMillieHb) Ha pI3HHX eTamax 30MpaHHS Ta MOHT@KHOTO 3BapIOBaHHS
BEITUKOrabapuTHOT MIIIHJAPUYHOI eMHOCTI. [ledopmarrii MaroTh CKIagHUN XapakTep
posnoainy, npu J3 pamianeHi nporuHu g0 U,~-6,5MM B 30HaX KiJIbIEBHUX 1
MIOB3I0BXKHIX 3BapHHX 3’€JIHAHb 3MIHIOIOTHCS BUTHHaAMH 0o0osoHkH 10 U,=5,3 Mmm
(Puc.4.22 6) B npoMixkkax Mix 3BapHUMU 3’ efHaHHSIMU. [Ipu 3TII piBeHb 3aMUIIKOBUX
nedopMmaiiiii  000JJOHKM TIOMITHO HIDKYMN, Tak pafgianbHi nepemimieHHs U, He

nepeBuIyoTh 2 MM (Puc.4.22 B).
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Puc. 4.18 Pesynbrati po3paxyHKy 3a METOIAOM TEPMOIUIACTUYHOCTI PO3MOMALTY

3aJIMIIKOBUX TUIACTUYHUX Aedopmalliii B MONepeduHoMy Mepepisi A MOB3AO0BXKHIX
3’eHaHb (aTIOMiHIEBHM cruiaB, ToBiMHA 10 MM), Bukonaunux /I3 (6, r) 1 3TII (B, n):

a) cxema 3D Mojeni CTUKOBOTO 3BapHOTO 3’ €IHAHHS IJIACTUH OOMEKEHOTO PO3MIpY;
0) nomepeuna ycanka rpu /I3; B) monepeuna ycaaka mpu 3TI1; 1) HOB3A0BKHS ycaika

npu J13; 1) noe3goBxkHs ycanaka npu 3TII;
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r A
Puc. 4.19 PesympraT po3paxyHKy 3a METOJAOM TEPMOILIACTUYHOCTI PO3MOILITY

3aJIMIIKOBUX IUIACTUYHUX JAedopMalliii B HOMepeyHOMY IMepepisl sl KUIbLIEBUX
3’eqHaHb (aMroMiHieBHM cruiaB, ToBiHaA 10 MmM), Bukonanux 13 (6, r) 1 3TII (B, n):
a) cxema 2D mojeni KiJbleBOro CTUKOBOTO 3BapHOTO 3’ €JHAHHS,

0) monepeuHa ycajaka npu J[3; B) monepeuna ycanka npu 3TII; r) moB3goBKHS ycaaka

npu J13; 1) nos3goBxkHs ycanaka npu 3TII;
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Model Scheme a

213 2.10
1.46 144
0.80 0.78
0.13 0.11
-0.54 -0.55
Lo -1.21
1.87 s
2,53
-2.54
-3.20
3.20
Radial Displacement Ur 6 Radial Displacement Ur B
U=-3.2...2.1 mm U=-1.0...0.5 mm
-
176

0.88
0.88
0.44 0.44
0.00 0.00
o 0.4
-0.88

-0.88
152

-1.32
1.76

1.76

Axial Displacement Uz
r Axial Displacement Uz I[
Uz 1.8 MM ( IZ_-O.S MM

Puc.4.20. Pesynbrat MojemtoBanHs aedopmaiiii (pamianeHi Uy 1 ocboBi U;) KibIst
HUAJIIHIPUYHOT €MHOCTI MIC/S 3BapIOBaHHS TOB3JIOBXKHBOTO 3’€IHAHHA. a) CXeMa

moxeni; 6) Uy mpu [13; B) Uy ipu 3TII; 1) U, pu [13; 1) U, npu 3TII.
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3TII

&

058

065

b o33

0.00

065

0.98

e 6 Radial Displacement U B
Ui=-1.1 mm U,=-0.6 MM
mn;‘gﬁ
0.72 -
0.48 L0
0.24 ::
0.00 0.25
-0.24 0.00
0.48 0.25
0.72 ::
0.9 .
Axial Displacement Uz r Avial Displacement Uz H
U,=-1.0 MM U,=-0.2 mm

Puc.4.21. PesynbTaTl MOJIEIOBaHHS 3arajibHUX AedopmMariiii (paniansaoi Uy 1 ocboBOT
U, KoMnoHEeHTH) 2 KiJelb HMUWIHAPUYHOI €MHOCTI TICJs 3BapOBaHHS CTHUKOBOIO
KUIbIIEBOTO 3’ €THAaHH: a) cxeMa mozeni; 0) U, mpu J13; B) U, ipu 3TIT; r) U, mpu [13;

1) U, mpu 3TTI.
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13 3TII

U=-6.5...6.0 Mm

il tacaneriLie T

U,= -5 Mm U="-1mm
Puc.4.22. Pesynpratu MoaenoBaHHs 3arajdpHuX Aedopmartiii (pagiansaoi Ur i 0cboBOT
Uz KOMNOHEHTH) UWIIHAPUYHOT €MHOCTI MCIISA 3BaplOBaHHS [/ KUIbIEBUX 1 6
MOB3/I0BXKHIX CTHUKOBUX 3’ €HaHb: a) cxema moaeni; 0) Uy mpu [13; B) U, npu 3TII;

r) U, ipu J13; 1) U, mpu 3TIL.
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OcboBi niepeMitieHHs (CKOpoYeHHs T0BXUHU 000510HKH) Tipu 3TTI B 5 pa3 Huk4i
U~-1mm (Puc.4.22 r) vk npu /A3 U=~-5wmm (Puc.4.22 n). Takum 4YHHOM,
BukopuctanHsa 3TII mpu MOHTa)KHOMY 3BaprOBaHHI BEIMKOTA0APUTHOI ITMITIHAPUIHOL
€MHOCTI 13 QJIOMIHIEBOTO CIUIABY JO3BOJISIE 3HAYHO 3HU3UTH PIBEHb 3aJUIITKOBHX

nedopmartiii.

Bucnosknu a0 Po3uiny 4:

1. Po3pobneHo MareMaTH4YHy MOJACIbh 1 PO3PaxXyHKOBHH aJTOPUTM JIS
OMEPATUBHOTO  PO3PAaXyYHKOBOTO  BHU3HAUEHHS  3BAapIOBAbHUX  jAedopMariid
BEJIMKOTA0APUTHUX UUJIHJIPUYHUX OOOJIOHOK 3 BEIUKOI KUIBKICTIO KUIBLIEBUX 1
MO3JIOBXKHIX 3BapHUX 3'€lHaHb. B pamkax mojeni 1y KOXKHOTO 3BapHOro IIBa
3aJlaBaJld TaKl OCHOBHI IapamMeTpu (PyHKIIT yCaaKH, sIK IUIaCTH4HI AedopmMariii ycaaku

B ockoBoMy Il Ta oxpyxuomy I1 ., Hampsimkax. 3amady po3B'S3yBajd y 3araibHiil
z B y

TPUBUMIPHINA MOCTAHOBII B MEXaX MPY>KHOTO PIlIeHHs 1 0€3 MPUITYIIEHHSI CTOCOBHO
TOHKOCTIHHUX 00OJIOHOK, Jie fepopMallii Ta HaNmpyKEHHSI 32 TOBIIMHOK 00OJIOHKH HE
JTOpiBHIOIOTH HYMO. Lle mae 3Mory BpaxoByBaTH JIOKAJIbHI 3TMHAJIBHI 3BapIOBaJIbHI
nedopwmarlii yepe3 HepIBHOMIPHICTh 3BAPIOBAJIBHOI YCAIKHU 32 TOBUTUHOIO CTIHKH.

2. 3 wMerow Bepudikaiii po3poOJICHOTO PO3PaXyHKOBOTO —aJITOPUTMY
BU3HAYCHHS  3arajlbHUX  3BaplOBAIbHUX  Jedopmarliii  BeIuKorabapuTHUX
MWTHAPUYHUX OOOJOHOK 31 3BapHUMHU IIBAMH IO3/I0BXHBOTO 1 MOMEPEUYHOTO
(K1JIbLIEBOT0) HAIIPSIMKIB HA OCHOBI HAOJMMKEHOro MeTo1y (DYyHKILIT YCaaKh MPOBEAEHO
aHaI3 OTPUMAHMX PE3YJbTATIB MPOTHO3YBAHHA [JISl PI3HUX BapiaHTIB PO3MIIEHHS
3BapHUX 3'€IHaHb B 000J10HII 3 AiameTpoM 2R=3500 MM, ToBIIMHOIO CTIHKU 0=10 MM
1 pizuoi goBxkunu L=1000...6000 mm.

3. 3 MeToro Bamigari po3po0JIEHOr0 pO3PaXyHKOBOTO aJITOPUTMY BU3HAYCHHS
3arajbHUX 3BaprOBABHUX JeopMaliil BeIMKOTa0apUTHUX MUIIHAPUYHUX 00O0JIOHOK

31 3BapHUMU IIBAMU MO3/IOBKHBOTO Ta TMOIMEPEYHOro (KUIHIIEBOTO) HAMPSAMKIB Ha

145



OCHOBI HAOJMKEHOTO MeToay (YHKINT ycaakud MPOBEIEHO 3ICTABJICHHS PE3YJbTaTiB
MPOTHO3YBAHHS JIJIsl MO3/I0BXKHBOTO 3BapHOro IiBa 3aBA0BXKH 1000 MM B 00010HII1 3
rabaputamu (D = 3500 mm, L = 3000 MM, 6 = 10 MM) 3 pe3ynbraTaMy MOJEITIOBaHHS
3a OLIBII 3arAJIbHUM METOJIOM TE€PMOIUIACTUYHOIO aHaI3y.

4. TlpoBemeni Bepudikaiis Ta Baligamis pPO3pPOOJICHOrO0 PO3PaXyHKOBOTO
QITOPUTMY  BH3HAUEHHS  3BaplOBAIbHUX  JedopMmariii  BeIMKOrabapuTHHUX
UWTIHAPUYHUX OOOJIOHOK 31 3BapHUMH IIIBAaMHU MO3/I0BKHBOIO Ta TMOIMEPEYHOIO
(K17TBIIEBOTO) HAMIPSIMKIB HAa OCHOB1 HAOIMKEHOTO METO Ty (DYHKIIIT yCaaK/ 3aCBITUMIIH,
0 PO3pOOJICHUH TIAXiJ Ja€ 3MOTy 3 JOCTAaTHBOK 1HXEHEPHOI TOYHICTIO
MPOTHO3YBaTH AedopMallii BEIUKOTa0apUTHUX HUITHIPUYHUX 000JIOHOK 31 3BApHUMU
IIBaMU PI3HOTO HAIpsIMy Ta po3ramyBaHHs. [Ipy bOMy 1ICTOTHO CKOPOUYYETHCS Yac (B
1000 pa3) Ha po3paxyHOK, IIO JA€ 3MOTY BHKOHYBaTH PO3PAXyHKOBI OI[IHKH
nedopMaitiii 1711 BETUKOrabapuTHUX MIJIIHAPUYHUX OOOJIOHOK 3 BEJIMKOIO KUIBKICTIO
3BapHHUX IIBIB 32 KOPOTKUH yac. J[ominbHUM € po3poOKa Ha OCHOBI pO3pOOJIEHUX
pPO3paxyHKOBHX QJITOPUTMIB TMPOTPAMHOTO  3a0e3MeueHHs IS 1HKEHEPHOTO
3aCTOCYBaHHS.

5. 3anponoHoBaHO €()EeKTUBHI PO3PAaXyHKOBI MOJEINI Ta aJITOPUTMH Ha OCHOBI
M1JIX0/11B TEPMOILJIACTUYHOTO aHaJ3y JI1 OTpUMaHHS apameTpiB QYyHKINT yCaaKH, 110
BIJINOBIJIAIOTh XapaKTEPHUM BHUIIaJIKaM 3BapIOBaHHS BEJIUKOrab0apUTHUX €MHOCTEH 3
QIIOMIHIEBOTO CIJIaBy (MO3/I0BXKHI Ta KUIbLIEBl 3BapHi 3'equHanHsa, ayroBe TIG
3paproBanHs Ta 3TII).

6. PesynpTaTu NPOBENEHOTO YMCEIBHOTO JOCHI/DKEHHS [OKa3ajiu, 10
napameTpu (QyHKIII yCaJKd 1 XapaKTepHI PO3MOIIN 3aJMIIKOBUX HAMPYKEHb Bl
3BapHUX IIBIB Y BEIMKOTa0apUTHIN LMJIIHAPUYHIN 000JIOHIII MOXKYTh OyTH OTpUMAaHi
[IUITXOM MaTeMaTUYHOTO MOJICTFOBAHHS 3a JIONTIOMOTOI0 TEPMOTUIACTUYHOTO aHaJIi3y Ha
MPOCTUX 3pa3kax CTUKOBOTO 3'€HaHHA oOOMexeHoro posmipy. Ilpu 1pomy

TPYAOMICTKICTb 1 4aC OTPUMAaHHS TaKoro pinieHHs 3Ha4HO (B 1000 pa3) 3HWKYETHCS.
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7. Po3po0iieHl MatemMaTH4yHA MOJI€NIb 1 PO3PaxXyHKOBHM ajJrOpuTM Ha OCHOBI
MeToay (DYHKINT ycaJKu MOXKYTh €()eKTUBHO BUKOPHUCTOBYBATHUCH MPU TEXHOJOTTUHIN
MIATOTOBIII BUTOTOBJICHHS BEIUKOrabapUTHUX NWIIHAPWYHUX €MHOCTEH IS
ONEpaTHBHOTO TIPOTHO3YBaHHS iX HaIpyXeHO-Ie(OPMOBAHOTO CTaHy B MpoIeci
MOHTQ)XHOTO 3BapioBaHHs. [IpoBerneHe TOPIBHSHHS pPE3yIbTaTIB MaTEMaTHIHOTO
MOJIETIOBAaHHS 3arajbHUX Je(opMalliil 3BapioBaHHS BEIUKOTa0apUTHOT IIHIIIHIPUYHOT
emuocTi (miamerp 3200 mmM, 3aranpHa goBxkuHa 6000 MM, TOBIIMHA CTIHKH 10 MM) 13
amominieBoro cruiaBy 2219-T81 mnpu Bukopucranni mporecy 3TII i1 myroBoro
3BaprOBaHHA IMOKa3ayio, 1o BukopucTaHHs 3TII mpu MoOHTaXHOMY 3BaplOBaHHI
BEJUKOrabapyuTHOT IIMJITHIPUYHOI €EMHOCTI 13 QJIFOMIHIEBOTO CIUIaBY J03BOJISIE 3HAYHO

3HU3UTH PIBEHb 3AJMIIKOBUX JePOopMalliil.
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3AT'AJIBHI BUCHOBKHA

1. Pe3ynpTaTd MeXaHIYHMX BHUIIPOOYBaHb 3pa3KiB OCHOBHOTO MaTtepiaiy 1
3BapHUX 3’€IHaHb 3 aMOMiHieBOro cruiaBy 2219-T81 mokaszanu, n1o BIUIMB HAIPSIMKY
MpOKaTy Ha MEXaHI4YHI BIIACTUBOCTI PO3TJITHYTOTO MaTepiany He nepeBuiye 4,5 %, 1o
Jla€ 3MOTy HE BpaXxOBYBAaTH aHI30TPOIIII0 MaTepially Mij yac MpOBEICHHS PO3PaXyHKIB,
OIEePYIOUN MIiHIMAJIBHOIO CEPEeIHBOI0 BelWduHOI (0p2=369,5 MIla, E=74,1 I'Tla).
Boanouac antomiHi€BUN CIUIaB Ay»€ YYTIMBHUM J0 TEPMIYHOTO LUKIY 3BaprOBaHHS,
TOMY MIIHICTh MeTaixy B 30HI TepmiuHoro BIUMBY (3TB) 3HIKyeTbcs BHACHiIOK
YTBOPEHHSI HEOJTHOPITHOT CTPYKTYPH MPHU Cerperallii Jeryrounx eJIeMEeHTIB 1 JOMIIIOK
[0 TPaHUIKX 3€peH. B 30HI 3BapHOro 1IBa CHOCTEPIra€ThCsl CYTTEBE 3HEMIITHCHHS
MeTaly: 3HM)KEHHS TUMYacoBOIO ONOpy po3puBy oz 10 44 % 1 ICTUHHOI I'paHMII
TEKY4OCTi ap2 10 63 %.

2. Pe3ynbTaTi eKCIEpUMEHTATILHOTO BUMIPIOBAHHS 3aJIHIIKOBUX HATIPYKECHbD Yy
3pa3kax CTUKOBHUX 3’€JHAHb IIOKa3alM, 10 TpU 3BapIOBaHHI TEPTSIM 3
NEepeMIlTyBaHHSIM pPIBEHb 3aJMIIKOBUX MO3JOBXKHIX PO3TATYBAIBHUX HAMPYKECHb
JIOBOJII BUCOKHH, OJNM3BbKUN O MEXI TEKYy4OCTI aiatoMiHieBoro cruiaBy 2219-T81 y
BiznaneHomy ctati (o 150-180 MIIa), To6TO 3 ypaxyBaHHSM 3HEMIIIHEHHS MaTepiaty
B 30H1 3BaprOBaJbHOr0 HarpiBy. [Ipy IbOMy 3aJIMIIKOBI MO3J0BXKHI HANpyXEHHS Ha
HUKHIA TIOBEpXHI 3pa3ka Bl (mpubmm3no Ha 20%), HIXK BUMIpSHI Ha BEPXHIN
noBepxHi. [lomepedHi po3TATYBaJIbHI 3JIMIIKOBI HANMPY>XEHHS ICTOTHO HIDKYl 32
BEJIMUMHOIO: HAa BEPXHIA TOBEpXHI He mepeBumlytorh 20-25 Mlla, a Ha HIKHIN
50 MITa.

3. Po3pob6iena po3paxyHKoBa MOCIIb HAa OCHOBI TiXO/IiB TEPMOILIACTHYHOTO
aHai3y AJI1 YACETbHOTO BU3HAYEHHS 3aJIMIIKOBUX HAIpYKeHb Ta Aedopmalliil B 30H1
3BapHUX CTHUKOBHUX 3'€JIHAHb 13 alfOMiHIEBUX cIUIaBiB, BukoHaHux 3TII. OcHoBHUMM
0COOJIMBOCTSIMH MOJEI SIBISIOTHCS:

- TeTUTOBUUICHHS BiJ] TEPTs poOOYOro IHCTPYMEHTY BIIHOCHO MaTepialy 3’ €IHaHHS;

- cnieuudivni s 3TII yMOBH KOpPCTKOTO 3aKpINJIEHHS €1E€MEHTIB 3’ €THAHHS;
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- TOCJIIJIOBHE MPOCTEKEHHS 3a 4yacoM TepMojedopMaliifHUX MPOIeCciB B MaTepiai
3’€JHAHHS BiJl TOYATKY HArpiBy /10 MOBHOT'O OXOJIO/I>KEHHS.

4. Ha pe3ynbpTaT MaTeMaTUYHOTO MOJICTIOBAHHSA 3JIUIIKOBUX HAMPYKEHb MPH
3TII amroMiHI€EBUX CIUIaBIB CYTTE€BO BIUIMBA€ BpaxyBaHHS MOJIEIl 3HEMIIHEHHSA
MaTepiay B 30HI 3BapIOBAILHOTO HArpiBy, MapaMeTpaMu SKOi SIBISIOTHCS 3HAYCHHS
MEXH TEKy4OCTI 3HEMIIIHEHOTO MaTepially Osft, @ TAKOX Jlala3oH TeMIepaTypu
moyaTky Ts 1 3aBepiieHHS e edekTy 3HeMilHeHHs. He BpaxyBaHHS 3HEMIITHCHHS
MaTepialy MOXe NPU3BOJUTH 10 CYTTe€BOro 30utbmieHHs (Oinbmn HiK Ha 30%)
MaKCUMAaJIbHUX MOB3/I0OBXKHIX 3aJUIIIKOBUX HAPYKEHb.

5. OTtpumasni 3a JOMOMOTOI0 PO3pOOJIEHOT MOENI PO3PAaXyHKOBI pe3ybTaTH
nokaszayiu, mo npu 3TII antoMiHIEBUX CIIaBIB YTBOPIOIOTHCS HEOA)KaH1 3aJIMIIKOBI
HaIpy>KeHHA Ta jaedopMallii, aje BOHHM MOXYTh MAaTH HIDKUMNA PIBEHb, HIK TPH
TPaJUIIMHUX AYTOBUX CIOCO0ax 3BaproBaHHA. Po3pobiieHa Moaenb MOxke €(PEKTUBHO
BUKOPHCTOBYBATUCS JIJII OMEPATUBHOTO PO3PAXYHKOBOTO BH3HAYCHHS 3aJTUIITKOBUX
HaIpy>KeHb Ta neopmaliiil y 30Hi 3BapHuUX 3'€JHaHb, BUKOHaHUX 3TII, 3 MEeTOIO0 OIlIHKH
MILIHOCTI 3BapHUX 3’€IHaHb NPHU EKCIUTyaranii ab0 MPOTHO3YBAHHS 3arajibHUX
nedopmarliii BeMMKorabapuTHUX KOHCTPYKITIH 3 BETUKOIO KUTBKICTIO 3BapHUX 3’ €THAHD
3a METOJIOM (PYHKIIIT yCaJIKH.

6. Po3pobneHo maTemMaTHuHy MOJENb 1 PO3PAXYHKOBHHA alTOPUTM TS
OTEPAaTUBHOTO  PO3PAaXyHKOBOTO  BHM3HAYCHHS  3BaplOBAIbHUX  Jedopmariiit
BEJIMKOTA0APUTHUX UUJIHIPUYHUX OOOJOHOK 3 BEJIUKOK KUIBKICTIO KUIBLIEBUX 1
MO3JIOBXKHIX 3BapHUX 3'€qHaHb. J[JIS KOXKHOTO 3BapHOTO IIIBA HEOOXIJHO 3aJlaBaTH
OCHOBHI TapameTrpu (yHKIIT ycajku, a caMme IUacTU4yHi aedopmarlii ycajkud B

oceoBomy Il Ta oxpyxaomy I1 HAOpsIMKax. 3ajady po3B'A3YIOTh V 3arajibHid
2 BB Yy Yy y

TPUBUMIPHINA MOCTAHOBIII B MEXKax MPYXHOTO PO3B'SI3aHHS 1 0€3 MPUIYILEHHS MpO
TOHKOCTIHHI 000JIOHKH, TOOTO Aedopmarllii Ta Hampy>KEHHS 32 TOBITUHOI 0OOJOHKH
HE JIOPIBHIOIOTH HYJIIO, IO Ja€ 3MOTY BpaXOBYBATH JIOKAJIbHI 3BapIOBaJIbHI 3TMHAIBHI

nedopwmariii yepe3 HepiIBHOMIPHICTh 3BAPIOBAIBHOI YCAIKU 32 TOBIIMHOIO CTIHKHU.
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7. IlpoBenmeni Bepuikalis Ta Baiifalis po3poOJEHOr0 PO3PaXyHKOBOIO
ANTOPUTMY BHU3HAYCHHS AchopMalliii BEIUKOTAO0APUTHHUX HWIIHAPUIHUX OOO0JIOHOK
(D=3500 mm, L=3000 MM, ¢6=10wmm) 3i 3BapHUMH IIIBaMH IO3J0BXHBHOTO Ta
MONepeyHoro (KIJIbIIEBOr0) HAmpsIMKIB Ha OCHOBI HAONMKEHOro MeTony (yHKIIIl
yCaJK{ 3aCBIAYMIIH, 110 PO3POOJICHUN MIIX1A Ta€ 3MOTY 3 TIOCTATHHOIO 1HKEHEPHOIO
TOYHICTIO MPOTHO3YBaTH Jiehopmaliii BEIUKOTabapUTHUX HUTIHIPHUYHUX 00OJIOHOK 31
3BapHUMH IIIBAMU PI3HOTO HANpsIMKYy Ta posaTtamryBaHHsA. [Ipu 1bOoMy 1CTOTHO
CKOPOYYETHCSI YaC Ha PO3PaXyHOK, IO A€ 3MOTY BUKOHYBATH PO3PAaXyHKOBI OI[IHKU
nedopmariiii 115 BEIMKOrabapUTHUX MWJIIHIPUYHUX OOOJIOHOK 3 BEJIIMKOIO KUTBKICTIO
3BApHUX ILIBIB 3a KOPOTKUM yac. Ha 0CHOBI po3po0ieHUX pO3paxyHKOBHUX aJITOPUTMIB
pO3p00JIeHO MTpoTrpaMHe 3a0e3MeUYEHHS JIJIsl IHKEHEPHOT0 3aCTOCYBaHHS.

8. 3amponoHoBaHO e€()EeKTUBHI PO3PAaXyHKOBI MOJEII Ta aJITOPUTMHU Ha OCHOBI
M1X0/(1B TEPMOIUJIACTUYHOIO aHaII3y JJI1 OTPUMaHHA NapaMeTpiB (PYHKIIIT yCaaKH, IO
BIJIOBIJIAIOTh XapaKTEPHUM BHUIIaJIKaM 3BapIOBaHHS BEJIUKOra0ApUTHUX €MHOCTEH 3
QIIOMIHIEBOTO CILIaBy (MO3/I0BXKHI Ta KIJIbIEBl 3BapHi 3'eqHaHHs, ayrose TIG
3paproBanHs Ta 3TII).

9. Po3pobiieni MaTeMaThyHa MOJENb 1 PO3PaXyHKOBUM aJITOPUTM Ha OCHOBI
MeToay (PYHKIT ycaaKu MOXKYTh €()eKTUBHO BUKOPHUCTOBYBATUCH MPU TEXHOJIOTTUHIN
NIArOTOBLI BUTOTOBJIEHHS BEJIMKOradapUTHUX LWIIHIPUYHUX €MHOCTEH  JUIs
ONEpPaTUBHOIO MPOTHO3YBaHHS iX HaNpy>KeHO-Ae(OPMOBAHOTO CTaHy B IpoOILEci
MOHTa)XHOTO 3BaproBaHHs. [IpoBeneHe TOPIBHAHHA pPeE3yNbTaTiB MaTEMAaTHYHOTO
MOJICITIOBAHHS 3arajbHUX JeopMaliiil 3BaproBaHHS BETMKOTrabapUTHOT UITTHAPUIHOL
emuocTi (miamerp 3200 mmM, 3aranpHa gqoBxkuHa 6000 MM, TOBIIMHA CTIHKH 10 MM) 13
anmominieBoro cruiaBy 2219-T81 npu Bukopuctanui npouecy 3TII 1 myrosoro
3BapIOBaHHs IMMOKa3ajo, 1o BukopuctaHHs 3TII mpum MOHTa)XHOMY 3BaprOBaHHI
BEJIMKOrabapyuTHOT LIMJIIHAPUYHOI €EMHOCTI 13 aTIOMIHIEBOTO CIUIaBY JO3BOJISIE 3HAYHO

3HU3UTH PIBEHb 3AJTUIIKOBUX JePOopMalliil.

150



JIITEPATYPA:

1. Modelling torque and temperature in friction stir welding of aluminium alloys /
D.G. Andrade et al. International Journal of Mechanical Sciences. 2020. Vol. 182.
P.105725. DOI: https://doi.org/10.1016/j.ijmecsci.2020.105725

2. Arbitrary Lagrangian—Eulerian Methods / Jean Donea et al. Encyclopedia of
Computational Mechanics Second Edition. 2017. DOI: https://doi.org/10.1002/97811
19176817.ecm2009

3. Impact of Friction Stir Welding (FSW) Process Parameters on Thermal

Modeling and Heat Generation of Aluminum Alloy Joints / Saad B. Aziz et al. Acta
Metallurgical  Sinica  (English  Letters). 2016. Vol. 29. P. 869.
DOI: https://doi.org/10.1007/s40195-016-0466-2

4. Steady state thermomechanical modelling of friction stir welding / A. Bastier et
al. Science and Technology of Welding and Joining. 2006. Vol. 11. P. 278. DOI:
https://doi.org/10.1179/174329306X102093

5. A Semianalytical Thermal Model for Fiction Stir Welding / P. Ferro et al.
Metallurgical and Materials Transactions A. 2009. Vol. 41. P. 440
DOI: https://doi.org/10.1007/s11661-009-0104-y

6. Developing a Finite Element Model for Thermal Analysis of Friction Stir

Welding by Calculating Temperature Dependent Friction Coefficient / B. Meyghani et
al. 2nd International Conference on Mechanical, Manufacturing and Process Plant
Engineering. 2017. Lecture Notes in Mechanical Engineering. P. 107. DOI
10.1007/978-981-10-4232-4 9

7. MopnenupoBaHH€e TETIOBBIX MPOLIECCOB JIs YIYUILIEHUS CTPYKTYPbl METAJJIOB U
CIUTAaBOB METOJOM TpeHusi c mnepememmuBanuem / A.Jl. Maiictperko u ap.
Asmomamuuecxas ceapxa.2015. Ne 1. C. 5-14.

8. Formation of Nanostructures in the Weld Nugget Zone in Friction Stir Welding
of Mg-Al Alloys / Valery Kostin et al. IEEE 13th International Conference

151


https://www.sciencedirect.com/journal/international-journal-of-mechanical-sciences
https://doi.org/10.1016/j.ijmecsci.2020.105725
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119176817
https://onlinelibrary.wiley.com/doi/book/10.1002/9781119176817
https://doi.org/10.1002/9781119176817.ecm2009
https://doi.org/10.1002/9781119176817.ecm2009
https://doi.org/10.1007/s40195-016-0466-2
https://doi.org/10.1179/174329306X102093
https://doi.org/10.1007/s11661-009-0104-y

“Nanomaterials: Applications & Properties”. 2023 IEEE NAP-2023 Book of
abstracts. P.422.

9. Three-dimensional heat and material flow during friction stir welding of mild
steel / R. Nandan et al. Acta Materialia. 2007.Vol. 55. P. 883.
DOI: https://doi.org/10.1016/j.actamat.2006.09.009

10. Termoduzuka mexanndeckorr oopadboTku / Sxkumor A. B. u ap. Kues—Opecca:
JIn61ae, 1991. — 240 c.

11. Recent advances in friction stir welding — process, weldment structure and
properties / Nandan R et al. Progress in Materials Science. 2008. Vol. 53. P. 980.
DOI: https://doi.org/10.1016/].pmatsci.2008.05.001

12. Simulation of thermal behavior during friction stir welding process for predicting

residual stresses / Christian Dresbach et al. CEAS Aeronautical Journal. 2015. Vol. 6.
P. 271. DOI: https://doi.org/10.1007/s13272-014-0145-9

13. Analysis of transient temperature and residual thermal stresses in friction stir

welding of aluminum alloy 6061-T6 via numerical simulation / Mohammad Riahi et al.
The International Journal of Advanced Manufacturing Technology. 2010. Vol. 55.
P. 143. DOI: https://doi.org/10.1007/s00170-010-3038-z

14. Coupled Eulerian—Lagrangian prediction of thermal and residual stress

environments in dissimilar friction stir welding of aluminum alloys / Kareem N.
Salloomi et al. Journal of Advanced Joining Processes. 2021. Vol.3. P. 100052.
DOI: https://doi.org/10.1016/j.jajp.2021.100052

15. Multi-Material Arbitrary Lagrangian-Eulerian and Coupled Eulerian-Lagrangian

methods for large deformation geotechnical problems / M. Bakroon et al. Numerical
Methods in Geotechnical Engineering IX. 2018. Chair of Soil Mechanics and
Geotechnical Engineering, Technische Universitét Berlin, Berlin, Germany

16. Numerical determination of residual stress in friction stir weld using 3D-

analytical model of stir zone / Rajesh S.R. et al. Journal of Materials Processing

152


https://doi.org/10.1016/j.actamat.2006.09.009
https://doi.org/10.1016/j.pmatsci.2008.05.001
https://doi.org/10.1007/s13272-014-0145-9
https://doi.org/10.1007/s00170-010-3038-z
https://doi.org/10.1016/j.jajp.2021.100052

Technology. 2007. Vol. 187/188. P. 224. DOIl:https://doi.org/10.1016/].jmatprotec.200
6.11.205

17. TepmomexaHi4H1 TPOIECH Y 30HAX CTHUKOBHUX 3’€/IHAHb 3BapIOBaHHS TEPTAM 3
IepeMilllyBaHHSIM TOHKHX JIMCTIB MarHieBoro ciutapy / M.A. XoxjoB Ta iH.
Aemomamuune 3saprosanns. 2024. Ne3. C. 3. DOI: 10.37434/as2024.03.01

18. Relationship between Microstructure, Residual Stress and Thermal Aspect in
Friction Stir Welding of Aluminum AA1050 / Saoussan EI Mouhri et al. Procedia
Manufacturing. 2019. Vol. 32. P. 889. DOI: https://doi.org/10.1016/j.promfg.2019.02.
299

19. Out-of-plane distortion prediction of large thinwalled structures induced by

friction stir welding / Haidong Yu et. al. Science and Technology of Welding and
Joining. 2020. Vol. 25. P. 45. DOI: https://doi.org/10.1080/13621718.2019.1610603

20. Temperature distribution and residual stress in Friction Stir Welding process /
Smrity Choudhury et al. Materialstoday: Proceedings. 2020. Vol. 26. P. 2296. DOI:
https://doi.org/10.1016/j.matpr.2020.02.496

21. Study on residual stress distribution of 2024-T3 and 7075-T6 aluminum
dissimilar friction stir welded joints / Yanning Guoa et al. Engineering Failure
Analysis. 2020. Vol. 118. P. 104911. DOI: https://doi.org/10.1016/j.engfailanal.2020.
104911

22. Comparative Studies of the Properties of Heat-Treated Welded Joints of AA2219
Alloy / L. I. Nyrkova et al. Metallofiz. Noveishie Tekhnol. 2023. Vol. 45. P. 615.
DOI: 10.15407/mfint.45.05.0615

23. Structure and mechanical properties of 2219-t87 aluminium alloy joints

produced by flash butt welding / S.I. Kuchuk-Yatsenko et al. The Paton Welding
Journal, 2021. Vol. 8. P. 27. DOI: https://doi.org/10.37434/tpwj2021.08.06

24. Finite Element Prediction of Residual Stress and Deformation Induced by
Double-Pass TIG Welding of Al 2219 Plate / Abdulrahaman Shuaibu Ahmad et al.
Materials. 2019. Vol. 12. P. 2251. DOI: https://doi.org/10.3390/mal12142251

153


https://doi.org/10.1016/j.jmatprotec.2006.11.205
https://doi.org/10.1016/j.jmatprotec.2006.11.205
https://doi.org/10.1016/j.promfg.2019.02.299
https://doi.org/10.1016/j.promfg.2019.02.299
https://journals.sagepub.com/home/STW
https://journals.sagepub.com/home/STW
https://doi.org/10.1080/13621718.2019.1610603
https://doi.org/10.1016/j.matpr.2020.02.496
https://doi.org/10.1016/j.engfailanal.2020.104911
https://doi.org/10.1016/j.engfailanal.2020.104911
https://doi.org/10.37434/tpwj2021.08.06
https://doi.org/10.3390/ma12142251

25. Segregation in fusion weld of 2219 aluminum alloy and its influence on
mechanical properties of weld / Quan Li et al. Transactions of Nonferrous Metals
Society of China. 2017. Vol. 27. P. 258. DOI: https://doi.org/10.1016/S1003-
6326(17)60030-X

26. JMatPro® — mnporpammHoe obecriedeHue s MOJETUPOBAHUS IIHPOKOTO
CIICKTpa CBOMCTB MHOTOKOMIIOHEHTHBIX CTaJICH U CIIJIAaBOB

27. ASM Specialty Handbook: Aluminum and Aluminum Alloys / J.R. Davis. ASM
International. 1993. ISBN 978-087170-496-2.

28. VimoBipHicHi MeTonu B Mexanini / O. C. Iu6enko Ta in. Cymcokuil deporcashuii
yuisepcumem. 2013. 240 c.

29. The effect of TIG welding techniques on microstructure, properties and porosity
of the welded joint of 2219 aluminum alloy / H. Li et al. Journal of Alloys and
Compounds. 2017. Vol. 727. P. 531. DOI: https://doi.org/10.1016/j.jallcom.2017.08.1
57

30. Effects of pre-deformation on the microstructures and corrosion behavior of 2219

aluminum alloys / Y. Lu et al. Materials Science and Engineering: A. 2018. Vol. 723.
P. 204. DOI: https://doi.org/10.1016/j.msea.2018.03.041

31. 3anumkoBi HANPYKEHb MPHU 3BAPIOBaHHI TEPTSAM 3 TIEPEMIITYBaHHSIM TIACTHH 3
TEPMO3MIITHEHOTO amoMiHieBoro crutaBy / Maxuenko O. B. Tta iH. Texwiuua
Oiaenocmuxka i Hepyunienuil konmponaw. 2024. Ne3. C. 17. DOI: https://doi.org/10.3743
4/tdnk2024.03.03

32. Mechanical properties and structural features of butt joints produced at FSW of

aluminium alloys of different alloying systems / A.G. Poklyatskyi et al. The Paton
Welding Jornal. 2023 Ne04. P.3. DOI: https://doi.org/10.37434/tpwj2023.04.01

33. DKcrnepuMeHTaJIbHBIC METObl HCCIICAOBaHUSA AehopMaluii ¥ HampsokeHud /

Kacarkun b. C. u ap. Haykosa dymka. 1981. Kues. 584 c.

154


https://doi.org/10.1016/S1003-6326(17)60030-X
https://doi.org/10.1016/S1003-6326(17)60030-X
https://doi.org/10.1016/j.jallcom.2017.08.157
https://doi.org/10.1016/j.jallcom.2017.08.157
https://doi.org/10.1016/j.msea.2018.03.041
https://doi.org/10.37434/tdnk2024.03.03
https://doi.org/10.37434/tdnk2024.03.03
https://doi.org/10.37434/tpwj2023.04.01

34. Express control of quality and stressed state of welded structures using methods
of electron shearography and speckle-interferometry / Lobanov L.M. et al. The Paton
Welding Journal. 2005. Ne 08. P. 35.

35. Technology and Equipment for Determination of Residual Stresses in Welded
Structures based on the Application of Electron Speckle-Interferometry / L. Lobanov
et al. Materials Science Forum. 2013. Vol. 768/769. P. 166. DOI: https://doi.org/10.4
028/www.scientific.net/MSF.768-769.166

36. Po3poOka MareMaTWYHOiI MOJENiI BHU3HAYCHHS 3aJUIIKOBHX HAMpPY>KEHb 1
nedopmarliii mpu 3BaplOBaHHI TEPTSAM 3 MEPEMINIyBaHHSIM aJFOMIHIEBOTO CIUIABY /
[Hapuk b.P. ta in. Aémomamuune 3saprosanns. 2022. Ne 9. C. 37. DOI: https://doi.org/
10.37434/as2022.09.07

37. Development of a mathematical model for prediction residual stresses and strains

at FSW / Tsaryk B. Conference proceedings «Young professional international
conference on welding and related technologies».2021. Kyiv. P. 31.

38. KomOuHHMpOBaHHOE MPUMEHEHHE METOJIa TEPMOIUIACTUYHOCTH M MeToja
GYyHKIMA YCaaKH I M3YYEeHHS Ipollecca TETUIOBON TMPaBKH CyIOCTPOUTEITHHBIX
naneneri / Maxuenko O.B.  Mamemamuuni  memoou ma  hizuko-mexaniumi
nons. 2008. Tom. 51, Ne 4. C. 193.

39. Three-dimensional heat and material flow during friction stir welding of mild
steel / Nandan R. et al. Acta Materialia. 2007. Vol. 55. P. 883. DOI: https://doi.org/10
.1016/j.actamat.2006.09.009

40. Cpapka TpeHHEM C IEepeMelIMBaHHEM aTroMHHHEBBIX ciiaBoB (O630p) /
Nenko A . u np. Aémomamuueckas ceapka. 2007. Ne 11. C. 32

41. PacueTHbIC METOJbBI HCCICAOBAHUS KHHETUKHA CBApOYHBIX HAMPSDKEHUH U
nedopmanuii / Maxuenko B.U. Haykosa dymka. 1976. Kues. 320 c.

42. KoMmmploTepHOE MOJCIMPOBAHUE TEIJIOBBIX MPOIIECCOB MPU TYyTrOBOWM CBapKe
TOJICTOCTCHHBIX KOHCTPYKIMHU uX amromuHueBbIX cruiaBoB / C.A. Kopones u ap. 2020

U3zeecmus svicuuux yuebnwix 3agedenuii. Mawunocmpoenue, Ne8. C.725.

155


https://doi.org/10.4028/www.scientific.net/MSF.768-769.166
https://doi.org/10.4028/www.scientific.net/MSF.768-769.166
https://doi.org/10.37434/as2022.09.07
https://doi.org/10.37434/as2022.09.07
https://doi.org/10.1016/j.actamat.2006.09.009
https://doi.org/10.1016/j.actamat.2006.09.009

43. AnroMuHHEBBIC CILIaBblI (COCTaB, CBOMCTBA, TEXHOJIOrUs, mpuMeHenue) / B.M.
beneuxuii u np. Komunmex .2005. Kues. 365 c.

44. 3anumkoBl HANpPyXXEHHS B 3BapHUX 3 €JHAHHSX, BUKOHAHUX 3BApPIOBAHHSIM
TepTam 3 nepemimnyBanasm / Lapuk B.P. Ilpobremu miynocmi. 2024. Ne5. C.133.

45. BpaxyBaHHS pO3MIIHEHHS MaTtepially MpH pPO3PaXyHKOBOMY BH3HA4YCHHI
3aJIMITKOBUX HANpYyXXeHb IPH 3BapIOBaHHI allfoMiHieBoro cruiaBy 2219-T81 /
Maxnenko O.B., Hapux b.P. Mamepiam XIV mixcn. Hayk.-npakm. KoHd.
«Komnnexcne 3abe3neuenns axocmi mexuono2iunux npoyecie ma cucmemy. 2024.
M. YepHiris, Tom 2, crop.110-111.

46. 3anumKoBl HAMpPYXEHHS B 3BAPHUX 3’ €JIHAHHSX, 1110 BUKOHAHI 3BapOBAHHAM
TepTsaM 3 nepeminryBanssM / Hapuk B.P. 1 inmn. Mamepianu mioch. xong. Innosayiiini
mexHo102ii ma indxcunipune y 3eapiosanni PolyWeld. 2023. C. 18.

47. Mathematical modeling of overall distortions at welding of large-sized vessels
of aluminum alloys / B. R. Tsaryk. et al. Automatic Welding. 2024. No4. P.47
DOI: https://doi.org/10.37434/as2024.04.06

48. Po3paxyHKOBE MPOTHO3YBAaHHS 3aJHINKOBUX JedopMallii mpu 3BaproBaHHI
BEJIMKOrabapuTHUX €eMHOCTEH 3 amoMiHieBoro criaBy / Maxuenko O.B., Ilapuk B.P.
Mamepianu 1-i  Mixcuapoonoi  naykogo-mexniunoi koHugepenyii  «lIpuxnaona
mexanikay 2024. Tepuomine. C. 141.

49. Kypc teopun ynpyroctu / Tumomenko C.I1. Haykoea [{ymxa. 1972. Kues.
501 c.

50. Numerical Methods for the Predictions of Welding Stresses and Distortions.
Makhnenko V.., Velikoivanenko E.A., Pochinok V.E., Makhnenko O.V.,
Rozynka G.Ph., Pivtorak N.l. Welding and Surfacing Reviews, 1999, Vol. 13, Part 1,
pp. 1-146 (ISSN: 1073-4511, ISBN: 90-5823-041-4).

156


https://conference-chernihiv-polytechnik.com/
https://doi.org/10.37434/as2024.04.06

