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AHOTAIIS

BbopoBuk f.B. Po3pobka 1 1ocnikeHHs JOBIOMIPHOi 3BapHOi KOHCTPYKIIT
MIEPETBOPIOBAHOTO 00’ €My KOCMIYHOTO arapaTtoOyayBaHHS.

Hucepraitiss Ha 3700yTTS HAyKOBOTO CTymHeHs JokTtopa ¢utocodii 3a
crieniabHIicTIO 132 Marepiano3HaBcTBO. — [HCTUTYT eniekTpo3BaproBanHs M. €.0.
[Tarona HAH VYkpainu, Kuis — 2024.

Hucepraiisi  npucBiueHa po3poOili Ta  BUTOTOBJICHHIO  METaJIeBOi
KOHCTpYyKLIi neperBoproBaHoro 06’emy (KIIO) kocmiuHOTO mNpu3HAYEHHS 3
KOHIYHUX CEKI[il, MEeXaHIYHl XapaKTEPUCTUKU SIKOi MOKJIMBO IMPOTHO3YBaTH Ha
eTarnl il CTBOPEHHS 3 YpaXyBaHHSAM BIUIMBY (DaKTOpIB arpeCUBHOIO CEpeoBUIIA B
YMOBax eKcIuTyatanii. BHKOHaHO BU3HAYEHHS KOHCTPYKTHBHOI CXEMH, sKa
BINOBIIa€  HaMKpalloMy IO€JHAHHIO MacoBO-Ta0ApUTHUX XapaKTEPUCTHK,
BHCOKOI KOMIAKTHOCTI Ta CTIMKOCTI MiJ] JI€I0 €KCIUTyaTallliiHUX HaBaHTaXEHb Ta
(bakTopiB KOCMIYHOTO MPOCTOpPY. BH3HAYEHO ONTHUMAasbHI CIIBBITHOIICHHS
reoOMEeTpUYHUX MapameTpiB KoHiyHuX cekuid KIIO, Bkiroyaroum iX TOBHIMHY 1
mapaMeTpy  KUTBLIEBHX CKJIQJ0K, IO YTBOPIOIOTBCS TPU  KOMIIAKTHOMY
MEPETBOPEHHI, MpPH SKUX OOOJIOHKAa KOHCTPYKIIi OOpaHOro Marepiaily Mae
HalOUIbILY CTIMKICTh MiA [I€I0 XapaKTepHUX (PEriaMeHTOBAHMX) 3OBHIIIHIX
HaBaHTaXeHb. [IpoBeneHO MOPIBHSUIBHUM aHaji3 CKIHUEHO-EJIEMEHTHUX MOjelen
pO3KpUTTS cyuiibHO3BapHUX cekiii KIIO 3 piBHOIO BUXIIHOIO TE€OMETPIEI0 Ta
TOBIIMHOIO TIPU PI3HIA KIIBKOCTI CKJIQJOK Ta pIi3HIA KOMIIAKTHOCTI, IO B
CYKYNMHOCTI 3 BepU(IKAIlE€0 OTPUMAHUX pe3yJbTaTiB MIJISXOM HATYPHOTO
EKCTIIEPUMEHTY JI03BOJIJIO OTpUMATH OO €KTHUBHI JaHl MO0 JIOKAJIBHOI BTPATH
CTIMKOCTI TOHKHUX TNEPETBOPIOBAHMX OOOJOHOK B HECTAI[IOHAPHOMY CTaHI.
[TokazaHo, 1m0 3a0e3MEUeHHs CTaJOTO MPOIECY PO3KPUTTSA 31 30€peKCHHIM
PEeryJISIPHOCTI PYXOMOi TOBEPXHI OOOJIOHKH MOMJIMBO 3a YMOB JOTPUMaHHS
BIJIOBIAHOCTI KPOKY 1i KUTBLIEBOI 3TOPTKH /10 Jiana3ony y 26...29 TOBIIKMH MeTalty

000JIOHKHU.



JlochipKeHO BIUIMB alNTOPUTMIB MIKPOILJIa3MOBOTO 3BaplOBaHHSI Ta iX
napaMeTpiB Ha KiHieBi MexaHiuHi BractuBocTi KIIO, a Takox BiampansoBaHO Ta
CUCTEMATHU30BaHO PEXHUMH 3BapIOBAHHS €KCTPEMAJIBHO 1e(OPMOBAHUX 3’ €IHAHb
neperBoproBanux cekuid KI1O 3 BucokoneroBanoi ayCTeHITHOI cTaji (OIBIOBOTO
KJIaCcy TOBIIUH. 3alpolOHOBAaHO METOAMKHM KUIBKICHOI OLIHKM HPeUu31MHUX
napaMeTpiB 3BaprOBaHHS y MOBTOPIOBAHUX LMKIAX CKIAJAaHHS CYLIJIbHO3BapHOI
KTIO nepioguunoro mpodinro. [IpogeMoHCTpOBaHO MOXKIHUBICTH Ta €PEKTUBHICTh
INOTOYHOTI'O KOPUT'YBAHHS MapaMeTpiB 3BAPIOBAILHOIO IPOLIECY 3a pe3ybTaTaMu
eKCIIPEC-OI[IHKK CTPYKTYPHO-()a30BOr0 CTaHy 3BapHOTO 3 €IHAHHS METOJaMH
HEPYWHIBHOTO KOHTPOJIIO.

PeanizoBaHO  METOAMKY MpPOTHO3YBAaHHSA  JKOPCTKICHUX  IapaMeTpiB
Oararocekuiitnoi  KIIO  pgoBxkuHOO 3  MeTpU LUISIXOM  PO3PaxXyHKOBO-
eKCIEPUMEHTAIbHOIO MOJAJIbHOIO aHajdi3y JOBrOMIPHOI OOOJIOHKM B CTaHi
PO3KPUTTS 13 BUX1ITHUMU JAHUMHU, IOTIEPEAHBO OTPUMAHUMH METO/I0M YHUCEIBHOTO
aHanizy. BUKOHaHO MOJIETIOBaHHSI TOYHUX T€OMETPUYHUX MapaMEeTpPiB PO3KPUTOI
KIIO micng 3HATTA BHYTPIIIHBOIO THUCKY (OPMOINEPETBOPEHHS ISl YCYHEHHS
BIPOT1IHOCTI BHHUKHEHHS PE30HAHCHHUX YacCTOT KOJIMBAHb B EKCIUTyaTalliHUX

YMOBAX.

KitouoBi cioBa: po3KkpuBHI KOHCTPYKIIi; HaAYBHI KOHCTPYKIIIi; PO3KPUBHI
000JI0OHKH; CAaMOHECH1 000JIOHKH; CKJIaJH1 000JIOHKH; 3BapHi 3’ €HAHHS, MIITHICTb,
MaTeMaTUYHE MOJICITIOBAHHS, 3BapIOBAaHHS, MIKPOIUIa3MOBE 3BapIOBaHHS, TOHKI
MeTalieBi  OOOJOHKM, IMIYJbCHE 3BapIOBaHHS, MEXaHIYHI  BJIACTHUBOCTI,

MIKPOCTPYKTYpa.



ABSTRACT

Borovyk, Y.V. Development and Investigation of a Longitudinal Welded
Structure of Transformable Volume for Space Apparatus Construction, Methods

for its Strength and Stability Calculations.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in
the specialty 132 Materials Science. - E.O. Paton Paton Electric Welding Institute
of the National Academy of Sciences of Ukraine, Kyiv, 2024.

The dissertation is devoted to the development and fabrication of a metallic
transformable-volume structure (TVS) for space applications, consisting of conical
sections, with mechanical characteristics that can be predicted at the stage of its
creation, taking into account the aggressive operating environment. The
determination of the structural scheme, which corresponds to the best combination
of dimensional characteristics, high compactness, and stability under the influence
of operational loads and space factors, has been carried out. Optimal ratios of
geometric parameters of the conical sections of the TVS, including their thickness
and parameters of circular folds formed during compact transformation, have been
determined, ensuring the highest stability of the selected material shell under
external loads. A comparison of finite element models of welded section unfolding
with the same initial geometry and thickness but with different numbers of folds

and compactness has been conducted.

The influence of microplasma welding and its characteristics on the final
mechanical properties of the TVS, as well as the developed welding regimes for
sections of the TVS made of stainless steel with a thickness of 0.3 mm, has been
investigated. The TVS requires precise assembly conditions before welding, and
only under these conditions is it possible to approximate the necessary mechanical
characteristics of the weld to those of the base metal. The optimal parameter of the
natural frequency of the 3-meter-long TVS, determined by modal analysis, has

been confirmed to ensure the physical and mechanical characteristics that prevent



resonance frequency vibrations during operation, thereby maintaining the useful

load.

Key words: deployable structure, inflatable structures, deployable booms,
load-carrying shells, foldable shells, strength; mathematical modeling, welding,
welded joints, microplasma welding, thin metal shells, pulsed welding, Mechanical

Properties, microstructure.
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BCTYII

CrtpiMKe 3pOCTaHHS TEMIIIB OCBO€HHS KOCMIYHOTO TPOCTOPY BHUMArae
MOCTIHHOTO BHUPIMIEHHS] NPOTUPIUYS MK 3pOCTAlOUUM 00’€MOM KOPHCHOTO
HABAaHTAKECHHSA 3aCO0IB JIOCTAaBKM Ta iX BJIACHOI BAHTAXKHOIO CIPOMOKHICTIO.
KinbkicTh 3amyckiB HOCIiB Ta 3arajbHa Maca iX KOPHUCHOTO HABAHTAXKECHHA 3a
OCTaHHI1 JeCATUpIUYS 30UTBIIMIIMCS y OuIbllle HiK 2,5 pa3u - 13 387 3amyckiB y
2010 pori go 1006 y 2020 [1], i mepeBakHa O1LIBIIICTh KOCMiUHUX amapaTiB (KA) €
000JJOHKOBHUMH KOHCTPYKITISIMH, III0 3YMOBJICHO HEOOXITHICTIO MiATPUMAaHHS B
00MEKEHOMY MPOCTOPI TEXHOJIOTIYHUX Ta KUTIOBUX MOAYIIB XapaKTEPHUX YMOB
3eMHOro cepeioBuiia. Huzbke NUTOME CIIBBIAHOIIEHHd Macu Ta 00’eMy
000JIOHKOBUX KOHCTPYKIIIA CTUMYIIO€ TTOCTIHHUMN MOIIYK TEXHOJIOTTYHUX PIIICHb
IIOJI0 IX KOMIIAKTHOTI'O CKJIQJAaHHS ITJ Yac JOCTaBKH HOCIEM, SIKI Ha CHOT'OJHI
MalTh OOMEXeHYy €(QEeKTHBHICTh 3 MPUYUHU KOPCTKHUX BHUMOT JO HECHOI
CIIPOMOYKHOCTI, CTIMKOCTI Ta MIUTBHOCTI CKJIaJlaHOT OOOJIOHKH MICII PO3KPUTTS y
BaKyyMl KOCMIYHOIO npocTtopy. OTxke, JuHaMIYHaA 3MiHA TEXHOJIOTIYHOI KapTHHH
3aCTOCOBYBAaHUX MaTepialiiB Ta METOJIB KOMIIAKTHOTO TEPETBOPEHHS BHUMArae
aKTyaJbHOTO aHali3y iX IMepeBar Ta HENOJIKIB, pPe3yJbTaTOM SIKOTO Ma€ CTaTH
YHIBEpCAIbHUHN Ta MPUNWHATHUN ISl OLITBIIOCTI ICHYIOUHX 3a7a4 METOJ MO0YI0BU

KOPCTKHUX MEPETBOPIOBAHUX OOOJIOHOK.

AKTyaJIbHICTh BHKOHYBaHOi pOOOTH 3yMOBJIEHA ICHYBaHHSM HOBOL
npoOsieMaTuk y cdepi CTBOPEHHS HECHUX PO3KPUBHUX CHOPYA KOCMIYHOTO
MpU3HAYEHHS, 3JaTHUX  TOE€JHYBAaTH  MacorabaputHy  €QEeKTUBHICTh 13

JIOBrOTPUBAJIOIO CTIMKICTIO 10 arPECMBHUX 30BHIMIHIX (haKTOPIB.

MeTa po0OTH: CTBOPEHHS IOBrOMIpHOT KOHCTPYKIli TEPETBOPIOBAHOTO
00’eMy 13 3a0e3MEUeHHSAM 33JaHUX TEOMETPUYHUX TapaMmeTpiB, BaKyyMHOI
NIUTHBHOCTI TICIS MPOXOHKEHHS MeopMaIliiHuX MUKITIB Ta HECYUOl 3JaTHOCTI i

ni€ro (pakTopiB KOCMIYHOTO MMPOCTOPY.

00'exTOM H0C/IIKEHb € CAMOHECHI KOHCTPYKIIi1 IEPETBOPIOBAHOTO 00’ €My

KOCMIYHOTO IPU3HAYEHHS



IIpenmer pgocCHiIzKeHb — TEXHOJIOTIYHI TPOLECH BUTOTOBIEHHS 1
JOCTIPKEHHSI eKCIUTyaTalllfHUX BJIACTUBOCTEW JTOBIOMIPHOi 3BapHOI KOHCTPYKIIT

NIEPETBOPIOBAHOTO 00’ €MY.

Imes  gocmigkKeHbp MONATa€E y  BU3HAUEGHHI  B3a€EMO3B’SI3KY  MiXK
T€OMETPUYHUMU MapaMeTpamMu 1 KoediieHToM TpaHcdopmartii gosromipaoi KI1O

3 HECHOIO 3JIATHICTIO 1 HEOOX1THOIO YaCTOTOKO Ti BIIACHUX KOJIWMBAaHb.

OTpumaHHSI CAaMOHECHUX BJIACTUBOCTEH PO3KPUBHUX KOHCTPYKIIM € METOIO
MepeBaXHOi OUTBIIOCTI  BIAOMHMX TMPOEKTIB, 3a BHUHATKOM BHITQJKIB iX
TE€XHOJIOTIYHOTO 3aCTOCYBAHHS y SKOCTI TOBEpPXOHb BIAOUTTA 1 T.aH. Y
JOCITIJIKYBAaHOMY KJIaCl KOHCTPYKIIIHM >KOPCTKICTh Y poOOYOMY CTaHI HE BHMarae
3aCTOCYBaHHS JIOAATKOBUX TEXHOJOTINA IS ii OJep)KaHHS Ta MIATPUMAHHS, aje
3aJIEKUTH B1Jl CTYIIEHIO PO3KPUTTS Ta 30UIBLIYETHCS 13 HOTO 3pOCTaHHSIM. 3 1HIIIOTO
OOKy, aKTyaJbHOIO Ta OCTaTOYHO HE BHUPIIICHOI MPOOJIIEMOI0 B Cy4YacHIH
AaepOKOCMIUHIA TEXHIIl € TOYHICTh BIATBOPEHHS T'€OMETPUYHHUX MapaMeTpiB
PO3KPUBHHUX KOHCTPYKIIIH 000710HKOBOTO THITy. OTKE, B pOOOTI JOCIIIKYETHCS K
CIOJIyUEHHSI JOCTAaTHIX CTYINEHIO TpaHcdopmallii Ta BIAMOBIIHOT HOMY
JKOPCTKOCTI, TaK 1 BIUIMB MPYXHO-IJIJACTUYHUX BJIACTUBOCTEH MarepialiB
00O0JIOHKH Ha MPENU3INHICTD il MepeTBOPEHHS Ha MEX1 3aCTOCYBaHHS 30BHIIITHHOTO

JoKeperia eHeprii JJ1s 1HIIIFOBaHHS PO3KPUTTSL.

HaykoBa HoOBHM3Ha pOOOTH TMOJSTa€ y CYKYINHOCTI KOHCTPYKTHUBHO-
TEXHOJIOTIYHUX pIIIEHb, HAMPaBICHUX HA CTBOPEHHS JOBIOMIPHOI 3BapHOI
KOHCTpYKIIi mneperBoptoBaHoro 060’emy (KIIO) kocmiuHOro mnpu3Ha4YeHHS, Y
pPO3pOONEHUX TEXHOJOTISIX 3BaproBaHHA, (OPMOTBOpPEHHs Ta Bepudikalii
EKCIIEPUMEHTAJILHUMHU OIlIHKAMU PE3YJIbTaTiB MAaTeMaTHYHOTO MO/IEIIOBAHHS
HamnpyXeHO-1e(pOpMOBaHUX CTaHIB 1 dYacTOoT BiacHuX konuBaHb KIIO, o
3a0e3mneuyroTh ii HeoOX1JHYy Hecydy 3AaTHICTh 1 MacoBO-TabapuTHI MapaMmeTpH,
BHUCOKY MIIIHICTh 1 BAKYYMHY HIUTHHICTH 3BapHUX 3’ €THAHb.

PoGoTa cdokycoBaHa Ha po3poOIll AIrOPUTMY BIATBOPEHHS 1 CIOJYyUYECHHS

r€OMETPUYHUX Ta MEXaHIYHUX BIIACTMBOCTEM PO3KPUBHOI KOHCTPYKIII ¥y
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poOouoMy CTaHi, a TaKOX MPOrHO3YBaHHI JA€(PEKTOYTBOPEHHS EKCTpEeMalIbHO
neopMoBaHMX  3BapHHX  3'€qHAaHb  (OJBrOBUX  METAJICBUX  MarepiajiB
Oe3nocepeIHbO Y TMPOIecl 3BapIOBaHHSA, 0 3a0e3nedye iX BaKyyMHY IIUTBHICTD
micist aeopManiiHuX HUKIIB. JlocTaTHS KOPCTKICTh MEPETBOPIOBAHOT OOOIOHKU
KOHCTPYKIIT MICJsI PO3KPUTTSI BU3HAUAE CAMOHECHY 3JaTHICTh, AKa € ii 0a30BOIO
GbyHKITIOHATBHOIO BiacTUBICTIO. OpHAK, OYJb-AKl 3 BIHOMHUX METOIIB OTPUMAHHS
KIHIIEBOi HECHOI CIIPOMOYKHOCTI MOPOKYIOTh HEBU3HAYEHICTh y CIIBBIJHOLICHHI
’KOPCTKOCTI OOOJIOHKM Ta i TOYHUX T'€OMETPUYHHUX MapameTpiB, MPUHIUIIOBO
BAKJIMBUX JIJI1 KOCMIYHOTO anapatoOyayBaHHs. KpiM TOro, CTBOpEHHsI pO3KpUBHOI
Ta TEXHOJIOT14HI (haKTOpH, BIATBOPEHHS SIKUX B €KCIUTyaTalllifHUX yMOBaX BKpai
YCKJIaAHEHO a00 HEMOKJIMBO. Hall01p1 XxapakTepHUM MPUKIIAIOM € BiATBOPEHHS
3aJJaHUX BJIACTUBOCTEH HEPO3 €MHHMX 3 €IHAaHb, IO 3a3HAIOTh EKCTPEMaJIbHUX
nedopMyBaHb SIK CKJIa10Ba PO3KPUBHOI 000JIOHKH.

IIpakTHyHe 3HAYEHHS] OTPUMAHUX Pe3yJIbTATIB.

TeopeTnyHi Ta eKCIEPUMEHTANIbHI JOCIIHKEHHS, sIKI OyJIM BUKOHAHI B XO1
pobOoTH, MOXYTb OYTH 3aCTOCOBaHI TMPU CTBOPEHHI BEJIMKOTa0ApPUTHHUX
CaMOHECHUX OOOJIOHOK MEPETBOPIOBAHOTO 00’€My, sIKI MOXKHA OyZie BUKOPUCTATH
y HIMPOKOMY CIIEKTp1 3a/1a4 MO0 CTBOPEHHIO BUCYBHUX Ta MOJYJIbHUX KOHCTPYKIIN
y cdepi xocmiuHoro amapatoOyayBaHHs. Po3poOitoBaHa KOHCTPYKINSL Mae
BU3HAUCHE MPAKTUYHE 3aCTOCYBaHHS Ta MpHU3HAYCHA I ampodarii B peasbHUX
eKcIUTyaTamiiHux ymoBax. [Ipu BUKOHaHHI POOOTH PO3POOJIEHO METOAUKY
TOYHOTO  MPOTHO3YBAHHA  CIONYyYEHHS  TEOMETPUYHMX Ta  MEXaHIYHUX
BJIACTUBOCTEH TIEPETBOPIOBAHOI KOHCTPYKLII TICIAsS TMOBHOIO PO3KPUTTS Y
poOoYOMy CTaHi, a TAKOXK MPAKTUYHI PEKOMEHJAIlli M0 BUKOHAHHIO PIBHOMIITHUX
3BapHUX 3’€JHaHb OOOJIOHOK, W0 30epiraloTb T'E€PMETHUYHICTb pu
eKCTpeMalbHOMY JeOpMyBaHHI Ta TOJAIbIIIA eKCIulyaTalii B yMOBax

arpecUBHOTO CEPEOBUIIA KOCMIYHOTO MPOCTOPY.
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Pesynbrat TEOpETHYHUX Ta EKCHEPUMEHTAIBHHUX IOCIIKEHb, SIKi Oyin
OTpUMaHI B POILEC] BUKOHAHHS pOOOTH, MOKYTh OyTH 3aCTOCOBAHI IIPU CTBOPEHHI
CaMOHECHHX 000JI0HOK MIePETBOPIOBAHOTO 00’eMy, K1 OyIyTh
BUKOPUCTOBYBATUCh Y KOCMIYHOMY anaparoOyayBaHH1, 30kpeMa y npoekrtax Kb

«IliBnenne im M.K. SAurensa»
Oco0ucruii BHeCOK 3100yBaya.

ABTOpPOM pO3pOOJICHO QJITrOPUTM BIATBOPEHHS KIHIIEBUX MEXaHIYHHUX
BJIACTMBOCTEH Ta T€OMETPUYHHX MapaMeTpiB JOBrOMIPHOT PO3KPUBHOI CAaMOHECHOT
KOHCTPYKIIli, METOAWKY NPOTHO3YBaHHS JAEPEKTOYTBOPEHHS EKCTPEMaTbHO
neopMoBaHMX  3BapHMX 3'¢qHaHb  (OJBrOBUX  METAJICBUX  MaTepiajiB
0e3Mocepe/IHbO y MpOIEeCl 3BaprOBaHHS, 110 3a0e3reuye HEoOXIAHY BaKyyMHY

HIUTBHICTh 3BAPHUX 3’ €IHAHDB MICIIS MPOXOIKEHHS 1ePOpMalIiHUX UKIIIB.
Anpobauisi pe3yJabTaTiB AUCEePTAILil.

PesynpraTn nucepraniitHoi poOOTH JIOMOBiIaNMCS 1 OOrOBOpIOBANMCS Ha
The 75th 1HIW Annual Assembly and International Conference (Tokyo,
Japan,2022).

3B’5130Kk poOOTH 3 HAYKOBHUMH MpOTrpaMaMi, IUIaHAMH, TEMaMH MiATBEPIKYE ii
aKTyasnbHICTh. OCHOBHI pe3yJbTaTH IUCEPTAIIHOI pOOOTH aBTOpP OTPHUMAB SIK

BUKOHABEI[h HAYKOBO-IOCTITHUX POOIT 3T1HO 3:

- Indpactpykrypri nporpamu «lIporpama HaykoBOro mpuiago0yIyBaHHS
HAH Vxkpaian» y 2020-2022 p. 3a temoro «Po3pobka TpUBUMIPHOTO METOIY
nr(ppoBOI KOpesLii 300paxkeHb AJid O€3KOHTAKTHOIO BUMIPIOBAHHS MEPEMILIEHBb
BEJIMKOra0ApUTHUX HWIIHAPUYHUX 00’ €KTIB». Jlep:KaBHUI peecTpalliiHuii HoMep
pob6otu 0120U102483. Homep Temu 3rimno many IE3 im. €.0. ITatrona HAH
Vkpainu: 1.6.2.8.9. (8/9). Bukonyetbcs 3a posnopsypkeHHsM I[Ipesunii HAH
VYxpainu Big 10.02.2021 Ne 82 mor. Ne 5-751-2021 Big 11.02.2021.
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- Bigomua, Bimomue 3amoBiennst HAH Vkpainu y 2019-2021 p. 3a temoro
«Po3poOka Ta mOCHIIKEHHS TEXHOJOTIM 1 YCTaTKyBaHHS MJisi 3BapIOBAHHS
TOHKOCTIHHUX 1 PO3KPUBHUX KOHCTPYKIIIH 13 BHCOKOMIITHUX JIETKHUX CIUIaBIB 3
MiHIMaJbHUMH Je(pOopMaIlisiMi, €JIEeKTPOIMITYJIbCHOI OOpOOKH 1 JIarHOCTHKHU
Ja3zepHO-1HTephepoOMETpUUHUMHU MeToAamMu». Jlep:kaBHUI peecTpalliiHuii HoMep
0118U100510. Homep temu 3rinno miany [E3 im. €.0. [latona HAH VYkpainu:
1.6.2.8.7. (8/7). Buxonyetbcest 3a nocranoBoto bropo BOTIIM HAH VYkpainu Bin
30.10.2018, mpot. Ne 15.

y6aikamii.

3a Temoro nucepTaliiiHoi poOOTH omyOJikoBaHO 6 poOIT, 3 HuUX 3y
BUJIAHHAX, BKIFOYEHUX a00 pedepoBaHUX B MIKHAPOJHUX HAYKOMETPUUYHUX 0a3zax
naHux «Scopus», 1 crarta y (axoBux BUJaHHAX YKpaind, 1 myOmikaiis B

Marepiajiax KoH(QepeHIin.
Crpykrypa i 00csr podoru.

JHuceprartiitna po6oTa MICTUTh BCTYI, 3 pO3JAUIN, 3arajibHi BUCHOBKH Ta
CIHCOK BHUKOPHUCTAHUX JDKepen. 3araibHuii obcsar pobdotu — 170 cropiHok
MalIMHOMUCHOTO TEKCTy, B ToMy umciai 100 mamtoHkiB, 15 TaOaUIB 1 CHOUCOK
BUKOPUCTAHUX JiKepen 31 81 HallMeHyBaHHSAMH.

VY BeTyni BiJI3HAYEHO aKTYyaJIbHICTh TEMU AMCEpTallii Ta copMyIbOBaHO ii
METy Ta OCHOBHI 3aBJaHHS JOCIHIKeHb. PO3MISIHYTO 00'€KT, MpeIMeT Ta METOIU
JOCIIIJIKEHb 1 OMKMCAHO HAyKOBY HOBHU3HY Ta MPAaKTHYHE 3HAYEHHS 3J00yTHX
pesynbrariB. Hagano indopwmariito momo ampoOarii pe3yiasTariB poOOTH Ta
KUIBKOCT1 MyOJiKaliii Mo 3a3HaueHid Teml 13 MOCHUJIaHHSM Ha BHECOK aBTOpa.
[IpencraBieHO CTPYKTYpY Ta 00CST AUCEPTAIIHHOT POOOTH.

VY nepuiomy po3aijii po3rIsSIHYTO 3aCTOCYBaHHSI TEXHOJOTIH KOMITAKTHOTO
(dbopmoriepeTBOPEHHS MTPOCTOPOBUX KOHCTPYKIIINA B Cy4acCHii CBITOBIM MPaKTHIIl Ta
HaBEJICHO Kacu(iKaIliio CydaCHUX MEPETBOPIOBAHMX KOHCTPYKIIIM Ta CAMOHECHUX

KOHCTPYKII OOOJIOHKOBOTO Ta, 30KpEMa, CTPUIKHEBOTO THUITY. 3a3HAYEHO Ta
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IpOaHaNi30BaHO METOAM 3abe3mneueHHsl 0a30BUX (YHKI[IOHATbHUX BIACTHBOCTEH
MIEPETBOPIOBAHUX KOHCTPYKIIIM Ta OKpecleHO 3amavi JociipkeHb. Ha ocHoBi
HIMPOKOrO  OTJIALY JITEpaTypHUX JDKEped Ta MOJAJIBLIOTO  MOPIBHSIHHS
BJIACTMBOCTEH MaTepiajiiB METAJIEBOTO Ta CHHTETHYHOTO MOXO/HKCHHS MPOBEACHO
aHai3 MPUUHATHOCTI X BUKOPUCTAHHS 32 YMOB 3a0€3MEUEHHSI KOPCTKICHUX Ta
MILHICHUX BJIACTUBOCTEH CAMOHECHUX KOHCTPYKIIINA PI3HOTO MPU3HAYEHHS.

Y apyromy po3aiili  po3risSHYTO METOJOJIOTIYHI acCHeKTH CTBOPCHHS
MeTasieBoi 000JIOHKOBOI JOBFOMIpPHOT IIEPETBOPIOBAHOT KOHCTPYKIIiT MEP10AUIHOTO
npo¢ino. BukoHaHo yncenbHE MOACIIOBAHHS HAIMPYXEHO-Ie(OPMOBAHUX CTaHIB
00paHOro HUITXOM MOCIIOBHOI ONTUMI3AIli 00’€KTy MOCHIAKEHHS, MPOBEACHO
aHami3 MOTo XapaKTepUCTUK >KOPCTKOCTI Ta BU3HAYEHO palllOHAJIbHI MUISXU
MOKpAIIEHHSI MacoBO-Ta0apUTHUX BjacTuBOCTed. HaBegeHo OCHOBHI Ta
aJIbTEpHATUBHI ~ CIIOCOOM  YTBOPEHHS HEpPO3’€MHMX 3 €lHaHb  MaTepiaiiB
aepPOKOCMIYHOTO MpU3HAYCHHs. BUKOHAHO aHali3 BIUIMBY KJIIOYOBUX MapameTpiB
IPOLIECY IMITYJIbCHOTO MIKPOIIJIa3MOBOTO 3BapPIOBAHHS HA CTPYKTYPHI OCOOJIMBOCTI
mBa J0 Ta IHicas eKcTpeMmanbHoro nedopmyBaHHs. HaBeneHo pesynbratu
BU3HAYCHHX Ta IMATBEPHKECHUX CKCIIEPUMEHTATHHUM IIUIIXOM ONTHMAIBHUX YMOB
dhopMyBaHHS HEPO3’EMHHUX 3'€IHAHb TOHKHX IEPETBOPIOBAHMX OOOJIOHOK 31 CTai
ayCTEHITHOIO KJacy, CHOJy4eHHS (I3UKO-MEXaHIYHUX BIIACTUBOCTEH Ta
CTPYKTYPHHX OCOOJIMBOCTEH SIKUX MAaKCUMaJIbHO HAOIMXKEHO /10 aHAJIOTTYHUX
BJIACTUBOCTEN OCHOBHOTO MeTany. OOTrpyHTOBaHO TEXHOJIOTIYHI  YMOBH
3a0€3MeUYeHHs] HEOOXIJTHUX BIJIACTUBOCTEW 3’€HAHHS 3 YypaxXyBaHHAM YMOB
eKCIUTyaTallil Ta BUTOTOBJICHHA. J{OCHiI)KEeHO BIUTMB 3BApHUX 3’ €JHAHb HA TPOIIEC
PO3KPUTTS Ta MPOCTOPOBY KOPCTKICTH PO3KPUTOI KOHCTPYKLIII.

Tperiii  po3min npucBsyeHU  po3poOLl  TEXHOJOrli  3BaprOBaHHSA
ctpykrypaux eneMeHTiB KIIO Ta mocmikeHHI0O KIHETUKH TMPOIECY PO3KPUTTS
JIOBrOMIpHOT KOHCTPYKIlii. BukoHaHO BUOIp MPUHAHATHUX METOAIB KOHTPOJIO
SKOCTI HEPO3 €MHUX 3’€JHaHb 3 ypaxyBaHHAM iX T€OMETPHYHUX Ta CTPYKTYPHHUX
ocobnmuBocTei. [lpoBeaeHo aHami3 3aJOBUIBHUX CIOJYYEHb (PI3MKO-MEXaHIUYHUX

BJIACTUBOCTEN MeETaJIeBUX MaTepialliB il 3a0e3MeueHHs] HeOOX1THOI KOPCTKOCTI
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Ta CTIMKOCTI MEPETBOPIOBAHOI KOHCTPYKIi B yMOBax il (pakTOpiB KOCMIYHOTO
cepeloBHIA. 3pOOJIEHO 3arajbHi BUCHOBKM 3a pe3ylbTaTaMU JOCHTIIKEHb

CIIOJTY4EHHsI JIOCTAaTHIX CTYINEHIO TpaHcopmarlii Ta KOPCTKOCTI 00 €KTY

JIOCITIKEHHS.
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Posnin 1 3ACTOCYBAHHSI TEXHOJIOTTH KOMMOAKTHOIO
®OPMOINEPETBOPEHHSI MPOCTOPOBUX KOHCTPYKLI B
CYYACHII CBITOBII MIPAKTHIII

1.1 Kuaacugikaniss cydyacHMX  NepeTBOPIOBAHMX  KOHCTPYKHUIil.

CamoHecHi KOHCTPYKILii 000JIOHKOBOI'0 Ta CTPUKHEBOI0 THILY

TexHos0r1i KOMIMAKTHOrO (HOPMOIEPETBOPEHHS MPOCTOPOBUX KOHCTPYKIIIH
3HAXOJTh MIMPOKE 3aCTOCYBAHHS B KOCMIUHIN rany3i, 10 JO3BOJISIE CTBOPIOBATH
THYYKl Ta afanTHBHI CHUCTEMH 31 3MIHHOIO (opMoro Ta po3mipamu. Ckiamani Ta
PO3KpUBHI ~ THUIM  KOMIIAKTHUX  (POPMONEPETBOPIOBAHUX  KOHCTPYKIIIN
BUKOPUCTOBYIOTBCSA JJII CTBOPEHHS PI3HOMAHITHUX IPOCTOPOBUX €JIEMEHTIB,
TaKUX SIK aHTeHH, QYHKIIOHATIbHI €IEMEHTH CYNMyTHHUKIB, COHSIUHI TTaHEeJ, EMHICHI
KOHCTpYKUIi Tomo. [IpoTe, ycminiHe BIpOBaKeHHs TAKUX KOHCTPYKIIii oTpedye
BUPILIEHHS! BHUKJMKIB, IMOB'SI3aHUX 3 PO3POOKOI0 HAMIMHUX CUCTEM YIPABIIHHSI
PO3KPUTTAM Ta BUKOPUCTAHHSAM BHUCOKOSKICHMX MaTepialliB 13 BIACTUBOCTSIMHU, IO
BI/IMOBIAI0OTh BUMOTaM KOCMIYHOTO cepeaoBuIa. JJoCaikeHHs Ta 3aCTOCYBaHHs
TEXHOJIOT1 KOMIAKTHOTO (POpMONEPETBOPEHHSI MPOCTOPOBHX KOHCTPYKUINA ¥y
KOCMIYHOMY 3aCTOCYBaHHI BIJIKPHBAIOTh HOBI TEPCHEKTUBH ISl iX PO3BUTKY,
COPUSIIOYM  3MEHIIEHHI0O Macu Ta  00'eMy  amapariB, MOKpAILEHHIO
(GyHKIIOHATBHOCTI Ta €()EeKTUBHOCTI, a TaKOX 3a0€3MEeUYeHHIO0 aJanTHBHOCTI JI0
3MIHHUX YMOB KOCMi4HOTO cepefosuma. CydacHl MOCHDKEHHS B Traiysi
KOHCTPYKIIN MEepeTBOPEHOro 00'eMy B KOCMIYHUX TEXHOJIOTISIX CHPSMOBaHI Ha
PO3BUTOK HOBHMX IIAXOJIB, MarepiajliB Ta METOMIB JUIS  ITJIBUIICHHS
(GyHKLIOHATBHOCTI Ta  €(QEeKTHMBHOCTI TaKMX  KOHCTPYKLiH. OCHOBHUMH
npoOjieMaMu Ha JaHUW MOMEHT € 30UIbIIEHHS MacHTa0iB Ta CKJIaAHOCTI TaKUX
KOHCTPYKIIiH, po3poOKa HOBHX METOJIB Ta MaTepiajiB, SKi T03BOJSIOTh CTBOPUTH
O1sIbIII1 Ta OUIBII CKJIAJIHI TpaHC(HOPMOBAHI KOHCTPYKIIIT, 1110 3a0€3MeUyI0Th TAKOXK
Outbiry (YHKIIOHATIBHICT JJII KOCMIYHUX amapariB. TakoX € HEeoOXiTHUM
BUPIIICHHS  TpoOJieM, TMOB'I3aHUX 3  HAAIWHICTIO 1  JIOBFOBIYHICTIO
TpaHC(HOPMOBAHUX KOHCTPYKIIIM y BUMOIIIMBUX YMOBaX KOCMIYHOTO CEPEIOBHUIIIA,
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BKJIIOYAIOYU TEMIEpaTypHl 3MIHM, pajialiiiHi Ta MEXaHIYHI HaBaHTakeHHS. Bci
BUIIE3TaJ]aHl BUMOTH 3HAYHOIO MIpOIO 3aJIe’KaTh Bil pO3pOOKH HOBUX MaTepiajiB 3
MOKPAIIEHUMH BJIACTUBOCTSMU [IJIsl MIEPETBOPIOBAHUX KOHCTPYKIK. Lle MOXyTh
OyTH JIerKi Ta MiITHI KOMIO3UTHI a00 MeTajeBi MaTepiand, 110 MalTh BHUCOKY
CTIMKICTh JI0 YMOB KOCMOCY Ta BIIMOBIJAIOTh QJITOPUTMaM IEPETBOPCHHS, SKi
3a0€31euyIoTh OUIBII TOYHY, IIBUJKY Ta HaJIMHY peanialliio MpoIecy po3KpUTTS
KOHCTpyKuii. [lns mepeTBoproBaHMX KOHCTPYKIIM HEOOXiAHI MaTepianu 3
JIOCTATHBbOIO IUIACTMYHICTIO Ta CTIMKICTIO JO0 BIUIMBY 30BHIIIHIX (haKTOPIB.
[TpoTsAroM OCTaHHIX POKIB BHUKOPUCTOBYIOTHCS Pi3HI MaTepiand, SK HaIpUKIaJ
IUIACTUK Ta TMOJIMEPH, 30KpEMa BHCOKOMILIHUI MOJIKApOOHAT, AKUN Ma€ TaKOXK
BHUCOKY yJIapHY CTIMKICTH Ta MPO30PiCTh, 200 K aKpUJIOBI MOJIIMEPH Il MaTepialiv
MarTh BUCOKY MPO30PICTh, CTIMKICTh JO YJAbTPa(10J€TOBOIO BUIIPOMIHIOBAHHS 1
XOpOULIy IUIACTHYHICTh. 3aCTOCOBYIOThCS TaKOXK KOMIIO3UTHI Matepianu, skl
MOEHYIOTh TOJIMEpPHI MaTpuill 3 apMyIOUMMM HAlOBHIOBaYaMH, TakKi SIK
CKJIOBOJIOKHO a00 KapOOHOBI BOJIOKHa, IO 3a0e3MeuyloTb HEOOXIJIHY
MJIACTUYHICTh, MIIHICTb, JIETKICTh 1 BUTPUBAIICTh. MarOTh 3aCTOCYBaHHS 1 TYMOBI
MaTepiajii Ta €JacTOMEpH, Takl K CHJIIKOHOBI T'YMH, SIKi MarOTh BJIACTUBOCTI
MJIACTUYHOCTI, €aCTHYHOCTI Ta BUTPUBAJIOCTI, MOXKYTh 30epiraTu BIacHy (Gpopmy
npu aedopMmaiiii 1 BiTHOBIIOBATHCS A0 MOYATKOBOI (hOPMU; €JaCTOMEPU MAIOTh
aHaJOrI4YHI BIACTUBOCTI. HamiliHICTh MeTalieBHX CIUIaBIB, SIKI MalTh BUCOKY
MIIHICTh 1 TapHy KOpO3idHY CTIHKICTh, € TEpPCIEeKTHUBOK MaiOyTHHOTO
BUKOPHUCTAHHS 3 OIJISIIy HAa HEJAOCTAaTHBIO BHUBYCHICTH OCOOJIMBOCTEH 3THHAHHS
MJIACTUYHUX MaTepialliB 13 HEOOX1AHOK MIHIMIZAIIEIO 1X PO3TATY Ta CTUCKAHHS. 3a
OCTaHHI JIECATHIITTS CTaJIM B)KUBAaHMMHU KOMITO3UTHI Ta KEPaMidyHi MaTepiayiu, TaKi
K KOMIIO3UTHU 3 KEPAMIYHOK MaTPUIIEIO 1 HAIOBHIOBAYaMU - OKCH/I aJTIOMIHII0 200
KapO0i7] KPEMHII0, SIKi MOKYTh MaTH BUCOKY MIIHICTh, KOPCTKICTh 1 CTIHKICTH J0
TeMriepaTypHux 3MiH. O4eBUAHO, 110 BUOIp MaTepiaity 3aJeKUTh BiJ KOHKPETHHX
BUMOI JO KOHCTPYKIIi, i (YHKIIOHaJbHUX OCOOJMBOCTEM Ta mapameTpiB

CepeIOBHILIA, B IKOMY BiH Oy/ie¢ BUKOPUCTAHUH.
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MaiibyTHl KOCMI4HI KOpabii 13 COHSYHHM BITPUJIOM, SKMM HE MOTpPiOHI
KOJIHI paKeTHI JBUTYHH Ta TAJIWBO, € TMEPCHEKTUBHUM BapilaHTOM s
JIOBFOCTPOKOBUX JOCTIAHUIIBKUX MICId y cOHsuHIM cuctemi. OmHak iM OyayTh
noTpiOHI HAANETKl CBITJIOBIIOMBHI IUIIBKH 1 PO3TOPTHI CTPM)KHEBI €JIEMEHTH, SIKi
JO3BOJISITH  PO3KIIAAaTH Ta YTPUMYBAaTU TMOBEPXHI 3 BEIUKOI IUIOLIEKO.
JlocsiTHEHHSI TPUHHSATHOTO CIIBBIIHOIICHHS IUIONI pedIeKTOPHOro BITpUIA 1
Macyd KOHCTPYKIIii, IO TPU3BOAWTH MO0 TMOKH IO HEBEJIMKOTO, ajie¢ 3HAYHOTO
MPUCKOPEHHS i (POTOHHUM THUCKOM COHSIYHOTO CBITJIA, € HAA3BUYAWHO CKIIATHUM
3aBMaHHAM. Taka X CKJIaJgHa TEXHIKa PO3TOPTAHHS MOTPiOHA MJIT PO3KPUTTS
BEJIUKUX PEeICKTOPHUX TOHKUX MeMOpaH a0o aHTeH. KirouoBuMHU efeMeHTamMu
noAI0HUX KOHCTPYKIIIM € TaKk 3BaHI «CTPLIU» — CTPUIKHEBI 0O0JIOHKOBI €JIEMEHTH,
K1 HEOOX1JTHO KOMIIAKTHO CKJIACTH B AY>K€ HEBEJIUKHUN 00’ €M sl JOCTaBICHHS 110
Miclg Tpu3HadeHHs B kocMoci. [lomibHi cTpim Oynu ycmiliHO BUIPOOYBaHi B

YMOBax HEBaroMocTi ITi1 4ac KocM14HOTO 1oaboTy [2] (Puc. 1.1).

Puc.1.1 KoHnuenuist coHSYHOro BITpUJa 3 YOTHUPMAa HECYYUMHU

CTPY>KHEBUMHU 000JIOHKOBUMHU €JI€MEHTAMH HE3aMKHEHOTO TIPOdiIto

Hannerki po3ropTHi 6aJKu 3 BYTJIEIIEBOr0 BOJIOKHA, 0 CKIAAAI0ThCS 3 IBOX
NPOTUIICKHUX HAMIBOOOJIOHOK 3 Q-moaiOHUM mpodineM, MawTh YyJIO0BI
BJIACTUBOCTI 3TOPTaHHS Ta PO3KPUTTS 1 € BIAHOCHO >KOPCTKUMHU B PO3TOPHYTOMY
CTaHi, TOMy BOHH 1/1€aJIbHO MIAXOASTH SIK CTPYKTYPHE MOCHJICHHS ISl MallOyTHIX
KOCMIYHUX amapaTiB 3 COHSYHUMHM BITPUJIAMU, BEJIMKHUX aHTEH a00 COHIIE3aXUCHUX
ekpaHiB. TUM HE MEHII, pPO3rOpTaHHSA KOXHOTO 31 CTPUWIXKHIB MOTPEOyE TOCHUTH
CKJIQTHOTO Ta €HEPrOBUTPATHOTO EJICKTPOMEXAHIYHOTO MPUCTPOIO 13 3HAYHOIO
BJIACHOIO Macow. 3 1€l MNPUYUHHU, PO3MOBCIOJDKEHHS OTpUMaId 3aMKHEHI

O00OJIOHKOBI KOHCTPYKI[i pI3HUX THUMIB (OPMOTBOPEHHS, PO3KPUTTS SKUX
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noTpebye CTBOPEHHS HAAJUIIKOBOIO THUCKY Y BHYTPIIIHIM MOpPOXXKHUHI 0€3
BUKOPHUCTAHHS JTOJIaTKOBUX JyKepen eHeprii. IlomiTHa kateropis cxem 3rUHaHHS
U UATHIPUYHUX CTPIDKHIB MOXOIUTH BiJl CXEM, IO BUKOPHCTOBYIOTHCS IS
3THHAHHA TaK 3BaHMX CWILGQOHHUX CKIANOK. TpamuiiiHo Ccuiab)OHU
IPOEKTYBAJIHCS JIJIs1 MOMKJIMBOCTI THYYKOTO PyXy B 0OMEXEHOMY Jliana3oHi, aje ix
MOJKHA aJanTyBaTH JJIsi pO3TOPTaHHS BiJl MJIOCKOTO /IO MOBHICTIO HMIIHAPHUYHOTO

crany. Kitacnuna cxema criib(OHHUX CKIIaI0K IMokazana Ha (Puc. 1.2,a).

S :
<

)

-

Section 1
folding

Puc. 1.2 3pa3ok cuib(OHHUX CKIAA0K: (&) MaTIOHOK CKJIQJIOK 1 IONepeyHui
nepepi3 YOTUPUKYTHOTO MaFOHKA CKIIQJIaHHSA CHIIb()OHA, MO0 BUKOPHUCTOBYETHCS

Jutst HamyBHOI xkopcTkoi ctpimn TADECS (6) nist neop©6itHoi mporpamu [3].

[Is cxema 3ruHaHHd Oyjla BHUKOPUCTaHAa [UIsl CHCTEMU KOHTPOJIIO
posropranHs terparoHanbHux ckianok (TADECS) nagyBHOT )KOpCTKOI CTPiiu AJis
cxo/keHHst 3 opOitu [3]; (Puc. 1.2,0). Hani, y poOoTi [4] onmucaHO reoMeTpito
3TUHAHHS, [IEPEeBarolo sKO1 € MiHIMaJlbHA 3arajibHa JIOBXKHHA CKJIAJ0K Ta HasBHUN
BHYTPIIIHIM MPOCTIp y 3rOpHYTOMY CTaHl. BaxIMBUM BIOCKOHAJIEHHAM OYJO
PO3pOOIIEHHST PUCTPOIO IS TIOCTIIOBHOTO PO3TOPTAHHS: CTPUKEHB 3 MIPUCTPOEM
y BUTJISAII YOTUPUITUCTOT JIETajll pO3TAIIOBYEThCS BCEPEAMHI 3rOPHYTOTO IIIIIHIIPA,
a i Yac pO3rOPTaHHA CKJIQJKH KOB3alOTh [0 THYYKHM TETIOCTKaM, SKi
3aMUKAIOThCS, 1100 YTpUMAaTH HAaCTymHMM 3ropHyTuil 1map. Hemomiku

BUKOPUCTAHHS MHOXXMHHHMX CKJIQJIOK BKJIFOUAIOTh 30UIBIICHHS JIIHINA 3TUHY, IO
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3'€IHYIOTbCS Yy BEpXIBKaxX, 1 3HIKEHHS €(EeKTHMBHOCTI KOMIIAKTYBAaHHS 4epes
301IbIIEHHS KUTHKOCTI IIapiB, 110 MEPEKPUBAIOTHCS.

HacTynHa kareropis cXeM 3ruHaHHsI 1J1s1 HWIHIAPUYHUX CTPUKHIB, BIJOMUX
K CKIaaku Miypa, TOXOAuTh BiJ KJIACHYHOI I1aHapHOi cxemMu Miypa-opi [5]; 3a
JIOTIOMOTO}0 3MIHM KYyTIB 3BOPOTHHUX CKJIAQJOK 3 PSAY B Psili, BBOJUTHCS 3arajibHa
KpUBU3HA. BUKOpHCTaHHS IIMX CXE€M /I PO3rOPTHUX KOHCTPYKLIH OyIio
3allpOIOHOBAHO y PoOOTI [6], IO OMUCYE TEOMETPII0 PO3KPUBHHUX LUIIHAPIB Y
MOBHICTIO 3rOpHYTOMY cTaHi. ¥ po6oti [7] Oyn0 AOCHIIKEHO XapaKTePUCTUKH
po3ropTaHHs HWIHIPIB Miypa 3a cXeMoOro, Ha3BaHOIO "3TOPHYTHMH B 3ipKy'.
CrpuxH1 Oy BUTOTOBJICHI 3 aJTIOMIHIEBOI JIAMIHOBAHOI TUTIBKH 1 MICHISI PO3KPUTTS
Ha/JTMIIKOBUM THUCKOM OYJIH JKOPCTKO 3aKpIIJIEH] 3a JOMOMOIor0 JehopMaLifHOro
3Mil[HEHHS. ExcriepuMeHTH TpOBOMINCS B yMOBaX MIKpPOrpaBiTalli /111 BUBUECHHS
XapaKTEPUCTUK PO3rOPTaHHS PI3HUX TeoMeTpuyHuX (popM ckinaganss (Puc. 1.3) ta
BU3HAUEHHS JKOPCTKOCTI PO3rOpHYTOi 000JIOHKU. Bylo mokazaHo, 10 LMITIHIAPH
Miypa MarTh Kpamie NpSAMOJIIHIHHE PO3rOPTaHHS, HIXK Ti, IO 3rOpTAIUCA 3
reKCaroHaIbHOK CXEMOI0, BiZIOMOO sK «cxema HMomimypay. Ile 6yi1o mos's3ano 3i
cTyneHeM nedopmarnii MaTepiay I dac po3ropTaHHs, - y muminapi Momimypa
JiHIT CKJIAJIOK 1 TpaHi 3Ha4YHO AehopMyIOThes. Byio moBeneHo, mo 3ipKoro1i0Hui
3pa3oK HaJa€ JOJATKOBUNM TEOMETPUYHUN MMapaMeTp, SKHM Moxke OyTu
aJanTOBaHUM JJII CUHXPOHI3alli MOAYIIB Ta PO3rOPTAHHA CTPUXKHS MO TMPSAMIi
miHili. OgHaK 15 3aJIeKHICTh MK TE€OMETPIEI0 Ta XapaKTePUCTUKAMH PO3TOPTaHHS
He Oyna MoBHICTIO po3KpuTa. DAaKTUYHO, CXEMHU IS €KCTIEPUMEHTIB BUOUPATUCS
HUISIXOM MPo0 1 MOMUJIOK. MeTooM aHali3y CKIHUEHHHUX €JIEMEHTIB y po0oTi [7]
Oyn0 AochipKeHo aeopMaliifo 3TOPHYTOrO CTPHIKHS TiJ] BHYTPIIIHIM THCKOM;
KOPCTKICTh CKJIAJJOK MOJEIIOBAJIACs 3a JOTIOMOTOO MPYXKUHHOTO eneMeHTa. byro
MOKA3aHO, IO IIiHAp MomiMypa HaiiBakde po3ropraBcs i MaB HaifGimbLi

KOHIIGHTpAIlii HaIPy>KEHb.
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Puc. 1.3 BunpoOyBaHHs Ha pO3rOpTaHHS HAAYBHUX CTPH)KHEBUX €JIEMEHTIB
B YMOBax MIKpOTpaBiTallii 3 HIECTUKYTHUM MAaJIlOHKOM ckJaaku Momrimypa (a) ta

I’ ITAKYTHAM MAJTFOHKOM cKitajku Miypa (6) [7]

XopcTkicTh 3MIIHEHUX CTPUIKHIB, BH3HAau€Ha 3a iX 0a30BOIO0 BIJIACHOIO
4acTOTOI0 KOJMBaHb, Oylla EKCIEPUMEHTAIbHO BCTAHOBJICHA SIK MPAKTUIHO
He3alle)KHa BiJ cxeMu ckiananHs. OJHaK BUMIpPSHI YacTOTH 3MEHIIUJIUCS [0
3HauYeHb BiA 1 10 2/3 4acTOTH HEPO3TOPHYTOro WWIIHApPA, 1€ MOXe OyTu
BUKJIMKAHO 3aJMIIKOBUMHU CKJIaJKaMH, OCOOJIMBOCTSIMH 3'€IHaHHA B OCHOBI
CTPWKHS Ta TPIIIMHAMH Y OUTBII TOBCTUX AJIFOMIHIEBUX IIapax B 3rHHAX.

Cepen 3acTocyBaHb HACTYIHOI CXEMM 3TOpTaHHS, BIJIOMOi SIK CHipajbHa
TPUAHTYJISILIS, HAMOLIBII BUBYEHUMH € TelNiKOITHO-TPUKYTHI umiHapu (Puc. 1.4).
Y pobGorti [8] Bmepiie OMMUCAHO TEOMETPUYHI CHIBBIAHOUIEHHS TPUKYTHOTO
HWJIIHIpA 13 TPUIYHIEHHSM, IO CKJIAJaHHS € OJHOPIJIHUM IO BCIH JOBXHHI

MWIIHAPA, Y IPOTUBATY €KCIIEPUMEHTAIBHUM CIIOCTEPEKECHHSIM.

Puc. 1.4 Cxema 3ruHy TeIIKOITHO-TPUKYTHOTO IWIIHAPY JJII MEXaHI3MY

3rOpTaHHS i1 II€F0 OChOBOTO CTUCKAIOUOT0 HaBaHTaKeHHS [9].
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HInsxoM MOAQIBIIOTO MPUITYIIIEHHS, 1110 TUTBKU OJWH THI CKJIAJIOK 3MIHIOE
CBOIO JIOBXKHMHY, 3a JIONOMOTOI0 TE€OMETPUYHUX AOCTIIHKEHb OYJI0 po3poOIIeHO
reJIIKOITHO-TPUKYTHI IUWIIHAPH, 1[0 HE MaIOTh HAIIPY>KEHb SIK Y 3rOPHYTOMY, TaK 1
y PO3TOpHYTOMY CTaHi. bymo moka3aHo, 0 HaNpyXEHHS PO3rOPTaHHS CTAalOTh
MEHIIUMHU 31 30UIBLIEHHSM KIUIBKOCTI CTOPIH UWJIIHApPAa, THUM HE MEHII,
KOMIIPOMICOM € KOe(iIlieHT MepeTBOpeHHs (TpaHcopMallii) — CHiBBIIHOIIECHHS
KIHIIEBOTO Ta MOYaTKOBOTO BU3HAYAIILHOTO PO3MIPY KOHCTPYKITi.

JlocnmipkeHl  TremiKOiTHO-TPUKYTHI IWIIHAPUA Majld KOPCTKI TIpaHi 3
THYYKHUMH JIIHISIMH 3THHY, IO JO3BOJISJIO CTBOPIOBATH BiIHOCHO KOMITAKTHI
MexaHigHl Mozaem. OXHAK IS CTPYDKHIB 3 THYYKHX MEMOpaH, 10 PO3KPUBAIOTHCS
HAJUTUIIKOBUM THCKOM, MPUITYIICHHS MPO MpsSMI JIiHIT CKIAJOK BXe He Oyze
BipHuM. Y gochimkeHHi [10] ommcaHo MHEBMAaTUYHE PO3KPUTTS aTFOMiHIEBHX

MUTIHAPIB 3 HECHIPAIBHOIO TPUKYTHOIO cxemoro (Puc. 1.5).

Puc.1.5 HanyBaHHs anroMiHIEBOTO TeIiKOITHO-TPUKYTHOTO IimutiHapa [10].

OpieHTallisi MOCHIIOBHUX 3TOPHYTHX IapiB Oyna 3BOPOTHOIO, 1100
YHUKHYTH BIJHOCHOTO oOepTaHHS KpailloK miJg 4Yac po3ropTaHHs. BaximBoio
0COOJIMBICTIO CHIpaJIbHO-TPUAHTYILOBAHUX CXE€M € T€, IO IMOBHICTIO 3rOPHYTUMN

MoNepeyHuil rnepepiz He0OORB'I3KOBO € MPAaBUILHUM 0AaraTOKYTHUKOM, 1 BEPIIMHU
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MOKYTh OyTH 3MIII€HI OAWH BiJIHOCHO OJIHOTO B MOCTIOBHUX IIapaX, 3SMEHIIYIOUH
rabapuTy 3rOPHYTOr0 CTPUKHS.

Hocmmkena y po6oti [11] cxema KOHIYHOTO CKJIaJaHHS TIOJISTAaE y
dbopMyBaHHI CTaOOKOHIYHOTO CTPMKHSA, SIKAH Ma€ KIJIbIEBI 3TOPTKH dYepes
BU3HAUYCHI MPOMDKKHA Ta YTBOPIOE KOMIAKTHY TEJIECKOMIYHY KOH]Irypariro s
nogansioro po3kputts (Puc. 1.6). Lledt miaxig cyTTEBO BIAPIZHSAETHCS BiJl
MOJIaHUX BHILE METOJIB KOMIIAaKTyBaHHS OOOJIOHKH, OCKUIbKH TOIMEPEeYHUi
nepepiz  3aNUIIAEThbCs  Maike HeAehOpPMOBAHMM MPOTATOM 3rOpPTaHHS Ta
pO3rOpTaHHs HAIyBHOTO CTpWXkHSA. KpiM TOTO, CKiIamaHHA HE BiIOYyBa€ThCA B
OKpPEMHUX MICIAX MO JOBXHHI CTPUIKHSI, @ 3aMICTh IIbOIO KOHILIEHTPHUYHI CKJIAJIKU
MEePEeMINIYIOThCSl [0 MaTepially MiJ 4Yac PO3rOopTaHHs, PO3CIIOI0YM EHEPrilo 3a

PaxyHOK IJJACTUYHOI Aedopmartii.

tip concentric folds

taper angle 26 base

a

Puc. 1.6 Ilepepi3 TenecKOMYHO-KOHIYHOT CTPUXKHEBOI 0OOJIOHKOBOI
KOHCTPYKINi (@) a mporec ii pO3KPHUTTS CTBOPEHHSIM HAJJIMIIKOBOTO THUCKY Y

BHYTpIIIHIN mopoxkuuHi (6) [12].

PoskpuBHi KOHIYHI cTpmxkHI Oynu po3poOieHi kommaniero L'Garde ans
npoekty In-Space Propulsion NASA [13,14], 1 xoHuemniis Opouiiia KOCMIYHY
anpoOariito B pamkax ekcrepumeHnty Cibola Flight, cminpHO 3 TEXHIKOO
MIBUINEHHS KOPCTKOCTI 3a MiABUIIEHUX Temmepatyp [15]. [Hns momimmeHHs

NPSMOJIIHIMHOCTI PO3rOPTAaHHS MOXHA PO3MICTUTH OMNPABKY BY3bKOTO KIHIISA
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KOHIYHOTO CTPWXHS, L0 3a0e3leuyye >KOPCTKY MOBEPXHIO s 3KpydyBaHHS
matepiany [11,12]. AnbrepHaTHBHHI METOJ 3TOpPTaHHS KOHIYHOTO CTPHIXKHS,
BilomMuil sik "cxema posropraHHs Goodyear", Oyno gocmimkxeno y [16]. Tyt
NepeBepHyTa dYacTHHA 3KPYyUyeThCS Ha OapabaH BCepeaWHI CTPUKHS, IO
3a0e3nedye TralbMylO4y CHIIy IIiJI 4Yac po3ropTraHHs. MeTol 3KpydyBaHHS
KOHIYHOTO CTPW)KHS Ma€ KiJIbka IIepeBar: KOHTPOJIbOBAaHE 1 MPSIMOJIiHINHE
pO3TrOpTaHHs, HECHa 3JaTHICTh IIiJ Yac PO3TOPTaHHs, MOXKIUBICTH KPITUICHHS
MeMOpaHu B JIEKUIBKOX TOYKax IO JOBXKHHI CTPHXKHS, €(PEKTUBHE BUJIAJICHHS
3aJUIIKOBOTO TOBITpSA 1 MiHIMaJlbHE TIOYATKOBE PO3TOPTAHHS  3aBISKU
3QJTUIITKOBUM HAIPYKCHHSIM. Takok OJHHM 3 BXJIMBUX MIPKyBaHb € T€, IO MIPH
PO3KPUTTI TEJIECKOMIYHUX CEKI[IH TUIACTUKOBUH MIAPHIP MPOXOJUTh KPi3b MaTepial
0OOJIOHKH, 1[0 MOXKE MPHU3BECTH /10 HEOAKAHUX 3ATUIITKOBUX HAIMPYXEHb Ta HOTO
NOIIKOIKEeHHS. OYEBUAHUM € HEJOJIIK, 110 MOJsArae y He0OX1AHOCTI 3aCTOCYBaHHS
M’SIKMX CHHTETHYHMX MarepiaiiB  TEJIECKOMIYHO-KOHIYHOT OOOJIOHKH Ta
MOJAJIBLIOTO IHTErPYBaHHS CKJIAJHUX TEXHOJIOT1 HaTaHHSI 11 )KOPCTKOCTI.

3a ocTaHH1 AecATHpIUYS y 0ararbOoX KOCMIYHMX MICISIX OYyJI0 3aCTOCOBAHO
KOHCTPYKIIi  MEpeTBOPIOBAHOrO  00'eMy  pI3HOIO  TUIY Ta  METOAY
dbopmonepeTBopeHHs. [Ioka30BUM € eKCIIEpUMEHT 3 HalyBHOIO aHTeHOIo Inflatable
Antenna Experiment (IAE) y cepenuni 1990-x pokis [17], sika cTBOpeHa METOI0M
surzaronoionoi cknagku (Puc.1.7). Ilpu 3urzaromomiOHii ckiaami crpiia
CTPWKHEBOI KOHCTPYKIIi 3TIaKYEThCS, a TMOTIM CKIIAJA€ThCs dYepe3 pIBHI
MPOMIKKH JUCKPETHUMU JiHIAMH a00 neTiasiMu. JIuckpeTHui xapakTep CKiIagaHHs
CTBOPIOE TIEPEPUBYACTY CTPYKTYPY, B SKI TOTIK MOBITPS MIDXK CEKUIIMH
OOMEXEHUU, y pe3yibTaTi OTpUMaHa CTPYKTypa YyTJIuBa J0 HEBEIUKUX 3MIH
dbopMu 3 HemependauyBaHUM HANPSIMOM PO3KPHUTTS. EKCIepuMeHTH, 4YucesbHI
CUMYJIAILIT Ta ToJMKOTHI BUnipoOyBanHs Ha IAE minrBepaunm, 1mo cxema CKiIaJ aHHs
Tumy "3urzar' € HecTaOUTBHOIO MiJ Yac po3ropTaHHs. J[ogaTkoBUM HETOTIIKOM
cxemMu '"surzar" € moraHa BEHTWIALIS TPU CKJIaJaHHI, TOMY IO 3aJIUIIKOBE

MOBITPS] TOBUHHO TMO0JIATH BCIO TIOBXUHY CTprkHs [17, 18].
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Puc. 1.7 Crpwxni 31 3ruHom y ¢opmi "Z": a) posropranns I[AE
(300paxenusi: NASA); 6) crangaptHuii Ta MoaudikoBaHuit 3riH y (opmi "Z",

PO3pOo0IEHUH I MOJIETIIEHHS TOTOKY PO3ropTarodoro rasy [19].

BigoMe Takok  BUKOPHCTaHHS  pI3SHOMAHITHHUX CXE€M  CKJIaJIaHHS
HATHAPpUYHUX cTprkHIB (Puc.1.8), 3acCHOBaHUX Ha Tak 3BaHUX «CXEMax Oopiramiy».
V Toii yac sk 3urzaronojiioHa popma CKIaIA€ThCS 3 NPOCTUX NapajieIbHUX 3THHIB,
MOBTOPIOBAHUX B3JIOBXK JOBXHHHU CTPUIXKHSA, CXEMHU oOpirami OUIBII CKIaAHI 1

MOXYTh "JIOKAJIbHO 3TMHATUCA" B CKJIaJieHI KOH(Irypaiiii.

Puc. 1.8 Mopeni 3ropTaHHs UATIHAPIB 32 CXEMaMu opirami

Koucmpykuii IE3 im.€.0.1lamona

PoGoTi HaJ CTBOPEHHSM TEPETBOPIOBAHMX KOHCTPYKININA JUIT KOCMIYHHX
uuien posnovanucs B IE3 im. €.0. [larona nmpubau3HO B TOM caMuif yac, KOJU
JIOJIMHA BIIEpIIe OCBOIOBajla KocMoc. Y kiHmi 1966 poky b.€. Ilaron

chopMyIIIOBaB 3aBJaHHS CTBOPEHHS CYIUIBHO3BAPHUX METAJIEBUX OOOJOHOK,
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pO3MipU SIKMX MPU TPAHCHOPTYBAHHI Ha OpOITY MOXHA Oylo O 3MEHIIUTH [0
pO3MIpiB KOHTEHHEpIB Asi pakeT-HociiB. [IpoToTunaMu cy4acHMX KOHCTPYKIIiH
OyJaud TPOCTOPOBI TEPETBOPIOBAHI KOHCTPYKIli, Taki sIK BHUCYBHI ((epmoBi),
napaloJiiyHl aHTeHH Ta 000JO0HKOBI KOHCTPYKIi [20]. Ilix yac iX mpoekTyBaHHS
BUKOPUCTOBYBAJIKCS TPUHIUIKA TE€OMETPUYHOTO 3rOpPTaHHS Ta pO3rOpTaHHS
MOBEPXOHb, 10 BHUKOPUCTOBYBAJUCh B TMPOMHUCIOBOCTI JJII CTBOPEHHS
IUTACKO3TOPTHYTUX TPYO, 3BApHUX METAJICBUX MOJOTHHUII PE3epBYapiB Ta 1HIIHUX
BHUPOOIB.

3 TOYKM 30py ONTHUMI3allii TPAHCHIOPTYBAHHA BEIMKOTAOAPUTHHUX
KOHCTPYKI[IH y KOCMOCi, Haile(eKTUBHIIIMM METOJOM OyJIOo CKIaJaHHs iX 13
CTPYKTYpHUX €JIEMEHTIB, SKI JOCTaBJSUIMCA 3 3eMill B KOMIIAKTHOMY CTaHI.
OpHiero 3 nepmmx Takux KOHCTpykuik B [E3 Oyna TpyOyacTo-TpocoBa TpUrpaHHa
depma 3aBaoBxKH 10 100 MeTpiB, Ky MO>KHA OyJIO CKJIACTH B KOMITAKTHUM MaKeT
Bucotoro 650 mm [20], [21]. HoBri TpyOuacti enemeHTH (epMu (JIOHKEPOHH)
BUTOTOBJISIUCA 3 He3aMkHeHoro mnpodumo tuny STEM 1 ckimapanucs B
CHEIlaJIbHUX TPUCTPOSX B TPOLECI PO3TOPTaHHS KOHCTPYKIli, TOTOBI CEKIIT
3'€eIHYBaIMCS 32 JOMOMOIOIO 3BaproBaHHs. L[ KOHCTpyKIisl, HECYYl €JIEMEHTH SIKOT
aHAJIOTIYHI JI0 CTPHXKHEBUX OOOJIOHKOBUX CJIEMEHTIB, XapaKTEePU3YBAIUCHh
BUCOKMMH aMOPTHU3YIOUMMH BJIACTUBOCTSIMHU MPHU MIHIMAJIBbHIN Maci. AJITOpUTM il
PO3KpUTTS OyB JAOCHUTH CKJIAJHHUM, TOMY I OpOITAIbHUX E€KCIEPUMEHTIB Oyia
CTBOpPEHA MEHII KOMIAKTHA, ajie¢ HaJiHHINIA 4YOTUpUrpaHHA (epma HIUPHUHOIO
rpani 450 MM 1 poOOUYOIO TOBXKUHOIO 0 15 MeTpiB, siky MOXHa OyJIO CKJIaCTU B
KoMMOakTHUM ctaH 3aBBuiikd 500 mwm [21], [22], [23]. ¥V 1986 poui ycminiHO
MPOUIILITN EKCIIEPUMEHTH 3 PO3TOPTAHHS Ta CKiIajiaHHd epMu Ha OpOITI HABKOJIO
craniii "Camtor-7", 1m0 MIATBEPAWUIU MOMKIUBICTh EKCIUTyaTalli JOBrOMIPHUX
HECYYMX KOHCTPYKIIH, SIKI BUTOTOBIISIIOTHCS Ha 3eMJIi Ta PO3rOpPTAIOTHCS B
kKocMoci. Takox BapTO BII3HAYUTH YCIIIIHE pPIMIEHHS 3a/Ja4l CTBOPEHHS
NEepPEeTBOPIOBAHOT HECHOI (epMuU JUIsl COHSIUHOI OaTapei macoro 48 Kr, sika Mana

NMOBHY NOBXKUHY 15 metpiB 1 macy 250 kr [21], [22], [23]. BunpoOyBanus i€l
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(bepMOBOT KOHCTPYKIIIT B yMOBaxX OpOITaJbHOTO MONBOTY mpoinu B 1997 pomi
i 9aCc MOHTaXy COHsIUHOT OaTapei Ha KocMiuHOMYy Moayni "KBant".

[Ipyu CTBOpEHHI MPOCTOPOBUX KOHCTPYKIIA Juisi KocMmocy  OyIio
BIIPOBAKEHO 1HXKEHEPH1 PIlIEHHS, sIKi €()eKTUBHO BUKOPUCTOBYIOTHCS B Cy4acCHHUX
po3poOkax. KpuTH4HO BaXkJIMBE 3MEHIIEHHS MACH Ta €HEPreTUYHOI BUTPATHOCTI
IpoLleCy PO3KPUTTS 1HILIIOBAJIO TOIIYK METOMAIB TMPSMOrOo Ta 3BOPOTHOTO
CKJIaJIaHHsI 3aMKHEHHUX OOOJIOHOK 13 JJOCTaTHbOIO BIACHOIO XKOPCTKicTi0. Hanamni B
IE3 im. €.0. Ilatona Oyna TeopeTUYHO OOIPyHTOBaHA 3ajadya MEPETBOPECHHS
00'eMy CYIIITLHO3BAPHUX METAJIEBUX OOOJOHOK Ta 3HAWICHI TEXHOJOTIYHI
pilieHHs IS 1i BUPIIIEHHS, SIKI MOYKHA PO3JUIMTH Ha ABa Metoau. Ilepmmii meTon
MOJIATa€ B 3aMIMICHHI TOBEPXHI OMYKINX OOOJOHOK MOCIHIJOBHICTIO TUIOCKUX
¢biryp, 31 3SrUHAHHSM MO JIHIAX 1X 3'€IHAHHS, 1 BIIOMUN B Cy4acHIH NpaKTUL SK "zZ-
Folding" [24]. HOpyruit meton 0a3yeThCs Ha 130METPUYHOMY 3THHAHHI OOOJIOHOK
Ha OCHOBI PO3TOPTYBaHUX JIIHINYACTUX MOBEPXOHb. Benukuii BHECOK y 110 poOOTY
BHECJIM psiJi BUCHUX, Takux sk B.M. banunpkuii, B.H. Caminos, O.1O. I'onuap, 1.C.
[Mumumenxo, E.FO. Bypmenko Ta 11 [25].

Po3pobiieni metoau popmo3Minu 00010HKOBUX KOHCTpYKLiK B IE3 im. €.0.
[laTona, ski 30epiratoTb TOMEOMOP(HUN THUIl TOBEPXHI, JO3BOJIUIU CTBOPUTH
pPI3HOMaHITHI KOHCTPYKIli KOCMIYHOTO TPU3HAYEHHs, BKJIOYaoun cdepw,
enincoigu Tomo. OCHOBOI IIUX METOJIB € MPUHOMU KOMOIHATOPHOI Te€OMETpii,
TaKi SIK 3aMIIIEHHS OMYKIUX TiJ1 00epTaHHS TOMOTETUYHUMHU (PIrypamu 1 po30UTTS
¢iryp. Hani, nposeneni B IE3 JI.M.Jlo6anoBum Ta B.C.BoskoBuUM A0CIHII>KEHHS
[26], TOpKaJIKUCA MIUPOKOTO CIEKTPY 3aCTOCYBaHb MEPETBOPIOBAHUX KOHCTPYKIIIM,
BKJIFOYHO 3 PO3KPUMBHUMHU OOOJIOHKOBUMH CIOPYJaMHU 3aXMCHOTO IpHU3HAUEHHS
(Puc. 1.9). Tum He MeHII, NPAKTUYHO JOCIIIKEHI 3a3HAYEHUMHU aBTOpPaMU
OOOJIOHKM HE OXOIUTIOBAaJIM HAWHOUIbII aKTyaJIbHOTO KJIacy JOBTOMIPHHUX
KOHCTPYKIIiH, 110 MarOTh CHIBBIIHOIIECHHS JiaMEeTPy HAMOUIbII HaBaHTAXEHOTO
nepeTuHy 10 AOBXKUHU Outbil HiX 1:10 Ta €peKTUBHO CMOTYy4arOTh HECHI Ta

nemngyBalibHI BIaCTUBOCTI.
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Puc.1.9 Ckiagyacti mnOBEpXHI HENEPIOJUYHOrO0 MPOo(diIt0; OJAMHUYHA
CKJIaJKa B TIPOIIEC PO3KPHUTTS (@) 1 KOHCTPYKIIiS 3 IBOX KecoHiB 3 Tutany BT1-0 3

toBuuHO 0,1 MM Ha BiMOBIAHUX 70 (a) cTamisx po3kputts (6) [26]

B Oinpmiocti BUMAAKIB MpakTUYHA peamizaiis (OPMO3MIHM TOJSITae B
3aMillIEeHH] TOBEPXHI CYIIJIHHO3BAPHUX OOOJOHOK TOCHIIOBHICTIO PIBHHUX
0araToOKyTHUKIB, SIKI 3THHAIOThCS MO JIHIAX iX 3'€qHAHHA JO B3aEMHOTO

HaKJIAACHHA IJI1 CTBOPCHHSI KOMITAKTHOI'O ITIAKETY.

Puc.1.10 Etanu ¢opmMo3MiHU 000JTOHKOBUX KOHCTPYKLIN, 10 OTpUMaH1
METOJIOM 3aMillleHHsI ()parMEHTIB MOBEPXHI EJIINTUYHOI TOPOITHOT OOOJIOHKH Ta

IHIIUMHU MeTomamu [27].
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Henoniku xoHCTpykiii meperBoproBannx oOonoHok (KIIO) manoi rpymu
BKJIIOYAIOTh OOMEXEeHY HaAiiMHICTh JaedopMOBaHOI OOONOHKM, SKa TiJ Yac
TEXHOJIOTIYHOTO TMporecy (QOpMyBaHHS CKIAJOK MIIAAEThCS OararopazoBUM
BUTHHAM 10 CyMDKHUX JIHIAX (Qiryp 3aMmillleHHs MiJ KyTamu, 1o gocaraiots 180
rpaayciB. Lle mpu3BOAUTE A0 MOSBU MONIKOAKEHb Ha JIIHISIX BUTHUHY, MOB'SI3aHUX 13
BTOMHOIO MIIHICTIO MaTepialy 00OJIOHKH 1 MOJAJIBIIO BTPATOK MepMETUYHOCTI
KOHCTPYKIIIi.

Cnij 3a3HaUUTH, MO0 HANUOUIBIN MEPCHEKTUBHI JJII BUKOPUCTAHHS y cdepi
aepOKOCMIYHOT TEXHIKM € KOHCTPYKIIi, sIKi 0a3yl0TbCA Ha MOBEPXHSX, 110 MOXKYTh
OyTH 130METPUYHO PpO3TOPHYTI B IUIOMIMHY - Taki, SK LWIHAP Ta KOHYC.
Po3po6neni B IE3 iM. €.0. IlaroHa TeXHOJIOTI JO3BOJISIIOTH 3A1MCHIOBATH
aHAJIOTYHE MEPETBOPEHHS KOHCTPYKIIM 3 BUKOPUCTAHHSAM PEAJIbHUX MaTepialiB
(HampuKIa, JTUCTOBUX MeTaliB). BoHu 3amimiaroTe OiUHY MOBEPXHIO IMIIIHJIpA
CKJIaI4acTOI0 MOBEPXHEIO Ta KOHYyCa - JIHIHYACTOI MOBEPXHEI0, 0 (POPMYETHCS
[JIaJIKUMU KPUBHUMH B Oylb-SIKOMY OCbOBOMY mepepi3i. Llg pi3HuUIS MK JTBOMa
TUTIAaMU KOHCTPYKI[I BH3HA4ya€ iXHI IepeBard 3 TOYKUA 30py TEXHOJIOTiI Ta
excrutyararii, poosusiun koHiuHi KIIO Ouibmi mpuIaTHUMHU IS BUKOPUCTAHHS B
ACPOKOCMIYHIN TEXHIIII.

Tak, KIIO mumiHAPpUYHOTO TUITY IPYHTYETHCS Ha MPUHIUII MEPETBOPEHHS
rinep0oJI0iTHOT CKJIAIKU B 000JIOHKY 3 PIBHOMIPHUM KPYIJIMM TEPEPI30M Ta MOXKE
pPO3TISAATUCh SIK  TMPOTOTHN HABEIACHHUX BUIITYE CXeM CKJIaJJaHHsi Ha
(Puc.1.2...1.5). T'imepOosioinHa ckiagka - 1€ CKjlaJHa OaraTorpaHHa MOBEPXHS,
AKa CKJIQJA€ThCs 3 JBOX BHUIIB pedep, IO € MNpSIMUMHM TBIPHUMH JJIS JIBOX
CHIBBICHHX Tinep6osoiniB. Ilpm MeBHUX TeOMETPUYHUX CIIBBIIHOIICHHSAX IS
CKJaJKa MOXe OYyTM KOMIAKTHO CKJaJieHa Oe3 po3TAryBaHHsS ii MaHened Ta
TOpIIEBUX pedep. 3aBIsIKU 130METPUYHOCTI MOBEPXOHBb CKIAIKHU Ta IMIIHIPA, il
MO’KHA MEPETBOPUTH B IIMIIHAPUUHY OOOJIOHKY 3a JOMOMOI0I0 THCKY, CTBOPEHOTO
BCEPEIMHI OOMEXKEHOro 10 o0osioHkoro 00'emy. Ile mnpusBoauth 110
PO3NPSIMIICHHS CKJIAJIKU Ta 3MiHU (DOPMH TIPAMOTIHIMHUX pedep Ha IMITIHAPUIHIN

noBepxHi. Ilpu 3'€emHaHH] AEKUIBKOX CKJIQJIOK MO TOPIEBHX KpallKax MOMKJIMBO
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oTpuMaTH OaraToceKkuiiHy rinepOoJIoiAHY CKIAJKY, 1€ KOXHa CEKI[is Moxe OyTH
CaMOCTIMHMM TIEPETBOPIOBAHUM eJieMeHTOM. OCHOBHI HEIOJIKW HHJIIHAPHIHUAX
KOHCTPYKI[IH BKJIIOYAIOTh BaXXKYy TEXHOJOTI0 (OpPMYBaHHS TiNnepOOoI0iTHUX
CKJIaJIOK, 1[0 BUMara€ CTBOPEHHS CKJIAJHOTO CIEI[iali30BaHOTO OOJagHAHHS IS
KO>KHOT'O THITIOPO3MIpY KIHIIEBOTO BUpoOYy. Jlochmiau mokaszajau, 10 ONTUMAalbHI
pe3ynbTaTd mpu (QOpMyBaHHI CKIAJOK MOXHA OTPUMATH JIMIIE B TEBHOMY
miana3oHi criBBigHomens 0,3<H/D <0,6 .

V O11bIIOCTI BHOAAKIB O1IbII ONTHMAILHOIO € TEXHOJIOIS BHUTOTOBJICHHS
KIIO koHIYHOTO THIy 3a JOMOMOTOI0 TO(POBAHUX IHUCKIB 3 TOHKOCTIHHHUX
KOHIYHUX 3arOTOBOK, 110 JT03BOJISIE CTBOPIOBATU KOHCTPYKIIIi PI3HUX TUIIOPO3MIPIB
1 mapaMmeTpiB 0e3 yTBOpPEHHS KOHIIEHTPATOPIB HANpPYXKEHb, SIKI XapaKTEpH1 JUIs
HUJIIHIPUYHUX 1, 0COOJIMBO, CKJIaA4acTUX MEepPEeTBOPIOBAHUX 000710HOK. Tak camo,
K 1 y BUNAAKY IWIHAPUYHUX KOHCTPYKIIM, TexHousoriss BurotoBieHHs KIIO
KOHIYHOTO THUIY IPYHTYETHCS HA METO/Il 130METPUYHOTO MEPETBOPEHHS MOBEPXHI,
AKUU Tependaya€e MOKJIMBICTD BUTMHY OOOJIOHKM 0€3 CTHUCHEHHsS abo
pO3TATYBaHHS MaTepiaiy, 1 € OJIM3bKUM aHAJIOrOM BIJJOMOi T€JIECKOMIYHO-KOHIYHOT
CTpWXHEBOi 00onoHKM (auB. Puc.1.6), 1m0 103BOJIS€E BUKOPUCTATH TMEpeBaru
METaJeBUX MaTrepiaiiB JJIsi BHUPIIICHHS MPOOJIEMH HEIOCTAaTHBOI JKOPCTKOCTI Ta

CTIHKOCTI Ta 3/JaTHA MaTH Pi3HI MacorabapuTHI BapiaHTH BUKOHAHHS.

Puc.1.11 Benukora6apurna KIIO pesepByapHoro tumy 3 o6'emom 40 M2,
sIKa BUKOPUCTOBY€ETHCS B ABTOHOMHIM CHCTEMI BoJIoNocTavyanHs [28].
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Buxopucrannas KITO B aepokocMiuHii TEXHIIl CTaBUTh TMEBHI BUMOTH 0O
NPOEKTYBAaHHS JKOPCTKHUX HECyunX OOOJOHOK. 3 METOI0 3HIDKEHHS Macu
KOHCTPYKI[I BUKOPUCTOBYIOTHCS MiHIMAJIbHI TOBIIIMHU MaTepiaiaiB 000JOHKH, K1
JI03BOJISIIOTh  3a0€3MEUNTH HEOOXiHYy MIIHICTh KOHCTPYKIi 0e3 BTpatu ii
byHKUIOHATBHUX BlacTUBOCTEH. lle Mpu3BOAUTH O BHUCOKHX TeMIEpaTypHUX
IpaJi€HTIB B MaTepiajal NpU IUKIYHOMY HarpiBaHHi, IO BHU3HA4ya€ CKJIAIHI
Hanpy>XKeHO-1e(OpPMOBaHI CTaHU KOHCTPYKIII.

Onpasy &, BUHUKa€ OOMEXEHHS 11070 BUKOPUCTAHHS 3BUYAMHUX 3aXUCHUX
MOKPUTTIB 3 MaTepiaiiB, SKi MOXYTb HPOTHUCTOATH YIEPEIHKEHOMY BIUIUBY
arpecuBHHMX XiMiyHUX (pakTopiB. Ilix yac po3pooku KIIO, BaxxIMBO BpaxoByBaTH
TOM (akT, MO TEPMOONTHYHI XapaKTEPUCTUKU TOBEPXHI, SIKI BHU3HAYAIOTHCS
BJIACTUBOCTSIMU BEPXHBOI'O IApy KOHCTPYKLIMHUX MaTepialliB, TakKl SK iX
HIOPCTKICTh, MOXYThb 3a3HATH 3HAYHUX 3MIH TiJ 4Yac OpOITaIbHOTO TMOJILOTY,
MepPeBaXKHO yepe3 CyOJiMalliio METalIB y BaKyyMi Ta BIUIMB METEOPUTHOTO THITY.
VY BUMaKy TPUBAJIOTO KOHTAKTYy MK (parMeHTamu metaneBoi nosepxHi KI1O min
BIUTMBOM arpeCUBHUX (PAKTOPIB MOXYTh YTBOPIOBATHUCA MIIHI HEPO3'€MHI
3'€lHaHHA, AKl BUHHUKAIOTh 4Yepe3 AuQy3iiiHe 3BaproBaHHs. lleit dakTop Moxke
MOCIIYKUTH JJOJIATKOBUM apryMEHTOM Ha KOPUCTh BHOOPY KOHCTPYKTUBHOI CXEMH
KIIO koniuHOTO (0araTOKOHYCHOTO) TUIy. Takuii TUI KOHCTPYKIIi MpeICTaBIise
co0010 €IuHy OOOJIOHKY, sika, OyAy4dud B CKJIaJICHOMY CTaHI, HE Ma€ B3aEMHHUX
JIOTHKIB TOYOK MOBEPXHI CYMIKHHX TIJIACKUX JUCKIB.

Ha ocHoBi nopiBHsIBbHOTO aHanmi3zy HasBHUX kiaciB KIIO moxxHa 3poOutu
BHCHOBOK, II[0 TIO€JHAHHS BHCOKOI MIIIHOCTI OOOJOHKH 3  BEJIIMKHMU
koedimieHTamMu TpaHcdopmarlii, TpH [HOMY 3a0e€3Meuyloud TEePMETUYHICTS,
MOXJIMBE JIMIIIE B TBEPAUX Hecydyux obOojoHkax. Cepelq HUX KOHIYHI Ta
0araToKOHyCHI MEPEeTBOPIOBaH1 KOHCTPYKIIT € HAMOUTBIIT ONMTUMAIEHUMH 3aBJISKH
MPOCTOTI TeXHOJOTIi 3MiHU hopmu. OTHAK, BICYTHICTh CTAJIOCTI KOHCTPYKTUBHHUX
pillIeHh BUMAara€e po3poOKH YyHIBEpCAJIbHOI METOJMKHU JJIsi BU3HAYECHHS OCHOBHHX

r€OMETPUYHUX MMapaMeTpiB.
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Kpim mnepeniuenux Bume ¢aktopi, KIIO, 3Haxoasunch B yMmoOBax
KOCMIYHOTO TPOCTOPY, MiJAEThCS BIUTUBY YHCIEHHUX (akTopiB. Buxonsuu i3
MOETHAHHSA AarpeCUBHUX XIMIYHMX (DaKTOpIB, TEPMOIMKIIYHMX, 1HEPIIHHUX
HAaBaHTa)XEHb 1 T.IH., 0araToCeKIiiHl KOHCTPYKIII BUMAaraioTb HECTaHIAPTHHUX
MiaxoaiB 70 iX ontuMizamii. Hampukinan, mpu obuncinennsx KIIO Ha cratuyHi Ta
MUHAMIYHI HaBaHTAXXECHHSA BaXXJIMBUMH € CHIBBIJHOIIEHHA MDK 0a30BUMHA
po3MipamMu TpodUTI0 3BapHUX 3'€MHYBAJbHUX EJIEMEHTIB CYMDKHUX CEKIIIH,
po3MmipaMu  Ta  KUIBKICTIO  CEKIH, (I3UKO-MEXaHIYHUMH  BJIACTUBOCTSMHU
KOHCTPYKIIIHHOTO Marepiaqly Ta TEPMOONTHUYHUMHU XapaKTePUCTUKAMH HOTO

MOBEPXHI, & TAKOK KOH(ITYpall€r0 MOBEPXHI.

1.2 Metoan 3a0e3nmedyeHHss 0a30BUX (PYHKIIOHAJBHUX BJIACTHBOCTEM

NePEeTBOPIOBAHUX KOHCTPYKUIN

Meronu 3a0e3nedeHHss 0a30BUX (PYHKIIOHAIBHUX BJIACTHUBOCTEH (Tepima
0a3zoBa wyacTtoTa, KoedilleHT TpaHchopmallii, BaKyyMIIUIBHICTE) B PI3HUX
KOHCTPYKIISIX BKJIIOYAIOTh B ceOe OaraTo ckiaaoBux. Hampukiian, B KOHCTPYKIISIX
cwibpoHHoro tuny (Puc.1.2) BUKOpPUCTOBYIOTBCS OKpeMi 3BOPOTHI CKJIAJIKUA Ha
KOXXHOMY KYTOBI M JUISHI, & BUKOPUCTaHHS JABOX YM OLIbIIE CKIAJIOK MOXE
3HAYHO 3HU3UTHU cepeqiHI0 AedopmMaliiro mija yac posropranus [29,30]. binem Toro,
BUKOPHUCTAHHS MHOXXHHHO1 CKJIQJIKH JIO3BOJISIE CTBOPIOBATH MOJEHII, BUIbHI BiJ
HANpY)XCHHS SK Yy CKIAJCHOMY YHM YaCTKOBO PO3TOPHYTOMY, TaK 1 B TOBHICTIO
pPO3rOPHYTOMY CTaHi 0€3 BpaxyBaHHS HANpPYXEHb 3TUHY B3OBXK JIHIA CaMOTO
3rUHY. Y BHUMNAJAKY PO3MVISHYTHX BHIIE «CKIaAoK Miypay Kpalie 3aCTOCOBYETHCS
NPSIMOJTIHIMHE PO3rOpTaHHS, 1€ OB'A3aHO 31 cTyneHeM Jedopmalii Marepiany mijg
4ac PO3rOPTAHHS, - B MOPIBHAHHI 3 BapiaHTOM «CKIamok Mormimypmy» mimii
CKJIAJIOK 1 TpaHi JeopMyroThcs 3HauHime. ABropamu [31] Oyno goBeneHO, IO
«BIPKOTIOIIOHUI» 3pa30K HA/la€ JOJATKOBHIM T€OMETPUYHUN MTapaMeTp, SIKUi MOXKe

OyTH amanToBaHUM ISl CHHXPOHI3AIlT MOMYJIB Ta PO3rOPTAHHS CTPUXKHS CTPOTO
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no mpsMii miHiT. OmHAK, [ 3aJIEKHICTh MK T€OMETPIEI0 Ta XapaKTepUCTUKAMHU
po3ropTaHHs He Oyjia MOBHICTIO PO3KPHUTA Y 3a3HAYEHUX pOOOTaX.

Otxe, (hyHKITIOHATBHI BJIACTUBOCTI OMHUCaHUX 000JIOHKOBHUX
MEPETBOPIOBAHUX KOHCTPYKIIM CTPMKHEBOTO THITY 3aliekaTh BIJl TeoMeTpil
CKJIAJ0K, METOAY pO3KpUTTS, MaTepiasly 1 T.JA., a Uil TOJIMIICHHS IUX
XapaKTePUCTUK BUKOPUCTOBYIOThHCS PI3HOMAHITHI METOH HaJaHHS
TpaHC(HOPMOBAHUM KOHCTPYKITISIM CTIHKOCTI Ta HECYUOT 3JaTHOCTI.

Jlo 11poro yacy 0yso omyOiaikoBaHO 0araTo OIVISIIOBUX POOIT, MPUCBIYECHUX
CyTO  aKTyaJbHI  mpoOysiemi  30UIBIICHHS  JKOPCTKOCTI  OOOJIOHKOBUX
neperBoproBanux KoHcTpykuii ([31], [32], [33], [34], [35], [36], [37], [38] Ta in.),
1 OLTBIIICTh 3 HUX HAMKMCaH1 aBTOpPaMH 3 MPOMHUCIOBUM JOCBIOM. 3allpOIIOHOBAHO
Oarato MeTondIB Kiacu(ikaili maTepialiiB pO3KPUBHUX KOHCTPYKIIH, 37aTHUX
HaOyBaTH Ta 30UIBLIYBAaTH MOPCTKICHI BJIACTUBOCTI. Marepiaau TpynmyrOThCs 3a
MEBHUMH METOJAaMH 3MIITHEHHS: 1€ CMOJIH, 0 TBEPAHYTH MiJ yIbTpadioleToBUM
BUMNPOMIHIOBaHHSAM (COHSIYHUM a00 JIAMIIOBUM ), TEPMOPEAKTUBHI CMOJIU, CMOJIH 13
TaK 3BAaHUM CKJIOBHJHHM IE€PEXO0JI0OM, CMOJH, SIKI TBEPJIIOTH MiJ JII€I0 BILIUBY
ra3oBOI0 CEpeOBUIIA, TaK 3BaHI PO3TATHYTI METAJIEBl JJaMIHATH, MaTepiaiu, 10
TBEPIIOTh 3aBISKM MEXaHI3My BHUIIAPOBYBaHHS YW OCYIIYBaHHS, MOJIMEpU 3
naMm'aTTio  GopMH, YKPIIUTIOKOUl MMiHU, (OTOMI3YH0Yl TUNBKA 3 JPOTOBUMH
KapKacamu, a TaKoK BOy/I0BaH1 CTPYKTYpPHI KOMIIOHEHTH.

€ KUIbKa 3araJbHOMPUMHATHX Y HAYKOBIH TEPIOJHUIl XapaKTEPUCTHK
HaJyBHUX KOPCTKHUX CTPYIKHIB, Ha SIKI KOXKCH METOJ YKPITJICHHS MOXE BIUTMBATH
B OUIbINIM yu MeHII Mipi. BUMOrM 10 BUKOpPUCTaHHS 30BHIIIHBOI €HEPrii JUIs
3MIITHEHHS OOOJIOHKM MOXKYTh BapilOBaTUCS BIJ HYJS s JACSKUX MacCHUBHO
3aTBEP/KYBAaHUX CMOJI JI0 3HAYHOTO IMOCTIMHOTO BUKOPHCTAHHS €HEprii, fK IIie
MOke OyTH y BHUINAAKY TEPMIYHO OTBepAHUX cMod. OOOpPOTHICTH MHpolecy
YKPITUIEHHSI MOX€E JJO3BOJIMTH OUIBII peTesibHEe Ha3eMHE TECTYBaHHS KOCMIYHOTO
oOJlafHaHHs, a TaKOX JO3BOJSE€ TMPOBEICHHS MICiH 3 KUIbKOMA ITUKJIAMHU
po3ropranHs/ckiananns. Jlerazamis (BunmiieHHs razy abo mapu, 30€peKeHux y

Martepiani, OcOOJIMBO B BakyyMi) 3a3BHYail MOBHHHA OyTH MIHIMQJIbHOW. Y
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OPOAYKTUBHOCTI METOJIB 3MIIHEHHS Yy Wi Tramy3i CIOCTepIralOThCS 3HaYHI
BIAMIHHOCTI. PIBHOMIpPHICTh TBEpIIHHS € TpoOJieMOr0 g 0araTboX METO/IB
3MIITHCHHS Ha OCHOBI CMOJI Ta BUIIpOMiHIOBaHHs. HepiBHOMIpHE 3aTBep/iiHHS ab0
BUCUXAaHHS MOKE€ MPU3BECTH J0 HEPIBHOMIPHOTO YCAJKW Ta IHIIMX CIIOTBOPEHb,
0 3MIHIOIOTH 3arajbHy (GopMy KOHCTPYKIi. JKOPCTKICTh y PI3HUX TEPMIUHHUX
CEPElIOBUIIAX € XapaKTEPUCTHKOIO, SKa MYCUTh 3OUIBLIMTH YHIBEPCAIBbHICThH
OinpIocTi Miciid. /liama3oH JOCSKHUX PO3TOPHYTUX T€OMETPUYHUX (POPM TaKOXK
MOKE€ 3HAYHO 3aJIe’KaTH BiJ TUIY METOAY 3MIIHEHHA. Pi3HATbCS W CTPYKTYpHI
BJIACTUBOCTI B PO3TOPHYTOMY CTaHi, 3aJIe’KHO BiJ OOpaHOTO METOMY 3MIITHCHHSI.
Jleski KOMIO3UTH JO3BOJSIIOTH CTBOPIOBATH JOCHTh MIIHI Ta KOPCTKI
KOHCTPYKIUi, TOAl SK, HANpUKIAJ, PO3TATHYTI  METaJleBl JaMiHATH
(GyHIaMEHTAIBHO OOMEXEH1 3a HeCcydor 37aTHICTI0. CTIHKICTh Y KOCMIYHOMY
CEPENIOBUII € KIIFOUOBUM ACIEKTOM ISl MICiH, SIKI MOXKYTh TPUBATHU KUJIbKA POKIB
nicist po3roprans. Huzbkuit koedimient temtoBoro posmupenHs (KTP) 6axanuit
a00 moTpi0eH ISl KOHCTPYKIIiH, 1110 TIATPUMYIOTh TOYHI IPUIIAIH, TaKl K ONTHKA,
ajsie MOke OyTH MEHII BaXJIMBUM JUIS 3aCTOCYBaHb, /1€ TOYHA T'€OMETPIs MEHUI
KpuTryHa. OUIHIOIYY TPUIATHICTD KOHKPETHOTO METOAY 3MILHEHHS, HEOOX1THO
BpaxoByBaTH 1l XapaKTEPUCTHKH, OJHAK HAsBHICTb CAMOHECHOI 3JaTHOCTI Oe3
BUKOPUCTAHHA JOJATKOBUX JIKEPENl eHeprii € 0e3yMOBHO HAWIIMIIMM BapiaHTOM
KOHCTPYKTUBHOTO pilieHHs. Jam po3risiHyTo Aesiki 3 HalOuIbll A1€BUX METOIB
3MIITHEHHS, 1110 HABEJEH1 y IUCePTaIlliHIA poOOTI s MOPIBHSHHSA €()EKTUBHOCTI
3aCTOCYBaHHSI.

Enacmuuni memanegi naminamu € HaiiOLIbII BUKOPUCTOBYBAHUMHU B KOCMOCI.
MeraneBi 1aMiHATH CKJIAJIAIOTHCS 3 TOHKUX IIApiB TUIACTUYHUX METaNiB (3a3BUuait
NIOMIHIIO), 3’€JHAHUX 3 TOHKMUMHM IIapaMd  MOJiMepiB.  3a3BUYall
BUKOPUCTOBYIOThC monmimepu Tuma BoPET (Mylar) 1 Kamron, wmeraneBuit
KOMITOHEHT J0JIa€ CTPYKTYPHOI >KOPCTKOCTI, TOJI SK TOJIMEPHUU Iap i€ SK
Mapoizojslisi  Ta  MOKpallye  MIIHICTh.  MeTanonojaiMepHi  JiaMiHATU
BUKOPUCTOBYIOTh JUIsl ()OpMYBaHHS OOITMBKH HAJTYBHHUX PO30IPHUX KOHCTPYKITIH.

[Ticnst TOoro, SIK CTPYKTYpa MOBHICTIO PO3TOPHYTA, BHYTPIIIHII TUCK 301JIbIIYETHCH,
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MOKM METaJeBUl KOMIIOHEHT Yy JIaMiHaTl TPOXW HE MEPEBUIIUTH CBOIO MEXY
TEKYy4OCTi, MOJIMEPHUI KOMIIOHEHT 3aBXKIH 3alUIIA€ThCsA enacTUyHuM. llicis
TOTO, SIK Ta3 BUIMYCKAEThCS a00 BUXOJUThH, HABAHTAXKCHHSI BiJI TUCKY 3HIMA€ETHCS, 1
KOHCTPYKIIiA JIOCSTae CTaHy IMOMEPEeIHbOTO HANpPYXEHHsS, B SKOMY MeETaJeBH
KOMITOHEHT 3HaXOJUTbCS B CTaHl CTHUCHEHHS, a MOJIMep - Yy CTaHl PO3TATY.
KoHcTpykiii 3 MeTaneBoro jamiHaTy HaOyBalOTh JIOKAJIBHOI KOPCTKOCTI 3aBJISKH
nedopMarifHoMy 3MILHEHHIO METally Ta B IJIOMY 4Yepe3 yYCYHEHHS HEIOJIKIiB
(JIiHIM 3THHIB, CKJIAQJ0K) Ha TOBEPXHI JamiHATy i dYac TekydocTi. OmHak
MOTIEPE/IHE HAMPY>KEHHS 3MEHIIIY€E 3/IaTHICTh JaMiHATy BUTPUMYBATH CTUCK. bynmu
BUMPOOYBaHI pI3HI KOMOIHAIli 1IapiB, BKJIOYAIOYM METal-MoJIMep-MeTal,
HoJIiMep-MeTajI-oJiimMep 1 ABOIIapoBi jgaMinatu [7,39].

NASA mnoyano exkcrnepuMEHTYBaTH 3 METaJeBUMH JIaMiHaTaMu IS
3aCTOCYBaHHsS B KocMoci HampukiHii 1950-x pokiB [40], a mi3HiIIe YCHIITHO
3ayCTUIO alIFOMIHIEBO-MailylapoBl JiaMiHaTHI cdepu Il TECTIB MacCHUBHOTO
3B’SI3KY Ta €KCIIEPUMEHTIB 3 MUTbHICTIO atMochepu: Explorer IX y 1961 pomi [41],
Explorer XIX y 1963 poui [47], 1 6inbmuii Echo II y 1964 por [42,39,43,44].
Kommanis L’Garde 3a migTrpumku pociaigHuipkoro ueHtpy Jlenrm NASA
EKCIIEpUMEHTYBajla 3 HaJAYBHHUMH CTpUIaMH 3 MeETaJlieBoro JamiHaTty [45] 1

MOKpaIIuia CTPYKTYPHI XapaKTepUCTHUKU CBOIX CTPLI 32 JIOMIOMOTOK0 CIIPaTbHOTO

obropranus [46], (puc. 1.12,6).

. "

Puc. 1.12 Bukopuctanus aedopmariiiiHoi >KOPCTKOCTI METAJIONOJIMEPHUX
naminatiB y cymyTHuKy Explorer XIX (a) [47] 1 cTpimi 31 3ropHYTOIO cripaito (0)

[46].
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[TonibHa ckiagka 3MEHIy€E paaialibHI HABAHTAKEHHS B CTPLI, JTO3BOJISIOUH
ochoBiil nmedopmarii peamizoByBaTucsi Ourbmn moBHO [48]. BmacHy mertaneBy
namiHaTHy cdepy Takox Bunmyctwia komnanis L’Garde [46]. Komnanis EADS
Astrium BUKOpHCTajga HaAyBHY CTpUly KamnTOH-METal-KaNTOH-JaMiHAT Y
3aIpPONOHOBAHOMY <«JIBOTPAaHHOMY» KpuUJIl Jyuis ciiycky 3 opOitu [49,50], a Senda et
al. [7] nocmipkyBaiu HaayBaHHS Ta OTBEPJIHHS CKJIAJACHUX Opirami HMWJIIHAPIB 3
AJIFOMIHIEBOTO JIaMiHATY.

Cmonu, Wo  3ameepoxCcylomsvCa  3a8058KU  YAbmpagionemosomy
onpominennto. llounHaroum 3 paHHIX poOIT y ramy3i Y D-dikcamii cmon [51,52],
OyJ10 JOCTIIKEHO KOMOIHAI[IF0 PO3KPUTTS 32 JOMIOMOTOIO THHU 3 mojanbiuM Y O-
3MIITHEHHSAM OOOJIOHKH, IPOCOYeHOi cmoiior [53,54], mas 3aTBepiHHS OyJio
BUKOPUCTAHO YJIbTpa(ioieTOBE BUIIPOMIHIOBAHHS HABKOJWIIHBOIO CEPENOBHUILA.
Ham Oyno TpoAEeMOHCTPOBAHO BHUKOpPUCTaHHS Y®D-3MillHEHHS B HaJIYBHHX
130rpaTKOBUX IIITaHTaX 13 3aCTOCYBaHHAM siK mpupoaHix [55] (Puc. 1.13,a), Tax 1
JamrioBux [56] mxepen BunpominroBaHHs (Puc. 1.13,6), a Takox BOyIOBaHUX
JaMmIl, 1[0 MpaIiol0Th Ha PI3HUX JOBXKHUHAX XBWJIb, JUJII HaJaHHA >KOPCTKOCTI
MOTIEPETHEO TIPOCOYCHUM CIEIIaIbHUM PO3YHMHOM PO3KPUBHUM CTPYIKHEBUM
KoHCTpyKIisiMm [3,57,58]. Jlamnu TakoX BHKOPHCTOBYBAIUCS JUISL YCIIITHOTO
3aTBEP/IIHHS HEBEJIMKOI HEHAYBHOI TaK 3BaHOI MaBYTMHHOI KOHCTPYKIIi MMiJl Yac
napabomiudoro nonaeoty FOCUS [59]. IlepeBarm HagaHHS MKOPCTKOCTI 3a
JOTIOMOT010 Y D-BUTIPOMIHIOBAHHSI BKJIFOYAIOTh TPUBAIMN TEPMiH 30epiraHHs,
HU3bKY Jlera3alilo 1 IIMPOKUA BHOIp MOXIMBUX (OPM  3aCTOCYBAHHS.
BukopucTaHHS COHSYHOTO BHIPOMIHIOBAHHS JJISI 3aTBEPIIHHS A€ MOKJIHBICTH
CYyTO MACHUBHOTO MPOIECY 3aTBEPAIHHS, TOAl SK BUKOPUCTAHHS JIaMIT JIO3BOJISIE
OUIBII TOYHO KOHTPOJIOBATH 3aTBEPAIHHSA 32 PaXyHOK OUIBIIOI CKIJIAJHOCTI
CUCTEMU Ta CIOKMBAaHHS eJIeKTpoeHeprii. Bubip apMyrodnx BOJOKOH 31 CMOJIaMH
JUIST BUKOPUCTaHHSA 3 Y D-BUMPOMIHIOBAHHSIM OOMEXEHH pPa3oM 3 TOBIIMHOIO
CTIHKM KOHCTPYKIIii, OCKIJIKH JUIsi TTOBHOTO 3aTBEpAiIHHS Y D-BUNPOMIHIOBAHHS

Ma€ TMPOHUKATH B yCl IIapu TBepaoro jamiHaty. Ciia 3ayBakuTH, 10 Oararo
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THUIIB BUCOKOMIITHMX BOJIOKOH, TaKUX SIK TpadiT, HE MpOnycKaTh Y D-nmpoMeHi 1

iX BUKOpUCTaHHS OOMEXEHO.

Puc. 1.13 3artBepainus cmos Y®D-BUINPOMIHIOBAHHSIM 3 BHUKOPHUCTAHHAM

COHSTYHOTO BUIPOMiHIOBaHHs (a) [55] Ta mamn amst 3atBepains (6) [57].

Kpim Toro, moniMepHi KamepH, SiKi BAKOPUCTOBYIOTHCS JJIs1 yTPUMAHHS Tasy,
10 HallOBHIOE KOHCTPYKI(IIO, TAKOX MOXYTb 3alo0iraTd NMPOHUKHEHHIO XBHWJIb 13
HEOOXITHUMHU  JIOBKMHAMHM  JO  JKOPCTKOi  KOHCTpPYyKIii.  MOXXIIUBICTb
HEPIBHOMIPHOTO 3aTBEepAiHHS Ta nedopmarii Moxke OyTH BEIHKOI MpHU
BUKOPHUCTAHHI pajialli HaBKOJIMIIHBOTO CEpPEelOBUIIA SIK 3aTBEpAKyBaua.
Hapemri, Y®-KOpCTKICTh € HE3BOPOTHOIO, IO YCKIATHIOE BUKOPWUCTAHHS Ta

Ha3eMH1 BUIIPOOYBaHHS KOCMIYHOTO OOJIaAHAHHS.

Cknonoodioni cmonu. bararo marepiaiiB, BKJIIOYAIOYU TMOJIMEPU, JTEMOHCTPYIOTh
3MIHY CTaHy, SIka Ha3WBA€TbCS CKIIYBAHHSM, SIK€ 3aBXKIU BIJOYBA€TbCS HUXKUE
TEMIIEpaTypH IJIaBICHHA 1 He € (Pa3oBuM mepexogoM. KpucramiyHuii KOMIOHEHT
MOJIIMEPIB BTpavae CBOIO TBepay (opMy JIMINE IMiJl Yac TIIaBJICHHS, a aMOp(HHUit
KOMITOHEHT 3MIHIOE PYXJIUBICTh MPU TEMIEPATYPl CKIYBaHHS, 110 NPU3BOAUTH JI0
YTBOPEHHsI KayuyyKononaiOHoro mnosiimepy. Llsi BIacTUBICTP BUKOPUCTOBYETHCA B
HAJYBHUX CTPMIKHEBHX OOOJIOHKAxX JJisi CTBOPEHHS CTPYKTYpH, sIKa CaMO3acTHrae
npu  TeMmrepaTypl HUXKYE TIeBHOI TIichas pos3ropraHHs. Tak, B poboTax
[60,13,61,62,63,64] ommcaHO TMpakTHYHE BHUKOPHUCTAHHSI JAaHOTO e€QeKTy B

nuTiHApryHid 000m0HII (Puc. 1.14) Ta B coHSUHOMY BiTpHii 3aBIOBXKKH 20 M

[65,67].
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Puc. 1.14 BuyTpimHiii BUTIAL HaaAyBHOI OOOJOHKOBOI KOHCTPYKLIi 3
BOJIOKHAMH, MPOCOYEHUMH CMOJIOIO, 1110 OPIEHTOBAHI MO JI1aMETPy Ta B OCbOBOMY

Harnpsamky [13].

OnucaHi €eKCIepUMEHTH 31 CMOJIaMH 31 3HAYEHHSIMH TEMIIEpaTypHOTO
sminHeHHs 50; 20; 0 ta -20° C [66], 1 Takoxk OyJ10 BUKOHAHO JILOTHI BUITPOOYBaHHS
TEXHOJIOT1i 3MIITHEHHsI KeBllapoM B paMkax ekcniepumenty Cibola [15]. JlonatkoBi
excriepuMenTH 31 cmosiamu Oynu npoBeneHi BIIC CIIA (USAF), ski po3poOunu
ctpiny RIGEX [68] 3 BUKOpHCTaHHAM CMOJHM 3 €(PEKTOM CKIyBaHHS, TOJl SK
xomradist [ILC Dover 3anponoHyBaB BUKOPUCTOBYBATH MOAI0HI CMOJIM JJIs TaK 3B.
rekcarnoja [69], a Takok eKCIIepUMEHTYBAB 13 MojiiMepamMu 3 e()EeKTOM CKITyBaHHS
3 mam’aT1Tio dopmu (SMP) [70,71,72,73]. SMP imiTyr0Th TOBEIIHKY CILUIaBIiB 3
nam'siTTio HOpMHU Ta MPUPOJHUM YMHOM BIJHOBIIIOIOTH CBOIO MOMEPEAHLO HATPITY
dbopmy Tpu HarpiBaHHI BuIile iX Temmneparypu ckiyBaHHs (Tg). g He3BuyaitHa
MOBEIHKA JI03BOJISIE CTBOPIOBATH OUIBII CKJIAJHI CAaMOPO3TOPTHI CTPYKTYPH, HIXK
MO>KHA JIOCSATTH 32 JOIOMOTOIO JIMIIE PO3KPUTTS. X04a MOJIMEPH 31 CKIIyBaHHSIM
3a3BUYail HE TaKi >KOPCTKI, SIK TEPMOPEAKTHUBHI CMOJIM, OOOPOTHICTH MPOIIECY
TBEPAIHHSA POOUTH MOMKJIMBUM Oararopa3zoBe pPO3rOPTaHHS 1 MOJErIye Ha3eMHi
BUIMIPOOYBaHHS KOMMOHEHTIB. Ilepen po3ropTaHHsIM KOMIIO3UTH, Y SIKHX
BUKOPHUCTOBYIOThCSI Tak 3BaHi cy0-Tg cmoim, 3a3Buyail moTpiOHO HarpiT, o0
3a0e3MeuYnT HEOOXIJIHY THY4YKICTh. Ilicisi MOBHOro po3ropTaHHs, OTBEPAIHHS
KOHCTPYKIIi B1I0yBa€ThCs MACUBHO NPH ii 0X0J0/KeHH1. CKIaHOI0 0COOIMBICTIO

HKOPCTKUX KOHCTPYKIIIM 3 €peKTOM CKIYBaHHS € BUMOTa MOCTIMHOTO yTpUMaHHS
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pPO3rOpPHYTOi KOHCTpPYyKIii Hmwk4de Tg 1, mBuame 3a BCE, BHUMaraTuMe
BUKOPHUCTAaHHS 0araTomapoBOro TEIUIOBOTO 3aXUCTY JAJIS 3aXMCTy KOHCTPYKIIT Bif
COHSIYHOTO BHIIPOMIHIOBAHHS Ta IHITUX JHKEPEN TEeIUa.

Cmpykmypu i3 sukopucmaunam gomonizayii 6yao NPaKTUIHO AOCTIIKEHO
B ekcriepumentax BIIC CIIIA OV1-8 (Puc. 1.15) i AVL-802 (Gridsphere) [74].
OO6uaBl KOHCTPYKIT Oynu cdepamu, IO CKIAJaIMCS 3 TOHKOI IUNBKH 3
IHTErpoBaHoI0 CiTKOI0. [li yac po3ropTaHHs TOHKA IUIIBKA Jisyia K 0OOJOHKA,
gKa BUTATYBaja JPOTSHUN Kapkac y cdepuuny ¢dopmy, 1 JpiT CTBOPIOBAB

YKOPCTKHAM KapKac.

Puc. 1.15 CynytHux OV1-8 i3 HagyBHOIO OOOJIOHKOIO, IO MiJAAETHCA

dboToi3y, 13 BOYJJOBAaHOIO IPOTSHOIO CITKOIO [74].

UYepe3 neskuil yac miiBKa QOTONI3yeTbCs (BUMAPOBYETHCS) IMiJA AIEIO
COHAYHOTO BHUIPOMIHIOBAHHS, 3aJIMIIAIOYM JPOTSHUM KapKac, IO BHUKOHYE
(GyHKLIT «IMAaCUBHOTO CYNYTHHUKY 3B’S3Ky», SIKHI BIIOMBAa€ TMEBHI YacTOTH
CJIEKTPOMArHITHOTO BHUIIPOMIHIOBaHHS SIK CyIIbHA cdepa, ajne Mmae Habararto
MEHIIUHN aepOJMHAMIYHUH OMip.

Jami, po3kpuBHI 000JIOHKOBI KOHCTPYKIli 3 BUKOPUCTAHHSIM MEBHUX CMOJI
MOKHa pOOUTHM THYYKMMM 32 JONOMOIOI0 MOM SKIIyBaJIbHUX PO3YMHHHKIB.
KomMmno3utauii matepian  0OOJOHKHM, TOKPUTUA MAPOIZOJSILIAHUM  IIapoM,
3armo0ira€ BUIMAPOBYBAHHIO PO3YMHHHMKA MM dYac 30epirands. Ko miasHKA
Oap’epy 3poOUTH TMPOHUKHUMH ISl PO3YMHHUKA, 1 TI cami CEKIlii 3ropHyTH abo
3KPYTUTU MijJ 4ac 30epiraHHs, TOJl 3aTBEPAIHHSA BIAOYAEThCS JUIIE MICISA

posropTanHs. ExkcmepuMeHTH 13 TIApOTesIMU Tl 4YaCc CTBOPEHHS HAaIyBHOT
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xopcTkoi KoHCTpykmii IRSS, sika cTae >XKOpPCTKOIO 3a TOMOMOTOIO Jeriaparartii

omucano B [75,76], (Puc. 1.16).

Puc. 1.16 ®epma IRSS 3 Bukopuctanusam rigporesneBoro 3MinHeHHs [80].

[TomiBIHIIOBUH CHIUPT 1 HABITH KEJIaTUH OYyJIM 3alpOIOHOBAHI K BIJAIMOBIJIHI
MaTtepiaiu, 10 TBEPAIIOT, TpH BumapoByBaHHi [51,77,78]. Merton HamaHHs
YKOPCTKOCTI 3a JIONOMOTrOI0 BUIIAPOBYBAHHS CIIOYATKy OYB NPUBAOIMBUM Yepe3
MPOCTOTY TMPOIECY, JOCTYMHICTh BIAMOBIJHUX MaTepiadiB 1 BIJACYTHICTh
e”Hepro3arpaT. IlpugaTHicTh MeTOQy M Cy4aCHUX KOCMIYHHMX 3acTOCYBaHb
oOMeXeHa Jy)Ke BEJIMKWM BUAUICHHSM rasiB (>15% 3aranbpHOi BTpaTH Macu) Ta
WMOBIPHICTIO HEPIBHOMIPHOTO BUCUXAHHS Ta YCaJKH.

OTxe, BUKOHAHUWA OIVIAJ] ICHYIOUHMX HPOTOTHIIB  PO3pOOIIOBAHOI
KOHCTPYKIIi BKa3ye Ha JBa KJIOYOBI BHUKJIMKUA IPHU MPOEKTYBAaHHI PO3KPUBHUX
MMHEBMATHUYHUX (HAIYBHUX) KOCMIYHUX KOHCTPYKIIM — 1€ BHUOIp paiioHaTIbHOT
CXEMHU 3TOpPTaHHs Ta METOIy 3a0€3MeUeHHs MIITHOCTI 000JI0HKH. Cxema 3ropTaHHs
MOBUHHA 3a0e3MeuyBaTH HAaWO1IbIIy KOMIAKTHICTh KOHCTPYKIIil, @ TAKOXK HAJIIHHY
Ta TmnependadyBaHy JHWHAMIKy pO3TOpTaHHS. MINHICTh TICHS PO3rOpTaHHS
3a0e3nedye HEOOXiAHY >KOPCTKICTb KOHCTPYKLII Juisi peani3auii il HeCHOl
31aTHOCTI, @ TaKOX JIOBFOCTPOKOBOTO BHUKOPHUCTAHHS B YMOBaxX KOCMIYHOTO
npocropy. LuniHapuuHi CTpuKHEBI OOOJOHKOBI KOHCTPYKIIi € BaXKJIIMBOIO
KAaTeropi€l0 HaJyBHMX KOCMIYHMX KOHCTPYKIIH, OCKIIBKM BOHH YTBOPIOIOTH
OCHOBHI €JIEMEHTU TPHOXBUMIPHUX KOHCTPYKI[iH 1 BUKOPUCTOBYIOTHCS SIK OMOPHA
CTPYKTypa s OaraTboX O0O0’€KTIB, BKJIIOYHO 3 COHSYHUMH IMapabOIuYHUMHU

BITpMUJIAMU Ta COHSYHHMH Oatapesmu. TWM HE MEHII, PO3TVISHYTHUH ITUPOKHIMA
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CHEKTpP CXEM 3TOpTaHHS AJI1 HayBHUX IMIIHAPUYHUX CTPUKHIB IEMOHCTPYE, IO
KJIACUYHI OOOJIOHKH 31 Z-TIOJIIOHOI0 3rOPTKOI0 MAIOTh HemepeadoauyBaHy TUHAMIKY
pO3ropTaHHs. AJIBTEPHATUBOI € BUKOPUCTAHHS CXEM 3TMHAHHS 3a MPUHIUIIOM
opirami, a TaKOX TEJIECKOMYHUX KOHIYHUX CTPIIKHIB. TEXHONOTiS KOHIYHUX
CTPW)XKHIB 3 TOJIMEPHUX MaTepiaiiB Oylia MpoTecToBaHAa B XOJl JLOTHUX
BUIIPOOYBaHb, ajle BUKOPUCTAHHS CXEM 3TMHAHHA 332 INPUHLUIIOM Opirami Hapasi
Ma€ HHU3bKHM pIBEHb TOTOBHOCTI /10 BHUKOPHCTAaHHSA. 30KpeMa, 3B'SI30K MIXK
IEOMETPIEI0 CXEMU 3TUHAHHS Ta KIHETHMKOIO PO3rOPTaHHs CTPUIKHEBUX OOOJIOHOK
HE HAJICKHUM YUHOM BCTAHOBJICHUU Ta OOMEXEHO MPE3CHTOBAHUI Y CBITOBIM
HayKOBIW nepioauui. TakuM 4YHMHOM, pO3KPUBHI OOOJIOHKH 0araTOKOHYCHOTO THITY
MaloTh JIeKUJIbKa O€3CYMHIBHHMX II€peBar CTOCOBHO BHCOKOI KOMIAKTHOCTI,
JUHAMIKM Ta HAJIIAHOCTI PO3KPUTTS, OOYMOBJIEHOIO YHEMOKJIUBIECHHSIM
Iu(y31HOTO 3BaplOBaHHs JOTUYHHUX (PparMeHTIB CKIIAJEHUX TOBEPXOHb B YMOBax
BHUCOKOTO BaKyyMy.

SK BHUCHOBOK 3 OmIsiAy, Mpodsiema 3a0e3MeyeHHs MIIHOCTI Ta CTIHKOCTI
0OOJIOHKH 3aJIMIIAETHCSA TOJOBHOK Ta OCTaTOYHO HE BUPIIICHOIO. Y3arajbHEHHS
TEXHOJIOT1M 3MIIHEHHS JE€MOHCTPYE BEJIMKY pPI3HOMAHITHICTh 3aCTOCOBYBAHMX
XIMIYHUX, (PI3UYHUX Ta MEXaHIYHUX TMPOLECIB, )KOJACH 3 TPOIIOHOBAHUX METO/IIB HE
€ Oe3goraHHMM, Mawud CBOi TmepeBard 1 OOMEXEHHS, aje MpPaKTUYHE
3aCTOCYBaHHS B KOCMOCI OOMEXYEThCS JIUIIE EKIIbKOMa METOJaMHU 3MIIHEHHS
CUHTETUYHHUX MaTepialliB 000JIOHOK, TAKUMHU SIK PO3TATHYTI METAJICB1 JJAMIHATU Ta
CMOJIA 3 MIATPUMYBAHOK TEMIIEPATypOl0 CKIYBaHHsS. ['OJIOBHI TEXHOJIOTIYHI
npoOjemMu - HEpPIBHOMIPDHE 3aTBEPHAIHHS, CIIOTBOPEHHS MOBEPXHI IMiJI 4Yac
3aTBEp/IIHHS a00 BHCHXaHHS, HEHAJINHICTh 3aTBEP/KYIOYOr0 KOMIIOHEHTA
(COHsTYHE BUMPOMIHIOBaHHS, Tra3, IlHA, JIaMIHK) Ta BHUMOTU JIO0 CKJIaJHOTO
JOJJATKOBOTO OOJIaZIHAHHS, TAKOTO SK TEIJIOBI KOBAPHW, IO TaKOX IOBUHHI
KOMIAKTHO ckianatucs. OTxe, MOAANbIINM NpOrpec BUKOPUCTAHHS CTPHXKHEBUX
O00O0JIOHOK 3 METaJeBUX MarepiajiB Ma€ HAOYHI MepeBard 3aBIsSKH BiJCYTHOCTI
HEOOXITHOCTI JOMAaTKOBUX TEXHOJOTIH 3MIIIHEHHs, ajie MmoTpedye BceOIYHOTO

BUBYEHHS, 30KpeMa, B AacCleKTI HaJIHHOCTI HEpo3’€MHUX 3 €JHaHb Ta
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MPEU3IHHOCTI PO3KPUTTS, OOMEKEHOI MPYKHUMH BJIACTUBOCTSIMU METAJIEBHX
MaTepianaiB KOHCTPYKIIii.

XapakTepHui BapiaHT KOHIIEMI[T MPAKTUYHOTO 3aCTOCYBAaHHS CaMOHECHOi
NEPEeTBOPIOBAaHOI KOHCTPYKIii nepioanyHoro mpodimto (KIIO) ans BigBeaeHHs ta
yTpuMaHHs HaykoBoi amaparypu (HA) Ha Bijgcradi Bifg 0a30BOr0 KOCMIYHOTO
Moaymo MixknHapoaHoi kocMmiuHoi ctaHili (MKC) naBeneno Ha Puc.1.17.
HocnimxyBani B poOOTI CHONY4YEHHS TEOMETPUYHHX Ta (PYHKIIOHATbHUX
BractuBocTedt po3podoBanoi KIIO nHaBeneni B m.2.1 pobotu Ta 0a3yroThCcsi Ha
BUXIJIHUX Jlama3oHax mapaMmeTpiB, periamentoBaHux JloroBopom NeYN-OBI-
23260 mpo cmiBopamro Mix AII«Kb «lliBnenne»» ta IE3 im.€.0.1Tatona HAHY.

3araiom,

Puc.1.17 Cxema po3mimensst KITO na cimyx6oBomy Moy MKC [28]

KoHCTpykTMBHa cxema KIIO wMae BianmoBimat HaWKpalmioMy MMO€IHAHHIO
MacorabapuTHUX XapakTEPUCTHK MPHU 3aJaHiil KOMIAKTHOCTI 1 3abe3nedyBaTH
CTIMKICTb 1O BIUIMBY 30BHINIHIX 1 €KCIUTyaTalldHuUX QaktopiB. ba3osi
pernamentoBadi BuMoru Ao KIIO BigmoBigarOTh HACTYIHHUM Jliaria30HaM
napamerpiB: L = 3000 + 0,025 m; 300 mm< D <400mm; KT = 10 £ 0,25; nepmia
(Oa3oBa) yactoTa BimacHMX KoiuBaHb: 2...10 I't; xopucHe HaBanTaxkeHHs (HA):
ekBiBajeHTHa Maca 10-15 kr y 3eMHUX yMOBax.

Jns peanizaiiii mocTaBae€HOT METH pOOOTH BU3HAYEHO TaKl 3aBJAAHHSA JTOCTiIKEeHb:
1. Bu3HayeHHS ONTHUMAJIbHOIO CHIBBIIHOUIEHHS TE€OMETPUYHHMX MapameTpiB

KOHCTPYKITi.
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OTpuMaHHsI HEOOXITHOI MPOCTOPOBOI KOPCTKOCTI CTBOPIOBAHOT KOHCTPYKIIII,
KA XapaKTepU3YEThCS MEPIIOO (0a30BOK0) YACTOTOIO BIACHUX KOJIUBAHb.
Po3pobka TexHoorii 3BaproBaHHS OOOJOHKOBHX €JIEMEHTIB KOHCTPYKINI 3i
cTajieii  (ONBroBOr0 Kiacy TOBUIMH, IO 37aTHI MPOXOJUTH  LUKIU
eKCTpeMalbHUX JehopMyBaHb O€3 BTpaTH PIBHOMIITHOCTI IIIBa, 30HU
tepmiyHoro BrummBy (3TB) Ta ocHOBHOTO MeTaty

Po3po6iieHHs METOIUKN JTUHAMIYHOTO HEPYHHIBHOTO KOHTPOJIO HEPO3EMHHUX
3€JIHaHb MEPETBOPIOBAHUX 000JIOHOK O€3MOCepeIHbO B MPOIIEC] 3BAPIOBAHHS.
BuroToBneHHss ~ MOCHIMHOTO  3pa3ka  MEPETOPIOBAHOI  KOHCTPYKII,
eKCIIEpUMEHTaJbHA Badijamiss il XapaKTepUCTUK, OTPUMAHUX MIISAXOM

YUCCIIBHOT'O CKCIICPUMCHTY.
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Po3ain 2. METOJ0JIOI'ISI CTBOPEHHSI JOBIOMIPHOI KIIO

2.1 MeToa0J10risi CTBOPEHHSI METAJIEBOI JIOBrOMIpPHOI NMepeTBOPIOBAHOI
KOHCTPYKIiI 00010HKOBOro Tuny. BH3HaYeHHS MOMXJMBHUX BapiaHTIB
reoMeTpu4HOI KOHQIrypauii KOHCTPYKIIil, y AKNX 3a0e31e4yeThbcsl HeoOXiaHa

KOMIAKTHICTb.

OCHOBHMM 3aBJIaHHSIM PO3POOKH METaeBOT KOHCTPYKIIii MEPEeTBOPIOBAHOTO
00'eMy (KIIO) 3 xKOHIYHUX CEKI[Ii € BU3HAYEHHS 1i KOHCTPYKTHUBHOI CXEMH, SIKa
BIJINOBIIa€ HaWKpaIioMy MO€JHAHHIO MacOra0apuUTHUX XapaKTEPUCTUK, BHCOKOI
KOMITAaKTHOCT1 1 CTIMKOCTI MiJ JI€I0 €KCIUTyaTalliiHUX HaBaHTaXXE€Hb 1 (PaKTOpiB
kocMiyHoro mpocropy (®KII). YmoBu wMexaniynoro nHaBaHTaxeHHs (DKII)
npuitMaroTbes BianoBiiHO 10 BUMor MKC; OCHOBHMMM € IIUKJIIYHI TEeMIEpPaTypHi
BIUIMBM, & TaKOX IHEpIIHI Ta BiOpalliiiHi HaBaHTAXKEHHS MpU KoedilieHTi
oe3mneku, mo aopiBHioe 2,0. bazoBuM napaMeTpom KOHCTPYKIIiT oOpaHa ii JoBXKUHA
~ 3 M, ska no3Boisie BUkopuctoByBaTu KIIO ik BUCYBHMI HECYyUHU €IIEMEHT IS
3MIMCHEHHS T03aKopa0eabHOl MISJIBHOCTI 3a MEXKaMH BJIACHOI 30BHINIHBOT
atMochepu kocMiuHux amapatiB (B3A KA). [lns 31aTHOCTI BUKOHAHHSI OCHOBHOTO
MPU3HAYEHHSI KOHCTPYKINi - yTPUMaHHS KOPUCHOTO HAaBAaHTAKEHHs (HAMPUKIIA],
Macc-CIIeKTPOMETPY) Ha BiJcTaHl Big 06a30BOro KOCMIYHOTO MO, HEOOX1ITHO
3a0€3MeUYNUTH CTIMKICTh KOHCOJIBHO 3aKPIMJIEHOT 0OOJOHKM 3a3HAYEHOT TIOBXKUHU 13
KOPUCHUM HaBaHTAKEHHSIM 3a YMOBHM ii MaKCHMAaJbHOTO JlaMeTpy Yy MeKax
300<D<500 ™M, obymoBneHoro rabapuTamu IUTIO30BOoro OTBOpy KA-HOCIs.
Koediuient Ttpanchopmanii K;, T00TO cmiBBimHOmIeHHS noBxkuHu KIIO y
KOMITaKTHOMY Ta poO04YOMy CTaHi, moBUHEH JopiBHIOBaTH K; > 10 1 00ymoBIeHui
rabapuTHUMU PO3MipaMH TPAHCIOPTHOIO BiACIKY 0a3zoBoro moaynis. OdeBujHe
MparHeHHs 0 3MECHIICHHS MacH 00OJIOHKH 0OMEKEeHE MIHIMaJIbHOIO TOBIIUHOIO il
00O0JIOHKH, sIKa TOBHMHHA 3a0€3MEYUTH JOCTATHIO JKOPCTKICTh KOHCTPYKIIi, IO
3ano0irae BTpATi CTIMKOCTI B YMOBAax Jii 1HEPUIMHUX Ta TEIJOBUX HABAHTAXKEHb.

BiamoBiHO, JKOPCTKICTh KOHCTPYKIIIT XapaKTepU3yeThes 1i mepinoo (6a30BOI0)
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YaCTOTOIO BJIACHUX KOJIMBAHb Ta aHATI3YEThCS Y POOOTI 3a JOMOMOTOI0 YHCETbHUX
Ta EKCTIIEPUMEHTAITLHO-PO3PaXYHKOBUX METO/IIB.

3aBaaHHSAM JOCIIPKEHHSI Ha TEPIIOMY €Tarll € BU3HAYEHHS ONTUMAJIbHUX
CHIBBIIHOIIIEHb T€OMETPUYHUX MapameTpiB koHiuHUX cekiiit K10, Bkmogyaroun ix
TOBIIMHY 1 MapaMeTpy KUIbLIEBUX CKJIAJ0K, 1[0 YTBOPIOIOTHCSA MPU KOMIIAKTHOMY
MEepEeTBOPEHHI, MpH SKUX OOOJOHKAa KOHCTPYKIII 3 0OpaHOro marepiaay Mae
HaWOUIBITY CTIMKICTh MiJ €0 30BHIMIHIX HaBaHTaKeHb. OTKe, NI BU3HAYCHHS
KOHCTPYKTHUBHO1 cxemu O0aratrokonycHoi KI1O moBHHHO 0JJHOYACHO BUPIITYBATHCS
KUJIbKa B3a€EMO3JIC)KHUX 3aBJIaHb: BU3HAYCHHS MOXKJIMBUX BapiaHTIB T€OMETPHIHOT
KOH(]Irypalii KOHCTPYKIIi, y SKHX 3a0e3MedyeTbcsi HEeOoOXiHAa KOMIAKTHICTB;
BUOIp KOHCTPYKIIHHOTO Marepiany, MpU BUKOPUCTaHHI SKOTO MOKIIUBICTb
KOMIIAaKTHOTO TIEPETBOPEHHS OOOJOHKH TOEJHYEThCA 3 11 HEOOX1THUMU
XapaKTEPUCTUKAMU MIIMHOCTI 1 HE TOpYIIye HEOOXITHOT T'e€PMETHYHOCTI;
BU3HAYECHHS BIJMOBIAHOCTI >KOPCTKOCTiI, MIIIHOCTI Ta CTIAKOCTI KOXKHOTO 3

BaplaHTIB KOH(Irypalii KOHCTPYKIIi 3 00paHOro Marepiay.
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Puc.2.1 VYciuena koniuna cekimis KIIO (a) Ta KOHCTpyKTHBHA cxema

oararocekuiitHoi KITO B koMmnakTHOMY (6) Ta pO3KPUTOMY (&) MOJOKEHHI1

Bucora Hk yciuenoi xoniunoi cekmii KIIO (Puc.2.1) BuzHauaeTscs KyTOM
KOHYCHOCTI 1 CIiBBIJIHOIIEHHSM AiameTpiB ii ocHoB D/d (D=2R; d=2r). Bignocna
Bucota cekmii Hk/D oOMmexxeHa Hacammepen BHMOTaMU O KOPCTKOCTI
KOHCTPYKIIii, OCKIJIbKA 0a30Ba 4aCTOTa NMPU HE3MIHHIN TOBIIMHI 0O0JIOHKH 3pOCTaE

npu d — D. OTxe, 17151 CTBOPEHHSI TOBTOMIPHOI KOHCTPYKITii MOTPiOHO 00'e THAHHS
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MOCTIOBHOCTI KOHIYHMX CEKIIM KOHTypaMH BEJIMKHX 1 MEHIIUX OCHOB.
dopMo3MiHA YCIU€HOI KOHIYHOI CEKIlii O KOMIAKTHOTO CTaHy PEali3yeThCcs 3a
nornoMoroto 3anpornonoBaHoro IE3 im. €.0. [laroHa meromy MOCHIIOBHOTO
J3epKATLHOTO B1IOOpakeHHsI AUITHOK moBepxHi Q1...Qn BITHOCHO €KBIAMCTAaHTHUX
napajiebHUX TUIOMMH Yi1...Yn (Puc.2.2,a), npu sxomy nepeTBOpeHHs OJIU3bKE /10
130METPUYHOTO 1 BIAOYBAETHCS 3 MIHIMAJIbHO MOXJIMBUMH PO3TATYBAaHHSIMH Ta
CTUCHEHHSIMA  CEpEMHHOI TIOBEpXHI TOHKOi  000J0HKU. IlocCiimoBHICTH
NEPEeTBOPEHUX MUIIHOK TOBepXHI Qi...Qn IpH BUKOPUCTAHHI TOHKOIMCTOBHX
MetaniB HaOyBae Burisany (Puc.2.2,6), mo TMOSCHIOETbCS OOMEKEHHSIMH Ha
MIHIMAQJIBHO JONMYCTUMHI pajilyc 3ruHy Marepiany. Jlane oOMeXeHHS € OJTHUM 3
OCHOBHMX (DaKTOpiB, 10 BU3HAYAIOTh KPOK CKIAIKH b, KUIBKICTH KUIBIIEBUX
CKJIaJIOK N TMPU 3a]aHOMY KyTI KOHYCHOCTI 0, 1 KOMHIAaKTHICTh oOojoHku Kr
6araroxkonycHoi KIIO:

__2:S'sina

KT = Z'Tl—T (l) [26]

Kinbkicte TOQpiB n BU3HAYAETHCA Jalli  PO3pPaXyHKOBO-aHATITUYHUM
[UIIXOM 1 3aJIEKUTh TOJIOBHUM YHHOM BiJl TOBIIMHU KOHCTPYKIIIIHOTO MaTepiaiy,
a TaKOX BiJ HOTO NPYXHO-TUTACTUYHHUX BIACTHUBOCTEH Ta 3HAYCHHS pajiycy
MEHIII0T OCHOBH KOHIYHOI cekiii. Takum unHOM, nipu piBHEX D, a0 1 K1 000n0HKa 3
MEHIIOI0 TOBLIMHOIO Ma€ 1 MeHIy BUcOTy Hk, a 3HaunTh, Benukuil niametp d, a n

30UTBIITY€THCS MPU 3MEHIIICHHI TOBIUHU MaTepialy KOHIYHOT CEKITli.

AL .v"r
LNz VA

Puc.2.2 Cxema mepeTBOpeHHS CEpeIUHHOI TOBEPXHI YCIYEHOI KOHIYHOI
00O0JIOHKH (@), TOCIHIJIOBHICTh MEPETBOPEHUX MAUIIHOK MOBepXHI Q1..Qn mpm
BUKOPUCTAHHI TOHKOJIUCTOBUX MeTaliB (6) Ta cXeMa 3THHAHHS OJWHHYHOI

CKJTaIKH (8)
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MiHiManbHO AOMYCTUMHNA PajlyCc 3rUHY MaTepialy BUOMPAETbCA BUXOIAUYH 3
YMOBHU MiHIMaJbHOCTI PO3TATYBaHHS CepeIMHHOI OBepXHi 000oHKHU (Puc.2.2,6).
SIk movaTKoOBUIl KpUTEpiii Moxke OyTH B3ATa 3aJIEKHICTD, 1[0 BUKOPUCTOBYETHCS B
Teopii 0OpOoOKM MeTamy THCKOM [l BHW3HAYEHHS JIOMyCTHMMOTO 3HAYEHHS
yTOHIIEHHS Matepiany(Ad) y BepIIMHI CKJIaJKH, sKa J00pe MOETHYEThCA 3
eMITIPUYHUM JIOCBIIOM 130METPUYHOTO TIEPETBOPEHHS METAJeBUX OOOJOHOK

aHaJTi30BaHuX TOBIIMH (Puc.2.2, 6):

A =—2 )

T 4-(2r,+6)2

A§ — pomycTuMe YTOHIICHHS MaTepialy; § — TOBLIMHA Marepiany; 1, —
30BHIIIHIA paaiyc 3runy. [lpu /6 > 4,5...5 3MeHIIeHHsT TOBIIMHA MaTepialy Mnpu
3TUHAHHI HE MEePEBUIIYE TOXUOKH 3a TOBIIMHOIO, JOIYCTUMOIO B TOHKOJIHCTOBOMY
npokari ToBmmHOKW > 0,15 MM; Opu 1HbOMYy, y BEpIIMHAX CKJIQJOK HEMae
dbopMyBaHHS KOHIICHTPATOPIB HAMPYkKEHb, IOCTATHIX JJI CIOTBOPEHHS KIHIIEBOT
reoMeTpii MepeTBOpPeHoi 000JOHKU. OYEeBUAHO, IO BEJIUYMHA BIJHOCHOTO
MOJIOBXKEHHA MaTepially, W10 BHUKOPUCTOBYETHCS, IOBMHHA II€PEBHILYBATH
BEJIMYMHY BIJHOCHOTO pO3TsATyBaHHS Al 30BHINIHBOT TMOBEPXHI OOOJOHKH Yy

BepuuHi cknaaku (Puc.2.2,6) :

5
L= (21:+6) (3)

[IpuiiHATHICTD MOJAENBHUX MaTepialiB 3 PI3HUMHU (PI3UKO-MEXAHIYHUMHU
XapakTepucTukamMu st AedopMyBaHHS Ta 3a0e3NnedeHHs (PYHKIIOHAIBHUX
BnactuBoctedt KIIO Oynme posrmsiHyta gam. st BUTOTOBJIEHHS Je(OPMOBAHO1
o0ononku KIIO Moxe OyTH BUKOPUCTaHUI JOCUTH IIMPOKUM J11alla30H METANlIB 3a
YMOBH JIOCTaTHbOI'O 3alacy IUIaCTUYHOCTI, 30KpeMa, 3 BIJHOIIEHHSM YMOBHOI
MEXK1 IJTMHHOCTI G2 0 MEXI MIITHOCTI Gp B Jiana3oHi oo /o = 0,3+0,8 [26],[28].
B sKxocTi MomenbHUX MaTepianiB IpH BU3HAYEHHI KOHCTPYKTUBHOI cxemu KIIO
oOpaHi Hep)KaBilo4a CTajb 1 TUTAaH, U0 LIMPOKO BUKOPUCTOBYIOTHCS B KOCMIYHOMY
anaparoOynyBaHHi. Jljisi octaroyHoro BHOOPY KOHCTPYKIIHHOTO MaTepianry
MIEPETBOPIOBAHOT OOOJIOHKHM PO3TJSHYTI SK NMEPBUHHI (PakTOpH, M0 BU3HAYAIOTH

mexaHiyHy noBeainky KIIO (Hampukian, HepxkaBirodya CTaidb 3a0e3medye MEHITY
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neOopMaTUBHICT KOHCTPYKIT 3aBASKH 3HAYCHHIO MOJIYJS MPYXHOCTI, B 1,5+2
pa3u OUTBIIIOMY B TIOPIBHSHHI 3 THTaHOM), TaK 1 BTOPHWHHI (HAIPUKIA,
TepMOpaialliifHi  BJIACTUBOCTI IMOBEPXOHb  PO3TJSHYTUX  MaTepiajiiB, IO
BH3HAYAIOTh IXHIO TEMIIEPATypPy B YMOBaX BaKyyMy KOCMI4HOTO IIPOCTOPY).

Cning 3a3HauUWTH, IO BH3HAYEHHS PaJilyCy CKIQJIOK 3a MiHIMaJIbHUM
pazlycoM BUTHHY Marepially HE BpaxoOBY€ CKIIAIHOIO KOMIUIEKCY JIOTUYHUX,
KUTBIIEBUX 1 MEMOpAaHHUX Hampy>KeHb, 1110 BUHUKAIOTh MPHU B3aEMO/I1i 0OOOIOHKH 3
dbopmyrounM 1HCTpYMEHTOM. KOopekTHe BU3HAa4YEHHsI HamnpyKeHO-1e(pOopMOBaHOTO
crany (H/IC) anamizoBaHOi KOHCTPYKLIi HE Ma€ aHaJTITUYHHUX PIIIEHb 1 MOXKE
3MIACHIOBATHCA METOAOM CKIHYEHHO-CIEMEHTHOTO aHamizy; s MmoOyaoBU
NEPBUHHUX T'€OMETPUYHUX MOJENIeH BUKOPUCTOBYBAJIUCS MPOCTI 3aJI€KHOCTI, 1110
JTO3BOJISIIOTH 3a0€3NEUUTH TOTPUMAHHS KPUTUUHUX TEXHOJOTTYHUX MapaMeTpiB.

Hactynmaum daktopom, 1o Bu3HAUae KpokK b 1isi Marepiany ycideHOi
KOHIYHOT CEKIIii, € MparHeHHs 70 3HUKEHHS KUIbLIEBUX JaedopmMaliiii y mpoieci ii
KOMIAKTHOTO CKJaJaHHS Ta MOJATBIIOTO PO3KPUTTS. TeXHOOTisA 130METPHYHOTO
3TUHAHHS JO03BOJIAE€ 30CEPEKEHUM 3yCHWILIAM (OpMYyBaTH CKJIAAKy METaJleBOl
KOHIYHOT 0OOJIOHKH TaKMM YHHOM, 110 nepeTBopeHHs aeakoi T. X B T. X/ (Puc.2.3,
a) BimOyBaeThcs 0e3 3MiHM paaiycy Rp, T0OTO 6€3 pO3TATHEHHS YMOBHOT'O KOJIa,
AKOMY HQJICKUTh I Touka. OJHAK, MPU MOJATBIIOMY PO3KPUTTI OOOJOHKHU
HAJUIMIIKOBUM THUCKOM Tra3y B)K€ C(OpPMOBaHI KUIbLEBI pedpa KOPCTKOCTI Yy
BEPIIMHAX CKJIAJIOK MEPEMIIIYIOThCS B paaiaabHOMy HanpsMmky (Puc.2.3, 6,6), mpu
OMY >KOPCTKE KUIbIIE 3 pagiycoM Rr 3mimtyerses 1o paaiycy Re +n (Puc.2.3,0) 1
CTUMYJIIOE€ BTpaTy CTIMKOCTI OIYHMX TIOBEPXOHb CKIQAKUA. 3 1€l NPUYUHU
BEJIMYMHA KPOKY ckiagku b 1 11 rimbuna a (Puc.2.3, B) mjIs mMo4aTKOBOI MO
BUOUPAIOTHCS MPUOJIMU3HO PIBHUMH, KOJIM KYT KOHYCHOCTI BHUXIJHOI TJIAIKO1
obononku o = arctg 0,5 = 26 ... 27° (Puc.2.3, g). Y npoMy BUMAJKy 3MiHA PaiyCcy
dopmyBanus ckiaanku ARp He mepeBuinye b/4, i 1 TOHKHX OOOJOHOK i3
cruiBBigHomeHHssM D/Rg < 0,04 BennyuHa BITHOCHUX KUIBLIEBHX jaedopmariiii
MaTepiany y BEpIIMHI CKIAJKH HE TIEPEeBUIINYE Aiana3ony 3HaueHb ex ~ 0,02...0,04,

110 JI03BOJISIE BUKJTFOYUTH SBUIIE JIOKAIBHOT BTPATU CTIMKOCTI O1YHUX MOBEPXOHB
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CKJIAZIOK Yy TPOIeci IXHBOTO PO3KPUTTSA. 3MEHIICHHS KyTa KOHYCHOCTI J03BOJISIE
nigBumuTé cTivikicte KITO mo aii HeocecMMEeTpUYHUX HABAHTAKEHD 1 T ABUIIUTH
9JacTOTY ii BJaCHUX KOJIMBaHb, aji¢ MPU3BOAUTH IO KPUTHIHOTO 3POCTAHHS £k 1, SIK

HACJIJIOK, /10 MOPYIICHHS PIBHOMIPHOCT1 PO3KPUTTSI KOHCTPYKIIii.

a

Puc.2.3 Cxema ¢dopmyBanHs ckianku koHiyHoi cekuii KIIO (@) Tta ii
HOJTAJTBIIIOTO PO3KPHUTTS (0, 8); R - paniyc GopMyBaHHS CKIaaku; ARFp- 3MillleHHS
paniycy GopMyBaHHS CKJIQIKH; 0. — KYT KOHYCHOCTI 0a30BOi rj1ajkoi 00O0JOHKH;

b — kpok cknaaku; a — riubuHa ckiaanku (Ha Puc. 2.3, ).

[Ipu yTBOpEeHHI CKJIa4acToi MOBEPXHI 3 KOHIYHOI 3aroTiBJIi HIKHI CKIIQJKU
(Puc.2.3,6) mocmiioBHO (GOPMYIOTHCS BEPTHKAIBHUM 3YCHIUISIM CHEIiaJIbHOTO
NpUCTPOIO0 (ITyaHCOHA), MPU LIBOMY BEPXHI CKIAJIKH (POPMYIOTHCA Ha OMOPHHUX
pebpax, 10 MaroTh TOM caMuil pajlyc 3a0KPYIJICHHS, 110 W y TyaHcoHa (r. > 4,5 ...
59, Puc.2.2). HaBenenwuii y [28], Ta iH. i matepiaiiB 3 6 = 0,1...0,2 MM mianazox
b = (26:29)0 Moxe OyTH Aemio 30UIbIICHHH [ OUIBIINX TOBIMUH IS
KOMITEHCaIlli O1IbII BUCOKUX MEMOpaHHUX HampyxeHb. J[Jisi mouaTkoBoi mMojeni
00OJIOHKHM 3aJIekKHICTh KPOKY CKJIAIKH b BiJ TOBIIMHU MaTepiany Moxe OyTH
BUpakeHa HAOJIMYKEHUM CITIBBITHOIICHHSIM TIPU SKOMY TE€XHOJIOTIYHUN 3a30p MIXK
MyaHCOHOM, OIYHOK TIOBEPXHEH CKJIAJIKK TOBIIMHOI O 1 OMOPHUM pedpom
cTaHoBUTH 20 (Puc.2.2):

b=4-1.+10-8 (4

Hami, xoHcTpyktuBHa cxema KIIO mnoBuHHa BIAMOBIIATH HaWKpaIIOMy
MOETHAHHIO MAacOTa0apUTHUX XapaKTEPUCTUK MPU 3alaHii KOMIAKTHOCTI Ta
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3a0e3nevyyBaT CTIMKICTh O [ii 30BHIIIHIX Ta €KCIUTyaTalliHUX (PaKTopiB; MpHU
1IOMY OyIb-SKUW 13 TMOKAa3HUKIB (MiHIMajghbHA Maca 4d JiaMeTp) mepecrae OyTu
NPIOPUTETHUM, Ta IX MOXIIMBI TOEIHAHHS BHU3HAYAIOTHCA NPHU MOYATKOBOMY
MpPOeKTyBaHHI. TUM HE MEHII, CaMOHECHa 3/IaTHICTh (KOPCTKICTh) KOHCTPYKIIII,
IO OLIHIOEThCS 3a Mepiioo (0a30BOI0) YACTOTOI BJIACHUX KOJIMBaHb MPH
MOJAJIBLHOMY aHaji3l, € 1i YHIKaJbHOI TIO3UTHBHOIO BJAcCTUBICTIO. Jlis
MOTIEPETHHOTO  BU3HAYEHHS  JOMYCTUMUX  CITIBBIJHOIIEHb  T€OMETPHYHUX
napaMeTpiB KOHCTPYKIIIi, 3arajbHi B3a€MO3B'SI3KH SAKUX OyJIM MPEICTaBICH] BUIIIE,
Oylo  TpPOBEACHO  TOPIBHSAHHSA  MOJANbHMX  XapaKTEpPUCTUK  BapiaHTIB
0araTOKOHyCHUX OOOJIOHOK 3 LMJIHAPUYHUMU OOOJIOHKaMH 32 YMOBH IX PIBHOI
noBxkuHU (L~3 M), piBHOT TOBHUIMHU KOHCTPYKIIMHOTO MaTepiany (HepxkaBiroua
CTajJb 1 TUTAH) 1 IPH JAiana3oHi JAlaMeTpiB, MOYMHAIOYM BiJl MEHIIIOTO 3HAYCHHS B
Jlana3oHl 3aJJaHuX MaKCUMaJbHHUX J1aMeTpiB 3pi3zaHoi kKoHIyHOi cekiii (D = 300
MM). CriBeigHomenHss D/L = 1/10 (to6to D~300MM) Oyio morepeaHbo oOpaHo
JUIS. pO3paxyHKIB Ha MiJICTaBl BIJOMUX AHANITUYHUX PIICHb IJIs MUTIHIPUIHUX,
HaWOUIBI CTIMKUX /10 HEOCECUMETPUYHUX HABAHTAKEHb, 000JIOHOK SIK MiHIMaJbHa
KOH(pirypaiiss ajig HaOyTTS CTIAKOCTI N0 XapakTepHUX (EKCIUTyaTal[liHKX)
HaBaHTaKeHb. TOBIIMHA MaTepiay BuOupanacs 3 kpokom 0,05 MM moymHarouu 3
MIHIMQJIBHOTO TEXHOJOTIYHO MpPUUHATHOrO 3HaueHHd & = 0,15 Mm, npu sKoMmy
MpParHeHHs 10 3HWKCEHHS MacH KOHCTPYKII HE CYIEepeYuTh MOXKIUBOCTI
OTPUMaHHS 3BapHUX 3'€IHaHb (DOJBTOBHX MaTepialiB, IO 3rOJOM E€KCTPEMAaJIbHO
neopMyroThecsi 1 30epiraroTh HEOOXIJHY 3TiAHO 3 BUMOraMU JIO0 OOOJIOHOK
KOCMIYHOTO TPU3HAYECHHS T1J HAJJIMIIKOBUM THUCKOM TE€PMETUYHICTh 13
koedinicarom mporikandas Ha piBai 1,3x10° Ila-m%/c. Bubip ummingpuaHoi
00O0JIOHKHU SIK €TaJTOHHOI JIJIsl IOPIBHSIHHS MOSICHIOETHCS, SIK OYJI0 3a3HAUYEHO BUIIIE,
il HaWOITBIIIOK JKOPCTKICTIO MPU KOHCOJBHOMY 3akpiruieHHi. [lepeBaramu
O6ararokonycanx KIIO moOpiBHAHO 3 UWIHAPUYHUMU TEPETBOPIOBAHUMHU
KOHCTPYKIISIMA PIBHOI MacH 1 JIOBXXUHU €, B TIEPIILYy Yepry, 3Ha4HO OLIbII BUCOKA
KoMnakTHicTe Ky 1 34aTHICTP KOMIEHCYBaTH ©O€3 BTpaTH CTIAKOCTI BEJIHKI

3HAUYEHHS 30BHINIHIX HABAHTAXKEHb.
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JlocmimKeHHsT MOJAIbHUX XapaKTEPUCTUK A€ MOXKJIMBICTh BU3HAYCHHS
KIHIIEBUX BJIACTUBOCTEH KOHCTPYKIII B TpOIECi BapitoBaHHS I reomeTpii -
TOBUIMHU CTIHKHM, BUCOTH KOHIYHUX CEKIIH, 1X KUIbKOCTI 1 T.1H. JJisi OpIBHSHHS
MOJaJbHUX XapaKTEPUCTUK 3 HWIHIPUYHUMHU OOOJOHKaMH Oynu MmoOyJaoBaHi
ckiHueHHo-eneMeHTH1 Mozen KIIO, o BianoBiaioTs ToBUMHAM Matepiany 0,15
MM, 0,25 mm Ta 0,4 MM; BIAMOBIAHO, MPU KYTI KOHYCHOCTI o ~ 27° pI3HHIIA
pamiyciB (R - r) BuxigHOTO ycideHOro KoHyca (3arotisii) cekmii KITO cTraHoBHTH
23 mm s KIIO 3 ToBuimHOK0 Matepiany o6osnonku 6 = 0,15 mm (Puc.2.4,a), 36
MM it ToBIuHE O = 0,25 MM (Puc.2.4,6) Ta 63 MM 1Ji TOBIIMHHA Matepiainy o =
0,4 mm (Puc.2.4,6). lnsa xoxHoi 3 kKoHCTpyKTHBHHX cxem KIIO a, b ta ¢ Oymn
noOyZ0BaH1 BapiaHTHI MOJENI 3 PI3HUMHU pajilycaMu, ajie 3a YMOBH CTaJIOCTI
coiBBimHomeHHs (R - r) 1 Hk (Puc.2.1). MeTta noOynoBu BapiaHTHUX MOJENEH —
OIliHKA BIUTMBY 30UIbIICHHS JlaMeTpa KOHCTPYKIIl MpU He3MiHHINA BUCOTI L=3 M
3pocTaHHsl 1 mepiioi 0a30BOi YAacTOTHM KOJIMBaHb 1 3MiHY ii MacorabapuTHHUX

XapaKTEPUCTHK.

Rsr(s57=23 mm Ris5 143 =36 mm R 35T 25=63 mm

Puc.2.4 BapiantHi ckiHdeHHO-eneMeHTHI mozeni KIIO 3 ToBmmHOIO

matepiary ooonorku 0,15 mm (@), 0,25 MM (6) Ta 0,4 MM (8)
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2.1.1 Bu3dHa4yeHHs BJACHUX YACTOT KOJUBAHb KOHCTPYKIil

Amnaniz xopctkocti KITO y po3kpuromy crani 3a ii mepuioro (6a30B0I0)
YacTOTOI0 BJIACHUX KOJUBaHb Ma€ KIIOYOBE 3HAYECHHA TMPU BHU3HAYCHHI
KOHCTPYKTHUBHOI ~CXEMH OOOJIOHKHM IEpIOJUYHOTO  Mpo(diIo, TOJOBHOIO
(GYHKITIOHATBHOIO XapaKTEPUCTUKOIO SKOT OKPIM KOMIIAKTHOCTI € HECHA 3/IaTHICTb.
Sk cucrema 3 Oe3mepepBHO PO3MOJUICHUMU IapaMeTpaMu OOOJOHKa Mae
HECKIHYEHHY KUIbKICTh YaCTOT BJIACHUX KOJIMBaHb, KOXKHIN 3 SIKUX BiANOBIIAIOTH
BUJ 1 (hOpMa KOJMBaHb, 1110 XapaKTEPU3YIOTHCS MEPEMIIIEHHSIM TOYOK ii MOBEPXHi.
Jnst 00OJIOHOK pPO3pPI3HAIOTH pajiajibHi, TAHTEHLIAIbHI Ta TO3/0BXKHI BHIU
konuBaHb. Jlna kmacudikamii GopMm KoJMBaHb OOOJOHOK BUKOPHUCTOBYIOTHCS
3HAYCHHS YHCJIa HAIiBXBWIb K y IMO3OBXKHBOMY HAmNpsMKYy Ta ixX d9uciia N B
OKPYXHOMY HarpsiMKy. TOUYKH MOBEpPXHi, MEPEMINIECHHS SKUX JOPIBHIOIOTH HYIIIO,
YTBOPIOIOTH BY3JIOBI JiHIi (TBIpHI).

JUist OOYMCIIEHHS BJIACHUX YacTOT mepimoi (OpMH KOJUMBaHb MOJEINI
3aCTOCOBYBABCS MOJAIBHUI aHali3 y po3paxyHKoBoMy cepenoBuiili Abaqus/CAE
2018 3 BukopuctanHsM Moxayis Frequency. PIBHSHHS BHU3Ha4Y€HHs KYyTOBOI
yacToTH KojuBaHb (®=f/2w) 3a momomororo ckinueHo-enemenTHoi (CE) momeni

Ma€ BHUI'JIA .

(—w?[M] + [KD{p} =0, (5) [26]

ne [M] — matpuns macu, [K] — maTtpuiist 5KOpcTKOCTi, {0} — BIacHMI BEKTOP
(Mona BiOpariii).

SkicTh pO3paxyHKOBOI CITKM BIUIMBA€E HA TOYHICTh OJIEPKYBaHUX
pe3yNbTaTiB, 301KHICTh MPOIIECY 1 HA Yac, HEOOX1ITHUM ISl BUPIIICHHS 3aBIaHHS.
BukopucranHus Mozeneil 13 BEJIUKOI CITKOI Ja€ pe3ysibTaTH, 3aHukeHi Ha 20-
40% B TIOpIBHSHHI 3 IMCHUMH 3HAYCHHSIMH. 3MCHIIICHHSI PO3MIPIB €JIeMEHTa 0
MPUHUHATHOTO PiBHS 3a0e3meuye HeoOXI1IHY JeTai3alliio po3paxyHKOBOI MOEI Ta
O1IBII JOCTOBIPHUX pe3ynbTaTiB. OHAK, BUKOPUCTAHHS CKIHUCHHUX E€JIEMEHTIB

BUIIIOTO MOPSAKY HE 3aBXKU MPU3BOIUTH A0 301IBIICHHS TOYHOCTI Pe3yIbTaTIiB, a
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B JICSIKMX BWIMAJAKaX € HeparioHaThbHUM. HeBumpaBmaHe «GryIIeHHS» CKIHYCHO-
CJIEMEHTHOI CITKH TaKOX MPU3BOJUTH JO HAKOMUYCHHS IMOMUJIKA OOYUCIICHb, SKa,
MPU JIOCATHEHHI TEBHOI KUIBKOCTI €JIEMEHTIB, 3HAYHO BIUIMBAE HAa TOYHICTH
pe3ynbrariB. J[7s BU3HAYECHHS ONTUMAJIBHOTO PO30MTTS MOJIENl Ha CKiHYCHHI
eJIeMeHTH OYyJI0 MPOBEICHO TaKy MPOIEaypY:

- CTBOPEHHS JEKUIBKOX CKIHUEHHO-EJIEMEHTHHUX CITOK, KIJIbKICTh €JIEMEHTIB
B SIKMX ITOCJIZIOBHO 30UTBIITY€THCS,

- OIIIHKA SKOCTI CKIHYCHHO-EJIEMEHTHUX CITOK;

- BUOIp ONTHUMAJIbHOT CKIHYEHHO-EJIEMEHTHOT CITKH.

Byno oOpaHo onTUMaabHy CKIHYEHHO-EJIEMEHTHY CITKY 3 MIHIMaJIbHOIO

KUTBKICTIO €JIEMEHTIB, IIPH SKIM 9acTOTa 3aIMIIAEThCS He3MIHHOO (Puc.2.5).

YacroTa, T 11

1 313 1
KiTEKicTE el1eMeHTiB, T,
Puc.2.5 3anexHicTh po3paxyHKOBOI'O 3HAYEHHSI BJIACHOI YACTOTH KOJMBAaHb

KIIO (6=0,4 MM, D=500 MM) KiJJbKOCT1 CKIHUCHHHUX €JICMEHTIB YHNCEIIbHOI MOJIel

Sx npuknag 3 miadOpy ONTHUMANIbHOI CKIHYEHHO-€JIEMEHTHOI Mojenl Oyna
posrnsguyTa citka KIIO, mo ckimamaerbes 3 25 TiagkuxX KOHYCIB 13 30BHIIIHIM
niamerpoM 500 MM. OCKIJIbKM KOHCTPYKIIISl € TOHKOCTIHHOIO (TOBUIMHA CTIHKH BiJl
0,15 mMm 110 0,4 MM), po3paxyHKOBa MOJENIb CTBOPIOBaIAcsi Ha OCHOBI 000JIOHKOBOT
KOHCTPYKIIi 3a JOMOMOIOI0 CKIHYEHHUX YOTUPHUKYTHUX €JIEMEHTIB Tuiy «shell».
Kyt xoxHoro 3 enemenTiB noBepxHi cTinku KI1O nopisHioe 90°, po3mip eaeMeHTa

24x12MM, KUTBKICTh €JIeMeHTIB - 18364. BukopucTtanHs Takoi TeoMeTpii eleMeHTa
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Ja€ MOXJIMBICTh 3HMU3UTH iX KIJIBKICTh, HE BTpPA4yalOud MpPH LBOMY TOYHICThH
pIIICHHS.

JlomatkoBo, 3 MpUKIANy UWIHAPUYHOI oOosioHku 3 D=500 mMm Oyno
PO3TISHYTO BIUIMB TOBIIMHHU CTIHKH IIHJIIHAPUYHOI OOOJOHKM HAa YacTOTy ii
BJIACHUX KOJIMBaHb - BUIBHUX KOJMBaHb, 110 BU3HAYAIOTHCS XapaKTEPUCTHUKAMU
camoi cucremu (Puc.2.6). Sx ©Oaunmo, 30UIBIIEHHS TOBIIMHU OOOJOHKHU
MPU3BOJUTH J0 30UIBIIICHHS YacTOTH BJIACHUX KOJMBaHb. BuUrmH Ha rpadiky Ha
PIBH1 TOBIIMHU CTIiHKH 0 = (0,6 MM TOB'S3aHUI 31 3MEHIIICHHSM K1JIBKOCTI XBUJIb B
OKPYXKHOMY HampsMKy 3 N=4 10 N=3 3a paxyHOK 3MIHA TE€OMETPUYHUX
XapaKkTepUCTHUK, IO MPU3BOAUTH 10 OUIBII IIJIABHOTO TIJIBUINCHHS YacTOTH

BHACJIIIOK 30UIBIIEHHS TOBIIMHU CTIHKH OOOJIOHKH.
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f,T

[¥]

0,4 0,6

TormHa 000TOHKII, MM

Puc.2.6 3anexHicTh 4aCTOTH BIACHUX KOJIMBaHb UUIIHAPUYHOI OOOJOHKH 3

D=500 MM BiJx TOBIIAHH il CTIHKH

Pe3ynbTaTu pO3rasSHYTOTO MNPUKIALY IOKa3adu, M0 3aJeXKHICTh BJIACHOI
YacTOTH KOJIMBaHb IMJIIHJIPUYHOI OOOJIOHKM Ma€ SIBHO BHUPAKEHY HEIIHINHY
3aJIEKHICTh BIJ T€OMETPUYHUX MapaMeTpiB. 3OLIbIIEHHS Macu OOOJOHKH 3a
paxyHOK TIiJIBUIIEHHS TOBIIMHU CTIHKM Ta JiamMeTpa OOOJOHKH, SKe
CYNPOBO/KYETHCSL ~ 30UIBIIEHHSAM 1I Macuh, HE TMPU3BOAUTH JIO0 MPSMO
MPOTNOPILINHOTO MIiABUIIEHHS] BJIACHOI YacTOTH, IO YCKJIQJHIOE JOCSITHEHHS Il
HEOOX1THUX 3HAYCHB JIUIIE 32 PAXYHOK 3MIHU JIAHUX T€OMETPUIHUX IMapaMeTpiB.

Pe3ynbTaTi po3paxyHKy BJIACHMX YacTOT KOJIMBAaHb BapiaHTHUX CKIHYEHHO-

enemeHTHUX Mojeneii KITO 3 toBmmuoro o6ononku 0,15 mm, 0,25 MM 1 0,4 MM
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(Puc.2.4) 1 uummiaapuyHUX OOOJIOHOK [T  JBOX MOJIECIBHUX MaTepialliB
(aepxkagiroua cranb, p=7850 kr/m3, E = 200 rlla, v = 0.3, turan, p = 4500 kr/m°, E
= 110 rlla, v = 0.3) npexacrapieni B Tadmn.1 - Tabn.4 (Puc.2.7 — 2.10)

Ta6auus 1 T[lopiBHSHHSA BIAaCHUX YacTOT KOJWBAaHb BaplaHTHUX MOJCIICH
HUAJTIHAPUYHUX 1 KOHIYHUX 000J0HOK 3aBTOBmIKM = 0,15 MMm. Marepian —

Hepxkasitoua ctaib (p=7850 kr/m>, E=200 I'Tla, v=0.3)

Puc. Tun [Tapamerp
Ne2.7 000JI0HKHU d D YacroTa f Maca
MM MM ct KT
[uniaapruyHa 300 300 25,09 3,38
6=0.15 MM 350 350 22,82 3,96
400 400 21,42 4,55
2.7 a 6=0.15 Mmm 300 346 3,57 4,14
67 KOHIYHUX 350 396 3,69 4,8
276 CEeKIIiH 454 500 3,87 6,19
276 954 1000 4,31 13,13

|

)

a 6 8
Puc.2.7 3aranpHi mepemimieHHs OOOJIOHOK 3a TEPIIOi BJIACHOI YaCTOTH
KOJIMBaHb 1Jis1 67-KOoHYCcHOI KOHCTpYKIii: D = 346 mMm (a), D = 500 mm (6) Ta D =
1000 mm (6)
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Ta6auns 2 IlopiBHSHHS BIACHUX YacTOT KOJMBAaHb BapiaHTHHUX MOJENEH
MWTIHAPUYHUX 1 KOHIYHUX 00010HOK 3aBTOoBmKM = 0,25 mMm. Martepian —

HepakaBiroua craib (p=7850 kr/m®, E=200 I'Tla, v=0.3)

Puc. Tun [Tapamerp

Ne2.8 000JIOHKHU d D Yacrora f Maca

MM MM ct KT
[uniaapuyHa 300 300 30,03 5,64
6=0.25 MM 350 350 29,54 6,61
400 400 27,84 7,58
2.8a 6=0.25 MM 300 372 5,24 7,08
43 KoHIYHI 350 422 5,42 8,16
286 CeKIii 428 500 5,64 9,86
286 928 1000 6,32 21,22

a 6 8

Puc.2.8 3aranpHi nepemimieHHs OOOJIOHOK 3a TMEpUIOi BIACHOI YacTOTH
KOJIMBaHb JJis1 43-KoHycHOI KOHCTpyKii: D = 372 mMm (@), D = 500 MM (6) Ta D =
1000 mm (6)
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Taoaunga 3
[TopiBHSHHS BJIACHUX YaCTOT KOJIMBaHb BapIaHTHUX MOJICTIEH IIMUTIHAPUIHUX

1 KOHIYHHUX 000JIOHOK 3aBTOBIIKM = 0,4 MM. Marepian — Hep)kaBilo4a CTalb

(p=7850 xr/m3, E=200 I'Tla, v=0.3)

Pic. [TapameTp

Ne2.9.2.10 O06o0Js10HKA d D qaCT-(iTa f Maca

MM MM C KT

29a . 300 300 31,55 8,57
296 HHngp“qHa 350 350 34,24 10,04
296 0=0.4 MM 400 400 33,81 11,53
2102 300 426 7.43 11,74
350 476 7.73 13,4

2100 5=0.4 MM 374 500 7.85 14,
210 e 25 KOHIYHI 874 1000 9,09 31,55
cexiii 1374 1500 9,35 50,06
1874 2000 9,27 69,74
2874 3000 8,69 112,6

a 6 8

Puc.2.9 3aranbHi mnepeMilieHHS IMIIIHIPUYHUX OOOJOHOK 3a TMepIIoi
BJIACHOI YaCTOTH KOJIMBAHb IS MMIIHAPpHYHOT KOHCTpyKIii: D = 300 MM (a), D =

350 mm (6) Ta D =400 mm (8)
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2 0 e
Puc.2.10 3aranbHi mnepemimieHHss OOOJIOHOK 3a MEpIIOi BJIACHOI YacCTOTH
KOJIMBaHb JIJIS 25 KOHYCHOI cTajeBoi KOHCTpyKIii: D =426 mwm (2), D = 500 MM (0)

ta D = 1000 MM (e)

[IpeacraBnene ©Ha Puc.2.11 y3aranbHeHHsT pPE3yJIbTATIB PO3PAXYHKIB
UTIOCTPY€E JTOLUIBHICTE BUOOPY B MEXax JOCHIIKYBAHOIO Jiana3zoHy MaTepiary
KOHCTPYKIIi 3 OUIpIo0 TOBHIMHOIO. [IpoTe mel miaxij He € yHiBepCaJIbHHUM
pimeHHsAM 17 3011bieHHs KopcTkocTl KITO uepe3 miaBuiieHHs: Macu 00O0JIOHKH,
OOMEXEHHsI SKOi € KPUTUYHO BaXJIMBUM IPU MPOEKTYBAaHHI KOHCTPYKIIii
aepOKOCMIYHOTO npu3HayeHHs. KpiMm Toro, 301IbII€HHS TOBIIMHU HPU3BOIUTH 110
PI3KOTO MIJBHUILEHHA HEOOXIAHOrO s (POPMO3MIHM Ta MOJANBIIOIO PO3KPUTTS
BHYTPIIIHBOTO THUCKY 1, SK HACHIJOK, MIJBHINCHHS CKJIAIHOCTI, HaIIMHOCTI Ta
MacorabapuTHUX XapaKTEPUCTUK JOMOMDKHOIO TEXHOJOIIYHOro OOJagHaHHS.
Jleske MOpyUIEHHS MPOMOPLIMHOI  3aJ€XHOCTI, IO CHOCTEpIraEThCs 32
BUKpUBJICHHSM rpadika Puc.2.11, mOSICHIOETbCA KPaTHICTIO TE€OMETPUYHHUX
xapakTepucTuk KoHiuHuX cekmiii KIIO pi3HOi TOBIIMHM TpuU HEOOXITHOCTI
3a0€3MeYNTH 3arajibHy JOBXHHY 1 KOMITAKTHICTh KOHCTPYKIIi BiJMOBIAHO [0

c(hopMyJILOBAaHUX BUMOT.

S

-— ITapametpn KIIO:
D =500 mm
N =25 mt
E=TITla

f.I'm

8, MM
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Puc.2.11 3anexnictp BracHuX 4dactoT koinuBanb KIIO (D=500 mm) Bix
TOBIIMHUA KOHCTPYKIIITHOTO MaTepiany (MOAENbHUN Martepial — HepKaBiroua

cranb, p=7850 kr/m3, E=200 I'TIa, v=0.3)

Ha Puc.2.12 mnpencraBieHMii pe3yabpTaT y3aralbHEHHsS PO3PaXyHKOBHX
JAaHUX, 1[0 LTIOCTPYE 3aJIeKHICTh BiIacHUX yacToT kohuBaHb KIIO Big miamerpa
KOHCTPYKIIi HaWOLIBIIOT TOBIIMHM MaTepiajly JOCIHIPKYBaHOTO JIiala3oHy
(mepxkaBirodya ctanb, 0=0,4 mMm). Sk BumHO, 30LIBIICHHS OlibIIOro giamerpa D
KIIO B 2 pasu (3 500 mm g0 1000 MMm) /103BOJIsi€ 30UIBIIMTH BJIACHY YacTOTY
KOJIMBaHb BChOTo 70 ~ 1,2 ', mpu nboMy Maca KOHCTPYKIIIT 301IbIIYETHCS O1IIBIIT
HIX B 2,2 pa3u. Ilpu mopanpimomy 301IbIIEHHI J1aMETPiB 4YacTOTa, HABMAKW,
1aBHO 3HIWKYeThes (Puc.2.12), 1mo NOsICHIOEThCA SIKICHOIO 3MIHOI0 (opMu
BJIACHUX KOJUBaHb KOHCTpYKIii. IIpu 30u1bmenni D nonan 500 MM, sk 1y pasi
3pOCTaHHS TOBIIMHU 32 MEK1 TOBIIUH (POJIBIOBUX MaTepialiB, SIKICHO 3MIHIOIOTHCS
BUMOTH 70 OOJIaIHaHHA 1Ji1 (DOPMO3MIHU BUXITHHUX KOHIYHHX 3arOTOBOK. 3 ITi€l
IPUYHMHHM, NIPU BU3HAUYECHHI KOHCTpYKTUBHOI cxeMu KIIO miamerp D=500 mMm OyB
oOpaHuil SK TPOMDKHE pO3paxyHKOBE 3HAYEHHs, 1 MOJaJIbllla OMTHUMI3aIlis
KOHCTPYKIIi 3BOAMIIACA /10 MOIIYKY KOHCTPYKTUBHHUX PIIIEHb IIOA0 301IbIIEHHS 1l
YKOPCTKOCTI B KPUTHUHHUX Tepepizax abo BBEACHHS JT0JATKOBUX MPHUCTPOIB, 110 HE

cynepcuarb OCHOBHHMM BHUMOI'aM.

ITapametpn KITO:
° N =25 .
J E=200TTIa
® & =04 MM

D, Mm
Puc.2.12 3anexuictp BiacHMX u4actoT KoiuBaHb KIIO (MopenbHMi
Matepian — HepkKasiroua craib, p=7850 kr/m3, E=200 I'Tla, v=0.3, §=0,4 Mm) Bix

3MIHM JiaMeTpa KOHCTPYKITii
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Pimennsasm nnst 3HmwkenHs macu KIIO mpu HE3MiHHIN TOBIIMHI € TaKOX
BUOIp MOJENBHOTO KOHCTPYKIIIHHOTO Marepiany, OJHUM 3 SKHX € THUTaH, [0 Mae
MeHITy IiabHIcTh (p=4500 kr/M%) B OpiBHAHHI 3 HEpkaBilOUOI0 cTa/umo (p=7850
kr/M%), alne ¥ MeHIIMM 3Ha4eHHsSM Moxyns npyxHaocti (E=110 I'Tla). PesynbraTu
pO3paxyHKy BaplaHTHUX IWIIHAPUYHUX Ta OaraTOKOHYCHUX OOOJIOHOK 3
ToBumHOIO 6=0,4 MM 3 Tturany BT1-0 (p=4500 xr/m®, E=110 TI'Ila, v=0.3)
HaBeAeHo B Tabmumi 4. BuOip maHoi mapku TUTaHy OOYMOBJICHHMM TaKOX
MOPIBHSHO BHUCOKUM BIJTHOCHUM MOj0BXEeHHSIM (20-30%), 110 MOXKe J03BOJIUTH
poskputu KI1O Ge3 mopymieHHs ii IiTiCHOCTI.

Tabauus 4

[TopiBHSHHS BJIaCHUX YaCTOT KOJMBaHb BaAPIaHTHUX MOJIENEH IMITIHAPUIHUX

1 KOHIYHUX 000JI0HOK 3aBTOBIIKK = 0,4 MMm. Martepian — turan BT1-0 (p=4500

kr/m®, E=110 I'Tla, v=0.3)

d D Yacrora f Maca
ObonoHka %)

MM MM c KT
Lmispiaia 300 300 31,04 4,92
5=0 4 MM 350 350 33,69 5,76
’ 400 400 33,27 6,61
300 426 7,31 6,74
5=0.4 ant 350 476 7,60 7,69
75 Ko’Hqunx 374 500 7,72 8,15
cexiii 874 1000 8,94 18,11
1374 1500 9,21 28,73
1874 2000 9,12 40,02

Sk BunHO 3 pe3ynbrariB Tabmumi 3 ta TaOnuui 4, BUKOPUCTAHHSA TUTaHY
BT1-0 (Mmomyns mpyxHocti E=110 I'Tla mopiBasiHO 3 Momynem E=200 I'Tla s
HEpKaBi1rOYO1 CTajil) MPU3BOAUTH 0 HE3HAYHOTO (Ha ~ 2%) 3HWKEHHS BJIACHOI
yactotu KIIO, ane no3Bonsie cyrreBo Ha ~ 43% 3HU3UTH Macy KOHCTPYKIi; KpiM
TOTO, BUKOPUCTAHHS TUTAHY MTPU3BOIUTH 10 30UIBIICHHS 3rHHAIBHUX Jeopmartiii
KOHCTPYKIIi 32 paxyHOK HUXYOTO 3HAUEHHS MOMAYJS MPYKHOCTI. TakuM 4HMHOM,
OCTaTOYHMI BHOIp MaTepialy MOXKe I'PYHTYBaTHUCS Ha aHali3li OUTbLIOI KUIBKOCTI

dakTopiB, 5Kl OyAyTh MpeACTaBICHI Jalli.
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Cnig Bpaxysartu, 110 3mMiHa ToBImHE MaTepiany KIIO npusBoauTs A0 3MiHH
3arajbHOI KOHCTPYKTHUBHOI CXeMH, TOOTO. TIpH OLIBIINI TOBIIMHI BUCOTA KOHIYHOT
CeKIIii OuIbINa 1 KUIbKICTh ceKiii meHma. Ha Puc.2.13 npencraBneHa 3ajieXHiCTh
BiacHuX yacToT koiuBaHb KIIO 3 giametpom D = 500 mm 1 goBxkuHoo L =3 M 13
HEpXKaBirOYOi CTajll BiJ KUIBKOCTI KOHIYHHMX CEKIIM 3a YMOBHU 30epeKeHHS

KOMITAKTHOCTI.

f, Ty,

Mapametpu KMO:
D = 500 mm
E = 2000T1a
§=04MMm

KinbKicTb enemMeHTiB, LT.

Puc.2.13 3anexnicte BiacHux 4yactoT koiuBaHb KIIO (MopenbHuit
MaTepian — Hepskasitoua craib (p=7850 xr/m3, E=200 I'Tla, v=0.3, D=500 mm, L=3

M) B1JI 3MIHH KIJIbKOCT1 KOHIYHUX CEKI[i KOHCTPYKIIii

Pesynbratu Puc.2.13 m03BoJIAIOTH 3pOOMTH BUCHOBOK TIPO T€, 11O BKJIAA Y
3MiHy BiacHOi 4dactotu KkojiuBaHb KIIO BHOCHUTH TakoX 1 KIIBKICTh JUISTHOK
CIOJTYYEHHSI KOHIYHHMX CEKIIM (0COOJIMBO — MEHIIOro JiaMeTpa), IO MAaroTh
HaWMEHIITy BIJIHOCHY J>XOPCTKICTh 1 B SIKMX BEJIWYMHH AchopMalliid y mporeci
KOJIMBaHb € MaKCUMAJbHUMH. TakuM YWHOM, OJHHM i3 PIIICHb JJIs ITiABUIICHHS
4acTOTH MOXK€ OyTHM 3MIHAa y MOMJIMBHX MeEXaxX T€OMETPUYHUX MapameTpiB
KOHIYHUX CEKIIiH MpH iXHIA HE3MIHHIM TOBIIMHI, 30KpeMa — He3HAUYHE 3MEHIIECHHS
KyTa KOHYCHOCTI Ta 30UIBIIICHHS BHUCOTH CeKiii. MexXi 3MEHIICHHS KyTa
BHMAararoTh €KCIIEPUMEHTAILHOTO MIATBEPKEHHSI, OCKUIBKH CYMYyTHE 301IbIIECHHS
rnovHn ckiaaku a (Puc.2.2, 6), sk Oyjgo 3a3HA4YEHO BHIINE, MOXE CYTTEBO

MOTipITyBaTH piBHOMIpHICTH po3kputTs KI1O.
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2.1.2 Ouinka BIJIMBY IJIAJKOCTI Npo@uIo NmoBepxHi TBIPHOI KOHIYHOL

cexnii KIIO y po3kpuromMy cTaHi Ha BeJTMHYUHY BJIACHOI YACTOTH KOJIMBAaHb.

[Ticas poskputtss KIIO BHYTpIIIHIM HAJATUIIKOBUM THCKOM KOHIYHI CEKIIl
HaOyBalOTh KOHIEHTPUYHMX KUIBIIEBUX OCOOJMBOCTEM, 110 BIJAMOBIIAIOTH
BEpIIMHAM CKJIAQJIOK, B SKUX JIMIILOBI MOBEPXHI METAJIEBOi OOOJOHKHU MMiIAI0ThCS
IacTUIHOMY JnedopMmyBaHHIO. BuxigHa TBipHAa TOBEPXHI TIAAKOI KOHIYHOI
OOOJIOHKHM TICISl CKJIAJIaHHS Ta TMOJAJbIIOr0 PO3KPUTTS Ma€ XBHJICTIOHAIOHUIMA
npodinab, KU Moxke OyTH NPUOIM3HO OMHCAHWM CHHYCOIiNadbHOI (YHKIETO.
OCKUIBKM  3aKpiIUIEHa KOHCTPYKLISI 3 KOHCOJBHUM 3aKpPIIUICHHSIM 3a3Ha€e
HaWOLTBIINX MEpPEeMillleHb Y IUIOIIMHAX, MO0 HOpMayl JO IUIOIIUMH 3aJHIIKOBHUX
KUTBIIEBUX CKJIQJ0K, OCTaHHI CHPHSIOTH IEIKOMY 3HUKCHHIO BJIACHOI YacTOTH
komuBanb KIIO. Jlng MopanbHOro aHamidy BaplaHTIB KOHCTPYKI Oyiu
moOy/IoBaH1 Kinbka TPOQiIiB TBIPHOI 3 PI3HOI MOJOTICTIO, IO BiJANOBIIAIOTH
PI3HOMY pIBHIO BHYTPIIIHBOTO THCKY PO3KpUTTs (Puc.2.14). Ilpu npomMy n0BKHHA
KOXHOI 3 CHHYCOIJaJIbHUX TBIPHHUX MO CEPEIUHHIN MOBEPXHI JOPIBHIOE JOBXKHHI
BUXIJIHOI TJIaJIKOI KOHIYHOI TBIPHOi, IO BIJAMOBIIA€ YMOBI B3aEMHOI iX
i3oMeTpuuHocTi (32 Puc.2.2,a). KoxeH i3 mpodiaiB onucaHuit PyHKIIE BULY Y =

cxsin(nx-t), 1€ ¢, n i t — HATypaIbHI YKCIIA.

f 2811y f 3.941y 51rq

f=51Hz

f=3.94 Hz

2,90,

f=281Hz

418

Puc.2.14  Biuni TBipHI KoHiuHMX cekuii KIIO 3 wi"imansHOIO (a),

cepeaHboIo (6) Ta BUCOKOIO (8) IMIAAKICTIO Ta TJIMOWHA BIAMOBIIHOT CKJIAIKU (MM)
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KosxeH 13 mpodiniB onucaHuil pyHKIEO BUIY: Y = cxsin(nx-t),
nmen=6/21.5; t=5.628; ¢=2.08 (musa £=2,81 I'n), c = 1.45 (mnsa £=1,45 I'n) Ta
¢ =1.45 (msa £=1,02 I'm).

JlomatkoBo TipeacTaBieHuit 11t mopiBHAHHS BapiaHT KIIO 3 6=0,25 MM Ta
D=500 mm (43 cexkiii), mo 1JTIOCTPYE 3HUKEHHS YaCTOTH PO3KPUTOI KOHCTPYKIIii 3
MEHIIIOIO TOBIIIMHOKO MaTepialy Ta BEJIUKOI KUIbKICTIO cekiiit (Taommis 2).

Pe3ynbTaTi ynceabHUX PIllleHb IEMOHCTPYIOTh ICTOTHE 3HUXKEHHS BJIACHOI
gactotn kKonuBanb KIIO 3 xBumimenomionmm mpodinem (Bim 2,8 I'm go 5,1 I'm)
MOPIBHSHO 3 TJaJKUM BaplaHTOM KOHCTPYKIi, JJIs SKOTO 3HAYEHHS YacCTOTH
cranoButh 7,8 I'm (Ta6:n.3). HaifOuiblia BiacHa dYacToTa OTpUMaHa st
KOHCTPYKIIi 3 OLIbII MOJIOTOI0 MOBEPXHEI OOOJOHKH, IO MOTpeOy€e OUIBIIOro
BHYTPIIIHBOTO THCKY JJIi PO3KPUTTA. 3HAUCHHS TUCKY PO3KPHUTTS, BIJMOBITHA
oMy (opma KIHLIEBOTO NMPO(DUII0 YyTBOPIOE BIUIMB BEIMYMHU TUCKY HA JIOBKUHY
KIIO 1 3HMXEHHS [OBXKWHU IICIA CKUJAHHS (POPMYIOYOTO THUCKY MOXKYTh
MIJJaBaTUCS  PO3PaXyHKOBIM OLIHII  IICJA  BU3HAYEHHSI OCTATOYHOI
KOHCTPYKTUBHOI CXEMHU.

[logani aHamITUYHI Ta YHUCENbHI PO3PAXYHKOBI PE3YNbTATH JI03BOJSIOTH
3pOOUTH TaKl BUCHOBKU:

- maBuIeHHs BiacHol 4dactoth koimBaHe KIIO nuigxoMm 30UIbLIEHHS 11
JiaMeTrpa 1 TOBIIMHM MOXE OyTH JOLUUIBHUM JO TEBHOI MexXi (MOmepeaHbo
oOpanui D=500 MM Ta 0=0,4 MM), micis sKOi pPIBHOMIPHE 3POCTAaHHS
MacorabapuTHUX XapaKTEPUCTUK MOETHYETHCS 3 AKICHUM 3POCTAHHIM CKJIQJHOCTI
JOTMOMIKHUX TEXHOJIOTTYHUX MPOIIECIB (POPMO3MIHU Ta POSKPUTTS;

- Brnacna uacrora komuBanb KIIO moxe OyTtu ictoTHO (10 2 pasiB)
MIJIBUITICHA IIUISIXOM 301IBIIICHHS MTOJIOTOCTI TPOQ1II0 TBIPHOT KOHIYHUX CEKITIH;

- HabmkenHss KIIO po uwmminapuyHoi GopMu € HAOUTbII epeKTUBHUM
[IUITXOM 30UTHIIICHHS BJIACHOT YaCTOTH KOJIMBAaHb KOHCTPYKIIIi, ajieé Ma€ >KOPCTKI
TEXHOJIOTTYHI OOMEKCHHS;

- BHecok y 30UIbLIEHHS BJIACHUX YacTOT POOUTH 3MEHILEHHS KIJIbKOCTI

JUISHOK  CIIOJIYYeHHS KOHIYHUX CEKIii, B SIKUX BETWYMHHU jaedopMariiii €
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MakcuManbHUMHU (HaiiMeHmi miametpu KIIO, Haibumemn Onm3bki 10 30HU
YKOPCTKOTO 3aKPITIJICHHS).

Takum 4YUHOM, pallioOHAIBHUM IIJIXO0JIOM JO ONTHMI3aIlli KOHCTPYKTHBHOI
cxemu KIIO moxe OyTH 3MEHILIEHHS YUCIIa KOHIYHUX CEKIIA MpU OJHOYACHOMY
3HMKEHHI KOHYCHOCTI B HampsIMKY OUIBII JKOPCTKOI IMTIHAPUYHOI KOHCTPYKIIII.
Hami, sxopctkicte KIIO Moxke OyTu mijBHILEHA JIOKAJIbHO, Ha JIUISHKaX
CTHIOJYYECHHS 3 HAWOUIBIIMMU BeTUYMHAMU JieopMalliii, a mepeMilieHHs Moa10HuX
JJISTHOK MOOJIM3Y KOHCOJIBHOTO 3aKpITUICHHSI MOXYTh OYTH NMPHUMYCOBO OOMEXeH1
JOJJATKOBUMHU  KOHCTPYKTMBHHUMH  3acobamu.  Hapemri, KIIO  moxe
KOMIIOHYBaTUCS 3 KOHIYHHMX CEKUIA pI3HOI TOBUIMHH, MKOPCTKIII 3 SKHX
po3TaiioBaHi B 30H1 3 HaWOLIBIIMMU JePOopMallisIMU, a MEHII KOPCTKI 1 MEHIIIOIO
Macolo, IO BOJOJIIOTb, - B 30HI HE3aKPIIJIEHOTO TOPLS, € MEePEeMIIIECHHS
MaKCUMaJIbHI. 3 ypaxyBaHHSAM BUKJIAJCHUX BUIIE MIPKyBaHb BUKOHAHA MOIMEPEIHS
KoHCTpykTuBHa  cxema  KIIO;  Bu3HaueHHsT ~ HAWOUIBII  paIllOHAIBHOL
KoHCTpyKTHUBHOI cxemu KIIO Ta i kopuryBaHHs Oyne 3IIHCHEHO MICHA
OCTAaTOYHOTO BUOOPY MaTepially 000JOHKH KOHCTPYKIIIi Ha MiACTaBl HOTo (hi3MKO-

MEXaHIYHUX XapAKTEPUCTHK Ta TEXHOJOTTYHUX OCOOIMBOCTEM.

2.1.3 BusHaveHHsi (Qi3UKO-MeXaHIYHUX XAPAKTEPUCTHK MaTepiaJiB

o0osouku KITIO

B skocTi MoaenbHUX MarepiaiiB MpU BU3HAYEHHI KOHCTPYKTHBHOI CXEMH
KIIO o6pani HepxkaBilouya cTajdb 1 TUTaH, 110 IIMPOKO BUKOPHUCTOBYIOTHCS B
KOCMIYHOMY arapatoOyayBaHHi. JlJiss BUTOTOBJICHHS eKCTpEeMaIbHO J1ehOpMOBAHOT
o6ononku KI1O moxxe OyTH BUKOPUCTAHUM JOCUTH IIMPOKHUH Jliana30H METajiB 13
3aMacoM IUTAaCTHYHOCTI, TOOTO. BiJHOIIECHHSIM YMOBHOI MEXI IUIMHHOCTI 692 (Hk)
JI0 MEX1 MIITHOCTI G, B jaiamna3zoHi Rpoo/c, = 0,3+0,8. [ns tutany mapku BT1-0
3HAYEHHSA MEXI IJIMHHOCTI Ta MEXI MIIHOCTI MepedyBalOTh Yy JOCUTh BY3bKOMY
miama3oHi (Rpo2 = 250...300 MIla, o, = 400...450 Mlla, 3amac miacTHYHOCTI

0,55...0,75). Jlnsa HepxkaBiroyux cTajied 13 OJM3bKMM XIMIYHUM CKJIQJIOM Ta
64



PI3HUMHU BHJIaMU T€PMOOOPOOKH 3arac MIaCTUYHOCTI MOXE BiJIMOBIAATH BCHOMY
nianazony 0,3...0,8. Kpim Toro, crami 3 pisHUM piBHEM Rpp2 1 6y MarOTh iCTOTHO
pI3H1 3HAYEHHS BIJIHOCHOTO IIOJIOBXEHHs, 1 BHUOIp ONTUMAJIBHOTO MaTrepiany
KOHCTPYKIlii TOBWHEH BPaxOBYBAaTH SK MOT0 MPUHHATHICTH [JII YTBOPCHHS
CKJIaJIOK, TaK 1 BIJAMOBIHICTh XapaKTEPUCTUK MIIIHOCTI PIBHIO JiHOYHUX
EKCIUTyaTalllfHUX HaBaHTaXKECHb.

[Ipu po3paxyHKax 4HUCETbHUMHU METOJAMHU Ta JIJISl OCTATOYHOI MOPIBHSIIBHOT
OLIIHKA MOJICJIbHUX MarepiaidiB BUKOPUCTOBYBAJIUCA PpE3yJbTaTh HATYPHUX
BUMPOOYBaHb  iX  (I3UKO-MEXAHIYHHUX  XapaKTEpUCTUK, TPOBEIACHI  3a
rapMOHI30BaHUMHU METOJMKAaMU BUNIPOOYBAaHHS METAJIIB HA PO3TATYBaHHS:

- ASTM International Designational E 8/E 8M-08 «Standard Test Methods
for Tension Testing of Metallic Materialsy;

- 1ISO 6892-1: 2016(E) «Metallic materials-Tensile testingy.

AmnapaTtHuM 3a0e3nedeHHsM AochipkeHsb 0yno oomangnanas INSTRON, mio
mpaioe 3a BKa3aHMMHU CTaHJapTaMH. 3arallbHUM BUJ  OOJagHaHHA 3
MaKCUMaJbHIM OCbOBUM HaBaHTaXeHHsM 5 kH.

BunpoOyBaHHS TpOBOAMINCS HA OAHOTUIHUX 3pa3kax TOHKOJIMCTOBHX
3aroTOBOK HepkaBitouux crajmedt 1 Ttutany BTI1-0 npakTudHO BaxJIHMBOMY
nianaszoHi ToBmuH O ~ 0,15 ... 0.4 MM, pO3MJISIHYTOMY B BapiaHTHUX CKIHYEHHO-
enemeHTHUX Moaensx KIIO (Puc.2.3). [leBHa BiAMIHHICTD Y (DAKTUYHINA TOBUIMHI
MaTepiaiiB Bijl CTaHJAPTHUX TOBIIHMH, XapaKTepHa I PI3HUX CTaHIB MOCTAaYaHHS
TOHKOJIUCTOBOTO MPOKATYy, BPaxoByBajacs MpHU YTOYHEHHI YHUCEIbHUX MOJEICH y
nogansmmux po3paxynkax KIIO.

VY  nmocmimax 3acTOCOBYBAJIOCS S-KpaTHe MOyOJIIOBaHHSA IS KOXHOTO
TUIIOPO3MIPY BUNPOOYBAHOTO Marepiany. JloBipunmu 3HAYEHHSMH
PO3PaxXyHKOBUX XapaKTEPUCTUK HAIMPYKEHO JAEPOPMOBAHOTO CTaHy MPUHMATUCS
cepenHboapuMeTUYH1 BETUYMHU JJII KOKHOTO THUIIOPO3MIPY 3pa3kiB. 3 00Ky
BUKJIIOYAJIUCS EKCIEpUMEHTAJIbHI 3HAY€HHs, Kl Yy Kareropiro npomaxiB. Ha
rpadikax TpeACTaBJICH]I JiarpaMyd pO3TATYBaHHS XapaKTEPHUX HEYKPITUICHUX

HEPXKABIIOYMX CTajied, gkl Oynu pO3IJIAHYTI SIK NEPCHEKTHMBHI Matepiai JJIs
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BurotoBieHHa KIIO, a takox tutrany BT1-0. [lopiBHSHHS BCTaHOBIIOE THIIOBY
JUIS M'AKHX ayCTEHITHHUX CTajJeld ICTOTHO pO3IIHUpeHy o0JacTh MIACTUYHOI
nedopmMairii, TpaHWYHI 3HAYEHHS BIJIHOCHOTO TOJIOBXKCHHS Marepiaily, B sKIH
nocsratoTh 60%. 3a3HaueHa BIACTHUBICTh MO0 BHINOI IIACTUYHOCTI CTaJleh
MOPIBHSHO 3 THUTAaHOM HAOYHO UIIOCTPYETHCS BI3yaJbHUM 31CTaBICHHSIM
TCOMETPUYHO OJHOTHUITHUX 3pa3KiB 3a3HAUYCHMX MaTepiajiB y CTaHax 10 1 MICIs
PO3PUBY PO3TATYBAHHSIM.

[IpuBepTae yBary xapakTepHe Jii TUTAHY I[PaKTUYHE BHUPOIKECHHS
3aJIeKHOCTI CTymeHs Jaedopmarniii Big HampyKeHHs B 00acTi iCHyBaHHS
IUIACTUYHOTO  CTaHy MaTepialy, [0 1030aBis€e TEXHOJIOTIYHI MpPOLECH
GbopMO3MIHM  METaJeBUX OOOJIOHOK MOMIJIMBOCTI OpraHizamii HETaTHBHUX
3BOPOTHUX 3B'SA3KIB 32 XapaKTEPUCTHUKAMHU (HOPMYIOUOTO 3YCHIUIS 1 3MYIIyE Y
TEXHOJIOTIYHOMY Ipolieci (pOopMOIepeTBOPEHHsI BAABATUCS A0 OJHOIMIYJIbCHOTO
KepyBaHHA 3a 3aJJaHUMU TEOMETPUYHUMHU TMapaMeTpamu 0e3 BpaxyBaHHSA
MOTOYHOTO HAMPYKEHO-1e(POPMOBAHOTO CTaHy MaTepiaiy.

OTpumaHi ekCcriepuMEHTaIbH1 3HaUYeHHS (PI3UKO-MEXaHIYHUX XapaKTEPUCTHUK
MOJICIBHUX MaTepiaiiB Ta JiarpaM CTaTUUYHOrO po3TsaryBaHHs (Tabmnwuis 5) Oynu
BUKOpUCTaHI 3a moaanbimux po3paxyHkiB HJIC KOHCTpyKIli YuCeIbHUMU
Merogamu. Ha mpukiazi yuceiabHOI MOJENI MPOBEICHO PO3PAXYyHKOBY OINIHKY
BIUIMBY MOAYJS TMPYXKHOCTI KOHCTPYKIiHOro Marepiainy o6ononku KIIO
(HeprkaBiro4ya CTallb) Ha BEJIMYMHY YacTOTH BiIacHUX koyimBaHb (Puc.2.15). Sk
BUJTHO 3 MPEACTaBIEHOro rpadika, BUOIp Marepiany 3 OUTbII BUCOKMM 3HAYEHHSIM
MOJyJIE TPYXKHOCTI 3@ IHIIMX PIBHUX YMOB J03BoJi€ CyTTeBO (Ha ~10% st
PO3IIIIHYTOTO [1alla30Hy MOJIETBHUX MaTreplajiB) MiABUIIMTH YacTOTY BJIACHHUX

kosmBaHb KII1O.
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Tabauus 5 Pesynpratu gociimkeHHsT (i3UKO-MEXaHIYHUX XapaKTEPUCTHK

MoAebHUX MaTepiamiB ooomorku KI1O

. Rpo.z, 0
No MaTepiaJI MIla Gu, MlIla RpO,Z/ Ou &, Z E, I'lla
n/n
AISI321(1.4541)
1 (2R-BA), 243 651 0,37 52,1 203
0=0,15 Mm
AlSI321
5 (1.4541) 250 672 0,37 65,9 213
(2R-BA),
0=0,25 Mm
AlSI321
3 | usan ) | 30 715 0,43 60,2 229
0=0,4 Mmm
Twuran BT1-0, 281 424 0,66 24,3 141
4 _
0=0,15Mm
—— ;-',;/_-c
/7,89 _,J-';/
: 69
ks ! L/»/ s MapameTpu KMO:
D = 500 mm
N =25 wr.
6 =04 MM

E,ITla

Puc.2.15 3anexuicts yactoTu BiaacHuX koiwBaHb 18 KIIO Big BennuuHU

MOJYJISl IPYKHOCT1 KOHCTPYKIIMHOTO MaTepiany &

Sk OyIio 3a3Ha4yeHO paHilie, BIacHA YacTOTa KOJIMBaHb KOHCTPYKIII 1, OTXKeE,
il JKOPCTKICTh 3aJIEKUTh BIJ] TJIAJKOCTI Mpodiato TBipHOI KoHiuHOI cekiii KIIO B
po3kputoMy ctaHi. OJHUM 3 OCHOBHUX KPHUTEpIiB 3aCTOCYBAHHS Marepianxy Hpu
npoektyBaHH1 KIIO € orinka #10ro MOBEAIHKY MTPU PO3KPUTTI KOHCTPYKIIIi, 13 II€I0
MeTO10 0yJI0 MOOY0BAaHO MOJIENb PO3KPUTTS OAHOTO 3 KOHYCIB B OCECUMETPUYHIM

nocta”oBIll (Puc.2.16). bynu posrasnyti Hepxkasitoui ctam AlSI 321 (m'sika) ta
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X10CrNil809 (3MimHeHa),

XapaKTePUCTHKH SIKUX HaBeseHl y Tabmur 6.

a Takox TtuTtan BTI1-0,

OCHOBHI

MEXaHI4H1

Taoaunda 6
OcHoBHI (hi3UKO-MEXaHIYHI BIACTUBOCTI po3paxyHkoBux MarepianiB KI1O

Martepian | Rpo2, MIla ou, MIla Rpo.2/ ou e, % E, I'Tla v
Craib 309 715 0,43 60,2 229 0,3
AlSI1321
Cranb 686 863 0,8 12 229 0,3
X10CrNi
1809
Turan 281 424 0,66 24,3 141 0,3
BT1-0

PesynbTaTi MoOIeNIOBaHHS TOKa3aid, IO I 3a0e3nedeHHs Oulblil

riagkoro npoduto ckianku ctainb AlSI 321 (1.4541) 3 BIIHOCHUM MOJIOBKEHHSIM
60,2%, 1110 3HA4YHO MEPEBEPUIYE IHIII PO3IIIAHYTI MaTeplaju Ta HE PYWHYETHCS B

MIPOIIECl PO3KPUTTS, KOS(DIIIEHT 3amacy BIJHOCHO MeEXi MIIHOCTI JopiBHIOE 1,3.

BukopucTtaHHs JaHOi cTalll  JO3BOJSE 3HAYHO 3OLIBIIMTH 1 KOPCTKICTh
KOHCTPYKIIi, 1 Ti KOMIIAKTHICTh
—_— - ——-1.5:“\\
T = \
z L“ 3 - = “1'\
3 l\ 2 2 2 A\
8 ’ ;
- - - \
a \ 6 | w\ 8 | \

Puc.2.16 Tlpodins po3kpurtoro rodpy npu 0JHAKOBOMY 33JIaHOMY THUCKY:
a) tutanoBuii crutaB BT1-0; 6) 3minHeHa Hepxasiroua ctaimb Mapku X 10CrNil1809;

6) M'sika HepkaBiroua ctainb mapku AlSI 321 (1.4541)

st ocTaToOYyHOTO BUOOPY KOHCTPYKIIMHOTO Marepiaixy OOOJIOHKH, IO
MEPETBOPIOETHCS, OYJIU PO3MISIHYTI JOJATKOBI (DaKTOpH, MOB'sI3aH1 3 OCHOBHUMU
acrieKTaMu BUTOTOBIJIEHHs 1 moganbmioi ekcrutyatamii KIIO. B pesynbrarti Oyio
o0paHO B SIKOCTI OCHOBHOI'O MaTepiany Hepapitouy ctaib Mapku AISI321

KoMmaHii ArinoxX.
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2.2 MopenwoBanHss mnpouecy (opmonepeTBOpeHHsI Ta  aHAJI3

HAINPY:KeHO-1ePOPMOBAHMX CTAHIB MeTaJIeBOI 000JI0HKH

[Ticas BU3HAYEHHS MOMEPEIHBOI T€OMETPUYHOT MOJIEeTl KOHCTPYKIIT (1m.2.1)
3aBJaHHS JOCIIDKCHHS MOJIATaio y peaiizallii MoCaiJOBHUX KPOKIB 3 ONTUMI3AIil
il MacoBO-ra0apUTHUX XaPAKTEPUCTHUK; MPIOPUTETOM OYJIO BU3HAUYECHO 3HUKEHHS
MacHl KOHCTPYKIIi, IO HE MPHU3BOJIUTH JO BUHUKHEHHS HEPErIAMEHTOBAHHX
BIJIXWJICHb Y 30H1 13 MaKCUMaJIbHUMU MEPEMIIICHHSIMHU Ta KPUTUYHUX HAMPYKEHb
y 30HI 13 MakCUMaJbHUMHU nedopmartisMu (B OKOJIAX YKOPCTKOTO 3aKpPITUICHHS).
Tak, moyaTKoBi BUMOTM 10 piBHS 0a30BOi 4yacTOTW BiacHuX KoiuBaHb KIIO
MOXXYTh OyTH MeperjisiHyTi y OIK 3MEHIICHHS, SKIIO iX aMIUTITya CyTTEBO HE
3pOCTa€ MpU OJAHOYACHOMY IOJIMNIIEHH] PIBHOMIPHOCTI PO3KPHUTTS, 00yMOBICHOMY
MEHIII KOHCEPBAaTUBHUMHU yMOBaMH (POPMYBaHHS paJialIbHUX CKJIAJ0K (rodpis)
000JIOHKHU.

2.2.1 ®opmyBanHs umceabHoi moaeai KIIO, yucesbHe MOae/I0OBAHHS
HanpyxkeHo-a1epopmoBaHoro crany ejgeMeHTiB KIIO Ta koHCTpykmii B

uijiomy.

Ha migcraBi po3riissHyTUX y TOTIEPEIHIX po3AiIax (PakTopiB, M0 BIUTUBAIOTH
Ha OKOPCTKICTb Ta ULUIICHICT KOHCTPYKUIi, Oyjla CcTBOpeHa monepeaHs
reomerpuuyHa wmojaenb KIIO, mo ckmamaerbes 3 25 KOHIYHUX OOOJOHKOBHUX
eneMeHTiB BucoTor 120 MM Ta ToBumHOINO cTiHKH 0,4 mm. Marepian —
HEprKaBioya CTajib 13 (PI3UKO-MEXaHIYHUMHU XapaKTEPUCTHUKAMU, BU3HAYCHUMH Y
polieci HaTYpHUX €KCIIEPUMEHTIB. HYacToTa BJaCHUX KOJIMBAHb TaKOi KOHCTPYKIIIT
0e3 BHECEHHS JO0JIaTKOBUX KOHCTPYKTHMBHUX pIlIeHb (301IbIIEHHS >KOPCTKOCTI
3'€JTHYBaJIbHUX KOHTYpIB ToOmIO) craHoBuTh f=5,1 I'1; BapiaHTH MOCWICHHS
obosonku KIIO OynyTh po3risiHyTi Aaii. 3a BAKOHAHHS LIbOTO e€Tanmy poOoTH OyIio
po3risiHyTo nBa Bapiantu KIIO. Ilepmuii orpumaHo B pe3yibTaTi ONTHUMI3alli
0a30BUX TEOMETPUYHUX MMAPAMETPIB, a IPYTUH MICTUTH JOJIATKOBI KOHCTPYKTHBHI

pimieHHs. Ilpy 1pomy JoKanbHE 30UIBIIEHHS  KOPCTKOCTI  KOHCTPYKIIi
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IPOBOAMIIOCS Ha MIJACTaBl 3aralbHUX MIPKYyBaHb, MOB'S3aHUX 3 TOJOXKEHHSAM i
IEHTPY Mac MOAO JUISHKH J>KOPCTKOTO 3aKpIIICHHS 1 MUIIXOM 301IbIICHHS
toBuMHU MaTepiany KIIO B 30H1 KUIbLIEBUX 3BapHUX IIBIB HMKYE 32 LIEHTP MacH
koHCTpyKuii. [Ipu dopmyBanHi reomerpuynoi mojaen ToHkocTiHHOI KIIO Oynu
BUKOPHUCTaHI OOOJIOHKOBI TE€OMETPUYHI €JIeMEHTH TO(PpOBaHMX KOHYCIB, IO
noBToprotoThes  (Puc.2.17). 3aBmanHHs BUpilIyBajocs B MPYKHOIUIACTUYHIN
MMOCTAHOBIIl 13 3aCTOCYBaHHSM CKIHYCHHO-CJIEMEHTHOTO MOJEIIOBAaHHSA. AHai3
3MIHH HAaNpy>KeHO-Ie(OPMOBAHOTO CTaHy TMPOBOJIUBCA IUIAXOM YHCEIHHOTO

MPOCTEKEHHS MPYKHOIJIACTUYHUX JedopMaIliid.

e mww W mm»m:

G -

Puc. 2.17 T'eomerpuuna moaens KIIO s uncenpHOT0 aHaMi3y KOHCTPYKIi
Ax xputepiit ominku MinHOCTI KITO BukopucroByBanacs ymoBa 0.<Rpo.2, 1e Rpo2

- MeXa TUTMHHOCTI MaTtepialy; oe — €KBIBaJCHTHI HAPYKEHHS.

Hasaumaoicenns. 3Fi,Z[H0 3 CTa”HdapTaMHu OAHUMH 3 OCHOBHHX HABAHTAKCHbD,

[0 JIII0Th Ha O0O0JIaJIHaHHS, BCTAHOBJIEHE BcepeAuHl 1 mo3a moayinsimu MKC e
1HEpIIiHI HABAaHTAXXCHHS, BUKJIWKAaHI CUJIOBUM BIUIMBOM Ha KoHCTpyKiito MKC
(KOHTaKTHI CWJIM BIJ] CTUKYBaHb 1 BIJACTUKYBaHb KA, BIUIMBY BiJ poOOTH
BUKOHaBYMX opraniB cuctem kepyBaHHd (BO CK), a Takox BiJ BHYTPIIIHBOI Ta
M03aKopabesIbHOI JiSITbHOCTI KOCMOHABTIB), SIK1 33JIal0ThCSl Y BUTJISAI KyTOBHX Ta
JHIAHUX TpuUckopeHb. KpiM TOro, mpu MeXaHIYHOMY aHadi31 KOHCTPYKIN1
MIPUKIIAJIA€ThCSl KOPUCHE HABAaHTAXKEHHS, 110 Mae ekBiBalieHTHY Bary 10 H y
Ha36MHUX YMOBAaXx.

Hnst monemoBanHss HIC KIIO Oyno po3misiHyToO eKcrulyaTaliidHi JiHIiHI
INPUCKOPEHHSI Y TONEPEeYHOMY Ta OChOBOMY  HampsiMKax. BiamoigHo
pPEKOMEHJIOBaHA J>KOPCTKICTh KPITUICHHS YCTaTKyBaHHS, IO BCTAHOBIIOETHCA,
MOBUHHA BIJIMOBIIATH YacTOTAaM BJIACHUX KOJWBaHb He Hwkue 20 I, mpu npomy

eKCILTyaTaliliHi JiHiMHI IPUCKOPEHHS B OCbOBOMY HAIPSMKY CTAHOBIIATE 4,5 M/c?,
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B 1onepedHoMy HanpsaMky 6,0 m/c?. Koe(iwieHT Oe3leku mog0 PO3paxyHKOBHX
HaBaHTaXEHb cCiix mnpuiMatd  piBHUM 2. OTxke, pO3paxyHKOBI JiHINHI
IPUCKOPEHHS B OCHOBOMY HANpsAMKY CTaHOBIATE 9,0 M/c?, y momepedyHoMy
HanpaMky 12,0 M/c?, KokeH i3 BapiaHTIB HABAHTAXKCHHSA JHHIMHUMU
NPUCKOPEHHSIMH OYIJIO PO3TIITHYTO OKPEMO

Ckinuenno-enemenmua  mooenv  KIIO. KIIO € TOHKOCTIHHOO

(CTIIBBIAHOIICHHS] MAaKCHMAJIbHOT TOBIIMHU B 30HI KPIIUIGHHSA IIMAHTOYTIB [0
MIHIMAJBHOTO JlaMeTpy MpHUOIM3HO CcTaHOBUTH | 10 147), ToMy Mojenb
CTBOpIOBaJiacsi 3 OOOJOHKOBHUX €JIEMEHTIB. 3aCTOCYBaHHS IUIOCKUX CKIHYCHHHX
€JIEMEHTIB Ja€ JOCHUTh TOYHI PE3YJbTaTH IPU MOJEIIOBAHHI HAIPYKEHO-
neopMOBaHOTO CTaHy OOOJIOHKOBUX €JeMEHTIB. byna cTBopeHa CKIHUYEHHO-
€JIEeMEHTHAa MOJENb, SKa TOYHO IIOBTOPIOE TE€OMETPII0 TOPPOBAHUX IISHOK.
Mopnenb cknagaetbes 3 99490 060TOHKOBUX YOTUPUKYTHHUX €JIEMEHTIB TUIly S4R.
SKicTh PO3paxyHKOBOI CITKM BIUTMBA€ HAa TOYHICTh OJCPKYBAaHUX PE3YJIbTATIB 1
30DKHICTE 3aBJaHHS.

SIk rpaHMYHI YMOBHU BHUKOPHCTOBYBAJOCS >KOPCTKE 3aKpIIJICHHS B OCHOBI
KOHCTpYKUii. HaBaHTaXeHHs1 y BUIUISIAI BIANOBIIHUX OChOBUX a00 MOMEpPEYHUX

MIPUCKOPEHB MPUKIIAATIOCS 10 00’ €My BCi€l KOHCTPYKIIIi.
136,5
136

135,5

Hanpyxenus, MlIa

49G41 73189 99490 152291

KinbKiCTB eeMeHTIB, IIT.

Puc.2.18 301kHICTh CKIHUEHHO-EJIEMEHTHOT MOJIEN]
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Puc.2.19 Pesynpratnn pospaxynky HJIC xonctpykmii KIIO. OcrkoBe
HaBaHTAXXEHHS: HarpyxkeHHs 3a Mizecom, MIla (a); ocroBe HampyxeHHs, MIla
(6); pamianbhi HanpyxenHs, Mlla (6); ocboBi mepemitieHns, M (2). [lomepeune
HAaBAHTAXKEHHA: HampykeHHs 3a Mizecom, Mlla (0); ocboBe HampyxeHHs, MIla

(e); pamianbHi HanpyskeHHs1, MIa (¢); monepedHi nmepeMimieHHs, M(ax)

Pesynomamu _pospaxynxy HJ[C. Pe3ynbraTu po3paxyHKy HampyKEHO-

neopMOBaHOTO CTaHy /s BUMNAAKY HABAaHTAXKEHHS OCHOBUM JIIHIHHUM
NPUCKOPEHHSIM TMOKa3alid, 10 MakCUMaibHI ekBiBaJieHTHI HampyxkeHHs KIIO He
nepeBuIyoTh 8,4 Mlla, mik Hanmpy>KeHb 3HAXOAUTHCS B 00JIACTI 3BAPHOTO IIBA Ha
CTHUKY JApYroro 1 TpeThbOro KOHyca 3 TMEpeBaKaHHSIM OCbOBUX CTHCKAIOYHX
Harpyxeub 7,5 Mlla (Puc. 2.19, 6). MakcumanbsHi TIepeMIIIEeHHS B OCHOBOMY
HanpsMKy ButbHOTO KiHIt KITO He3Haywi i cranoBisats 0,13 mum (Puc. 2.19, 2).

JUis BUMAJIKy HABAaHTA)XCHHS JIIHIMHUM MPHUCKOPEHHSIM Yy TONEPEYHOMY

HaIpsSMKY OTpUMaH1 JOCUTh BUCOKI €KBIBaJICHTHI HanpyxeHHs 3 koM 136 MIla B
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o0nacTi 3BapHOrO IIBa Ha CTUKY APYTrOro i TPETbOTO KOHYycCa 3 MepeBaKaHHSIM
OCBbOBUX CTHCKAIOUWX 1 PO3TATYIOUHMX HAMpy>KeHb, sIKI B I[il 00JIAaCTi JOCATAIOThH
nopsinky 120 MIla. MakcuMmanbHi TEpEMIlIEHHS Yy MONEPEYHOMY HaIpPSMKY
He3akpimieHoro kinmg KI1O mocsratots 17 mm (Puc. 2.19,e).

Jus KIIO 13 BHECeHHSIM JOJIaTKOBUX KOHCTPYKTMBHHMX pIIIEHb MIOJIO
30UIBIIICHHST JKOPCTKOCTI, BJIaCHa 4acTOoTa KOJMBaHb sikoi ckimana f = 6.2 I,
3MIHMBCS SIK SIKICHUW XapaKTep po3Mo/IiTy eKBIBaJICHTHUX HampykeHb (von Mises),
Tak 1 X KUIbKICHA CKJIaJI0Ba.

Ax BugHo 3 Puc.2.20, 30inblIEHHS >KOPCTKOCTI KOHCTPYKIIi CIpHSE
3MEHIIEHHIO HAaNpyXeHb B 30H1 KIJIbLIEBOTO 3BApHOIrO 3'€qHAHHS MK 2 1 3
KOHyCcOM. MakcuMalibH1 Hallpy>KeHHS PO3TallloBaHl B TO(PpoBaHii 30H1 HA HUKHIX
KOHycax Jid 000X pO3paxyHKOBHX BHUIAJKIB. MaKCHUMallbHI TEPEMIIICHHS Yy
nornepeyHoMy HanpsMKy HezakpirieHoro ki KI1O 3auzunmcs no 11,4 mwm.

TakuM YMHOM, OCHOBHE 3aBJIaHHsSI OCTaTOYHOI ONTHMI3aIlii IMONEPeIHbOT
TEOMETPUYHOI MOJEN MOXE TONSIraTd B KOPUTYBaHHI KOHCTPYKTHUBHUX
JIOTIOBHEHb, 10  JO3BOJIIE YEpry JOCATTH  HEOOXITHUX  >KOPCTKICHUX

xapakrepuctuk KIIO.

a 6 8

Puc. 2.20 Pesynbratu po3paxynky HJIC xkonctpyxkuii KIIO i3 qogatkoBumMu
nocuiieHHAMH. OcCbOBE HaBaHTaKEHHS: HampykeHHs 3a Mizecom, MIla (a).
[Tonepeune HaBaHTaXKEHHs: HampyxeHHs 3a Mizecom, Mlla (6), momepeuni

nepeMilieHHs, M (8)
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OTtpuMaHi pe3yabTaTH JEMOHCTPYIOTh 3/1aTHICTh KOHCTPYKIIS 3 4aCTOTOIO
BiacHuX konuBaHb f =5.1 'l BUTpUMyBaTH AOCUTH BUCOKI, PETJIaMEHTOBAHI JJIs

excrutyaraiiii Ha MKC, niHiliHI npuckopeHHs 3 KoedirieHToM 3anacy Ounpie 2.0.

2.2.2 KopuryBanHss KkKoHCTPykTHBHOI cxemn KIIO na miacrasi

OTPUMMAHMX eKCINIEPUMEHTAIBHUX TA PO3PAXYHKOBHX JTaHUX

Onmumizauyis po3mauly8anHs _eiemenmis dcopcmrkocmi (wnanzoymis). Jns

HiBUIICHHS >KOPCTKOCTI KOHCTPYKIIi Oynu A0JaHl MiACHIIOBANbHI €JIEMEHTH Y
BUTJISIII INMAHrOYTiB. IX onTumizamis nposoaunacsa Ha KI1O, mo cknagaeTses 3 25
KOHYCIB, TE€OMETPUYHI XapaKTepUCTUKU sKOi Oynu HaBeneHi paxime. byna
BU3HAUYCHA 3aJ€KHICTh 3HAYEHHS PIBHA nepuioi (0a30BOi) YacTOTH BIACHUX

KOJIMBaHb B1Jl KUTBKOCT1 pO3TAIlIOBAHUX IIMAHTOYTIB B KOHCTPYKIIii (Puc. 2.21).

YactoTa, 'l

Homep mmaHroyra

Puc. 2.21 3amexHicth mnepmioi yactoTd BiacHux koiuBaHb KIIO Bifg

KUIBKOCTI JTIOJAHKX IIMAHTOYTIB (HyMepallis nounHaeThes 3 ocHoBu KI1O)

OnTuManbHUM JUJIs1 25 KOHYCHOI KOHCTPYKIIIT 3 TOYKH 30pY MiJABUIIECHHS ii
YKOPCTKOCTI B 30H1 KIJIBIIEBUX 3BAPHUX 3'€IHAHH MAJIMX JIIaMETPIB € PO3TAITyBaHHS
HINAaHTOyTiB BKIOYHO 10 11 koHiyHoi cekuii (Puc. 2.23), B 30HI KUIBIEBUX
3BapHUX 3’€JIHAHb BEJIMKUX J1aMETPiB J10 &8 KOHYCIB BKIIOYHO (J0/1aBaHHS
MITIAHTOYTIB BEUKUX JiaMeTpiB B paiioni 10 Ta 12 KoHYCIB iCTOTHO 30UIBIITY€E Macy

KIIO npu ne3naunomy miasunieHHi yactotu KI10).
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31 30UIbIICHHSM TOBIIMHU IIMAHTOYTY 3pOCTAa€ 3HAUYCHHS MEPIIOi YaCTOTH
BiacHux KonuBanb KIIO, mpoTe 3aneXHICTh HE € MPSAMO MPOMOPIIIHOI0, a Mpu

JIOCSITHEHH1 TOBIIIMHM 2.5 MM BJIacHa 4acToTa 3HUXKYyeThCs (Puc. 2.22).

YactoTta, I'11

64 1

6,35
0,5 0,7 1 1,5

TOBIIIHA [MITAHTOYTA, MM

Puc. 2.22 3amexHicth mepmioi yactoTd BiacHuX koimBaHb KIIO Bixg

TOBIIMHU IIMAHTOYTIB 32 YMOBH iX ONTUMAIBHOI KIJIBKOCTI Ta pO3TalllyBaHHS

OnTUMallbHOIO TOBIIMHOIO IIMMAHTOYTYy 3 OIJISIy Ha MacorabapuTHi
XapaKTEPUCTHUKN KOHCTPYKIIII € CTaldh 3aBTOBIIKA | MM, 301JbIIICHHS TOBIIUHY JI0
2 MM CYTT€BO 30UIbIlIlye Macy KOHCTPYKIlli 3arajoM (MpuONM3HO Ha 7 Kr).
Buxopucranns craini 3 ToBumHo 0,5 MM He 3a0e3neuye He0OX1THOT KOPCTKOCTI

KIIO.

Puc. 2.23 301U po3TallyBaHHS IIMAHTOYTIiB
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Kopueysannsa xoncmpyxmusHoi cxemu KIIO ons NOKPAWEHHA KIHUeBUxX

@yHKyionanbHux  xapakmepucmuk. SIK  pe3ynpTaT MPOBEACHOTO  aHAII3y

r€OMETPUYHUX MapaMmeTpiB Ta KOHCTPYKTUBHOI cxeMu KIIO 3 MeToro 3HM>KEHHS
BJIACHOI MacH OyJI0 BHECEHO 3MIHU JIO MPOTOPIIii 13 30epekeHHsIM TOBXKUHHA L Ta
koedimienty Kt (momani B Tabmuii 7 miis NOpIBHSAJIBHOI OLIHKM). Tak, y
BUKOPUCTAHUX KEPYIOUUX JTOKYMEHTaxX 0a30Bi1 BUXIJHI 3HAYEHHS PO3PAXyHKOBHUX
HaBaHTa)XEHb, KOe(]IiIi€eHTIB O€3MeKM Ta 1H. PErJaMEHTOBAHO Ui TEBHHUX
J1ala30HiB  BU3HAYAIBHUX IapaMeTpIB KOHCTPYKIN (HampukiIaa, aiana3oHu
6a3oBux yacToT BHacHUX koiauBaHb <10 'y Ta > 10 I'u). OTxe, KOHCEPBATUBHICTH
KOPCTKICTHUX XapaKTEPUCTHK MOKE€ OYTH 3HMKEHO B MeEXaxX O3HAYCHOTO
Jlana3oHy 3a YMOBHM BUKOHAHHSI MPUMHSTOrO KPUTEPis MIIHOCTI, 30epexeHHs
ctiiikocTi KITO Ta BiACYTHOCTI SIKICHUX 3MIH Y BIAXWJIEHHI ii BIIbHOTO (poO0Y0T0)

TOPIIS y CTaH1 KOJUBaHb.

Tadauus 7 Onosneni Bumoru a0 KIIO, mo po3poOnsieTses

OauHMIT .
JUTHHIL ITouyaTkoBI1 .
Ne [TapameTp BUMIPIOB Hogi Bumoru
BUMOTH
aHHS
MakcuManbHUH
1 } MM >300 300<D<400
Jiamerp D
ToBmuHa MaTepian
2 B plaity MM - <0.3
000JIOHKH
IIepuria yactoTa
3 P ' >10 )
BJIACHHMX KOJUBaHb,
4 Maca 000JIOHKH KT - m > 8 xr
BigHomtenss 1oBxuH
5 | KIIO B koMIakTHOMY - >1:10 +£0.25 >1:10
1 PO3KPUTOMY CTaHi1
InepuiiiHe HaBaHTaXEHHS Yy
BUIJISAI JIIHIHHOTO
pUCKOpeHHs, piBHOTO1g (9.8
M/c?), mpuKIageHa 0 BepIIHI
. BigmosigHo 10 KIIO B ob6nacTi kpirieHHs
VMOBU MEXaHIYHOTO .
6 - BUMOT JIJISI KOPHUCHOTO HAaBAaHTAKCHHS 1
HaBaHTAXKCHHS
MKC CIIPsIMOBaHa NEPIEHAUKYIIIPHO
1o oci KITO B Toumi
3aKpIIJIEHHS KOPUCHOTO
HaBaHTaXeHHsI (BUIbHUHN TOpEllb
KIIO)

76



Haii6inp 1CTOTHOIO 3MIHOKO, IO BIUIMBA€ HAa KOHCTPYKTHBHI MapameTpu
KIIO, € 3MmeHIIEHHA TOBIIMHM MaTepiady OOOJOHKH KOHCTPYyKIii 1m0 0,3 MM,
BUKOPHCTaHE 3apaju Oa)KaHOro 3HIKECHHS 1i BiacHOi Macu. Ilpu mpakTudHO
HE3MIHHOMY 3HaudeHHI Kt 3MEHINCHHS BEIWYWHU TPUBOIUTH 10 3MEHIIICHHS
BHCOTH KOHIYHOI CeKIli 1, BIAMOBIAHO, 30UIbIIEHHA KiabKocTl cekmiii KITO
VaBnenns npo 3miny 3aranbHoi koHdirypaii KI1O natots BapianTHi Mozeni 6 1 B,
npencrtaBieHi Ha Puc.2.4. 3aranpHa KoHIryparis npodiIio CKIAIKd 3a YMOBHU
KOpUTYBaHHs TapaMmerpa b 30epexxeHa HeaMmiHHOIO (Puc.2.2), oCKUIbKU KIJTBKICTh
ckaagok n=5+(0,5) TeopeTHUHO MO03BOJIAE 3a0e3meynTH HeoOXiaHe 3HadeHHS Kr
(muB.®.(1)). Cuixm 3a3HAYWTH, IO OCTATOYHE KOPUTYBAHHS MPOMUII0 TMOBEPXHi
ropoBaHOro aucka Moxke OyTu 3poOJeHO JHUIIe TICHS NEPIIUX HATypHUX
EKCIEPUMEHTIB 11010 MOro po3KpUTTs. le 3 Tum, 110 Ha TeopeTuuyHe 3HaYeHHs Kt
HE3HAYHOIO0 MIPOIO BIUIMBAE Ha MOJIOTICTh MPODUII0, 10 3aJEKUTh BiJl BEIUYNHU
BHYTPIIIHBOIO THUCKY Ta BiJ (PI3UKO-MEXaHIYHUX BJIACTUBOCTEH (HAKTUUIHO
BUKOPHUCTAHOTO MaTepialy 000JOHKH.

Busnauenns 2eOMEMPUYHUX _NAPAMEempIis KIIO sionosiono 0o enecerux

3min. SIk Oyno Bu3HayeHO B M. 2.1, HEOOXigHE 30UIBIICHHS KUIBKOCTI JUISTHOK
MOETHAHHS KOHIYHUX CEKIIIH, Y SKUX BEIUUYUHU Jedopmaliiii € MaKkCUMaJbHUMU,
MPU3BOIUTh 1O 3HIDKEHHA BJIACHUX YacTOT KOJWBaHb 0araTOCEKIIHHO1
KoHCTpyKIii (Puc. 2.13). 3HMKEHHIO BJIACHOI YaCTOTH CIIPUSE TAKOX 1 HEOOXigHE
3MEHIIIEHHS TOBIIMHHM OOOJIOHKH, 3HaUCHHS SKOi MornepeaHbo Buopano sk 0 = 0,3
MM. HaBmakwu, 3011b11eHHs AiameTpa D KOHCTpyKLIi MPU3BOAUTE 10 MiABUILICHHS
Benuuunu f (Puc. 2.12), Tomy nonepeanro 0ysi0 oOpaHO MakCUMaJIbHE 3HAUYCHHS
naiameTpa 3amaHoro aiamazony D=400 mM. 3a OLIBIIUM 1 MEHIIUM IEPUMETPOM
CeKIii micas TodpyBaHHS mependayaroThCsl IUIOCKI 3'€IHYBAIBHI JIUISHKU
IIUPUHOIO 5 MM, HEOOX1/THI JIJIsl TTOAAJIBIIIOTO TEPMETUYHOTO 3'€THAHHS MK COOO0
1 HagaHHS KOHCTPYKINI T0JaTKOBOI JXKOpCTKOCTi. Pisnuis paxiycie (R - )
BUXIJHOTO 3pi3aHoro konyca (3arotisii) cekuii KITO cranoButs ~ 49,3 mm 6e3
ypaxyBaHHS 3'€IHYBAJIbHUX JUISHOK IIMPUHOIO 5 MM IpU TOBIIMHI MaTepiaiy

oOosionkn 6 = 0,3 MM, a BeIMYMHA KPOKY b mpu AaHIi TOBUIMHI MOINEPEAHBO
77



BuU3HaueHa Ak b = 9. Ha Puc.2.24 npencraBnena reoMmeTpuyHa MoJeilb KOHIYHOT

CeKIlii B KOMIAaKTHOMY (@) Ta pO3KpUTOMY (6) CTaHi.

Puc.2.24 T'eomerpruuna Mojenb koHiuHOi cekirii KI1O

JIisi  momepenH,OTO BW3HAYEHHS BHUCOTH KOHIWHOI cekmii Hx Oymo
peaaizoBaHO YKCENIbHE MOJENIOBAHHS MPOILECY PO3ZKPUTTSA TPHOX IJIOCKUX JIUCKIB
(Puc. 2.24, a) KOHCTPYKIIii 3 KyTOM KOHYCHOCTI 0, = 27°, TepMETHUYHO 3'€ THAHUX I10
nepuMeTpax OUIbIIOi 1 MEHIOi OCHOB. CKIHUEHHO-€JIEeMEHTHA MO/IE]Ib BUKOHAHA B
OCECUMETPUYHINA MOCTAHOBII 3 BUKOPUCTAHHSAM 4736 OUTIHIHHUX YOTUPUKYTHUX
ocecuMeTpuyHuX TIockux enemeHTtiB tuiy CAX4R posmipom 0.075%0.5MMm 1
0.075%0.2mM B 00acTi CKIaAKU. 3aBJaHHS BUPIIIYBAIOCA 32 YMOB 3HEBa)KYBAHHS
BEPTUKAJIILHO OPIEHTOBAHOI KOHCTPYKIIT 3 YKOPCTKUM 3aKpIIJICHHSM MepUMeTpa
HUKHBOI OCHOBHM 32 YMOB pIBHOMIPHOIO IIJIBUIIEHHS BHYTPIIIHBOTO THUCKY
poskputta 10 P = 0,2 MIla. ¥V sKocTi 3aMHKar4oro eineMeHty (JIeHisi) OyB
BUKOPUCTaHUNH JUCK TOBIMHOK 0.3 MM 3 KUIBLIEBUM TOCHUJICHHSIM IIO
30BHIIIHBOMY KOHTYpY. [IpuiiHATI y Mozenl rpaHW4yHi YMOBHM 1 HaBaHTaKCHHS
rokasani Ha Puc.2.25, a.

3 ypaxyBaHHSM ICHYIOUOI HENIHIMHOI 3aJie)KHOCTI MK HamlpyXEHHSMU Ta
nedopmaitisiMmu Oyra NpuiHsITa NPYKHO-TUIACTUYHA MOJIENIh MaTepialy, 3aCHOBaHa
Ha acoIliHOBAaHOMY 3aKOHI IUIACTUYHOI TeYil 3 KpUTEpieM TUIMHHOCTI Mi3eca Ta
pPaBUJIOM 130TPOMHOrO 3MILHEHHS. SK BIAOMO, BpaxyBaHHsS TI€OMETPHYHOI
HETIHIHHOCTI  J03BOJISE 3HAYHO CKOPOTHUTH TOXUOKY, XapakTepHY JUIs
BUKOPUCTAHHA JiHIAHUX Monenel npu po3paxyHky HJIC 000710HOK mpu BEIMKUX
HAaBAHTAKEHHAX. SIK MoJenbHUM Marepian Oylia NpUWHATA HEp)KaBiloya CTajb
mapku AISI 321 (E=213 I'lla, v=0.3, Rpo»=233 Mlla, ¢,=672 MIIa) i3 3amacom

IacTUIHOCTI Rpo2/0y=0.37 Ta BIAHOCHUM MOJOBXKEHHSIM 66%, 1m0 3abe3mneuye
78



OCHOBH1 BUMOTH JI0 MOKJIMBOCTEN (HOPMONIEPETBOPEHHS PO3TISHYTOT KOHCTPYKIII.
['eoMeTpuyHa HENIHIMHICTH MOBEIIHKU TPUCEKITIHHOT KOHCTPYKIII BpaxoByBagacs
B PO3PaxyHKOBIM MOJEJI HUIAXOM BBEJACHHS KBAJPAaTUYHHMX WIEHIB Y BUpa3u Ui
nedopmartiii.

Cnig 3a3HAYMTH, IO JOCHTh BHCOKHH CTYIIHb TOJOrocTi (TJIaIKOCTI)
OTPUMAaHOI TBIPHOI /103BOJISIE 3a0€3MEUNTH MPAKTUYHO TPAHUYHI XapaKTEPUCTUKU
KOPCTKOCTI JUIsl KOHCTPYKIii, 10 po3risgaeTbess. OmHak, maHa MOJACIHb
copMoBaHa 0€3 ypaxyBaHHS 3aJMIIKOBUX HANpyXeHb, SKI BUHUKAIOTh MICII
dbopMyBaHHS KOMIIAKTHOTO JUCKa 1 MOXYTb BHECTH JAEsIKI KOPEKTUBHU SIK ¥y
BEJIMYMHU PO3PAXYHKOBOTO THCKY PO3KpPUTTS, Tak 1 B xapakrtepuctuku KIIO.
TakuM YMHOM, METOI0 HABEJEHUX pE3YNbTATIB PO3PAXYHKY OyJO MONeperHe
BU3HAYECHHS T€OMETPUYHUX XapakTepucTuk noBHopo3MipHOi KIIO 3 31 koHiuHO1

CeKIIii, mpeacTasieHoi Puc. 2.25,a.

3000+ 25

Puc.2.25 T'eomerpuuna monens KIIO mpu a=27° (@); rpaHu4YHl YMOBHU Ta

HaBaHtaxxeHHs KI1O mns 3aBaanns BuzHauenHs HJIC koHcTpykiii (6)

CKiHUCHHO-CJIEeMCHTHAa MOJENIb KOHCTPYKINi ckiagaeTreess 3 180734
YOTUPUKYTHUX OOOJIOHKOBHX ejleMeHTIB Tuny S4R posmipom 12x2 mm. Brnacha
4acToTa 32 YMOBH Jil KOPMCHOTO HaBaHTAXXEHHsI Mp| = 10 KI CTaHOBUTH f=
2.2 T'u, BmacHa Maca 060s0oHKH m < 10 kr mipu ToBmmHI = 0,3 MM, III0 BiATIOBIIAE
mrykanuM xapakrepuctukam KITIO (Tabmuus 7).

BiamoBinHo 1o 3amaHuX yMOB MexaHiuHOTO HaBaHTaxeHHs (Ta61.7) Oymo
BUpinIeHo 3aBaanHs BusHaueHHs HJIC mpu nii mpuckopenns g=9.81 m/c? y 30mi

KpIIUICHHS KOPHUCHOTO HaBaHTAXEHHS. 3aBllaHHS BUPINIYBAJOCS 3a YMOB
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3HEBAXYBaHHS, MOJI PO3MOJALTY €KBIBAJICHTHUX HampykeHb (von Mises, MIla)
npencranieHi Ha Puc.2.26,a. SIk BUAHO, MaKCUMalbHI €KBIBAJICHTHI HANpPY>KEHHS
JOCSITaIOTh BEMYUHU o = 197 MIla 1 11t npuiiHITOr0 po3paxyHKOBOTO 3HAYEHHS
Rpo2 = 233 MIla gorpumyeThcsi kpuTepiit mirHocTi. DakTHYHE 3HAYCHHS MEXI
IUIMHHOCT1 CTalli MOXE OYTM BHM3HAYEHO MpU BUNPOOYBAHHSIX HA CTATUYHUUN
pO3TAT, 1 IpU TOMyCTUMOMY HOTO 3HAYEHHI MOJANbIIIE MiICUJICHHS! KOHCTPYKIIIT HE
notpi6Ho. B iHmomy Bumaaky B KoHCTpykuito KIIO pekoMeHayeThcsi BHECTH
€JIEMEHTHU JKOPCTKOCT1 y BUTJIS/I IIMAHTOYTIB Ta/ab0 JOJAaTKOBOTO MIUIIHAPA, 10
obmexye ropm3oHTambHI mepeMinieHHs KIIO B o6macti 3BapHUX KiJIBIIEBUX
3'enHaHb Manux aiametpiB (Puc.2.26 6,6,2). Ilpu upboMy, y pasi cniibHOI 1HTErparii
JIBOX €JIEMEHTIB JKOPCTKOCTI KUIBLEBUN INNAHTOYT 3MILIYEThCS Ha Iepuie 3
KUIBIIEBUX 3'€IHAHb MEHIIIOIO JlIaMETpa, SIKE pO3TallloBaHE BUILE LWIIHApPA 1 HE
oOMexxeHe 3 HWoro JomoMororw B nepemimeHHsax (Puc..2.26, 6 ta 2). JlonaBanus
3HAYHOI KUTBKOCTI JOJJATKOBHX IITIAHTOYTIB, K1 € MMOETHAHHSIM TPbOX MPO(IITBHUX
Kulenb V-moaiOHOro nepepizy 3 TOBIIMHOK 2°0 HAa KOKHOMY 31 CTHKIB KOHIYHHX
CEKIIii, € B MPUHIINII HeOaXXaHUM 3 TOUKH 30py MAcOTrabapUTHUX XaPaAKTEPUCTHUK

KOHCTPYKIIIi.

Puc.2.26 Tlons po3noainy eKBiBaJIeHTHUX HampykeHb (von Mises), Mlla, 3a
3aJJaHuX YMOB MexaHiuHoro HaBaHTakeHHs B KIIO Ge3 101aTKOBOro MOCHIICHHS
(a), 3 nogaBaHHAM WIMAHTOYTY (6), HITHAPUIHOTO OOMEKYBAITBHOTO €JIEMEHTA ()

i (2) - 3 OIHOYACHUM 3aCTOCYBAHHSIM €JIEMEHTIB )KOPCTKOCTI (6) Ta (8)
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OcnoBai xapaktepuctuku KIIO noompaiboBaHOi KOHCTPYKTHUBHOI CXEMU
npenctaBieni B Tabmumi 8. Cmig 3a3HayuTH, L0 OTPUMAaHI pe3yibTaTd
ontuMizanii 6aratocekuiiiaux KIIO 103BOJISAIOTH CYTTEBO CHPOCTUTH AJITOPUTM
MOCITIJOBHOTO HAOMIKEHHSI HAWOIBII pallioHAIBHOTO BaplaHTy KOHCTPYKIi. Jlms
O1IBI1I0T HAOYHOCTI OyJIM 10aTKOBO 3po0ieHi po3paxyHku HJIC BapianTiB HOBOI
KOHCTPYKLIi, B SKHUX 3aBJaHHS ONTUMI3alli BUpINIYBaJoCid 3a JOIOMOIOO
BUKOPHUCTAHUX MIAXOMIB - 3MEHIICHHs JAlaMeTpa 1 TOBIIMHU OOOJOHKH, Y TOMY
yucal ToBIUHMU 1o JoBxuHI KIIO. OTpuMaHi pe3yiabTaTu A03BOJISIOTH 3pOOUTH
BHCHOBOK IIPO HENIOIUIbHICTh BapilOBaHHS KOHCTPYKTHBHHX IapaMeTpiB, IO
MOTEHIIHHO TPU3BOIUTH IO HE3HAYHOTO MOKPAIIEHHS XapaKTEPUCTHK KOPCTKOCTI
npu 30UIBIIIEHH] ~ MacorabapUTHHUX abo

OJHOYaCHOMY XApaKTCPHUCTHUK

TE€XHOJIOTTYHUX CKJIQJHOILIB MPY BUTOTOBJIEHHI.

Tadoanus 8.
OcnogHi xapaktepuctuku KIIO noonpaiboBaHOi KOHCTPYKTUBHOI CXEMU
Ne [TapameTp OpauHuI IlouaTkoBa Monens
BUMIPIOBaHHS MOJENb nicys 3MiH
1 Bucora MM 3000+25 3000+25
2 Maca KT ~24 ~10
3 TosmmHa 000JI0OHKH MM ~ 0.4 Mm <03 MM
4 30BHIITHIN TiaMeTp MM 500 400
5 KinbKicTh KOHYCIB IT. 21 31
6 Bucora koHyca MM ~142.,5 ~96,8
7 [Tepia yactoTa BIacHUX I'a 10,08 (6e3 2,18
KOJINBaHb ypaxyBaHHs
KOPUCHOTO
HABaHTa)KCHHS)
8 MaxkcumManbHi HanpyXeHHs MlIla - ~197
IpU MEXaHIYHOMY
HaBaHTAXCHHI

Kopucysanusa onmumizosanoi koucmpykmusrol cxemu KIIO. HaseneHi B

Ta6n1.8 pe3ynbTaTv UTIOCTPYIOTH ICHYBaHHS 3amacy »KOPCTKOCTI B HOBIA MoJieni
KIIO, mo mo3BoiWiIO MPOBECTH i1 JOJATKOBE KOPUTYBaHHA. Tak, HE3HAyHE
30UTBIIIEHHST KyTa KOHYCHOCTI O HE TPHU3BOIUTH 10 HEOAKAHOTO 301IBIICHHS
BIJIHOCHHMX KUIBLIEBUX JedopMalliii MaTepialy y BEpIIUHI CKJIQJIKHU €k, alleé CYTTEBO

CIPOIILYE TEXHOJOTIYHUNA TMPOIEeC KOMIAKTHOTO CKJIAJaHHS, IO OCOOJUBO
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aKTyaJbHO MPHU MOJANBIIOMY HaTypHOMY MakeTyBaHHI MaciTtabHoi KI1O. Pazom
13 TUM, CymyTHe 30umbmIeHHs] KutbkocTi cekmii KIIO neratmBHO BITMBae Ha ii
KOPCTKICTh, 1 BIJIMOBIJIHICTh 3HAueHHA f BUMoOraM a0 KOHCTPYKIii Mae OyTu
MiATBEP/HKEHO PO3PaXyHKOBUM IIIJISIXOM.

I'eomerpuuna moxaens KIIO 31 30umpmenum g0 30° 3HAYeHHSIM KyTa
npenacrasiena Ha Puc.2.27,a. KinbkicTh ceKIii KOHCTPYKIIi 3011blIeHo A0 35 3a
Bucotoro cekiii Hx = 85,7 mm. Bennunna meproi 4acTOTH BIACHUX KOJHUBAHb Y
TaKOMY pa3l 3aJMINAETHCA MPAKTUYHO He3MiHHOWO - 2.16 'l (yacToTra BUXiAHOI
KIIO - 2.18 T'm), mpoTe BeMMYMHA MAaKCUMAaJIbHUX HAIPYXEHb BiJ MEXaHIYHOTO
HAaBaHTAKEHHSA 3MeHIYeThes (3 197 mo 173 MIla) 3a paxyHOK Tepepo3moaiTy
JOKaJIbHUX HaBaHTaKeHHX NUITHOK KIIO B 30Hax mammx miametpiB (Puc.2.27, 6,
6). 3a3HavYCHHWU TEpepo3mOAiT MokHa TmosicHUTH HabmmxkeHHs M KIIO mo
HATIHAPUYHOT (OPMHU 32 paXyHOK 30UIbIICHHS YKCiia KOHYCIB KOHCTpYKIii. Takuit
HIJX11 JA03BOJISIE 3MEHILIUTU JIOBXKUHY pedpa CKIaJAKu roppoBaHOro IMCKa, IO
MO’K€ CIPUYUHUTH 30UTBIIICHHS )KOPCTKOCTI KOHCTPYKIIII B IIIJIOMY.

3000 £ 25
8.7,

Puc.2.27 Teomerpuuna wmozenp KIIO npu a~30° (a) i pe3ynabratu
pospaxynky HJIC KIIO (ge, MPa) B 00aacTi sKOpCTKOTO 3aKpiruIeHHs Tpu o =~ 27°

(6) 1 0= 30° (8). Sc— koHIIEHTpaTOPH HanpykeHb, MIIa

[IpencrapiieHi pe3yabTaTu A03BOJISIOTH 3pOOUTH BUCHOBOK ITPO JOLIBHICTh

BurotoBiieHHs Makety KIIO, B BIAMOBIZHOCTI 3 KOHCTPYKTHBHOK CXEMOIO
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Puc.2.27,a, B sKiil HeoOXiHE OCECUMETPHUYHE PO3KPUTTS OaraToCeKIiiHOoi

KOHCTPYKIIi € OLTBIIT IMOBIPHUM.
2.2.3 Ilpoekmyegannsa ma 6u2omoeaeHH:A 00C1i0H0T KOHCMPYKUIT

Hocnigaa xoHcTpykmis (Maker) KIIO moBMHHA BIATBOPIOBATH OCHOBHI
TEXHOJIOTIYHI CTajii BUTOTOBJICHHS TpoOHoro 3paszka KIIO, Ta BiamoBizaTu 3a
J1alma30HOM  MPUUHATHUX  (DI3UKO-MEXaHIYHUX  XapaKTepUCTHK  MaTepiaiy.
KputepieM momiOHOCTI € MpOMOpIIiiiHE CHIBBIJHOMIEHHS T'€OMETPUYHHX
napameTpiB KOHCTPYKIIii Ta iX B3aeMHuX nponopiiid. Maker KI1O BurotoBisieTbes
B MacmTabi 1:2, mo npo3Bosisie Ha cTanaii J1abopaTOPHO-BiANPAIFOBAIHLHUX
BUNPOOYBAaHb CYTTEBO €KOHOMHUTH KOHCTPYKLIMHI Mareplaau JOCIIAHUX 3pa3KiB
Ta BUKOPUCTOBYBATH IPHU iX BUTOTOBJICHHI CIPOIICHI KOMIUIEKTH TEXHOJOTTYHOTO
oOnaaHaHHs. TyuM He MEHII, MacIITAOHUI MaKeT Ha BIAMIHY BiJl IOBHOPO3MIPHOTO
3pa3ka 3abe3rnedye OUTbI CKJIaJHI YMOBU (30UIbIIEHHS KUTbIIEBUX JAepopMaliiid y
CKJIaJKax IMpHU 3MEHIICHHI JllaMeTpa Ta 3pOCTaHHS IUIACTHUYHUX Jedopmaliiii npu
3MEHIIEHHI iX KPOKY) IpH KOMIAKTHOMY CKJIaJaHHI Ta MOJANbIIOMY PO3KPHUTTI
KIIO. Tlpu ¢popmyBaHHI CKJIAIOK IJIOCKOTO AMCKAa MaKeTa TEXHOJIOTIYHI 3a30pU
TaKoXX MPUHUMAIOTh MIHIMAJIbHO MOKJIMBI 3HAYEHHS, OCKUIbBKU MPOMOPIiHE
3MEHIICHHS rabapuTiB (OPMYIOUOTrO IHCTPYMEHTY MOXKe OyTH Hepeanti30BaHUM
BUXOJISIYM 3 YMOB HOTO MIITHOCTI.

Ha Puc.2.28 npencraBiena reomerpuuHa monenb Makera KIIO 3 35

KOHIYHUX CEKI[I{ 3 BUXITHUM KyTOM KOHYCHOCTI 0=3(0° Ta ToBImUHOI0 0~0,15 MM.

Puc.2.28 I'eomeTpruuHa MojieIb AOCIIIHOT KOHCTPYKIIi (MakeTa) KITO

83



Opniero 3 1Ied BHUTOTOBJICHHS MakeTa € ampoOallis parioHATbHUX
KOHCTPYKTHUBHUX PIIIEHB JIJIT KOHTYPY KOpcTKoro 3akpiruieHHs (I), 3aMukarodoro
enemenTta (nenue) (L) 1 repmernunux 3'egHanb kKoHiyHMX cekiiit KIIO mo
koHTypax MmeHmux (BH1) 1 Benmukux (BHZ2) ocHOB, 0 BHKOHYIOTH J10JaTKOBY
dbyukmito.  Jna xontypiB BH1 1 BH2 wmakera Oynu BimmpamboBaHI KiJIbKa
MOKJIMBHX CXEM HEpO3'€MHHUX 3'€/lHaHb, BKJIIOYAIOUM 3BapHI, MasHI Ta KJICHOBI.
[Tomryk anpTepHATHBU 3BapHOMY INBY OYB OOYMOBIEHUH HEOOXITHICTIO
ONEpPAaTUBHOIO  CKJIAQJaHHS  TEPMETUYHUX  OararoCeKUiMHUX  JOCIHITHUX
KOHCTPYKIIH, 10 Mepeaye CTBOPEHHIO TOCIITHOTO OOJaJHaHHS AJI KUIBIEBOTO
3BaproBaHHA. JlOCHIPKEHHS KIHETHKU PO3KPUTTA MAKETIB 3 JIOCTATHHOKO JIJIsSt
OYIKYBaHOTO BHYTPIIIHBOTO TUCKY Pgepi~100 klla MiIHICTIO KIJIBLIEBUX 3'€1HAaHb Ta
KUIBKICTIO CEKIIA > 3 03BOJISIIOTh MPOCTEKUTH BIMOBIIHICTH PO3PaAXyHKOBOI Ta
dbakTHU4HO1 reomMeTpii 0O0JOHKHM TPU KOHKPETHUX BIACTUBOCTSAX ii Marepiany Ta,
IpU HEOOX1AHOCTI, 3p0OUTH HEOOXITHY KOPEKIIIF0 MOJIEI.

Mooenweanna npouecy poskpumms cexuii maxema KIIO. Koncmpyxuis

3amuxanyo2o eremenma (denys).OCKiIbKA TeoMeTpuuHi napametpu maketa KI1O

Oyau OTpHMMaHiI B pe3yJbTaTl MacIITa0yBaHHA CKOPUTOBAaHOI KOHCTPYKTHBHOI
cxemu (Puc.2.27,a), nns yrouneHHs BucCOTHM Hyg cekmii makera g04aTKOBO
MIPOBOJUIIOCS MOJICIOBAHHS MPOIECY 1i PO3KPUTTS BHYTPIIIHIM HAJTUIIIKOBUM
TUCKOM. Puc.2.29 a pemMoHCTpye cXeMy BHUXIAHOIO TEPETBOPEHHS TJIAIKO1
KOHIYHOT 3arOTOBKH B IJIOCKUU TUCK 3 TapameTpamu b = 4,5 mm, (R - r) = 24,6 Mmm
0e3 ypaxyBaHHS 3'€IHYBAIbHUX JUISHOK IIHpUHOIO 2.5 ... 3.0 MM mpu TOBIIMHI
Marepiaty o6osionku 0=0,15 Mm. Cnig 3a3HauyuTH, MO OUIBIIICTH JOCTYIMHUX
M'KUX HEpP)KaBIIOYMX (OJBI PO3TIASHYTOr0 THIOPO3MIPY MalOTh IMO3UTHUBHUMN
JOMYCK MO TOBLIMHI. KO (akTuyHa TOBUIMHA MaTeplaiay BIAMOBIIAE TOIIO

+0,01...0,02

JOIYCKY , BEJIMYMHY KPOKY CKJAIKH TaKOX JOIUIBHO 30UIBLIMTH A0

3HaueHHa b=5 mm 1 (R —r) = 29,3 mm.
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Puc.2.29 I'eomeTpuyHi nmapameTpu BUXITHOI (IJ1a7KO01) KOHIYHOT 3arOTOBKHU
cekmii KIIO Ta BigmoBigHOro il Mo 130MeTpii KOMIAKTHOrO Jucka (@); moJis
pPO3MOUTY 3aJMIIKOBUX HAmNpyKeHb Micis po3kpuTTs aucka, Mlla (6) 1

HEPEMIIICHHS B OCbOBOMY HAIPSMKY ITCIIS 3HATTS TUCKY, M (6)

MojentoBaHHs MpoLECY PO3KPUTTS IUIOCKOTO JHUCKA 3 KOPCTKUM
3aKpIIUVIEHHSIM 10 TEpUMETpy OUIBIIOI OCHOBH MPOBOAWIOCS B MPYXKHO-
IUTACTUYHIN MOCTAHOBLI MPU MAKCUMAJIBHOMY BHYTPIIIHBOMY THUCKY Pgep <100
klla. 3 ypaxyBaHHSIM ICHYIOUOi HENIHIMHOI CKJIagoBoi Oyla TpuitHATa
MPY>KHOIUIACTUYHA MOJIeNIb MaTepiany, 0 0a3yeThCs Ha acoliOBaHOMY 3aKOHI1
IUTACTUYHOI TeYil 3 KpUTEpieEM IUIMHHOCTI Mi3zeca Ta mpaBUIIOM 130TPOIHOTO
3MmilHeHHs. Po3paxyHKoBe 3HA4YeHHS 3aTUIIKOBUX (TICIS CKUJAHHS THUCKY)
nepeMilieHb B3JIOBX OCl CHUMETpii OOOJOHKM CTaHOBUTh Umax=43 MM 06e3
ypaxyBaHHS JOJATKOBOTO po3Mipy AeHIls. [licis ckugaHHS THCKY MaKCHUMalbH1
3HAYCHHS CKBIBAJCHTHHUX 3QJIMIIKOBUX HAMpyKeHb Ge (VON Mises) BiA3HAYAIOTHCS
B 00JIaCcT1 BEPIIMH KUIBIIEBOI CKJIAJIKU 3 HAUMEHIIUM J1aMeTPOM, CIIOJYyYECHOK 3
nenneM (Puc.2.29,6). HasBHiCTb SICKpaBO BHPaXCHUX KUIBIIEBUX KOHIICHTPATOPIB
Hampy>keHb y Mil 30HI (Cemax = 289 MIla) mnoenHyeTbCs 3 YTBOPEHHSIM
HEPIBHOMIPHUX MJIACTHYHUX Aedopmaniii 10 5 % 1no mepumMerpy CyMiXKHOTO
3aMUKAI4oro ACHIIS, Kl MpyU HAaTypHOMY €KCIEPUMEHTI MOXKYTh MPU3BOJIUTH 10
BTpaTH FEPMETHUYHOCTI 000J0HKK. BoueBu b, nMoiOHe SIBUILIE MAa€ CIIOCTEPIraTUCs

1y IOBHOPO3MIPHIH MOJEIII.
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2 0

Puc.2.30 3wminuHioroue kinblle Ha mnepuMerpi JeHns Makera KIIO (a);
PO3MOJIT MOMIB €KBIBAJIEHTHUX HamNpyxkeHb ge (von Mises), MIla, y nenii npu
MaKCUMAIILHOMY THCKY PO3KPHTTS 0€3 3MIIHIOIUOT0 Kibls (6) Ta 3 KiIbleM (8);
MoJIsI HAKOMMYEHMX  EKBIBAJIGHTHUX IulacTMUHUX  Aedopmamit  Ue  06e3

3MIIHIOIOYOTO KUIBIL (2) Ta 3 KiJibleM (0)

JIns  MmABUINEHHS KUIBIIEBOI JKOPCTKOCTI TEPUMETPY 3aMHKAIOUYOTO
€JIeMEHTa B 30HAaX KUIBLIEBUX KOHLIEHTPATOpIB OyJI0 BUKOPUCTAHO JOJATKOBE
3MilHIOIOUE Kidblle 3 amomiHito Mapku J[16T (Puc.2.30,a), mo mg03BoJis€
YHUKHYTH TIOTOBIIEHHS JeHIsl 1 oOTskeHHs KoHcTpykmii. Ha Puc.2.30
NPEACTaBIICHI PE3yNbTaTH MOpIBHIbHUX po3paxyHkiB HJC y KIIO 3
nigcuieHHsM aeHi ((s), (0)) Ta 6e3 Hporo (6), (2).

Cnin 3a3HaYUTH 3HAYHE 3HMXKEHHSI HAKOMUYEHUX IUIACTUYHUX AedopMaliiii
JUTS. PO3PAaxXyHKOBOT'O BHITAAKY 31 3MirHIO0YMM KijgbiieM (Ue = 0,8%, Puc.2.30, (0))
1 OLTBIII PIBHOMIPHY SIKICHY KapTHUHY pO3MoALTy Aedopmaliiil mo kpasx AeHI. Taxk,
y BapiaHTi 0e3 kijgbls gedopmamii gocsraiote Ue = 5.3% (Puc.2.30, (2)) 3

HEPIBHOMIPHUM PO3TOIIJIOM 10 Kpasix JCHIIS.
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Bucomosnenns makemy KI10. O6'emue oechopmyeanns ma kanioOpy8aHHsL.

[TapameTpu 3BapioBaHHs K 0a30BOT0 TEXHOJIOTTYHOTO MPOIIECY IPU BUTOTOBICHHI
koHiuHOi 3aroTtoBku cekuii KIIO (Puc.2.29,a) posrmanaotees y 1m.3.1.1;
MEPETBOPECHHS 3BapHOi TUIAJKOI KOHIYHOI 3arOTOBKM B KOMIAKTHUW JHUCK
peanizyeTbCcsi 3a JOMOMOIOI0 IMPOIECY XOJIOAHOTO 00'€éeMHOro aegpopMyBaHHS,
YMOBOIO SIKOTO € MIHIMI3allisg PO3TATIB Ta CTUCHEHb CEPEIMHHOI IOBEPXHI
TOHKOJUCTOBOTO Matepiany. [locmimoBHe, y Oik 30UIblIEHHS pajilycy, MOJAaHHS
GhopMyOUYOTO 3yCHILIA 3a JIONMOMOTOI0 (hOPMYIOUOTo 1HCTPYMEHTY (mmyaHcoHa (1))
J03BOJISIE  peaiizyBaTd HE3BOPOTHI nedopmariii koHigHOI 3aroToBkm (2) Ha
onopHux pebpax wmatpuii (3) (Puc.2.31,a). ¥V mnponeci hopMO3MiHUM TOHKOI
MeTajeBOi 000JOHKH, 30HU BUPAKEHUX IUIACTUYHUX JedopMalliid IOKali30BaHl Ha
OKOJIaX BEPIIMH KUIbLEBHUX CKJIQJ0K Ha BHYTPIMIHIA Ta 30BHIIIHIN JUIBOBUX
noBepxHax (Puc.2.31,0), npu 1upomMy, MiHIMaJIbHI 3aJUIIKOBI HANpPYXKEHHS Ha
CEpelIMHHIN (HeUTpanbHiN) MOBEpPXHI € OJHUM 3 (DAKTOpiB, MO 3a0€3MEUYIOTh

CTaOUIbHICTh T€OMETPUYHUX MAPAMETPIB IUIOCKOTO JUCKA.

Puc.2.31 Cxema o0'emHOoro nedopmyBaHHS KOHIYHOI 3aroTiBii (@) Ta

PO3IO/IL TTOJTIB 3aJTUIIKOBUX HAMPYKEHb Y IEPETBOPEHOMY NHUCKY (6), MIIa

TecToBe uncenbHe MOAEIIOBAHHS Mpoliecy (pOpMyBaHHS IMJIOCKOTO JKMCKA B
OCECUMETPUYHIN MOCTAHOBII JTO3BOJUJIO OI[IHUTH KIHETUKY HAIPY>KEHOI'O CTaHy
JUISL TPbOX TOYOK TIO TOBIIMHI OOOJOHKM B 30HI BEPIIMH MEPIIOi KIJIbIEBOT
CKJIJKM HaWMEHILOTO JiaMeTpa, 110 XapaKTepHU3yeTbCs CKIAJAHIIIMMH YMOBAMHU

dbopMyBaHHS TaKOX 4epe3 OLTbII KOHCEPBATHBHI YMOBH >KOPCTKOTO 3aKPITIIICHHS.
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Tax, rpadik Ha Puc.2.32,a nemMoHCTpye THUMYAcCOBY 3aJI€KHICTh E€KBIBAJIEHTHHX
HamnpyXeHb BiA Kpoky ¢opmyBanHsa. [lepmmit kpox (Bim 0 mo 1 oci abeuuc)
BIAMOBIAae  mpouecy  AehOpMyBaHHS  CKJIAIKH, TOOTO  BEPTHUKAIBHOMY
nepeMileHHI0 (OPMYIOYOro IHCTPYMEHTY Y 3aJaHe IOJIOKEHHS, JPYTHid KpPOK
BIJINOBIJIa€ MOT0 MOBEPHEHHIO Y BUXIJHE MOJOXKEHHA s (OopMyBaHHS APYroi
CKJIQJIKH 1 T.J. TOCIJOBHO IS YCIX KUIBIIEBHX CKiIagok. OTprMaHe B pe3yJbTari
po3paxynky mosie 3aymmkoBoro HJIC (Puc.2.31,0) imocTpye HEOTHOPITHICTH
PO3MOLTY HApPYKEHb K Y MekaxX KOXKHOT 31 CKJIaJIOK, TaK 1 y CKJIaJIKaX pi3HOTO
niametpa. 3 rpadika Puc.2.32,a BuAHO, 1m0 peanizaiis KOXXHOTO HAaCTYIMHOTO
KpOKy (popMyBaHHS CKJIQJKH JUCKA BIUTUBAE HA HAMPYKCHUH CTaH y 30HI MEPIIOT
KUTBIIEBOI CKJIAAKM HaWMeEHIIoro aiamerpa. BimnocHo HeBucoki (35...150 Mlla)
Hampy>XeHHs micas (QopMyBaHHS MEPIIOi CKIAIKU 3pOCTAIOTh JO 3HA4YEHb
280...350 MIla micns gopMyBaHHA HACTYIHUX CKJIAJIOK. XapakTep pO3MOILTY
3aJIMIIKOBUX HAIPY>KE€Hb I MEpPUIUX YOTUPHOX CKIAJIOK € OJM3bKUM, ajie B
OCTaHHIM CKJaill pIBEHb €KBIBAJICHTHUX HampyxkeHb (Puc.2.31,0) 3HauHO
HIDKYNM.

Bapro Big3HauuTH, [0 MNOpH PIBHUX MEPEMIMIECHHIX (HOPMYIOUOIro
IHCTPYMEHTY MAaKCHUMaJlbHI 3aJMIIKOBI TMEPEMIIIEHHS KOXXHOI 3 I'SITH CKJIAJ0K
pi3HI, II0 BIUIMBAa€ Ha iX KIHIIEBI T€OMETpUYHI MapameTpu. Tak, oTpuMaHa B
pe3yabTaTi YMCEIBbHOTO MOJICIIOBAHHS TNIMOWHA CKIIAJIOK 3HAXOJUTHCS B IHTEpBAJIl
Binxuwienb Big (a-0,38) mm mo (a+0,4) mm (Puc.2.32,6) mpu po3paxyHKOBii
rmmbudi a (Puc.2.32,6). Sk HachigoK, 3MIHIOETHCS JIOBXKUHA (DJIaHIIEBOTO
BiMOOpTYBaHHA 1 MakcuMajghbHa  ToBmMHA gucka  ((a+0,55)  3amicTthb

po3paxyHKoBOro 3HaueHHs (a+0,16)), 1110 cipuYrHsIE 3MEHIIIEHHS KOMITAKTHOCTI.
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Puc.2.32 KiHeTrKa HanpyKeHOTO CTaHy y 30H1 BEPIIMH CKJIAJIOK Yy MPOIleCi
dbopmyBaHHs AucKa (&) Ta MOJCITIOBAHHS BIJIXWJICHHS I'€OMETPUYHUX MapaMeTpiB

CKJIaI0K (8) BiJ TeopeTHuHol Mozeii (0)

[loxiOHI BETWYMHM BIJXWIEHb T'€OMETPUYHMX MapaMeTpiB JHCKa Bij
TEOPETUYHUX PO3MIpIB MOB'SI3aHI, MEPII 3a BCE, 3 ypaxyBaHHSM Y YHUCEJIbHOI
MOJZieNIl OOOpPOTHUX MPYKHHUX Jedopmaliiii micias MIACTHYHOIrO JaedopMyBaHHS.
Pe3ynbraT po3paxyHKy HAOYHO J€MOHCTPYE HEOOXIJHICTh BUKOPHUCTAHHS
anroputMy (GOpMyBaHHS KOMIIAKTHOIO JAHMCKa, MpPU SKOMY OCECUMETPUYHI
nepemiiieHHs: ((OpMyrUOro iIHCTPYMEHTY pPi3HI Ha KOKHOMY 3 HaCTYITHUX KPOKIB 1
BEKTOP (pOPMYIOYOTro 3yCHJUIS HE OPIEHTOBAHUM CTPOTO MO HOPMAJIl 0 IUIONTUHU
JIMCKA B MEXaxX OKpeMoro Kpoky. OUeBHAHO, IO TOYHE YSBJICHHS PO KOPEKTHY
nporeaypy  (GopMOyTBOpeHHsT  Moxke OyTH  OTpUMAaHO  Ha  MIJICTaBl
eKCIEPUMEHTAIIbHUX JaHuX mporecy makeryBanHs KIIO.

ExcnepuMmeHnTanbHuid  mpomec  00'eMHOro  AepOpMyBaHHS  KOHIYHUX
3arotoBok Makera KIIO mnpoBoamBcs Ha nocmigniii ycranosmi (Puc.2.33).
Matpuns (3) 3 mapaMmeTrpamMu OMOPHUX pedep, EKBIBAJICHTHHUMH TeOMETpil
KUTBIIEBUX CKJIQJIOK KOMIAKTHOTO aucka (3a Puc.2.31,a (3)), BCTaHOBIIIOEThCSA Ha

MIaHIIai01 peaykTopa (4) 1 00epTaeThCs €NEKTPOABUTYHOM (5).
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Puc.2.33. YcranoBka mnsi 06'emHOro aedopMyBaHHS 3arOoTOBOK KOHIYHUX

cexmiu KIIO.

Hnst  mepenaui 3ycuiuist  (GopMo3MiHM OyB  BHUTOTOBJICHUN JTOCIITHHIMA
KOMILJIEKT (OopMyro4oro oOjaJHaHHS: 3HIMHI MMyaHCOHH 3 KOHTAaKTHOIO JUISHKOIO
(1) y Burnsai gacoHHOI TJIACTHHM 3 MaTepially 3 BUCOKUM KOE(DIIIEHTOM TEepTH
koB3aHHs (Puc.2.34, a,60) abo mnpodiapHOro 000ay, MO O00CpPTAETHCSI HAa
KOMIAKTHOMY MiAMUIHUKY KoueHHs (Puc. 2.34 6), sKi KOPCTKO KPIIUISATHCS Ha
poboYOMY MalIaHUYMKYy aKTyaTopa BEPTUKAIBHOIO TEPEMIIICHHS yCTAaHOBKU. Y
CBOIO Uepry, KpilUICHHSI KOHTAKTHOI JUISHKU Ha IIBUIKO3HIMHIN HampsiMHiA (2)
JO3BOJISIE TIPM  HEOOXITHOCTI IIBUJIKO 3MIHIOBATH KOH(QITYpAIil0 KOMIUIEKTY
oOnagHanHs. [lyaHCOHM PpI3HMX THMIB MOXYTh BHKOPHCTOBYBATHUCS  JUIS
dbopMyBaHHS CKJIAJOK PI3HOTO pajilyCy, a TakoX (hJIaHIEBOrO BiIOOPTYBaHHS, IO
3aBepIlye CKIAJIKy HaWOUIBIIOro paaiycy. Y 3B'SI3Ky 3 3a3HAYCHOIO BHIIE
HeomHopigHicTio HJIC y pisaux ckmagkax (Puc.2.32,6), mus  mocmipKeHHS
anroputMy (OPMYBaHHS KOMITAKTHOTO IHMCKAa 3MiHHI TyaHCOHH Tumy (6) i (8)
JIOJIATKOBO OCHAIEH1 S-moAiOHUMHU TeH30pe3ucTopuumu naruynkamu H3-C3-3B-

D41 (ZEMIC) (3) Ta BTOPUMHHMM [OKa3ylOUMM TMPUCTPOEM — BaroBUM

koHTposepom SMART-P (ESIT) (4).
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Puc.2.34. 3HiMHI TyaHCOHHU 3 TEepTSAM KOB3aHHS (@, 06) Ta KoueHHS (6) Ha

KOHTakTHIN mimsHi (1)

Puc. 2.35 imocTpye pe3ynbTaT OMMCaHUX BHUIIE SKCIIEPUMEHTATBHUX POOIT:
po3kpuii Tinamkoi 3arotoBku cekili Makera KIIO 3 Hepxkapioodoi cram 3
napametpamu R; = 130 MM, Ro = 200 mm, ¢ = 180° 6 = 0,15 MM Ta kKoHIYHA
3aroTOBKA TICJSI MIKPOIUTa3MOBOTO 3BapIOBaHHS (&); KOMIIAKTHA CEKIlis (JIMCK)
KIIO micna mpouenypu o00'eMHOro XojogHOTo JnedopMmyBaHHSA (6) 1 Taker
T€OMETPUYHO EKBIBAJICHTHUX JTUCKIB MICIS Oomepaliid KaaiOpyBaHHS, TOTOBHX JIO
MOJANIBIIOTO O0'€THAHHS B €IUHY TEePMETUYHY CTPYKTYpy (6). Texuosoriune
BIZIOOPTYBaHHS KPOMOK 3aroTiBii mija 3BaproBanHs (f) mokasano Ha Puc. 2.35(a);

¢aHIeBi BiIOOPTYBaHHS KOMITAKTHOI cekilii F| 1 Fo — Ha Puc. 2.35(6).

a 8

Puc.2.35. TexHonori4Ha MOCHiT0OBHICTh BUTOTOBJIEHHSI KOMITAKTHUX CEKIII
makera KIIO.

[Tonanpie moeaHaHHsS KOMMAKTHUX cekiii Puc. 2.35,(6) mo miommHax
BIJIMOBITHUX (pIIaHIIEBUX BiOOPTYyBaHb BUKOHYBAJOCS, B TEPIIy Yepry, s

CTBOPEHHSI T€PMETUYHOTO BUIPOOYBAJILHOTO MaKeTa, IOCIIKEHHS KIHETHKHU
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IpOLECYy 3BOPOTHOTO  MEPETBOPEHHS OOOJOHKM Ta  EKCHEePUMEHTAIbHOT
BepHdiKallii YUCEIbHOT MO PO3KPHUTTA.

Excriepumentu 3 poskpurts MakeTiB KIIO 3 m'stm cekmiii Ha creHmi
po3kpurta (Puc.2.36) mpoaemoHCTpyBanu 30€peKEHHS CTPYKTYPHOI IITICHOCTI
OaratocekIliifHoi 00607J0HKH. BHCOTa TOBHICTIO MEPETBOPEHOT BHYTPIIIHIM THCKOM
Umax <100 xIla xoHIyHOi ceKIii Micias CKUJaHHS BHYTPIIIHBOTO THUCKY
3HaxoawmiIacsa B miama3oni Hx = 44...46 MM, 110 103BOJIsIE 3pOOUTH BHCHOBOK IO

B1ANOBIAHICTE KoMITakTHOCTI KITO BUX1THUM BUMOTaM.

L/ - N T

A

Puc.2.36. Maket KIIO 3 miamerpom D=200 mm 3 5 cekiiiii miciasi CKUAaHHs

BHYTPIIIHBOTO TUCKY (@) Ta cxeMa 3'elHaHHs (IaHIeBuX BigOopTyBaHb Fo (0)

Kopueysannua onmumizosanoi xoncmpykmusnoi cxemu KIIO. Pe3ynbratn

BunpoOyBanb MakeTa KIIO mnpoaemMoHCTpyBanM BiANOBIIHICTh PO3PAXYHKOBUX
r€OMETPUYHUX TMapaMeTpiB KOHCTPYKI[T OCHOBHUM BHUMOTaM. Tak, KOMIAKTHICTb
KOHIYHOT CeKIlii BiAMOBiae HeOOXimHOMY criBBiHOIIEHHIO 1:10, ii BucoTa micis
PO3KPUTTS HAUIUITKOBUM THUCKOM 1 WOro ckumaHHs ckiama Hx = 43,5 ... 44 mm
IIPY BUXI1JIHIM TOBIIMHI KOMIAKTHOTO Aucka hp = 4,3 ... 4,4 MM 32 BUHSITKOM CEKITIi
3 3aMUKAlOYUM €JIEMEHTOM (JICHIIEM), BUCOTa $IKOI CTaHOBUTH 7,5 mM. Tum He
MEHIII, BIIMOBIAHO 10 pe3ynbTaTiB gociimkenb m.2.1.3 (Puc. 2.16), ¢i3uko-
MEXaHIYHI BJIACTHUBOCTI KOHKPETHOTO KOHCTPYKIITHOTO MaTepialy OOOJOHKH
ICTOTHO BILJIMBAIOTh Ha BEJIMYMHY il 3BOPOTHUX MPYXKHUX AeopMalliid, IIaJKiCTh
npodutro 1 cTymiHb po3KpUTTA. OYEBUAHO, IO TOETHAHHS TMPY>KHO-TIIIACTUYHHUX
BJIaCTUBOCTEN 0Opanoro HatypHoro Marepiany (E = 203 I'Tla, Ro2 = 230 MlIla, Rn,

(ou) = 651 ITla, ¢ = 52%) makera KIIO He MoO)ke€ TOYHO BIANOBIAATH
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BJIACTUBOCTSIM TTOBHOMACIITA0OHOT KOHCTPYKIIi, TOOTO CXWJbHE OO ACSKUX
KOJIMBaHb K MPHU PI3HUX CTAaHaX IOCTaBKU OJIHIET MapKu Marepiaily, Tak il y
PI3HUX MapTisiX MaTepiady OJHOTO CTaHy MOCTABKU. 3 II€1 MPUYUHU KOPUTYBAHHS
koHCTpykTUBHOI cxemu KIIO 3a pesynpratamu BUIPOOYBaHHS MaKeTa MOJISATAI0 Y
HaJlaHH1 KOHCTPYKIIli 3amacy KOMMOakKTHOCTI (koedirieHta TpaHchopmaiii) K.
Bignoimno pmo I1.2.1, HalOIpIl pamioOHAIBHUM  CIOCOOOM  ITiJIBHUIIICHHS
KOMITAKTHOCTI € 30UIBIIEHHS YHCJIa N KUIBLEBUX CKJIAJOK KOMITAKTHOI CEKII].
JonaBanHs a01aTKOBOT Ckiagku KoMmmakTHOi cekiili KIIO npu He3MiHHOMY
3HAYCHHI KPOKYy b TiTHE 3MiHY pajiyca I, BEJIMYHHA SKOTO € OJHUM 3 OCHOBHUX
(bakTopiB, O BILIMBAIOTh HA BJIACHY YaCTOTY KOHCTPYKIIi. 3MEHILIEHHS KPOKY b B
MeXax periamMeHToBaHoro miama3oHy ((4) m.2.1) mpu3BOAUTH 1O 3MEHIIEHHS
BUCOTH PO3KPUTOTO KOHYCA, 30UIbIIEHHSI KUIbKOCTI KoHIYHUX cekiiit KIIO 1, sax
OyJ10 TMOKa3aHO paHille, CIpUs€ 3HIKEHHIO BJIACHOI YaCTOTH BCi€l KOHCTPYKIIIL.
TakuM 4YMHOM, TIpPU KOPUTYBaHHI MPOQPUII0 HEOOXIIHO BpPAXOBYBaTH BCl
BUILleONMCaHl (akTopu, MO0 mpu BHUIIOMY KoedimieHTi TpaHchopmamii Ky
3abe3neuntH BiaacHy yactoTy KI1O He Hmkue 3a orpuMany padimie (2,2 I'). Bymno
PO3MJISIHYTO TPW Pi3HI BaplaHTM TE€OMETPUYHUX XAPAKTEPUCTUK CKJIAJKH

kommnakTHOi cekii (Puc. 2.37).

Puc. 2.37. I'eomeTpuuHi XapaKTEPUCTUKHU CKJIAJKU KoMmakTHOT cekiiii KITO

3 KPOKOM KiJbIIeBOi ckiaaku 10 mum (&), 9 MM (6) Ta 8,5 MM (8)

OCHOBHUM TIapaMeTPOM, IO BAPIFOETHCS, € PO3MIP KPOKY b, siIkWii BITUBA€E
K Ha KyT HaxuiIy MEepPEeTBOPEHOI MOBEPXHI MK BEpPIIMHAMHU CKJIAJIOK, TaK 1 Ha
BHUCOTY OTpuMaHuXx ckiafok (Puc. 2.37). Jlig KOXKHOTO 3 PO3MISIHYTUX BapiaHTIB
TEOMETPUYHUX XaAPAaKTEPUCTUK CKIAIKH Oyiau MOOYyIOBaHI MOJZETl PO3KPUTTS

KOMITaKTHO1 CEKIii, OCHOBHI MapaMeTpH SIKUX IpeacTasiieHi B Tadmui 9.
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Ta6anus 9 OcuosHi napamerpu KIIO 3 pi3HHUM KPOKOM CKIaI0K

Ne | ITapameTtp Ogn. BuMm. Mopens 1 | Monens 2 | Mogens 3
1 Kpox cximanku MM 8,5 9 10

2 Bucota xonyca MM 96,16 101,3 120,12
3 KinpkicTe cekmiit [T 31 30 27

4 Bucora KI10 MM 2991 3039 3030
5 Manuii miameTp MM 278,14 271,76 258,56
6 Maca KT 9,49 - 9,31

7 Bnacua gactorta I'n 2,18 - 1,92

Konctpyktuna cxema KIIO rpyHTyeThcs Ha HasBHOCTI B HiMl HeMmapHOI
KUTBKOCTI KOHYCiB. BucoTra KOHyca 3 KpOKOM cCKiIagkd b = 9 MM Bu3Hauae
HasgBHICTh 30 KOMIAKTHUX CEKIIiH, 1110 He BianoBigae koHCTpYKTUBY KIIO. OTxke,
SIK TIOPIBHSAHHS PO3TJISIAIUCS JBa BapiaHTH PO3MIpY KPOKY CKiaaok - b=8,5 mm ta
b=10 mMm. Sk oueBunno 3 Tabmumi 9 monens 1 (b=8,5 MM) Mae y MOpiBHSIHHI 3
mozemio 3 (b=10 mM) Ha 4 cekiii Oublne, 1 30UTBIICHUN PO3MIP MaJIOTO JlaMeTpa
Ha 19.58 MM, npu npomy ii BnacHa yactora KIIO na 14 % Bume. Takum yuHOM,
MOXHa JINTH BHUCHOBKY, IO 30UIBIIEHHS MAaJOro JiaMeTpa pOOHUTH OUIbII

ICTOTHUM BIUIMB IiABHIICHHS BiracHOi yacToTu KIIO, HIX 3MEHIIEHHS KUIHBKOCTI

(X
CEKITii.
S, h oS
SNE (fraction 1.0)
(Avg: 75%)
183
168
152
137
122
107
91
76
61
44
30
15
a »
f=2.18Tn

Puc. 2.38 Tlone ekBiBamenTHux HampykeHb y KI1O, MIla (monens 1) npu
Jii perJaaMeHTOBaHOTO 1HEpIiiHOTO HaBaHTakeHHs, MIIa (@) Ta moye nepeMilieHb

koHcTpykiii KITO npy BUKOHAaHHI MOJAJILHOTO aHaIi3Yy (6)

st KTIO 3 xpokom ckianku 8,5 MM OyJi0 OTPUMaHO T0JIE HAIPYKEHOTO

CTaHy 3a YMOB 1HEpIIHHOTO HaBaHTaXeHHA 1g, nmpuknanenoro 1o Bepmuau KITO 1
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CIPSIMOBAHOTO TIEPIICHIUKYJIISIPHO IO OC1 KOHCTPYKITii. MakcuMabHI €KBIBaJICHTH1
HaIpY>KEHHS B IIbOMY BHUNAJKy B 30HI KOHIICHTPATOPIB HE TMEPEBHUIIYIOTh MEKY
IJIMHHOCTI Matepiany 1 craHoBiATh 183 MIla (Puc. 2.38).

Ha Puc. 2.39 nmpencraBieni mepepi3u CKiIagdacTux MmpodiaiB KOMITAKTHUX
CeKlif (IMckiB) BHXiTHOT KOHCTpykTHMBHOI cxemu KIIO (3a Puc.2.28) micns
KOpuryBaHHs (@), nocmigHoi koHCTpykuii (makera) KIIO B macmradi 1:2 (6) 1

KIIO micas ocTaTOYHOT0 KOPUTYBaHHS (8).
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Puc. 2.39. Cknamuactuii npodine komnaktHoi cekuii (nucka) KIIO

8 .

BIJIIOBIAHO 10 BUXigHMX maHux Ta051.8 (a); mpodins arcka MaciTabHOro Makera
(6) ta mpodine mo Tabm.9, BiZKOPUTOBaHHK 3a pe3ydbTaTaMH HATYPHHX

BUTNIPOOYBaHb MakeTa (8)

Ax Oyno 3a3Ha4Ye€HO BHUIIE, BIJCYTHICTH YITKOrO MaciuTaOyBaHHS BCIX
TrCOMETPHYHUX TapaMmeTpiB npodiaiB (), (6) 1 (8) MOSCHIOETHCS TOMYCKOM Ha
TOYHICTH IO TOBIIKHI MPOKATY MOJIEIHHOTO MaTepially, OCOOJMBOCTSIMH 3'€ THAHHS
CeKkIii mo (rIaHIEeBOMYy BiIOOPTYBAaHHIO, SIKE MOXXE 3MIHIOBATHCH ISl CEKIIIH
pi3HOTO po3Mipy 0e3 3HMKEHHS BIIHOCHOI )opcTkocTi KITO, a Takox psij iHIIMX
daktopiB. Tak, KIIO noBuHHa MaTh HemapHy KUIBKICTh CEKIIii, 1 BapirOBaHHS
JIOKaNbHUX reoMeTpuyHux mapamerpis (b, 1r, Ic) y Mexax npejacTaBieHux y m.2.1

Jiana3oHiB, T03BOJISE IIPH 3a1aHOMY KyTi o 3a0e3neuntn 0a3oBi Benuunnu (L, K1),
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10 BIUTMBAIOTH Ha Pi3HUIIIO paaiyciB (R — r) 1, oTxe, BUCOTY KOHIUHOI cekirii. J[is
Mozenl (8) BIAMOBIAHO 0 PO3PaXyHKOBUX 3aJICKHOCTEH CITIBBIIHOIICHHA Ic/0 =
4,7, 1 po3paxyHKOBa BEJIMYHHA KPOKY CKJIagku b = 8,6 MM. 30utbieHHs b 1o 9,0
MM JTO3BOJIMJIO 3a0€3MeUUTH HEOOXITHUN TOMYyCK Mo JoBkuHI L 6e3 3MiHm KyTa .
Y wmacmtabHi HaTypHIM Moxeni (6) 30UIbIIeHHS KyTa Ha 3°, HaBMmaku, OyJo
JTOIIILHUM, a Tpodiib ¢GopMyBaBcs 3 ypaxyBaHHSAM (aKTUYHOI TOBIIMHU
MozaenbHoro Matepiany (s 6 = 0,17 MM r/d = 4,9, po3paxyHkoBa BequyuHa b =
5,04 mMm). B ocrtatouHoMy BapiaHTI MOJiell KyT 30€peXeHHMM 301IbIICHUM, a
BenMYMHA b HAOIMKEHa 70 pO3paxyHKOBOTO 3HaueHHS (b = 8,6 MM); y TIOpIBHSIHHI
3 MOJISIIIIO (), 1€ CTajJ0 MOYKJIMBUM 3aBISIKH 301IbIIIEHHIO KUIBIIEBUX CKIAIO0K J0
n = 6 i, BiAMOBIAHO, 301IbIIeHHIO pi3HuIl (R - T).

Cepen iHmUX (akTOpiB, BApiOBAaHHS JIOKAJBHUX IMapaMETpiB Moxe OyTu
BUKJIMKAHE 1 TAaKUMU CYTO TEXHOJOTIYHUMHU MIPKYBaHHIMH, SK KpaTHICTh
TUIIOPO3MIPIB CTAHJIAPTHOTO METaT000pOOHOTO OcHaieHHs. Hanpuxman, npu
CTpOroMy MaciiTa0yBaHHI Yy CHIBBIIHOWIEHH! 1:2 BenmuuumHa pajaiycy rogpa B
Mozeni (6) ckmama 6 I = 0,625 MM, IO BUKJIMKA€E OYEBHJIHI TPYIHOII IMpHU
TOKapHi 00poOIll KOHTAKTHUX NOBEPXOHb (hopmyrouoi ocHacTku. Kpim Toro, €
BIJIMIHHOCTI (D13MKO-MEXaHIYHUX BIJIACTUBOCTEH MOJEIBHUX MaTepialliB Pi3HOT
TOBIIMHU, OTPUMAHUX EKCIIEPUMEHTAILHUM IIUIIXOM 1 BHUKOPUCTAHUX TMPHU
pO3paxyHKax 4MCceIbHUMHU MeTonaMu. Tak, mia yac po3paxyHkiB KIIO 3 npodinem
Puc. 2.39,a 6ynu npuiinari BiaactuBocti ctam AlISI 321: E = 213 Mlla, Rpo2 =
233 Mlla, oy = 672 Mlla, &€ = 66%; nis KI1O 3 npodimem Puc. 2.39,6 ta 6. E=203
MlIIa, Rpo2=230 MlIla, 6,=651 MlIla, €=52%. [Ipu BukopucTaHH1 cTaje 3 IHITUMHU
BrnacTuBOoCTsIMU (Hampukiag, craab X10CrNil1809) Bucora po3KpuTOi KOHIYHOT
CeKIli ctaHoBUTUME 88,92 MM, 1 TOTpUMaHHS perjaMeHToBaHOi JoBx)uHU ~3000
MM BHUMara€ 30UIBIICHHS KUIBKOCTI Cekiii Ha 3 (mo 34), mo BIUIMHE Ha
MacorabaputHi xapaktepucTukd KIIO sk y KOMHakTHOMY, TaK 1 PO3KPUTOMY
ctaHl. ExBiBaJeHTHI HampyXeHHs B OOOJIOHIII KOHCTPYKI[ii B LIbOMY BHIIQJIKy B
MpoIIeci PO3KPUTTS JOCATAIOTh MEXKI MIIHOCTI MaTepialy, II0 Bexe A0 HOTro

PO3MILIHEHHS 1 MOJAIBIIOI BTPATH ILITICHOCTI MEepeTBOPIOBaHOI 000J0HKU. Kpim
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TOTO, paIlllOHATBHUM MIAXOJAOM 3 OINISAYy Ha eKCIUIyaTaliiHi 0COOJUBOCTI
KOHCTPYKIIi MOXe OyTH 3HIKEHHS THUCKY PO3KPHUTTS Ta, BIAMOBIIHO, CTYNEHIO
PO3KpUTTA CKJIAYacToi TMOBEpXHI. Y IbOMY BHNAAKY KUIbKICTh CEKIIIN
301IbIIyeThes (1o 37), ane, MOAATKOBOTO aHalli3y MOTpeOye piBEHb CYMyTHHOTO
3HUKEHHS KOPCTKOCTI OOOJIOHKH, JUIi 4Yoro Oyidu BHKOHAHI JOJIaTKOBI
JOCITIKEHHS BIUTMBY MapaMeTpiB rodpiB Ha KIHETUKY MPOIIECY PO3KPUTTS.
[TopiBHsIIBHOMY aHaNi3y MIAJSATaTd TEPETBOPIOBaHI OOOJIOHKM PIBHOT
toBmuHM 0 = 0,17 MM, 110 BiJMOBiAae TOBIMMHI MaTepiany Makera (Puc. 2.28), i3
CHiBBigHOLIEHHSIM b/d = 34, 26 1 20. ®parMeHTH CKIHYEHHO-EJIIEMEHTHUX MOJeei
JaHUX OOOJIOHOK, BUKOHAaHI B TPUBHUMIPHIN ITOCTAHOBLI 13 BUKOPUCTAHHSIM
JHIAHUX YOTUPUKYTHUX CKIHYEHHUX €JIEMEHTIB, IipejcraBiieHi Ha Puc. 2,40,a, ne

b/5 = 34 (I), b/3 = 26 (I1) Ta b/d = 20 (I1I).

a

Phase 3

Phase 2
Phase 1

Puc.2.40 ®parmMeHTH CKIHUEHHO-CJIEMEHTHUX Mojelied O000JOHOK 13
criBBiHOMIEHHAM b/6=34 (1), b/d = 26 (I) 1 b/d = 20 (ll) (a) Ta mouaTkoBi hazu
MIPOIIECY PO3KPUTTS KiJIBIIEBOI CKIIAJIKU OOOJIOHKH 3 pajilycoM Rpmax, BIATIOBITHUM

KOHTPOJIbHIN TOUII Prmax (6)

OCHOBHOIO TIPUYHMHOIO CIIOTBOPEHHS TOBEPXHI PO3KPUBHOI OOOJIOHKH €
BIJIMIHHICTh KIHETHKHU CKJaJaHHS Ta PO3KpUTTS. Puc.2.40,0 umocTpye MexaHizm
BUHUKHEHHS 30H JIOKaJbHOI BTpaTH B OOOJOHIN, IO PO3KPHBAETHCS.
TeXHOMOTIYHUHN TPOIIeC KOMITAKTHOTO CKJIaJaHHS JI03BOJISE€ 3MIHIOBATH SIK TOYKY,
TaK 1 BEKTOp 3acToCyBaHHsS ¢opMmye 3ycwiiisi. B pe3ynbTaTi, Ha OCTaTOYHIN CTafil
dhopMyBaHHS CKJIaJIKU B 11 BEpILIMHI B OKOJIaX TOUYOK Pj CoCcTepiraroThes BUPakKeH1
macTUdHi  faedopmariii Ta yTBOPIOETHCS KiJbIleBe pedpo kopcTtkocTti. [lpum

3BopoTHOMY po3kpuTTi (Prc.2.40,6) pedbpo 31iicHIOE IEPEMITIICHHS IO TPAEKTOPIi,
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10 BIATIOBITAa€ PI3HUM pajilycaM KOHIYHOI 00OJIOHKH, TOOTO, 3a3HAE PO3TITYBAHb 1
CTHCKaHb, IO TOPOJUKYIOTh BUKPHUBIEHHS CYMDKHHX JAUITHOK OOOJOHKH 3
MEHIIOK JKopcTkicTio. Ha Puc.2.41,a,6 HaBemeHi pe3ynbTaTd YMCEIBHHUX
po3paxynkiB HJIC o6omonok tumy I, II 1 III B xapaktepaux Toukax Puyin 1 Pmax. B
ob6omnonmi tumy III (b/6 = 20) MiHIMAJIBHUMHU € SK TMEPEMIIICHHS XapaKTEepHUX
To4oK (ARp=min), Tak 1 BEJIMYMHHU €KBIBAJECHTHUX HANpPYKeHb (von Mises) Ce y
touri Ppin (Puc.2.41,6). Pazom 3 TuMm, cmocrepiraerbcs CTpuOKONomiOHe
PO3KPUTTS HaliMEHII01 Ta HaWOUIBIIIOI CKIaJ0K (JBa MKW KpuBUX Ha Puc. 2.41,a

(III)), mpu mbomy AR pmax OLTBIIT HIX YyTpU4i nepeBuInye BemuauHy AR pmin.
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Puc.2.41 TI'padiku 3minu pamiycy ckiagku ARp y xapakTepHUX TOUYKax
Pmin Ta Pmax o6omonok tumy I, II ta III (mo Puc.2.40) npu 3pocTaHHi TUCKY
pO3KpUTTA (a) Ta rpadiky 3MIHU €KBIBAJICHTHUX HANPYXKEHb Ge Y TOUKAX Pmin IpH

3pOCTaHHI TUCKY PO3KPUTTS (6)

Ha Puc. 2.42,a,6 mpencraBiieHI pe3yNbTaTH CITIBCTABICHHS YHCEIbHUX
Mojieel po3KpUTTsE 000IoHOK Tumy | (6 kuibleBUx ckiaanaok, b/éo = 34) ta II (8
KUIBIIEBUX CKJIQJ0K, b/0 = 26) 3 HAaTypHUMH EKCIIEPUMEHTAMU 3 PO3KPHUTTS
aHAJOrYHUX OOOJOHOK 3 HepykaBitowoi craii. [ mpoBeieHHS HaTypHUX
EKCIIEPUMEHTIB OUIBIIII OCHOBM OOOJOHOK OyJM 3aKpilUIeHI TEPMETUYHO Ha

KOHTYP1 PO3KPUTTS, @ MEHIII OCHAIIyBAJIKUCS T€PMETUIHUMU JICHITSIMHU.
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Cranii po3kputtsi obononku tumy [ (Puc.2.42,a) HAaOUYHO IEMOHCTPYIOTH
YTBOPEHHS T€OMETPUYHUX OCOOIMBOCTEH y BUIJISAI XBHICMOAIOHUX JedopMariiii
Ha TIEPETBOPEHINA MOBEPXHI, Kl HE € OOOPOTHUMU MICHS 3HATTS HAJJIUIIKOBOTO
BHYTPIIIHBOTO THCKY. HaBmaku, rmpu ananoriunomy mpoiieci B o6ononkax tuiy Il
(Puc. 2.42,6) cioctepiratoThCsi BUKIIOYHO PETYJISIPHI BUTUHU Y MEPUIIOHATIBHOMY
HapsIMKy 0€3 O3HaK JOKaJIbHOI BTPATH CTIMKOCTI AK M 4ac PO3KPUTTS, TaK 1

micIst HOTO 3aBEpIICHHS. SIK BUIHO 3 pe3y/IbTaTiB YUCENBHOTO (@) Ta HaTypHOTO

Posse™ 0 kPa

Puc. 2.42 YucenbHe MOJENIOBaHHS MOJIB E€KBIBAJICHTHUX HAINPYXEHb OCe
(MIla) Ta HaATypHMIl €KCHEPHUMEHT MpPOLIECY PO3KPUTTS HPH 3POCTAaHHI THCKY

po3kputts Ppepr (kI1a) o6onoHok TuTy I (@) Ta Ty 11 (6)

(6) ekcriepMeHTIB, MPU BeNWYKHI 3MiHH paaiycy ARpi>100 BUABISIOTHCS SICKPABO
BUPAXEHI HE3BOPOTHI CHOTBOPEHHS Te€OMETpii TMOBEpXHI OOOJOHKU MICIs
po3kputTsa. OnHAaK, TPH CIIBBIAHOMICHHSX b < 26 O md BaJICXKHICTh HE
JOTPUMYETHCSI, OCKUIBKM B I[bOMY BHUIIQJIKy 3MEHIICHHS TJIMOWHU CKJIAIKU
MPU3BOAUTEL JO 30UIBIICHHS ii KOPCTKOCTI 1, SIK HACIIJIOK, 10 HEPIBHOMIPHOCTI
PO3KpUTTA CKIanoK 3 pisHuMH paniycamu (Puc. 2.40,a, (III)). Takum yuHOM,
MparHeHHs OUTbIIOT KOMITAKTHOCTI OOOJIOHKH 3a 1HIIMX PIBHUX YMOB NMPU3BOIUTH
JI0 HaWOUIBIIUX CKJIAJHOIIIB B 1i €KCIUTyaTallii, 1 BIAXWJICHHS 3a MEX1 Jlana3oHy

criBBigHOMIEHb 26 & < b < 29 § MoxnuBe y 0ik 30uIbIIeHHsT KpoKy b. OcTatouna
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KoHCTpykTuBHa cxemMa KIIO wmoxke OyTu BiAKOpUTOBaHAa B MeEXKax Bapiallii

T€OMETPUYHUX TapaMeTPiB, BHUKJIUKAHUX OIMHMCAHWM BHIIE BIUIMBOM (Di3HKO-

MEXaHIYHHMX BJIACTUBOCTEH (DAKTUYHOTO KOHCTPYKIIIMHOTO MaTepiay.

BucHoBkn

1)

2)

3)

B pesynbrari nocaigoBHoi ontumizaiii po3podmtoBana KI1O 30eperna BuxigHy
HECHY 3JaTHICTh IIPU OJHOYACHOMY 30UJIBIIEHHI KOMITAKTHOCTI 1 JOTpUMAaHHI
BCI€i CYKymHOCTI BHMOT 10 KOHCTpykKiii. Pesymprar omtumizamii KIIO
MIJTBEP/KYE OTpHMaHI BUCHOBKHM MPO BKJAJ KUIBKOCTI JIISHOK CIOJYYEHHS
KOHIYHMX CeKIii, iX JiaMeTpa 1 TOBIIMHM MaTtepially B 3MIHY JKOPCTKUX
XapaKTepUCTUK 0araTOCEKIIIHOT KOHCTPYKIii. 30KkpeMa, OyJ0 BU3HAYECHO, IO
BEJIMYMHA MAaJIOTO pajiyca I OUIbII ICTOTHO BIUIMBAE HA >KOPCTKICTH Y
NOPIBHSAHHI 31 3MIHOKO  KUIBKOCTI KOHIYHMX cekuid. MopaudikoBana
KOHCTPYKTMBHa CX€Ma JO3BOJWJIA CHOPOCTUTH TEXHOJOTIYHHUH  MpOILEC
BurotoBiieHHs KIIO Ta 3Hu3utH il Macy, YHUKHYBIIM BHUKOPHUCTAHHS
JIOJIATKOBUX €JIEMEHTIB )KOPCTKOCTI (KUIBLIEBUX LIMAHTOYTIB).

HaBeneHo OIHKY BIUIMBY KJIIOYOBHUX MapaMEeTpiB MPOILECY IMIYJbCHOTO
MIKPOIUJIa3MOBOI'O 3BapIOBAHHS HA CTPYKTYPHI OCOOJIMBOCTI IIBa A0 Ta MICIA
nedopwmariiii. BusHaueHo ymMoBH (OpMyBaHHSI SIKICHOTO 3BapHOTO IIBa ISl BCIX
BUKOPUCTAHUX THUITB 3’€JIHaHb, BHIBJICHO HEOOXIAHICTh BIPOBAIHKCHHS
KOHTPOJII0O MPUXOBAHMUX JAe(EKTIB Oe3nocepeHbO B MPOLECT 3BaprOBAHHS 3
METOI0 1X ONepaTUBHOIO YCYHEHHS.

[IpoieMOHCTpPOBaHO, WLIO0 BIAMIHHICTh KIHETUKM TMPOLECY CKJIQJaHHS Ta
MOJIAJIBIIIOTO PO3KPUTTS BHU3HAUa€ TOM (HaKT, IO YHUKHYTH CIHOTBOPEHD
MOBEPXHI PO3KPUTOI OOOJOHKHM MOXHA TUIBKH 3a JIOTPUMAaHHS BY3BKOTO
Jllara3oHy BITHOCUMH KPOKY KUIbLIEBOI CKJIaAKU 10 il ToBHIMHM (b/0), Akuii OyB
BU3HAYCHHH K 26 & < b < 29 6 Ta miaTBEepKEHUI Y pOOOTI PO3PAXYHKOBUM 1
eKCIIEPUMEHTAJIbHUM METOJOM. Bu3HayeHo, 110 MEHII KPUTHYHUM €
30UIBIICHHST KPOKY NPU HE3MIHHIA TOBIIWHI OOOJIOHKH, OCKUIBKH B IIHOMY
BUIAJIKY TIPU PO3KPUTTI HE TIOBUHHI CIOCTEpIraTHCs Pi3Ki BIAXUICHHS

0araToceKUiMHOi KOHCTPYKIIIi BiJl OCl CUMETPIi.
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Po3zia 3. PO3POBKA TEXHOJOITYHUX MPOLIECIB BUTOTOBJIEHHS
KIIO 1 OBJIAJTHAHHS 1151 IX PEAJII3ALIIT

VY momepenHixX po3auiax Ha IMOCHTIIOBHMX €Talax BH3HAYCHHS HAWOLIBII
patioHanbHOi KOHCTpYKTHBHOI cxemu KIIO Oyno mpoBeneHO 3araibHHUM aHami3
0a30BUX (YHKIIIOHAIBHUX BJIACTUBOCTEH JOBIOMIPHOI IEPETBOPIOBAHOT 0OOJIOHKH
— 11 KOMIIAKTHOCT1, HECHOI 3[JaTHOCTI Ta T€PMETUYHOCTI KPUTUYHUX BY3JiB. TUM He
MEHIII, YHIKQJIBHOK OCOOJUBICTIO JOCHIPKYBAaHOTO KJIacy KOHCTPYKILIN €
BIJICYTHICTh MPAKTUYHOI MOXKJIMBOCTI MEPEBIPKM 3a3HAYCHHX BIACTHUBOCTEH y 1l
KiHIIEBOMY (poOouomy) cTaHi, AKUi HaOyBaeTbCsA M03a JOCSKHICTIO ONEPYBAHHS
BIJOMHMH €KCIEPUMEHTAJIbHUMH METOJaMU — 30KpeMa, y BaKyymi KOCMIYHOIO
npoctopy. 3 1HIOro OOKy, mepexii B podounii cTaH (MPOIEC PO3KPUTTS)
CYIIPOBOKYETBCSI €KCTPEMAIbHUM J1e(OpMyBaHHSIM OOOJIOHKOBOI NOBEpPXHI Ta
3BApHUX 3 €/IHAHb, 110 CYTTEBO BIUIMBAE HA MEXAHIYHI BJIACTHUBOCTI KOHCTPYKIIT
Ta, MOTEHUIWHO, Ha il LUIICHICTb. 3a3HA4€HE MPOTHUPIYYSl BUMArae 3alydeHHS
METO/[IB TOMEPEAHbOI OLIHKKM Ta IPOrHO3YBAaHHS KIHLEBUX >KOPCTKICTHHUX
BrnactuBoctedt KIIO, iXx B3aeMO3B’SI3Ky 13 CTYNEHEM PO3KPUTTS, a TaKOXK
JIOTPUMAaHHSI KPUTEPIiB SKOCTI BUXITHUX 3BAPHUX 3 €HAHB, 1110 3a0€3MeUyI0Th iX

HEOOX1THY BaKyyMHY IIUTBHICTD IMICIISI MPOXO/KEHHS AehOpMallifHUX [UKJIIB.

3.1. TexHosorisi 3BapioBaHHs Ta 00’ €MHOT0 JAe()OpMyBaHHSA
cTpykrypHux ejementiB KIIO

3.1.1. 3BaproBanus npsimoJiHiiiHux wBiB cekuiii KI1O

[Ipu aHami3i 3MaTHOCTI /10 3BapIOBAHHS MarepiaiaiB 000JIOHKU PO3TISIAINCH
psan gaxTopiB, OCHOBHUMH 3 SKUX € XIMIYHUH CKJIaJ MaTepialy, 110 BHU3HAYa€
TEMIIEpaTypHUN 1HTEpBal WOro Kpucramizamii, (a3oBuil Ckiamx 1 CTPYKTYpHI
MEePEeTBOPEHHS TIIiJ] Yac HarpiBaHHS Ta OXOJO/KCHHS, a TaKoXX MeXaHIuHl

BJIACTUBOCTI, 110 BU3HAYalOTh 3/IaTHICTb Marteplajgy CHpUMaTH HaBaHTaXKEHHS,
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II0 BHUHUKAIOTh BHACHIJOK HEOJHOPIJHOCTI HArpiBaHHA Ta OXOJIOJKEHHS,
KOPCTKOCT1 KOHCTPYKIIII 1 T. 1H.

ExcniepuMeHTanbHe 3BaproBaHHS 3aroTOBOK IMPOBOJUIIOCS 3a JIOMOMOTOIO
MIKpOIIJIa3MOBOTO CIOCO0Y Ha MPsAMIA MOJSPHOCTI 3 MOXIJIMBICTIO PETYIIOBaHHS
TEIJIOBKJIAZCHb MUJISXOM 3MIHM YacTOTH Ta IINApyBaTOCTI CTPyMY IyTH, SKUH Y
MOPIBHSHHI 3 THITUMH CIIOCOOAMHM 3BaprOBaHHS 3 BUCOKOIO KOHIIEHTpAIlIE€0 eHepril
mxepena temwia (LBW, EBW) no3Bossie orpuMatu OUTbIl SIKICHE 3'€THAHHS 32
O1IBIII HU3BKUX BUMOT JIO SIKOCT1 30MpaHHS 3aTrOTOBOK 1 € OLIBII TEXHOJOTIYHUM 3
MOTJISITy MEXaH13aIlii poriecy.

[lepenbauyBani ob6sacti BukopucTaHHs KoHiuHMX KIIO Bumararoth
0COOJIMBOI PETENBHOCTI Y BIANPAIIOBAHHI 3aBJaHb HAJIMHOCTI Ta JOBTOBIYHOCTI
TOHKHUX OOOJIOHOK, CKJAJaHHS SIKUX Mepedadae HasBHICTh 3BAPHUX MPELU3IMHUX
IBIB BEJIMKOI MPOTSKHOCTI.

JUis 3BaplOBaHHSA 3aroTOBOK KOHIYHMX cekmiii Makera KIIO 13
IIPOTHO30BAaHOI0 TOBUIMHOIO Marepiaidy Ha €Tami JAOCIIAHOTO BUTOTOBJIEHHS OYJI0
BUKOPHCTAHO EKCIIEPUMEHTAJbHE CKJIaJalbHO-3BAPIOBAJIbHE OCHAILEHHS (JIUB.
Puc. 3.2) 3 cucreMoro NHIMHOrO mNepeMINIEHHsl MIa3MoTpoHa. OplEHTOBHE

3HAYEHHS MMOTOHHOT €Heprii

Q=10 ™)

Yw
ne Uy - 3BaproBasiibHa Hanpyra, [A], n - epexruBauit KKJI, mo npuiiMaetbces
JUISL TIpOIeCcy MiKporuia3MoBoro 3BaproBaHHa 1 = 80% [20], Vy - MBHAKICTH
3BaplOBaJIbHOTO mpouecy [Mm/c], leg - €KBIBaJIeHTHE 3HAYEHHS CTPyMy
3BapIOBaHHS, 1110 BPAXOBY€E TPUBAIICTh IMITYJILCY CTPYMY , TIAy3U Ta MEPIOJ] UKITY

T npu 3BaproBaHHI B IMITYJIbCHOMY PEKUMI,

log = /% [, 1Zdt, (8)

ne lw — ctpym 3BaproBanns, [A], T = (ti + 1p) — mepiox nukiy, [Mc], mpu
IMITyJIbCHOMY 3BaprOBaHHI 3 4acToToro fpc = 25 'l 1 IBUIKOCTI 3BapIOBAHHS V ¢ =
3 mm/c ckiano Q; =17.9 JIx/mMm. Sk BuaHO 3 HaBenenux Ha Puc. 3.1 pe3ynbrariB

EKCTIIEPUMEHTAILHOTO 3BAapIOBAHHS JOCHIKYBAaHUX 3 €HaHb, MPU 301IbIICHHI
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3HaueHb Q; Bim pexkoMmeHmoBaHux Ha 25% (25,2 JIx/MM) pPI3KO 3HUKYETHCS
AMOBIpHICTb (POpMYBaHHS SIKICHOTO 3'€THAHHS, MPU LIbOMY TaKOX PO3IMIUPIOETHCS

30HA MEepeKpUCTaIizallii, B AKi 3HUKYETHCS HOTO MIIHICTB .

Hemogse IloBHE B miamasoni Qr Tepepusuati
TIPOTLTABISHHA =18.0...25.2
[pOILIABIEHHA, _ ' IIPOIIAIH O
) 0e3 mpocanku Horc/vm . -
3aTAXEHI msa eerd T BCifl TOB&KHHI
riHKE Ges . CIOCTEpiraroThe o €HAHHS
CIIOCTEPIraeTbeA A TOUKOBI
OTLIAB/ICHHA TIOYHHAKYH 31
KpOMOK mponai 5
3HAYCHHA cepeaHili
IIOTOHHOI eHeprii YACTHHI IIBA
Q =17.9 Doc/rum. 50
_ 14,9 — 19 ———n O . J/mm

Puc.3.1 XapakTepucTuku 3BapHOTO 3’€JIHAHHS MPU PI3HUX 3HAYCHHSX

MOTOHHO1 eHeprii 3BaproBanHs Q ([x/Mm)

3umwxkenns 3HadeHb Q; Ha 17% (14,9 [x/mMM) 1 Ouiblie BiX
PEKOMEHIOBAaHOTO TIPU3BOJIUTH JI0 HEMTOBHOTO MPOIUIABIICHHS MPHU 3BApPIOBaHHI, Ta
WMOBIpHOCTI pO3pUBIB mpu jaepopMmyBanHi. OTpumaHi Ha cTaaii MaKeTyBaHHS
pe3ynbpTaTi OyayTh BUKOPUCTaHI MPHU 3BaprOBaHHI ceKiii moBHOpo3MmipHOi KITO.
[Ipn 3aranpHiii HU3BKIK (10 8% y pexuMl HaJaroJKEHHs) KUIBKOCTI
BiJIOpaKOBaHUX 3BAapHUX 3'€/IHAaHb, IITATHA EKCIUTyaTallisi OCHACTKU 13 CUCTEMOIO
MEePEMIIIICHHS JTO3BOJIMIIA BUSHAUYUTH Psifl HEJOMIKIB JOCIIIHOTO 00JIalHaHHs. Y X
YUCI - BIJICYTHICTh JOCTaTHHOTO CTYINEHS CBOOOJI B3a€EMHOTO MPEHU3IHHOTO
NepeMIIeHHs] KOMIIOHEHTIB YCTAaHOBKM Ta BIACYTHICTh TPUBAJIOI T€OMETPHUYHOT
CTaOTLHOCTI ~MPUTUCKHUX Ta  TEIUIOBIABIJHUX TOBEPXOHb  CKJIAJIaJIbHO-
3BapIOBAIbHOTO OCHAIIeHHs. Tak, Qikcyroue 3yCWUIsi MIJIHUX TNPUTUCKHUX
€JIEMEHTIB 1CHYIOYOTO OCHAILEHHS 3a0e3nevyBajiocs TUIbKM B 4-X TOUYKax MpHU
I'BUHTOBOMY 3aTHCKY 3 KPYTHMM MOMEHTOM ~ & ... 10 HxXM Ha KOXHIi 3 HUX.
PesynpTaToM omnTumizaiii € CIOPOGKTOBAHA YCTAaHOBKA IS 3BapIOBaHHS
npsMouniHiiHuX mBiB (Puc.3.2,a) Ta npuctpiit 1yis CKIaJaHHS Ta 3aXUCTY IIBIB 3

KIaBiHuMH nputrckamu (Puc.3.2,6).

103



Puc. 3.2 3aranpHuii Buj yCTAaHOBKH JJISl 3BapIOBAHHS MPSMOJIIHINHUX IIBIB
(a) Ta mpucTpiit A1 30MpaHHS Ta 3aXUCTY NPAMOJiHIHHKX 1mBiB cekiiii KI1O mpu

3BaproBaHHi (6)

VYcraHoBKka oOcHalleHa JOAaTKOBHUM BEPTHKAJbHUM IO3UI[IOHEPOM Ta
OPEHU3IMHUM  TO3UIIIOHEPOM  TUIa3MOTPOHA, IO JIO3BOJISIIOTH — ONEPATHUBHO
OPIEHTYBATH JDKEPENIO 3BapIOBAJLHOTO HArpiBy IO OCi IIBa B TPHOX IUIOIIMHAX
nepeminieHHs. Cuctema KepyBaHHS JIIHIMHOTO aKTyaTopa CIPOIIY€E HiBEIIOBaHHS
MOKJIMBHX Je(EKTIB 3BapHUX 3'€THAHB Y 30HI JIii KpailoBUX e(EKTIB.

Konctpyxkitis CKJIaJIaTbHO-3BaPIOBATILHOTO OCHAILIEHHS JI03BOJISIE
CTBOPIOBATU PO3MOJIJIEHE HOPMOBAHE 3YCWUISI NMPUTHCKAHHS IO BCIA JOBXKHHI
KpoMok KkoHiuHOi cekuii KIIO, mo 3Baproerbcsi, 3a JIOMOMOIOK KJIaBiIl.
KrnaBillHUIl MPUTUCK peani30oBaHUN OKPEMHUM MOJIYJIEM, SKUH HalallITOBYETHCS
nepea MpOoIECOM 3BaproBaHHS Ta (DIKCYeTbCs Ha MIAKIAANI 3a JOTIOMOTOIO
npenusiitaux mrudri-dikcatopis. [Ipuctpiit BKIrOYae TaK0X peAyKIIHHY KaMepy
JUTSL JTaMiHapi3ailii MOTOKy 3aXUCHOTo ra3y (Ar) 10 KOpeHs IIBa.

3BaproBaHHs  CTPYKTYpHHX eneMeHTiB  Oaratocekiiinoi KIIO e
Halle(DEKTUBHIIIMM CIOCOOOM HaJaHHS KOHCTPYKIi HEOOXiITHOTO KOMILIEKCY
BJIACTUBOCTEH — CTPYKTYPHOI IIUIICHOCTI, TE€PMETUYHOCTi, KOPCTKOCTI Ta
JIOBFOTpUBAJIOl HaJIWHOCTI. BUKOHaHHS pI3HUX THUIIIB HEPO3'€MHUX 3'€qHAHD
METOJIOM 3BaploBaHHs OyJ0 JIOTIYHUM €TaroM EKCIepUMEHTAIbHUX POOIT, 110
JO3BOJIMJIM  BIATPAIIOBATH  TEXHOJIOTII0  BUTOTOBJIGHHS  MOBHOPO3MIPHO1
KOHCTPYKIIii, METOJu 3a0e3MeueHHs ii HaJIHOCTI, a TaKOXX YHUKHYTH 3alBHX

BUTpAT Ha MOJIEIbHI MaTepialiu.
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[lepeBara B TexHOJIOTIi MIKpPOIJIa3MOBOTO MeToAy 3BapioBaHHA (MPAW)
nepes Jla3epHUM a0o0 eIeKTPOHHO-TIPOMEHEBUM 3BapIOBaHHSAM Oyina oOyMoOBIIeHA
HEOOX1IHICTIO BUKOPHUCTOBYBATH BIJOOPTOBKY 3BapIOBAaHMX KPOMOK, IIIO
3MEHIIYIOTh TEIJIOBI JAedopmarllii HaBKOJOIIOBHOT 30HH, a TaKoX (HOPMYIOThb
MIJCUJICHHS] IIBa 1, SK HACIIOK, 30UIBIIYIOTH HOTO IOINEpeYHy MIIHICTh Ha
po3puB. 3 iHIIOro OOKY, HaaMIpHE MOCHWJICHHS IIBa € BKpail HeOakaHUM uepes
MOBEPXHEBUI KOHTAaKT 3BapEHOI 3aroTOBKH 3 (OpMYIOUMM OOJagHAHHAM Y
mporieci potariiHoro ¢opmyBaHHs TrodpiB 000J0HKH. ['eomeTpis 1miBa 3
MOTIEPETHROI0  BIIOOPTOBKOID KPOMOK Ha BEIWYWHY, M0 JOPIBHIOE JBOM
TOBIIMHAM Martepially, KOpUTryBajaci 3a JOMOMOIrOI0 Bapialiil IMITYJIbCHHUX
pPEXUMIB 3BaprOBaHHS, IO JO3BOJIMJIA TaKOX BIUIMBAaTH Ha CTPYKTYpPHO-(ha30Bi
CTaHU 3BAPHOTO 3'€THAHHA 1 JOCATTH KOro HaWkpamux (I3UKO-MeXaHIYHHX
xapakTepucTtuk. [linTBep/KeHHS JOLUIBHOCTI Ta HEOOXIAHOCTI BUKOPHUCTAHHS
BIIOOPTYBaHHA OyJI0 BUKOHAHO ILISXOM IPOBEACHHS JOJATKOBUX YHCEIBHUX
po3zpaxynkiB HIC gocnipkyBaHuX 3’ € JHaHb.

MopentoBanHsi Oy710 BUKOHAHO i 3paskiB 13 craii AISI 321 ToBmmHOIO
0=0,175 MM, IO BIANOBIJAa€ TOBIIMHI BHKOHAHOI B MacmTadl 1:2 MoaebHOI
KOHCTPYKIIii, 1 mupuHoto 30 MM, TOBX)UHA 3pa3kiB (175 Mm) BiAmoBigaia TOBKUHI
3BapHOTO 3'€HAHHS KOHIYHOI 3aroTiBJli MakeTy NEpETBOPIOBAHOT KOHCTPYKIIII.
J{nst MoJieTroBaHHS MpOLIeCy 3BaprOBaHHs OyJia moOyAoBaHA CKIHUYEHO-EJIEMEHTHA
MOJIeJIb 3aTOTOBOK Ha OCHOBI 00'€éMHUX KyOI4HHMX 4-X BY3JIOBUX EJIEMEHTIB, IO
BUKOPUCTOBYIOTbCS JUIsl BUPIIICHHS TEPMOMEXAHIYHUX 3aBlaHb. Po3mipu
ocepenky B 30H1 i mxepena temia (B 3TB) ctanonsats 0,2x0,2x0,2 MM, po3mipu
OCepeZIKy B OCHOBHOMY MeTajli B Oy/lb-IKOMY HAaNpSMKY HE MEPEBUIYIOTh 2 MM.
MopnenmtoBanHsT ~ BUKOHaHO I (OPCOBAaHWUX  PEKUMIB  OXOJIOKCHHS
TOHKOJIMCTOBOI ayCTEHITHOI CTalli B TMOBITPSHOMY CEpPeIOBUII (KOEhIIi€EHTH
KOHBEKTHUBHOI Ta KOHTAKTHOI (KOHIYKTHBHOi) TeIUIonepeaadi BiAMOBIAHO 25
Br/M?xK ta 1000 B1/M?xK). V pealbHUX yMOBaX 3BapIOBAILHOIO MPOIECY
PIBHOMIPHICTh OXOJIOJDKEHHSI KOpPEHs IIIBa 3aXHCHHM ra3oMm (Ar) gepes cepiio

pod1IbOBAHUX COIIEJ KJIaBIIIHOTO 3BapIOBAILHOTO OCHAILIEHHS AlaMeTpoM 1 MM 1
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KPOKOM 5 MM MOIEPEeIHbO KOHTPOJIIOBAJIACA 32 PIBHOMIPHICTIO PO3MOJLIY THUCKY
ra3oBOTO CepeloBuIlla Ha KokHOoMy 13 comen (P = 40...45 Pa) 3a momomororo
crauaaptHoi TpyOoku [lpanarna. Ciix 3a3HAYWTH, IO BHINA IIBHUJKICTh
OXOJIOJDKEeHHsT Metainy mBa rpH fpe = 200 Hz i 1i/tp = 2,5/2,5 npu moBTOpHOMY
HarpiBaHHI MeTaJly IIIBa B IMITYJbCHOMY pEXHMI JO TeMIepaTypu, IO He
NEPEeBUILYE BEPXHHOI KPUTHUUHOI TOUku (B miamazoHi 900+1100 °C), moxe
BIJIMTOBIIATH TIpOIIecy HopMaJizaiii ajst aycteniTHoi ctami AISI 321.

Puc.3.3 umocTtpye xapakTep poO3MNOJiLTy €KBIBAJIEHTHUX 3BApIOBAIbHUX
HampyXeHb Yy 3pa3kax 3aroToBOK 0€3 YMOB J>KOPCTKOTO 3akpirieHHS 0e3
MOCHJICHHS BiJIOOPTYBAHHSIM KPOMOK, IIIO 3BapIOIOTHCS (8,0) 1 3 TOCHICHHSM (8,2).
3a3HayeHUN CUMETPUYHHUM PO3MOJII HANpPYXEHb MPU HASBHOCTI BIAOOPTYBAHHS
BrucoTOl0 ~ 0.5 MM mpH 3BaproBaHHI 3 XOPCTKUM 3aKpIMIEHHSM 3aroTOBOK B
ocHacti (Mozem 6,2) 3abe3leuye JTOCTAaTHIO Te€OMETPUYHY CTAOUIBHICTH JiHIT
CIUTaBJICHHsS. 30HA MEPErpiBy OCHOBHOI'O MeETajy 3aroTOBKU 3 BiJIOOPTYBaHHAM
CYTTEBO 3BYXKYETHCS, IO CHPHSIE BKpald BaXIMBOMY JUIS TIOJAIBINOI TEXHOJOTi

KOMIIAKTHOI'O CKJIaJaHH:A 3HU>KCHHIO HOHCpe‘IHO'l' OHYKJ]OCTi miBa.

Stress (MPa)
>200

[ 140..160

100...120
60..80
00..20

Stress (MPa)
215

8 151
§ 108

64.8
I 0.463
Stress (MPa)
>200
. 140..160
100...120

60...80
00..20

Stress (MPa)
| s

Puc.3.3 Posmoxin exBiBaJeHTHUX HampyxeHb (von Mises) y 3pa3kax
ToBUIMHOIO 0=0,175 MM 0€3 moCUNIEeHHSI KPOMKH, 0 3BapIOETHCS, BIIOOPTYBaHHS

(a,6) i 3 BinbopTyBaHHAM (6,2). [ToKa3aHO €KBIBaJEHTHI HANpPY)KEHHS B IMPOIIECI
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3BapIOBaHHS 3pa3ka y BUIBHOMY CTaHi (&8,8) Ta eKBIBAJIEHTHI 3aJIUIIKOBI
HaNpyKEHHsI Yy 3pa3Kax NMpHu )KOPCTKOMY 3aKpiruieHHi (6,8)

BusnaueHHsi giana3oHy MOTOHHUX €HEPrid, 3a SKUX NpU BUKOPUCTAHHI
MIKpOIIJIa3MOBOTO ~ 3BAapIOBAHHA  MOXJIMBE CTiHke (OpMyBaHHA  AKICHHX
NPSMOJIIHIMHUX HEPO3'€MHUX 3’€IHaHb 3 MeTalleBOoi (DOJBIOBOI CTPIUKH, €
JOCTaTHLO JOCIIPKEHUM MTUTAaHHSIM Ta OIMKMcaHo B pobotax [21],[22] Ta in. Pa3om 3
TUM, OakaHa BEJNMYMHA TOTOHHOI €Heprii MOXKe JOCsIraTucs MpH PI3HUX
KOMOIHAITISAX MapaMeTpiB IMITYJIbCHUX PEKUMIB, 110 BU3HAYAIOTh PI3HUM CTYMiHb
HEOJHOPIAHOCTI MIKPOCTPYKTYPH 1 PO3MOILTY JICTYIOUMX €JIEMEHTIB Y METalll IIIBa
1 HaBKOJIOIIOBHIN 30HI, @ Tak0XX KOJMBaHb MIKPOTBEPAOCTI B Mepepi3l ImiBa. 3a
IHIIUX PIBHUX YMOB ONTHUMAJBHICTh 3a3HAUYEHHUX XapaKTEPUCTHUK, a TAKOXK iX
MOETHAHHS 3 KPAIUMH TPYKHO-TUTACTHYHUMH BIIACTUBOCTSMHU 1 BJIACTUBOCTSIMHU
MIIIHOCTI HEPO3'€EMHHUX 3’€JIHAHb OyJila OCHOBHUM KPUTEPIEM BUOOPY MIXK TpyramMu
napameTpiB 3BapIOBATBHOTO MPOIIECY.

[Ipy  po3paxyHKOBOMY BH3HAUEHHI 3HAUYEHHS IIOrOHHOI  €Heprii
3BapIOBAJILHOTO IIPOIIECY EKBIBAJICHTHE 3HAYCHHS 3BaplOBAJIbHOTO CTPYMY B

IMITyJIbCHOMY PE€KHMI BU3HAYAIOCS SIK:

Io = \/% (Jy 13dt + [ 12,d0), 9)

ne lgp — 3BaproBanibHUM CTpyM, [A], Ipa — cTpy™m ueprosoi ayru, [A], T = (7 +
Tp,) — TMepiox LUKy 3BaploBaHHS, [Mc], Ti — TpHBAJICTh IMIYJIbCYy, [McC],

Tp — TPUBANICTb NAy3H, [MC].

[TonepenHbo OynO AOCHIIHKEHO MPOLEC 3BAPIOBAHHS JJI CTaNEeBUX (DOJIBT,
BIAMOBIAHUX 10 MacmrTabHoro makery (1:2) MOBHOPO3MIpHOI KOHCTPYKIi. Y
Tabmuui 10 mpencraBiieHi rpyny NapaMeTpiB IMIYJIbCHOTO MPOIIECY 3BAPIOBAHHS
JUISL TIOCIIIZIOBHOCTI 3pOCTal0YMX 4acToT 3BaproBaHHs fpe = 10, 25, 100 Ta 200 Hz.
Hampukinaz, mpy eKCnepuMeHTAIbHOMY 3BapIOBaHHI 3ar0TOBOK, 3 TOBIIHMHOKO O =
0,175 MM B IMIYJIbCHOMY PEXHUMI IIPHU BeIUuuHI leg = 7,6 A, Uy=12B 1V, =2
MM/C ONTUMAJIBLHUN pe3ynabTar gocsrascs npu Q; = 36.5 JIx /mMm, 110 3a 4acToTH
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foc = 25 T'm BigmoBigae tpuBanocti immynbey Ti = 20 mc i may3u 1, = 20 mc (9).
Hageneni y TabGnumi 10 rpynu mapameTpiB BiAmoBinaioTh BenuyuHi Q = 36.5
JIX/MM 1 103BOJISIIOTH JIOCATTH CTIMKOro (popMyBaHHS IIIBa MpPH Pi3HIA 4YacTOTI
IMITyJIbCHOTO 3BapIOBaHHA. {7151 KOXKHOT 3 TPYI Taki mapameTpH SK: AlaMeTp COoria
= 2 MM, JliaMeTp eleKkTpoaa = | Mwm, BiJicTaHb BiJl COIIa 0 3BapIOBAaHUX KPOMOK =
2 MM, ra3 — aproH BHIIOIO COPTY, BHTpaTH 3axucHoro razy = 0,4 m\xB €
He3MiHHUMU. CniJl 3a3HaYuTH, M0 NpU MOJaIblIOMy 30uiblIeHHI fpc He
CTIOCTEpIrajocs MPUHIIMIIOBOTO TMIiABUIICHHS SKOCTI 3BapHHUX 3'€lHaHb, a IPH
OLIIHIII BaKyyMHOI HIUIBHOCTI MIBIB Ticas AehOpMyBaHHS JOCTAaTHE 3HAYCHHS
koe(imienta BuToKy (~1,3%10° TIlaxm3/c) mnoitps uepe3 30HM (ikcamii
KOHCTPYKIIi 0 CTEHAY PO3KPUTTS Ta 30HU 3BapHHX IIBIB, OyJ0 3aikcoBaHO Ha
3pa3Kax, 3BapeHHX Ha 4acToTi fpc > 10 I'm.

CymapHuii koedillleHT BUTOKY B 3BapHid OOOJIOHKOBIM KOHCTPYKIIii
OILIIHIOBABCS 32 BEJIMYMHOIO 3HIXKCHHS HAJUIMIIIKOBOTO THUCKY B ii BHYTPIIIHBOMY
o0cs3i, sike Oyno BUMIpSHO 3a goromMororo aatunka THCKy Kobold SEN-9601 0
B045 A 3 tounicTio < + 0.5% Bij MOBHOI IIKaJIX HA BIAPI3KY Yacy B KUJIbKa T'OJIUH.
Jani, 3BapHi 3'€JHaHHS OOOJIOHKH JECTaIbHO JOCHIIKYBAJIKHCS HAa TE€PMETUUHICTD
METOJ/IOM IIyTa 3a aornomororo teuenrykada Agilent HLD MR15, mo ngo3Bossie B
peXHUMI peasbHOr0 4acy 3[IMCHUTH 1HIUKAIII BEJIMYMHUA BUTOKY y BHSIBJICHIN

TOYI[I MOYKJIMBOI HEIIJILHOCTI IIBA.

Ta6auus 10. ['pynu mapameTpiB iMITyJILCHOTO MTPOIIECY 3BAPIOBAHHS

Iw fpc |1 Tp Qi

[A] [Hz] |[ms] | [ms] | [dx/Mm]
10 10 50 50 |36.5

10 25 20 20 |36.5

10 100 |5 5 36.5

10 200 |25 |25 [365

[Ipu mocTiifHIi BeIMYMHI TOTOHHOT €Heprii, YepryBaHHs IIUKJIIB HAarpiBy Ta
OXOJIOJIKEHHS NIPH BIANOBIJHOMY IO€IHAHHI 3HAYEHb Ti/Tp PU PI3HUX 3HAYECHHAX

foc mMO3BOIISIE 3MiMiCHIOBATH TOBTOPHY TEPMOOOpPOOKY MeTaiy IBa B BaHHI, IO
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yTBOpWJIaCA TPU BIUIMBI MOMEPEAHBOTO IMITYJIbCY TaKHMM YHHOM, 00 Oyrna
JOCATHYTa MEPEKPUCTANI3allisl CTPYKTYpH MeTaily, MiJBUIIMBIINA PIBHOOCHICTH Ta
PIBHOMIPHICTb PO3MIPIB CTPYKTYPHUX OJUHUIIL (KpUCTamTIB). PazoM 3 TUM 3MiHa
foc, 1, OTKe, XapakTepy IWHAMIYHOTO BIUIMBY IUIA3MOBOTO CTOBIA HA JUISHKY
pPO3IUIAaBJICHOI BaHHM, IO y CTaHl KpHCTami3allii, TaKOX CIPHUSE TMOJIIMIICHHIO ii
CTPYKTYPH, 3MEHIIEHHIO PO3MIPY 3epeH (KpHUCTaTTIB), po30MBaIOUYU OCEPEIAKU
(ssmpa) ix yTBOpeHHs. Takum YWHOM, TIpH BimomMomy Q) 3aBHaHHS IOCIIHKCHHS
3BOJAMJIACS 0 BHU3HAYEHHS KOHKPETHOIO 3HAueHHA fpc, 110 BiANOBIIae
ONTUMAaJBbHIN MaKpO-1 MIKPOCTPYKTYp1 BaKyyM-IIUTEHOTO 3BAPHOTO 3’ €THAHHS.
Hactynna itepaiisi po3poOKM TEXHOJIOTIi 3BaprOBaHHS Iojsirajia B
NEepPEeHECEHH] OTPUMAHUX pE3yJbTaTiB Ha (OJroBl MeETaleBl Marepianu 31
30UTBLIEHOO BJIBIYl TOBIIMHOIO, IO BIANOBIAA€ OPIEHTOBHOMY Alala30Hy TOBIIVH
MOBHOPO3MIPHOI KOHCTPYKIIi. JIJisg CKIIajaHHs Ta 3BaprOBaHHS TUIAJIKMX KOHIYHUX
3aroTOBOK OYyJI0 BUKOPUCTAHO YCTAHOBKY JIsl 3BapIOBAHHS MPSMOIIHIMHUX IIIBIB,
[0 Ma€ MOJYJbHY KOHCTPYKIIIIO 1 HaJall BUKOPHUCTOBYETHCS TaKOX ISt
3BapIOBAaHHS KUIbIIEBUX IIBIB. llepen ckiiajaHHsSM Ta 3BapIOBAHHSIM Ha MPUCTPOI,
IJIOCKA 3ar0TOBKA CEKI1i MPOXOIUTh ONepalito GopMyBaHHS MIKPOBIIOOPTYBaHHS
OPSAMOJIIHIMHUX ~ JIJITHOK  PO3KPOI0 HA TPHUCTOCYBaHHI It (OpPMYBaHHS
BinOoptyBanHsa. [lpu BuroromienHi Mmaketa KIIO BuxopucTroByBaBcS py4dHHI

NPUCTPIN 7151 BILIOOPTYBaHHS KpoMmok (Puc.3.4).

Puc.3.4. TlpucTtpiii 1151 BiZOOPTYyBaHHS KPOMOK 3arOTOBOK ITiJT 3BAPIOBAHHSI
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I'magxa 3aroroBka cekuii KIIO (Puc.3.4) ¢ikcyBanacs B NPUTHCKHHX
wmTax 3 [ulidoBaHol0 poOOYOI0 MOBEpXHEH (1M03.2) TaKUM YHHOM, 100
psIMOJTIHIMHA KPOMKa 3aroTOBKM Oyja BHUIIOKIO 32 TUIOHIMHY KPOMKH IUIAT Ha
Bucoty 0,5 MM, mo 3a0e3meuyBasiocsi TOPIBHSHHSIM 3 MIPHUM €TaJIOHOM
anajoriunoi ToBmuHM (I103.3). [loTiM BuKOHYBaBcs (GopMyrouHii IPOXiJ PyYHUM
MyaHCOHOM 13 3a0KPYIJICHOIO (DOPMYIOUOIO MIOBEPXHEIO TT0 KPOMIII 3arOTIBII1 CEKIIiT
B MO3/IOBKHBOMY HAINPSIMKY 3 OpI€HTAIIIEI0 TTyaHCOHY MiJ KyToM 45° 10 HanpsAMKY
npoxoay. Skicte QopMyBaHHS BiAOOPTYBaHHS BHU3HAYAETHCA EMIIIPUUHUM
IUIAXOM, 1 KUIBKICTb (OPMYBaJIbHUX TMPOXOJIB 3aJEXKUTh BiJ 3YCHILISA
NPUTUCKAHHA TIyaHCOHa omepatopoM. Kpurtepiem 3aBepmieHHs omeparii €
TJIaJIKICTh TOPIIEBOI KPOMKHU OTPUMAHOT BIIOOPTOBKH Ta 1i IIUIbHE MPWISATAHHS 10
pobouoi moBepxHI NpUTUCKHOI MIWTU. [lo 3aBepmieHHio riaaka cekiis KIIO
3BUIBHSETHCS 3 OCHACTKU T4 BUKOHYETHCS aHAJIOTIYHA TIOCII1IOBHICTh OMepaliii Jijist
JIpyroi KpOMKH.

[lepen HacTymHUM 3BaprOBaHHSIM, a TaKOXK MDK MOJATBIIMMU TPUBAIUMHU
[IMKJIaMU 3BapIOBaHHS MPOBOJIUTHCA MEPEBipKa PIBHOMIPHOCTI BUTOKY 3aXMCHOTO
razy (Ar) 3 MOCHIJOBHUX OTBOPIB MiAJYBY OCHACTKH JIJIsl CKJIQJJaHHS Ta 3aXHUCTY
npsamomniHiiauX cekiiit KITO (Puc.3.5, mo3.A). Ilpu miaroToBii oOnaaHaHHS 10
poliecy 3BaproBaHHs OyJI0 BUKOPUCTAHO cTaHnapTHy Tpyoky Ilpanarns (Puc.3.5,
[103.D) 3 MIKpOMaHOMETPOM Y SIKOCTI BTOpMHHOro mpuiany. [IpucrocyBaHHs
3BUIBHSETHCS BiJl TpUTHCKHUX cekilid B 1 C, 1 TpyOka (D) xopcTko (ikcyeTbes y
KpIIJIEHHI CHUCTEMM MEpPEeMIIlIeHHS TakK, 100 ii BUMIpIOBIbHHI KaHal OyB
CHIBBICHUM 3 BEKTOPOM BUTOKY I'a3y KOKHOMY 3 OTBOPIB KaHaIy MIAAYBY A, TOOTO
OpIEHTOBaHUW IO HOpPMaJi JO0 poOOYOi IUIOMMHM OCHACTKH, 1 IIOCJIJOBHO
BCTAHOBIIIOETHCS HAJl KOXKHHUM OTBOPOM 3a JIOTIOMOTOI0 CHCTEMH TMEpEeMIlIeHHS.
Bennuuna nosHoro tucky (I1a) 3a mokasaHHSIMU MIKpOMaHOMETpa Ha KOKHOMY 3
OTBOpPIB MO€ OYTH MepeBeIeHa y BEIUUMHY IIBUAKOCTI MOTOKY ¥ (i, BIAMOBIIHO,

BUTPATH cepeioBuIia) 3 Bukopuctanusm d.(10):

v = 141K /% (10)
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Je v — MBUIKICTh MOTOKY, M/C; K - xoedimienT HamipHOi TpyOku, K=1; py, =
0,001lpg sin a, [[la] - Bumumuii auHamMidyHMKA TUCK MOTOKY (mpu K=1); p —

IIBHICTE 3axucHOro rasy (Ar), kr/m®,

Puc.3.5 TlepeBipka piBHOMIPHOCTI BHTOKY 3aXHCHOTO Ta3y; A - KaHaJI Mopjadi

3axuCcHOro ra3y ocHactku; B u C — mpurtuckHi cekii; D — TpyoOka [Ipanaris.

Yepes mtynep OCHACTKH /IS CKJIaJIaHHs Ta 3aXUCTY OyJIO 3/1IHCHEHO To1avy
3axucHOro rasy (Ar) 3 HOopMaTuBHOIO BuTpatoro 0,4 J/XB, KOHTPOJIHOBAHOIO
potametpoM Dwyer RMA-14-SSV, HeoOXiTHUM KPUTEPIEM € PIBHICTh BUTPAT MPHU
BUTOKY Ar B KOXXHOMY 3 OTBOpIB KaHaidy migayBy. Lls mpouemypa mno3Bosmia
SIKICHO 1 KUIbKICHO MIATBEPAUTH BKpall BaXXJIMBY JJIs 3BapIOBaHHS MaTepiany
TOBIIUH (DOJIBTOBOTO KJIACy PIBHOMIPHICTH BUTOKY Ha KOKHOMY 3 TOCIIJIOBHHX
oTBOpiB mianyBy. Ilicist popMyBaHHS BiAOOPTYBaHHS TIJIaJKl KOHIYHI 3arOTOBKHU

MO3UIIIOHYBAIKCS 1 iKCyBaMcs Ha MPUCTPOi (1103.3) ycranoBku (Puc.3.6).
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Puc.3.6. 3aranpHuil BUTJISAJ YCTAHOBKHM JJI 3BaplOBaHHS MNPSIMONIHIMHHUX
mBIB y KOHQIrypalii 3 mpUCTOCyBaHHSIM (iKcalii Ta 3aXHCTy KOpEHsS IIBa Y
npolieci 3BaproBaHHs KOHiIuHOT 3arotiBii cekiiii KI1O (@) Ta obepTay ycTaHOBKH

JUTSE 30MpaHHS Ta 3BapIOBaHHS KiTBIICBHX IIBIB (0)

3BaproBaHHs 3aroToBkU (1) 371HCHIOETBCS TUIA3MOTPOHOM (2) y MPHUCTPOI
dikcarii Ta 3aXUcTy KOpeHs miBa (3), po3MillleHOMY Ha KOHCOJII (4) BEpTUKAIBHOTO
no3uttionepa (5). Ixepeno 3BaproBaIbHOTO HArpiBy Ha MO3UITIOHEPI (6) MOB's3aHe
3 aKTyaTOPOM TOPU30HTAJILHOTO TiepeMilieHHs (7), aCHHXPOHHUM JIBUTYHOM (8) Ta
3 IMIIIHAPUYHUM PEAYKTOPOM (9) sIKi KEpYIOTHCS 3a JOTIOMOTOI0 MMPOTPAMOBAHOTO
noriunoro koutposepa (ITJIK) (10) 3 cencopuum moniTopoM. Tak sik omeparrii
3BaprOBaHHA MPSMOMIHIMHUX 1 KiableBUX mBIB cekiiii KIIO BUKOHYIOTBCS O
yep3l, paMa yCTAaHOBKHU JJI 3BapIOBAHHS MPSAMOJIHIMHUX IIBIB BUKOPHUCTOBYETHCS
TaKOX 1 AK Hecyda ocHoBa st obepraua (Puc.3.6,06) ycTaHOBKM 3BaprOBaHHs
KUIBbLIEBUX IIBiB. BiAmoBigHO, ympaBiiHHS OOEpPTaHHSIM YCTAaHOBKHM 3BapIOBaHHS
KUIBLIEBUX WIBIB MICJS 3aBEPLICHHS LUKIY 3BaplOBAHHS MPSMOIIHIMHUX IIBIB
Moke 3fiicHioBaTucs 3a gomnomoror IIJIK (10) Tta koHTypoM KepyBaHHS 3
TEKCTOBHM JUCIIJICEM Ta KHONMKOBHM BBEICHHSM, SIK€ MOKE€ BUKOPHUCTOBYBATHCS
JUISL  JIOKAJBHOTO YIpaBliHHA, napamerpusanii Ta miarHoctuku (11). Ilpm
3BaprOBaHHI KuiblieBUX 3'eqHanb (Puc.3.6,0) Ha oOmopHy ™JIUTy CTaHUHU
BCTAHOBIIIOEThCST KpoHIITeWH (12) 3 manmaiboro obepraya (13) Ha Kopryci
oOepTaya acMHXpPOHHUM ABUTYHOM (15) 13 TutaneTapuum peaykropoM. [loueprose
BCTAHOBJIEHHSI Ha TulaHanOy (13) mpucrocyBaHHs IS 3BaprOBaHHS BHYTPILIHIX
Ta 30BHINIHIX IIBIB J03BOJISIE TOCIIOBHO 31MCHUTH 3BaprOBaHHS KOMITAKTHHUX
cekniit KITO B equny ctpykrypy. Ilicns dikcarii koniunoi 3arotoBku cekiiii KITO
(Puc. 3.6 (1)) y nmpuctpoi (Puc. 3.6, (3)) cxema po3TanryBaHHSI KPOMOK, IO

3BapIOIOTHCS, MAa€ BUTJIS, IpeAcTaBieHuit Ha Puc. 3.7, 6.
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Puc.3.7 Cxema posramryBaHHS KPOMOK, IO 3BapIOIOTHCA. O — TOBIIWHA
merany, R — pamgiyc 3runy, F — MakcUManbHO IOMYCTHUMHHA 3a30p MIiXK

3BapIOBAHUMH KpOMKaMu, H — BUCOTa TEXHOJOTTYHOTO BiIOOPTYBAHHS.

OpieHTOBHI T€OMETPUYHI MTapaMeTpU By37a, 110 3BaproeThes (3a Puc.3.7): 0=
0,3...04 mm; H = 0,5 mm; R = 0,2 mm; F = 0,01 mm. Ilpu 3BaproBaHHi
MIKpPOIUIa3MOBUM  CIIOCOOOM  3arOTOBOK 3 HEP)KABIIOYOI CTalll  TOBUIMHOIO
~0,3...0,4 MM BaXXJIMBO JOTPUMYBATHUCSI TOYHOCTI CKJIaJAIbHUX OIEpalliil i CyBOpo
noTpuMyBatrca HaBeneHux B Tabmwuii 11 mapametpiB X (3 mMm) Ta Z (2,5 Mm), a
takox F (0,01 mm) Ta H (0,5 Mm), BiAXUJICHHS B JaHUX MMapaMeTPiB MPU3BOISATH

JI0 psiny Ae(EKTIB 3BapHOTO 3'€THAHHS.

Ta6auus 11. Tlapamerpu npoliecy 3BaproBaHHs MPSMOJIIHIMHUX IIBIB 3aTOTOBOK

K; |81 Tup, |1 TdOWf'h V1 dcy, I- F- Ip; X1 Zl qpl qt, dl
M| Al ¢ | A C mm| % | G, | P, |A |Mm|Mm| I/ a1/ | MM

/c % | I'g XB | XB

0,311 | off |10 | off |20 | 50 | 50 (200 4 | 3 |{25| 05| 6 1

HaBeneni B Tabn.11 mapamerpu € cTaHIapTHUMHU [JI BHUKOPHUCTAHOTO
3BaproBajbHOro npuctporo Fronius TransTig 800 Job: K — ToBmmnHa Marepiany,
o0 3Baproerbes, Is — craprosuit crtpym, Ty — 4Yac HapocTaHHs cTpymy, I —
3BAPIOBAIBHUN CTPYM, Tdown — Yac cany cTpymy, V — IMIBHIKICTb 3BaprOBaHHsA, dey
— BIJTHOMICHHS IMITyJIbCY 10 nay3u, [-G — 6azoBwmii ctpym, F-P — gactoTa immynscy,
lp - ctpym ueproBoi nyru, X - BiICTaHb MDK MPUTHUCKHUMH T'yOKamw, Z -
BIACTaHb Bl €JEKTpoJa 10 BHpoOy, 10 3BaprETBCI, (p - BUTpara

M1a3MOYTBOPIOIOYOTO Ta3y, (t: - BUTPATa 3aXUCHOTO rasy, d - giameTrp enekTpo/a.
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VY SKOCTI TMIa3MOYTBOPIOIOYOTO 1 3aXUCHOTO Ta3zy OyJ0 BHKOPHUCTAHO aproH

BUIIIOTO COPTY.

3.1.2 TexHosorisgs i3oMeTpuYHOro GopmMonepeTBOPeHHsT BHUXITHUX

cTpyKTYypHuX ejnemeHnTiB KIIO

[IpakTuuHa peanizaifiss MOpoUEeCy 130METPUUHOTO (HOPMONEPETBOPEHHS
yciueHuX 3BapHUX KoHIYHMX cekuid KIIO € HalOiabll KPUTUYHUM €JIEMEHTOM
MOCIIZJOBHOCTI CTBOPEHHsI TMEPETBOPIOBAHOT KOHCTPYKIi Ta MiJTBEPIKEHHIM
JIOCTOBIPHOCTI PO3TJIIHYTHX B IM.2.1 METOJIOJOTIYHUX acHeKTiB TexHoJorii. Ilicis
3aBEpPIICHHS TIPOIIECY 3BapIOBaHHS Ta TMPOLEAYypH TOMEPEIHBOI TEPEBIPKU
TEPMETHYHOCTI 3BApHUX 3'€HAHBb KAMUISPHUM METOJIOM KOHTPOJIIO TPOBOIIIIOCS
dbopMyBaHHS Tak 3BaHOTO (PJIAHIIEBOTO BIIOOPTYBaHHS 3aroToBok (auB. Puc.3.7).
@dnaHneBl BIAOOPTYBaHHS HajekaTh IUIOIIMHAM, HOPMaJIbHUM JO OCI CHUMETpIil
KOHIYHOI 3aroTOBKH, 1 CIY>KaTh Il 00'€THAHHS KUJIbIIEeBUX KOHTYpiB cekiiiid KI1O
B €IMHUNA BaKyyMHO-IIUIbHUN €JIEMEHT >KOPCTKOCTI - KUIbLIEBUM IImaHroyt. J{is
dbopMyBaHHS BIIOOPTYBaHb METOJOM XOJOAHOTO 00'eMHOrO AehopMyBaHHS OyJ0
PO3pO0JIECHO KOMILJIEKT 3HIMHOTO OCHAIICHHS, SKE 1HTETPOBAaHO B KOHCTPYKIIIO
yctaHoBku (Puc.3.9) nns 30epexeHHs ©0a30BOi TOYHOCTI MO3UIIIOHYBaHHS

3arotiBens KI1O. CxemaTuune 300pakeHHs] OCHACTKU MpejicTaBieHe Ha Puc. 3.8.

6

Puc.3.8 Kommekt ocHacTku jyist popmyBaHHs (DIaHIIEBOTO BiIOOPTYBaHHS

Ha IMIaJKuX KOHIYHUX 3aroTiBisax cekiii KI1O
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3 ypaxyBaHHSIM 3HAa4yHOi KIJBKOCTI TEXHOJOTIYHUX OMeparii mpu
BUTOTOBJICHHI, KamiOpyBaHHi Ta ckiaafgadHi cekmiit KI1O B exuny cTpyKTYypYy, OYyio
BUKOHAHO JYyOJIIOBaHHS YCTAHOBKU JJi (DOPMYBaHHS KIJIBIEBUX CKIaN0K (TodpiB)
obononku KIIO 3 moamdikyBaHHSM By3/diB MepeMilieHHS. Tak, MIX paMoro 1
OCHOBOIO TOpu30OHTajdbHOrO akrtyaropa (Puc.3.9,6,(1)) inTerpoBaHa Hecyua
MOBOPOTHA MMaHelb, 110 A03BoJige 3MiHoBaTH KIIO kyT ataku (+y) KOHTAaKTHUX
TUISTHOK  (popmyroyoro abo KaliOpyBajdbHOTO IHCTPYMEHTY IO BiJHOIICHHIO [0
3aroTOBOK CEKI[iH, 110 (hIKCYIOThCS 1 MPUBOJAATHCS B OOEpTaHHS. Y CTAaHOBKM JJIS
omeparniii roppyBanns (Puc.3.9,a) ta BimbopryBaHHs/KamiOpyBanHs (Puc.3.9,0)
MaloTh MOJYJbHY KOHCTPYKIIIIO 13 B3a€EMHOIO 3aMIHHICTIO BY3JIB peaizarlii
nepeminieHHs. Tak, peaykrop akryatopa PMRV03063B14 (2) moxe matu sk
pyunuii npusin (maxoBuk Elesa GN92380K12RSR) (3), 6inbmr gouinbHUil Asis
orepalliii KaaiOpyBaHHs, TaK 1 CEpPBOINPUBII 3 KpokoBUMH aBuUTryHamu 23HS2430

NEMA23 (4), kepoBaHuMH 3a Jomnomororo myibra Manual pulse generator

MPG100 (5).

Puc.3.9 VYcranoBka s ¢GopMyBaHHS KUIBLIEBHX CKJIAIOK (TO(piB)
obononku KIIO (@) Ta i moaudikoBaHa Bepcis, SKa BUKOPHUCTOBYETHCS B

oreparisix Bi0OpTyBaHHS, KaliOpyBaHHs Ta ckiaganHs cekiii KI1O (6)

KpiMm MOXIMBOCTI Haxwily akTyaTtopa, yCTaHOBKa (6) Ma€ CHUMETPUYHO
3MIMIEHUH 1010 Oci peaykTopa diaHels ABUTyHa npuBoay (6), 1o gae OuUTbIuit

omnepariiHuil MpocTip JJIs oneparliid KamiOpyBaHHs, 1 OUIbIY TOBIIMHY MaTpPHIl
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(7) 3 KITBIIEBOIO KAaHABKOIO JIJIs 3aruHy (JIaHIIEBOrO BIAOOPTYBaHHSA. MOXIUBICTh
B3a€EMHOI 3aMiHM BY3JIB YCTaHOBOK (@) Ta (6) J03BOJISIE, TIPU OJHOYACHOMY
BUKOPHUCTaHHI, OINEpPaTHBHO 3MIHIOBATH iX KOHQIrypaiio Ta ¢QyHKIIIOHAIbHE
MPU3HAYEHHS BIMOBIIHO 10 TEXHOJOTIYHOI MOTPEOH.

[Tpu BurorosnenHi KI1O 6ynu BUKOpUCTaH1 ABa OCHOBHI TUIU (HOPMYIOUOi
OCHACTKH, OCHOBOIO JUISl SIKUX € 3arajbHUA IIBUIKO3HIMHUN KPOHILITEHH
(Puc.3.10, (Brl)), mo npueanyeThes 10 S-MOAIOHOTO TEH30PE3UCTOPHOTO JATUHKA
H3- C3-3B-D41 (Lc) Ha xoHcomi myaHcoHa (Cs) 13 BTOPUHHUM MNpUIAZAOM —
BaroBuM KoHTpodiepom SMART-P (S-P). Haiikpami pe3ynapTatu mporecy is
00'eMHOr0 1eOpMyBaHHS KIIbLEBUX CKIAIOK (roppiB) 000JIOHKH OyJIU OTpHUMaHi
Py BUKOPHUCTaHHI MyaHCOHIB 3 TepTsaM KoB3aHHS (RP1), BukoHaHUX y BUIIISAL
npo(UIBHKUX MJIACTHH 3 JIUCTOBOI OPOH3M (HAMpUKIIa, 0€30JI0B'IHOI OPOH3H MapKH
BbpAMu9-2). Ilyanconu 3 TeptaMm koueHHs (RP2) sBasiors coboro pajiaibHO-
YIOPHI MIITUITHUAKYA PI3HOTO TUIIOPO3MIPY, 0 BCTAHOBIIOIOTHCS HA KPOHIITEHH, 1
BUKOPUCTOBYIOThCS IIPH onepamisx GopmyBaHHs (uaHIeBOi BiIOOPTOBKHU. TpeTiit
TUIl 3HIMHOTO OCHAIlleHHS — KpoHmTedH (Br2) BucoxomBuakicHoi (pe3epHOi
rosioBku 400W, ER8 3 npaiiBepom NVBDL (Mh), kepoBaHoi 3a J0mOMOTroro
nynbTa reHeparopa immyiasciB MPG100 (8), mo mae yHidikoBaHe po3'eMHE
3'enHanHs ¢ gatyukoM (Lc) Ta BUKOPHCTOBYETHCS B OIepallisx KamiOpyBaHHS
dbnanueBux BinOopTyBaHb cekuit KI1O. J[ns KoHTposo nepemileHb OCHACTKHU B
TOPU3OHTANIFHIA Ta BEPTUKAIBHIA TUIOmMHAX 3 TouHicTIO +0,1 MM y aBox

yCTaHOBKaX BUKOpHCTaHi abcoroTHI eHkoaepu Elesa Ganter MPI - 15 (9).

Puc.3.10 Po3pobiene mBUIKO3HIMHE (QOpMyBajbHE Ta KaliOpyBaJibHE

OCHAIIIEHHS YCTAaHOBOK JUIsl (pOPMYBAHHS KUIbLIEBUX CKIaJ0K
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[locnimoBHicTh omepamiidi 13 QopmyBaHHS (IaHLIEBUX BiAOOPTOBOK
npencrasiena Ha Puc.3.11. [ns peamizamii mpouecy aedopMyBaHHS KPOMKH
IJIaJIKOi 3arOTOBKM BUKOPUCTOBYBAJIMCA 3HIMHI IYaHCOHU 3 TEPTAM KOYCHHS
(RP2). Kommiekt ocHactku (Puc.3.8) BCTaHOBIIIOETHCS HA Bich (6), sIKa CITIBBICHO
CIIOJTy4YaeThbes 3 MaTpuiieto (7) 3a 10moMOTror po3'eMHOTo (p13b00BOTO) 3'€THAHHS.
[IpoctaBka (5) Ta KOHEKTOp (4) 3 KpIIUICHHSMM CIIYXKaTh JJII BEPTHUKAIBHOTO
MO3UIIIOHYBAaHHS KOHIYHOI OCHOBHM (3), Ha SKYy BCTAHOBIIIOETHCS Ta >KOPCTKO
CITIBBICHO (PIKCYETBCS 3a JIONMIOMOTOK IMPUTUCKHOTO (iaHs (2) Tiajgka KOHIYHA
3arotoBka (1). Jlami, ocHamieHHs TPUBOIUTHCS B OOepTaHHS, 1 BiAOOpTyBaHHS
JIBOX THUMIB (POPMYETHCS KOHTAKTHOIO JIUJISHKOK 3HIMHOIO IyaHCOHA, IO
MEPEMINIYEThCA Y BEPTUKAIBHIA Ta TOPU3OHTAIBHIA IUIONMIMHAX aKTyaTopamu
yCTaHOBKU. B pe3ynbrari HaBeleHMX omnepaiiid Oyiau MOiArOTOBICHI st
nojanpuoro  gopMonepeTBopeHHs (roppyBaHHS) Tapu MIAJAKUX KOHIYHHX
3arotoBok (Puc.3.12,a), mo cnojy4yaroTbCs IO KOHTYpax MEHIIOI OCHOBHU 3a

JIOTIOMOTOIO KUIBIICBOTO 3'€ THAHHS.

Puc.3.11 TlocnigoBHICTh mpolecy BiAOOPTYBaHHS TJIAJIKUX KOHIUHHUX

3arotoBok cekiiv KIIO 31 ctam AISI321 ToBuimHOIO 6 = 0,3 MM.

Jlami, KoHIYHA 3aroToBkKa 31 C(HOPMOBAHOK (IAHIIEBOIO BIIOOPTOBKOIO
YKOPCTKO CITIBBICHO 3aKpiIUIOBajacsi B MaTpulll 3a JIONOMOTOK MPUTHUCKHOTO
nucka (Puc.3.12,6,(D)) 1 3a qomoMororw GopMyrdoro 3yCHUIs 3HIMHUX ITyaHCOHIB
3 TeptsaM KoB3aHHS (RP1) peanmizyBaBcs mporiec yTBOPEHHS KITBIIEBHX CKIIAJIOK

(rodppysanns, (6), (6)). Hanpukisiii nporecy GopMyBaHHs JUCKa 30BHIIIHI TOPIT
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3arotoBoK (Puc.3.12,6), siki MOXYyTb MaTH HE3HA4HI XBHJIEMOMIOHI nedopmariii,
NIEPETBOPIOIOTHCS HA 30BHIIIHBOMY KOHTYpl MaTpHINl 3a JOMOMOTOI0 IMyaHCOHIB
RP1, RP2 vy BigbopryBaHHs 3 KOHQIrypalli€w, aHaJOTi4HOK (JIaHIIEBUM
BIIOOpPYBaHb BHYTPIMIHBOTO (MeHIIoro) miametpa. Ilicns moBHOro dopMyBaHHS
napu ckiiagJyactux auckiB (Ha Puc.3.12,c mokaszaHa mapa 3 omHUM c(HOpMOBaHUM
JIMCKOM) Ha iX BHYTPIIIHIX Ta 30BHIIIHIX TOPISIX 30€piraroTbcs BiIOOPTOBKH, SIKI

MOKYTh OyTH 00'€THaH1 Y )KOPCTKI KiIbIIeB1 3'eqHanHa 6aratocekiiitHoi KI1O0.

Puc.3.12 Ilpouec dopmonepeTrBopeHHs (rodpyBaHHs) TIAJKUX KOHIYHHUX

3aroTOBOK 3 (PJIaHIIEBOIO B1IOOPTOBKOIO

BapitoBanHsa posrisHyroro B 1.3.1.3 moaansIioro mpolecy 3BaprOBaHHS
dbnaHeBUX BIJOOPTOBOK CYMDKHHMX ITackux JuckiB (cekuiit) KIIO mo3Bosmsie
BUKOPUCTATH 3’€IHaHI Tapu BiIOOPTYBaHb y SKOCTI €(EKTHBHOTO €JIeMEHTa
YKOPCTKOCTI, 3/JaTHOTO CYTTEBO MiJBUIIUTH 0a30BY YaCTOTy BJIACHUX KOJMBAHb

KOHCTPYKIIii B IIIJIOMY.
3.1.3 3BaproBaHHA BHYTPillIHiX Ta 30BHIIIHIX KiJIbLIEBUX IIBIB

Kinvyeei  enympiwni  weu. 3BaprOBaHHS 3aMKHYTHX HPOCTOPOBUX

KOHCTPYKIIH 3 (oiabroBux wmarepiaiiB TOBIIMHOK (0,3 MM MIKpOILJIa3MOBUM
METOJIOM € TPOIIECOM, IO BUMarae TOYHOI (hikcallii 3aroTOBOK, IO HE MAarOTh
JIOCTaTHBOI BJIACHOI KOPCTKOCTI, €()EKTUBHOTO OXOJIOKEHHS 30HU 3'€THaHHS Ta
iX Mpenu3iiHOTro NepeMIlEHHs B OCHACTII, B sIK1l B1I0YBa€ThCS MO3UI[IOHYBAaHHS 1
3BapioBaHHsA. ba3oBi JOCHIDKEHHS 1IIl€i TEXHOJOTll HaJeXalu 0 CTafli
BUTOTOBJICHHS MacimTaoHoro Makera KIIO. 3 mepexomoM 10 BHUTOTOBJICHHS

MOBHOPO3MIPHOTO BapiaHTy KOHCTPYKIli OUIbIIOTO miameTrpa Oyna BHpilieHa
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npo0iemMa MOITyKy KOMIIPOMICY MK HEOOXIJTHOK >KOPCTKICTIO Ta MAaCHBHICTIO
CKJIa/IaJIbHOI OCHACTKU 3 JIOCTaTHHOIO TEIUIOMPOBIAHICTIO 30H (pikcallii 3ar0TOBOK,
a TaKOXX HAasABHICTIO OMNEPAliHOTO NPOCTOPY JUIsl 3BapIOBaJIbHOTO JDKepesa
HarpiBy. Jlnsi 3BaproBaHHS BHYTPILIHIX KUIBIEBUX 3'€JHaHb OYJI0 pO3pOOJICHO
cremiasibHe ocHameHHs (Puc.3.13), ske 3a0e3nedye pPIBHOMIPHY IIIBUJIKICTh
o0epTaHHs, PEryJbOBaHE 3YCHIUIS MPUTUCKY 3BAapPIOBATLHUX KPOMOK 1 HaJIGKHE

TEIUTOBIIBEJICHHS B 30H1 3BapIOBAaHHS.

Puc.3.13 OcHalieHHsl yCTaHOBKH B TPOLECI 3BapIOBaHHS BHYTPIIIHBOIO

KUTBIIEBOTO I1Ba (&) Ta po3pi3 30HM (ikcallii Ta 3BaproBaHH 111Ba ()

TernoBinBeneHHS npu 3BaprOBaHHI MIPOBOUTHCS MIiTHUMU
TeroBiABIAHUMU nipuTuckadamu (Puc.3.13, (1)), oauH 3 SAKUX KOPCTKO
3akpiruieHnit Ha ocHoBi (Puc.3.13, (2)), a apyruii 6a3yeThCcsi MO 30BHINIHBOMY
aucky 1 (Puc.3.13, (3)), mo mo3Boyisie 3AIMCHUTH TIEPBHHHE CTUCKYBaHHS
3arOTOBOK 3 TOYHHM TMIO3UIIOHYBaHHAM. J[Ji1 OCTATOYHOTO CTHUCHEHHS Mapu
MJIOCKUX CEKIIIH Tij] 3BapIOBaHHS BUKOPUCTOBYETHCS YKOPCTKHUM 30BHIIIHINA JUCK 2
(Puc.3.13, (4)). Hns BHyTpIIIHIX 3BapHUX 3'€JHAHb MEHIIOTO PaJlyCy
OPOTECTOBAHO Psii TEXHOJIOTIYHUX TMapaMeTpiB, IO BIUIMBAIOTh Ha MPOILEC
dbopmyBanHs mBa. B X0ml eKcepUMEHTAIBHHX 3BaprOBAIbHUX TECTIB OyiH
JOCIIIJIKEH! KPUTUYHI MapaMeTpH, Ki HEOOX1THO PeTeIbHO KOHTPOJIIOBATH KPIM
BJIACHE pEXUMIB 3BaprOBaHHS: I1I€ IBHJAKICTh 1 PIBHOMIPHICTh OOEpTaHHS
MNPUBIIHOI CUCTEMH, BUCOTA KPOMKHM KOMIIAKTHMX CEKIIM (BHCOTa 3BaprOBaHOl

KPOMKH HaJ KIJbLUEBUM KIIABIIIHUM MPUTUCKOM) 1 BIACTaHb BijJ 3BaprOBAJILHOI
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kpomku 10 coria PTW 500. Hacnigkom mopyiieHHsT piIBHOMIPHOCTI oOepTaHHS
MPUBITHOT CHUCTEMH € KOJIMBAaHHS TIOTOHHOI €Heprii mpolecy, MNpH IbOMY
MOPYIIYETHCS PETYJSPHICTHh MIHIATIOPHOI 3BapPIOBAIBHOI BaHHU, 110 YTPUMYETHCS
31€OUIBIIOT0 CHUJIAMHU TIOBEPXHEBOTO HATATY, @) JI0 MOSBU HEIIIILHOCTEH IIBa 1

HETPOBapIB.

‘ q=0,4 //min

Puc.3.14 ®dopMyBaHHS KUIBIIEBOI'O 3BapHOTO 3'€IHAHHS HA OCHACTIN JIJIS
BHYTpIIIHIX KUIBLIEBUX IIBIB Ta BIUIMB BUTpaTH 3axucHoro rasy (Ar) Ha

dbopmyBaHHS 111Ba

[Ton1OHMi HEraTUBHUI BIUIMB Ha SIKICTh I1IBA MOKE HaJlaBaTH HEHOPMOBaHa
BHCOTa KPOMKHM, IO 3BApIOETHCS HaJ MNPUTUCKOM, SKa BIUIMBAE Ha PEXKUM
BIJIBEJICHHS TEIUIA; ONTHUMAaJbHE 3HAYEHHS I[HOTO MapaMeTpy CTAHOBHUTH | MM.
HepiBHomipHE QopMyBaHHS IIBa MOKE OyTH BUKIHMKAHE TaKOXX HEAOTPUMAHHSIM
BIJICTaHI BiJl 3BapIOBAHOT KPOMKH JIO COILIa IJIa3MOTPOHA (3HAUCHHS Mapamerpa 2
MM) 1 BIZICYTHICTIO CHIBBICHOCTI OC1 mjia3MoTpoHa 1 3a30poM kpomok ((F) na Puc.
3.14) y Oyab-sKHid MOMEHT NpOLECy 3BapIOBaHHS, IO IPOBOKYE TMOSBY
nedopmoBaHoi kpoMku. OcCTaHHIH 3 OCHOBHUX HETAaTUBHHX (DAKTOpIB MpH
dbopMyBaHHI KPOMKH, 1110 3BAPIOETHCS, - HAMJIMIIKOBUN JUHAMIYHUI THUCK CTOBIA

3aXMCHOTO Ta3y mia3MoTpoHa (auB. Puc.3.14).
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Tab6aunus 12 [Napamerpu npoiiecy 3BaploBaHHS BHYTPILIHIX KUIbLIEBHX IIIBIB

3aroroBok KIT1O

K, |Is, | Nup, |1, Tdown, | V, ey, | I- | F- |1, | X, |Z, |Op, gt d,

MM | A C A C mMm/c | % G, | P, A MM | MM |J/ XB | I/XB MM
% |I'g

0,3 |11 |off |10 | off 25 |50 (50 |[200 4 3 25 (04 6 1

Hageneni B Tab6iu.12 mapamerpu € craHgapTHUMH g Jokepena Fronius
TransTig 800 Job 1 BHKOPHUCTOBYIOTHCA IPU BBEJEHHI Ha KHOIIKOBIW TaHEI
npuctporo. Tyt, K — ToBmuHa MaTepiaiy, 0 3BaprO€ThCA, Is — craproBuii
CTpyM, Typ — 4ac HapOCTaHHA CTpyMy, | — 3BaproBanbHul CTPyM, Tgown — Yac criamy
CTpyMy, V — IIBUKICTb 3BaproBaHH, dcy — BIAHOIIEHHS IMITyJbCy 110 nay3u, [-G —
0aszoBuii ctpym, F-P — gacrora imnynscy, I, - ctpym deproBoi ayru, X - BiACTaHb
MDK TPUTHCKHUMHM TyOKamH, 7 - BIJICTaHb BIJ €JIEKTpoJa JI0 BHUPOOY, IO
3BapIOETHCS, P - BUTpATa IUIA3MOYTBOPIOKOYOIrO Ta3y, (¢ - BUTpaTa 3aXHMCHOTO
rasy, d - niamerp enexkTpoaa. Y SKOCTI IUIa3MOYTBOPIOIOUOTO 1 3aXMCHOIO Trasy
BUKOPUCTOBYETHCSI aproH BHUIOTO COpPTy. SIK 1 y pa3l MOPYIIEHHS TOYHOCTI
CKJIaJaHHs, TOPYIICHHS PEXKUMIB 3BaprOBaHHS TMPHU3BOIUTH 10 MEXaHIUYHUX
nedekTiB (HemUIbHOCTEH) ImBa a00 MOPYIIEHHS MEXaHIYHUX XapaKTEePUCTHK
3BapHOi 30HM, mBa Ta 3TB, 1110 MOPOKY€e BUHUKHEHHS AE(PEKTIB MIKPOCTPYKTYPH
MIPY HACTYITHUX ITUKJIaX 1e(popMyBaHHS KOHCTPYKITII.

[IpuBimHa cucTemMa OCHACTKM Il 3BApIOBAHHS $SK BHYTPIIIHHOTO, TaK 1
30BHIIIHBOIO IIBa TpejacTaBiieHa Ha Puc. 3.15. VYV naniii koHdirypaiii BoHa
JI03BOJISIE 3a0€3MEYUTH PIBHOMIPHICTh MPOIECYy 00€pTaHHSA Ta TOYHUN KOHTPOJb

NEPEMILLIEHD JIPKEPEIIa 3BapIOBAJILHOTO HArPIBY.
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Puc.3.15 IlpuBigHa cuctema JJisi 3BaplOBaHHS BHYTPIIIHIX Ta 30BHIIIHIX

KIJIBI[EBHX IIIBIB.

[Ticast BurotoBneHHs mapu KoMmakTHUX Tiockux cekiiii KIIO mpoxomuts
mpoliec KajaiOpyBaHHs B 300p1 B OCHaIIEHHI 3a gornomoroio ¢pe3u ER8 400W, o
BCTAHOBIIIOETHCS HA BHUCOKOIIBUAKICHIN (pe3epHid TOJNOBII Ha KpPOHIITEHHI.
CexkI1ii )KOpPCTKO (PIKCYIOThCA, MPUBOIATHCS B 00€pTaHHS HA MATPUIll YCTAHOBKHU
U1t TOQpyBaHHS, 1 KPOMKH CEKITIH 3BOASATHCSA B KOHTAKT 3 ()PEe3010 MPHU MIBUIKOCTI
ii obepranus 8000 06/xB. Cekilii TOTOBI A0 TOMAIBIIOTO 3BAapIOBAHHS, KOJHU
BHCOTa 00pOOJIIOBaHOT KPOMKH Jocsrae 1,5 MM BiI MiTHUX MPUTHCKAYIB.

Jlam, ocHacTKa BCTAHOBJIIOETHCS B ITOCAAKOBE MICIIC BCTAHOBJICHOI Ha OJI0II
MIJMAIHAKIB - TUTaHmmaioum  npuBogHoi cucremu (Puc.3.15,(P)) 1 kopcTko
3akpirunoeTses. [lepemimennsm aktyartopa (Puc.3.15,(A)) 1 TouHUMH PYYHUMU
pEryaoBaHHSIMHU MPOBOJUTHCS OpIEHTALsl IMJIA3MOTPOHA MO OCl 3'€HAHHSA, IO
3BapIOETHCS 3TiAHO 3 JaHuMu Tabm.13, micis yoro Moxe OyTH pO3MOYaTo MpoIec
3BapIOBaHHS BHYTPILIHBOIO KIJBLEBOIO 3'€IHAHHS 3 BUKOPUCTAHHSAM NapameTpiB
Tabmumi 12, Ilicns 3aBepuieHHsST TNPOLECIB  MO3UI[IOHYBAHHS —TEPEBOIUMO
JKUBJICHHS 3 JIBUTYHA aKTyaTopa Ha JBUTYH oOepTayda MepeKIIOUUBIIA TyMOJIep Yy
BEPTUKAJIBHE MOJIOKECHHS IIPU YBIMKHEHOMY TymOuiepi >kuBjieHHs (1).

Kinvyesi 3o06miwmni weu. 3BaproBaHHs cekuii KIIO mo 30BHIMIHbOMY

NepUMETPY IPHUHLMIIOBO BIANOBIIAE BHYTPIIIHBOMY IIBY 332 CXEMOIO 3'€IHAHHS,
ajie BIIPI3HAETHCS HEOOXIHICTIO CTBOPEHHS OLIBIIONO CTUCKAIOUOI0 3yCHUJUIS MPHU

PI3HOMY MOIEPEUHOMY PO3MIipl OCHACTKHU, a TAKOXK BIIJAJICHHS OMOPHOI TUIOMIMHU
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BiJl 0a30BUX CTPHKHEBUX KOHCOJBHHMX €JIEMEHTIB. [|Jis 3BaproBaHHS TaKOTO THILY
mBiB Oyno BHUroTOBIEHO oOcHameHHs Puc.3.16, ske 3a0e3neuye ImIUIbHE
KOMITOHYBaHHS 3BapHUX CEKIiN Mi cO00I0 0 BCbOMY JiameTpy 3'eqHanHs. Came
TOYHICTh TO3WIIIOHYBAHHS Ta KOHTPOJIO T€OMETPil 3BapIOBAHUX KPOMOK Pa3oM 3

PCKHUMOM 3BAPIOBAHHA € KPUTUYHOIO IJISI OTPUMAHHSA SIKICHOT'O IIIBA.

Puc.3.16 [puctpiii 1151 30upaHHs Ta 3BaplOBaHHS 30BHIINIHIX KIJTBIEBUX IIBIB.

3'ennanns cexuiid KI1O no 30BHIIHBOMY J1aMeTpy BUKOHY€ETHCA MOMAPHO, B
OCHACTKy 3aKJIaJaloThCsl 1Bl Mapyu MONEPEIHbO 3'€THAHUX BHYTPIIIHIM LIBOM
CEKIII 1 3BapIOIOThCSI MK COOOI0 30BHINIHIM MIBOM. KpoMKH, 110 3BapiOlOThCH,
nonepeaHb0 MPOXOJATh mpouenypy kamiopyBanus (Puc.3.17,a) 3a gomomororo
TOPIIEBOi MEXaHIYHOI OOPOOKM BHCOKOIIBUAKICHOK (PE3EPHOI0 TOJOBKOK 3
dbpe3or0 3 TOPIEBOIO HAciukow 3yOIliB. JlaHa omepallis ycyBa€ pi3HOBHCOTHICTH
KPOMOK, III0 3BapIOIOTHCS MICIs iX MO3UIIOHYBAHHS B OCHACTII, 1€ 3a0e3rnedye
PIBHOMIPHICTh OIUTaBJICHHS 1 (popMmyBaHHs mBa. [licnms omeparii kamiOpyBaHHS
MO’KJINBE YTBOPCHHSI METaJIeBOro OypTHMKAa Ha KPOMKax, WOTO BUIAJICHHS HE €
00OB'SI3KOBUM, OCKUIbKM  JIOJATKOBUM 00’€M MeTaly CHpHUS€ Kpalomy
dbopMyBaHHIO 1IBAa ISl 3BapHUX TOBIIWH, NpPH SKUX 3BaproBajibHA BaHHA

YTPUMYETLCA B OCHOBHOMY 3aBASAKH CHUJIaM ITIOBEPXHCBOI'O HATATY.
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Puc.3.17 TlocnigoBHicTh omepauiid npu 3'eaHanHi map cekuit KIIO mo
30BHIIIHBOMY TIEPUMETPY; a — TMpoleaypa KamiOpyBaHHS; 6 — Tmpoleaypa

3BapIOBaHHS.

[TocnmioBHICTh 3BaprOBaHHS: CHOYATKy 3BaplOIOTHCS TIO0 30BHIITHBOMY
NepUMETPY JIB1 TApH MOMEPETHBO 3'€THAHUX BHYTpIHIM mBoM (Tabi.13) cexii,
CTUCHYTHX MDK IMpUTHUCKHUM KisblieM (Puc.3.16,(1)) 1 30BHINIHBOIO IUIAHIIAHO0I0
(Puc.3.16,(2)), micnis 9oro pyxoMa 4aCTHHA OCHACTKH BiABOJMUTHCS IO HAMIPSIMHUX
ocsix (Puc.3.16,(3)) Bim BHyTpimHBOI TuiaHmaiou (Puc.3.16,(4)), 3BUIBHSIOYH

IPOCTIp SISl HACTYITHO1 Tapy 3BapIOBAHMUX CEKITIH.

Puc.3.18 YcraHoBka JJisi CKJIaJaHHS Ta 3BApPIOBAHHS 30BHIIIHIX KUIBIIEBUX IIIBIB,

CXEMaTUYHE PO3TAIlyBaHHS 3BapHUX CEKIIiH (6 1mIT) y MPUCTPOI.

3a aHaJori€lo 31 3BapIOBaHHSAM Iap KOMIAKTHUX CEKIIM Ha MPUCTOCYBaHHI
JUIS. BHYTPIIIHIX IIBIB, OCHAIIEHHS 30BHIIIHIX IIBIB JUIS IIIJIBHOTO CTUCHEHHS 1
MO3UI[IOHYBaHHS CYMIKHMX KPOMOK 3BaplOBaHMX CEKIIi, Ma€ MIAHHUHA JIO)KEMEHT

(Puc.3.18, (1,2)), sxkuii 6a3yerbes Ha okoBIll (Puc.3.18, (3)). HeoOxinne 3ycusis
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MPUTUCKY KPOMOK B KuIbleBUX MimHMX Aetansx (1) 1 (2) 3HIMHOI YacTHHH
OCHAIIIEHHS 3a0€3Mevuy€eThCs 30BHINTHBOO TuTanman6oro (Puc.3.18,(4)).

31 30UIBIICHHSAM KIJTBKOCTI 3BapeHUX MDK COOOI0 CEKIIi B OCHACTI CIIiT
BpPaxoOBYBaTH 301JBIIICHHS BIJICTaHI BiJl KOHCOJI, HA SKIH YTPUMYEThCS OCHACTKA,
70 30HU 3BaptoBaHHs. Llell (akT BIUTMBae Ha YYTIUBICTH AYTH N0 Oyab-sIKUX
BiOpaliiiHuX Ta yJAapHUX BIUIMBIB, TOMY MOTPIOHO MIHIMI3YBaTH 3aiiBl pyXH Ta
MEpPEeMIIeHHsT MOONM3y OCHACTKU. Pexwmm, Ha sSKOMYy BiIOYBA€ThCS MPOIIEC
3BaproBaHHs, TpeacTaBieHuid y Tabi.13; BaXIMBUM € JOTPUMAaHHS TapaMeTpy

BUTPATH 3aXUCHOTO rasy (.

Taoaunga 13

[TapameTpu mporiecy 3BaproBaHHsI 30BHIIIHIX KUIbIIEBUMX MIBIB 3arotoBok KIIO

K, | Is, | Nup, |1, Tdown, | V, ey, | I- | F- |1, | X, |Z, |Op, Ot d,
MM |A |cC A |c mm/c | % |G, |P, A |MM MM | 1/XB | JI/XB | MM
% |I'g
0,3 |11 |off |10 | off 2 50 |50 |200 |4 3 25 |04 6 1

[Tapamerpu, HaBeneni B Ta0xn.13, anamoriuni HaBenenum y Tabn.12, €
crangaaptaumu Juist okepena Fronius TransTig 800 Job 1 BUKOPUCTOBYIOTHCS TIPH
BBE/ICHHI Ha KHOMKOBIA maHeni mnpuctporo. llopymieHHs Bumie3ragaHux
XapaKTEPUCTHUK MPU3BOJUTH 10 BUHUKHEHHS N1e(PEKTIB, aHAJIOTIYHUX JI0 BUIAIKY
3BapIOBAaHHS BHYTPINIHIX KIJIBIIEBUX IIIBIB.

3amukaroua cekuis (kpuiuka, ado aenne (auB. Puc.2.30) nmpuennyeTrscs B
OCTAaHHIO Yepry JO CeKIliil, 310paHux y TOMY * OcHaileHHi. OTpuMaHHS SKICHOTO
3BapPHOIO IIBA IO 30BHIIIHBOMY JIAMETPY 3aJE€KHUTh BiJ TOYHOCTI CKIaJaIbHUX

omeparliii Ta JOTpUMaHHs HaBeAeHOTO B Ta0:1.14 pexxuMy 3BaproBaHHS.

Ta6auus 14 TlapameTpu nporecy 3BaproBaHHS 3aMUKAOYO0i CEKITii (IeHIIE)

K1 ISv NUpv |1 TdOWn1 V1 dCy1 I- F- Ip1 X1 Zv qp, qt, -H/ d!
MM | A C A C mM/c | % G, | P, A |MM |MM | I/XB | XB MM
% |I'g
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03 |11 |off [175-| off |5 20 (20 |30 4 3 25| 04 6 1
206

3aMuKaroya CeKIlis CKJIAJa€ThCs 3 BJIacHE TO(POBAHOTO TUCKA Ta KPHUILIKH
(meH1s), AK1 3'€AHYIOThCS MK co0oto mpopizHuM mBoM (TIG) 3 BUKOpHCTaHHSIM
HACTYITHOTO PEKUMY 3BapIOBAHHS: 3BapIOBAIbHUM cTpyM [=175-206 A; mBUAKICTH
3BaproBaHHS V = SMM/cek; 4acTtoTa iMmynbcHoro crpymy F-P = 30 I'm; giametp
enexktpona d=2,4 mm (mapka WL-20); Bucora ayru 1,5 mMm. JlomaTtkoso,
CHIBBITHOLIEHHS aMIUNITYAd CTpyMiB (MIHIMQJIBHOTO JO MaKCHMAaJIbHOTO)
ctaHoBUTH 20%. 3BaproBaHHS PI3HOTOBIIMHHUX JETaNed MPOBOAUTHCS OMHCAHUM
CHeliaJbHUM METOJIOM 4Yepe3 HEPIBHOMIPHE BIJBEJEHHS TeIlla, OTPUMAHOrO Bij
HarpiBaHHs  3BaplOBalibHOIO  Jyrow. OaHUM 3  METOAIB  HIBEIIOBaHHS
(ycepeHeHHS) TETUIOBIABEICHHS € MIHIMI3allisd PI3HUIN B TOBIIMHAX JETaJCH, 110
3BapIOIOTHCS.

Memanocpadiuni 00CiOHCEHHA 36ADHUX 3 €EOHAHD.

Mera BUKOHAHUX JOCHIJKEHb TOJSAraE y 00 €KTUBHOMY TiJATBEP/IKECHHI
pE3yNbTATIB OLIHKU SIKOCTI 3BapHUX 3’€JHAHb, OTPUMAHUX LUISIXOM BI3yaJbHOTO
KOHTPOJIIO Ta 3 BUKOPUCTAHHSM METOJIB HEPYHWHIBHOIO KOHTPOJIIO, ONMHMCAHUX B
n.3.1.4. 3aramom, MertamorpadiyHi JOCIIKEHHS, MPOBEIACHI Ha MIKPOCKOIII
NEOPHOT-32, mnokazanmu 30i7bIIEHHS CTPYKTYpHOI OJHOPIAHOCTI 3BapHUX
3’¢lHAaHb TP TMIJBUIIEHHI YacTOTH IMIYJIbCHOTO 3BapioBaHHs. KonuBaHHA
MIKpPOTBEPAOCTI IIBa 1 MepexigHuX 30H, BUMIipsHOi 3a Bikepcom (HVogs) Ha
mikpoTBepaomipi Leco M-400, npu 3BaproBaHHi rpynu napamertpiB fpc = 10 Hz
(Puc.3.19, al) € naiibinpmumu - Big 192 no 257 npu 3HauenHi napamerpa 221 nns
OCHOBHOI0 MeTaily BiACyTHICTH BHpa)X€HOTO PO3MILHEHHS METaly IIBa MOXKHa
MOSICHUTH HHM3bKUMH 3HAQYCHHSMH ITIOTOHHOI €Heprii 3a BHCOKOI KOHIICHTpAIii
JKepera HarpiBy, xapaktepHux st MPAW ¢onbroBux matepiais.

MikpocTpykTypa MeTaly IlIBa [0 BCbOMY MOTO Hepepi3y XapaKTepUu3yeThCs
HEPIBHOMIPHICTIO 1 HECHIBBICHICTIO KPHUCTAJITIB 3 PO3KHIOM iX PO3MIPIB IO

IIMPUHI JIiHIT CTUTaBIACHHS BiA 5 10 7,5 MKM 1 BiJ 4+5 MKM B LIEHTpI 1B JI0 25 MKM
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y KOpeHs 1mBa. 31 301IbIIEHHSIM YacTOTH IMITYJILCHOTO 3BapIOBAHHS BiI3HAUAIOCA
OJTHOYACHE 3HWKCHHS TIOCWJICHHS IIIBa, W0 BAXJIMBO [UJISI IOJAJBIIOrO
neopmyBanHs obononku. Y rpymi fpe = 200 Hz (Puc.3.19, bl) Bim3naveni
Hallkpallll TO€THAHHS JOCIIPKYBaHUX IapamMeTpiB - po3Mip PIBHOBAKHHUX
OCEpEeNIKIB BIJIMOBiAAEe fiana3oHy S5+7 MKM y BChOMY Iiepepi3l IBa 3a iX
CIIBBICHOCTI, BIIXUJICHHSI BUMIPSHOI BEJIMUMHHU MIKPOTBEPJIOCTI B OYy/b-SIKOMY 3
HANpsSMKiB He mepeBuinye 2.5% ais OCHOBHOTO MeTany. s TUmoBoro 3paska
ctpiuku AISI 321 ToBmmuowo 0,175 MM 31 3BapHUM IIBOM, BHKOHAHHUM IIpH
iMoynscHOMY cTpyMi fpc = 200 I'i, minHicTh Ha po3puB cTaHoBUTH 90 % Bix
3HA4YEHHS IIbOTO TTapaMeTpa JIJIsl aHAJOTIYHOTO 3pa3ka OCHOBHOTO METAIy.
VHiKaNbHE TOEJHAHHS TEXHOJIOTIYHUX Ta 30BHINIHIX (aKTOpiB MpH
eKCIUTyaTallli MepeTBOPIOBAHOI  KOHCTPYKIIii HE JI03BOJISIE  OOMEXHUTHUCS
CTaHJAPTHUMHU METOJIaMU KOHTPOJIO TMPHU OINHIN SIKOCTI 3BapHUX 3'€JHAHb.
BakyyM KOCMIYHOTO MpPOCTOPY, IO BUKJIMKAE B CYKYITHOCTI 3 BIUIMBOM pajiarii
JecopOIIil0 €JIEMEHTIB Martepialy OOOJOHKH, MOKE JUIIE YMOBHO BBa)KaTHCS
XIMIYHO HEUTpaIbHUM 30BHIIIHIM CEPEOBUIIEM; MPHU MEPEX0Jli CBITIIOTIHbOBUX
KOpPJOHIB Ha TOBEPXHI KOHCTPYKLII MOKJIMBE YTBOPEHHS KOHAEHCATy 13
BKJIFOUCHHSIMU aKTUBHUX PEYOBHH, MPUCYTHIX Yy BIIACHIN 30BHIlIHIN aTMocdepi
0a30BOr0 KOCMIYHOro amapaty. Hemnpumyctumi 3 1€l TOpPUYUHU  TIPOSIBU
MDKKPUCTAJIITHOI KOpPO3ii, MOPU Ta MIKPOTPIIIMHH MOXYTh OYTH BH3HAYEHI
MO>KJIMBOCTSMH ONTHYHOI MIKPOCKOIIIi, a TaKOX MPOBEACHUM Ha PI3HUX CTaJisIX
BUTOTOBJICHHS KOHCTPYKIi KamiISIpHUM, BHUXPOCTPYMOBHUM KOHTpPOJIEM Ta
relieBoro npo6or. TuM He MeHIll, TPUBAJIICTh All 3a3HAYEHHUX 30BHIIIHIX (PAKTOpPIB
(10 MeKiIbKOX POKIB), IUKIIYHI jAedopmailii BiJ KOJMBaHb TEMIeEpaTryp 3
nianazoHoM go 275° C, a TakoX BIUIMB BUCOKHUX 1 HHU3BKHX TEMIIEpaTyp
BUMAaralTh MPOTHO3YBAaHHS CTAOUIBHOCTI BIJIACTUBOCTEW 3BapHUX 3’€JIHAHb
IUIIXOM 1X TOTIHOJEHOTO BUBYCHHS HA BCIX CTPYKTypHHX piBHAX. [Ipu ominimi
SKOCTI 3BapHHUX 3'€JHaHb pPEaTI30BaHO KOMIUIEKCHUM METOAWYHUN MiAXia A0

JIOCITIJIKEHb 3BapHUX 3'€THAHb HA MAKpPO- Ta MIKPOPIBHI.
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Puc.3.19 MeranorpadiuHi 300pakeHHsI, XapaKkTep 3epEeHHOI Ta Cy03epeHHO1
CTpykTypu Metany mBa Ta 3TB 3BapHuX 3'€lHaHb NpPU YacTOTI IMITYJICHOTO

ctpymy 10 Hz (a) ta 200 Hz (b)

OriHKka po3MoALTY JIETYIOUMX €JIEMEHTIB y MeTajl IBa BCIX TPYI 3pa3KiB
METOJIOM  MIKPOPEHTI€HOCIIEKTPATBLHOTO aHamizy 3 BUKOPHUCTAHHSIM
mikpoananizatopa Camebax SX-50 (Cameca®) 3 miamerpom 30Hma ~1 MKM mpu
npuckoprorouiid Hampy3i 20 kB 1 cTtpymi 30HAa 20 HA MOKa3aB MNpPaKTHUYHY
BIJIMOBIJIHICT) Yy METajll IIBa Ta MEPEXiJHUX 30HAX AHAJIOTIYHUM MapaMeTrpam
OCHOBHOTO MeTany. HacTymHoro cTaji€ro OIIHKM SKOCTI 3BapHHX 3'€qHaHb
PO3TIISIHYTUX TPYH € JOCHIIPKeHHS iX TOHKOI CTPYKTYpH, 3aCHOBaHI Ha ySBIJICHHI
PO BU3HAYAIbHUI BIUIUB CTPYKTYPHO-(Aa30BOTO CTaHy MeTaly 3'€JHAHHs Ha HOro
(b13MKO-MEXaH14HI BIIACTUBOCTI.

3aBOaHHSAM JIOCHIIKEHb OyJlo BHUBYEHHSI OCOOJMBOCTEH CTPYKTYPHO-

¢da3zoBuUX cTaHIiB MeTaly, M0 (GOPMYIOThCS B PI3HUX 30HAX 3BAPHUX 3'€THAHb — Y
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MeTaJll 1IBa, 30H1 TepMiyHOro BIUBY (3TB) mpu pi3HuX pexumax 3BaproBaHHS Ta
00poOKH.

JocmipkeHHs: 0yio choKycoBaHO Ha BHM3HAYEHHI YTBOPEHb HEPIBHOBICHHUX
3epHOTPAHUYHUX Ta BHYTPIIHHOOO'€eMHUX (PA30BUX BHUIUIEHb, a TaKOXK
dbopMyBaHHS TPOTSHKHUX —AUCIOKAIIMHUX CKYMYEHb Y3IO0BXK MDK3EPEHHUX
KOPJIOHIB, TOOTO, TMOTEHLIMHUX KOHIICHTPATOPIB BHYTPINIHIX HAMNpyXeHb, III0
CHPUSAIOTH TPIIIMHOYTBOPEHHIO.

Jns  pociimKeHHsST TOHKOI1 (JUCIOKaliMHOI) CTPYKTypH MeTajly IIBa
3BapHOTO  3'€HAHHS, CYOCTPYKTYpH, JeTaJied Mik3epeH 1 CyOKOpIOHIB
BUKOPUCTOBYBABCS METOJ TPAHCMICIMHOI €JeKTpOHHOI Mikpockomi. [Ipsime
JOCITIJIKEHHSI TOHKOI CTPYKTYPH Ha MPOCBIT npoBoauiu Ha npuwiaal JEM-200 CX
(JEOL) npu nmpuckoproBaibHii Harpy3i-200kV 1o Bciid TOBUIMHI 3pa3Ka.

Tonki Qoneru st AOCHIHKEHb METOJAOM TPAHCMICIHHOI €JIeKTPOHHOI
mikpockomii (TEM) roryBanucs ABOCTYMIHYACTUM METOJIOM - IONEPETHBOTO
CJIEKTPOTIONIPYBAaHHS 3 TOJAJBIIMM 0OaraTopa3oBUM 10HHMM YTOHYEHHSIM JI0
MOMEHTY IIPOSIBY 3€pHa Ha MPOCBIT 10HI30BAHUMH IIOTOKaMU aproHy y CHEI[laJIbHO
po3po0eHiil ycraHoBIl. Lle 103B0aMI0 3HAYHO poO3MMPUTH chepy AOCTIHKEHD Ta
30UTBIIUTH CTATUCTUKY OTPUMAHUX PE3yJIbTaTiB.

B ocHOBHOMY B MeTanii BCIX 3pa3KiB, IO TOCITIIKYIOTHCS, CIIOCTEPITaeThCs
MOPIBHSHO PIBHOMIPHHUIA PO3MOALT TUCIOKAIINA MPU HEBUCOKIM 1i IIUIBHOCTI y
BHYTpilIHIX 00csrax 3epeH (p 1o ~ 10° cm™?) ta cyberpykrypa posmipamu ~ 7 ... 10
MKkM. Kpim Toro, i1 B oOcsrax 3epeH, 1 B 30HaX B3JIOBX MIXK3EPEHHUX KOPJIOHIB
CIIOCTEPIraloThCs BUALIECHHS nucniepcHux (a3 posmipom 0,14...0,3 Mxm.

VY Merami mBa 3pas3kiB, OTPUMAHUX MPU YACTOTI IMIYJIBCHOTO CTPYyMY
3BaproBanHd 10 Hz (Puc.3.19, a3), Big3HayaeThcst popMyBaHHS 3€pEH MOJAOBKEHO1
dbopmu, rpamieHT 3a BeIWUMHOW 3epHa h-1 =5...7-12...38 Mkm 1 cyO3epHa
(mucnepcHoro po3mipy a0 h-1=0,35...0,71-1,7...2,5 MKkM 1 OUTBIIUX PO3MIPIB 110

~2,5...4-6...12MKm).
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Ta6auus 15. [ineHiCT qUCTOKAaIi# y 30H1 mBa Ta 3TB

3pa3ku ['pamieHT MO MIITFHOCTI TUCTOKAITIN
(em?)
[ToB 3TB
Bcepenuni | Mixsepenni | Bcepenuni 3epHa Mix3epeHHi
3epHa I'PaHMIT T'PaHMIT
a (10 p~10°.. .4 p~4-10%°... p~2-10°...6- 10° p~5- 101, 101
Hz) 10° 10%
b (200 | p~10°..2x | p~4...6x10° p~2...3-10°... p~2...3-10°...
HZ) 10° ...10% 2. 10% 2-10%0

3a ganumu Tabmumi 15 y Merani mBa 3pa3ka a CIOCTEPIraeTbes OLIBII
BUCOKHMM TPaJIE€HT 3a IIUIBHICTIO JUCIOKAIA y BHYTPIIIHIX oOcsArax 3epeH 1 y
MDK3EpPEHHHUX KOPJIOHIB. NIUIBHICTh JUCIOKAIM B o00csArax 3epeH Ipu ix
PIBHOMIPDHOMY pO3MOAUTL. Y3I0BX MIXK3EPEHHUX KOPAOHIB CIHOCTEPIraeThCs
HE3HAUHE MIiJIBUILIEHHS T'yCTHHH auciiokaiiin. CyOocTpyKTypHI 00J1acTi MepeBaKHO
PIBHOOCHOTO THILY, po3MipoM 5...10 MkMm.

Ham, nns 3epeHHoi Ta cy03epeHHoi cTpykTypu 3TB 3paskiB, oTpumaHuX
npu yactoti 10 Hz (Puc.3.19, a4; Tabmuus 15,a) xapaktepHi pi3KOrpaji€HTHI
po3mMipu mpu (GOpMYyBaHHI TPAJIEHTIB 32 MIUIBHICTIO JMCJIOKAIId Ta MPOTSKHUX
JUCIIOKAIIIMHUX CKYITYEHb VY3JI0BXK MDK3EpPEHHHX KOpJOHIB. CrocTtepiraerbcs
bopMyBaHHS ~ CTPYKTYp 13 YITKO BHPAXEHOK  MPOTSHKHOW  (OPMOIO
h-1=4...6- 10...14 mxm. TakoX $SK 1 B MeTaji IIBa BiJA3HAYEHO 301JbLICHHS
IIIILHOCTI JUCIIOKAIN B 00CsA31 3epeH Ta Oins Mik3epeHHHX KopjnoHiB. Y 3TB
(bOpMYIOTHCS TAKOXK JIIJISTHKY IBITHUKOBUX CTPYKTYD.

Hagnaxkwu, ans 3TB 3paskis, orpumanux npu yactoti 200 Hz (Puc.3.19, b4;
Tabnuus 15, b), xapakrepHa B 0CHOBHOMY piBHOBIiCHa 3epeHHa (D3 =7 ... 25 MkM)
1 cy03epenHa ctpykrypa (dc = 6 ... 12 MKM) npu pIBHOMIPHOMY pO3MOILTI
nribHOCTI guciokarii. Y 3TB ¢opMyroTbest okpemi AUISHKH JIBIHHUKOBHX
CTPYKTYD.

VY 3pa3kax 3 kpanmMmu mokasHukamu ctpyktypu (b, 200 Hz) micis

JIBOPa30BoOi Jiedopmarlii BATHHOM, III0 MOCITIOE MPOIEC KOMITAKTHOTO CKJIaIaHHs
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Ta TOJAJIBIIOTO PO3KPUTTS, BiJ3HAYANIOCS 30UIBIICHHS MIITLHOCTI JAUCIOKAIIA Y
meTani mBa 10 p ~ 5- 10%...10'! cm npm ix piBHOMipHOMY po3moaini. Js 3paskis
nicnsg aedopmariii BigzHaueHO (GopMyBaHHS CTPYKTYp ABIMHMKA B METasli IIBa Ta
3TB 31 3011bIIICHHSAM 3arajbHOI T'YCTHHHU JUCIOKAIii. THM HE MEHII, Hi MUIbHICTh
JUCIIOKAIlI{, HI MPOTSKHICTh CTPYKTYp ABIMHUKYBAaHHS B HHX HE MEPEBUIIYIOTH
BIANOBIAHUX MapaMmeTpiB HenedopmoBaHux 3paskiB fpc = 10 Hz 1 He HocATh
KPUTHUYHOTO xapaktepy. [lin yac HacTymHUX HMUKTIB AedopMalliil yCKIaJHEHO ajie
MO’Ke BiIOyBaTHCs OJIyKaHHS AMCIOKAIN 1 B pe3yibTati iX JIOKaJbHE CKYMYCHHS
0 KPUTHUYHOTO PIBHS TNpHU SKOMY 1 BHUHHMKHE Ta cama TpillMHa, sKa €
KOHIICHTPATOPOM HAIpPYXKEHb, 11€ IPU3BEAC 10 MOAAIBIINX PYHHYBaHb y MpOIleci
excrutyaramii. [lpu myxe HH3BKHX TeMmIeparypax, OJM3bKHUX J10 a0COJIOTHOTO
HYJIA, PyX aTOMIB Y KPUCTAJIYHIM PElITI MOYXE€ 3HAaYHO CIOBUIBHIOBATUCS, IO
MOX€ BIUIMBaTH Ha KOB3aHHS auciokauid. Ilpore, y OUIbIIOCTI MPaKTHYHUX
BUMAJKIB, X0JOJIHE Ne(PopMyBaHHS METaJIB BCE OIHO BIOYBAETHCSA, 1 KOB3aHHS
JUCJIOKAI 3alMIIAEThCA BaXXJIMBUM TNPOLECOM JUIs iXHbOi JAedopmanii Ta
MEXaHIYHOi 0OPOOKH.

[Ipu po3pobii TexHojorii 3'€lHaHb TEPETBOPIOBAHOI  KOHCTPYKIIii
BapilOBaHHS IMITyJIbCHUX PEXHUMIB 3BaplOBaHHS JO3BOJSE YCYHYTH MPOTHPIYYS
MDK HEOOXIJHICTIO JOJAaTKOBOTO TIOCHJICHHS IIIBA TpH HOro JOCTaTHIA
IJIACTUYHOCTI Ta BUMOTOIO 30JIM)KEHHSI TEOMETPUYHUX MapaMeTpiB MiJACUIICHHS Ta
OCHOBHOTO MeETally, IO YMOXJIHBIIOE TMOAANBIINK MPOLEC POTALIHHOTO
neopMyBaHHS TOHKOI MeTasieBOi OOOJOHKH. 30UIBIICHHS IMIYJbCHOI YacTOTH
MPAW B mexax nociimpkyBaHoro gianasony 10-200 Hz mo3Bonuio 3abe3neuntu
JIOCTaTHE HAOMMKEHHS TEOMETPUYHMX 1 (DI3UKO-MEXaHIYHUX XapaKTEPUCTHK
3BapHOIO 3'€JHAHHS 1 OCHOBHOI'O METaJly, a TAKOX MIJBUILUTH HOT0 CTPYKTYpPHY
OJHOPIJAHICTb. 31 3pOCTaHHAM fpc B1I3HAYAETHCS ICTOTHE 3HM)KEHHS NPOTSHKHUX
JTUCIIOKAIIINHUX CKYMYeHb Y3/I0BXK MDK3EPEHHHUX TpaHHUIlb, TOOTO, 3HMKEHHS
NOTEHIINHUX KOHUEHTPATOpIB BHYTPIIIHIX HaNpyXeHb, L0 3YMOBIIOIOThH

TpiMHOYTBOpEeHHsS.  [IpoBeneHl  JOCHIKEHHS  MIATBEP/KYIOTh  3HUKEHHS

131



JOKali30BaHUX JedopMalliii Ta CTPYKTYpPHUX HaIpyXeHb y 3pa3Kax, OTPUMaHHUX
IIpU IMITYJIbCHOMY 3BaplOBaHHi 31 3pOCTaI0Y0I0 YACTOTOIO.

AHal3 CTPYKTYpHO-(a30BUX 3MIH y JOCIDKEHUX TpyIlax 3pas3KiB y
CYKYITHOCT1 3 iX JOCTIPKEHHSMH METOJIaMU ONTHUYHOI MeTanorpadii, OIIHKOIO
IepPMETUYHOCTI, @ TaKOXX 3 HACTYIHHM HATYpPHUM EKCIIEPUMEHTOM PpO3KPHUTTS
JI03BOJIsIE 3pOOUTH BUCHOBOK IIPO TMEpeBary iMMyJIbCHOTO 3BaPIOBAILHOTO MPOLECY

3 HAWOLTBIIIOK0 YaCTOTOI0 B MEXaX JOCIIKEHOTO /Tiana3oHy.

700 800 =
600 700 4
500 b |

500 +

400 ]
400 4
300 - i
300
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Tensile stress (MPa)

200 1
200

100

100

T T T T T T T T T T T T 1 0 T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
a Tensile strain (%) 6 Tensile strain (%)

Puc. 3.20 [iarpamu cratuaHoro poctsry craii AISI 321: 3pa3ok 31 3BapHUM ILIBOM

(@) Ta aHANOTIYHMIA 3pa30K 31 CTAJICBOI CTPIUKH Oe3 11Ba (0)

HonatkoBo, OyJI0 TPOBEACHO MOCTI/KCHHS PIBHOMIIHOCTI 3BapHOTO
3’€THaHHS - 1Ba (Gpy) Ta OCHOBHOTO MeTany (Ogzon) (Puc. 3.20). 3rigno 3
PEe3YIABTATOM JOCIIDKEHHS Gpy - 690 MIla, 650, — 700 MIla, piBHOMIITHICTB

3’€JTHaHHS AOpIBHIOE 95%.

3.1.4 TexH0.J10Tii KOHTPOJIIO AKOCTI KPUTUYHHUX €JIEMEHTIB Ta

napaMeTpiB KOHCTPYKUil

Jliama3oH NPUWHATHUX METOJIB Ta 3ac00iB KOHTPOJIO SKOCTI 3BapHUX
3'eqHanb  KIIO  Bu3HAuaeThCs  MOEAHAHHSAM  YHIKQJIBHUX  OCOOJHMBOCTEH
KOHCTpyKIii. OOo0MOHKa 31 cTadl (OJBbroBOro Kjaacy TOBIIWH ITiIIA€ThCS
HEOJHOPA30BOMY EKCTPEMaJIbHOMY JIe(QOpPMYBaHHIO, 10 HEl Mpes sIBISIOTHCSI
BHCOKI BUMOTH €KCILTyaTallliHOI Ha1MHOCTI, 1 IJI1 KOHCTPYKIi abo ii eleMeHTIB
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OPUMHATHI JIMIIE METOIW HEPYWHIBHOI M1arHOCTUKH, SIKI MOXYTb MOCIIZAOBHO
3aCTOCOBYBATHUCS Ha cTafisx ii BurotoBieHHs. Ciuia 3a3naunth, mo KI1O nabyBae
CBOiX pPOOOYMX TEOMETPUYHUX IapaMeTpIB MICIsS 3aBepIIeHHS BCIX CTaaiil
KOHTPOJIIO, IO HEXApaKTepHO ISl JIarHOCTHKH TPATUIIAHUX OOOJOHKOBHUX
KOHCTPYKIiH. ToMy, BaXJIMBUM € TaKOXX 1 MPOTHO3YBAHHS MOKJIMBUX JE(PEKTIB
3BapHUX 3'€THAHb HA CTaJll KOMIAKTHOI KOHCTPYKIIIi.

Opmna 3 ocoOnmBOCTeH TporeciB 3BaproBaHHs Tpu ckiamanHi KIIO - me
HUKIIYHICTh 1 ©Oararopa3oBa MOBTOPIOBAHICTh OJHOTUIIHUX TEXHOJIOTTYHHUX
omeparlid, TaKWX SK 3BapIOBaHHS TMPAMOJIHIHHOTO IIBa TJIAMKOI KOHIYHOL
3aroToBKU. TpUBaIICTh MPOLIEAYPH CKIIAJIAHHS Ta MO3UI[IOHYBAHHS 3arOTOBOK I
3BApIOBAHHS 3HAYHO IEPEBUIIYE 3a YAaCOM BJIACHE MPOIEC 3BaprOBaHHS, 1 BHOIp
METOJTy KOHTPOJIO TOBHHEH YHEMOXJIMBIIIOBATH TOSBY JTOJAATKOBHX OIEparliil y
BCTAHOBJICHOMY  aJrOpuTMi  mpouecy.  Tak,  ONEpaTUBHUA  KOHTPOJIb
OPSIMOJIIHIHOIO 1IBA y MPUCTPOI AJis 30MpaHHs Ta 3aXUCTy JI03BOJISIE YCYHYTH
MOJIMB1 J1I€(EKTH TOBTOPHUM 3BaprOBaJbHUM MPOXOJOM, HE MOCIA0IIOIYU
KJIABIIIIHUX TMPUTHUCKIB 1 HE 3MIHIOIOYM B3a€EMHOTO PO3TalllyBaHHS IJIA3MOTPOHA Ta
KPOMOK 3aroTOBKH, IO 3BaplOlOThCcs. B  maHoMy BuUNaaky Moxe OyTu
BUKOPUCTAHUN TUIBKU OE3KOHTAKTHUW METOJl KOHTPOJIO, TaK K palllOHATHHUIM
JUIsL IEPBUHHOTO KOHTPOJIIO KalJISPHUNA METOJ HE J103BOJISIE TECTYBATH 3'€IHAHHS
0e3MocepelHb0 Yy CKJIaJAaIbHO-3BapIOBAJIbHOMY MPUCTPOi. 3 BIIOMUX METO/IIB
OPUIHATHOIO [T  ONEPaTHBHOTO KOHTPOJIIO IIIBA HAa HEpPKaBilo4yoi cTami
(GoMBroBoro Kiacy TOBIIMH MOXe OyTH Maibke BHUKIIOYHO BHXPOCTPYMOBA
nedexkrockomisi. B ekcnepuMeHTaNbHIM  4YacTUHI  POOOTH  BUKOPUCTAHO
nedexrockon Nortec® 600 (Olympus®) (Puc.3.21,(1)) 3 aOCOMOTHMM JaTYMKOM
oqiBueBoro tumy Ne9222162 abo mudepenuianbHuMu gatuukamu Ne9222184 Ta
Ne9222308 (2). Ilpu BukoHaHHI poOoTu OyJNO peandi3oBaHO OpPUTIHATHLHUMN
QITOPUTM BUMIPIOBAHHSA, 10 TOJSATAaE y KOPCTKOMY 3’€HAHHI JaT4YHKa
nedexrockomny i3 miaa3MoTpoHoM (3) Ha BiACTaH1, 10 Tepeadadae 3aBeplICHHS

KpHUcTamizailii B ocHACTIN (4) MeTalry KOHTPOJIhOBaHOTO miBa (95).
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Puc.3.21 3aranpHuil BUTTISA €KCIEPUMEHTAIBHOTO CTEHTY AJISl JMHAMIYHOTO

HEPYHHIBHOTO KOHTPOJIIO SIKOCTI 3BapHUX 3'€JTHAHb BUXPOCTPYMOBUM METOJIOM

BuxpocTpyMoBHii MeTO] 3 BHKOpUCTaHHsAM aedekrockoma Nortec® 600 3
aOCOJIIOTHUM JAaTYUKOM OMIBIEBOrO Ty Ne9222162 moxke OyTH BUKOPHCTAHHMA
IpU KOHTPOJII BCIX MPSAMONIHIMHUX 3'€JHAHb TJIAJKUX KOHIYHHUX 3aroTOBOK, a
TAKOXX MpU KOHTPOJl KUIBLIEBUX WIBIB KpPUIIKA (A€HLs) Ta (raHueBHX
B1I0OPTYBaHb CYMDKHHX CEKU1d. [Ipn BUKOHAHHI KOHTPOIIIO (DIKCYBaIKCS 3MIHU Y
da3i Ta amIUNTYJl BHUXPOBUX CTPYMIB, IO BHUKJIWKAaHI 3MIHAMH €JIEKTPUYHOI
MPOBIIHOCTI Ta MAarHiTHOI MPOHUKHOCTI O0'€KTa KOHTPOJIO Yepe3 3MIHU HOro
CKJIalxy Ta  CTPYKTypd, HAasBHICTh  IOBEpXHEBUX  a00  INPUXOBAHUX
(miamoBepxHEBUX) NMe(DEKTIB, a TaKOXK iX XapaKTepUCTUK (Tumy aedekTy, Horo
PO3MIpIB Ta IITMOWHM 3AJIATaHHA); IPU LbOMY BaXKJIMBO, 10 MOTPiOHA MIHIMAJIbHA
MIJrOTOBKA TIOBEPXHI 00'€KTa, MO0 KOHTPOIIOETHCSA. MeTo/ T03BOJII€E BUKIIOUUTH
AMOBIPHICTh BUHUKHEHHS J1€(DEKTIB CTPYKTYpPH 3’€JIHAaHb, SIKI MOXKYTb BILUIUHYTH
Ha BAKYYMHY HIUIBHICTh MPH LHUKITYHOMY Je(OpMyBaHH1 HUISIXOM HEPYWHIBHOTO
KOHTPOJIIO IIIBa OE3MOCEPEHhO B XOJI TEXHOJIOTIYHOTO TMPOIECy, 1 YHUKHYTU
pPO3BUTKY JehEeKTHUX 30H 3aCTOCYBaHHsIM 0araTonmpoXiJIHOTO 3BaplOBaHHS.
JlomaTkoBi mepeBaru METOAY - BUCOKAa TOYHICTh Ta MOBTOPIOBAHICTH BUSBIICHHS
nedeKTiB, BUCOKA IMBHUJIKICTh KOHTPOJIIO, MOKIHUBICTH KOHTPOJIIO OO'€KTIB 31
CKJIQJHOI0 TEOMETPIEI0 Ta B MICISX 13 YCKIAQJHEHUM JOCTYIIOM, MPOBEACHHS
KOHTPOJIt0O 0e3 0e3MmocepelHhOr0 KOHTAKTy JaTduka 3 O0'€KTOM, 3JaTHICTh

PO3pI3HATH TUNM AEPEKTIB, BIJICYTHICTh MOTpeOM y BHUTPATHUX Marepianax, a
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TakoXK Oe3meka mJisi 370poB's omepatopa. Hemomiku metony (MakcuMalibHA
rIMOMHA TPOHUKHEHHS Martepiany, 4yTJIMBICTh A0 pO3TallyBaHHS Je(eKTiB) HE
BUSIBJISIIOTBCA TM1JT Yac KOHTpoJit0 TOHKOI oOosnoHku KIIO. Merton mae psijg
BIIMIHHOCTEH 3a THUIIOM BHMIPIOBAaHHA CHTHAJIy IepeTBOpioBada (BUMIp
aMILTITYau, a3y CUTHATY, IPOEKIi BEKTOpa HAMPYTH 1 T.J.), BAKOPUCTOBYBAHUX
BUXOJISTYM 31 3pYYHOCTI MacuITaOyBaHHS, Bi3yalizallii CUTHAIIy Ta iH. BiamosigHo,
BUOIp PI3HOBHUAY METOAY JOIIBHO MPOBOIUTH MICIs KaliOpyBaHHS MpUiIaxy MpH
TECTyBaHHI KOHKPETHHUX 3BaplOBaJIbHUX 3PA3KiB.

Jlist TecTyBaHHST OyJI0 BUKOPUCTAHO CTAaHIAPTHHUM CEpTU(PIKOBAHUNA 3pa30K
31 ctam AISI 321, ananoriuniii 1o Marepiany KIIO, 3 tak 3Banumu puckamu EDM
ribunoro 0,5 Mm, 1,0 MM 1 2,0 Mmm. Po3Mip prCOK MepeBHIILyE pO3MIPU MOKITUBUX
IIPUXOBAHUX a00 MOBEPXHEBUX NE(PEKTIB y 3BApHOMY 3'€JHAHH1 TOBUIMHOIO ~ 0,3
MM, aje Ipoiec KamiOpyBaHHS JO3BOJMB MiAiOpaTd piBEHb CHUTHAIY 1
MacmTabyBaTu KOOPJAMHATHI OCl Ha MOHITOP1 IPUJIAy TAKUM YHHOM, III0O CUTHA
XapakTepHOro nedexTy ado HEeCYLUUIbHOCTI IIBa MaB SIKICHE BIJOOpa)K€HHs, LIO

JICTKO 34YUTYETHCA.

MNPOCMOTP NPOCMOTR NPOCMOTP
MR SBANA 01_55.17 MMA SAANA 01_57_59 02_00_51
METL PYuY PET. B1A BRIBOPA SARMAA WETL PY|KY PEF. fii8 BRaBOPA SARMA [METL PYUY PET. /1A BREGPA SARAA

fvee 7.4 [ Vp

Puc.3.22 Curnanu pucok EDM raubunoro 0,5 mm (a), 1,0 mm (6) Ta 2,0 MM ()

pu KaaiopyBaHHI Je(EeKTOCKOMa Ha cepTU(iKOoBaHOMY 3pa3Ky 31 ctam AISI 321

Ha Puc.3.22 mnoka3aHo BioOpakeHHs B IMIEAAHCHIA  IUIOIIMHI
MaKCUMaJbHOI aMIUNTYIM Ta KyTa cur"any pucok EDM i3 3pocrarouoro
rimmbuHow ((@)...(8)) Ha craHAapTHOMY cepTudikoBaHOMY 3pa3ky 31 ctaimi AISI
321. Ilicna BuOOpy piBHS CUTHAIY Ta HOro MacmTaOyBaHHS HAa MOHITOPI MPHIIATy
Oylo  BUKOHaHO  TECTyBaHHS  XapaKTEpPHOrO  3BapIOBAJBLHOTO  3paska

npsMoutiHiiiHOro 3'eHanHs o0osionku KIIO, sikuif B excriepuMeHTalbHINi YacTHHI
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pobotu O0yB po3ainennii Ha cermeHTH ((1) ... (4), muB. (Puc.3.23), mo MoaemroTh
BIUIMB Ha TEOMETPII0 Ta CTPYKTypy IIBa HpH 3MiHI KOMOIHallld mapaMmeTpiB

3BaproBaIbHOTO Tporiecy (nuB. 1 3.1.1, Ta6:a. 10).

Puc.3.23 TecToBuil (HanalmITyBajJbHUI) 3pa30K 3BAapHOIO IIBa TJIAJKOI KOHIYHOT
3arotoBku cekiii KIIO 3 rtoBumuoro 6=0,3 mm 3 ¢parmentamu (1)-(4), mo

IMITYIOTh MIEPEX1/IHI PEKUMU 3BAPIOBAILHOTO MPOLECY

PexomeHnoBaHa mpouenypa KOHTPOJIIO 3BapHOTO 3'€IHAHHS CKIIAIA€ThCA 3
NEPEeBIPKM 30HM TEPMIYHOIO BIUIMBY 3 BHUKOPHCTAHHSM JO JIBOX CKaHIB
(TOPU3OHTANILHOTO Ta BEPTUKAJIBLHOIO0), SKUMHU MOXXHA OXOIMUTH BCl HEUIIJIBHOCTI
3BapHOro 1mBa. OTXe, CIOYaTKy OCHOBY IlIBa OyJI0 IMEPEBIPEHO MO30BKHIM
CKaHyBaHHSIM, TOTIM BEpPXHIO YacCTUHY IIBa JEKUIbKOMa KOPOTKUMHU CKaHaMH,
NOTIM OOCTEXKEHO MOKJIMBI TPIIIMHUA MO3J0BXKHIM CKAHYBAHHSIM 1, HapeIlTI,
JOCTIPKEHO BEPXHIO YaCTUHY 3BApHOTIO I1IBA MO3/0BKHIM CKaHyBaHHSM, ajie MpU
OpIEHTYBaHHI TEPETBOpIOBava (JaT4MKa) MEPHEHIUKYISIPHO CcKaHy. OCKUIbKH
BaXUIMBO MPaBWJIBHO IHTEPNPETYBATU CHUTHAJ, OTPUMaHUWA Ha pI3HHUX eTamax
CKaHyBaHHs, Tpuiaa Oylo OOHYJIEHO JUisi KOMIEHcalli OyJb-iKuX Bapiarfii
r€OMETPUYHUX NapaMmeTpiB 3BapHoro 3'eqHanHs. Ha Puc.3.24 naBegeHo pesynbrar

CKaHyBaHH# 3pa3ka Puc.3.23.

MPOCWOTE NPOCMOTRE MPOCMOTR MPOCAG TR

Puc.3.24 Pesynpratu (Qikcaiii MakCMMallbHOT aMIUNTYAM Ta KyTa CUTHaJIy Ha

TE€CTOBOMY (HaJaIITOBYBaJLHOMY) 3pa3Ky 3BapHoro 1Ba (3a Puc.3.23)
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Ha mpencraBnennx Ha Puc.3.26 BimoOpaxkeHHS mapaMeTpiB CUTHANy B
IMITETAHCHOT TUTOIIMHI TIOKa3aHi pe3yIbTaTH MOoMNepeyHuXx ckaHiB B 30H1 (1) (a), B
30H1 (2) (6), B 30H1 (3) (8) 1 B 30H1 (4) (2) 3pa3ka 3a Puc.3.23; mapametp Vpp
MoKa3ye MaKCHUMaJlbHy BEpPTHKaJIbHY Hampyry (ropu3oHTaslbHa abo BepTHUKAJIbHA
OpIEHTAIlisl MKy HaMpyrd PEryJIIOE€ThCS JIOBUIBHO) CUTHAIY BiJ MKy 0 MKy,
napaMmeTp °pp - KyT CUTHaIy BiJ MKy J0 MiKy. XapaKTepHUil BHUJ MO30BKHBOTO

TECTY IO BCii JOBXMHI 3pa3ka nokazaHo Ha Puc.3.25.

NPOCMOTP

MMA SAANA 02_33.53
MCN. PYYKY PET. ANl BbIBOPA PAANA

Puc.3.25. Pe3ynbrar (pikcariii napaMeTpiB CUrHaAy B IMIEAAHCHINA TUIOIMIMHI MPHU

MO3/I0BXHBOMY CKaHyBaHHI 3pa3ka 3a Puc.3.23

Sx BuaHO 3 pe3ynbTaTiB ckaHyBaHHA 30H (1)...(4) mBa, 31 3MIHOIO
3BapIOBAILHOTO PEXHUMY, TOCWUJICHHS IIBA 3HUXKYETHCS TPU OJHOYACHOMY
30UTBIIIEHH] TETUIOBKIIAJICHHS, IO 3aro0irae mosiBl MiApi3iB 1 3MEHIIYE PUBUKHU
MOJIAJIBIIIOTO TIpoIiecy (hOPMOYTBOPEHHS TUIACKOTO aucKa. KpuBi Hanmpyru curHairy
MarTh MOXUJIY TPAEKTOPIIO, IO BIJMNOBIAAE TUIABHOMY MEPEX0ly METAly IIBa JI0
OCHOBHOT'O METaJy 3pa3ka 0OO0JOHKH.

JUiss TeBHUX TUMIB JOCHIIKEHUX Je(EeKTIB XapaKTepHI YHIKaJIbHI
CHIBBIIHOIIEHHSI MAaKCUMAJIbHO1 BepTHKaIbHOI Harpyru (Vpp) Ta kyta (°pp) (Puc.
3.26). Ilapamerp Hampyru TOKa3ye€ TIUOUHY 3alAraHHs Je(eKTy, KOPENSIio
BEJIMYMHU HANpyrd Ta (pakTHuyHOI TIIMOWHU Je()EeKTy B METPUYHUX OJUHHMIISIX
(10....10 mm). Bunpo6GoByBaHHS IIPOBOJAMIIOCS 34 IOMOMOTOK 3raaHoro BHILE
€TaJIOHHOTO 3pa3ka 3 puckamu EDM, Ha sikoMy nepen TeCTyBaHHSM JOCII1THOTO

3pa3Ka MPOBOJUTHCS KaniOpyBaHHS 1 HAJAIITYBaHHS JaTYMKa.
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KapTta gedexris

5,84 >

4,9
5 47
3/
4 5 36

3,4 }.'3\/.

23
2 , 27

°pp

——[lopy —+—TpilWKHKN —E—CXOQMEHHA WBiB

Puc. 3.26 Kapra nedexTiB qociiixeHux 3pa3kiB 3’ €HaHb; VPP — MakCUMallbHA

BEpPTUKAJIbHA HAIIPYTa, BIJ] MIKY J0 MIKY; °pp — KyT BiJ MKy /10 TIKY

Ak BuaHo 3 rpadika (Puc. 3.26) njs AOCHIIHOTO TUITY 3 €IHAHHS, TTTMOMHA
3aJIATaHHA TakuX JAePEeKTIB sSK MOpU 3HAXOAUThCA B mianasoni 1,8-3,4 B, mio
BimmoBimHo 1m0 Biacrani 0,1-0,15 MM, i € moBepxHEBUM AEPEKTOM, OCKUIBKH
TOBITMHA Ba cTaHOBUTH =~ 0,5-0,6 MM. /[ TpimmH XapakTepHa OifbIa riMOuHa
samsrands (3.9-5.5 B), mo BignmoBigHo 10 0,2-0,4 MM — BOHU MOXKYTb OyTH SK
NOBEPXHEBUMH, TaK 1 MPUXOBAHUMHU MO ToBIIMHI ImiBa. [lomiOHi gedekTn €
XapaKTepHUMH SIK IS TPSAMOJIHIMHMX, TakK 1 JUIS KUIbLIEBHUX IBIB, a 30HA
HAITyCTKOBOTO CXOJDKCHHS IITBA MOJKJIMBA TUTHKM B KUTBIIEBUX THIIAX 3'€HAHHS,
OCKIIbKA y 30HI 3aMHMKaHHS IIBa MOXJIMBI YTBOPEHHS MIApPI3iB Ta CBUIIIB, IX
Jiana3oH rimOuH cTaHoBUTE 3,3-3,9 B, mo Bigmosigae Bigcrtani 0,15...0,2 mM.

JI1st KOKHOTO 3 1e(heKTIB TAKOXK XapakTepHa BiacHa (popma KpUBOi CUTHATY
JaT4YdKa B IMIOEJAHCHIM IUIOLIMHI, 3a JONOMOIOI0 SKOI HOro MOXKJIMBO
inentudikyBatu (Puc.3.27). Tak, mopu MarmTh MOJOTY KPHUBY 3 IUIABHUMH
nepexogamu (Puc.3.27, a), B Toil yac ik BiqoOpa)X€HHsI CUTHANY JUIS TPIUIUHH €
OpSMOJTIHIHHUME 3 ToCTpuMH Tiepexomamu (Puc.3.27, 6), Ha#iOLIBII MPOCTY
r€OMETPII0 MalOTh CBUIIII Ta MIAPI3H - 1€ MOJOKKUCTA KPUBA 3 TOCTPUM IEPEX0I0M

B HaIpsIMKY HYJIbOBOI Touku (Puc.3.27, ), sika Mae 3MIHHHUI KyT HaXuy.
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w 2.7 . k 4 w 3.9 'w 143.4

Puc. 3.27 BinoOpaxeHHs naedekTiB B IMIEAAHCHIM IUIONIMHI, a-TIopa;

O-TpIIIUHA; G- HAITYCTKOBE CXO/PKCHHS IIIBIB.

B xoxi mocmimpkeHp yeix cerMeHTIiB 3pa3ka (3a Puc. 3.23) BuxpocTpyMoBHM
METO/IOM HAWTIPIIMM BUSBUBCA CETMEHT 1 y 3B’S3KY 3 BEJTUKUM II1JICUJICHHSIM IIBa
Ta HasBHICTIO MiAPI3IB Ta TPIIIWH, & HAWIINIIMM CErMEHT 3, B KOMY KaTeT IIBa
MEHIIIH Ta, BIJIMOBIIHO, TIEPEX1]] METajy IIBa Ta OCHOBHOTO METaly € IJIABHUM, 1 a
TaKoX aOCOJIIOTHO BiACYTHI AehEKTH.

OTxe, BUXPOCTPYMOBUH METOA AE€(PEKTOCKOIMIi JTO3BOJIMB BHUSIBUTH Ta
1meHTrdiKyBaT nedekTu 0e3nocepeHbO B MPOIIEC 3BapIOBAHHS, IO JOCITaIoCs
IHTErpali€l0 CKaHYIYoro JaTYMKa y CUCTeMy (piKcallli 3BaproBajJbHOTO MaJbHHUKA
0Jipa3zy 3a HUM y HanpsiMKy 3BaproBaHHs (AuB. Puc 3.21). 3BapHe 3’eAHaHHSA MOXeE
OyTu BIJOpakOBaHO Yy BHUIIQJIKy HAsSBHOCTI TpILIWMH, MOp abo miapi3iB, aiue, y
BUIAJIKY BUSBJICHHS Bi3yaJlbHO HE MIATBEP/KEHUX MOPYIICHHSIX OIHOPIIHOCTI
merany wmBa/3TB (Puc.3.27,6) nedexrtockomisi 0Oe3mocepeHb0 B MPOIEC]
3BapIOBaHHS J03BOJISIE, HE 3MIHIOIOUM TPEIU31MHOI CXeMH 30MpaHHS 3aroTiBil,
BUKOHATH 1I TOBTOPHUIA mpoBap abo0 JoOKajdbHE BiAHOBIEHHA. OO’ €KTHUBHE
MIATBEP/KCHHS] Ta KITbKICHA OIIHKA BHUSBJICHHX BHXPOCTPYMOBUM METOJIOM
NPUXOBAHUX JAe(PEeKTIB OyJIO0 BHUKOHAHO 3a JOINOMOIOI METOAY HIPOCBIUYIOUOT
€JIEKTPOHHOT MIKPOCKOTIIT Ta MPEJICTABIICHO JaJi.

Jnst  Bepudikamii OTpUMaHMX JAaHUX BUXPOCTPYMOBOTO  KOHTPOJIO
MIPOBEICHO JTOCIIIKEHHS MIKpOCTpyKTypH 1BiB Ta 3TB, anani3z 3BapHUX 3’€/IHaHb
AISI 321 micas MIKpOIIa3MOBOTO 3BapIOBAaHHS TPOBOIWIM 3 BUKOPUCTAHHSIM
MPOCBIUYIOUO1  €JIEKTPOHHOT Mikpockomii. JlocmipKyBaHi 3BapHiI 3’€IHaHHS

OTpUMMaHI MIKPOIIA3MOBHUM 3BaploBaHHIM npu pexumax [=10A; F-P=25T"u1 (namni
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- cermeHT Ne2) ta [=10A; F-P=200I't; (mam — cerment Ne4). Ciin 3a3HAYMTH, IO
JKOJICH 3 OTPHMaHUX CETMEHTIB TECTOBOTO 3pa3ka HE MAa€ HAOYHUX Bi3yaIbHUX
03HAaK HAasABHOCTI JCPEKTIB, TOMY ITOXOJKCHHS BHUSBICHUX €JICKTPOMArHITHUM

METOJIOM KOHTPOJIIO HEOTHOPITHOCTEN Mae OyTH 3’ICOBAaHO IIJISIXOM 3aCTOCYBaHHS

CKaHYH04O01 (pacTpoBOi) €JIEKTPOHHOT MIKPOCKOTIIi.

tvérgann!!l

*x1c=0,34...1,15%0,6...1,14...2 75MKkM

Puc. 3.28 Metai mBa Ha Bigctadi 200 MKM BiJI JIIHIT CIIJIaBJIeHHS, cerMeHT No2

Taxk, B MeTasl 111Ba 3BAPHOTO 3’€JHAHHS OTpUMaHOro npu pexumi [=10,5A;
F-P=25T"11 (cermenT 2 Ha Puc. 3.23) aycTeHiTHI 3epHa 3 MIUIbHICTIO AUCIOKAIIi B
00’eMax 3epeH Ipu HepiBHOMIpHOMY iX posmonim p=108...7x10° cm? (Puc. 3.28).
B310BK MiDK3EepeHUX TPaHUIlL CIIOCTEPITaEThC HE3HAUHE MMiABUIIECHHS IIIJIHOCTI

2, Takox crHocTepiracTbca (pOpMyBaHHS

aucnokaiit o p=10°..2x10%° cm
cyorpanuns (Puc. 3.28, a). CybctpykTypHi 00JacCTi, Ki yTBOPHINUCS B OCHOBHOMY
HEPIBHOOCHOTO THUIly, po3mipoM hxlc=0,25...1,6x0,4...2,75 mxm. B 00’emax 3epeH

Ta y MIDK3EPEHUX TpaHUIIX BHSIBIEHI AHUCTIEpPCHI (a3u TIOOYISIPHOTO THITY
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po3mipoMm Dgp=0,02...0,23 MM Ta Outemr oBambHOI (Gopmu  hxlep=
0,02...0,23...0,09...0,86%0,2...1,0 mxm. Takox B meTani mBa Oynu BUSBICHI
BUJIUICHHS TuTacTHHYaTOro Tumy mupuHor h=0,09...0,23mxM. B metani miBa
3a(pikcoBaHO (HOpMyBaHHS ABITHUKOBUX CTPYKTYP.

Ha nminii critaBiaeHHS CrioCTepiraeThes MiABUIICHHS MIIIBHOCTI AUCIOKAIN
AK B 00°€Mi 3epeH Tak 1 OlIs MIK3EpEHHMX TpaHMIb Ta B CEPEIHBOMY CKJIaJae
p=2x10°...6x10%M™2, M0 B NMOJANBIIOMY NPU3BEIO O YTBOPEHHS TPIiIlUH, AKi
Oymu inenTudikoBaHi BuxpocTpymoBuM MetoaoMm (Puc. 3.28,0). DopmyeThcs
cyoctpykrypa po3mipoMm hx1c=0,26...0,9%0,35...1,8 mxMm. B giasgHm  iHil
CIUIABJICHHS  TaKOXX  MOXHa  cnocrepiratd  ¢asu  po3Mipom  hXxlepp=
0,35...0,9%0,6...1,0 mxM. Takox Oyno BusBiIeHO (HOPMYBAHHS JIBIMTHUKOBHX
CTPYKTYp, SKi 3a3BUYail MOYKHA CIIOCTEpITaTH B HAIMYCTKOBHX 30HAX CXOJ/KCHHS
mBiB (Puc. 3.28,6).

B HaBKOJIONIOBHIN 30HI B TOpPIBHSHHI 3 METAJOM IBa B 00’€Mi 3epeH
ITBHICTD JucioKaniil cknagae p=5x108...4x10%m™, a Oinsg MiXkK3epeHUX TPaHULb
CIIOCTEPIraeThcs MiJBUIIEHHS IIIbHOCTI amciokamiin p=2x10°...4x10%wm?. B
OUIAIIOBHIA 30HI, K 1 B METaJl IIBa 3aBJSKUA PyXy JUCIIOKAIlii BigOyBaeTbCs
CKYIYEHHS 1X 3 MOJaIbIINM (POPMYBAHHIM CYOTpaHHUIIb.

B naniif 30H1 cyOCTpYKTYpa MEHIIOTO pO3MIpy B MOPIBHSIHHI 3 METAJIOM IlIBa
1 ckmamae hxlc=0,2...1,3x0,4...2,0 mxm. B o0G’emax 3epeH Ta y MIK3EpEHHX
IpaHULlb BUSBIEHI AucnepcHi @a3zu piBHOOcHOro Dep=0,03...0,76 MxMm Ta
nogoBxkeHoro tumny hxleg= 0,04...0,67%0,05...1,15MkM. B HaBKOJIOIIOBHIN 30HI1

TaKOX CIOCTEPITalOThCS CTPYKTYPHU JBIMHUKYBAHHS.
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dop=0,05...0.2MKM

%25000 x22000

a 6

h*lep=0,02...1,55%0,15...2,.0MKM

8 ) 2

Puc. 3.29 Metan mBa Ha Bigctani 200 MKM BiJT JIIHIT CIIJIaBJICHHS, cerMeHT Ned

B metani mBa 3BapHOro 3’€AHAHHA OTpUMaHOro mpu pexumi [=9A; F-
P=200I'r1 (cerment 4 Ha Puc. 3.23) aycTeHiTHI 3epHa 3 IMUIBHICTIO AUCIOKAIN B
00’eMax 3epeH Mpu OUIbII PIBHOMIPHOMY il pO3MOALT B MOPIBHAHHI 3 CETMEHTOM
2. 1linbHicTh mucnokaniii ckmagae p=4x108...4x10° cm? (Puc. 3.29). B3mosx
MDK3EpEHHUX TpaHUIb CIOCTEPITAEThCS HE3HAYHE MIJABUIICHHS IIUTHHOCTI
JUCIOKALil B TOpiBHAHHI 3 06’eMoM 3epen no p=10°...8x10° cm?2. B o06'emax
3epeH (popmyrotees cyorpanumi (Puc. 3.29 a,6). CyOcTpykTypa Ma€e BUTATHYTY
dopmy posmipom hxlc=0,2...1,9%0,45...2,6 mMxm. B o00’emax 3epeH Ta y
MDK3EpEHUX TPAHUIIb K 1 B CATMEHTI1 | BUSIBJICH1 nucTiepcHi (a3 pi3HOTO po3Mipy
Ta dbopmu (piBHOOCHI, BUTSITHYTI) Dep=0,02...0,25MKM, hxlepp=
0,05...1,55%0,1...2,0mxm  (Puc.3.29,6,2). Takox  (QikcyloTbcs  BUIIUIICHHS
mjacTuHyaroro  tumy — mupuHor  h=0,05...0,22mxkm. B metam  miBa

criocTepiraeTbes GopMyBaHHS CTPYKTYD JABIAHUKYBAHHS.
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Ha ninii ciiaBneHHs 3BapHOTO 3’€JHAHHS OTPUMAHOTO TpH pexuMi [=9A;
F-P=200I'm (cerment 4,”’’’°’’77**>??**>>> Pyc. 3.23) NIUIBHICTH JTUCIOKAIIMA
MIJBUIIYETHCSI B TOPIBHSHHI 3 METAjJoOM IIBa, sIK B 00’€Mi 3epeH, Tak 1 Oiis
Mik3epeHHHX rpaHuibs g0 p=2x10°%..6x10%M2. @opMyeTbcsa CyOCTpPyKTypa
po3mipom hxIc=0,15...0,95%0,2...2 Mxm. B pginsgHii il CIUTaBICHHS TaKOX
MOXHa criocTepiratu aucrepcHi ¢asu posmipom hxlgg= 0,05...0,5%0,1...0,6 MKM.
Taxosx Oys10 BUSBIIEHO CTPYKTYPH IBIMHUKYBAaHHS B 30H1 JIiHIT CIJIAaBJICHHS.

B HaBKOJIOIIOBHIH 30HI B MOPIBHSIHHI 3 METAJOM IIIBa HE CIOCTEPIraeThCs
PI3KMX 3MIH IO IIUIBHOCTI JAMCJIOKAIA TPU BIJICYTHOCTI ii rpagieHTIB: B 00’ €Mi
sepeH - p=3x108...5x10%Mm™. Binsg Mik3epeHUX I'paHMIb LIIBHICTh JUCIOKAIlii
iJABUIIYEThCSA B MOPIBHAHHI 3 06’eMoM 3epeH 10 p=5x10%...10%m?, ane maiixe
0e3 3MiH B TOpIBHSHHI 3 JAUISHKaMU OUIS TpaHUIlb 3€peH y Meraii mBa. B
OUIAIIOBHINA 30HI, SIK 1 B MeTall mBa (GopMmyroTbes cyorpanunil. CyOcTpyKTypa B
OUTAIIOBHI 30H1 B MOPIBHSHHI 3 METAJIOM IIBa 3MEHIIYETHCA, i1 pO3MIp CKJIaae
hxlc=0,2...1,4x0,25...2,3 mxMm. B o0’emax 3epeH Ta y MiXK3epEHUX TpaHUIlb
3adiKCOBaHI IUCTEPCHI Pa3u rao0yasipHOro TUIy po3MipoM Dep=0,02...0,06MKM
Ta mojoBxkeHoro tunmy hxleg= 0,04...0,7%0,06...1,2mMxkM. B OinsmoBHiN 30H1
TaKOX CIOCTEPITAI0ThCS CTPYKTYPU JBIMHUKYBAHHS.

Cnin 3ayBakKUTH, IO MPU MOPIBHSIHHI 3BAPHUX 3’€IHAHb OTPUMAHHUX MPH
pI3HHUX peXUMax MikporuiazMoBoro 3BaproBanHsa [=10,5A; F-P=25T"11 (cerment 2)
ta [=9A; F-P=200I"1y (cermenT 4) BukopuctanHus Ounsmoro F-P (200I'm) cnpuse:
(dbopMyBaHHIO O€3rpajiieHTHOI 3a PO3MIpaMHU 3€pPEeHOi Ta CyO3epeHOi CTPYKTYpH;
YTBOPEHHIO OUIBIIMX 3a PO3MIPOM 3E€pPHOTPAHUYHHMX Ta BHYTPIIIHHOOO €MHHMX
BUTATHYTHUX (PAa30BUX BUA1ICHB; 3MEHIIIEHHIO TPAJIIEHTIB MO MIUIBHOCTI AUCIIOKAIIN
MDXK X BHYTPITHBO3EPHOBOTO PO3MOLTY Ta B3I0BK MIK3EPEHUX TPAHUIIb.

OTrxe, aHANITUYHUMU OI[IHKAMU TOKa3aHO, IO PIBEHb JOKaJbHUX
BHYTPIIIIHIX Hallpy>K€Hb B METaJl IIBa B 3BAPHOMY 3’€JIHAHHI, 110 OTPUMAHE MPH
pexxnmi 1=10,5A; F-P=25I"11 (cerMeHT 2) CKIIaga€ Ty = 0,95...66 MIla - 06’em
3epeH. B31oBk MiK3epeHUX TpaHUlb 30UTbIIYETHCS IIUIBHICTh AMCIOKALIM, 110

MPU3BOAUTH A0 3OLIBIIEHHS PIBHA JIOKAIBHUX BHYTPIIIHIX HAMPYXKEHb [0
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Toen = 10...188 MIlla npu HasgBHOCTI iX rpalieHTiB. B HaBKOJOMIOBHIN 30HI B
00’eMax 3€epeH Typy = 5...38 Mlla. B3moBxk MiK3epeHHX TpaHUIb MIIIBHICTH
JUCIIOKAINN TIABHUINYETHCS TPH HepiBHOMIpHOMY ii posmoaum. lle copuse
MiBUIICHHIO PIBHS JOKAJBbHUX BHYTPIIIHIX HAMNPY>KEHb JI0 Tymy = 19...376 Mlla
npu (OpMyBaHHI iX TPaJIEHTIB.

B merani mBa 3BapHOro 3’€JHaHHSA, OTpUMAHOrO Mpu pexumi [=9A; F-
P=200I'm (cermeHT 4) piBeHb JIOKAJIBHUX BHYTPINIHIX HANPYXCHb CKJIaJa€e
Twen — 4...38MIIa B 00’emi 3epeH. B31oBX MIDK3EpEHUX TpaHHIb HE3HAYHE
MIIBUMIEHHS MIIIFHOCTI JUCTOKAIid TPW PIBHOMIPHOMY 11 pPO3MOMIiICHI, IO
NPUBOJUTHL  J10 MIABUIICHHSA  JIOKAIBHUX  BHYTPIIIHIX  HampyXeHb 10
Twen = 10...75MIla 6e3 rpagieHTIB MO 3HAYCHHIO Tysy. B HABKOJOIIOBHIN 30HI B
00’eMax 3€peH Tuysy = 3...47Mlla, a B3AOBX MDK3EPEHUX TPaHUIL PIBHOMIpPHE
HE3HAUHE MIJBUIICHHS WIUIBHOCTI JIUCIOKaIii. PiBeHb JOKaIbHUX BHYTPIIIHIX
HaIpy>X€Hb CKIANIAE Typy = J...94Ma.

TakyuM 4MHOM, BCTAHOBJICHO, IO y METajl IIBAa Ta HABKOJIOIIOBHIN 30HI Y
3BapHOMY 3’€HaHHI jocaipkeHoi cram AISI 321 micas MiKpOIIa3MOBOTO
3BapioBaHHA oTpumaHoro npu pexumi [=10,5A; F-P=25Tu (cerment 2) B
CTPYKTYp1 3adiKCOBaH1 TPaAIEHTH IO PIBHIO JIOKAJbHUX BHYTPINIHIX HANPY>KECHb
(ATypy ). Taki cTpYKTypHI 30HM € KOHIICHTPATOpaMH BHYTPIIIHIX HAMpPYXEHb 1
BIJIMOBITHO TPHUCYTHA MMOBIPHICTh TPIIIMHOYTBOPEHHA. B Meranl mBa Ta
HABKOJIOIIOBHIM 30H1 Y 3BapHOMY 3’€JIHaHH1 MICJS MIKpOILJIa3MOBOTO 3BaprOBaHHS
orpuManoro mnpu pexumi [=9A; F-P=200I'y (cermeHT 4) piBEHb JOKAJIBHUX
BHYTPIILIHIX HAIIPY>KEHb HEBUCOKHI Ta CIIOCTEPIraeThCsl PIBHOMIPHUMN iX pO3MOILI.

VY 1poMmy BHUIAIKY BIACYTHS WMOBIPHICTH (DOpMyBaHHS KOHIIEHTPATOPIB
BHYTpIIIHIX HaMpy>KeHb Ta TPIIIMHOYTBOpeHHA. Lle, BIAMOBIOAHO, CIpUsiE
MIJBUIIICHHIO TPIIIMHOCTIMKOCTI MeTally 3BapHOTO 3 €aHanHs ctaiai AISI 321, mo

OTPUMaHE MIKPOIIJIA3MOBHUM 3BapPIOBAHHSIM.
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3.2 Konrpoas Bignosignocri Buxigaux napamerpis KI1O
10 32JaHUX YMOB

3.2.1 JocaigskeHHsI KiIHETUKM NMPOLECyY PO3KPUTTS

Buxonane nani eKCIIEPUMEHTAIHbHO-PO3PAXyHKOBE BU3HAYCHHS
wopctkicHux xapaktepucTuk KIIO Ta ix cmiBcTaBieHHs 3 oTpuMaHuMu B 11.3.1.1.
JAHUMH METOJIOM CKIHYEHHO-€JIEMEHTHOTO aHami3dy 0a3yloTbCsi Ha CTBOPEHHI
3TIAHO 3 MOJIOKEHHAMU Po3miny 2 eKcepuMEeHTAIbHOTO 3pa3ka KOHCTPYKIII Ta
HOTO PO3KPUTTI y poOOUMiA CTaH CTBOPEHHSIM HAJIMIIIKOBOTO TUCKY Yy BHYTPIIIHIM
MOPOKHUHI. Y XOJIi MPOBEAEHHS JIa0opaTOPHUX BUNPOOYBaHb OyJIO BUTOTOBIICHO
Ta BUIOPOOYBAaHO Ha PO3KPUTTS JOCHIAHMN MacmtabHui 3pa3ok KIIO, mio
JTO3BOJISIE TIOMEPEAHBO JIOCHIIUTA KOPENSIIAHI 3aJI€KHOCTI MIXK YHCEIbHUM Ta
HAaTypHUM EKCIIEPUMEHTOM 13 BHU3HAYEHHS OCHOBHHUX IapaMEeTPiB KOHCTPYKIIIT
(Tuck  (GOPMOIIEPETBOPEHHSI Ta CTYMiHb PO3KPUTTS, BJIACHI 0a30BI YacTOTH
KOJIMBaHb Ha IMOCIIJOBHHUX CTafisiX po3KpuTTs). OTKE, METOIO MPOBENEHHS cepil
€KCIIEPUMEHTIB IIOJ0 BHUBYEHHSA KIHETUKH MPOLIECY PO3KPUTTS OaraTOCEKIIHHOI
KIIO Oyna Bepudikailisi OTpUMaHUX PO3PAXYHKOBUX pe3yJbTaTiB, a TaKOX
N1ATBEPAKEHHS MPALE3AaTHOCTI PO3POOIEHUX KOHCTPYKTUBHUX PIILIECHb.

Po3pobnena ta BuroroBineHa cucrema po3kputts KIIO Bxirouae ocHOBHY
(pyskiioHaNBHY) YacTUHY — cTeH ] po3KpUTT (Puc.3.30) 3 KOHTYpOM pO3KPUTTS
Ha pami (1), mHeBMaTU4HOO (2) 1 BUMipIoBaibHOIO (3) yacTuHOIO. BumipioBaibHa
yacTUHa cTeHAy (3) BKIIIOYAae CTaHAAPTHUN HAOIp KOHTPOJIHHO-BUMIPIOBAIBHHUX
npwiaais (KBII), sikuii Moxke OyTH yKOMIUIEKTOBAaHUW JTOBUIBHUMH MEPBUHHUMU
Ta BTOPMHHMMH TpWIaJaMH, SIKi BIJAMOBIIaIOTh HABEACHUM HIDKYE Jlara3zoHam

BUMIPIOBaHHS, TapaMeTpaM BUXIJIHOTO CUTHAITY Ta MEKaM IMMOXUOKH.
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Puc.3.30 OCHOBHI YaCTMHU €KCIIEPUMEHTAJIBHOIO CTEHAY pO3KputTs 11

cekmiitnoi KITO

OcCHOBHI KOHTPOJIbOBaHI napaMmeTpu mpouecy po3kputts KIIO — Bennunna
HAJUIMIIIKOBOTO  BHYTPIIIHBOTO THUCKY (OPMONEPETBOPEHHS Ta  JIOBXKMHA
OararocekiiiftHoi o0osioHku. s koHTposto 3minu noBxkuHU KIIO B mporeci
po3kpuTTss OyB  BUKOPHUCTaHUW  Jla3epHUM  JmaTtuuk  BiacTaHl  Leuze
ODS110L1.3/LCT-M12 (Puc.3.30, (4)) 3 nianazonom BumiproBanHs a0 0,1...5,0 M,
posnuibHOO 3xaTtHicTIO 1,0...5, 0 MM, cTpymom xonoctoro xomay ~60 MA Ta
aHajoroBuM BuxozioM 4...20 mA. KoHTpoJib TUCKY 3A1MCHIOBaBCS JaTYMKOM THUCKY
Kobold SEN96010B045 (Puc.3.30, (5)) 3 mianmazonom BumiproBanHs 0...2,5 bar,
TOYHICTIO BuUMIiptoBaHHs <+0,5 % Big MOBHOI IIKaJU Ta aHAJIOTOBUM BHUXOJIOM
4...20 mA; gaT4MK BCTAaHOBIIOETHCA B pi3bOOBe 3'enHanHs (S5h) KoHTypy
poskputts (1-2). Tak sk BaxIMBOIWO € OfHOYAacHa (ikcariss JIBOX 3a3HAYCHUX
napaMeTpiB MPOIECy B €AUHIA CUCTEeMI KOOpPAWHAT, AJI 1HTEpHpeTalii BUXITHUX
CUTHAJIIB MEPBUHHUX MPUJIAAIB (JATYMKIB) BUKOPUCTAIM OaraTodyHKIIOHATBHUI
nBokaHaiapHUM BuMiptoBad OBen TPM200 (Puc.3.30, (6)). Ilpunan mo3Bossie
BUMIPSTH, BI3yalTi3yBaTu Ta 0OpoOUTH JaHl (PI3UYHUX TapaMeTpiB, 3HAUYCHHS SIKUX
HAJXOJSTh BiJl IEPBUHHUX MEPETBOPIOBAUIB (JATYHMKIB) Y BUTIIAI YHI(IKOBAHOTO
CUTHAJy TOCTIHHOrO CTpyMy abo Hampyru. Yac ONUTYBaHHS 3a BXIJIHUMH

CUTHaJlaMu — Tpoxu Oinmeine 1 c., tunm iHTepdericy RS-485, tunm mporokory
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nepenaui Modbus RTU, Modbus ASCII. Ilpu BXigHOMY CHTHadl y BHIJISIAL
yHI(IKOBaHUX CUTHAJIIB MOCTIHHOTO cTpyMy 4...20 mA BiJ AaTYUKIB BiACTaHI Ta
THCKY MeEXa OCHOBHOI HaBeJeHOI MOXMOKW mpuiaaay craHoBuTh +0,5 % mnpu
3Ha4YeHH1 OAuHHIN Mojoamoro pospsaxy 0,1 % Ta pgiamazoH BHUMIPIOBaHb
0...100 %. Kpim BracHe BumiptoBaya Osen TPM200 (6), mo ckiamy
BUMIpIOBaIbHOI yacTHU (3) Bxonarh Osiok kuBjaeHHs OBen BI160b-/14 (7) Ta
ananoro-nudposuii neperBoproBau OBen AC 4 RS-485 (8). ns Bizyamizartii
nmapaMeTpiB mpoliecy Ta iXHboi1 rpadiyHoi iHTepHnpeTarlii BukopructoByBascs 11K 3
[13 Owen Manager (14).

JIJ1st CTBOpEHHS HAJUIMILIKOBOTO THCKY B MPOLEC] PO3SKPUTTS Y MHEBMATHYHIM
yacTUHI CcTeHAy (2) Moxe OyTH BHUKOPHCTAHHMM CTaHAAPTHUN KOMIIpECop 3
pecuBepoMm Metabo Basic 250-24, mtaTHi Opwiaid 3aXUCTy Ta KOHTPOJIO SIKOTO
JTO3BOJISIIOTH 3a0€3MEUUTH JOCTATHI MapaMeTpu KIHETUKU TMPOIECY PO3KPUTTS Ta
Horo 6e3mneku Ha cTajli 1abopaTOpHO-BIANPAIILOBAHUX BUIPOOYBAHbD.

VY nporeci opMonepeTBOPEHHS T0BXKHHA OaraTocekiiitHoi ooomonku KI1O
Mae 30utbmuTUCh Y Kr=10 pa3iB; gaHa mpomopilisi TOTPUMYEThCS NI BUOpaHUX
CTPYKTYpPHHUX €JEMEHTIB (CEKI[1i) HE3aJIe)KHO BIJl KUIBKOCTI B KOHCTPYKIII.
OdeBuHO, IO MICHS 3aBepIleHHs Tpoiiecy po3kpuTTs noBxkuHa KIIO moBuHHA
301MbIUTHCh HA BeauuuHy L-l, me L,[M] — 10BXHHA KOHCTPYKIIT y PO3KPUTOMY
cradi, |,[M] — mOBkHMHA KOHCTPYKII1 y BUXIJIHOMY KOMIIAaKTHOMY cTaHi. Ha ctenmi
natuuk Bijcrai (Puc.3.30, (4)) BcTaHOBIMIOETHCS CHiBBICHO 3 Biccto cumeTpii KITO
Ha BUCOTI HaJ 1l 3aMHUKaJIbHOIO TUIACKOIO AUISIHKOIO, 110 JopiBHIOE (L-1) + 1, ne n -
ciina 30Ha OOpaHOro AaTdyuviKa, TOOTO. MiHIMajlbHA BIACTaHb, Ky BIH MOXE
BUMIpATH. BuMmipioBaiibHa BICh JaT4MKa MOKe OyTH 3MillIEHa MapajeiabHO OCl
cumetpii KI1O B Mexax Miockoi MOBEpXHI 3aMUKAI0YOro ejieMeHTa (JIeHIIEe), 11100
CTpOro MO OcCi (B T€OMETpUYHOMY IEHTPI NIEHII) OyB 3aKpiIUICHUN TpOC IS
3HEBa)KYBaHHS KOHCTPYKITi. BianmoBigHo, Tpoc (iKCyeThes HA cucTeMi OJIOKIB Ha
MPOTHO30BAaHOI0 BEpXHBOK TOukKo po3kputToi KIIO Tak, mo6 BiH OyB
T€OMETPUYHUM TIPOJOBKEHHSM ii OCi CHMETpii, a Ha BUIBHHI KIHEIb TpOCa

KPIMUTHCSA BaHTAX, €KBIBAJICHTHHUI BJIACHOT MacH KOHCTPYKIIIi, IIT0 PO3KPUBAETHCS.
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Jami, micis KoMyTallii Ta mAKITIOYeHHS BCIX YaCTHH CTEHAY, MPOoIeaypa
PO3KPHUTTSA 1HIIIIOETHCS BiJCIKa4eM IMOTOKY Mojae KaHaimy kommpecopa. Ha Puc.
3.31,6 npencraBieHi CHHXpOHHI rpadiku 3HmkeHHS Beauumuua L-lI (L,[m]) npu
OJTHOYACHOMY 3pPOCTaHHI1 BHYTPIIIHBOTO THCKY (DOPMOIIEPETBOPEHHS Y BHYTPIIIHIMA
nopoxuuHl KIIO (P,[kIla]) na mpuknaai 11-cekmiiiHoro makera KOHCTPYKIIT
(Puc.3.31,a). Marouu HeoOX1IHI KpUTEpii MOI0HOCTI, TAaHUK MaKET Ma€ JIOCTATHIO
KUTBKICTh CEKIIiHl st GopMyBaHHS YSABICHb PO MOBEAIHKY MOBHOpo3MipHOi KI1O

Ta JJIsl IoTNepeIHbOI Bepudikallii po3paxyHKOBHUX JaHUX BJIIACHOI YaCTOTH.

AL

Puc.3.31 Cranii po3kputts 11-cekmiiinoro makera KIIO (a) Ta cunxponHi

rpadiku JOBXHHHA KOHCTPYKIIIi Ta BHYTPIITHHOTO THCKY B MpoIieci po3KpUTTs (0)

Sx BuaHO 3 rpadika, TOBXKUHA MPOCKTHOI BUCOTH KOHCTPYKIIi Ha cTamii
CKHUJIaHHS BHYTPIIIHBOTO THUCKY 3HIDKYEThCS Ha BenmnmuuHy AL depe3 oOOpoTHI
NpYXKHI AegopMaliii TOHKOCTIHHOI CKJIaq4acToi 000MOHKH. 3 i€l TPUYUHH, TOYHA
bikcariss  KIHETUKM  TPOIECY  PO3KPUTTS Ta  MaKCUMAJIbHOTO  THUCKY
dbopmoniepeTBOpeHHsI Pmax MOXXe JocsAraTucsl TUIBKK IUISIXOM TOCHi0BHOTO
CKCTICPUMEHTY 31 CTYIMHYACTUM 301JIBIIICHHSM Ta CKUAAHHSAM BEIUIUHU P;.

JloaTkoBO, OTpHMaHI1 NUIIXOM YHCEIBHOTO EKCIIEPUMEHTY TapameTpu
XapaKTEePHUX MOCIHIIIOBHUX CTaaiil po3kputts 11-cekuiiinoro makery KIIO:

MaxkcumanbHUN TUCK PO3KPUTTSL:

1 cramig - 49.6 klla, 2 cramis - 58.1kI1a, 3 cramis 64.7 xIla u 4 cramgis 64.1 klla.

Bucora micnst 3HATTS TUCKY:

1 cramis - 82,7 cm, 2 ctamis - 83 cMm, 3 ctamig 85,5 cMm u 4 ctamis 85,9 cM.

ITepma (6a30Ba) BiIacHa 4acTOTa KOJIMBAHb:
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1 cramist - 32.191'ny, 2 cramist - 32.271'1, 3 crangis - 32.96I'u u 4 cramis - 32.171°0.
BusHaueHHsT KiHETUKHM MpoOLECy PO3KpHUTTA moBHOpo3mipHoi KIIO 3 37

CEKIII 3 ypaXyBaHHSAM OTpUMaHUX JaHuX 3BopoTHOI pedopmarii AL (Puc.3.31,6),

PO3TIIIHYTO y HACTYITHOMY MIAPO3/LIi 3 OTJISAAY Ha Crenu(piKy eKCIIEPUMEHTY, 1110

BKJIIOUAE TapajiebHl MOJaIbH1 JOCTIPKCHHS Ha TOCTITOBHUX CTaisX.
3.2.2 JluHaMi4yHi JOCJIiIKEeHHS BJACHUX YacTOoT KoJuBanb KI1O

OTpuMaHHS TOBHOPO3MIPHOTO  MAacCHITA0HOTO  MaKeTy  KOHCTPYKIIi
JO3BOJIMJIO  TEPEUTH 10  EKCIIEPUMEHTAJIbHO-PO3PAaXyHKOBOIO  BH3HAUYEHHS
wopcTkicHux xapakrepuctuk KIIO. MopgansHi BUNpoOyBaHHS Ta aHaii3
BUKOPUCTOBYIOTHCS Y pOOOTI /111 BU3HAUEHHS BJIACHOI YaCTOTH Ta JOPMHU BJIACHUX
KOJIMBaHb. Bumipsni mapamerpu 30y/UKeHHS Ta BIATYKY (a0o JuIie BIATYKY)
BUKOPUCTOBYIOTBCS B MOJQJIbHOMY aHali3l, MOTIM HPOBOAUTHCS JIWHAMIYHUN
aHaJi3 CUTHAIIB Ta i7eHTU]IKAIlsA MOJATBLHUX TTapaMeTpiB.

Hani, mogyns «MojanbHe BUIIPOOYBaHHS» Y 3aCTOCOBAHOMY MPOTPaMHOMY
sabesneuenni (I13) Dewesoft® [81] BukopucTano mpu aHaisi IepeTBOPIOBAHOI
KOHCTPYKINi JIJI1 BUMIPIOBAHHS TepeAaBaibHOi GYHKIT (aMIUiTyau Ta ¢aszu) y
BAKJIMBOMY 3 TOUKH 30py OLIHKH >kopcTKocTl KITO niama3oni 4acTor.

[Ticns ctBopenns mabnony KIIO y BOymoBanomy B Moayib «MopjanbHe
BUNpoOyBaHHs» penaktopi reomerpii (Puc. 3.36, 7) O6yno oOpaHO XapakTepHi
TOYKM 30ymkeHHs Ta BIATYKY (Puc3.36, 7), 1 Ha TOukH 30yKEHHS OYyJ10 31HCHEHO
ynapHuii BIUB MoaaibHuM MoOoTKOM (Dytran 5800B3T S/N 9520). B pexumi
aHayi3y 4acCTOTHOTO J1ana3oHy B TOYKAaxX BIATYKY (PIKCYIOThbCS mapamMerpu ¢as3u i
aMIUTITYIM KOJMBaHb. DYHKIIS KOT€PEHTHOCTI MOKa3y€e PIBEHb JIIHIMHOIO 3B'A3KY
AK MIpy HOro SKOCTI MIX JBOMa CHUTHaJaMHu 3ajJeXHO BiJl 4acToTh. BonHa
BU3HAYAETHCS JBOMA aBTokopessiuiiHuMu crektpaMu (Gaa, Gpg) Ta B3aeMHUM

crektpoM (Cag):

2 _ Gap(f)?
r"() Gaa(f)Gee(f)
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Ha xo’HIil 4acTOTI KOTEPEHTHICTh MOXHA MPUIHATH 32 3MIHHUNA MapaMeTp
(y kBajapari), SIKHH BHpa)ka€ CTYIiHb JIHIHHOTO 3B'A3KYy MIX JBOMa 3MIHHHUMHU.
3HaueHHS! KOTEPEHTHOCTI BapIIOETHCS Bl HYJA A0 oguHuLl. Hynb o3Hauae noBHy
BIJICYTHICTB 3B'SI3Ky MiXK BX0ZIOM (A) Ta BHXOJIOM, a OJMHUIIS 03Ha4a€e abCOIFOTHO
JHIMHY 3aJI€XKHICTD:

0<y*(H<1

[actpyment «Mopanshe kono» y I13 3abesneuye OUIbII BUCOKY TOUYHICTH
JacTOTH Ta KoedimieHta aemndysanHsa. g OUIBII JgeTalbHOrO aHajizy AaHl
MOXYTh OyTHM €KCHOpPTOBaHI J0 JAEKUIbKOX (opmatiB (aiiniB. s BU3HAUYECHHA
HeOa)XKaHUX PE30HAHCHUX SIBHIL B JOCTIIKYBaHI BHUKOPHUCTOBYIOTHCS INEpENaTHI
¢yskmii. Jliana3oH 4acToT, B SIKOMY HalpyXEHHs MaTepialy 3aHajTo BEJHKE,
MOBUHEH OYTH BUKIIOYEHUN, HAMNPUKIAJ, IUISIXOM BKa31BKU Ha OOMEXEHHS
poboyoro fiana3ony. BigHomieHHs BIATYKY 10 30y/PKEHHS y 3araJilbHOMY BUTJISI

MpECTaBIISAE TTepeaTHy QYHKIIIIO

Y(f)
H) =35

MO0 y uYacoBiii oOmacti omucyetbest gk X(t)—h(t)—y(t)=h(t)xx(t), micius
nepetBopeHs Jlamnaca (B yactotHiit oomacti): X(f)—H(F)— Y (H)=H(H)xX(f).

Jlnst 0OpoOKHM TaHUX MPU NEPETBOPEHHI 3 YACOBO1 00JaCTi (BXOAM 1 BUXOIU
€ (QyHKIIAMH dYacy) 10 YacTOTHOI oOyacti (BXOAW 1 BUXOAM € (PYHKIISAMHU
KOMILUIEKCHOI KyTOBOI YaCTOTH) 3aCTOCOBaHa cxema 13 mepeTBopeHHsmu Jlamnaca
(Puc.3.32). BpaxoByrouu npocTtuii mMaTeMaTW4yHUil a00 (YHKI[IOHAIBLHUNA OMHUC
BX0Jly a00 BUXOJly CUCTEeMH, MepeTBopeHHs Jlarnaca 3abe3nedye aapTepHATUBHUN
(GyHKUIOHATBHUN ONUC, SKUM YacTO CHPOUIY€E MPOILEC aHali3y MPOBEICHHS

cUCTeMHU 200 CHHTE3Y HOBOI CUCTEMH Ha OCHOBI Habopy crerudikaliii.
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JacoBa 0071acTh

x(t) —> hit) > y(t) = h(t)*x(t)

| f

nepeTBOopeHHs Jlaraca HEPEIROpEtny
Jlammnaca
X(s) | His) - Y(s) = H(s)*X(s)

JacTOTHA 001acTh

Puc. 3.32 Cxema 06po6ku nanux y I13 DewesoftX mpu mepeTBopeHHi 3 4acoBO1

00J1acT1 10 YacTOTHOI 00J1acTI.

[licns mepeTBOopeHb Ha BHUXOJl OTPUMYETHCS AMILIITYJHO-4aCTOTHA

xapakrtepuctika (AUYX) (Puc.3.33).

| Jac

qJacToTa
b(t)
¥ Alf) g m B(f)

3rOpTKa MHOKEHHS

b(t) = Jh(M) - a(t-MdN = h(t) - a(t) B(f) = H(f) - A(f)

Puc. 3.33 Cxema nepeTBOpeHHs BX1JHOIO CUTHay (30y>KEHHsI) B 4aCTOTY

[Tepenarna dynkuis H(f) B wacToTHii 067acTi 1 IMIyJIbCHA XapaKTEPUCTUKA
h(t) B yacoBiit 00;1aCTI BUKOPUCTOBYBAIUCH JJIsI OMUCY CIIBBITHOIIECHHS BXI1JTHOTO
1 BUXIIHOTO CUTHAJIB («IIS-BIATYK») JAOCTIIHPKYBAHOI CUCTEMHU, Ae curHaimm a(t) 1
b(t) sBIAIOTH COO0OI0 BXIJHMM 1 BUXITHUNM curHaU. CucTeMa € 1HBapiaHTHOIO B
yaci, AUX 1 iMIlyJibcHa XapaKTEPUCTUKHU € TaK 3BaHUMH JECKPUIITOPAMHU CUCTEMHU

Ta HE 3aJIEKATh BiJ OJAHUX HA BX1J CUTHAIIB.
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Ominka  amIUIITyIHO-4aCTOTHOT  XapakTEpPUCTUKU  3aJEKUTh  BIJ
NEPETBOPEHHS JaHWX 3 4YacoBOi oOmacTi B 4acTOTHY. i IHMX pO3paxyHKiB
BUKOPHUCTOBYETHCS QJITOPUTM MIBUAKOro mepeTrBopeHHs Dyp’e (LLUIID), saxuit
0a30BaHMII HA OOMEKEHOMY IepioJil Yacy. AMILTITYJTHO-4YaCTOTHI XapaKTEPUCTHUKU
MIXOSITh HACTYITHUM CITIBBIHOIICHHSAM JJISl OJTHOTO Ta KIJILKOX BXOJIIB.

CriBBIJIHOIIEHHS JJI1 OTHOTO BXOJY:

Xp=HpqxFq
Xp — CHEeKTp BHUXIIHOro curHainy, Fq — cnektp BuxigHoro curHamy, Hpq —
aMIUTITYTHO-4aCTOTHA XapaKTePUCTUKA
CHiBBIIHOIIIEHHS 11 KIJIBKOX BXOIIB:

X Hy . . . . . .. qu] [Fl
.X: iH:] . ‘ F3

Bl s 1580 0 Bk [Fil

o

VY mnpoBeneHOMY €KCIIEpUMEHTI BHUKOPUCTOBYBABCS BapiaHT ISl KUIBKOX
BUXO/IB. SIK 3a3Hayanocs BHILE, HA CTBOPEHIM NeOMETpHYHIA MOZENI JOCIHIIHOI
KOHCTPYKIIi OyJ0 MPUCBOEHO TOYHI MO3MULII PO3TAIIYBAHHS AaKCEIEPOMETPIB
(BuxonmiB), Ta gami BruacHe KIIO Oyno cCHOpsIPKEHO BHCOKOYYTIMBUMHU
aKcelepoMeTpaMu 3riAHO MPUCBOEHMX iM ocaM BumiproBanHd. Ha Puc.3.33 ue
onuH 30ymuuk (Excitation) (momanpHHiT MosoTok (Impact Hammer)) 3
MOKJIMBICTIO (hikcarii cunu 30ymxeHHs B (H) Ta qBa akcenepomerpu BIATYKY, K1
(GIKCYIOTh aMIUTITYZy Ta YaCTOTY KOJIMBAaHb ISl 3aaHO1 OCI.

[TouaTkoBO  MpOBOAMIIACATHCS  TEpPEBIpKa  OTPUMAaHHS  TapaMeTpiB
30y/DKCHHSI, 3a/1aHHSI YMOB pearyBaHHs 1 OTPHMaHHS JaHWX, a TaKOXX YCYHEHHS
MOABIMHOTO 30yMKCHHS, K€ MOXJIMBE 13 32 3BOPOTHOTO yAapy KOHCTPYKIIi 00
MomanbHMii  MooTOK. Dikcarlis MOABIWHOTO 30y KEHHS HEoOXigHa IS
BUKJIIOUCHHS TOXMOOK B KacKajl OTPUMaHUX pPe3ybTaTiB. AHAJIOTIYHO
MPOBOJIMIIACS TIEpEBIpKa 1 HAIAIITYBAaHHS MapaMeTpiB BIATYKY JJIS KOHIIEHTpaIlii

Ha 9acTOTI HEOOXI1THOTO Jiana3oHy.
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Reject last

Reset group

WA A A
PCHMNMY

Puc.3.34 3aranpHuil iHTEpPEiic HATAIITOBAHOTO EKCIIEPUMEHTY

Tak, Ha Puc.3.34 no3HaueHo oTpuMaHe TOYHE 3HAYEHHS YACTOTH B PEKUMI
peansHoro 4acy (1), rpadik cuiu 30yaKeHHS MOJAJIbHUM MOJOTKOM (Dytran
5800B3T) (2), wacrota yaapnoro mosiotka (Dytran 5800B3T; - rpadik ¢ikcarii
npuckopenHs (Bice y, m/c?) Ta wacy (Bick X, m/c?) (3), rpadik uacToTH 3a
nepeTBopeHHsIM Dyp’e (4), niHiHUN Tpadik yacToTu 3a nepeTBopeHHsIM Dype (5),
gorapudMiuHui Tpadik dYactoTu 3a mneperBopeHHsM Dyp’e (6), crmpoieHa
Bi3yallbHa MOJIEJIb JOCHIMHOTO 3pa3ka (7) Ta maHedb KEpyBaHHS IIPOLIECOM
CKCTIICpUMEHTY (YHMCIIOBE 3HAYCHHS BIAMOBITae HOMepY yaapy 30ymkeHHs (8)).

bararopazoBe 30ymxenHs nociimkyBanoi KIIO BmimuBoM MoJambHOTO
MOJIOTKa 13 3MIHHOK IHTEHCUBHICTIO TMPUKIAJACHOTO IMIYJIbCY J103BOJIUIIO
30UTBIIUTH BUOIPKY OTpUMaHUX JaHUX. B pe3ynbrari oChiKeHb 0yJ0 OTpUMAaHO
3HAUEHHA I aMIUNTYAd Ta YaCTOTH KOJHMBAHb KOHCTPYKII MPH XapaKTePHUX
dbopmax MeMOpaHHUX Ta MAaSTHUKOBUX KOJIMBaHb, 1110 BIJAMOBIIHI [0
KOOpPJIMHATHUX Bice Z Ta X,y. MakcuManbHI OTPUMAaHHI 3HAYCHHS aMIUTITYIU
IPUCKOPEHHS JTOPiBHIOKOTE 18,2...-22,4(m/c?), mepma (6a30Ba) 4acTOTa KOJNMBaHb
KIIO ckmana 34 Ty (Puc.3.35), mo y HOpIBHSHHI 3 Pe3yJIbTaTOM YHCEIBHOTO

excriepuMenTy Ha 4 cramii po3kputts (32.17 I'm) aemMoHCTpye pPO3OIKHICTH
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pesynbraty ~6% Ta HE TEPEeBHUIIy€ HABEACHOI MOXMOKH BUKOPHUCTAHUX CHUCTEM

YUCEIBHOIO Ta EKCIEPUMEHTAIIBHO-PO3PAXYHKOBOTO aHAMI3Y.

Puc. 3.35 BnacHi 4acTOTH KOJMBaHb MAaKETHOIO 3pa3ka KOHCTPYKIIi HA YETBEPTIi
ctaaii po3kputTs (tuck 0,6 at™M); a — MeMOpaHH1 KOJIMBaHHS; 6 — MasSTHHKOBI

KOJIMBaHHS; - Tpaik 4acTOTH 3a nepeTBopeHHsM Dyp’e

Jlani HaBeAeHO BUKOHAHUW EKCIEPUMEHTATBHO-PO3PAXYHKOBUM METOJIOM
JTUHAMIYHUN aHalli3 BJIACHUX YacCTOT KOJWBaHb 37-CEKIINHOT KOHCTPYKINi (IUB.
Puc.3.36) y mNOpiBHSHHI 3 pe3yJbTaTaMH YHCEIBHOIO MOJAJBHOIO aHajizy.
OO0’eKTUBHI EKCIMEPUMEHTANIbHI JaHl I XapakTepHux (popMm konmBaHb 37-

CEKIIIIHOT KOHCTPYKIIi HaBeneHi Ha Puc.3.38-3.41.
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AosxuHa U,
H, [m]

P=0kPa P = 30 kPa P =40 kPa P =45 kPa P= 30 kPa P=0kPa
H=0295m H=0558m H=10M9m H=1685m H=2613m H=3018m
f=139H: f=1.49 H: f=2.05 Hz

3

=
:
-

£ .

Puc.3.36. Xapaktepsi cranii po3kputts KI1O goxkuHo0 3 M, OTpUMaH1 METOJIOM

YUCENIbHOTO MOJICNIIOBAHHSI, Ta pe3yJbTarT iX Bepudikallii NUISIXOM HATYpPHOTO

EKCIIEPUMEHTY 3 PO3KPUTTS (3HU3Y)
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AHANOTIYHO 13 aJNrOpUTMOM BHUMIpPIOBaHb 11-CeKIiitHOI KOHCTPYKIIT
(m.3.2.1), Ha eKCIepUMEHTAIBbHUX CTEHAaX OyJI0 BHUKOHAHO PETEIbHUN BUMIp
BU3HAYAJBHUX MapaMeTpiB KOHCTPYKIII — CTYNEHIO, TUCKY PO3KPUTTS Ta 0a30BUX
YaCTOT BJIACHUX KOJIMBaHb HAa KOKHIM 13 XapaKTepHUX CTajiid mporecy (3a Puc.

3.36).

\/ N

Puc.3.37 Cunxponni rpadikud 3MIHU JTOBXKUHH 37-CEKIIHHOI KOHCTPYKII Ta

BHYTPIIIHBOI'O TUCKY B MPOIIECI PO3KPUTTS HA 3aBEPIIAJIbHIN CTali poLecy

Reject tast

Reset group  Stop averaging or

Puc.3.38 Pe3ynpTati €KCNEPUMEHTAIBLHOTO JOCHIIKEHHS YacTOT BJIACHUX
konmuBanb KIIO nmns mastHukoBOi (a) Ta mMemOpanHoi (0) Gopmu KoivMBaHb Ha
3aBepIIaJIbHIN CTall IPOLECY PO3KPUTTS
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Cragis 1 (KIIO B komMmnakTHOMY CTaHi 0€3 HAJJIMIIIKOBOTO TUCKY PO3KPUTTS)

Puc 3.39 Yactotrna xapaktepuctuka KIIO Ha mepiuiéi ctamii po3KpUTTS,
HABAHTAKEHHS MPUKIIAJIEHI [0 HOPMaJll BIIHOCHO BICI KOHCTPYKUII (30yIKE€HHS
MasTHUKOBUX KoJiuBaHb). [1o oci abcuuc 300paxeHo yac (Mc), MO OCl OpJUHAT

300pakeHo IPUCKOPEHH (M/c?).

Puc 3.40 YactotrHa xapaktepuctuka KIIO Ha mepuiii ctaaii po3KpUTTS,
HABAHTAKECHHSA TMPUKIAJEHI MO OCl KOHCTPYKIi (30y/>KeHHS MeMOpaHHUX
konuBaHb). [1o oci abcuuc 300paxkeHo yac (Mc), MO OCl OpJIMHAT - MPUCKOPEHHS

(m/c?).
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Cragis 2 Cragis 3 Cragis 4 Cragja 5

a ’ = r : =
6--“--
B-e -

Puc. 3.41 Pe3ynbpTaTu €KCEPUMEHTAIBLHOTO JOCTIIKEHHS 4acTOT BJIACHUX

K
3

koimuBanb KIIO nns mastauxoBoi (0,1,5,1) Ta MemOpanHoi (B,e,3,0) (opmu

KOJIMBaHb Ta BHYTPIIIHBOI'O TUCKY (a,T,€,1)

HaBeneni  pe3ynpTaTd  JUHAMIYHHUX  JOCHIIKEHb  YKOPCTKICHUX
XapaKTEepPUCTUK  TIEPETBOPIOBAHOI ~ KOHCTPYKIII Ta iX CHIBCTAaBJICHHS 3
pe3yapTaTaMi YUCENBHOTO E€KCIEPUMEHTY J03BOJIIOTH 3pOOMTH BUCHOBOK PO
MOXJIMUBICTh ~TOYHOTO BIATBOPEHHS HEOOXIAHOTO 3HA4YeHHS KoedillleHTa
tpanchopmariii KI1O Ta i mpocTOpoBOi KOPCTKOCTI HICHS 3aBEPILICHHS MPOIECY
PO3KPUTTSA 3 YypaxyBaHHSAM 3HIDKCHHS IIUX TIApaMeTpiB TpH  YCYHEHHI

HAJUTUIIIKOBOTO TUCKY (hOpMOTIepeTBOPEHHS.

BucHoBku

1. HocmimkeHHss KIHETUKHA TMporiecy po3kputTTa Oararocekiiitnoi KIIO
JTIO3BOJIMJIO BUKOHATH BepHUQIKAII0 OTPUMAHUX PO3PAXYHKOBHUX PE3YJbTATiB,
NIATBEPAUTH  MPALE3IaTHICTh  PO3POOJICHMX KOHCTPYKTUBHUX  pIIIEHb Ta
BIJIMOBITHICTh periiaMeHTOBaHuX BuxigHux rnapamerpiB KIIO no 3aganux ymoB.

2. Y JDOBroMipHIA KOHCTPYKIII MEPIOAMYHOTO MPOQIII0 MPU PO3KPUTTI 3
pPO3paxyHKOBUM 3HAUEHHSIM THUCKY Y BHYTpilIHIA mnopoxkHuHi (~60 klla) He
CIIOCTEPIranocs BUKPUBJICHh PyXOMOI MOBEPXHI 13 JIOKAJTILHOIO BTPATOKO CTIMKOCTI

Ta BIAXWIEHb BiJ OCi CMMeETpii Ha KyTH, IO INEpPeBUINYIOTh 1. ExcrepumeHt
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HIATBEPIUB TEOPETUYHI MEPEIyMOBU IIOAO CHHXPOHHOCTI PO3KPUTTS KIJIBIIEBUX

ropiB piBHUX AiaMeTPiB B IOCIIJIOBHOCTI BiJi HaWOUIBIIOTO A0 HAWMEHIIOTO

OJTHOYACHO [IJIi BCIX CEKIId. 3a3HaueHUl aJrOpUTM PO3KPUTTS 3abe3neuye

crifikicte  KIIO Ha mOpOMDKHUX CTaaiiX pO3KPUTTS, MO Mipi IMOCTYIOBOTO

3pOCTaHHS YKOPCTKOCTI PO3KPUBHOT OOOJIOHKH.

3. PesynbpTaTi JUHAMIYHUX MOJAILHUX JOCHIKEHB Ta X MOPIBHSHHS 3

pe3yabTaTaMi YUCENBHOTO E€KCHEPHUMEHTY J03BOJIIOTH 3pOOUMTH BUCHOBOK PO

MOJKJIMBICTh TOYHOTO IIPOIrHO3YBAHHA CHiBBiI[HOHIGHHSI CTYIICHIO PO3KPHUTTA Ta

npoctopoBoi xopctkocTi KIIO Ha 3akmrouniit cramii gopmornepeTBOpeHHs Ta y

KIHIIEBOMY (pOOOYOMY) CTaHi.

1)

2)

3arajibHi BUCHOBKH

PoGota momaeTrbcs SAK CYKYIHICTh HOBHX HAyKOBUX PE3YJIbTaTIB,
CIPSIMOBaHUX Ha PIIIEHHS aKTyaJbHOTO HAyKOBO-TEXHIYHOTO 3aBIaHHS, IO
MOJIATa€ Y CTBOPEHHI JOBTOMIPHOI 3BapHOi KOHCTPYKIi MEPETBOPIOBAHOIO
00’e€My KOCMIYHOTO Mpu3Ha4YeHHS. Po3po0jeHl TEeXHOJOTiYHI MPOIEeCcH Ta
oOamHaHHs IS 1X peanizaili 3a0e3neuyloTh HEO0OXiJHI T€OMETpUYHI
napamMeTpu 1 HECHY 3JaTHICTh Y CYKYIHOCTI 3 BHCOKOIO MIIHICTIO Ta
BaKyyMHOIO INUIBHICTIO 3BapHUX 3’€HaHb. Ha OCHOBI JaHMX YHUCETHHOTO
MOJICTIIOBaHHSI ~ Tporiecy  (OpMOTIEPETBOPEHHS, aHali3y HampyKeHO-
nedopmoBanux craniB KIIO Ta Bepudikamii oTpumMaHuX pe3yiabTaTiB B
HAaTypHOMY €KCIEPUMEHTI BU3HAYEHO OINTHUMAaJIbHI T€OMETPUYHI MapameTpu
JIOBFOMIpPHO1 TEPETBOPIOBAHOI KOHCTPYKIIii, IO JO03BOJSIOTH JOCATTH i
HAWTINIUX ~ Maco-TabapuTHUX TapaMmeTpiB s 3aJaHUX  TOJIOBHUX
(yHKL10HAJIBHUX BIACTUBOCTEN Ta HECHOT 3JJaTHOCTI.

MonentoBaHHS HaNPyKEeHO-Ae(POPMOBAHUX CTAHIB HA MPUKJIIAJI BaplaTUBHUX
Mojiesieil 0araToCceKiMHUX KOHIYHUX OOOJIOHOK 3 KOHCTPYKLIMHUX METalliB
JO3BOJIMJIO  OTPUMAaTH  BHCHOBOK MPO  ONTHUMAJIBHICTh  Jlalla30Hy
CHIBBITHOILIEHb NPYKHO-TUTACTUYHUX BJIACTUBOCTEN ayCTEHITHOI

Hepkasitouoi crani AISI 321 y sikocti marepiany oOOJOHKM KOHCTPYKIT 3
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HACTYMHUMHU (DI3UKO-MEXaHIYHUMH XapaKTEPUCTUKAMU: MEXKa IJIMHHOCTI oy
= 309 MIla, tTumyacoBuii omip po3puBy oz = 715 MIla; o/ o = 0,43,
BIJIHOCHE BUJOBXKEHHS Tpu po3Tary £€=60,2 %, momyns npyxHocTi E=229

I'lIa.

3) Po3pobiieHa TEXHOJIOTiSI IMITYJIbCHOI'O MIKPOILJIa3MOBOTO  3BapIOBaHHS

4)

5)

6)

3a0e3neuye MpPaKTUYHY PIBHOMIIHICTH 3BApPHOTO 3’€JHAHHS 1 OCHOBHOTO
metany (ctans AISI 321 ToBmmuo 0,3 MM, moronHa eHepris Q; = 36,5
JIx/MM, gactoTa immysbcHOro ctpymy F-P = 200 I'nm, BimHOIIEHHS Yacy
IMITyJTIbCY CTpyMy 10 TpuBasmocTi mukiy 0,5), Ta rapaHTye BaKyyMHY
HIUTBHICT OOOJIOHKM micis aeopMauiid npu (opmyBaHHI TO(PpOBaHUX
JTUCKIB 1 PO3KPUTTI OOOJIOHKH.

MeTo070ris1 KOHTPOJIIO SKOCTI 3BapHUX 3’ €AHAHb HA OCHOBI BUKOPUCTAHHS
BuxpoctpymoBoro aedekrockony NORTEC 600 B mporeci 3BaproBaHHS
HajJaja MOXJIMBICTh BHU3HAYaTH Ta BHIIPABISATA BI3yaJlbHO MPUXOBaH1
nedektn  0e3 MOBTOPHUX  CKJIAJIaJbHO-3BAPIOBAIBHMX  OMepauii 1
rapaHTyBaTd iX BIJACYTHICTh Ha (iHaIbHIA CTajli BUTOTOBJICHHA Ta
PO3KPUTTS KOHCTPYKIIIi

BusnaueHi Ta NpakTUYHO MIATBEPKEHI MapaMeTpu Npoduro pyxomoi
MOBEpPXHI OOOJOHKH, IO TapaHTYIOTh BIJACYTHICTh JIOKaJIbHOI BTpaTH
CTIAKOCTI B mpoueci (GOpMOYTBOPEHHS TOPPOBAHOTO JMCKAa 13 KOHIYHOI
obononku 1 moganbimoro po3kpurts KIIO. [loBeneno, mo 3abe3rneueHHS
ctajoro mpoiecy gopmoytBopeHHs 1 po3kputta KIIO moxiuBo 3a ymMOB
JOTPUMAHHS CITIBBITHOIIICHHS TOBIIMHUA OOOJOHKH O J0 KPOKY D KijblieBOi
3rOpTKH roppoBaHOTO TUCKY y miama3oHi 260 < b <296 .

Bcranosiieno, mo 6a3oBa yactora BiracHMX KoamBaHb KIIO 3MiHIOETBCS B
npoiieci il pO3KPUTTS, TTOCTYIIOBO 301IBIIYIOUUCH 13 3POCTAHHSM JIOBKUHU
KOHCTpyKIii. JloBemeHo, mo 6a3oBa yacToTa BiacHuX KoiuBanb KIIO B
GbiHanpHIA CTaAll PO3KPUTTSA BIANOBIAAE PETJIAMEHTOBAHOMY 3HAYEHHIO
outbmie 2 I'm, MmO ycyBae BipOTITHICTh BUHUKHEHHS PE30HAHCHHUX YacTOT

konuBanb KI1O B ekcrutyaTtaniinux ymoBax. [ToxuOka Mix po3paxyHKOBUMU
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7)

JAHUMU 4acTOTH BiacHUX KonuBaHb KITO Ha OCHOBI 3aCTOCYBaHHS CUCTEMU
CKIHUEHHO-CJICMCHTHOTO aHaJ3y 1 EKCIIePUMEHTAIBPHUMHU JTaHUMHU CKJIajia
6%.

MeTomamMu  MaTeMaTHYHOTO  MOJEIIOBAHHS 1  EKCIIEPUMEHTAILHUMU
JTOCIIDKCHHAMHA ~ JOBEACHO, IO  HaIpPYy>KCHO-AcOPMOBAHHMHA  CTaH
noBromipHoi 3sapHoi KITO BiamoBijae periiaMeHTOBaHMM BUMOTaM 3a YMOBH
3aJIaHOTO KOPHUCHOTO HABAHTAKCHHS, PIBEHh MAKCHMAJIBHUX €KBIBAJICHTHHUX
HaIpy>KeHb B KOHCTPYKIIii HEe mepeBHINye gomyctumoro 3HaueHHs 200 Ml a,
a IpY iHEpUiMHOMY HaBaHTaXEHHI mpuckopeHHam 9,8 m/cex? KIIO ne

BTpayae CTIMKOCTI.
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