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Annomayusn. B [aHHOW CTaTb€ BBISBICHBI KPUTEPUM PACIPOCTPAHEHUS TPEUIUH
B 000JI0YKaX T€pPMETUYHBIX OTCEKOB M JIEMEHTOB KOCMUYECKUX CTAHLUN B 3aBUCHUMOCTHU
OT XapaKTEpPHBIX Pa3MEPOB TPELIMH U BOBMOKHBIX YPOBHEH DKCIUTYaTallMOHHBIX HArPYy30K.
IIpencraBieHbl THUNOBBIE JHArpaMMbl YCJIOBHM PAacCIpOCTPAHEHUS MOBEPXHOCTHBIX
Y CKBO3HBIX TPEIIMH B 3JEMEHTaX T€PMETHUYHBIX OTCEKOB OpOUTAIBHBIX KOCMHUYECKHUX
cpeacts. JlaHHbIe quarpaMMmbl YYUTHIBAIOT aCUMMETPHUIO LMKJIA HArPY>KEHUs, BHEIIHUE
ycioBusl (BakyyM M Bo31yX). POpMUpOBAHHE MOPOTOB YCTAJIOCTH MaJIbIX M KOPOTKUX
TPEIIMH TaKXXe YYTEHO YKAa3aHHBIMM JauarpaMMamu. llomydeHHble pe3ynbTaThl
MPEACTABISIOT  3HAYUTENBHBIA  HMHTEPEC JUISI  ONEPaTUBHOIO  JTMATHOCTHPOBAHMS
TEXHUYECKOI'O COCTOSIHUS OPOUTAIBHBIX KOCMHUUYECKUX CPEACTB.
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Abstract. Recently, the most pressing issue is the possible duration of the flight of orbiting
spacecraft after a collision with objects of man-made origin. Even sufficiently small
particle sizes can lead to damage to the elements of sealed compartments in the form of
surface microcracks. The relevance of this task will increase in the coming years due to the
current trend towards increasing pollution of near-Earth space by man-made particles,
most of which are in near-Earth orbit. It is unacceptable to neglect the collision of orbital
vehicles with such particles. In this regard, the diagnosis of failures of aircraft with
damage in the form of cracks is of great importance, since it will allow to justify
the duration of stay of orbital space assets in orbit for the possibility of performing the task
assigned to them. The article develops criteria for the propagation of cracks

in the elements of sealed compartments of space stations and spacecraft, depending
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on the characteristic sizes of cracks and possible levels of operational loads. As a result
of calculations performed in accordance with the developed criteria, as well as on the basis
of experimental results, an assessment of the operability of structural elements of sealed
compartments with surface cracks at various load levels was carried out, depending
on the initial depth and shape of the crack, structural material and operating conditions.
environment. Typical diagrams of the propagation conditions of surface and through
cracks in the elements of sealed compartments of orbiting spacecraft are presented. These
diagrams take into account the asymmetry of the loading cycle, external conditions
(vacuum and air), as well as the peculiarities of the formation of fatigue thresholds
of small and short cracks. The results obtained are of considerable interest and make
it possible to more quickly diagnose failures of aircraft operated in conditions of clogging
of near-Earth space with objects of natural and artificial origin, the probability of collision
with which increases every year.

Keywords: crack, shell, leak, residual life, tightness, diagnostics, operability, sealed
compartment
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BBenenue
JInsi MHOTHX Ba)KHBIX SJIEMEHTOB M CHUCTEM OpPOUTAIBHBIX KOCMUYECKUX CPEICTB

OCHOBHBIM CBOﬁCTBOM, XapaKTCPpU3yroInum ux pa6OTOCl'IOCO6HOCTI>, SABIIACTCA
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repMETUYHOCTh. J[aHHOE€ CBOWCTBO B YCJIOBHSAX TIIYOOKOTO BaKyymMa CTaHOBHUTCS
OIPEIEIIOIINM.

[TosiBieHne TpenuH Ha TOBEPXHOCTH 000IOYEK TEPMETUYHBIX OTCEKOB M DJIEMEHTOB
CUCTEM OPOUTAIBHBIX KOCMUYECKHX CPEICTB MOXET OBITh OOYCJIOBIEHO HE TOJBKO
cnenmupuIeCKUMHU  YCIOBUSAMHU OpOUTAIBHOTO TojieTa (BO3ACHCTBHE MHUKPOMETECOPUTOB
W 9aCTHII KOCMHYECKOTO Mycopa), HO ¢ TEXHOJOTHUYCCKUMH OCOOCHHOCTSIMH
ux u3roropneHust [1-2]. Hamuume Takux TMOBPEXKICHUH B BHAC IMOBEPXHOCTHBIX
Y CKBO3HBIX TPEIIMH €II€ HE O3HAaYaeT HapyHIeHUs paboTOCIMOCOOHOrO COCTOSHUS
AIIEMEHTOB TEPMETUYHBIX OTCEKOB (CHCTEM) OPOUTAIBHBIX KOCMHYECKUX CPEICTB, a TAKXKE
caMUX OTCEKOB W cucteM. IloaToMy, 171 OIEHKH pPabOTOCIIOCOOHOCTH OTCEKOB
Y DJIEMEHTOB CHCTEM OpPOUTAJIbHBIX KOCMHYECKHX CPEACTB C TPEINIMHAMH HEOOXOIUMO,
MPEXJE BCEro, BBIABUTH YCIOBHUS PACHPOCTPAHEHUS OTUX TPEIIUH B 3aBUCUMOCTHU
OT WX XapaKTEePHBIX Pa3MEPOB U BOBMOKHBIX YPOBHEHN IKCIUTYyaTAIlMOHHBIX HATPY30K.

IlocTaHoBKka 3a1a4H

VYcnoBust  (KpUTepUM) pacHpOCTpaHEHUsS TPEIIMH HEOOXOAUMO  OIpPEACIUTh
JUTSI CITICAYIOIINX XapaKTePHBIX CIy4acB:

— HEYCTOMUYMBOE  pACIpPOCTpaHEHUE  TpeuuH  (HEYCTOMYMBOCTh  TPELIUH)
MOJT ACMCTBUEM CTATUYECKOM HArpy3ku (0OOJMOYKH T€PMETHYHBIX OTCEKOB M SJIEMEHTOB
CUCTEM TOCTOSIHHO HarpyXeHbl M30BITOYHBIM JABICHUEM COJEpKalieics B HUX pabouen
Cpellbl - Ta3a Ju00 KUJIKOCTH);

— YCTOWUMBOE (CTAOWIBHOE) PACTIPOCTPAHEHUE TPEIIUH B YCIOBUSX IIUKINYECKOTO

(TEpMOIMKINYECKOT0) HATPYKEHHUSI (UM POCT YCTATOCTHBIX TPEUIUH ).



Teopernyeckue uccjae10BaHUA

Paccmorpum cnywail peanmu3anvu HEYCTOWYMBOCTH TpewMH. MDpPOHT HUCXOIHOU
MIOBEPXHOCTHON TPEIIMHBl ANIPOKCHMHUPOBAJICSA IMONY3JUIMICOM C COOTHOLUIEHUEM
nonyoce L =a,/b, , 3HaUCHHUS KOTOPBIX COOTBETCTBYIOT IIYOMHE M MOJYIJIMHE TPEIIUHBI
[0 TOBEPXHOCTH OO0OJOYKH TE€PMETHYHOIO »HIIEMEHTA. YCJIOBHE HEYCTOMYMBOCTU
1o Kputeputo VpBuHa BBINOJHSETCS B Cllydae, €cClIM 3HauyeHue KodpduureHra
uHTeHcuBHOCTH HanpsbkeHnid (KMH) K, B HampaBieHWM TONIIMHBI O MOBPEXACHHOU
000JIOYKH TEPMETUYHOIO OTCEKa (CUCTEMBI) paBHO, JIMOO OOJIbIIIE KPUTUUECKOTO 3HAYCHUS

Kcs, TO €CTh:

K>K (1)

YuuthiBas, 9YTO  OCHOBHBIM  (DaKTOPOM,  OMNPEICISIONIUM  HAMpPsHKEHHO-
nedopmupoBannoe cocrosinue (H/IC) oOonodexk 371€eMEHTOB T'€pPMETHYHBIX OTCEKOB
(cucrem), sABIEeTCS BHYTpPEHHEE NaBIIeHHE paboyel cpenbl p, a Haubosee OMacHBIMU
OydyT TpEILIMHBI, PACIOJIOXKEHHBIE BIOIL OO0pa3ylolled IMIMHIAPUYECKON 000I04YKU
paauycom R, xputepuii (ycioBH€) HEYCTOMYMBOCTH TOBEPXHOCTHOM TPEIIMHBI MOXET

OBITH IMpCACTAaBIICH B CIICAYIOIICM BHUAC:

K, -@ 5/R

a za = ,
1127 -M, - p

0 C

(2)

rIe 8o, dc — UCXOAHOE (HavalabHOE) M KPUTHUECKOE 3HAUYEHWE TIIYOMHBI TOBEPXHOCTHOU

TPELIUHBI;



My — xod(pdunMeHT yBeIMUeHUsI MHTEHCUBHOCTU HanpspokeHuit Kobasmy,
@ — AIUNTHYECKUA WHTErpajl BTOPOro pPOjAa, 3aBUCSAIIMN OT (OPMBI MOBEPXHOCTHOM
TPEUIUHBI.

JInsi BBICOKOHArpyKEHHBIX 3JIEMEHTOB CUCTEM Kpurtepuil (2) ymoOHee BbIpa3UTh
yepe3 JaBIIEHUE pic, HEOOXONMMOE JUIsi BO3HUKHOBEHHUS IIpollecca HEeCTaOUIbHOIO
pPa3BUTHUS TOBEPXHOCTHBIX TpemuH. Paznmaras ¢yHkuuio @ B psij, MOXKHO TMOJYYUTH

CJICAYIOIICC BBIPAXKCHHC.

718(3+a2 Ib2) K,
= plc = ! (3)
1,12M, /za R/ S

e a./0, — ucxomHas popma MOBEPXHOCTHOM TPEIIUHBI.

Takum oOpa3oM, nipu BbimonHeHHH yciioBuit (1) — (3) mosBUBIIAsICS TOBEPXHOCTHAS
TpemwuHa Oy/IeT HEYCTOMYMBOW M «IPOPACTET» CKBO3b CTEHKY OOOJIOYKH, YTO MPUBEIET
K 00pa30BaHMIO CKBO3HOW TPEUIMHBI U UCTEUEHUIO uepe3 Hee paboyero BElIecTBa B BUIE
raza win xKugakocTu. (OOpa3oBaBIIasCs CKBO3HAas TpeIIMHA TakXKe MOXKET OBbITh
HEYCTOMYUBOM, eciu ee pasmep (mmHa) |, Oyner He MeHee kputuueckoro lg, T.e. I, > I,

YTO COOTBETCTBYET YCIIOBHIO:

K,> K

1— "¢ (4)

rac KC — BA3KOCTBH PA3PYIICHUA MaTcpuajia 000JIOYKH B IMpOaAO0JIIbHOM 0o B IMOTICPCYHOM

HaIIpaBJICHHUHU.



Bripaxxenue niis maBieHUS Pzc, BBI3BIBAIOIIETO HECTAOWIBHOE PACHpPOCTpaHEHUE
CKBO3HOM (mpopociieii) TPeUIHbI BAOIb 00pa3yrolel MOBPEXKICHHOW 000I0uKH, OyaeT

HUMCTDb BUA:

K.Oo/R
Poe == 5)
RI0
rae Y(l) — monpaBouHas GyHKIHSA, yIUTHIBAIOMAsS KOHQHUTYPAITUIO 000JIOYKH C TPEITHHON
U XapakTep pacnpeaeseHus HanpsHKeHUH G.

HeobGxomumo 3ameruth, uYTo B (4) KpuTHYeCKOoe 3HadeHHe K03 UIMeHTa
WHTEHCUBHOCTHU HAIPSIKEHUI OepeTcs NSl TUIOCKOTO HAMPSHKEHHOT'O COCTOSIHUS, TOT/Ia Kak
B (1) — mns muockoit nedopmanmu. Kpome Toro, ypoBeHb KacaTelbHBIX HamNpsKEHUN
B 000JI0YKaX TE€PMETUYHBIX SJEMEHTOB OTHOCHUTEIIBHO HEBEIUK, UTO TO3BOJISET
OTPAaHUYHUTHCSI PACCMOTPEHUEM TPEIIUH MEPBOro TUMNAa (HOpMaJILHOTO OTphIBa). B ciydae
HAKJIOHHOTO PAacCIOJIOKEHHUSI TPEIIUH CJIEAYeT HCIIO0Ib30BaTh MPOEKIIMM MX OCHOBHBIX
pa3MepoB Ha  IUIOCKOCTb, MEPHEHAMKYISPHYIO  MAaKCUMaJbHBIM  HAMpPSHKCHUSIM.
[Ipu ucnonb30BaHUM JAHHBIX KPUTEPHEB HEOOXOMUMO TAaKXKE YUYUTHIBATH IMOMPABKY
Ha 30HY IJJACTUYHOCTH, KOTOPAsl MO CYILECTBY SIBISIETCS KOPPEKIUEH pa3smMepa TPEIHHBbI.
3aMeTuM, 4YTO BONPOCHl HEYCTOMYMBOCTH TPEUIMH JOBOJBHO MOAPOOHO PacCMOTPEHBI
B uteparype [3, 4, 6-8].

Cnyuyaii  ycTOMYMBOIO  pacmpocTpaHeHuss  ycrtanocTHbix  TpemuH  (PYT).
Kak nmokaspiBaeT aHamM3 YCIOBUM OKCIUTyaTallud OpOWTaNbHBIX cranmmid, PYT
B 000JI0YKaX DJIEMEHTOB TE€PMETHYHBIX OTCEKOB W CHCTEM OyleT ONpeaeisiThCs

cienyomumMu hakTopaMu:



— HUKJIMYECKAM M3MEHEHUEM TEMIIEPaTypHBIX HAIPSHKEHUH AGt B IOBPEKICHHBIX
IEMEHTAX FEPMETUYHBIX OTCEKOB, CBSI3aHHBIM C IIEPENaZoM TeMIeparyp AT B pe3yiabTrare
UX MEPUOANYECKOTO HAXOXKICHHSI Ha TEHEBOW U COTHEYHOU CTOPOHE OPOUTHI;

— EpUOANYECKUM H3MEHEHHEM BHYTPEHHEro JaBlieHUs Ap paboueld cpenabl
B F€PMETUYHBIX WIEMEHTAX CUCTEM.

Ilon neiicTBMEM TEPMOUMKIMYECKUX AG: JHOO LMKIMYECKUX AG HanpsKeHUH
MOSIBUBLIMECS TpEIIMHbl OylyT pa3BUBaThCA JIMIIb NPH 3HaYEHUsAX KodpduimeHra
VHTEHCUBHOCTU  HANPSDKEHWM  BBIIIE  I[OPOroBoro  3HadeHuss K.  YcioBue
pacupoCTpaHEHUs TPEIIMH IPU LUKIMYECKOM HArpyXeHWH (yclIOBUE CYLIECTBOBAHMS

HeHyneBoit ckopoctu PYT) Oynetr umets BUn:

AK > AK,, (6)

VYcnoBue (6) MOXET ObITh MPEACTABICHO B CIEAYIOIIEM BHUJIE

AK, @
0 > (7
112M 7zAo
AK, |
| > th (8)

" Aoz Y ()

B Bepaxenusix (7) u (8) pa3zmax HanpsokeHUl AG  ompenensercss 3HaueHUsIMU
nercTBYOMUX (HakTopoB — AT Tu60 Ap.
[Mpu wucnonb3oBanuu yciaoBuit (6) — (8) HEOOXOAMMO YUYHUTBHIBATH IPOSBICHHE

3(1)(1)CKT3 MaJIbIX U KOPOTKHUX TPCIIMH, TdK KaK MMCHHO OHH OKAa3bIBaIOT CYIICCTBCHHOC



BIMSHUE Ha pPa0OTOCIIOCOOHOCTh TOHKOCTEHHBIX OOOJOYEK 3JIEMEHTOB TI'€PMETHYHBIX
OTCEKOB M CHCTEM. B NMaHHOM KOHTEKCTE MO MajbIMUA TPEIIMHAMHU TOAPA3yMEBAIOTCS
MOBEPXHOCTHBIE TPEIIUHBI, TOJ] KOPOTKUMH — CKBO3HBIE. OCOOEHHOCTH (hOpMHpOBAHUS
MOPOTOB YCTAJIOCTH B CITy4ae MaJIbIX U KOPOTKUX TPEIIUH 3aKITI0UAETCS B MX IMOBBIIICHHON
CIIOCOOHOCTH pa3BUBAThCS MPU pa3zmMaxe Kod(h(HIMeHTa WHTEHCUBHOCTH HampsOKCHUN
Huke mnoporoBoro 3HaueHMs (AK<AKy ) W HampsokeHWM BBIIE TIpeelia  O-p
BBIHOCTUBOCTH (AC > G.1) [5, 9-13]. C y4erom 3TOr0, KpUTEPUHU PACTIPOCTPAHCHUS MAJIBIX

Y KOPOTKUX TpeUuIruH OyayT UMETh BHI:

o ,\7a, -Y(a)>AK, 9)
o7l -Y()>AK,, (10)

rae a,(l,) — SKkBUBaJCHTHBINM pa3Mep TPCUIUHBI, SBISIONIUICS IMOCTOSHHON Marepuaia
000JI0YKH B 3aJJaHHBIX YCJIOBHUSAX 3KCILTyaTalllu.
DOKBUBAQJICHTHBIM pa3Mep TpEMIMHbBI MOXET OBITh OIpedeleH M3 JIaHHBIX

COOTHOIIEHUN npH yclIoBUU AK = AKip!

- 2

a, = ARy 11 (11)
o, Y(@) | 7
CAK, |1

| =|—2—| = (12)
o, Y() | =




[Ipu pazmepax TpemnirH, MEHBIINX SKBUBAJIEHTHOTO pa3Mepa, nopor ycranoctu AKiy
y’Ke€ He SIBJISIETCSl UHBAPUAHTHBIM K pa3Mepy TPEUIMHbl U YMEHbBIIAETCS C YMEHbIIEHUEM
UX XapaKTEepHOro pa3mepa.

Ha pucynke 1 mpencraBieHbl THUIOBBIE AUArpamMMmbl YCIOBHUH pPacIpOCTpaHEHUS
MOBEPXHOCTHBIX M CKBO3HBIX TPEIIMH B OOOJOYKAX AJIEMEHTOB T€PMETHUYHBIX OTCEKOB
(cucteM) OpOUTAIBHBIX KOCMHUYECKUX CpenctB. JlaHHbIE auarpaMMbl OCTPOEHBI
B JOrapu(MUYECKUX  KOOpJMHATAX  «XapaKTepHble pa3Mepbl  TPELIMHBI — YPOBEHb
Harpy3ku». OHHM YYUTHIBAIOT ACHUMMETPHIO IUKJIa HArpyXeHHs, BHEIIHUE YCIOBHUS
(BakyyM U BO3/yX), a TakKkK€ OCOOCHHOCTH (DOPMHUPOBAHHUS MOPOrOB YCTAJTOCTHU MajbIX
U KOpOTKuX TpemuH. Kaxnas auarpamMmma cocTouT u3 Tpex obnactedt. Obmnacts | siBnsiercs
00JIaCThIO HYJIEBBIX CKOPOCTEH, B KOTOPOH pa3Mep HUCXOJHOM TpEeHIMHBI OCTaeTCs
NPAaKTUYECKU HEU3MEHHBIM B IPOLECCE BCEro BPEMEHM AKTUBHOIO (PYHKIIMOHUPOBAHUS
opOUTAIIBHOrO KOocMH4Yeckoro cpexacrBa. OOmacts Il mpeacraBiaser coOoil o0macTh
YCTONYHBOTO pacipocTpaHeHus TpeIuH B YCIIOBUSIX UKITHYECKOTO
(Tepmorkianyeckoro) Harpyxenus. OoOmacts Il xapakrtepusyer HectabWiIbHOE

pacnpoctpanenue Tpemiud [14-20].
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Pucynok 1 YcnoBust pacnpocTpaHeHHs] TOBEPXHOCTHBIX U CKBO3HBIX TPEIIHUH:
1. — a./bo=1.0; 2. — a,/b,=0.3; 3. — a/b,=0.1.
Kak moxka3piBaloT pacderbl, IS OO0O0J0YEK TEePMETHYHBIX OTCEKOB W CHCTEM,
HAarPpY)KCHHBIX ~ BHYTpeHHUM  naBieHueM p <0,15Mlla, xputuueckas mI1yOnHA
MMOBEPXHOCTHOM TPEUIMHBl HAMHOTO TPEBBIIIAET TOJIIMHY CTEHKH TE€PMETUYHOIO

aneMenTta. Takum o0pazom, ISl TEPMOOTCEKOB YCIOBHSI HEYCTOMUYMBOCTH MOBEPXHOCTHBIX
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TPEIIMH BBIOIHATHECS HE OyAayT. il BBICOKOHArpPYXKCHHBIX 3JIECMEHTOB, HApuUMep sl
1rap-0aaIOHOB, M3TOTOBIEHHBIX U3 ciulaBa AMroM, c¢ ornomenuem R/3 > 100,
KPpUTUYECKOE  JaBlIeHWE, TMPHUBOMASINIEE K  HECTaOWIBHOMY  PacIpPOCTPAHEHUIO

TIOBEPXHOCTHOM TPEIMHBI HMCXOMHOM IIyOMHBI do = 2 10°M, He OymeT mnpeBBINIATH

P1e = 2,9MITa.

3akJ/IroueHue
JlaHHbIE nHarpaMMbl MO3BOJISIIOT HE TOJNBKO BBIABUTH YCIOBHSI PACIpPOCTPAHECHUS
MOSIBUBIIMXCS TPEHIMH W, TEM CaMblM, OIIEPATUBHO OIICHUTh pPabOTOCIIOCOOHOCTD
TEPMETUYHBIX JJIEMEHTOB C TpEIIMHAMH, HO U pa3paborarb psjJ MPAKTUUECKUX
pEeKOMEHAIMi, HAMpaBJICHHBIX HA TOBBIIMICHUE XUBYYECTH TE€PMETHUYHBIX 3JIEMEHTOB

OpOUTATBHBIX KOCMHUUYECKUX CPEACTB Ha CTAIUU PACTIPOCTPAHEHUS YCTAIOCTHBIX TPEIIUH

[20-24].
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