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Annomayusa. PazpaboTaHa pacy€THO-IKCIIEPUMEHTAbHAS METOAMKA MPOTHO3UPOBAHUS
npejiesa BBIHOCIMBOCTH YIPOYHEHHBIX PE3bOOBBIX JETale ¢ MpUMEHEHUEM MOJIOKEHUN
JTUHENHOW MEeXaHUKH pa3pylleHus. B nccieqoBaHim UCTIONB30BaHbI PE3yIbTaThl U3YUYCHUS
BIIMSTHUS COKUMAIOIIMX OCTATOYHBIX HAMPSDKEHHU Ha COMTPOTUBIICHUE YCTAIOCTH OOJITOB U3
tutaHoBoro BT16 u cransnoro 30XI'CA cmiiaBoB ¢ MeTpuieckuMu pespdbamu M6, MS,
M10, M12. B pacu€THo#1 4acTH UCCIEeA0BaHUS UCIIOIb30BAH METOI KOHEUHO-3JIEMEHTHOTO
MoAenupoBaHusi ¢ npuMmeHeHueM komiuiekca ANSYS. MopenupoBaHue OCTaTOYHOTO
HaMpssKEHHOTO  COCTOSIHUSL  BBITIOJIHEHO METOJOM  TEPMOYIPYTOCTH MYTEM  3aMEHBI
MEepPBOHAYATBHBIX JeQopMaliii SKBUBAJICHTHBIM TeMIIepaTypHbIM mojeM. Ha ocHoBaHuu
MPOBEIAEHHBIX pacyéToB yCTaHOBJICHA CBSI3b MEXKTY napaMeTpaMu

HEpacCIoOPOCTPAHSIIOIEHCS TPEIIUHBI YCTATOCTH HAa KPUTUUYECKOUN rITyOrHE B YIPOUHEHHOU
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pe3bOOBOI JIeTalld W pe3yibTaTaMU MCHBITAHUNA Ha MHOTOIMKIOBYIO YCTaJoOCTh MpHU
ACMMMETPHUYHOM IIMKJIe HarpykeHus. [IpeoxkeHa MeToiMKka MporHo3UpOBaHuUs Mpesena
BBIHOCJIMBOCTH  YIPOUHEHHBIX  pe3bOOBBIX  geraned. [lomydeHHble  pe3ysbTaThl
HCCIIeIOBAHUS TIO3BOJISIIOT TaKKe BBHIOMpaTh HaubOoJiee ONTUMAIbHBIE TEXHOJIOTMYECKUE
PEXKUMBI U3TOTOBJICHUS U 00PabOTKHU Pe3bOHI.

Knroueevie cnoea: ocCTaTOYHBIE HANPSIKEHUS, pe3bOOBBIE JETalld, KOMIIBIOTEPHOE
MoJAeNHpOBaHue, KOID(PUIIMEHT WHTEHCUBHOCTH HAIPSHKEHUM, HEPAaCTIPOCTPAHSIONIASCS
TPEILMHA YCTAJIOCTHU MpeieN BBIHOCIUBOCTH
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Abstract. A method for threaded parts surface hardening is being widely employed to the
fatigue strength increase. Maximal result of its application is being achieved under
conditions stresses concentration with regard for the fact that destruction occurs as a rule in

the places of prismatic shape violation. Thus, establishing a qualitative and quantitative
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relationship between static stresses and fatigue resistance of threaded parts is highly up-to-
date task.

A large group of parts in assemblies and structures has stress concentrators in the form
of threads. Threaded joints are highly loaded elements, which operation defines the strength
and reliability of the structure as a whole. The strength of threaded parts operating under
conditions of an asymmetric cycle, which average stresses are stipulated by the tightening
force, depends mainly on the tensile working stresses, as well as on the strengthening
treatment. In this regard, development of the technique for determining the endurance limit
of the threaded part by the known residual stress diagrams as well as average stresses of the
cycle using the linear elastic fracture mechanics provisions presents interest.

Based on the foregoing, the object of the study in this work is high-cycle fatigue, and
the subject of study is threaded parts with residual stresses.

The purpose of the study consists in developing a technique for predicting the fatigue
resistance of the threaded parts by developing a technique for assessing the relationship
between the stress intensity factor (SIF) and high-cycle fatigue characteristics.

Using the graphs of the distribution of residual stresses in the cavities of threaded
parts as the initial data, the nature of the SIF dependence on maximum stresses of the cycle
of a hardened threaded part was determined in the work. The graph can be presented in the
form of the three sections. The first section corresponds to the state when the crack edges
are completely pressed against each other, that is, the fatigue crack does not open, despite
the presence of cycle tensile stresses. The second section corresponds to the state when the
crack opens from the inside, while the sides of the crack remain closed. The third section

represents a straight line running parallel to the similar dependence of the non-hardened



thread and corresponds to the scheme when the crack is fully opened. The starting point of
the third section of the graph corresponds to the maximum stress.

It was found from the calculations that the criterion for the most optimal technological
mode of thread manufacturing with creation herewith of a compressive residual stresses
field is the stress of the transition point of the second section into the straight third section.
Starting from this point, the fatigue crack opens completely.

The proposed technique for predicting the fatigue resistance of threaded parts from
the standpoint of linear fracture mechanics allows predicting maximum amplitude of the
cycle.

Keywords: residual stresses, threaded parts, computer simulation, stress intensity factor,
non-spreading fatigue crack, stress limit
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BBenenne

CoBepIIeHCTBOBAHUE  PACUYETHBIX  METOJIOB  ONpPEACICHUS  MPOYHOCTHBIX
XapaKTePUCTHUK JCTaJed BBUIBUTACT HaA TIEPBBIM IJIaH HACYIIHYIO HEOOXOIUMOCTH
pa3pabOTKH METOIUKH OIIEHKH IPOTHO3WPOBAHMS Ipejeia BBIHOCIUBOCTH PE3bOOBBIX
JIeTajed, TO3BOJSIONIMX MHUHYS OKCIEPUMEHTAILHOE TMPOBEICHUE WCIBITAHUM Ha
YCTaJ0CTh, OCYIICCTBIIATH OICHKY MPEACIbHON aMIUIUTYIbl YIPOYHEHHBIX PE3bOOBBIX
JeTajed TIpU HAJIWYMH MEXAHMYECKHUX XapaKTepUCTUK MAaTepualia, PACHPEICTICHUS
OCTATOYHBIX HAMPSOKCHHUH B IIOBEPXHOCTHOM CJIO€ BITAJIMH PE3bOBI M CPETHUX HAMPSKCHUH,

BBI3BAHHBIX YCUJINCM 3aTAXKKH.
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[Ipy mpoBeneHHMH pacyeToB JAeTajlied MAllMH Ha NPOYHOCTh HEOOXOAMMO 3HATh
npenes BbIHOCIUMBOCTH, KOTOPBIA SIBIsIETCA MEpOil pabOTOCIOCOOHOCTH JeTajieil mpu
3HAKOIIEPEMEHHBIX Harpy3kax. Ha BenuumHy mnpenena BBIHOCIMBOCTH ONPENEIIAIOLIEE
BJIUSIHUE OKa3bIBAIOT JBa (hakTopa — KOHLEHTPALMS HANPSIKEHUH U CXKUMAIOIINE
OCTAaTOYHbIE HANPSHKEHUsI, 00pa3yloluecs B pe3yJbTaTe NOBEPXHOCTHOIO MJIACTHYECKOTO
nedopMupoBaHus moBepxHoctu [1].

VYCcTaHOBIIEHHE CBSI3M MEXKIAY OCTAaTOYHBIMHM HAIPSKEHUSIMU M CONPOTUBIICHHEM
JeTajiedl yCTaJOCTH SBISETCS OOHUM W3 BaXXHBIX BONPOCOB MEXAHMKHA OCTAaTOYHBIX
HanpspKeHui [2].

[IpenenpHas aMIuIMTyJa LUKIA IS JIE€TAIA C OCTATOYHBIMM HANPSIKEHUSAMHU IIO

KPUTEPUIO CPEIHEUHTETPANIbHBIX HAIIPSKEHUN &, ompenensercs rno hopmyne:
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Ha ceropgnsmauii nens Hawnbosnee yHOOHBIM W YHUBEPCAIBHBIM HHCTPYMEHTOM

MOJICIIMPOBAHUS YCJIOBUN HATrpY>KEHUS W BBIUMCICHUS HANPsHKEHHO-IE()OpPMUPOBAHHOTO

COCTOSIHUSA JIeTanei, 0COOCHHO CIOXKHOU (POPMBI, SIBISIETCS METOJT KOHEYHBIX JIEMEHTOB.
B nannoii paboTe nmpuBeAEHbI pe3yJbTaThl UCCIEIOBAHUS MO YCTAHOBIICHHUIO CBSI3U

MCKAY OCTATOYHBIMH HAIPAKCHUAMK MW IIPCACIOM BbIHOCIHNBOCTHU ynquHéHHOﬁ

PE3b00BOI 1eTay C MO3UINH JIMHEWHON MEXaHUKH Pa3pyIICHUS.



B oOmeMm ciydae Ha pe3bOOBblE COEAUMHEHUS JIEUCTBYIOT PACTATMBAIOLIME,
Cpe3arolue, a TAKKe JOMOJIHUTEIbHbIE (M3THOa0IINe, KPYTIIIME U T. 1I.) HATPYy3KH.

PactaruBaromue ycuiaus sIBISIOTCS OCHOBHBIM, HanOoJiee 4acTO BCTPEYAIOLIUMCS
BUJIOM Harpy>XeHHsl pe3bOOBBIX JeTajedl W ObIBalOT BbI3BaHbI, KaK NPAaBUIIO, ABYMS
COCTaBJIIOIIMMU: IPEABAPUTEIILHOMN 3aTAKKOM COCIMHEHUs U HAarpy3KOM, BO3HUKAIOLIEH
Ha (QuaHiax npu padoTe compsiraembix jeraneit [4]. B cuimy Toro, 4ro pactsaruBaroiiue
yCUJIUS SIBJISIIOTCSL HamOoJiee XapaKTepHbIM M CYIIECTBEHHBIM BHJIOM HarpyXeHHs
PEe3b0OBBIX COETMHEHMH, B TaHHON paboTe paccMaTpuBaliv TOJBKO JAHHBIM BU HATPYy3KH.

[IpoBeneHHBIE HCCIIENOBAHUS TOKA3aIM, YTO BIMSHUE TEXHOJOIMM W3TOTOBJICHUS Ha
COMPOTUBIICHUE YCTAJIOCTU PE3bOOBBIX JieTalell B 3HAYUTEIBHOM Mepe TMpOsIBISETCS uepes
OCTaTOYHbIC HANpPSHKEHUsS] BO BIAJMHAX pe3bObl. JIJisi ompezeneHus: OCTaTOUHBIX HaNpsLKEHUN
NPUMEHSIOTCS, KaK PaBIIIO, MEXaHUYECKUE METObI, OCHOBAaHHBIE HA YIAJICHNH CJIOEB MaTepHalla
JeTaly ¥ MU3MEPEHUN BO3HMKAIOLMX IPU 3TOM IepeMellieHni wim aegopmarmil. Ouznueckre
METOIbI I3MEPEHMUS OCTATOYHBIX HAIIPSHKEHUI — PEHTT€HOBCKUM, MarHATHBIM, yIBTPa3BYKOBOU 1
Jp. — LIUPOKOT0 paclpOCTPAHEHUsI HE MOITYUYWIH, T.K. IMEIOT 3HAUMTEIIBHO MEHBIIYO TOYHOCTB,
CJIOXKHBI B OCYILECTBJICHUH, HENIPUEMIIEMBI UL UCCIIEOBAHUS PACTIPEIENICHUS] HAIIPSHKEHUH 110
CJIOSIM, @ TAKKE B PE3KMX KOHIIEHTPATOpaX, KAKOBBIMH SIBJISIFOTCS BIAMHBI PE3bObI.

JI7st onpeieNieHHsi OCTaTOUHBIX HANPSDKEHUH B pe3bOOBBIX AETAISAX MOIXOAAT JIBa METO/IA:
1) MeTo/1 KOJIEIT U MOJIOCOK; 2) METOJI YAAICHUS YaCTH TMOBEPXHOCTH BIAIMH PE3HOBL.

Meron konell ¥ MOJOCOK [S], HalIEAIIMA IIMPOKOE MPUMEHEHUE MPU HCCIIEIOBAHUU
OCTATOYHBIX HANpPSHKEHUHA B MIIAJKUX LWIMHIPUUYECKUX ACTATSIX MOXKHO HCIONB30BATH JUIS
neranert ¢ pe3poort M10 u Bbime. [IpenMyIecTBo 3Toro MeToa 3aKimodaeTcss B BOSMOYKHOCTH

OIpeCaACIaCHUA ABYX KOMIIOHCHT OCTaTOYHOI'O HaHpﬂ)KéHHOFO COCTOsHMA. MGTOI[ YAQUICHUA 4aCTU



MOBEPXHOCTH [5,6], Takke NIMPOKO WCHONB3YEMBIN [Tl OMPEICTIEHN OCTATOYHBIX HAPSYKEHUIA
[JaJIKUX JeTayieil, Harbosee yno0eH IJisi U3MEPEHUs] OCTaTOYHBIX HAMpSHKEHUM BO BIAJIMHAX
pe3b0bI Mastoro quamerpa. OH MO3BOJISIET ONPEEHUTh JIMILb OIMH HAUOO0JIee BAKHbBI KOMIIOHEHT
HaIpsHKEHHOTO cOCTOsIHUS. ClielyeT 3aMETUTh, YTO ATOT METO/] SIBIISIETCS MEHEE TPYAOEMKUM, YEM

MCETOJ KOJICII 1 ITOJIOCOK.

Pesyabrarnl

MopenupoBaHiue OCTAaTOYHBIX HAMPSHKCHUW TMOCTe YIPOUHEHHS BBITIOJIHSIN B
3aBUCUMOCTH OT CIMoco0a TIJIACTUYECKOro neGopMHUpOBaHUs B TOBEPXHOCTHOM CJIOE
BIaJUHBl pe3bObl. OHO MOXKET ObITh, Kak u30TponHbIM (XTO, mHEBMO- U
ruapoapoOecTpyiiHas 00paboTka, 00paboTka MHKpOIIapuKaMud HWT. 1.), TaK U
aQHU30TPOTHBIM (0OKaTKa POJIMKOM, aiMa3HOE BhITJIaKuBaHue u ap.) [7, 8, 9, 10, 11].

JUist  WccneoBaHMsST  UCTONB30BAIMCH — PE3YNIBTAThl  M3MEPEHUS  OCTATOYHBIX
HanpspKkeHui B 6ontax M6, M8, M10 u M 12 u3 tutanoBoro criiaBa BT16 u 6oiroB M10 u
M12 u3 cranmu 30XT'CA ¢ HakaTaHHOH pe3bOOM [2], MONYyYEHHBIE METOJOM YaCTHIHOTO
ylaJeHusi TMOBEPXHOCTU.  OMIOPHl OCTAaTOYHBIX HAMPsHKEHUH BO BIAJUHAX PE3BOBI

MPUBEICHBI HA PUCYHKaX | U 2 COOTBETCTBEHHO.
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Pucynok 1. Ocrarounble HanpsbKeHUs! BO BIIAIMHAX HAKaTaHHOM pe3b0bl 001ToB 13 crutaBa BT16

1- M6; 2- M8; 3-M10; 4-M12
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Pucynok 2. OctaTounble HapsKEHHS BO BIIAIMHAX HAKATAHHOM pe3b0bl OONITOB M3 CTAlI
30XT'CA: 1-M10;2-M12

Onpenerenrie  HaNPsHKEHHO-IC(POPMUPOBAHHOTO  COCTOSIHUSI W KoddduirenTa



VHTEHCUBHOCTY HANpPsHKEHUM B BEPIIMHE TPEHIMHBI U MOCIETYIOMIEE BHIUMCICHUE TPUPAILICHUS
npenesia BBIHOCIMBOCTUA PE3b0OBOM JETATM PEATM30BAHO METOJOM KOHEYHO-3JIEMEHTHOIO
MOJIEJTUPOBAHMS.

PacuéTel B Hccien0BaHUM BRIMIOJHEHBI B cpesie pacu€THOro komruiekca ANSY'S. [l
MOJICTUPOBAHUS PE3bOBI C KOJIBIIEBOM TPEITUHOMN BO BIAWHE MPUMEHSIIU TAPMOHUYECKUN
ocecUMMETpUYHbIM KoHeuHbI 3nemeHT Tuna PLANE 83 o0béMHOro HampsikEHHO-
ne(OPMUPOBAHHOTO COCTOSIHUSI C BOCEMbBIO y3JaMHU, KOTOPBIA MO3BOJIAET HAa MOJIEIU
BBITIOJIHSITh Pa3IMYHbIC BUJIBI HATPYKEHUsA. MoAenpoBaHe KOHTaKTa OEPETrOB TPEIIUHBI
BBITIOJTHSIIN C UCITOJIB30BaHUEM KOHESUHOTI'O djieMeHTa HenuHerHou cBsi3n tuma CONTA172,
TARGE16. OcraTtouHoe  Hanpsok€HHO-IE(POPMHUPOBAHHOE  COCTOSIHUE B BHUJC
nepBOHAYAIBHBIX JedopManuii BBOAWIM METOJIOM Tepmoymnpyroctu [8, 12-15] B Bujae
COOTBETCTBYIOILIEMY €MY IEPEMEHHOIO TEMIIEPATYPHOTIO MOJIS M0 TOJUIMHE YIPOUYHEHHOTO
CJIOSl BIAJIMHBI, OCHOBAHHOTO Ha PEIIEHUH 3a]]a4M O MIepBOHAYAIBHBIX Aedopmarusx [ 16].

CooTHoIIeHUST MEXKy MepBOHAYAIbHBIMU Je(QOpMalUIMH IO HAIpaBICHUSIM OCel
CUCTEMBI KOOPJIMHAT 3aBUCST OT BUJIa TOBEPXHOCTHOTrO yripouHeHus. [Ipu monenupoBanuu
OHM 3aMEHSIOTCS COOTBETCTBYIOUIMM TEMIEPATYpPHBIM TOJieM C KoddduimeHTamu
JIMHEMHOTO TEMIIEPAaTYypHOI'0 pACIIMPEHHUS, TMOJYYEHHBIX, HaNpUMeEp, U3 YCIOBHS
AHU30TPOIUHU YIPOUHEHUS] — HEU3MEHHOCTH HayaJIbHOTO 00bema u apyrux [17].

Koadhumment narencuBnoctn Hanpspkenuid (KMH) 6b1 onpenenén amnst riryOuHBI
KOJIbLIEBOM TpemuHbl B uHTEpBasie oT 0,01 mM 10 0,20 MM, pacrionoKeHHONW B HAMMEHBIIIEM
ceyeHun BraauHbl. OceBas pacTArMBarOllas CUJa COOTBETCTBOBajla MpEAeiy
BBIHOCTMBOCTH Oonta. Ha pucynkax 3 u 4 mnpuBeneHsl Tpadukyd 3aBHCHMOCTH

Ko3(ppulIMeHTa UHTEHCUBHOCTHU HAIpPsDKEHU OT riyOunsl TpemuHsl K; = f(I) 6onToB u3
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Pucynok 3. 3aBucumocts KMH ot riryOuns! Tpemussl / 17151 00ATOB U3 CIUIaBa
BT16 ¢ octaTouHbIMU HaNpsKEHUSAMHU MOCIIE HaKaThIBaHUs pe3bObl (a — M6, 0 —
M8, B —MI10,r—M12)
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Pucynok 4. 3aBucumocts KMH 0T rinyOunb! TpewuHsl / 11t 00NTOB U3 CTalu
30XI'CA c ocTaTOYHBIMU HAIPSKEHUSMHU 1OCJE€ HaKaThIBaHUS pe3bOnl (a — M10,
0 —MI12)

N3 rpaduikoB Ha pucyHkax 3 U 4 MOKHO BUAETb, UTO 3aBUCHUMOCTh  K;=f{]) umeer
mMuHuMyM U eciu KMH oxasbiBaeTcs HMke MOpOroBoro 3HaueHus K;p, TO TpeniuHa
OCTAaHOBUTCSA B CBOEM Pa3BUTUHU. DTa OCOOCHHOCTh, OYEBUAHO, U OOBICHSET MOSBICHUE
HEPACTIPOCTPAHAIONINXCS TPEIIUH YCTATOCTH B YIPOUHEHHBIX JETAISX C KOHLIEHTpaTOpaMu
HanpspkeHuu [2, 18-22].

Ha pucynke 3 u 4 orpuniarensnas yacts KMH noka3zana myHKTUpPOM, Tak KaKk B 3TOM
ciydae TepsieTcs ero GU3HUeCKUil CMBICT (TPEIIMHA 3aKPhITA).

Bropas 4dacte mccnenoBaHMil MPOBEAEHA IO pe3yibTaTaM pacyéToOB 3aBHCHUMOCTH
KHH ot MakcuManabHOrO HampspKEHUS LMKIA NMPU (PUKCUPOBAHHOM 3HAYEHUM TITYOHHBI
TPEUIUHbl Ui HEYNPOYHEHHOM M yHnpo4yHEHHOM pe3pObl. Haumbonbmuii uHTEpec
pEACTaBIsAET 3aBUCUMOCTb K; = f(0y,4,) VIS TPEIIMHBI TTYOMHOM, paBHOW KPUTHUYECKOM

I1yOMHE ¢, HEpACHPOCTPAHSIOMIEHCS TPEIIMHBI YCTaIOCTH, KOTOpas I CIUIOIIHBIX

MAIMHAPUIECKUX JeTallel ¢ KOHIICHTPATOpaMH HANPSOKEHUN ompenensercs mo Gopmyne

t,= 0,0216D;, moay4eHHON Ha OCHOBAHUU MHOTIOYHUCJIEHHBIX SKCIEPUMEHTOB, Tae D —

TMaMeTp HaWMEHBIIETro omacHoro ceueHus [2]. Jmsa pe3nOsr M6 pasMmep KpUTHUYCCKOU

ITyOMHBI HEPACHPOCTPAHSIOMIEHCS TPEMMHBI yCTanocTu ¢, paseH 0,103 MM, 11 pe3nObl
M8 —t,= 0,140 mm, s pe3sOb1 M10 — ¢, = 0,176 mm, a ans pe3pdet M12 — 1, = 0,219 mm.

PesynbraTel pacuéTa uis [ = ¢, NpUBEIEHBI HA PUCYHKaX 5 U 6.
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Pucynok 5. 3aBucuMocTh KO3 PUIIMEHTa THTEHCUBHOCTU HANPSKEHUN OT
MaKCUMaJIbHOT'O HalpsKeHus Uil pe3b0 u3 crutaBa BT16 6e3 ynpouHeHus u ¢

ynpouHeruem (a — M6, 6 — M8, 8 —M10, r — M12)
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Pucynok 6. 3aBucuMocTh K03 (pUIIMEHTa HHTEHCUBHOCTH HANPS)KEHUN OT
MaKCUMaJIbHOTO HarpsikeHus Juist pe3b0 u3 crutaBa 30XI'CA 6e3 ynpoyHeHUs U C
ynpoyHeHueM pe3posnl (a —M10, 6 —M12)

Kak cnenyet u3 rpadukoB pucyHKoB 5 U 6 rpaduk K; = (0 qy) 1715 HEYIPOUHEHHOM
pe3bOBl TIpeACTaBIsIeT COOOM JIMHEHHYIO 3aBUCUMOCTD. JJIsl ympOUHEHHBIX JIeTael JaHHas
(GyHKIUS ABISETCS IOMAaHOW TMHUEH, COCTOAIIEH U3 TPEX yYaCTKOB.

XapakTtep 3aBUCUMOCTU K; = (O1nqy) YIPOUHEHHOU pe3n0OBOM feTanu (kpuBas 2)
MO3BOJIIET CHIENIaTh CJeAylollue BbIBOJBL. [lepBbiii (HYyJIeBOM) y4acTOK COOTBETCTBYET
COCTOSIHMIO, KOrja Oepera TpeUIMHBI MOJIHOCTBIO TMPUXKAThl APYr K APYrYy, TO €CTh
YCTaJOCTHAsI TpEIIMHA HE PpACKPBIBAETCA, HECMOTPS HA HAJIW4YUE PaCTATHBAIOIINX
HAIPSDKEHUHW LUKJIA. BTOpOM y4acTOK COOTBETCTBYET COCTOSIHUIO, KOTJa TpELIMHA
pacKpbIBaeTCsl M3HYTPU TNPU ATOM Oepera TPELIMHbl OCTAlTCS COMKHYThIMH. Tperuii
Y4aCTOK MPEACTABISIET IPSAMYIO JIMHUIO,  MPOXOIAINYIO IApaAJUICIbHO aHAJIOTMYHOU
3aBUCHUMOCTH  HEYNPOYHEHHOW pE3bObl U COOTBETCTBYET CXEME, KOI/a TpeluHa
HOJTHOCTBIO pacKpbiBaeTcs. Touka Hayana TPEThEro ydacTka Ipaduka COOTBETCTBYET
[23].

MAaKCHUMaJIbHOMY HANPSKEHUIO C

max

Onpenenenue Tmpejaena BBIHOCIMBOCTH OOnTa C YHOPOYHEHHOW pe3pboi  mpu
ACUMMETPHUYHOM ITUKJIC HATPYKEHHS C UCIIOJIb30BAaHUEM TTOJIOKECHH I IMHEWHON MEXaHUKU
pazpymieHusa. C 3Toil LeNbIo Ha rpaduke 3aBUCUMOCTH K; = f(04x) TPOBOIUM
BEPTUKAIBHBIE JIMHUHM, COOTBETCTBYIOIIHE CPEIHEMY O, U MaKCUMAIBHOMY Oy

HAIIPSIKCHUAM ILIMKIIA. Kaxk 0Ka3ajJoChb, IPCAC]I BbBIHOCIMBOCTHU IIO pacqéTy C IIOMOIIBIO



KpUTEpUsl CPEAHEUHTErPAIBHBIX HAINpPSIKEHUWW &, W TOJYyYEHHBIA II0 pE3yJIbTaTam

ocm

HWCHOBITAaHUU HaxoasaTCs BOJIM3U TOYKU Hepern6a, COOTBCTCTBYIOH_IGI\/'I MaKCHUMaJIbHOMY

HaIpPsHDKEHUIO IUKIIA, IPU KOTOPOM TOJTHOCTBIO PACKPBIBAIOTCS Oepera TPEIIrHbI.

IIpy JOCTMKEHUH CpPEIHUX HAIpPSKEHUN % 1o YPOBHSI MaKCUMAaJIbHBIX

HanpsHKEHUN Omax g BBIIIIE, aMIUIUTyAa IMKJIa Ok OyIneT BEIWYUMHOW TOCTOSIHHOM M
paBHOM BEJIMUYMHE TOUYKE Mepernda BTOPOTo ydacTka B TpeTHil [24].

Takum 006pa3oM, pe3yabTaThl, IPUBEAEHHBIC B JaHHOW paboTe, MO3BOJIAIOT CENIATh
BBIBOJI, YTO IPOTHO3MPOBAHUE IIpEJiesia BBIHOCIMBOCTH MPU ACUMMETPUYHOM IUKIIE
Harpy»eHusi 00JITOB MOKHO BBITIOJIHATh METOJ0M KOHEYHO-3JIEMEHTHOTO MOJICTUPOBAHUS
pe3pOBl ¢ TPEIIMHOW,  JUIMHA  KOTOPOM  paBHa  KPUTHYECKOW  TUIyOWHE
HEPACIIPOCTPAHSAIOIIENCS TPEUIMHBI YCTAIOCTH ¢, [25].

Pe3ynbTaThl 3HaUEHNI TApaMETPOB O PE3yJIbTATaM HCIIBITAHUNA HA YCTAIOCTh U UX

paC‘IéTHLIG 3HAYCHU, ITOJTYUCHHBIC IIPU UCCIICAOBAHNUU, IIPUBCIACHLI B Ta6J'II/IH€ 1 u?2.

Tabmuma 1 — Pe3ynbTaThl 3KCIIEPUMEHTAIIBHBIX M PACUETHBIX 3HAUCHUH Ha YCTAIOCTh

00ITOB U3 TUTAHOBOTO cruiasa BT16

Dkcnepu
Oy, » Mna Pacyer
MEHT
g xX
= < -
3 = OTXKUT+ = A
2 = > g
3 = | HakaTblBaHME+ | HaKaTbIBacHHE E Aoy, Aoy, =
c% L | bc' Q
= 3
N OTXKHT Okcnep Mna Mma =
Pacuer
UMEHT
M6 350 47 118 120 -1150 71 73 2,73




M3 350 43 111 115 -1120 68 72 5,56

M10 350 42 102 113 -1070 60 71 15,5

M12 350 40 98 93 -1030 58 51 5,37

Tabnuua 2 — Pe3ynbTaThl 3KCIEPUMEHTANIBHBIX U pACUETHBIX 3HAUEHHH Ha YCTaNIOCTh

00TOB 13 crajibHoro cruiasa 30XI'CA

Okcriepu
Op, » Mna Pacuer
MCHT
g X
& < o
3 = OTXKHUr+ = 3
o = = 2
S 5+ | HakaThiBaHWet | HAaKaTHIBACHHE £ Aoy, | Aoy, =
= b a2 a a &
£ e 2
= OTKHT Dkcrep Mra Mma :o
Pacuer
HUMCHT
MI10 430 62 103 98 -810 41 36 13,8
MI12 430 54 88 91 -730 34 41 3,41
3akiroueHune

W3 npencraBieHHbIX B Tabnunax 1 — 2 MaHHBIX MOKHO BUJETH, YTO YNPOYHEHHE
MOBEPXHOCTH (HaKaThIBaHWE PE3bObI MOCIE OTXKUTA 3arOTOBKM) BO BCEX HMCCIEIOBAHHBIX
ClIy4yasiX TOBBIIIAET TpPeAes BBIHOCIUMBOCTU Jeranu. I[lpudyem pacueTHble H
AKCIIEpPUMEHTAJIbHBIE 3HAYCHUS IMPUPALICHUS NpeAesa BBIHOCIUBOCTA HMEKT XOpoulee
coBnajieHue. PacxoxaeHue Mexay HUMH He mpeBblmaeT 16 % s THTaHOBOIO CIljIaBa
BTI16, 14 % nnsa ctanu 30XT'CA u 12% wu3 cranu 16XCH. CnenoBaTenbHO, UCTOIB3YSA
rpaduky pacrpenenieHnss OCTAaTOYHBIX HANPSDKCHWH BO BHAAMHAX PE3bOOBBIX JETaleH,

MOXHO C HpHCMJ’ICMOfI JJIs MHOFOI.IPIKJ'IOBOﬁ YCTAJIOCTH TOYHOCTBIKO IIPOTHO3HUPOBATH



npupalieHus: mpejaesia  BBIHOCIMBOCTH  Pe3bOOBBIX  JeTajed U3  pasIMuHbIX
KOHCTPYKIIMOHHBIX MaT€pHUAIOB.

Hcnons3ys B KauecTBE HUCXOAHBIX JIAHHBIX TpauKu pacrnpeneseHus OCTaTOYHBIX
HaIpsHDKEHU BO BIaJMHAX Pe3b0OBBIX JeTanei, MOXHO MocTpouTh 3aBucumocts KMHa ot
HanpsDKEHUW [UKIIA. DTO MO3BOJAET C MNPUEMIIEMOW 71 MHOTOLIMKIOBOW YCTaJIOCTH
TOYHOCTHIO MMPOTHO3UPOBATH TMIPEIE BHIHOCIMBOCTH PE3bOOBBIX JICTAJICH.

N3 pacueroB OBLIO YCTAHOBJICHO, YTO KpUTEpUEM Haubojee ONTUMaIbHOTO
TEXHOJIOTMYECKOTO PEKUMa HW3TOTOBIEHHS pPe3bObl € CO3JaHMEM TIPU ITOM  TOJIS
CKMMAIOIINX OCTATOYHBIX HAIPSIKCHUN SIBJISIETCA HANPSXKEHUE TOUKHU MEPeXojia BTOPOTO
y4acTKa B MPSIMOJUHEWHBIM TPETUM ydyacToK. HaumHas ¢ JaHHOM TOYKH, MPOUCXOIUT
MOJTHOE PACKPBITHE YCTATOCTHON TPEIINHBI.

B 3akiroueHne CTOUT OTMETUTh, YTO MPEIIOKEHHAST METOJMKA IMPOTHO3UPOBAHUS
npejiesia BBIHOCIUBOCTH PE3bOOBBIX JeTajel ¢ MO3UIINK JIMHEHHOW MEXaHUKH Pa3pyIIeHUS
MIO3BOJISIET CIIPOTHO3UPOBATH MAKCUMAIBHYIO aMIUIATY1y IIUKJIA.

[IpakTyeckass LEHHOCTh PE3YJIbTATOB HCCICIOBAHUS 3aKIIOYAETCA B TOM, YTO
IpeUIOKEHHAsT METOJIMKa pacuéTra MHOTOIIMKIOBOM YCTAJIOCTH PE3bOOBBIX JEeTalle ¢
YYETOM OCTATOYHBIX HAMpPSKEHUW TO3BOJISIET I ACTAJICH JAHHOTO THUIIA OMPENCIISITh
Mpe/IeSIbHYI0 aMIUIUTYy LHKJIA, a TakXKe, JJi1 OOeCleueHUss MaKCHUMaJbHOIO pecypca,
noa0upaTh ONTUMAIIEHOE KOHCTPYKTUBHOE HCIIOJTHEHUE PE3bObl, PEKUMBI €€ YIPOUCHUS,
MEXaHUYECKOM, TEPMUUECKON U IPYTUX BUJAOB 00pabOTOK.
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