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BUBPOJUATHOCTUYECKHUE ITAPAMETPHI YCTAJIOCTHOM
MNOBPEXJIEHHOCTHU YIIPYTI'UX TEJ

A.Il. boscyHoBckuii, B.B. MaTBees

VIBRATIONAL DIAGNOSTICS PARAMETERS OF FATIGUE
DAMAGE IN ELASTIC BODIES

A.P.Bovsunovsky, V.V.Matveyev

Hucmumym npoonem npounocmu um. I'.C Ilucapenko HAH Ykpaunwt, Kuee, Ykpauna

Abstract. The results of investigations of most sensitive afiion based characteristics of
fatigue type damage are presented. The charaateristidamage under consideration were
damping and parameters of non-linear effects cabigede change of elastic body stiffness at
the instant of crack opening-closure. A closingckr@auses the dynamic behaviour of
vibrating system to be significantly non-linear. mierical and experimental investigations of
forced vibrations of beams with a closing crackeéndemonstrated that the main distinctive
features of such a vibration system are the maaiies of effects associated with non-
linearity, namely the presence of sub- and supanbaic resonances and significant non-
linearity of the vibration responses (displacemexeleration, strain) at sub- and super-
resonances. The sensitivity of these non-linearcesffeo the crack presence exceeds many
times (one or even two orders of magnitude) thesisieity of natural frequencies and mode
shapes, as well as the sensitivity of non-line&ot$ at resonance. This opens up the good
prospect of using sub- and super-resonance redonése diagnosis of fatigue cracks.

HNHTepec K M3y4deHUIO KOJEOAHWN yNpYrux Tel TPH HAJWYUM TOBPEKICHHUN THIIA
TPEUINH YCTAJIOCTH OOYCIIOBJIEH, C OJHOM CTOPOHBI, HEOOXOAMMOCTHIO OI[EHKH BO3MO>KHOTO
M3MEHEHHUs BUOPAIIIOHHOTO COCTOSIHUS 3JIEMEHTOB KOHCTPYKIIUII B Mpoliecce UX JATUTEIbHON
DKCIUTyaTaIllH, a C IPYroi — He0OXOUMOCTHIO pa3paOOTKH YyBCTBUTEIbHBIX BUOPAIIHOHHBIX
METOJIOB BBISIBJICHUS! TaKUX MNOBpEeXJAeHUN. BuOponuarHocTuka mepcreKTHBHA B CIIydasXx,
KOTJ]a TOBPEKICHUE OOYCIOBIMBACT H3MEHEHHE XECTKOCTH Teja, YTO B CBOIO OYepenb
MPUBOAUT K M3MEHEHUIO COOCTBEHHBIX 4acTOT W (opMm KosebaHui ynpyrux Ten. [loatomy
pa3BUTHE METOJOB BUOPOIUATHOCTHKH TMOBPEXKICHUH HAYMHAIOCH C MOMBITOK HCIIOIH30BATh
U3MEHCHHE COOCTBEHHBIX YacTOT M (opM KoJecOaHWil JUIs BBIABICHHS MOBpPSKIACHHU [1].
OnHako OKa3aloCh, YTO YYBCTBUTEIBHOCTH OSTHUX METOAOB K HAIHYUIO TOBPEKICHUSI
ABJISIETCS HU3KOM, MOATOMY B HACTOAIIEE BpeMs MPOJOJKaeTcs Mmpoliece pa3padboTku Oolee

YYBCTBUTENBHBIX  BHOPAIIMOHHBIX

METOJIOB TuarHoctTuku. K takum mpu

R OTPECIIEHHBIX YCIOBUSX MOXKHO
OTHECTU TaK Ha3bIBacMble HEJIMHEM-
Hble 3¢ ekt (cyOrapMOHUYECKUE
U CYNeprapMOHHUYECKUE PE30HAHCHI
0 0 0 0 X U HeIWHEHHBbIe WCKaXeHHsl BHOpa-
IIUOHHOTO OTKJIMKa CHCTEMBl MpU

OCHOBHOM U HEIWHEHHBIX pe30-
m X HaHcax) [2-11] ¥ XapakTepUCTHKH
neMrnpupoBaHus Kosie0aHui

[12, 13].
Puc. 1 Monens ynpyroro tena ¢ 3aKpbIBaro- [Mpu uwmkmuyeckom aedopmu-
IEHCS TPEIMHON poOBaHUU YIPYyroro Tena c

NEpUOANICCKU 3aI<pLIBanmef/'Ic;1
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TpemuHOW (Takas TpeIIMHA IIPEICTaBIsieT COOOW WIeaTM3UPOBAHHOE MPEICTABICHHUE
TPEIIMHBl YCTAJIOCTH) M3MEHEHHE €ro JKECTKOCTH MOXKHO TMPEIACTaBUTh B  BHJC
HECHMMETPUYHOMN KyCOUHO-THHEHHON XapaKTEPUCTHKK BOCCTa-HaBIUBaloIIeh cuibl (puc. 1).
KonebarenpHas cucrema ¢ TakoW XapaKTEPUCTUKOM SIBISETCS CYLIECTBEHHO HEITMHEWHOW U
XapaKkTEepHON 0COOCHHOCTHIO €€ KOJICOaHU SIBIISIETCS TIPOSIBIICHUE HETMHEWHBIX (P HEKTOB.

Ilepuognueckoe M3MEHEHUE JKECTKOCTH MEXAHUYECKOW CHUCTEMBI CO3/A€T Pl
(yHIAMEHTAJIBHBIX TPYIHOCTEH AaHAJIMTUYECKOIO PELICHUs 3aJauyd O €€ BBIHY)KICHHBIX
KoneOanusx. [IpuOnmkeHHbIe aHAIMTHYECKHE PELICHUS OBUTH TIOIYYeHBI B psijie padoT [2, 4,
6] mpu HEKOTOPBIX YIPOLIAIOIINX IPEIITOIOKEHHUIX O CBOMCTBAX KOJICOATEINFHON CUCTEMBI.

BeiHyXaeHHble  KoNeOaHUS CHCTEM C  KyCOYHO-JIMHEHHOW  XapaKTepUCTUKON
BOCcTaHaBinuBarolieil cuisl uccinenoBanu C.Maesasa [2], B.U.Kprokos [3], C.JI.LIpibanckuii
¢ xoyuteramu [4], H.IL.ITnaxtuenko [5], H. [lyabo ¢ komneramu [6] u apyrue. OQHaKO B 3THX
paboTax He y4UTBIBAJIOCh TO OOCTOATENIBCTBO, YTO TPEIIMHA YCTAJOCTU IPU ONPEIEIECHHBIX
YCIIOBHUSX MOXET CYIIECTBEHHO U3MEHHUTh YPOBEHb JeMiipupoBanus B cucteme [12-15].B To
K€ BpeMs, Kak M3BECTHO, JeMN(UpPOBaHUE OKa3blBAET CYIIECTBEHHOE BIUSIHHE Ha
HenuHelHble 3¢ ¢dekThl, mofaBisAs uX mposBieHue. CleqoBaTeNbHO, NPU HUCCIEIOBaHUU
B3aMMOCBS3M MEX1y MapaMeTpaMy MOBPEXJEHHS M NapaMeTpaMu HETUHEWHBIX 3(PPEeKTOB
HEOOXOMMO YYMTHIBAaTh HM3MEHEHHE YPOBHS JeMII(UPOBAHUS B CHCTEME BCIIEICTBHE
BO3HUKHOBEHUS U POCTA TPELIHHBI.

Bausinne napaMeTpoB TPEIIMHBI HA XapPAKTEPUCTHKH AeMI(PUPOBAHUS

KOJIe0aHM YIIPYTHX TeJl

3aKOHOMEPHOCTH pacCesHUs] DSHEPrUM B KPAeBOM TpEIIMHE YCTAJOCTH ObUIH
YCTaHOBJICHBI TI0 pE3yJbTaTaM MWCHBITAHUS TPU3MATHYECKUX OOpA3lOB W3 PA3THYHBIX
MaTepHaJoB MPH U3TUOHBIX KOJIEOAHUSX IO MEPBOH (opMe ¢ Pa3IMYHON acCHMMETpHen HuKIa
[17]. DkcriepuMeHTaNBHBIE UCCIICIOBAHUS IPOBOAMINCH Ha CIICIIMATM3HPOBAHHON YCTAaHOBKE
JUTsL ONIpeIeNIeHNsI KOHCTPYKIIMOHHOTO AeMndupoBanus K/-1M [7].

B pesynbpraTe sKCIepMMEHTATBHBIX HCCIEIOBAHUI OBUIO YCTAHOBJIEHO, YTO OCHOBHAS
NpUYMHA PACCESHHSI SHEPrUM B HEpaCIpOTPAHSIOUICHCS KpaeBOW TpPEIIMHE HOPMAalbHOTO
OTpbIBa — MJIACTHYECKHUE W YIPYTO-TUIACTHYECKUE Ae(OPMALIUHN B OKPECTHOCTH €€ BEpIINHBI,
a TaKKe, 4TO 3Ta JHEpPrus sBiseTcs (yHKUUMEH HOMUHAIBHOTO pa3Mmaxa Kod(duuueHTa
VWHTCHCUBHOCTH HamnpspkeHHH (AK|) W yIOBIETBOPHTEIBHO OIUCHIBACTCS CIICAYIOLICH
3aBUCUMOCTHIO [14]

AU = 345010/ AK | + 155010 °AKZ - 519107 8AK 3. 1)
DTa 3aBUCHUMOCTh IIOKa3aHa Ha
AU, Tkt ' ' ' puc. 2 CIUIOIIHOH  IWHHeH, a
i pe3yabTaThI 9KCIIEPUMEHTA pu
1E-5L pa3IMYHON OTHOCHUTEIBHOM TIyOUHE
g tpemuHbl &/h (& TyOouHa TpemmHsl, h
— BBICOTA TIOMEPEYHOTO CEUEHHS) |
acCMMMETpuH KA (I) — TOYKaMHu.
1E-6¢ r=-1; r=0,12...0,65 | 3 BbulM  BBIABIEHBI TaKkKe JBa
; © e ah=0,1]] KJIIOYeBHIX (AKTOpa, OMpeAesIomux
[ 0 m ah=02 BJIMSIHUE TPEIIMHBI HA XapaKTEPUCTUKY
A A a/h=0,34 o
1E-7L i nemrdupoBanus [16]. [Tepsoiit GaxTop
- : ; : ' ' . 12 — UCXOJHBII ypOBEHb JIeMII(PUPOBAHUS.
0 2 4 LK, MIlam Yem OH HIDKE, TEM 3HAUMTEIHHEE
Puc. 2. 3aBHCHMMOCTH 3HEpruw, XapakTepucTika AeMIIQHpOBaHHA
paccesH-HOW B TpeUIMHE, OT pa3Mmaxa konebaHni pearnpyet Ha
KVH npu pa3nmnyHONl acMMMETpH LMKIA BOSHMKHOBCHHC ~ TPCIIMHEL ~ BTopoid
(GakTop — YpPOBEHb HANPSHKEHHOCTH

Konebanuii oOpasma u3 crutaBa BT-18Y

. ceueHUd ¢ TpemmHoi. Yem OTOT
MIPU PA3IMIHON TIIYOWHE TPEUTUHBI pet
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YpOBEHb BBIIIE, TeM Ooyiee 3aMETHbIC W3MEHEHHS XapaKTePUCTHKU AEeMII(UPOBAHUS
BBI3BIBACT TpPEIIMHA. BciencTBue 3TOro, €ciM TpeUnIMHA HAXOAWTCS B Yy3JIe HANpsDKeHUH
COOTBETCTBYIOLIEH (hopMBI KOJeOaHH TeKPEMEHT 3TON (popMbl KoeOaHuil HE U3MEHSIETCS U
BBISIBUTH TPCIIMHY 110 W3MEHEHHUIO XapaKTEePUCTUKU JEeMI(H-POBAHUS HE NPEACTABISACTCS
BO3MOKHBIM.

MoaenupoBanue KoJeOaHUil YIIPYTUX TeJl ¢ TPeUUHOM
3aKOHOMEPHOCTH PACCESTHHsI YHEPTUHM B TPEIIMHE OBUIM MCTOJIb30BAaHBI B TUCKPETHOU
MOJICJI YIPYroro Tejia ¢ MOBPSKACHHUEM THIIA 3aKpbIBarolleiics Tpemuubl (cM. puc. 1).
BnusiHue TpemuHBI HAa JKECTKOCTh YIPYroro Tela MOJCIHPOBAIOCH HECUMMETPUIHOU
KYCOYHO-JIMHEMHOW  XapaKTepUCTUKOW  BOCCTAHABIMBAIOWMIEH  CHJIBl.  BBIHYXICHHBIE
KOJICOAHUSI CHCTEMBl C OJHOW CTENEeHbI0 CBOOOMABI OMMCHIBaIOTCA AudepeHInaIbHbIM
ypaBHEHHEM BHU/Ia
2 2
CI—X+20( %+w—R(x)=qosinpt, (2)
dt? Mdt C
rae Om — kodddunuent nemndupoBanus; W — COOCTBEHHAs YIJIOBas 4acTOTa KoJieOaHUU
Tena 0e3 MOBPEXACHHUS; (o — aMIUTUTY/AA BBIHYKIAIOMICH CUJIBI, IPUXOIAIIASICS HA SAMHUILY
0000menHoi Macchl; C — 0000IIeHHas KECTKOCTh CHCTEMBI, MOJEIHUPYIOMIeH Teno 0e3
TPEIIMHBl WJIM Ha NOJYIMKIe KojeOaHui, Korma TpemmHa 3akpeita; R(X) -
BOCCTAHABIIMBAIOIAs CHJIA, YPAaBHEHUSI KOTOPO UMEIOT BU/I:

CoX, x20
R(x) =
Cx, x<0

rae C, —KeCTKOCTh CUCTEMBI Ha MOJYILIUKJIIe KOJIeOaH!ii, KOT/1a TPEIIMHA OTKPHITA.

TouHOE aHAIMTHYECKOE pelicHHe ypaBHEHHs (2) BO3MOXXHO MOJYYUTh JIMIIb IS
HEKOTOpPHIX YaCTHBIX  CJy4aeB, Hampumep, s cilydas CBOOOJHBIX  KojeOaHHH
paccmaTtpuBaeMoil cuctembl 0e3 ydera IeMn(UpPOBaHUS WIH C YYETOM JIMHEHHOIrO BS3KOTO
TpeHus. Tak Juig ciydas BBIHY)KICHHBIX KOJEOaHHH CHCTEMBI C Y4ETOM JAeMI(pUPOBAHHS
OBUTH TOJIyYCHBI MPHOJIMKEHHBIC aHATUTHYECKUE pereHus [9] B MpeanoaokeHun 0 MajJoM
YpPOBHE €e HeJIMHEHHOCTU. B Hacrosimielr paboTe pernieHue ypaBHEHUs (2) ObLIO BBIOJIHEHO
YUCIIEHHO MeToAoM HploMapka, KOTOpBIM HE HAKJIAJbIBA€T OrPAHUYEHUN HA YpOBEHBb
HEJIMHEHHOCTH K0JIe0aTeIbHOI CUCTEMBI M MTO3BOJISIET MOJIyYaTh PEIICHHs BHICOKOH TOYHOCTH

[17].

®3)

CrniexTpasbHBII aHaIM3 KoJeOaHUi HccaeyeMO CUCTEMbI OCYIIECTBISUICS C MTOMOIIIBIO
pana @ypwe Bua:

x =20 4 iAk Sin(kw,t +¢y), 4)
2 k=1

roe Ay =\/ak2+bk2 ; Ok :arcth—k .
k

Pe3yabTaThl YHCIEHHBIX H IKCIIEPUMEHTATbHBIX HCCJIeJ0OBAHUI

HccnenoBanus BRIHYKICHHBIX KOJICOAHUN TUCKPETHOM MOJIEIH TENIa C 3aKPhIBAIOIICHCS
TPEIIMHOW B INIHPOKOM JHAlMa30HE 4YacTOT TIOKa3almW, 4YTO JUIS Hee XapaKTepHO
BO3HUKHOBEHHE Cy0- U cymeprapMOHMYECKHX pe3oHaHcoB. [lo Mepe pocta ypoBHS
neMnupoBaHUs B CHUCTEME HX aMIUTMTYAbl manaioT. [Ipy OYeHb BBICOKOM YpOBHE
neMnupoBaHUs 3TH PEXKUMbl KOJeOaHUI MOJHOCTBIO MOAABISAIOTCS U B MEPBYIO OUYepeab —
CyOTapMOHHYECKUI M HEUETHBIE cyrneppe3oHaHchl [18].

AMIIATY/ bl HEJTMHEHHBIX PE30HAHCOB (B YaCTHOCTH, CYIIEPrapMOHUYECKUX PE30HAHCOB
nopsiika 2/1, 3/1, 4/1u 5/1 u cyOrapoMHHUYECKOTr0 pe3oHaHca mopsaka 1/2) He MpeBbIIIaoT
1% or amIUIUTyIBl OCHOBHOTO pe3oHaHca (puc. 3), 9TO jAeigaeT MPOOJECMATHYHBIM HX
oOHapyXeHHe M0 W3MEHCHHUIO aMIUTUTYIbl KoiieOaHwii. Paznmuume Mexay aMIuiuTyaamMu
OCHOBHOTO M HEJTMHEHHBIX PpE30HAHCOB CHUXKAETCAd [0 Mepe YBEIWYEHHs] CTEleHU
MOBPEXKACHUSI U TIPU yBEIMYCHUH YPOBHS JeMII(QUpPOBAHUS KOJICOAHHA B CHUCTEME, OJTHAKO
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OCTaeTcsl 3HAUYUTENbHBIM. JlekpeMeHT KonebaHuii Oy Ha PHCYHKaxX XapaKTepU3yeT YPOBEHb
nemiupoBaHUs B CUCTEME.

Bo3MoxHOCTE BO30YXKAEHHS TOYHBIX PE30HAHCOB M, CIICAOBATEIHFHO, BO3MOXKHOCTH
NPAaKTUYECKOTO HCIOJb30BAHUS HENMMHEHHBIX 3(()EeKTOB B KadecTBe AMArHOCTHYECKUX
NPU3HAKOB MOBPEKICHUS OINPEEIsIeTCs] MNPUHONH PE30HAHCHBIX KpUBBIX. Kak m3BecTHO, B
cllyuae OCTPOTO pe30HaHca HEeo0XOAMMa BBICOKAs AMCKPETHOCTb M3MEHEHHS] YacTOTHI
BBIHYKJAIOIICH CHUJIBI JUIsi TOYHOTO ONpEAECICHUsS MapaMeTpoOB PE30HAHCHOW KPHUBOM.
[luprHa pe30HAHCHBIX KPUBBIX MPU OCHOBHOM M CYOTapMOHHMYECKOM pE30HaHCax
NPAaKTHYECKH COTIOCTaBUMBI. B cilygae cymeprapMOHHYECKOro pe3oHaHCa BTOPOTO MOpSIKa
mupruHa AUX B 2...40 pa3 MeHblle, yeM IpU OCHOBHOM pe3oHaHce. Takum oOpazom,
BO30OYIUTh TOYHBIA CYHNEprapMOHWYECKHH PpE30HAHC BTOPOTrO TIOpAAKA 3HAYUTEIHHO
CIIO)KHEE, YeM OCHOBHOW PE30HaHC WM CyOrapMOHHYECKHI pe3oHaHC nopsaka 1/2.

B T T T T T T T "1 T
0.17 |5/1 4 Jl3nn ] 2/1 i . 1/2
105 - 60 0,8 | E
I 1 50
404 - 0,6 -
E 40
403} 4 30 0,4
1 20
7102} . 0,2
-1 | | 10
lo1f . 0,0 - -
1 1 1 1 1 1 1 1 0 . 1 . 1
0,192 0,198 0,24 0,250,32 0,33 0,48 0,50 0,96 0,98 1,00 1,02 1,94 1,96

p/w

Puc. 3. 3aBucumocth kK03 PUIMEHTA JMHAMUYHOCTH KOJIe0aTeIbHON CUCTEMBI C OJJHOM
CTEMEHbI0 CBOOOBI OT OTHOCHUTEIILHOW YacTOThI BhIHYKAaromiei cuiasl npu Co/C=0,913u
0,=0,5%

XapakTepHas OCOOCHHOCTb KoJeOaHMH IpH HEIMHEHHBIX pE30HaHCaX — 3TO HX
CYLIECTBEHHOE HCKa)K€HHWE [0 CPAaBHEHUIO C KOJIEOAHUSMU HEMOBPEKIACHHONH CHUCTEMBI.
CrerneHb 3TOr0 HCKaXKEHUS MOXKET ObITh UCIOJIh30BaHA KaK MPU3HAK MOBpexkAeHUs. Eciu Mbl
BBITMIOJIHUM CIIEKTPAJIbHBIN aHaIU3 KoJeOaHUl Mpy HETMHEHHBIX PE30HaHCax, TO OOHAPYKUM
HaJIMYMe TapMOHHMKH, aMIUTUTYAa KOTOpOil OyJeT comocTtaBuMa € aMILIMTYAO0H OCHOBHOM
rapMOHUKU. MBI Ha3BaJM ATy TapMOHUKY JOMHHUpYloleld. VIMEHHO OHa sABiIseTCA
OTBETCTBEHHOM 3a CYIIECTBEHHOE MCKa)XKEHUE KOJICOATENbHBIX MPOIECCOB NPU HEIUHEHHBIX
PE30HaHCaX.

Ha puc. 4 nokazanbl 3aBUCUMOCTH OTHOCHUTENIbHBIX AaMIUIMTYZA JTOMHUHHUPYIOIINX
FapMOHHK OT pa3MepOB TPEIIMHBI PU CyOpe30HaHCe U CyNeppe30HaHCcaX BTOPOTrO U TPETHETO
nopsiaka. Kak BuaHO, mpu cyOpe3oHaHCE MMEET MECTO HeKash MepTBas 30Ha, B KOTOpPOU
cyOpe3oHaHc He BO30y»kaaercst BoooOmie. Hanpumep, npu ypoBHsx aemmdupoBanus 0,=0,5u
5,0% cybrapMOHUYECKHI PEKUM KOJICOAHHI HE CITOCOOCH BBISIBUTH TPEIIMHBI TUIOMIAIBIO 10
3% u no 28% ceuenus, cooTBeTcTBeHHO. [Ipu manpHEHIIEM pOCTE TPEIIMHBI TOT PEXUM
MOKa3bIBACT BBICOKYIO UYBCTBUTEJIBHOCTh K HaJIMYMIO TpemuHbl. Poct mnpusHaka
MOBPEXACHUS TPU CYNEPpPE30HAHCAX MEHEee MHTEHCUBEH, HO OH HaOJ0JaeTcs, HauYuHas C
HAaMMEHBIIUX 3HAYEHUH TpemuHbl. MIHTEeHCUBHOCThP M3MEHEHHUs MPHU3HAKa IMOBPEXKICHUS B
00JacTu MaJbIX TPEIIMH MPHU CYNePrapMOHUUYECKOM PE30HAHCE BTOPOIO MOPsAKA IPU MaJIoM
ypoBHE neMI(UpOBaHUS SIBISETCS JOCTATOYHO 3HAYUTENBHBIM IS TPAKTHYECKOTO
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UCTIONBb30BaHusA. Poct nemmdupoBaHus Ha TOPSIOK TMOJABISIET YYBCTBUTEIHLHOCTH BCEX
NPEJICTaBICHHBIX JUarHOCTUYECKHX MPU3HAKOB K HAJTMUHUIO TIOBpexkaeHus B 1,5...3pa3za.

Onenka 3(G(}EKTUBHOCTH  WCIOJIB30BAHUS  XapPAKTEPUCTUK  HETUHEHHOCTH U
nemriupoBaHust KoJeOaHWA It TUArHOCTUKM  YCTaJOCTHOTO TOBPEXACHUS  OblIa
BHINIOJTHEHA HA TMpUMEpe JIOMATOK TEPBOM CTYMEHH KOMIIpeccopa HHU3KOTO JIaBIICHUS
ABUAIIMOHHOTO  Ta30TypOMHHOTO  JIBUTATEI, KOTOpbIE  W3TOTaBIMBAIOTCA W3
HU3KoJeMnupyromero TturaHoBoro cmiasa BT-3-1. B kadectBe BHOpaMOHHBIX
XapaKTEPUCTHUK TOBPESKIACHUS PACCMAaTPUBAINCH U3MEHEHHE JIOTapU(PMHUYECKOTO IEKPEMEHTA
KoieOaHuil W BTOpasi TapMOHHUKA CIIEKTpa TMPOIeccoB nedopManud W YCKOPEHUsS IpU
OCHOBHOM H CyIIEPraMOHUYECKOM PE30HAHCaX.

(A1,2+A1)/A1 (A2+Al)/Al (A3+A1)/A1
v T v T I T I/ T I T I T I
2,25 | ford L -
5| / L [r1 / ] 3/1
d 2,00 A L2 b —
_—0
4l - - P 1 d
/ 1,75 / _ L / i
§ O
O I —
3t d 1 1,50 - d —O—BG—O,S% 11 F o) .
d [ 4 |-o0-5-5% /
ol d | / I e ]
1,25 O o Jeo;
e T O p
------------------------------- B DD’@ - 1 /&'—_‘/ g-o -t -0~
1460e60o- -0 — -0 — I 1,00 Ro.o- 1 1,0 p—o=mDo-b- -
\ . \ \ ] \ L] A N T |
0,00 0,05 0,10 0,00 0,05 0,10 00 01 02 03 alh

Puc. 4. Bnusinue pa3MepoB TPEIIMHBI HA aMIUIUTYbl JOMUHUPYIOLUX FAPMOHUK IIPU
HEJIMHEWHBIX PE30HAHCAX Pa3JIUYHbIX MTOPAIKOB

Omnpenenenue JIOrapuMUIECKOr0 JICKPEeMEHTa KoJIeOaHWI JIOMAaTOK H  OIICHKA
HEIIMHEHHBIX HMCKAKEHWH MpOIecCOB nedopMalMd M YCKOPSHHS TPU OCHOBHOM U
CyleprapMOHHYecKoM Tmopsiiaka 2/1 pe3oHaHCHBIX KOJeOaHHAX MO MepBoi (opme ObuIM
BBITIOJTHEHBI DKCIIEPUMEHTAIIbHO Ha ycTaHoBKe K/[-1M.

Pa3mepbl MOBEpXHOCTHBIX TPEIIMH B HCIBITAHHBIX JIOMATKAX MPUBEACHBI B TaOI., T1Ie
2c — IWHA TPEIIMHBI Ha MOBEPXHOCTH; a — IIyOWHA TPEIIUHBI, S — IUIOMIab TPEIIUHBI,
S —mIomaae MonepevHoro ceueHust ¢ TpemuHou; fo u f — pe3oHaHCHBIE YacTOTHI MEpPBOM
(dbopMBbl M3TMOHBIX KOJIEOAHMWM JIOMATKH, COOTBETCTBEHHO. B CKOOKax MOKa3aHBl pacueTHHIC
3HAUEHUS Pa3MEpOB TPEIIMH M XapaKTEpUCTUK moBpexaeHus. Jlomatka Ne 1 paspyiieHa He
ObUIa, MO3TOMY TJIYOMHA U OTHOCHTEJbHAS TUIOIIAAb TPEUIMHBI S/S SBISIOTCS pPaCUCTHBIMH.
JlomaTtka Ne 2 mocnie MOCTHKEHUST TPEIIMHON JUTMHBI Ha TTOBEPXHOCTH 7,5 MM Oblja Harpera
10 800°C nns MapKUpOBaHUS TPELIMHBI, ITOCIIE Yero JIoNaTKa Obljia pa3pylieHa B pe3ysibTaTe
UKIMYECKOTO 1Ie(OPMUPOBAHHMSI, YTO JAJI0 BO3MOXKHOCTh JIOCTOBEPHO OINPEIEIIUTh TIIyOuHY
Y TUIOIIA (b TPEUTHHBI.

Tabmuma

Pe3ynbTarhl HCTIBITAaHUS JIOMATOK MIEPBOM CTYIEHU KOMITPECCOpa HU3KOTO JaBICHHUS
ra3otrypounHoro asurateins (Oma=2 MIla)

- AslAq
g ‘E 2C, a, S./S £ Jf OcHOBHOM Cyne;zrapMOHI/I-
E| MM MM pe3oHaHC 4ecKHil PE30HAHC
= nedopM. | yckop. | medopm. | yckop.
1 | 97 | (18)| (012)| 09937 0004 0024 2,00 431
> | @13 | (03| (0002 09995 - ~ 1 ©027) (071
7,5 1,8 0,063 0,9978 - 0,013 1,71 -

Kak BumHO u3 puc. 5, norapudmuueckuii nekpemeHT konebanuit nomatku Ne 1 mpu
BO3HMKHOBEHUH B HEW TpeIIMHBI Bo3poc B 2,2-1,7paza, a momatku Ne 2 —B 2,4-2.3pa3za.
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TO THE DESCRIPTUION OF THE FATIGUE DAMAGE

[Ipuyem Oonpmuii pocT JOTapUPMHUIECKOTO JCKpEMEHTa KoJieOaHWW HaOIIogaeTCs TMpH
MEHBIINX aMIUTUTY/aX HANPSDKEHHH, TO €CTh YyBCTBUTEIBHOCTD TOH XapaKTEPHCTHUKH TEM
BBIIIIE, Y€M HIDKE aMIuMTynaa Kosnebanuil. Kak ObUTO MOKa3aHO BHINIE, YyBCTBUTEIBHOCTH
XapaKTEePUCTHKH  JeMI(UPOBAHHUS CYIIECTBEHHO 3aBUCHUT OT HMCXOJHOTO  YpPOBHSA
nemrupoBanust KonebaHUIl HccieayeMoro o0beKTa: YeM HUXKE ATOT YPOBEHb, TEM BBIIIE
qyBCTBUTEIBHOCTh XapaKTEPUCTHKH JeMII(UPOBAHUS KOJeOaHWH K TOBPEXKICHUIO THIIA
TPEIIMHBl yCTAJOCTH. B paccmarpuBaeMoOM cilydae HMCXOAHBIH YpPOBEHb JAEMI(PHPOBAHHS
KoseOaHW JIONATOK OBUT HM3KHM, TAaK KaK OHM H3TOTOBJIEHBI M3 HHU3KOJEMII(HUPYIOLIETO
CIJIaBa, YTO M OOYCIIOBWJIO 3HAUUTEIbHBIA POCT €€ XapaKTePUCTUKU JEeMI(HUPOBAHUSA MPU
BO3HUKHOBEHUH TPEIIUHBI.

3, % 5, %
T | T | T | T | T
0,20 | —
96960_0_0_0'0'66—96'0 0.16
I Qp‘jﬁ 1 o014
016 |- , 1
/ ® -2c¢=0

012 = ® -2c=0 7

® -2c=1,3um

0,12 0,10 | ]
i O -2c¢=7,5Mm i
0,08
0,08
- | o006
ool L o1y oY B AI INPUN UN INU SR O
0 5 10 15 20 25 6 8 10 12 14 16 18 20
(a) o Mla ©) 0, ¢ Mlla

Puc. 5. AMmuuTyaHble 3aBUCHMOCTH JIOTapu(MHUECKOTO JCKpEeMEHTa KoJeOaHUi
nonatku Ne 1 (a) u Ne 2 (0) ¢ TpemmHamMu pa3IHYHBIX Pa3MepoB (TOYKH U CIUIOIIHBIC IUHHUU -
pe3yNbTaThl SKCIEPUMEHTA; INTPUXOBAs JHHUS - PE3YyJIbTaThl pacueTra B IMPEIIO-J0KCHUH
2c=1,3mm u a=0,3 MM; MITPpUX-TIyHKTUPHAS JUHUS - PE3yJbTaThl pacuera IJis TPEUIUHBI
2c=7,5Mm u a=1,8mm)

[Tpu ucnbITanusx onatku Ne 2 B MOMEHT 3apOKJIeHHS TPEIIMHBI ObUT 3a(hUKCUPOBaH
pocT norapudMHUUYECKOro JeKpeMeHTa KojeOanuii Ha 8,8-17,2%. PacueTHbie pa3mepsl
TPEUIMHBI, KOTOpasi MOTrJIa OOYCIOBUTHh YKa3aHHBIM BBIIIE POCT JIEKpPEeMEHTa KOJIeOaHWH,
cocraBmwmi: 2€=1,3mm n a=0,3mMm (cM. Tabi1.), TO €CTh XapaKTEPUCTHUKA JAEMII(PUPOBAHHS B
JTAHHOM CJIydae CIIOCOOHa pearupoBaTh HAa BO3HUKHOBEHHME TPEIIMHBI YCTAJOCTH, IUIOIIAIb
KOTOpo# coctaBnsier Bcero 0,2% miomaaym MONEPEYHOTO CEYECHHUs JIONATKH, YBETUYMBas
XapakTepUCTUKy nemrmdupoBaHuss konebanmii Ha 15-20%. Tpemwmna mnomansio B 6%
CEYCHHS B JaHHOM ClIyJae YBEJIIMUMBACT JEKPEMEHT KoJjiebaHui OoJiee ueM B 2 pasa.

HenuneitHple MCKaKeHUS KOJIeOATETBHBIX MPOIECCOB MPU UCHBITAHHUAX JIOIATOK TIPU
OCHOBHOM U CYNEpPrapMOHMYECKOM pE30HAHCAX XapaKTEePU30BAINCH OTHOCHUTEIbHBIMU
aMIUTUTYAaMHd BTOPOM TapMOHHMKH B CIEKTPE KOJIeOATENbHBIX MPOLECCOB AedopManuu u
ycKopeHus. Pe3yapTaThl IPOBEICHHBIX UCIIBITAHNI MPUBEICHBI B Ta0J. (B CKOOKaX MOKa3aHbI
pe3yNbTaThl OIIEHOYHBIX PACUCTOB).

[Ipy mpoymx paBHBIX YCIOBHSX CYIEPPE30HAHC BTOPOTO TMOPSIKA MOKA3bIBAET
HECKOJIbKO 00Jiee BBICOKYIO UYBCTBUTEIBHOCTh K HAJIMYHUIO TPEIIMH, YEM XapaKTepUCTHUKA
nemrndupoBanus. Ta ke TpemuHa 1wiomanbio 0,2% BeI3BIBAET OTHOCUTEIBHOE yBETHUCHHE
aMIUTUTYABl JOMUHHUPYIOIIEH TapMOHUKH B CIIEKTPE YCKOPEHHUS IpPH CyNeppe30HaHCHBIX
konebanusx 10 71%.3menenne cOOCTBEHHON YacTOThHI KOJIEOaHUH JIOMATKU B 3TOM CIIydae
He nipesbimano 0,05%.

VcniplTanus JOMATOK, BBIMIOJTHEHHBIC TPH HU3KOM YPOBHE aMIUIUTYIbl MAaKCUMAIIbHBIX
HaNpsDKCHUH, TOKa3ald BBICOKYIO YYBCTBUTEIBHOCTh CTENEHHM HEIMHEHHBIX HCKaKXCHHUN
nporeccoB aehopMalii U YCKOPEHHS K HATUYMIO TPEUIUHBI IpPU CyNEeprapMOHUYECKOM
pe30HaHCe, KOTOpasi MPEBHIIACT YyBCTBUTEIBHOCTh HETMHEHHBIX () ()EKTOB K MOBPEKICHUIO
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IpY KOJICOAHHUSAX B PEKMME OCHOBHOTO PE30HAHCA JI0 ABYX MOpAAKOB. [Ipu 3TOM HenMHEWHbIE
UCKQXKEHMS IIpolecca YCKOPEHMS OKa3ajluCh B HECKOJIBKO pPa3 BBIIIE AHAJIOIMYHBIX
UCKa)XEHUH nporecca aegpopmanuu.

BriBoabl

[To pe3ymbraramM SKCHEPUMEHTAIBHBIX W AHATUTHYCCKUX WCCIICIOBAHUM YIPYTUX
KOJIEOATENBHBIX CUCTEM C TOBPEXKACHUSIMH THUIA TPEUIMHBI YCTAJIOCTH MOKA3aHO, YTO IMPHU
OTIpE/ICTICHHBIX YCIIOBUSX YPOBEHb HEJTMHEHHBIX MCKAKCHHUN KOJIeOATENbHBIX MPOIIECCOB MPHU
HEJIMHEWHBIX PE30HAHCAX U U3MEHEHHE XapaKTePUCTHK ASMII(PUPOBAHUS KOIeOaHUN UMEIOT
JIOCTATOYHO BBICOKYIO YYBCTBHTEIIBHOCTD JIJIS JHATHOCTUKH JOKPUTHYECKOTO YCTAIIOCTHOTO
MOBPEXKICHUSI JIEMEHTOB KOHCTPYKITHH.
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