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BUBPOJIMATHOCTUYECKHUE IMTAPAMETPbBI YCTAJIOCTHOM
MNOBPEXJIEHHOCTH YIIPYI'UX TEJI

A.Il. boscyHoBckuii, B.B. MaTsees

VIBRATIONAL DIAGNOSTICS PARAMETERS OF FATIGUE
DAMAGE IN ELASTIC BODIES

A.P.Bovsunovsky, V.V.Matveyev

Hucmumym npoosiem npounocmu um. I'.C.ATucapenko HAH Ykpaunoi, Kues, Yxkpauna

Abstract. The results of investigations of most sensitive vibration based characteristics of
fatigue type damage are presented. The characteristics of damage under consideration were
damping and parameters of non-linear effects caused by the change of elastic body stiffness at
the instant of crack opening-closure. A closing crack causes the dynamic behaviour of
vibrating system to be significantly non-linear. Numerical and experimental investigations of
forced vibrations of beams with a closing crack have demonstrated that the main distinctive
features of such a vibration system are the manifestation of effects associated with non-
linearity, namely the presence of sub- and super-harmonic resonances and significant non-
lincarity of the vibration responses (displacement, acceleration, strain) at sub- and super-
resonances. The sensitivity of these non-linear effects to the crack presence exceeds many
times (one or even two orders of magnitude) the sensitivity of natural frequencies and mode
shapes, as well as the sensitivity of non-linear effects at resonance. This opens up the good
prospect of using sub- and super-resonance regimes for the diagnosis of fatigue cracks.

Murepec K u3yueHMto KojeOaHWW ynpyrux Tesl Mnpu HaJuMuyWW [OBPEIKACHMI THIA
IPELMH YCTanocTh 00y CIOBICH, € OJHON CTOPOHbI, HEOOXOAMMOCTBIO OUEHKH BO3MOIKHOIO
U3MEHEHUS! BUOPALIMOHHOIO COCTOSIHUS HJIEMEHTOB KOHCTPYKIMH B NPOLIECCe UX JUTHTE/ILHOM
IKCIIYaTalnn, a ¢ APYroi — HeOOXOAMMOCTbIO Pa3padOTKH Uy BCTBUTEbHbIX BUOPALIMOHHbBIX
METO/IOB BbISABJICHUA TaKWX MNOBpeKAeHUH. BuOpoamarHocTika mneperiekruBHa B ciyuasx,
KOrjla 1oBpekacHHe 00yC/IOBAMBACT M3MEHEHHE JKECTKOCTH Teaa, YTO B CBOK Ovepe/ib
[PUBOANT K M3MEHEHHUIO COOCTBEHHBIX 4acToT U (opm Kosedanuit ynpyrux tei. lorromy
pazBUTHE METO0B BMOPOAMArHOCTHKH no&spmkuelmii HAYUHAJIOCH C MOIbBITOK MCIOJIbL30BATH
H3MeHeHHWe cOOCTBEHHBIX 4acToT M Gopm KoJjeOaHui JUis BbiSIBIACHUS MOBpexaeHUi [1].
OHAKO OKa3aJloCh, YTO YYBCTBUTENbHOCTb HTHX METOJAOB K HAIMYUIO TOBPEA/ICHUS
SIBJSIETCS HU3KOM, MOATOMY B HACTOsILEE BpeMsi MPOJI0JDKAETCs Mpolece pa3padoTku Ooliee

LlyBCTBI/I'I‘CJ]belX BM()p‘duH()HIII)I,\

/ S METO/10B AHarHocTUKH. K Takum ripu
R OMPE/ICJICHHbIX  YCIOBUAX  MOKHO
OTHECTH TaK Ha3bIBACMbIC HCJIMHECH-
Hole dPpdekTol (cyOrapmonuucckme
M CYHEeprapmMoHHMYECKHE PE30HAHCDI
0 0 0 0 X M HEJIMHEHHbIE MCKakeHus BHOpa-
LMOHHOIO OTKJIMKA CHCTEMbl [IpH

OCHOBHOM M HEJMHEHHBIX pe30-
m % HaHcax) [2-11] w XapakTepucTUkn
JemMingupoBaHus KoneGanuii

(12,131,
Puc. 1 Mojenb ynpyroro tejia ¢ 3aKpbiBato- [Ipn umkinyeckom aepopmu-
LLEHCS TPELLUMHOM pOBaHMM  ympyroro  rena ¢

NEPUOANUECKH 3aKpbIBAOILEHCS
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TPEUIMHOW  (Takas TpellMHa npeacrapiser co0OH  MICAIIM3UPOBAHHOE  MPE/ICTABICHHUE
TPELIHHBbI  YCTAlOCTH)  M3MEHEHHME €ro  JKECTKOCTH MOJKHO —MpEACTaBUThL B BUJE
HECUMMETPHUYHON KYCOUHO-IMHEHHOM XapaKTepUCTUKK BOCCTAa-HABIMBAIOLWEH cuitbl (puc. 1).
KonebarenbHas cuctema ¢ TaKOM XapakTePUCTHKOM SBJISETCS CYIECTBEHHO HEJIMHEHHOM W
XapaKTepHO OCOOCHHOCTBIO ¢e KosieOaHmuii BASIETCS NPOsIBACHHE HEJIMHEHHBIX Y DHeKTOoB.

[lepuoanueckoe H3MEHEHHE IKECTKOCTM MEXaHWYECKOW CHUCTeMbl CO3/aeT  psijt
(yH1aMEHTAIbHBIX TPYAHOCTEH AHAJIMTHYECKOTO PEIUCHMSI 3aa4d O €€ BbIHYKACHHbIX
KosieOanusix. [TpuOinKeHHble aHaUuTUUECKHE petieHust ObLK NosyueHbl B psijie pabor [2, 4,
6] npU HEKOTOPBIX YNPOLIAIOLIMX MPEANONIOKEHHSIX O CBOHCTBAX KoJeOaTeIbHON CHCTEMBbI.

Beinyxjaennbie  KosnedaHus  CUCTEM ¢ KYCOYHO-JIMHEHHOW  XapakTepHCTUKOM
BOCCTaHaBAMBalOWEeH cuibl neenepoBanin C.Maesasa [2], b.WU.Kpiokos [3], C.JLLbidanckuii
¢ koJuteramu [4], H.ILITnaxtuenko [5], H. Tlyubo ¢ konneramu [6] v apyrue. OaHako B HTHx
paboTax He YyUMTbIBAJIOCH TO OOCTOSTENLCTBO, YTO TPEIUMHA YCTATOCTH TIPH ONPE/IEICHHbIX
YCJIOBHAX MOKET CYLIECTBEHHO H3MEHHUTb YPOBEHb aeMiupoBanus B cucreme [12-15]. B 1o
K€ BpEMS, KaK M3BECTHO, JAeMI(UPOBAHME OKAa3bIBACT CYIUECTBEHHOE BJMSHHMEC Ha
Heauneinbie dGdexTel, nopapasis ux nposisaeHue. CegoBaTesibHO, NP HCCIEJ0BAHKWH
B3AMMOCBSA3H MEK/LY [apamMeTpamu MOBPEK/ACHHS W MapaMeTpaMH HEJIUMHEHHBIX YPPeKToB
HCOOXO/IMMO  YUMTBIBATL M3MEHEHHME YpPOBHs JAeMi(UpPOBaHHMsS B CHCTEME BC/CACTBHE
BO3HUKHOBEHHS M POCTA TPELILHHbI.

Bausinne napamverpoB TpeuiHHbl HA XapPaKTePHCTHKH JieMI(pHPOBaHHsI

KoJIeOaHHH YNPYIHX TeJ

3aKOHOMEPHOCTH ~ PaccesiHUs HHEPrHH B KPAeBOW TPELIMHE  YCTAJOCTH  ObliK
YCTAHOBJEHbI 110 PE3yJIbTaTaM HCMbITAHUS MPU3MATHYECKUX 00pa3sLoB M3 pasiinuHbIX
MaTEePUANIOB NPH M3MMOHBIX KosieOaHMsX 10 NEepBOH PopME ¢ pazinuHON aCUMMETPHEH LKA
[17]. DKcnepumenTaibHble MCCIEI0BAHMS MPOBO/IMIMCH HA CHELMAIM3UPOBAHHON YCTAHOBKE
JUIsE ONPEIENCHUS KOHCTPY KUMOHHOTO Aemnduposanus K/1-1M [7].

B pesysabrare HKCnepUMEHTANIbHBIX MCCAEI0BaHUH ObIO YCTAHOBJICHO, YTO OCHOBHAs
NPHUYMHA PACCEsHUS DHEPIUU B HEPACTIPOTPAHSIOLICHCS KPAeBOW TPELIMHE HOPMAaJibHOIO
OTpbIBA — TUIACTHYECKHE M yNPYro-miacTuyeckue aedopmailin B OKPECTHOCTH €€ BEPLIHHDI,
a TAKKe, YTO JTa SHEprus sABasercs (PyHKUMEH HOMMHANBLHOrO pazmaxa Kod(uimenra
MHTEHCUBHOCTH  HanpsokeHuid  (AK)) M yJ10BJIETBOPUTENLHO OMUCHIBACTCS  ClIe/lYOMICH
3aBUCHMMOCTHIO [14]

AU, =3,45-1077 AK| +1,55-100AK? -5,19-10 8 AK3 . (1)
DTa 3aBUCMMOCTL MOKa3aHa Ha
AU L ' X puc. 2 CIUIOWHOW  JIMHMEH, a
pe3yibTarhl IKCIEPUMEHTA Hpw
1E-5 L pa3jiMYHOM  OTHOCHTEJILHOW  riiyOuHe
Tpewutbl a’h (a — rayOuna Tpenimns, h
—~ BbICOTA [OMNEPEHHOTO CEUCHHUs) M

aCMMMETPHH LIMKJIA (T) — TOUKAMH.
LE-6 =-1; 1=0,12...0,65 bbutn  BbIsIBIEHBI  Takke  jBa
t o & ah=01 | KAIOUEBBLIX  (PaKTOpa, ONpeae/aiolHX
o b BJMSIHUE TPELIMHbI HA XapaKTCPHCTHKY

A A a/h=034 : .

1E-7 b i nemripuposanus [16]. Tepebiii gakrop
(; 5 3 = Mha o — MCXO/IHbIN ypoBeHs 11c~?n<?mpvqfsam1f|;
l UemM OH HWKe, TeM 3HauMTe/IbHEe
Puc. 2. 3aBUCHMOCTH OHEpriuu, XapakTepuCTHKa ;1c.Mvn(bupouanm
paccesiH-HOW B TpellMHe, OT pa3Maxa e pearupyet , -
KMH npu pasiuumoii acHMMeTpH Lukia BO3HMKHOBEHHE  TpellnHbl.  BTopoii
dakrop — ypOBeHb HAIPSKEHHOCTH

Kosicbannii oOpaszua u3 cnnasa BT-18Y

. - . cedeHusi ¢ TpewmHoOi.  Yem  oror
HPH pa3iMyHON 1J1yOHHE TPELLHHBbI
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ypoBeHb  Bbillie, TeM Oosiee 3aMeTHbIC W3MEHEHHS XapaKTEePUCTUKH JeMipUpoBaHus
BbI3bIBACT TpelinHa. BeaeacrBue 5TOro, €ciiv TPeuiMHa HAXOAMTCA B y3J1€ HanpsiKeHui
COOTBETCTBYIOWEH opMbl KOJICOaHUI ICKpEMEHT HTOI (opMbl KoJeDaHUIi He H3MEHACTCS 1
BbISIBUTH TPEILMHY 10 W3MEHEHHWIO XapaKTePUCTUKH AeMI(PU-POBAHUA HE NPE/ICTABIACTCH
BO3MOZKHBIM.

MojiesinpoBanue KoJleOaHHi YHPYIHX TeJl ¢ TPeLHHOH

3aKOHOMEPHOCTH PACCESHUS YHEPrHH B TpelMHe OblAM MCNOJAb30BaHbI B JMCKPETHOM
MOJICIM YIIPYTOrO Teja ¢ MOBPEKACHHEM THIA 3aKpbIBAKOLIEHCS TPEWMHbl (CM. puc. 1).
Bimsinue TpelMHbl  Ha JKECTKOCTb  YIPYIoro Tejla MOJAEJIMPOBANIOCH HECUMMETPUUYHOM
KYCOYHO-JIMHEHHON  XapakTepUCTHKOW  BOCCTaHABIMBAIOMIEH  CWibl.  BbliHYykKACHHbIE
KOJicOaHUs CMCTEMBE ¢ OJHON CTENeHblO €BOOO/IbI  OMUCHIBAIOTCA AP PEpeHIIMATbLHBIM
yPaBHECHUEM BH/1a

> 7
g ‘7\+2amd—x+&R(x):q(,sinpl . (2)
dt- dt  C
rae oy — Kodpuument aemnduposanus; o — coOCTBEHHAs yrioBas 4actora KosieOaHmii
Teja 0e3 NOBPeRACHUA; (o — aMIUIMTY1a BbIHYXKIAIOUIEH CHJIbI, MPUXOAALLASCS HA CAMHULLY
0000meHHon maccel; € — 00001IEHHAs HKECTKOCT CUCTEMbI, MOJEIUpYIoUieH Teno 0Oe3
TPEUMHBLL - MAM  HA  NoJyuMkiae  KojaeOauui, Koraa TpewmHa  3akpwita;  R(x) -
BOCCTAHABJIMBAIOLLAS CHJIA, YPABHEHHUS! KOTOPOH UMEIOT BUAL
CoX; x20;
R(x)= (
Cx, x<0,
rae Cp — KECTKOCTb CUCTEMbI Ha 110J1y LIMKJIe KosleOaHUi, Korjia TpelliMHa OTKpbITa.

Tounoe anasMTHYECKOE pelleHHe ypaBHeHUs (2) BO3MOXKHO MNOAYYHTH JMIIL JUIS
HEKOTOPBIX ~ YaCTHLIX — Cllyyaes, Hanpumep, Jds  ciydas  cBOOOAHbIX  KosieOaHMid
paccMaTpuBaeMoOn cucTembl 0e3 yvera AeMNUPOBAHUS WK C YUETOM JIMHEHHOIO BSI3KOTO
Tpenns. Tak ans ciyyan BbiHYKACHHBIX KOJIeOaHWMH CHCTEMbl € y4deTom AeMIi(pHpOBaHUs
OblIM 110J1yYeHbl NPUOIMIKCHHbIE aHAMTHYECKHE petieHust [9] B NpeanosioKeHUH 0 Majiom
YpOBHE ¢¢ HeJauHeHHocTH. B Hactosiueit pabote peuenne ypaBHeHus (2) ObIJIO BbINTOAHEHO
uMucaeHHo  metoaoM  Heromapka, KOTOpbI HEe HaKJIaAbIBAET OrpaHUYEHWI Ha  YpPOBCHbL
HEJIMHEHHOCTH KOJ1€0aTeIbHON CUCTEMbI M MO3BOJIIET NOJIyYaTh PELUCHHUS BLICOKOH TOYHOCTH
[17].

Cnexrpanbliblii aHaIn3 KoneOaHUi UCeelyeMOi CUCTEMbI OCY LUECTBIISICS € ITOMOLIBIO
pssia Dypbe BUaA:

|98}
~

a - :
X :?‘)4- |\§Ak ssin(ko t+ @), “4)

) > a
rne Ak = "lkh + bk_ O :‘dl‘Clg bk

Pe3ybTaThl YHCACHHBIX H IKCIIEPHMEHTAJIBHBIX HCC/1e10BAHHIH

McenenoBanus BbIHYKACHHBIX KOIEOaHMIH AMCKPETHOM MOAE/IHN Tea ¢ 3aKpbiBatolLeiics
TPEUIMHONH B IIMPOKOM  JIMANA30HE YacTOT TMOKaszajlk, YTO /Ui HEE XapakTepHo
BO3HMKHOBeHHE ¢yDO- M cyneprapmoHuueckux pesoHancoB. [lo mepe pocra  yposHs
AeMIN(UPOBAHUS B CHUCTEME MX aMIUIMTY/bl nazator. [Ipu oueHb BBLICOKOM  ypOBHE
AEMII(PUPOBAHNS ITH PEKUMbBI KOJEOAHUIH MOTHOCTBIO MOJAABAAIOTCA W B 1IEPBYIO OYEpPe/ib —
cyOrapMOHHYECKHI U HEeUeTHbIe cyneppe3oHanch [18].

AMIUIATY Ibl HEJIMHENHBIX PE30HAHCOB (B YaCTHOCTH, CYNEPrapMOHHYECKHX PE3OHANCOB
nopsiika 2/1, 3/1, 4/1 m 5/1 n cybrapomHuyeckoro pezoHatca nopsjaka 1/2) ne npesbiuaior
[% OT aMnauTyabl OCHOBHOFO pe3oHaHca (puc. 3), 4ro jgenaer npoOaeMaTHYHbBIM HUX
00HAPYIKEHUE MO M3MEHEHUIO aMIUIMTY/Ibl KosieOanuii. Pazinuue Mexay amniaurtyiamu
OCHOBHOTO M HEJIMHCHHBIX PE30HAHCOB CHUIKAETCS [0  MEpe  YBEJIMYCHUs  CTENCHH
MOBPEHICHMST M NIPW YBEJIMYCHHUH YPOBHsI AeMII(UPOBAHUS KOJIeOaHHUI B CHCTEME, OHAKO
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ocTaeTes 3HaYMTE/IbHbIM. JIeKpeMeHT KoaeOaHuil O, Ha pUCYHKAX XapaKTepusyer YpOBCHbL
AeMII(pUPOBAHUS B CHCTEME.

Bo3moxkHOCTL BO30YKAEHUSE TOUHBIX PE30HAHCOB MW, CJIEA0BATEILHO, BO3MOKHOCTD
HPAKTUUECKOIO  MCNOJIb30BAHUS  HEJIMHEHHBIX A((eKToB B KauecTBe JIHAIHOCTHUECKUX
IIPU3HAKOB MOBPEKACHUS ONPEAEISETCs IWMPUHOH pe30HaHCHbIX KpuBbIX. Kak u3BecTHO, B
cllyqae OCTporo pesoHaHca HeoOXOAMMa BbICOKas JMCKPETHOCTb M3MEHEHHMS 4acToThl
BbIHY/KAIOWIEH CHIIbI U TOYHOIO  ONpE/EJeHHs 1apaMeTpoB  PE30HAHCHOW  KPHUBOM.
[llnpuna  pe30HAHCHBIX KPUBBIX [IPU  OCHOBHOM M CyOrapMOHMYECKOM  pe30HaHcax
NPaKTHYECKH conocTaBumbl. B cilyuae cyneprapMOHMUECKOro pe3oHaHca BTOPOro nopsijika
wnpuna AYX B 2...40 pa3 MeHbulle, 4eM MpH OCHOBHOM pe3oHaHce. Takum oOpasom,
BO30YAUTH  TOYHBIK CYNEPrapMOHMUYECCKHI  PEe30HAHC BTOPOro  MNOpsKa 3HAYHTEIbHO
CIIOJKHEE, YEM OCHOBHOM PE30HAHC MM cyOrapMoHMYecKnit pe3onatce nopsijaka 1/2.

—T —T —T —T T
& i3 151 141 131 1 [ 172]
L ] 4 105} - 0,8 | .
0,16 -+ -1 ~ | | L
L 1 1+ 1
0,15 | - <+ 404 | - 0,6 4
L it 1k .
3 0,3 | . 0.4
702 - 102
101k . 0,0 -
bensiianll I L Lo L L TR
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/(')

Puc. 3. 3aBucumocts KOd(pPuLMEHTa AMHAMUYHOCTH KOsleOaTe IbHOW CHCTEMBI ¢ O/IHOM
CTENEHBIO ¢BOOOAbI OT OTHOCUTEILHOM 4acTOThi BbiHy#Iatomend cuibl nipu Co/C=0.913 u
04=0,5%

XapakrepHas 0COOCHHOCTb KOJICOAHUH TPU  HEJAMHEHHBIX PE30HAHCAX — HTO MX
CYHIECTBEHHOE MCKAKEHHME M0 CPAaBHCHHUIO € KOJICOAHMSIMM  HEMOBPEK/ICHHON CHCTEMBI.
CTeneHb HTOro UCKaKEHUs MOKET ObITh UCIOJIb30BAHA KAK MPH3HAK NMOBPEKACHUA. ECin Mbl
BBITIOJIHUM CIIEKTPa/IbHbIM aHain3 KoJieOaHUuii Npu HEAMHEHHBIX pe30HaHcax, TO 0OHApYKUM
HAJIMYME TAPMOHUKH, aMmIilIMTy/la KOTOpol OyaeT conoctaBuma ¢ amIuiuTy10H OCHOBHOM
FapMOHMKK.  Mbl  HaszBaiM 9Ty TapMOHMKY JAoMUHMpYIOleH. WMmeHHo owna  siBisiercs
OTBETCTBEHHOMH 3a CYUIECTBEHHOC MCKAXKEHHUE KOJeDaTe/IbHbIX MPOLECCOB MPH HEITUHEHHbBIX
pe30HaHcax.

Ha puc. 4 nokasanbl 3aBMCUMOCTH OTHOCHTE/ILHBIX aMIUIMTY/L JAOMUHHPYIOMIMX
rapMOHHMK OT pa3sMepOB TPELLMHbBI NPH CyOpe30HaHCe U CyNneppe3oHaHcax BTOPOIo U TPETLEIo
nopsaaka. Kak BuaHo, npu cyOpe3oHaHce MMEET MECTO HeKasi MepTBasi 30Ha, B KOTOPOii
cyOpesonance He Bo30y#xtaetes Boodute. Hanpumep, npu ypoHsx aemnduposanns o,-0,5 u
5.0% cyOrapMOHMUECCKHI PEKUM KOJIeOaHMi He crocoOeH BbISIBUTH TPELIMHbBI T101A/1bIO /10
3% u 10 28% cevenus, cooTBeTCTBEHHO. [1pu nasibHelIeM poCTe TPELUMHBE YTOT PEKHUM
MOKA3bIBAET BBICOKY) UYYBCTBMTEJLHOCTH K HAJIMYMK  TpewuHbl.  Poct  npusnaka
OBPEIKACHUA TP CYNEPPE30HAHCAX MEHEC MHTCHCHBEH, HO OH HabMOJaeTes, HauMHasn ¢
HAMMECHBLIIMX 3HAYCHUU TpeUMHbl. MHTEHCUMBHOCTL W3MEHEHMS NPH3HAKA MOBPECK/ICHHUS B
00JacTH MaJIbIX TPELUMH TPH CYTIEPrapMOHMUYECKOM PE30HAHCE BTOPOIO MOPsA/IKA [IPH MAIOM
YPOBHE  JIeMII(PUPOBAHUS  SIBJISICTCS  IOCTAaTOMHO  3HAYMTEIIbHBIM  JUls  TIPAKTUUECKOTO
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ucrnosibzoBabus. Poct jgeMndupoBaHus Ha MOPSAOK TMOAABJSET UyBCTBUTEIbHOCTL BCEX
MPEACTaBACHHbIX AMarHOCTHYECKUX MPU3HAKOB K HAJIMUMIO MoBpexkaeHus B 1,5...3 pasa.

Ouenka  HPPEKTHBHOCTH  MCMOJIB30BAHMSI  XapaKTEPUCTHK  HEJIMHEHHOCTH M
jaemidupoBanust  koneGaHMid Ui AMArHOCTMKM  YCTaJOCTHOTO  MOBpeXkaeHMs  Obuia
BBIMOJIHEHA HA MPUMEPE JIONATOK TNEPBOH CTYNEHW KOMIPECCOpa HU3KOIO JaBicHMS
ABHALIMOHHOTO ra3oTypOMHHOrO  jBMraresns, KOTOpbIE M3rOTaBJIMBAOTCS 3
HU3KoAeMIIpUpytolero  tutaHoBoro crulaga  BT-3-1. B kavectBe  BMOpaLMOHHBIX
XapaKTePUCTHK NOBPEIHICHHS PACCMATPHBAIIUCH U3MEHEHHE JIOrapu(PMHUUECKOTO JIeKpeMeHTa
KojieOaHWii W BTOpas TrapMOHMKAa CHEKTpa MpoueccoB jedopmailu M YCKOPEHHs 1pu
OCHOBHOM M CyNepraMOHHUYECKOM pe30HaHcax.

(A1’,2+A1)/A1 (A2+A1)/A‘ (A3+A1)/A1
g T 8 2 25 & ]' T (l) i T ' T l T l |
S5t /‘ i / A
d 2,00 | A B | e .
4l / ] L o— i
1,75 |- . - -
§ » c/ /
3r I 1 150 | —0—38=05%| 11| d
0 i -0-8=5% Fd
2r 9 1125 o - e :
} -o/ """"" bj’;';ﬁ)" ] o o
............................... - _ A0 -0 -
1860060~ -0 ~ -0 - = 1,00 D_DDDE‘ 1 10 —o=iih-000 -
0 . 1 . L] PO (N (R |
0,00 0,05 0,10 0,00 0,05 0,10 00 01 02 03 ah

Puc. 4. Bausinne pazmepoB TpeLMHbl HA AMIUIMTY /1bl JOMUHHUPYIOLLMX TAPMOHUK 11PH
HEJIMHEMHBIX PE30HAHCAX PA3JIMYHBIX MOPSIAKOB

OnpeaeieHue  aorapumMHUYEcKoro JeKpemMeHTa KojeOaHWi J0naTok W oleHKa
HEJMHEHHBIX  UCKaKeHUH 1npoileccoB  jegopmMalMu M YCKOPEHMs 1PU  OCHOBHOM W
CyneprapMoHM4eckom mopsiaka 2/1 pe3oHaHCHbIX KoJieOaHusaX 1o nepBoi Gopme Obiiu
BbITOJIHCHBI DKCIIEPUMEHTANLHO Ha ycTaHoBKe K/I-1M.

Pasmepbl MOBEPXHOCTHLIX TPEUIMH B MCHbITAHHBIX JIONATKAX MPUBEACHbI B Tadi., I/1e
2¢ — JJIMHA TPELUMHbI HAa NMOBEPXHOCTH; a — ryOMHA TPELMHbI; S¢ — IO TPCUIMHBI;
S — naowanb NMOMNEpPeHHOro ceyeHusi ¢ TpelnHo; f u f — pe3oHaHcHble YacTOThl NEPBOH
opmbl M3rMOHBIX KOJICOAHMH J10NMAaTKH, COOTBETCTBEHHO. B CKOOKax rnokasaHbl pacuerHble
3HAUEHUS Pa3MEpPOB TPELMH U XapaKTepucTUk nopexiaeHus. Jlonatka Ne | paspymiena ue
Obl1a, N0HYTOMY T1yOMHA W OTHOCHTE/IbHAS MJIOLA/b TPELMHbL S,/S ABSIOTCA PACYETHLIMU.
Jlonatka Ne 2 nociie 1OCTHIKEHUS TPELMHON JUIMHBI HA MOBEPXHOCTH 7.5 MM Oblia Harpera
210 800°C Uit MApKHPOBaHHUs TPELLMHbI, NOC/IE YEro jonarka Obula paspylueHa B pesylibrare
HMKJIMYECKOTO AeOPMUPOBAHUS, YTO JAJI0 BO3MOJKHOCTb JIOCTOBEPHO ONPEACIINTL 1yOHHY
M IJI01LA/1b TPELLHHDI.

Tabauua

Pe3yabTarbl UCIIBITAHKS JIONATOK MEPBOM CTYNEHH KOMIIPECCOPA HU3KOIO AaBJICHUS
ra30TypOMHHOIO ABUrateis (ona—2 Mlla)

= AyA,
2 é 26, a, S. /S £, /f OCHOBHOM Cyncgrapmonn-
& MM MM pe30HaHC UCCKHI Pe30HaHC
- aeopMm. | yekop. | aedopm. | yckop.
1 9.7 (1,8) (0,12) 10,9937 | 0,004 0,024 2,09 431 |
¥ (1,3) (0,3) (0,002) | 0,9995 - - (0,27) (0,71)
1,9 1,8 0,063 0,9978 - 0,013 1,71 -]

Kak BuaHO W3 puc. 5, norapudmuueckuii jaekpeMeHT KosieOanui jonarku Ne | nipu
BO3HUKHOBEHMM B HEll TpelwuHbl Bo3poc B 2,2-1,7 paza, a nonatku Ne 2 — B 2,4-2.3 pasa.
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[Tpuuem Ooutblumii poct slorapupmuyeckoro jlekpementa kosiebanuit HadtoaeTes npu
MEHbLIMX AMIUIMTY/IAX HAIIPSIKCHUI, TO €CTb 4yBCTBUTEILHOCTL 3TOH XapaKTePUCTHKHU TEM
BblLIE, YE€M HUXKE amiuiuTya koaeOanui. Kak Obulo nokasaHo BbllIE, 4yBCTBHUTEILHOCTH
XapaKkTePUCTUKK  AeMN(PUPOBAHMS  CYILLECTBEHHO  3aBUCHT  OT  MCXOJHOIO  YPOBHS
aemiupoBatus KojedaHnid UcciielyeMoro o0beKTa: YeM HUKE STOT YPOBEHb, TEM BbILIEC
UYBCTBUTEJILHOCTD XapaKTEPUCTHKM AeMnpUpoBaHus KoJIeDaHWH K TOBPEKACHUIO THNA
TPEUMHBL YCTanocTH. B paccmatpuBaeMom cliyyae WCXOAHBIH ypOBEHbL JAeMII(PUPOBAHHS
KosieOaHuid J1onaTtok Obll HU3KMM, TaK KaK OHM M3TOTOBJICHbI W3 HW3KOAEMN(UPYIOLIETO
crnjasa, 4To ¥ 00YCIOBHIO 3HAYMTENIbHBIH POCT €€ XapaKTepUCTUKH AeMI(UpoBaHUs NpH
BO3HMKHOBEHHH TPEUIMHBI.

o, % 3. %
T I T —l T | T I T
0.20 .
20 = 0 0_ o al o6
96’6 -0 "0-00690'
L S J
o° 0,14
0,16 - , -l
/ ® -2¢=0 0.12
.7 1 012
O -2¢=9,7mm
0,12 0,10
0,08
0.08
0.06
0,04 "SSP TSR] S S ST S S 0,04
0 S 10 15 20 25 6 8 10 12 14 16 I8 20
(a) o, Mila (6) s, Mlla

max max

Puc. 5. AMNAMTYIHBIE 3aBUCHUMOCTH JIOrapupMHUYECKOro AeKpeMeHTa KosiecOaHHii
aonatku Ne | (a) u Ne 2 (6) ¢ TpetiHaMu pasiiniyHbIX pa3mMepoB (TOUKH W CIUIOLIHBIC JIMHWH -
Pe3yAbTaTbl HKCHEPUMEHTA; LUTPUXOBAS JIMHUA - PE3y/ibTaTbl pacyeTa B HPEANo-J0KeHHHN
2¢=1.3 MM 1 a=0,3 MM WTPUX-NYHKTUPHAs JIMHMS - PE3yJIbTaTbl pacyera Uis TPCUIHHbI
2¢=7.5 MM 1 a=1,8 mm)

[Tpu ucnbitanuax sonarku Ne 2 B MOMEHT 3apok/aeHHst TpeillMhbl Obl 3aduKkCcHpoBaH
poct norapudpmuieckoro aekpementa kojeGanuii Ha 8,8-17,2%. Pacuernbie pasmepbi
TPeLMHbI, KOTOpas Moria oO0yCAOBHTb YKa3aHHbIH BbILE POCT JIGKpeMeHTa KoJeOaHmii,
coctasuin: 2¢=1,3 mm v a=0.3 mm (cm. Tabu.), To ecThb XapaKrepucThka jaemindguposarms B
JIAHHOM Cllyyae crnocoOHa pearMpoBaTh Ha BO3HUKHOBEHME TPELUMHBI YCTANOCTH, MO/
KoTtopoit cocrtasisier Beero 0.2% mnuiowaan nonepeyHoro ceueHus JONaTKH, yBeIUYnBas
XapakrepucTuky jaemndupopanus koneGanuii Ha 15-20%. Tpewwmna miowaasto 8 6%
CEUEHMS B JAHHOM CJ1ydae yBEIMYMBACT JCKpeMEHT Kosiebanuit Oonee uem B 2 pasa.

Henunennbie uckameHus koiaeOaTebHbIX MPOLECCOB MPH MCIBITAHUAX JIONATOK MpH
OCHOBHOM W CYIEPrapMOHMUYECKOM PE30HAHCAX XapakTepU30BaJIUCh OTHOCUTEILHBIMH
aMILIMTY/IaMH BTOPOH FapMOHMKM B CrEKTpe KoJeOaTesibHbIX MpOLeccoB jedopmaitiu u
YCKOpeHus. Pe3yibrarel MpoBeAeHHbIX HUCTBITAHWN NpUBeIeHbI B Ta0. (B CKOOKaX NokasaHbl
PE3yAbTATbI OLEHOUYHBIX PACYETOB).

[Ipn  npounx paBHbIX YCAOBHAX CYNEPPE30HAHC BTOPOrO MOPsi/IKA  MOKA3bIBACT
HECKOJIBKO O0Jiee BBICOKYIO UYBCTBMTEIbHOCTH K HAJIMYMIO TPECLLMH, YEM XapaKTepHCTHKa
aemnguposanns. Ta ke Tpeimmna miowaabio 0,2% BbI3bIBAET OTHOCHTEIILHOE YyBEIWUYCHHUE
AMIUIMTY/Ibl  IOMMHUPYIOLIEH TAPMOHMKHM B CHEKTPE YCKOPEHHS TPH CYINEPPE30OHAHCHBIX
Kosiebanusx 10 71%. M3menenue coOCTBEHHOM 4acTOThl KosieOaHMI 0NATKK B HTOM cliyyac
He npesbimano 0,05%.

Mcenbitanus J10NaTtoK, BbIMOJHEHHBIC MTPU HU3KOM YPOBHE aAMIUIMTY/1bl MAKCHMAIbHbIX
HaNpPsUKCHUH, TI0Ka3aiu BbICOKYIO YYBCTBHUTE/ILHOCTb CTENEHH HEIWHCHHBIX HMCKAKCHHH
npoteccoB AeOpMaLMM M YCKOPEHHS K HAJIMYMIO TPELMHBL TPU CYTIEPrapMOHHUECKOM
pE30HAHCE, KOTOpast 1PEBbILIACT 4y BCTBUTEIbHOCTD HEJIMHEHHBIX YPPEKTOB K MOBPEKICHHIO
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1pH KoJeOaHUsIX B PEKUME OCHOBHOI'O pE30HAHCa 10 AIBYX MOPAAKOB. an ATOM HEJIMHEHHbIC
UCKAKCHUS  TPpOoHECCa  YCKOPCHHUS OKas3ajMCb B HECKOJbKO pa3 BbIC aAHAJOIMYHbIX
UCKOKCHUH Hpougecca uecbopmauun.
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