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AHHOTALIUSA

Heas: IIpoBeneHne KOMIUIEKCHBIX 3KCIEPUMEHTAIBHBIX HCCIEIOBAHUN IUKIMYECKONW TPEIIMHOCTOMKOCTU
JUTOU CTaH, KOTOpas MPUMEHSIETCS sl HECYIIUX JAeTallei XOJOBBIX CUCTEM T'PY30BBIX BArOHOB, C MOCTPO-
€HHUEM KMHETHYECKOH AMarpamMMmbl yCTaJOCTHOTO pa3pyuieHus. Meronbl: [IpumMeHeH MeToa MEXaHUYECKUX
WCIBITAHUHN 00pa3IoOB JUTOM CTANH B YCIOBUAX IUKIMYECKOTO HATPYKEHUS, KOTOPBIA TTO3BOJISET TMOIYYUTh
KOJIMYECTBEHHBIC OIICHKH CIIOCOOHOCTH MaTepHaia COMPOTHBISATLCS YCTATIOCTHOMY Pa3pyIIEHUIO HA CTaJUU
Pa3BUTHS YCTATIOCTHOHN TPEUIUHBI (UCTIBITAHMS Ha IIUKIHYECKYEO TPEITMHOCTOUKOCTB). 1JIs ccineioBaHus 1mo-
BEPXHOCTH YCTaJIOCTHOTO pa3pylICHUs MPUMEHEH MUKporpaduueckuii ananu3 penbeda. s uccneqoBanus
AJIEMEHTHOTO COCTaBa JIMTOM CTajJl U MEXaHU3MOB Pa3BUTHUS YCTAIOCTHBIX TPELIMH MPUMEHEH MUKPOPEHT-
TEeHOCHIEKTPAJIbHBIN aHANU3 HA PA3NMUYHBIX CTaJUSAX YCTaTOCTHOrO paspyuieHus. Pesyabrarel: [IpuBeneHsl
pe3yJbTaThl UCCIEA0BAHUHN LIUKINUYECKON TpeInHOCTOMKOCTH uToi ctanu 20171, koTopas npuMmensiercs amus
HECyIIUX AeTanel rpy30BbIX BaroHOB. [locTpoeHa KuHeTHWYecKas quarpaMma yCTaJlOCTHOTO pa3pyLIEHUs,
MIPOBEICH JeTaIbHBIA MUKPOTpaQUUECKUIl aHATN3 TIOBEPXHOCTH YCTAJIOCTHOTO pa3pyIICHHS U UCCIIEIOBAHUS
AJIEMEHTHOTO COCTaBa HeMeTauinyeckux BkItodeHui. IlpakTunuyeckass 3Haunmocts: [lo pesynbraTam wuc-
CJICZIOBAHUH MOYKHO MPOBOIMTH OLEHKY paborocnocobHoctr cramu 20171 ¢ TpemuHHOi U MPOrHO3UPOBaTh
’KuBy4YecTh. [lodyueHHbIe pe3ynbTaThl MO3BOJSIOT COBEPIIEHCTBOBATH METOABI PECYPCHOTO MPOESKTUPOBAHUS
JUTHIX HECYLIUX AETaleld XOJOBBIX CUCTEM I'PY30BBIX BATOHOB C LIEJIBIO MOBBIIMICHUS UX AKCIUTyaTallMOHHOU
HaJeKHOCTH. Pe3yabpTarhl uCCIeN0BaHUI UCTIONB3YIOTCS IPEATPUITHUIMU — U3TOTOBUTEISIMU JINTHIX AeTaleh
JUTSE KOHTPOJIS CTa0MIILHOCTH TEXHOJIOTHUH M TIOBBIIICHUS KaueCTBa MPOYKIIHH.

KuaroueBble cioBa: {uknmaeckas TpemMHOCTONKOCTD, TUTHIE HECYIINE ETANH, TeNIe)KKa TPy30BOTO BaroHa,
KUBYYIECTh, MUKPOPEHTT€HOCTIEKTPAIBHBIN aHAN3 JIUTOW CTAIA, CKOPOCTh POCTA YCTAIIOCTHON TPEIIHHEI.

JluTtble Hecylue JeTany IPy30BBIX KeIe3HOIO-
POXHBIX BArOHOB, M3roTaBnMBaeMble u3 cranu 20171,
no ['OCT 32400—2013 [1], paboTaroT mpu BHICOKOi
Harpy)KeHHOCTH U B PA3IMYHBIX KIMMaTHYECKUX
ycnoBusix. Takue jmeramu, kak OokoBas pama, Haj-
peccopHasi 0aika, KOpIyC aBTOCLENKH U JpYTHE,
JOJDKHBI 00Ja/iaTh KOMILIEKCOM CBOWCTB, obecrie-

YUBAIOUIUX PETIAMEHTUPOBAHHBIE 3HAYEHUSI COMPO-
THBJIEHHUS YCTAJOCTH M XPYNKOMY pa3pylICHHUIO
MeTajjia, U3 KOTOPhIX OHM HM3TOTOBJEHBI, Ha TPO-
TSOKEHUM Ha3HAuYeHHOTo cpoka ciyxObl. Bompocs
HOBBIILEHUS HAJEKHOCTU JIUTHIX HECYLIMX JIeTaNeH
TPY30BbIX BarOHOB CTaHOBSTCS Bce Ooliee aKTyaib-
HBIMU B CBSi3M C pa3ButheM B PO TsmxenoBecHOro
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IBWKEHUS [2] W BHEAPEHHMEM WHHOBAIIMOHHBIX
BaroHoB [3]. HeoOxomumbl Oosee yriyOrneHHbIE
UCCIIEZIOBAHUS YCTAJOCTHOW HPOYHOCTH U IKHBY-
YeCTH, OTBETCTBEHHBIX 32 0€30MaCHOCTD JIBHKCHUS
neranei. s TMThIX HECYILUX JeTalel HOBBIX KOH-
CTPYKLHMH Tenexek pa3pabaThIBalOTCs HOBBIE Tpe-
OOBaHHUS K MX HAJICKHOCTHU [4] 1 HOBBIE pacyeTHbIC
METO/Ibl UX PECYPCHOIO NMPOEKTUPOBAHUS C YUETOM
30H TIOBBIIICHHON OTBETCTBEHHOCTH [5].

OKCHepUMEHTAIbHbIE HMCCIIEA0BAHUI YCTaNOCT-
HOM JKMBYUYECTH JIUTBIX CTaJIel M HATYPHBIX JieTanei
NPOBOAATCA PA3IMUYHBIMU OpraHu3auusmu [6-8].
Ha 6a3e »Tux mccneoBaHuil CO3aH U TOCTOSHHO
nonosiHseTcs OaHK JaHHBIX IO XapaKTepHUCTHKAM
CONIPOTHBIIEHHS PA3BUTHIO YCTAaJOCTHBIX TPEIIUH
auTelX craned. OpHako mpoOiemMa MOBBILIEHUS
YCTaJIOCTHOM NPOYHOCTHU U KUBYUYECTH JIUTHIX HECY-
IIUX JeTanell TPY30BBbIX TENeKEK CTAaHOBHUTCS BCE
Oonee aKTyanmbHOH B CBSI3U C pa3palbOTKOil U 3amy-
CKOM B 3KCIUTyaTallli0 MHHOBAIIMOHHBIX TENEXEK C
Harpy3koit Ha ocbk 25-27 Tc [9, 10] 1 3HaYUTENEHBIM
TIOBBIIICHHEM TPEOOBAHMH K X SKCILTyaTallMOHHOM
HAaJIe)KHOCTH.

W3BecTHO, YTO Mpolecc YCTaJOCTHOTO paspy-
IIEHHS TOMPA3ENsIeTCs Ha JIBe OCHOBHBIC CTaJHU:
CTaJIMI0 3apOXICHUS U CTAAUI0 PACIpPOCTPAHEHUS
ycTanocTHOM TpenmHbl. CrnocoOHOCTh Marepuana
KOHCTPYKIMU 3()PEKTUBHO COMPOTHBIATHCA pa3-
BUTHIO TPEILUHBI SIBISETCS OJHUM W3 BAKHEHIIMX
(aKTOpOB, ONpENENAIOMIUM KMBYYECTh KOHCTPYK-
mu. Hanuuue KOHCTPYKTHBHBIX KOHIIEHTPATOpPOB,
CTPYKTYpPHBIX Je(EKTOB JUTOH CTallH, PasIudHOro
TUTA BKJTIOUEHHUH, pean3aliiis CI0KHOTO HAMpsHKEeH-
HOTO COCTOSHUSI B JIOKQJIbHBIX 30HAX KOHCTPYKIUH
aeraneit ciocoOCTBYIOT Ooliee paHHEMY 3apOXKICHUIO
TPEILHH YCTaTOCTU U, COOTBETCTBEHHO, YCKOPEHHOMY
pa3pyLIEHUIO MaTepHalla IUThIX HECYIIHNX JIeTajeH.

MexaHnueckue UCTIbITaHus 00pa3LOB B yCIOBHUSX
[UKJINYECKOTO HArpy:KeHHs MO3BOJISAIOT TOTYyYHUTb
KOITMYECTBEHHbIE OLEHKH CIIOCOOHOCTH Marepuana
CONPOTHBIIATECSA yCTAJIOCTHOMY PpaspyLIEHHIO Ha

CTaJUM PACIPOCTPAHEHHs YCTAIOCTHOW TPEIIUHBI
(MCTIBITAaHUS HA IUKJINYECKYIO TPEIIMHOCTONKOCTD).
OCHOBHBIM TOKa3aTeaeM, HaIsAHO HILTIOCTPUPY-
IOIUM 3Ty CMOCOOHOCTD, SIBISICTCS KUHETHYECKas
JMarpaMMa yCTaJa0CTHOTO pa3pyIIeHHUsI.

Lenp wucmplTaHUil HAa LUKIMYECKYIO TPEIIMHO-
cToiKoCcTh 00pa3uoB u3 craiu 20171 — mocrpoenue
KUHETHYECKOW JIMarpaMMbl  YCTaJIOCTHOTO paspy-
menns. B kadecTBe Mmarepuana s MCCISIOBAHUS
ucnons3oBamu cranb 20071, U3 koTopoi M3roTasiu-
BAIOTCS OOKOBBIE PaMbl TENEKEK TPY30BbIX BarOHOB.
[luknuyeckie WCTBITaHUs TIPOBOMMIN HA YHUBEP-
CalbHOM CEpBOTHAPABINYECKON MaluHe (UPMBI
«MHCTpOH» IIpY KOMHATHOM TEMIIEPATypE B YCIOBUAX
3HAKOTOJIOKHUTEIILHOTO IIUKJIMYECKOTO PACTSHKEHHUS C
yactotoil m3MeHenus Harpysku f = 10-20 I'u. Koag-
(UIIMEHT acMMMETpUU IMKJIAa HArpy3Kd COCTaBJISNI
R =0,1. VcnbITanusi NpOBOAWIM HA TPSMOYTOJIbHBIX
o0pasiax ¢ OMHOCTOPOHHUM HaJpe3oM (00pasiibl Ha
BHELIEHTpeHHoe pacTsukenne «BPy») (puc. 1). ['aba-
puTHbIE pa3Mepsl 00pasuoB: 62,5 X 60 x 25 mM.
Mertoauka mpoBeIeHUs UCTIBITAHUN Ha LIUKIINYECKYIO
TPEIIMHOCTOMKOCTh COOTBETCTBOBAIA TPEOOBAHHAM
Mmetonuyeckux pekomenanuid PII 50-345—82 [11].
Anamu3 pasBuTHs yctajgoctHoW TpemuHbl (YT) B
00pasiie JaHHOTO TUMA U C JAHHBIM BAPUAHTOM HaJl-
pe3a mokaszan, yto Tpaektopus pocra YT He3Hauu-
TEJIbHO OTKJIOHSETCS OT YCJOBUSI MEPIEHIAUKYIAp-
HOCTH T10 OTHOILIEHUIO K JIMHUM JICWCTBUS BHELIHEH
[UKIMYEeCcKoi Harpysku (puc. 2). B nnamasone skc-
NEPUMEHTAIBHO IOTYYEHHBIX 3HAYEHUH CKOPOCTEH
pocra TpemmHsl Av = 6 - 10% — 1,5 - 107° m/uuxn
passutie YT xapakrepusyercss pOpMUPOBAHUEM BCE
BpEeMs BO3pACTAIOIIEH B pa3Mepax Mo Mepe YBEJu-
YEHMs JUIMHBI TPELIMHBI JIOKAIBHOW IIACTUYECKON
30HBI B €€ BEPIINHE.

[Ipy nOCTWXEHUM CTaAuM YCKOPEHHOTO POCTa
VT pa3mep J0KanbHON TIACTUYECKOM 30HBI CyIIe-
CTBEHHO BO3pacTaeT (puc. 2), BhI3bIBas 00pa30BaHUE
TaK Ha3bIBAEMOTO IMUIACTUYECKOTO IIApHUpA, Tpa-
HHUI[BI KOTOPOTO BBIXOAAT HAa TOPLIEBYIO MIOBEPXHOCTD
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Puc. 1. [IpsmoyronbHbIii oOpasery
C OJIHOCTOPOHHUM OOKOBBIM HaJIPE30M
(obpazer BP) nnst ucnbitanuii Ha
[UKITMIECKYIO TPEIUMHOCTOUKOCTh
(cKOpOCTh poCTa YCTANIOCTHON TPEIIHE)

a

Puc. 2. O6pazer; BP ¢ ycranocthoi
TPEIUHON HA OOKOBOM TTOBEPXHOCTH
MOCJIE OKOHYATENIFHOTO Pa3pyILICHUsI

6

Puc. 3. Mukpopeibed MoBepXHOCTH yCTAIOCTHOTO pa3pyIIEeHHUs TIPU CKOPOCTAX pocta YT
v=1(0,6: 1,0) - 107 m/umk: a — x1000; 6 — x2450

o0pa3ia npu JOCTUKEHUHU MPEIeTbHOTO COCTOSHUS,
CBSI3aHHOIO C peanu3aluell IUIACTUYECKOM HecTa-
OWJIBHOCTH IPOLIECCa YCTAIOCTHOTO Pa3pyILCHUs B
npolecce pocTa TPEeuMHbL. AHaIu3 Makpopesbeda
MOBEPXHOCTH YCTAJOCTHOTO pa3pymIeHUs o0pasia
BP moxaspiBaeT Tpm XxapakTepHble 0OIacTH: CTa-
OUIBHOTO, ycKOpeHHOro pocta YT U 30Ha JonoMa.
Ha noBepXHOCTH yCTaNOCTHOTO pa3pyLIEHUs UCIIbI-

TaHHBIX 00pa3loB BP oT4eTINBO BBHIABISIOTCS JBE
OCHOBHBIC XapaKTepHbIE OOIACTH: Pa3BUTHS yCTa-
JIOCTHOM TPEIIMHBI (OTHOCUTEIBHO POBHAsS MOBEPX-
HOCTb C HE3HAYMTEJIbHOM IEPOXOBATOCThIO) U CTaTH-
YeCKOT0 JI0I0Ma (IIOBEPXHOCTh C Pa3BUTHIM, IPYOBIM,
CUJIBHO TLIEPOXOBATHIM PENTbe(OM M OTUETIIMBO BBISB-
JIEMBIM YTOHEHHMEM Marepuana oOpasua Ha OOKo-
BBIX TOBEPXHOCTAX B TIONEPEUHOM HAIPABICHUH).
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a

6

Puc. 4. [lonepeunpie 60PO3AKU HA TIOBEPXHOCTH YCTAIOCTHOTO Pa3pyIICHUS, XapaKTEPHU3YIOIIHE POCT
VT B muthIx cramax: a — %26700; 6 — x26900

B cBoro ouepesnp, obmacts passutus YT pasnensercs
Ha JIB€ CTaJMU: CTaOWIBHOIO U YCKOPEHHOIO pocTa
VT. B uznome pasnuuuve MEXIy 3TUMH CTaaUsIMHU
BBIPAXKACTCS B YBEIMUCHUHU IIEPOXOBATOCTH MOBEPX-
HOCTH YCTAJIOCTHOTO Pa3pyLICHUs MpPH MPHOIIKe-
HUM K 00JIACTH CTaTHYECKOro Jlojioma. boree netais-
HBIH, MHKpodpakTorpaduueckuii, anamm3 penbeda
MOBEPXHOCTH YCTAJIOCTHOTO pPa3pyIICHUs IMOKAa3bl-
BAET, YTO MPU HU3KUX CKOPOCTAX pocTa YT (B Hauasb-
HOM cTaguu crabuibHOrO pocta YT) dhopmupyercs
OTHOCUTENHHO IpyObIit MUKpopenbed (puc. 3), xapak-
TEPHBIH [ TUTBIX CTaJIeH, Ha KOTOPOM TP OOJBIIIX
YBEIMUCHUSIX MOKHO BHJIETh HAIIMYUE PA3IMYHOTO
THNA nonepeyHsix 00po3nok (puc. 4). bopo3auarsiii
penbed ¢ TOTepeyHbIMH TPEIIMHAMH CBOMCTBEHEH
y4acTKkaM, Ha KOTOPBIX pa3pyLIeHUe MPOUCXOIUT T10
aJIEMEHTaM JIUTOU CTPYKTYpHI (pHC. 4, a).

Ha ydvactkax, rae BUIHBI OTHOCHTEIBHO PaBHO-
MepHbIE YIopsAo4eHHbIe 00po3aKku (puc. 4, 6), pocT
TPEUIUHBI TPOUCXOIHT MO MEXaHU3MY 00pa30BaHUS
OITHOM OOPO3AKH 32 IMKII HArPYXEHUs, T. €., Olpe-
JIENTMB PACCTOSHUE MEXITY COCETHUMHU OOPO3/IKaMH,
MOXHO MNPHOIU3UTETBHO PACCUUTATh CKOPOCTD
pocTa yCTanocTHOH TpemuHbl. Takoe codeTaHue
pa3znuyHOro THUMa OOPO3MOK CBUAETENHCTBYET O
HEPaBHOMEPHOM TO/IPACTAHMU TPEIIMHBI BIOIb €€

¢ponrta. bmwke k KoHiyy ctabwibHOro pocra YT
(muamason ckopocreit v = (4,0 : 6,0) - 1077 m/uuKin)
Ha [OBEPXHOCTHU Pa3pyLICHUs NOSBIAIOTCS YYaCTKH,
COZIEpIKAIlle CKOIUIEHUS HEMETAIMYECKHUX BKIIIO-
YeHu, cepooOpazHoil (GopMBI, pazMep KOTOPBIX
HaXOUTCs B Auanasone 1-2 Mxm (puc. 5).

MUKpOpEHTIeHOCTIEKTPANIbHBIN  aHau3 (puc. 6)
TMOKa3bIBACT, YTO OCHOBHBIMH COCTABIISIOLIMMU ITHX
BKITFOYCHU SIBIISIIOTCS  QJIFOMHMHME, KUCJIOPOA, Map-
rader; ¥ cepa. MOXHO HpPEANOI0KUTb, YTO 3TO JIMOO
OKCHU/IbI AITFOMUHUS, JTMOO CII0KHbIE BKITIOUEHHS, COCTO-
SALIIE U3 OKCHIA AITFOMHMHUS 1 CYJb(Hia MapraHiia.

Ha cragum yckopennoro pocra YT MoxHO
HaOmonath  popMHupoBaHHE (parMEHTHPOBAHHOM
OJI04HOM CTPYKTYpbI C TYHHETbHBIM 3G PEeKToM mpo-
JIBUKEHHUS TPEIIUHBI (puc. 7).

OtyeTnuBO BUIHBI KaK yCTalOCTHbIE OOpPO3IKH,
TaK ¥ MHOTOYMCJIEHHbIE IOINEpEeYHble BTOPUYHBIE
TPEILHbI, 00pa30BaHKUE KOTOPHIX CBSI3aHO C Pa3BH-
TOW 30HOM JIOKAJNBHOH MIIACTHYECKOH JedopMaruu
B BEPIINHE TPEIIMHBI, KOMIOHEHTH! HAMPSHKEHHOTO
COCTOsIHUS (TVIaBHBIE PACTATUBAIOLINE HAMPSIKEHNS)
B KOTOPOH UMEIOT OTHOCHTENILHO BHICOKHME 3HAYEHHUSI.
PazpymeHue auTol cTanu B 30He JOJI0Ma HPOUCXO-
JUT B OCHOBHOM IyTeM peajll3allii BA3KHX MeXa-
HU3MOB paspyLieHus (puc. §), BEAYIIUM U3 KOTOPBIX
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o

Puc. 5. Muxpopeibed) 0BEpXHOCTH YCTATOCTHOTO Pa3pyLICHHs IPH CKOPOCTsX pocta YT
v=(4,0:6,0)10"7 m/umkir: a — x1000; 6 — x9700

Puc. 6. HemeTammueckue BKIIOYCHUS HA TMOBCPXHOCTH YCTAJIOCTHOT'O pa3pyLICHUA
1 UX 3JICMEHTHBIN COCTaB

ABIISICTCS. SMOYHBIA (MEXaHM3M CIMSHHUS BSI3KUX
AMOK — pHC. 8, 0). Takxe BCTpeuatoTCst TOKaIbHbIE
00NIacTH, B KOTOPBIX pa3pyIleHHE MPOMCXOAUT IO
(parMeHTam JMTON CTPYKTYPBI, COIEpKaIIeH Cyb-
¢bumHBIe BKIFOUSHUS (puc. 8, a).

Bsskue sMKM M BKIIOYEHHS HA JTHE SIMOK Ipel-
cTaBiieHbl Ha puc. 9, a. CpaBHUTEIbHBIN 37IEMEHTHBII
aHaIM3 I0Ka3al, 4TO JAHHBIC BKIIOUEHHUS HMMEIOT
CIIOXHBIH COCTaB, COCTOAILMN U3 OKCUJIA ATFOMUHUS
u cynbuaa Mapratma (puc. 9, 6).

Jlns chexenus 3a pa3BUTHEM YCTaJOCTHON Tpe-
IIMHBI HA OOKOBBIX MOBEPXHOCTSAX 0Opa3loB HAHO-
CHJIUCH pUCKH (puc. 2) ¢ marom 1 mm. Ha ocHoBaHuu
TIOJTyYeHHOTO MAacCHBa JAHHBIX (UTMHA TPEIIUHBI
(lTp) — yucIo UKIoB (N)), onpenenseHHoro Ha 00enx
MOBEPXHOCTSX 00pasloB, CTPOMIACh OCPEIHEHHAs
3aBHCHMOCTb lTp = f(N). 3Ha4eHus CKOPOCTU pocTa
TPELIMHBI TOTyYald PacyeTHbIM IyTeM, allpOKCHU-
MUpYS TOTYYEHHbIE PE3yNbTaThl MOTMHOMHUATBLHOM
3aBHCHMOCTBIO.
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a o
Puc. 7. Muxpopense(h MOBEpXHOCTH YCTATOCTHOTO pa3pyIIeHUs Ha CTauH yckopeHHoro pocta YT:
a— x1000; 6 — x4540

a 0

Puc. 8. Mukpopenbed moBepXHOCTH YCTAIOCTHOTO pa3pyIICHUS B 30HE JOJIOMa:
a — paspyLIeHue M0 (pparMeHTaM JUTOH CTPYKTYphI (X972); 6 — BA3KUiL IMOUHBIH penbed (x4540)

a 7]

Puc. 9. Hemerannuueckue BKIIOUCHHUS HA JTHE BA3KHUX SMOK (@) U CPABHUTEIBHBII 3MEMEHTHBIN COCTAB
BKJIFOYEHUH (CTIEKTp 2) ¥ MaTpulibl (criektp 3) (6)
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Puc. 10. Kunetnueckas quarpaMma ycTaaocTHOTO paspymenus ctanu 20171

Pasmax koahduimenTa MHTEHCUBHOCTH HAmpsi-
*kenuii AK onpenensuti o popmye:
AP-(2+ )
1 3

AK = Y, (1)

rae Y=(0,886+4,64-a+13,32-0>— 14,72-0> +5,6-0);
t — TonmMHa 00pasia;
B — xapakrepHas JUIHHa;
o= 1TP/B.

Ha ocHOBaHWM MOTy4eHHOTO MAaccuBa JAHHBIX:
CKOPOCTh POCTa yCTAJIOCTHOM TpeuuHbI (V) — pas-
Max Kod(h@uIMEeHTa MHTEHCHBHOCTH HaNpsDKEHUI
(AK) crpounach KHHETHYECKas quarpamMma ycra-
JocTHOro paspymienus (puc. 10) B ABOMHBIX jora-
pudpmuueckux xoopauHarax lg(v) — Ig(AK). Kax
OBUIO YIOMSHYTO BBIIIE, PE3YJIbTaThl IUKINIECKAX
UCIIBITAHUH TI0 OTIPE/ICICHUI0 CKOPOCTH POCTA yCTa-
JIOCTHOW TPELIMHBI NPEACTABISIOT B BUE KUHETH-
YeCKOM JuarpaMMbl pOCTa YCTAJOCTHOW TPELIUHBI
(puc. 10). [Ins nmoxy4yeHus: KOMMYECTBEHHBIX OLEHOK
pazButus YT HE0OX0qUMO MONYUYEHHBIE Pe3yIbTaThl

NpEJCTaBUTh B BUJIE COOTBETCTBYIOIIEH 3aBUCH-
MOCTH, CBSI3bIBAIOLIEH CKOpOCTh pocta YT M pas-
Max Ko3(UIMEHTa WHTEHCUBHOCTH HAIPSIKCHUH.
Haubonbiiee pacrpocTpaHeHue MoONyduia 3aBHU-
CHMOCTb, NpemjiokeHHas [Ispucom n IpaoraHom B
CIIEYIOIIEM BUJIE:

m
2

v=C([AK]) )
rae C ¥ m — NOCTOSIHHBIE.

Ommcanne ckopocTd pocta YT ¢ TOMOIIBIO 3aBH-
cUMOCTH (2) T03BOJISIET B OOJBIIMHCTBE CIyYacB
MOJTyyaTh KOPPEKTHBIE KOMMYECTBEHHbIE OIEHKU C
MPUEMIIEMOH /ISl TIPAKTUYECKUX IIENeH TOYHOCTBIO.
Kak BHIHO M3 TONYy4YEHHON AMArpaMMBbl, 3aBUCH-
MOCTh (2) ¢ BBICOKOM CTEMEHBIO TOUHOCTH OIMCHI-
BAET PE3YJIbTaThl YKCIEPUMEHTA. 3HAYEHHUS TOCTO-
auHbIX: C=3 1072, m=3,22.

Takum 00pazom, ¢ MOMOIIBIO 3aBHCHMOCTH (2)
MOXHO MONIy4aTh OIEHKH paboTocrnocoOHOCTH
Mareprana ¢ TPEHUMHOW M MPOTHO3MPOBATH €ro
KUBYYECTb.
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Summary

Purpose: Carrying out complex experimental studies of cyclic crack resistance of molten steel which is used
for load-bearing parts of freight wagon running systems with kinetic diagram building for fatigue failure.
Methods: Method of mechanical testing of molten steel samples under cyclic loading conditions was applied,
the method makes it possible to obtain quantitative estimates of stuff ability to resist fatigue failure on the stage
of fatigue crack development (testing on cyclic crack resistance). To study the surface of fatigue failure, relief
micrographic analysis was used. To study molten steel elemental composition and the mechanisms of fatigue
crack development, X-ray micro-spectral analysis was used on fatigue failure various stages. Results: The
results of the research of cyclic crack resistance of 20 I'JI molten steel, which is used for load-bearing parts
of freight cars, are presented. Fatigue failure kinetic diagram has been built, detailed micrographic analysis
of fatigue failure surface has been carried out and elemental composition of non-metallic inclusions has been
studied. Practical significance: Based on the research results, it is possible to assess the performance of 20
I'JT steel with cracks and to predict survivability. The results obtained make it possible to improve the methods
of resource projection of molten bearing parts for freight wagon running systems in order to increase their
operational reliability. The research results are used by enterprises - manufacturers of molten parts to control
technology stability and to improve product quality.

Keywords: Cycle fatigue crack resistance, molten bearing parts, freight car bogie, survivability, X-ray micro-

spectral analysis of molten steel, fatigue crack growth rate.

References

1. GOST 32400—2013. Rama bokovaya i balka nadres-
sornaya litye telezhek zheleznodorozhnykh gruzovykh
vagonov. Tekhnicheskie usloviya [GOST 32400—2013. Cast
side frame and bolster for bogies of railway freight cars.
Specifications]. (In Russian)

2. Boronenko Yu. P. Strategicheskie zadachi
vagonostroiteli v razvitii tyazhelovesnogo dvizheniya
[Strategic tasks of car builders in the development of heavy-
haul traffic]. Transport RF [Transport of the Russian
Federation]. 2013, Iss. 5(48), pp. 68—74. (In Russian)

3. Boronenko Yu. P. Vybor tekhniko-ekonomicheskikh
parametrov 1 perspektivy vnedreniya innovatsionnykh
vagonov gabarita Tpr [The choice of technical and economic
parameters and the prospects for the introduction of innovative
wagons of Tpr size]. Transport RF [Transport of the Russian
Federation]. 2015, Iss. 3(58), pp. 3-6. (In Russian)

4. Orlova A. M., Sukhikh 1. V., Zabadykin 1. V. Sover-
shenstvovanie trebovaniy k litym bokovym ramam i
nabressornym balkam dlya povysheniya ikh nadezhnosti.
Podvizhnoy sostav XXI veka: idei, trebovaniya, proekty.
Tezisy dokladov VIII Mezhdunarodnoy nauchno-
tekhnicheskoy konferentsii [Improving the requirements for

cast side frames and bolster beams to improve their reliability.

Rolling stock of the XXI century: ideas, requirements,
projects. Abstracts of the VIII International Scientific and
Technical Conference]. St. Petersburg: FGBOU VPO PGUPS
Publ., 2013, pp. 154-157. (In Russian)

5. Sukhikh I. V., Zabadykin I. V., Turutin I. V. et al. Zony
povyshennoy otvetstvennosti litvkh ram i balok trek-
helementnykh telezhek gruzovogo vagona i ikh opredelenie
metodom soprotivleniya ustalosti. Podvizhnoy sostav XXI
veka: idei, trebovaniya, proekty: materialy Kh Mezhdu-
narodnoy nauchno-tekhnicheskoy konferentsii [Zones of
increased responsibility of cast frames and beams of three-
element freight car bogies and their determination by the
fatigue resistance method. Rolling stock of the XXI century:
ideas, requirements, projects: materials of the X International
Scientific and Technical Conference]. St. Petersburg: FGBOU
VPO PGUPS Publ., 2015, pp. 40-42. (In Russian)

6. Zmeeva V. N., Lebedinsky S. G. Statisticheskie
zakonomernosti razvitiya ustalostnykh treshchin v litykh
stalyakh detaley gruzovykh vagonov [Statistical patterns of
development of fatigue cracks in cast steels of freight car
parts]. Vestnik VNIIZhT [Vestnik VNIIZhT]. 1999, Iss. 3,
pp- 26-31. (In Russian)

7. Severinova T. P. Issledovanie treshchinostoykosti

staley litykh detaley telezhek gruzovykh vagonov posle

2023/1

Proceedings of Petersburg Transport University



MpobnemaTiika TPaHCMOPTHBIX CUCTEM

69

dlitel’nogo perioda ekspluatatsii [Investigation of crack
resistance of steels of cast parts of freight car bogies after a
long period of operation]. Vestnik VNIIZhT [Vestnik
VNIIZhT]. 1999, Iss. 3, pp. 35-40. (In Russian)

8. Rasshchepkina D. V., Yakushev A. V. Rabotosposobnost’
bokovykh ram telezhek gruzovykh vagonov posle
vozniknoveniya opasnogo otkaza [Performance of side
frames of freight car bogies after the occurrence of a
dangerous failure]. Transport Urala [Transportation of the
Urals]. 2018, Iss. 3(58), pp. 30-34. (In Russian)

9. Efimov V. P,, Pranov A. A., Baranov A. N. et al. Bogie
for new generation freight cars with increased axial loads
[Bogie for freight cars of a new generation with increased
axial loads). Zheleznodorozhny transport [Railway transport].
2009, Iss. 6, pp. 58-61. (In Russian)

10. Losev D. N. Opyt ekspluatatsii i dal’neyshie puti
razvitiya tekhnicheskogo obsluzhivaniya innovatsionnykh
vagonov na telezhkakh Barber S-2-R [Operating experience
and further ways of developing the maintenance of innovative
cars on Barber S-2-R bogies]. Transport RF [Transport of the
Russian Federation]. 2014, Iss. 3(52), pp. 24-28. (In Russian)

11. RD 50-345—82. Raschety i ispytaniya na prochnost .
Metody mekhanicheskikh issledovaniy metallov. Opredelenie
kharakteristik treshchinostoykosti (vyazkosti razrusheniya)
pri tsiklicheskom nagruzhenii. Metodicheskie ukazaniya [RD
50-345—=82. Calculations and strength tests. Methods of
mechanical research of metals. Determination of
characteristics of crack resistance (fracture toughness) under
cyclic loading. Guidelines]. Moscow: Izd-vo standartov

Publ., 1983, 95 pp. (In Russian)

Received: January 25, 2023
Accepted: February 15, 2023

Author’s information:

Denis V. DANILENKO — Head of the Department
Viktor P. EFIMOV — PhD in Engineering, Associate
Professor; uiz123456(@mail.ru

Vladimir A. CHERNOV — Associate Professor,
Department of Wagons and Wagon Industries

ISSN 1815-588X. M3sectma MIYrc

2023/1





