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MAGNETIC TECHNIQUES FOR ESTIMATING ELASTIC AND PLASTIC STRAINS IN
STEELS UNDER CYCLIC LOADING

E. S. Gorkunov, R. A. Savrai*, A. V. Makarov, S. M. Zadvorkin

Institute of Engineering Science, Ural Branch of the Russian Academy of Sciences, 34 Komsomolskaya st.,
Ekaterinburg, Russian Federation

*Corresponding author. E-mail: ras@imach.uran.ru; address for correspondence: ul. Komsomolskaya 34, Ekaterinburg,
Russian Federation. Tel.: +7 (343) 375-35-99; fax: 374-53-30

The paper studies the effect of high-cycle fatigue loading (elastic deformation) of high-
carbon steel (1.03 wt % C) on the behavior of the tangential component of the magnetic induction
vector of a specimen in the residual magnetization state. It has been found that the magnetic meas-
urement technique allows both structural changes and cracks resulting from the fatigue degradation
of high-carbon pearlitic steel to be recorded. The effect of cyclic loading in the low-cycle fatigue
region (plastic deformation) on the variations in the coercive force and residual magnetic induction
of annealed medium-carbon steel (0.45 wt % C) for the major and minor magnetic hysteresis loops
has also been studied. The sensitivity of the magnetic characteristics to both large and small plastic
strains accumulated during cyclic loading has been established.

Keywords: magnetic method, carbon steels, high- and low-cycle fatigue loading, fatigue
degradation, accumulated plastic deformation.
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MATHUTHBIE METO/JIbI OIIEHKHA YIIPYTOM U IIJIACTUYECKOM
JE®OPMAIIMHA ITPU HUKJINYECKOM HAT'PYKEHUU CTAJIEH

3. C. T'opkyHos, P. A. Caspaii*, A. B. Makapos, C. M. 3aaBopkuH
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesxicoenue Hayku Uncmumym mauunosedenus Ypaibckoeo omoene-
Hust Poccutickou akademuu nayk, yia. Komcomonvckas, 34, Examepunbype, Poccuiickas @edepayus

*(OTBETCTBEHHBINM aBTOP. DIEKTPOHHas mmoura: ras(@imach.uran.ru; aapec s nepenucku: yia. Komcomonnckas, 34,
ExarepunOypr, Poccuiickas ®enepanus. Tenedon: +7 (343) 375-35-99; dakc: 374-53-30

HccnenoBano BIMSHIE MHOTOIIMKIIOBOTO YCTAJIOCTHOTO HArpyXeHus (yrnpyroe aegopmupo-
BaHue) Bricokoyraepoauctoi (1,03 mac.% C) ctanu Ha XapakTep U3MEHEHHUS TaHT€HLUAIbHOM CO-
CTaBIISIIOIICH BEKTOpAa MAarHUTHOW WHAYKIMH 00pa3la B OCTaTOYHO HAMATHMYEHHOM COCTOSHHH.
Y CTaHOBIIEHO, YTO HMCIIOJIb3yeMasi METOIMKAa MarHUTHBIX U3MEPEHHUI MTO3BOJISET 3apETUCTPUPOBATH
KaK CTPYKTypHBIC U3MEHEHHUS, TaK U TPEIIUHBI, MOSBIISIONINECS BCICICTBUE YCTAJIOCTHOM Jierpaia-
IIUU BBICOKOYTJICPOIUCTON MEePIUTHOH cTamu. McciaenoBano Takke BIMSHUAE MUKIMYECKOTO HArpy-
KEHHS TIPH MaJIOUMKIOBOM YCTaIOCTH (YIPyro-ruiacTudeckoe aeOpMUPOBAHHE) OTOXOKEHHOM
cpenueyraepoauctoi (0,45 mac.% C) ctanu Ha M3MEHEHHE KOIPUUTHUBHOW CHIIBI U OCTATOYHOM
MarHATHOW WHIYKIUH ISl TIPENENbHON METIW U I YacTHBIX MEeTeNb MarHUTHOTO THUCTEpe3uca.
YcTaHOBIIEHA YyBCTBUTEIBHOCTh PACCMATPUBAEMBIX MAarHUTHBIX XapaKTEPUCTHK K BEJIMYMHE ILIa-
CTHYECKOW JehopMaIiy, HaKOTUICHHOW NPY IUKINYECKOM HarpyXeHHd, B 00JacTH Kak OOJIBIIHX,
TaK ¥ MaJbIX TIACTUYECKHUX JehOopMaIni.

Knrouegvie cnosa: macnummueiii memoo, yaiepooucmseie CMAIU, MHO20- U MATOYUKIOBOE
YCMANOCMHOe HA2PpydHceHue, YCManioCmuas 0e2paoayus, HaKoNnileHHAas NIACmu4eckds 0eghopmayusi.

1. BBenenue

B GonpmMHCTBE MalliH ¥ KOHCTPYKIUH JeTamu paboTarOT B YCIOBUSAX IIUKIHYECKH H3Me-
HSIOIIMXCSI HAarPY30K M C Pa3JIMYHBIM YPOBHEM HAIpsDKEHUH B nukiax. [Ipu 3ToM ypoBeHb Harpsi-
KEHHI Ha PAa3HBIX PEKUMAX MOXKET KOJIeOAThCs B NIMPOKHX TpeIeIax U MPUBOJAUTH K BOSHUKHOBE-
HUIO B JICTASAX KaK YIPYTHUX, TaK W IJIACTUYECKHUX AePopManuid. ITO CYIIECTBEHHO 3aTpyIHSET
M3Y4YE€HHUE CONPOTHUBIIEHUS YCTAIOCTH, IPOrHO3UPOBAHUE OJITOBEYHOCTU U OIPECIIEHUE 0CTaTOY-
HOTO pecypca, TpedyeT 60JbIIoT0 00heMa IKCIEPUMEHTAILHOTO MaTepraia U MPOBEACHUS HATYp-
HBIX HCTIBITaHUH. HeoOX0MMOo NCTIOIh30BaHNE TAKHX METOA0B, KOTOPHIE HE CBOJMIMCH OBl TOJIBKO
K HaKOTIJICHHIO AKCIIEPUMEHTAIBHBIX TAHHBIX, & TI03BOJISUTH MPUOIM3UTHCS K MOHUMaHUIO (r3mye-
CKUX OCHOB SIBJICHMH ycTanocTu. B 3TON CBS3M NMEpPCHEKTUBHO MPUMEHEHUE HEPa3pyLIAIOLIUX Me-
TOJIOB KOHTPOJIS, B YACTHOCTH, MAarHUTHBIX METOJIOB.

B mpouiecce ycTanocTHOTO HarpykKeHHsi MHOTOKPaTHO MOBTOpsAOLIascs yrnpyras aedopma-
[Usl TIPUBOJUT K CTPYKTYPHBIM HM3MEHEHUSM M HAKOIUICHHOW TOBPEXKICHHOCTH, OKa3bIBAIOIINM
BIIMSIHME HAa MarHUTHBIE CBOMCTBA oOpa3ma. [ oOHapyKeHUsI TaKOW YCTaJIOCTHOM MOBPEKICHHO-
CTH TIEPCTIEKTHBHBIMH SIBJISTFOTCS METOJI MarHUTHOTO KOHTPOJIS M3ZICIHI, HaXOSMIIUXCS B OCTa-
TOYHO HaMarHWYCHHOM COCTOSIHMHM. KOHTPOJIb MPOBOMAT C IMOMOMIBIO BBICOKOYYBCTBUTEIBHBIX
JTaTYHKOB, KOTOPBIE TI03BOJISIOT TPOBOUTH JIOKAJIbHBIC H3MEPEHUS MAarHUTHBIX TIOJIEH paccesHus, B
TOM ymcie Ha nedekrax [1, 2].

Cpemy MarHUTHBIX XapaKTEPUCTHK, HCIIOJIB3YeMBIX IUISI OLEHKH (DPU3MKO-MEXaHWYECKHX
CBOWCTB MaTepuaa MpH IIACTHIECKOM J1e()OPMUPOBAHUH, MOKHO BBIJICIUTh KOIPIIUTUBHYIO CHITY
U OCTaTOYHYIO MHIYKIUH [3], HA KOTOpbIE OKA3bIBAIOT BIMSHHE U3MEHEHHE IUIOTHOCTHU JHCIIOKa-
IUI ¥ MOSABIEHUE HAPYUICHUH CIIOMHOCTH (PBIXJIOT, MUKpPOTpeIrH U nop) [3—5]. B atoit cBs3u,
M3MEHEHHE MAarHUTHBIX CBOMCTB M CTPYKTYphl NpHU IJACTHUECKON JedopMainuu LenecooOpasHoO
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pa30ouTh Ha Tpu 3Tamna: 1) U3MeHeHue Npu Malblx JedopMalusx; 2) NpU CpeAHUx; 3) nocie 60Jb-
mux gegopmanuii [4].

Takum oOpa3zom, 11eJ1b HacTOSIIEH pabOThl — UCCIEI0OBAaHUE BIUSHUS [IUKIMYECKOTO Harpy-
xeHus: 1) Beicokoyraepoauctoit (1,03 mac. % C) nepauTHON cTav IpU MHOTOLIMKIIOBOH ycTasuo-
ctH (ympyro-miacTuaeckoe 1eopMUpOBaHKE) HA XapaKTep U3MEHEHHs TaHTCHIMAIBHON COCTaB-
JSIOMIEH BEKTOpa MAarHWTHOW HWHAYKIMH OO0paslla B OCTAaTOYHO HAMAarHMYEHHOM COCTOSIHUY;
2) otoxxeHHOU cpenneyriepoauctoi (0,45 mac. % C) cranu npu MaJIONMKIOBOM yCTaIOCTH (T1j1a-
cTryeckoe eOpMUPOBAHNE) HA XapaKTep M3MEHEHUS KOIPUUTHBHOW CHIIBI M OCTaTOYHOW Mar-
HUTHOW MHIYKIWU TPEAeTbHON M YaCTHBIX ITETEIb MAarHUTHOTO TUCTEpPE3HCa.

Hacrosimas pabota HOCHUT 0030pHBINA XapaKTep W MPEACTaBIsIET MCCICIOBAHUS aBTOPOB B
00JTacTH MAarHUTHBIX METOJOB OIICHKH CTENEeHW Jerpajalid CTallel Tpu [MUKIHYECKOM
Harpy>XeHUH.

2. MaTepuaJI U METOAUKA IKCIIEPUMEHTA

Uccnenoanu Beicokoyriepoauctyio (B mac. %: 1,03 C; 0,072 Cr; 0,056 Ni; 0,27 Mn;
0,059 Si; 0,072 Cu; 0,023 P; 0,016 S; ocransnoe Fe) u cpenneyrnepoauctyto (B mac. %: 0,45 C;
0,15 Cr; 0,15 Ni; 0,66 Mn; 0,33 S1; 0,16 Cu; 0,018 P; 0,028 S; octanbHOe Fe) cTanu npomsiiieH-
HOM 1uaBku. CTPYKTYpYy TOHKOIUIACTUHYATOIO MEPJIUTA B BBICOKOYIJIEPOJUCTOM CTalu MOJy4alu
IyTeM HU30TEPMHUYECKON BBIACPKKHU MpenBaputesibHo HarpeTbix 10 1050 °C (BblaepxKa MpH TeM-
neparype 1050 °C cocraBuia 15 mun) 3arotoBok npu temmnepatype 500 °C B TeueHue 5 MHH B co-
JITHOM BaHHE (C MOCIEAYIOIINM OXJIAXKICHUEM B BOJIE). 3aTeM 00pa3ibl OTKUTAIN B COJITHON BaHHE
npu temieparype 650 °C B teyenue 10 MMH. YKa3aHHBII KPaTKOBPEMEHHBIH OTKUT IMO3BOJISIET
YCTPaHUTh MOBBILICHHYIO XPYIIKOCTh IepiuTa, popmupyrouerocs B cranu Y10 npu temmneparype
nzorepmuueckoro pacrnaga 500 °C, u cOXpaHUTh MPH 3TOM MOP(POIOTUI0 TOHKOIIACTUHYATOTO
nepiuta [6]. CpeIHeyTIIepoAUCTYIO CTallb MOoABEpTaiu OTKUTY npu Temmneparype 800 °C B TeueHue
8 4acoB ¢ MOCIEAYIOUINM OXJIaXIEHUEM ¢ Meubto. J[aHHyI0 00paboTKy NMPOBOAUIM C LIEIBIO MOJTY-
YEeHHs] PABHOBECHOM CTPYKTYpPbl ¢ MUHUMAJIbHBIM KOJUYECTBOM JIe()EKTOB U YPOBHEM OCTATOUHBIX
HaIlpsKEHUH.

MexaHnyecKkue HCIbITaHUsI MPOBOJAWIM Ha CEPBOTMJIPABIMYECKON MCIBITATEILHON YCTa-
HoBKe Instron 8801. Iluknuueckoe HarpyxkeHue o0pa3loB U3 BBHICOKOYIJIEPOAMCTON MEPIUTHOM
CTaJIi MMPOBOJWINA C KOHTPOJIUPYEMON BEIMYMHON HanpsbkeHus Ac = 20, = 0,656 (0, — aMIuuTy-
Jla HaMpsDKEHUH LUKJIIA; Go 2 — YCIOBHBIM MpeJiesl TEKY4YeCTH MPU CTaTUUYECKOM PacTsKEHUH), KO-
(GuIueHTOM acuMMeETpUH LUKIa R,=0 (3HAKOMOCTOSIHHOE OTHYJIEBOE PACTSKEHUE), N3MEHEHHUEM
HaIpsDKEHUS IIUKIIA TI0 CHHYCOUIaIbHOMY 3aKOHY, 4acToToi Harpyxenus 10 I'm. O6pazer c ceue-
HueM pabouel yacTu 6x5 MM U pabouell AIMHOW 25 MM Harpykajiu MO3TalHO C YUCIIOM IMKJIOB
Harpyxenuss N = 20000; 60000; 100000; 160000 6e3 paspymenuss oOpa3ioB. JOMOJIHUTEIEHO
0JIMH 00pazer] ObLI JOBEJICH JI0 pa3pyIICHUS, IIPH STOM YHCIIO IUKIOB cocTaBuiio Np = 195980.

[uxnraeckoe HarpyxeHre o0pasioB ¢ AMAMETPOM paboueid yacTu 5 MM U paboueil JIMHOU
25 MM M3 OTOXXEHHOM CpPEIHEYIJIepOIUCTON CTaIM NMPOBOAWIM C KOHTPOJHMPYEMOW BEIMYHHOU
oOmel aegopManu Eo5u=28=Eynptens=0,0076 (€, — aMIIMTyga NOJHON JepopMaLuU IUKIA;
€ynp — AMIUIUTYZA YIPYroi nedopMany LUKIA; €, — AMIUIMTY/A [IJIACTUYECKON Ae(opManuy [UK-
na), kodhdurmenTom acummeTpun 1ukIa R;=0 (3HaKOMOCTOSITHHOE OTHYJIEBOE PACTsHKEHUE), U3ME-
HEHUEM aMIUIUTYIbl JedopMaluyu LUKIAa [0 NWIO00pa3HOMY 3aKOHY, 4YacTOTOM HarpyKeHUs
0,5 I'u. [Ipu 3TOM HCHBITaHUS OCYIIECTBIISIIN TaKUM 00pa3oM, 4ToObI KO (UIIMEHTHl aCUMMETPUU
LMKJIa KaK [0 AeopMaliiy, Tak U IO HaMPSHKEHUIO OCTaBAIMCh PAaBHBI HYJIIO HA IPOTSKEHUH BCETO
nporecca HarpyxeHus (R,=R.=0). UcnpiThiBamm 00pa3ipl ¢ KOJTUYECTBOM ILMKIOB Harpy>KCHHs
N=15, 10, 50, 200 u 400 Ge3 pa3pymieHus: 00Opa3ioB.

MarauTtHble U3MEpPEeHUsI IPOBOMIIN MOCIJIe NUKINYECKUX UCTBITAHUN B Pa3TpyKEHHOM CO-
CTOSHUM. MarHuTHbIE U3MEPEHHS TAHT €HIIMAIbHON COCTABJISIONIEH BEKTOpAa UHAYKIIMU B¢ BBICOKO-
YIIEPOAUCTON MEPIIUTHOM CTaau MpOBOAUIN (HEPPO30HIOBBIM JaTUYMKOM, YCTAHOBJIEHHBIM B CKa-
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HUPYIOIIEM YCTPONCTBE, MO3BOJIIONIEM CKAHUPOBATh IOBEPXHOCTH 00pasiia BI0JIb OCH C ITOCTOSH-
HOW CKOPOCTBIO 2 MM/C M BBIACPKHUBATH 3a30p 0,3 MM MEXIy MarHUTOYYBCTBHTEIHHBIM 3JIEMEHTOM
u o6pazom. OOpa3er] HaMarHUYMBAIH ITPOJIOJILHO B HAIPABJICHUH OCH 00pa3Iia ¢ HCIIOJIb30BAaHHEM
HAMarHMYMBAOIIETO YCTPOMCTBA HA BBICOKOIHEPIOEMKHX IOCTOSHHBIX MarHuTax Nd-Fe-B.
HamaraudeHHbIid 00pa3el] yCTaHaBIMBAIN Ha CTOJIE CKAaHUPYIOMIETO YCTPOMCTBA M IEePEMEIaIH
(beppo30HI0BEI TTpeoOpazoBarenh MarauTomeTpa Foerster Magnetoscop 1.069 Bnoans moBepxHO-
cTH 00pasma. M3aMepeHus] KOAPIUTUBHON CHIIBI M OCTATOYHOW MAarHUTHOW WHIYKIIUU OTOXOKESHHOM
CPEIHEYTJIEPOIUCTON CTaJIM OCYLIECTBIISUIA C HCIOJIb30BAHUEM MarHUTOU3MEPUTEIBHOIO KOM-
wiekca Remagraph C-500 wa npenenpHOi (Hmax=60 kA/M) 1 9acTHBIX (IIpH MaKCHMaJIbHOW Mar-
HUTHOM MHIYKIIMYU UKIa Tuctepesnca bmax=1; 0,4; 0,1 u 0,05 Tir) meTisx MarHUTHOTO TMCTEpe3uca.

CtpykTypy 00pa3IoB mocie MUKIAYECKOTO PACTSHKCHUS U3ydalld Ha JIEKTPOHHOM CKaHH-
pyromeM mukpockore Tescan Vega I1 XMU. M300pakeHus] TPEIIUHBI TIOJTyYaJId Ha JICKTPOHHOM
CKaHUPYIOIEM MHKPOCKOTIE BBICOKOTO pa3pemieHus Tescan Mira 3 LMU ¢ aBTOSMHUCCHOHHBIM Ka-
tos10M LIIOTTKM BBICOKOH SPKOCTH.

3. DKcnepuMeHTAIbHBIE Pe3yJIbTAThI U UX 00Cy:KIeHue

Ha puc. la npexacrasiena snekTpoHHass MEUKpOQOTOrpadusi CTPYKTYPHI BBICOKOYTIIEPOIH-
CTOM MEPJIMTHOM CTaJIH, TIOJBEPTHYTONH TU(PPY3HOHHOMY paciaay MMpu TeMIepaType H30TepMUYe-
ckoii Beiepxkku 500 °C, a Taxxke ponoaHUTENbHOMY oTXKUTY nipu 650 °C B Teuenue 10 mun. [lpu
TeMIieparype u3orepmudeckoro npespamenus 500 °C B ctanm GpopMupyercs CTpyKTypa TOHKOILUIA-
CTHHYATOTO MEPIIUTa ¢ MEXKIDIACTUHYATEIM paccTossaueM A=0,08 — 0,14 MkM U pazmepaMu KOJIOHHH 5
— 15 Mxm [6]. KparkoBpemennsrii (10 mun.) omxur pu 650 °C He TpUBOIUT K M3MEHEHUSM B MOP-
(dosorun kapOuIHON (a3bl: OTCYTCTBYET C(HEpONaN3aINSA M KOATCCICHIUS IIeMeHTUTa (CM. puc. la).

5 MKM

Puc. 1. Dnexrponnsie Mukpodotorpaduu (POM) BEICOKOYTIIEPOIUCTON MEPIIMTHON CTAH
CO CTPYKTYpPO# TOHKOIIJIACTHHYATOTO MEPIIUTA TOCIe KPATKOBPEMEHHOTO OTIKHTA!
@ — B HICXOJJTHOM COCTOSIHUH; 6 — TIOCJI€ YCTaJIOCTHOTO Pa3pyIICHHS

PaccmoTpuM BiMSIHME MHOTOIIMKIIOBOTO YCTAJIOCTHOTO HarpyxeHus (ynpyroe negopMupo-
BaHME) BBICOKOYTJIEPOJUCTON TMEPIUTHOM CTAId HA W3MEHEHWE TaHTEHIIMAJIbHOM COCTABIISIONICH
BekTopa uHAyKiuu Bi. Kak ciegyer u3 puc. 2, ycTanocTHbIE UCIBITAHUS COIIPOBOKJIAIOTCS MOSIB-
JIEHUEM HEOJHOPOJHOCTH paclpeiiesieHusl TaHICHIMAIbHOM COCTaBISAOLIEH BEKTOpa MarHUTHOM
MHIYKIUA B OCTaTOYHO HaMarHMYEHHOM COCTOSIHUHU OOpaslia Mo €ro JJMHE, 3aMETHOHN YK€ Ipu
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N = 60000. [Ipu ycranoctHOM HarpyxeHuu ¢ yuciom nukiaoB N = 100000 nabmronaercs 3aMeTHBIN
pocT BennurHbI Br. 9T0 MOKET OBITH 00YCIIOBICHO CTPYKTYPHBIMU W3MEHEHUSMH, TPOTEKAIOIIUMHU
B MEPJIMTHON CTAJIM MPH yYCTAIIOCTHOM HAarpy)KeHWH, B YaCTHOCTH, c(hepouan3anneii IeMEeHTUTHBIX
wiactuH (cM. puc. 16). Cheponausaius TUCIEPCHBIX EMEHTHTHBIX TUIACTUH MPHU MHKINYECKOM
PaCTsHKEHHH B YCIOBHSX MHOTOIMKIIOBOM YCTAIOCTH OOYCIOBJICHa COBMECTHBIM JCHCTBUEM YIIPY-
THX PACTATHBAIOIINX HANPSDKEHUH, MHUKpOIIACTHYeCKON aedopmanuu u 3QQPEeKToB JTOKAIEHOTO
HarpeBa, yckopsmoomux auddy3uro aToMoB xene3a u yrieposaa [7].
B, mTa N=100 000 N=160 000

N={} N=20 000 N=60 000 UHKI0B HHKI0B
0,5 L UHKI0B HHK/I0B LHHKJIOB

S aYxgi

Haauwue nuxa
00yC108.1€10 NOARICHUEN
AMLPHCHIPATONOE mperiin sl

0,3 | { { | L { 1 | { I L | I 1 | | L | 1 | L { { | 1 {

0 25 0 25 0 25 0 25 0 25
L, mm

Puc. 2. PactipenienieHre TaHT€HIIMATLHOM COCTABIISIONICH MarHUTHOW MHAYKIKU By 110 paboueit
30H€ 00pa3iia B OCTAaTOYHO HAMAarHMYEHHOM COCTOSIHUU 10 HarpyxeHust (N=0) u nocine
Harpy)XeHus ¢ 3aJIaHHBIM YMCJIOM IIMKJIOB. Pe3ynbTaThl M3MEpEeHHI MPUBEICHBI U1 TOH CTOPOHBI
oOpa3siia, Ha KOTOpoit ObliIa OOHAPY)KEHA MaruCTPaIbHAS YCTAIOCTHAS TPEIINHA

[Tpu gucite ukinoB HarpyxeHus N = 160000 Ha rpaduke pacrnpenencHuss TaHTCHITHATBHON
COCTaBIIIONICH BEKTOpa MAarHUTHOM WHAYKIUU B; HaOmomaercs SpKO BBIPAKCHHBIH UK
(cm. puc. 2). Ero manuuue o0yclIOBICHO MOSBICHUEM MaruCTPaIbHOW yCTaTOCTHOM TPEUIUHBI, KO-
TOpas 3apoANJIach Ha MIOBEPXHOCTH 00pa3iia Ha UMEIOIIEMCSl KOHIICHTPATOPE HAaMpspKeHui (puc. 3).
OTMeTHM, YTO LIMPHUHA PACKPBITUSl YCTAIOCTHOM TPEIIMHBI COCTaBIsET MEHee 1 MKM, 4TO CBU/E-
TEIbCTBYET O BO3MOKHOCTH HEpa3pyIIAIOIIEro KOHTPOJII YCTAaIOCTHOM JAerpajaluu cTajled IMpH
MHOTOIIMKIIOBOM YCTaJIOCTHOM HarpykeHuw (yrnpyroe aeGopMupoBaHue).

Puc. 3. Dnexrponnas mukpodotorpadus (POM) noBepxHocTn 06pasia (mocie Harpy>KeHHs
¢ urcyioM 1ukioB N = 160000). Ctpenkamu 0603Hau€HA YCTAIOCTHAS TPEIIUHA; TyHKTUPHOMN
JTUHUEH — Kpait oOpasiia, mapaieTbHbII OCH HarpyKEHUs

PaccMoTpuM BiMsSIHME MKJIMYECKOTO HAarpy>KE€HUs MPU MaJIOLMKIOBOM ycTanoctu (yrnpyro-

TUTACTHYECKOE J1e(hOPMUPOBAHIE) OTOXKIKEHHOMN CPETHEYTIIIEPOUCTON CTalll Ha N3MEHEHHUE €€ Mar-
HUTHBIX XapaKTEPHUCTHUK.
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Marepuan B HICXOTHOM OTOXOKEHHOM COCTOSIHUH, MUKPOCTPYKTYpa KOTOPOTO MPHUBE/ICHA Ha
puc. 4, XapakTepHU3yeTCsi MUHUMAJIbHBIMU 3HAYCHUSIMU KOAPIIUTUBHOM CHIIBI (TaOIuUIIa).

= 4 anTe %

100 meMm

Puc. 4. Dnexrponnas mukpodotorpadus (POM) cpeaneyriepoaucToit CTaim B KICXOJHOM
OTOXOKEHHOM coctostaun: @ — deppur, I1 — nepaur

Tabmuia — 3Ha4eHUsT KOAPUUTHBHOM CHIIBI M OCTATOYHOW MAarHUTHOW MHIYKITHH
CPEIHEYTJIEPOAUCTON CTAIM B UCXOTHOM OTOXXKEHHOM coctosiHun (N=0, £5=0)

H=60 xA/m
bmax=0,05 Ti bmax=0,1 Ti bmax=0,4 Ti bmax=1 Tn (mpenenpHas
TIETJIs)

he, A/m | b, Tn | he, A/ | b, Tn | he, A/m | b, Tn | he, A/m b, Ta | Hc, A/m | B, Tn

15,55 0,017 | 31,8 0,043 | 99,7 0,3 146,2 0,766 | 194,5 1,159

B mporecce ycTanocTHOro Harpy:keHusi HaOJIIOAACTCS POCT 3HAYECHUN KOAPIUTHBHON CHITBI
KaK Juis IpeleibHOM, TaK U Ui YaCTHBIX METeIb MarHUTHOrO Tuctepesuca (puc. Sa, 6). OTmeTum
CYILIECTBEHHOE pa3jMuue B U3MEHEHMM KOIPLUTHUBHOM CHIIbI B C1a0BIX M CHIIBHBIX MOJISIX. B cia-
ob1x moJisax (o 0,1 T BKIFOYMTENHHO, KOTJa MAaKCHUMAJIbHOE TOJIe METIU Tuctepesrnca hpma<H)
KOSPLUTHUBHAS CHJIa YAaCTHBIX LIMKJIOB HEMPEPHIBHO BO3pAcTaeT Ha MPOTSHKEHHWU BCEro Ipolecca
neopMHupOBaHUs, MTPH 3TOM HAOIIOMAETCS €e Pe3KOe yBeIHMUeHHEe Ha HadalbHOM dTare aedopMu-
pOBaHMs, KOTOPOE C YBEJIMYEHUEM CTENeHU JiehopMallii CMEHseTcs 0osiee IUIaBHBIM POCTOM. JTO
00yCIIOBJIEHO MOBBIIIEHUEM O0IIEH MIIOTHOCTH JEPEKTOB, YTO BBI3BIBAET POCT I'PAAUEHTOB MUKPO-
HaNpsHKEHUM, YBEJIMYEHUE 3HAYECHHN KPUTUYECKUX TMOJIEH B3aWMOJICHCTBUS JTOMEHHBIX TPaHUIL C
neeKTaMu U, COOTBETCTBEHHO, 3aTPyIHEHHUE IMPOIIECCOB NepeMarnnanBanus [8, 9]. Habmomaembrii
POCT KOIPIUTUBHON CHIIBI MOKET ObITH OOYCIIOBJIEH HE TOJIBKO YBEJIMYEHUEM INIOTHOCTU JEPEKTOB
KPUCTAJJIMYECKOTO CTPOCHMS NMPU IUKINYECKOM PACTSKEHUH, HO U MOSBICHUEM 3HAUUTEIbHBIX
OCTAaTOYHBIX COKMMAIOIIMX HANPSOKEHUM TMpU  pasrpy3ke IJIaCTUYECKH Ae(POPMHUPOBAHHBIX
obpasmos [10, 11].

[Tpn mepeMarsu4MBaHuM B 00JIee CHIIBHBIX IMOJIAX MPU CYMMapHOMW ILIACTHYECKOH aedop-
Mammu 7—-10 % HabmomaeTcs cTabmIM3anys 3HAYCHUH KOAPUUTHBHOW CHJIBI BIUIOTH 10 BETMYMHBI
nepopmanuu 15-17 %. Takast crabuimzamus MOXKeT OBITh CBsi3aHA ¢ (POPMUPOBAHHEM SUECHUCTOM
JMCIIOKAllMOHHON CTPYKTYpHhI. B 3TOM cityyae ymMeHbIIaeTcsi BEpOSTHOCTh HEOOPATUMbIX CMELICHUM
JOMEHHBIX T'paHMll, T.€. YMEHBIIAETCS pPOJb HEOOPAaTUMBIX MPOLIECCOB NepeMarHnyuBaHus. Jlamb-
Helmmas 1edopManys BHOBb COTPOBOXKIACTCS POCTOM 3HAYCHHHA KOIPIIMTUBHOM CHUIBI, KOTOPBIM
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MO>KHO OOBSICHUTP MOSIBJICHUEM MHKPOTIOP, KOJIHMYECTBO U Pa3Mep KOTOPHIX BO3PACTAIOT BILUIOTH JI0
pazpymeHus. MUKpOTIOpHI, SBIISISICH NCTOYHUKaMU MarHUTHBIX TIOJIEH paccesHusl, B COOTBETCTBUU C
«reopuel BKIIOUEeHU» [8] OyAayT mpensaTcTBOBaTh IpoleccaM nepeMarHiuuBaHusl.

* bmax=005Ta 4 bmax=01Ta

* bmax=005T1 4 bmax=tl Ta
4005 = bmax=04Ta & bmax=ITa 4005 & bmax=04 T : ¢ bmax=1Tu
{ c I'Ipc;lcfn.u:m netan (H=60 kA/u) e} l'[pé,.ll'.'lbuﬂu neray (H=60 kA/v)
350+ . 350
300 300
B B
;‘\J 250 ;‘L 250
jus] T jus] T
= =
o o
= 200 = 200 :
<] <] :
150 150 A
100 T T T T T l 100 & T T T T T T T T
0 100 200 300 400 0 5 10 15 20 25
N e, Y
a o

Puc. 5. 3aBHCHMOCTb OTHOCUTEIIEHOTO H3MEHEHHS KOIPIIUTHBHOW CHIIBI OT YHCIIA IIUKJIOB

HarpyxeHus (@) 1 BeJIMYMHBI HAKOTUICHHOW IJIACTHYECKOH AedopMannu (6) 00pa3IoB u3

cpenueyriaepoauctoi cranu. 3a 100 % B3sAThI 3HaYCHUST KOIPIIUTUBHOMN CUJIBI B KCXOTHOM
OTOXKEHHOM COCTOSIHUHM (Ta0JInIa)

B nponecce nepopmupoBanusi Ha HAYaJIBHOM 3Tarle IPU CYMMapHOU IJIaCTHYECKON nedop-
Mammu 10 7-10 % HaOIIOMAIOTCS CHUKEHWE 3HAUYCHWM OCTATOYHOW MHIYKIWU IS TIPeaeIbHOU
MeTJIM U JUIsl YacTHBIX IETeNlb MPU MaKCUMaJIbHOM MarHWTHOM MHIYKIMHM IMKJIa TUCTepe3rca
bmax=1 1 0,4 Ta u (mpu cymmapHoii mactuyeckoit negopmanuu 10 2 — 3 %) poct 3HaueHUi ocra-

TOYHOU HWHAYKIOHUU AJ19 YaCTHBIX IICTCIIb IIPH MaKCUMAaJIbHOM MarHUTHOU HWHAYKIIUHW OUKJIa THCTCPC-
3uca 0,1 u 0,05 Tx (puc. 6a, 6).

® bmax=0,05Tn A hmax=0,1 Ta ® bmax=0,05Ta & bhmax=0,1 Ta
160 = bmax=04Ta ¢ bmax=1Ta 1605 " bmax=04Ta ¢ bmax=1Ta
o llpeﬂgnbﬂaﬂ neras (H=60 kA/m) 2 Mpeacabuas nétan (1I=60-kA/m) ‘
140 1® A 140 4 Y S
120 120
S S
100 = 100
3 2
T = 801
'<Q] ; il
60 60
~
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Puc. 6. 3aBUCHMOCTb OTHOCUTEIIFHOTO H3MEHEHHS OCTATOYHOW MHIYKIIUU OT YMCIIa IIUKIIOB
HarpyxeHus (@) ¥ BeJIMYMHBI HAKOTUICHHOW IJIACTHYECKOH AedopMannu (6) 00pa3IoB u3
cpenueyriepoauctoi cranu. 3a 100 % B3sAThI 3HaYCHUST OCTATOYHON MHAYKIIMHM B UCXOTHOM
OTOXKEHHOM COCTOSIHUH (Ta0JInIIa)

Takum 00pa3om, Kak U B Cliydae KOAPIUTHBHON CUJIbI, I3BMEHEHHE OCTATOYHOW WHIYKIIMH B
cna0ObIX M CHIIBHBIX TMOJISX Takxke paznudHo. C 0JHOM CTOPOHBI, YUACTKH, UMEIOIINE 3HAYUTEILHBIE
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JIOKaJIbHbIE MUKPOHANPSKEHUS (B YaCTHOCTH JUCIOKAIMU), SBISIOTCS MECTOM JIETKOro oopa3oBa-
HUS 3apojblliel nepeMarniunBanus [8]. OTo oTpaxaercs B Ha0II01aéMOM CHUKEHUH OCTaTOYHOM
MHAYKIUUA B CUIBHBIX mosisix. C Jpyrodl CTOpOHbI, MepepacipeieleHe AUCIOKAUi MPUBOIUT K
MOSIBIICHUIO 00nacTeit ¢ MeHee nedexTHoi cTpykTypoi. [Ipu HamaramumBaHuu oOpasma B ci1adbix
MOJISIX CMEUIEHUS! JJOMEHHBIX I'PaHMIl HEBEIMKHU U, [O-BUIMMOMY, HE NPEBBIIIAIOT Pa3MeEpPbl ITUX
obnacreil. [loaTomMy 3HaU€HUS OCTATOYHON MHAYKLUHU B CIA0bIX MOJISIX BO3PACTAIOT JI0 3aBEPIICHUS
(dbopMUpOBaHUS AYEUCTON JAUCIOKAIMOHHOM CTPYKTYphI BO BceM oObeme marepuaina. [locie storo
HabmoaeTcs crabuin3anys 3HaYeHU 0CTaTOYHOW MHAYKIUHU BIUIOTH J0 BEJIMYUHBI AedopMariu
15-17 %. Janpueimas nedopmaius COPOBOKIACTCS CHIDKCHHUEM 3HAYCHUM OCTATOYHOW WHITYK-
LMY HE3aBHCHMO OT BEJIMYUHBI I0JI, YTO MOKHO OOBSCHUTH MOsiBIeHHEM Mukponop. Ha maxpo-
nedexTax, B YaCTHOCTU TPEIIMHAX U I0paX, BOSHUKAIOT MarHUTHBIE MOJIs paccesHus [8], KoTopele
HaIpaBJIEHbI IPOTUBOIIOJIOKHO HAMAarHMYMBAIOLIEMY IMOJI0, YTO, B UTOrE, IPUBOJAUT K CHUXKEHHUIO
3HAYEHUI OCTATOYHOW MHIYKIIUH.

4. 3akJa0ueHune

YcTaHOBIIEHO, YTO MHOTOLIMKJIOBOE YCTaJIOCTHOE HarpyxkeHue (ynpyroe nepopmMupoBaHue)
00pasnoB u3 Beicokoyriaepoauctoit (1,03 mac. % C) cranu 10 MOSIBICHUS yCTaJIOCTHOM TPEITUHBI
MPUBOIUT K YBEJIMUCHHUIO TAHTCHITMAIBHOM COCTABIIAIONICH BEKTOpAa MAarHUTHOW MHIYKIIUKA 00pa3iia
B OCTaTOYHO HAMarHWYeHHOM COCTOSIHUM U MOSIBJICHHUIO HEOJHOPOJHOCTH €€ paclpeiesieHus 1o
JUTHHE 00pa3iia. ITo 00yCIOBICHO CTPYKTYPHBIMUA U3MEHEHUSIMHU (Cheponn3anueii IeMeHTHHTHIX
IUIACTHH), IPOTEKAIOUIMMHU B BBICOKOYIJIEPOAUCTON MEPIUTHON CTaIM MPU MHOTOLIMKIOBOM YCTa-
JIOCTHOM HarpyxeHuu. llpy nosiBaeHHH MarucTpaibHON yCTaJIOCTHOM TpeUIuHbI Ha Tpaduke pac-
MIpe/ielIeHNs] TAaHT€HLIMAJIbHONW COCTABJISIONIEH BEKTOpa MarHUTHOW MHAYKIMU HAOIJII0JaeTcs SIPKO
BBIpaKEHHBIN NMUK. [I0ka3aHa BO3MOKHOCTb KOHTPOJI YCTAIOCTHOM JErpajalliy CTAJICH IPU LMK-
JIMYECKOM Harpy>K€Huu B 00J1aCTH MHOTOLIMKIIOBOM yCTaJIOCTH.

[TonyueHsl 3aBHCUMOCTH, OINMCHIBAIOLINE W3MEHEHUE KOAPLUUTHUBHOM CHJIBI, OCTATOYHOMN
MarHUTHOM MHIYKLIMHU 7S IPEAEIbHON NeTJIM U JJIs YACTHBIX IEeTeNIb MAarHUTHOTO THCTEpe3uca oT
qyclia [IUKIOB HAarpy>KeHus (BEIMYMHBI HAKOIJICHHON IUIAaCTUYECKOM nedopManuu) Mpu MUKINYe-
CKOM HarpyeHu# B 00JJaCTH MaJIOIIMKIOBOM ycTanocTu (ynpyro-iactuieckoe 1eopMUpOBaHHE)
00pa3noB U3 O0TOXKEHHOU cpemaHeyriaepoauctoit (0,45 mac. % C) cramu, KOTOPBIE CBUIETEILCTBY-
10T O YYBCTBUTEJIBHOCTU PAacCMaTPUBAEMbIX XapaKTEPUCTUK K BEIMYMHE IUIACTUYECKOH nedopma-
MU B 00JIacTH Kak OOJbIIUX, TaK U MaiblX Aegopmanuii. [lokazana BO3MOKHOCTb KOHTPOJIS IjIa-
CTHYECKON aedopmaniy, HaKOIUIEHHOW MPU LUKIMYECKOM HarpyKe€HUH, MO 3HAYEHHUSIM MarHuT-
HBIX TapaMETPOB.

Pabora BeinmosiHeHa npu nojaepxkke npoekra Ne 12-I1-1-1027 mo nporpamme Ilpesunuyma
PAH Ne 25.

ONeKmpoHHAs CKAHUPYIOWAs MUKPOCKORUS U Ma2HUMHble usmeperus evinonnensvt 6 L{KII
«IInacmomempusy UMALL YpO PAH.
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An estimation formula for determining the force of interaction between the mass of an elec-
tric locomotive and an obstacle is obtained. To determine its parameters, a mathematical model de-
scribing the intense strain state of the cabin of an electric locomotive at arrival on an obstacle, in-
cluding cellular elements, is developed. The loading in the cabin elements is evaluated by the elas-
tic-plastic and dynamic model of material resistance to deformation.

Keywords: thin-walled elements, strength, impact interaction.
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OB OTHOM IOJIXOJIE K OHEHKE ITIPOYHOCTH MPOCTPAHCTBEHHOM CTEPXK-
HEBOW CUCTEMBI IIPU YJIAPHOM HATPY3KE

W. T'. Emenbsanos, B. 1. Muponos, A. B. Ky3neros*
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesicoeHue Hayku Uncmumym mawunoseoenus Ypaivckoeo omoeie-
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[Tomy4yena oneHOYHAst GOpMYIIa TS OTIPEIEIICHUS] CHIIBI B3aMMOICHCTBHS Macc 3JIEKTPOBO-
3a U npenatcTBus. i onpeneneHus ee nmapaMeTpoB paspaboTaHa MareMaTndecKas MOJIENb, OIH-
ChIBAroIas HaprI)KCHHO-HC(bOpMHpOBaHHOC COCTOSAHHMEC KOHCTPYKIHUN KaOWHBI OJICKTPOBO3a IIPpU
Hae3a€ Ha MPCIATCTBUC, B TOM YUCIIC U COTOBLIX 3JICMCHTOB. )IaHa OLICHKAa 3Ha4YCHUHU Harpys3okK B
dJIEMEHTAaX KaOWHBI 11O ynperHHaCTH‘IGCKOfI n HHHaMHqCCKOﬁ MOJCJIM COIMPOTUBIICHUA MaTCpuaja
nehopMUPOBAHUIO.

Knrouesnie cnosa: monkocmennvie 31emMeHmol, npoYHocniv, ydapﬁoe g3aumooeticmaue.

1. BBenenue

DKCITyaTalluOHHOE pa3pyllIeHHEe pealibHbIX KOHCTPYKLUHUN, COCTOSIINX U3 MHOXKECTBA 3JIe-
MEHTOB Pa3HOTO THUIIA, CJIIOKHO OIUCATh JIa)KE C MPUBJICYEHUEM CaMbIX COBPEMEHHBIX BBIYHMCIIH-
TEIbHBIX CpeACTB. /JJluHaMUUecKuil XapakTep Harpy30K, BO3ZHUKAIOIIKX IPU aBapHsIX U KaTacTpodax
TakuX O0OBEKTOB, eue OoJiee ycnoxHsAeT 3aaady. OQHAKO Ha ATarne KOHCTPYKTOPCKOW IMpOopadoTKU
Pa3IMYHbIX TEXHUYECKUX 00bEKTOB HEOOXOMMO 3HATh, KaK MOBEAET ce0s1 0OBEKT IPU Pa3INnYHbIX
AKCIUTYaTal[MOHHBIX HAarpy3Kax, B TOM YMCJI€ HEIUTAaTHBIX (HaIpUMep YAapHbIX) Harpy3Kax.

Lenb nanHOM pabOTHI COCTOUT B pa3paboTKe MOJIX0Ja K OILEHKE HANPSKEHHOIO COCTOSHUS
U MPOYHOCTH IPU YAAPHOM HArpy3Ke MpOCTPAHCTBEHHOU 0aJI0YHO-CTEPIKHEBOM CUCTEMBI, MOJAEIH-
pyrolielt kabuHy J1okoMoTHBa. Ha 0CHOBE COBpEMEHHBIX BBIUMCIMTEIBHBIX CPEICTB pazpaboTaHa
MaTeMaTH4ecKass MoOjielb, [O3BOJIAIOIIAs OLUEHUTh CUJIY HAarpy)KeHHs U  HaIlpsHKEHHO-
nehopMUPOBAHHOE COCTOSTHUE KOHCTpYKIMKM KabuHbl TO8 mokomoTrBa 20C6 mipu Hae3e Ha Ipe-
narcTBue. PaccmarpuBaercss HOBbIM BapUaHT KaOMHBI, CIIPOEKTUPOBAHHBIN B COOTBETCTBUU C JIEH-
CTBYIOILIMMHU HOpMaMHU [1] ¥ ¢ yueToM onbITa KOHCTPYMPOBAHUS KaOUH.

N3 ananuza matepuanoB OAO «PXK]I» u eBponelckux xeyne3Hbix Aopor [2, 3] mo aBapwii-
HBIM CTOJIKHOBEHUSIM I0€3710B U3BECTHO, YTO MPHU CKOPOCTH coyaapeHus 20 km/4 cMuHaeTcs 1000-
Bas 4YacTh KaOMHBI JIOKOMOTHBA JI0 Hauajla OOKOBOI'O OKHA, CX0/JIa TEJIEkKEK C PelIbCOB HE HAOII0/a-
ercsi. [Ipu ckopoctu coynapenust 40 km/4 cmsiTHe KaOWHBI 3aXBaThIBA€T U OOKOBOE OKHO, 3HAYM-
TEITbHO YMEHBIACTCSI BHYTPHUKAOMHHOE MPOCTPAHCTBO, OCOOEHHO paboyeil 30HBI JIOKOMOTHUBHOU
Opurajipl, 1 TUIIMYHBIM SIBJIIETCS 3allleMJICHUE YEJIOBEKa MEXAY MYJIbTOM YIPABJICHUS U KPECIOM,
TpaBMUPOBAHUE IPU yJape 00 JIEMEHThl KOHCTPYKIMU KaOWMHBI U OpraHbl YIPaBJIEHUS, IPOUCXO-
JUT CXOJ1 JIOKOMOTHBA C PEJIbCOB.

VY aapHoe HarpyXeHue TBEpAbIX TeJ U UX pa3pylIeHHE — OJIHA U3 aKTyaJbHBIX MIPoOIeM Me-
XaHUKH, KOTOpasi OypHO pa3BUBAETCs C CepeauHbI npouioro Beka [4, 5]. Jus ten HeOonbIIuX pa3-
MEpOB U MpOcThIX (hopm (yaap cHapsaoM win 00MKOM, KOBKA) CYLLIECTBYIOT aHAIIUTUYECKUE BbIpa-
xenus U Berunciurenbubie nmporpamMel (EURDYN-02, ASTARTE, DYNA-2D, DYNA-3D, AU-
TODIN), no3Bossitole ONCHUTh MPOHUKAHUE U pa3pylieHne Takux Tei [4]. s pemeHus: Takux
3aJ1a4 He00X0IMMO Hanuuue nHGopMauu No (PpU3NKo-MEXaHMUECKUM MTapaMeTpaM U CKOPOCTH Kak
yaapsieMoro Teja, Tak U MULIEHH. MHOrUe MoAXO0/bl M0 PEIICHHI0 TaKuX 3ajad O0asupyrorcs Ha
AKCIEPUMEHTAJIbHBIX METOJaX UCCIIEJOBAHUSI.
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Takum o0pa3om, MpU MPOEKTUPOBAHUU HOBOM KOHCTPYKLIMU KaOWHBI JOKOMOTHBA HEOOXO-
MO 00ecreuuTh 0e30MacHOCTh EPCOHAIA MPU BCEX IKCILTyaTallMOHHBIX Harpy3kax, B TOM UHCIIE
IIpU YJapHOM HarpykeHuu (Hae3[ Ha npensrctsue). [Ipu 3tom 6e30macHOCTh epcoHalia 1 3aluTa
MOJABMKHOTO COCTaBa JOJKHBI ObITh 0OecreueHbl B OCHOBHOM 3a CYET MPOYHOCTH paMbl, Kapkaca
Ky30Ba, 4TOObI B ClIydyae CTOJKHOBEHHS JeOopMaluy UMEIU KOHTPOJIUPYEMbIH XapakTep, SHEPTus
MOTJIONIANACh 3a CUET IUIACTHUECKUX Jedopmanuii u paspyuieHus 0yhepHbIX 30H KOHCTPYKIIUH.

Hampumep, Oydepnoe ycrpoiicTBo kabunbl TD8, 3amminariiee CUIOBOM KapKac, COCTOUT
13 MpUHUMAIOUIEH yaap J1000BOH Oaliku C 3J€MEHTaMU KPEIJICHUS] U COTOBBIX 3HEPrOIOTJIONIa0-
X aeMeHToB (puc. 1). JloGosas Oanka 3, Kpensiue ee 3IeMEHThI 2 U Ha0Op COTOBBIX 3JIEMEHTOB
[0 3aMbICIy KOHCTPYKTOPOB KaOHHBI JOJDKHBI IPU CTOJKHOBEHHM C IPErpajioll pa3pylIuThCs,
CHIDKAsl yIapHYIO Harpy3Ky Ha cuioBoii nosic. [Ipu aTom nepennss Oanka nosca u G0KOBbIE PUTEIH
1 He NOJKHBI MOTYYUTh 3HAUUTEIbHBIX OCTAaTOYHBIX Je(dopMalii, 3alKias MalIMHUCTa, pUOop-
HYIO 9aCcTh, BEPXHIOI U HUYKHIOKO OOBSI3KY KaOWHBI.

B otnnune oT M3BECTHBIX NMOJXOA0B M0 PEIICHUIO 33/1a4 Ha yaap, paccMaTpuBaemasl 3ajada
OCJIOJKHSAETCS Te€M, uTO MHGOpMalus M0 MEXaHWYECKHM IapaMeTpamM U CKOPOCTH HPENSITCTBUSA
(muiienn) HeusBecTHa. [lo TpeGoBaHMSIM HOPMATUBHBIX JOKYMEHTOB [1] M3BECTHBI TOJBKO OOBIY-
HbI€ PKCIUTyaTallMOHHBIE HArpy3Ku Juid KaOUH JOKOMOTHBOB, KOTOpbI€ NMPUHUMAIOTCS 3 g B IMpO-
JOJIbHOM HanpaslieHUuH U 1,25 g B BepTUKaIbHOM HAIpaBJiIeHHUH (g — yCKOpEeHUE CBOOOHOrO maje-
Hus). Takum o6pa3om, HEOOX0AUMO pa3paboTaTh MATEMATHYECKYIO MOJECIb, TIO3BOJISIONIYIO OIle-
HUTbH CUJTy HArPY>KEHUS U HaNpPSLDKEHHOE COCTOSIHUE KOHCTPYKLUMU KaOMHBI IPU Hae3/e Ha MpensT-
CTBUE C U3BECTHBIMU )KECTKOCTHBIMH U BECOBBIMU ITapaMeTpaMH MPENsSTCTBUSL.

B oneHouHOM pacuere AJis peleHus 3ToH 3aa4u NpeylaraeTcsi UCIoIb30BaTh CTATUYECKHUI
MOAX0JI, BKJIOYash B OOIIMH aJrOpUTM IOCJENOBATEIbHOCTh KPAaEBbIX 3a/ay, Pa3TpaHUYECHHBIX
YCIOBUSMU pa3pylIeHUs] OTAEIbHBIX 3JIEMEHTOB KOHCTpykuuu. [locne paspymieHus «ciaboro
3BEHa» (PUKCUPYETCs] 3HaUCHUE HArpy3KU U 3JIeMeHT Oy(depHOro ycTpoiicTBa UCKIIOYAETCs U3 pac-
YETHOM CXEMBI JUIsl PEIICHHs] HOBOM KpaeBOM 3aJlayd IIPU BO3pacTarollel OT Hyis Harpyske. [Ipu
3TOM Harpyska, Ipu KOTOPOH MOSIBUTCSI HOBOE «CJ1a00€ 3BEHO», MOXKET OKa3aThCs Kak OoJiblle, TakK
Y MEHbIIE Harpy3ku, 3a)MKCUPOBAHHOM B MpenblIyIeM pelleHuu. B nepBom citydae cienyer aei-
CTBOBaTh IO AJITOPUTMY MEPBOrO Iara, a BO BTOPOM BO3MOXKHO IOCJIEI0BATENIbHOE pa3pylIeHHE
3JIEeMEHTOB Oy(hepHOTO YCTpOHCTBA.

B 3amauax Ha paspylieHue ocoOEHHOE 3HAU€HHWE MMEET BBIOOpP MOJIENM U YCTAHOBJIEHUE
MpeACIbHOTO COCTOSIHUS MaTepuana. C 0JHOM CTOPOHBI, OOJBIINE OCTATOYHBIE AePopMaIiK KaOu-
HbI, Ha0JII0/1aeMble MPU aBapHsX, MPENONPEEIAoT BHIOOP MOJENH YIPYTOIUIaCTUYECKOTO YIPOU-
Hsmouerocs marepuana. C qpyroil CTOpoHbl, U3BECTHO, YTO pa3pylleHre o0pa3loB MaTepuaia npu
JMHAMHYECKUX UCIBITAHUSAX HOCUT YIIPYrOXpYIKHUI XapakTep, a JUHAMUYECKUN Mpees TeKy4ecTu
MoxeT Ha 30 % mnpeBblIaTh CTAaTHYECKUN mpenen mpodHoctd [6]. [lockonpky pacder mosei
HaNpsDKEHUN U MepeMellleHUN pealbHbIX KOHCTPYKIMM BO3MOKEH TOJIBKO YMCIEHHBIMH METOJIaMH,
TO BTOpasi MOJIEJIb UMEET OUYEBU/IHBIE BBIUYUCIUTEIbHBIE TPEUMYILIECTBA.

ANroput™ pacyera NpOYHOCTH U KECTKOCTU KOHCTPYKIIUU C MOCIIEOBATEIbHBIM HCKIIIOUE-
HHUEM «CJIadOTO 3BEHA» pealn30BaH i KaOuHbl TDO8 ¢ HCHOJBb30BaHUEM CYNEPKOMITBIOTEpA
«Ypan» UMM VYpO PAH. Kabuna mammHucTa JOKOMOTHBA MPEJICTABIAECT COOOM CIOXKHYIO TPO-
CTPAHCTBEHHYIO KOHCTPYKIIHIO, COOPaHHYIO M3 OOJIBIIOTO KOJIMYECTBA THYTHIX MPOQuIIei, 00TIHY-
TBIX JINCTaMU OOIIMBKY. MaTepuan 3JieMEHTOB Kapkaca ¥ OOLIMBKH — CTaJlb 3CIl — UMEET CIIEIYIO-
mpe CIy)KeOHbIE CBOMCTBA: MOAyih ympyroctd E =2-10° MIla, npenen Tekyuectun o, =240
MIla, mpenen npounHoctd o ,=500 MIla n ko3¢pdunuent nomnepeunoi aepopmauuu v =0,3.
OpHUEHTHPOBOYHO MOKHO MPUHSTH AMHAMHUUYECKUH npezaen tekydectu 650 Mlla, a mogyns ynpou-
HEHMS B YIPYyroIiacTudeckoil Mojenu £, = 6-10° MIla (kpuBasi pacTsiKeHHUs IS JAHHOTO MaTe-

puala npejcTaBieHa B BUIe OMJIMHENHONW KpuBO# ¢ Moaynsamu E u Ey).
Jliia onpezneneHuss HaNpsHKEHHO-A1€()OPMUPOBAHHOIO COCTOSIHHS TaKOM KaOWMHBI MCHOJIBb30-
BaH BBIYUCIUTENbHBINA KOMIUIEKC ANSY S-14 [7]. OH m03BOJIIET UCCIIENOBATH CIOXKHBIE MTPOCTPAH-
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CTBEHHbIE KOHCTPYKLIMU B JINHEHHOW U (pU3ndecku HeslrnHelHoH noctaHoBke [8, 9]. ITockonbky Bce
3JIEMEHThI KaOMHBI — TOHKOCTEHHbIE KOHCTPYKIMHU, TO B MOJEIHU HCIOIb30BaH KOHEUHBIN 3JIEMEHT
SHELL-181 u ucniosis30BaHa OMIHS «OOJIBIINE TTEPEMEIICHUS.

B maremaruueckoit Mojenu JUisl ONpeaesieHNs HAPSKEHHOIO COCTOSTHUSL KOHCTPYKIUU Ka-
OMHBI B KQUECTBE OIpENIEISIONIeH Harpy3Ku IPUHSTA CTaTUYeCcKasi TOPU30HTANIbHASA €IUHUYHAS CU-
na Q,=1 xH, paBHOMepHO AelcTBYIOLIAs HA NEPEIHIO OaJIKy KaOuHBI. DTa Harpy3ka UMUTUPYET

HEU3BECTHYIO Harpy3Ky, KOTOpasi BO3HUKAET IPH CTOJKHOBEHHUH ¢ mperpaaoi. Kabuna 3akperniena
Ha YeThIPeX BEPTHKAIbHBIX U JIBYX TOPH30HTAJbHBIX KECTKHX omopax. Mojenb Oblia Hecylie-
CTBEHHO YIIPOIL[EHA JUIsl IPOBEICHUSI pacyeTOB 0€3 M3MEHEHUS OCHOBHBIX M'€OMETPUUYECKHX pa3Me-
poB u coctosia u3 378458 KoHEUHbIX 3JIeMEHTOB. B Monenu He yuyuThiBamuCh nepdopauus moj
KJICTIKH, OOJITHI M TaHenu oOmuMBKY KaObuHbI. MIcXoaHas pacueTHas cxeMa KapKaca KaOWMHBI TPe-
CTaBJI€HA Ha puc. 1.

Puc. 1. YUepTexx kaOMHBI, BBINOIHEHHBIHN B puiioxkeHnn ANSY'S

[lepBrIM «c1aObIM 3BEHOM» OKa3aJIUCh HAKJIOHHBIE 3JIEMEHTHI OOBSA3KU KaOUHBI, B KOTOPBIX
ONIaCHBIEC HAIPSKECHUs MOSBWINCH IIPY 3HAYEHNH CyMMapHOU BHemHed Harpy3ku 120 xH. Vnpane-
HHE UX PACUYETHOM CXEMBI MaJIO CKAa3aJOCh HA XOJ€ HArpy30YHOU NPSIMOM, MOJY4CHHOW MpH pelle-
HUU HOBOM KkpaeBolt 3anaun. [Ipu Harpyske 300 kH, pexomeH10BaHHOM ISl OLIEHKU MPOYHOCTH Ka-
OMHBI, pa3pyLIMINCh JBa LEHTPAJIbHBIX OJ0OKAa COTOBBIX 3JIEMEHTOB. Y IaJ€HHE WX PacueTHOH cxe-
MBI CYIIECTBEHHO CHU3MJIO KECTKOCTh CUCTEMBI, HO OIACHBIE HANPSKEHUS B OCTABIIMXCS COTOBBIX
aJeMeHTax W JI0OOBOM Oajike BO3HUKAIOT MPU Harpy3ke BABoe Oosbineil. CienoBarenbHO, MPOU-
HOCTh KaOWHBI TIPH PErIaMEHTHPOBAHHOMW Harpyske obecredeHna, HO OydepHoe ycTpoicTBO OyneT
4aCTUYHO pa3zpymieHo. CyMMapHOE MEPEeMEIIeHUE B IIEHTPE JIOOOBOM OAKM COCTaBWIJIO MPHU STOM
380 mm. JlanbHeiimee yBenuuenue Harpysku (6onee 600 kH) nmpuBener kK HeympaBiIsieMOMY pa3py-
1eHuo Kabuubl. Ha puc. 2 B u30MeTpun NOKa3aHO MPOJIOJIbHOE MepeMellleHre KaOuHbl W B MUJI-
JUMETpax OT periaMeHTupoBaHHOro 3HaueHus Q=30 kH.

OneHuB npenenbHble HArpy3ku OydepHOro ycTpoiicTBa, HEOOXOAMMO OINPEAETUTh CHUITY
B3aUMOJICHCTBUSL JIOKOMOTHBA C MPENATCTBUEM JJIi YCTAHOBJIEHUS CTEHEHH OXUIAEMBIX IOBpe-
aaeHUN. CI0KHOCTb OLIEHKU CHJIbI B3aUMOJICHCTBUS KaOMHBI C MPENSTCTBUEM 3aKI0YaeTcs B He-
OTIPE/IEIEHHOCTH BCEX BEIMYMH, XapaKTEpU3YIOLUX MpensTcTBre. Ha jxene3noa0poxHOM nepees-
Jie BEpPOSITHEE BCErO MPENSATCTBUEM OYIET MOJBHKHOE TPAHCIOPTHOE CPEACTBO HAa ITHEBMOKOJIEC-
HOM WJIM TYCEHMYHOM XOIy (JIETKOBOM aBTOMOOWJIb, TPY30BHUK, TPAKTOP, IKCKaBATOP, KOMOAIiH).
Macca npensTcTBUsS MOXET COCTaBJIATh, OPUEHTUPOBOUYHO, OT OJHOM /10 JecsTH TOHH. CKOpPOCTb
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JIBIDKEHUS COCTaBa Ha TIepee3fic orpaHmueHa uWHTepBaoM oT 20kM/d 1o 30 km/4, wiam
5,56 +8,33 m/c.

AN

MAR 17 2014
11:59:1%

NCDAL SOLUTICN

RSYS=!
DMK =.0521858
SMN =-.14247
SMX =.103425

—.14247 —.05251 —.02255 —.157E-03 .05251
—.09749 —.03753 —.0141 .741F-03 .103425

Puc. 2. [IpononsHOE NIepemenieHre (BI0JIb IBUKCHHS ) KAOWHBI B MHJUTUMETPaX

B aunamudeckoil 3aaue mo onpeAcieHUI0 CUiIbl B3aUMOJICUCTBUS JJOKOMOTHBA C IPEIIST-
CTBHEM HCIIOJb30BaHa JByXMaccoBasi pacueTHas cxema (puc.3), rae m,— macca JIOKOMOTHUBA,

m,— Macca npenarcreus, P — tarosoe ycuime, F — mcxkomas cuna ynpyroro B3aMMOJCHCTBHA,
F, — cuna TpeHus NPENATCTBUS C NOBEPXHOCTBIO Iepee3id. DKBUBAJIECHTHAS JKECTKOCTh IPYKUHBI
IPYU TOCIIENI0BATENILHOM COCIMHEHHHN JIBYX IPY/KHUH JKECTKOCTBIO ¢, M C, ONpENENeTCs U3 BbIpa-
HKEHUS

c' = cl_1 + cz_1 , (1)

rle ¢, — KECTKOCTh KaOMHBI JOKOMOTHBA C Oy(QEpHBIM YCTPOHCTBOM, ¢, — )KECTKOCTb IPENSATCTBHS

(Muiienn). Vimest pereHus: KpaeBbIX 3a7ad, HETPYAHO MOCTPOUTH Harpy3o4HbIE MpsIMbIE JUIsSl pa3-
JWYHBIX PACYETHBIX CXEM M HAWTHU 10 HUM JKECTKOCTh KaOWHBI c,. [l TOYHOIO OmnpeieneHus

’KECTKOCTH IIPEISTCTBUS ¢, MOTpeOyeTcs pellieHue 3a1aui O pa3pyIleHUH PEnsTCTBUS.

F o F

p m, |lb—=ra— m, F,
Xl X2

Puc. 3. PacuerHas cxemMa IMHAMUYECKON 3aMaun
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3agada pacyera CHIbl B3auMoJelcTBua F pemaercs B 1Ba 3Tamna, pas/eleHHbBIE YCIOBHEM
HauaJjla IBHKEHHs1 BTopoi Maccel. Ha mepBom stane umeem: x, =0; F < F,; CKOPOCTb JBUKCHHS
ra3otypOoBo3a X, =V = const ; nepeMelieHue NepBoi Macchl X, = v¢. IlepBbIil Tan nBUXKEHUSA 3a-
KaHYMBAETCs IIPH BBINOJHEHUN YCIIOBHUS PaBEHCTBA CHII YIIPYTOCTH M TpeHus [ = F,.. Cuna ynpy-

TOCTH B 3TOT MOMEHT F = cX, = ¢Vt , a cuna Tpenus F, = m,gk, rae k — xoaddunnent cueme-

1K »
HUS IPEISTCTBUS C MOJOTHOM Tepee3sa. JUIMTebHOCTh epBOTOo dTala ONPEIeIUTCS BRIPaKCHUEM
tie =m,gk/cv.

VYpaBHEHMsI IBUKEHUSI Macc Ha BTOPOM 3Talle 1o BTopoMy 3akoHy HbroToHa:

mx, =P—F,
1 )
myx, = F —F;.
HudepeHunpys QBaxkabl 0 BPEMEHH BBIPa)KEHHE JUIS CHIIBI yIpyroctu F =c(x, —x,) U

MOJICTAaBJISII B HETO BBIPKEHUSI YCKOPEHUW M3 ypaBHEHHH (2), BBIMOJHUB CTAaHIAPTHHIC 3aMECHBI,
noxydnm auddepeHinaibHoe ypaBHEHUE BRIHYKIECHHBIX KOJIeOaHU!

Fra’F=4, (3)

m, +m, Pm, + F,m,

o 2
r7ie KBaJpaT KpyroBOoi 4acToOTel @~ = ¢ , a IpaBasi 4acTb A =c

mm, mym,

HavanpHble ycrnoBus A pelieHusi HeoJHOPOAHOTO nuddepeHIMalbHOr0 YpaBHEHHUSI C T10-
crosHHbIMU KOdQuuentamu (3): F, = F,; F, = c (X, — X,) = cv .

Oomee pemenue ypasaenus (3) umeer sun: I = C,Cos wt + C,Sin ot + D, rnie xoHcTanTa D
€CTb YacTHOE€ pelleHue HeogHoponaHoro ypaBHeHus (3). IloxcraBisis D B McxolHOE ypaBHEHUE,
naxomum D = A/ . Tlocrosiuabie uuterpupoBanus C,,C, HAXOIATCS U3 HAYATIBHBIX YCIOBHIA.

Pemenue ypasaenus (3) 1aet HCKOMOE BbIpaXKEHUE JJIsl CUIIbl YIIPYTOCTH
(= P)m Pm, + F,m,

2 Cos ot + = Sinot + ———"—. (4)
m, +m, [c(m] +m2)] ’ m; +m,

0,5
F cv(m]mZ)

ITpu TopMOXkeHUH Ha Mepee3sie Macca IPYKEHOro COCTaBa 3HaYUTENbHO OOJIbIIIE, YEM Macca
HpensaTcTBys (m, >> m, ), U BeIpaxkeHue (4) ynporaercs:

F=vcm,Sinwt + F, .

MaxkcumainpHas cuiia YIIPYroCcTu npu CACIAaHHBIX MPCAIOJIOKCHUAX OLCHUBACTCA BBIPAXKC-
HHUEM

F_. =viem, + F,. (5)

m

Takum 00pasoM, JuId ONpeAeNeHUs MaKCHMAaIbHOW CHIIBI B3aUMOJCHCTBHA HEO0XOIUMO
KpPOME CKOPOCTH JABMKECHHUS COCTaBa MMETh MH(QOPMALIUIO O BECOBBIX U KECTKOCTHBIX IapaMeTpax
MHIIEHU m,, ¢, U Kodpduiuenrte cuemnieHus k. B nepBom olieHOYHOM NMpUOIMKEHUM H3-32 OT-

cyrcTBUs MH(popManuu o MumieHn nonoxum: k=0,5+1, m,=(10000+20000) ke, ¢, =(0,3+0,5)c,.

ectkocte kabunbl (¢, = 2,1-10°H/M) Halizena 10 Harpy304HO# NPSMOii, TONy4eHHOH mNpH
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pelIeHUH BTOpPOM KpaeBOM 3amaud. OKBHUBaJIEHTHasl >KecTKocTh 1o ¢opmyne (1) cocraBuT
¢ =(0,25+0,40)-10°H/m.

s AN
WMODAL SCLUTTC SEP 7 2013
STEP=1_ 10:47:06
SUB =15 PLOT MO. 1
TIME=1
SEQV (RG]

DM =. 011869
SMY =.793E-05
SMX =,260E+09
=1 ' b=
.T93E-05 ST8E+08 .116E+09 .173E+09 _J231E+09 )
.289F408 .B6TR+08 . 144F+09 .202E+09 .260E+09

Puc.4. HanpsixkeHHOE cOCTOSTHHME HOBOM KaOMHBI pu cymMMmapHoi Harpyske 340xkH (mo Musucy)

MakcumanbHasi Cujia B3aUMOJCHCTBUS JOKOMOTHBA C MPEISITCTBUEM 10 Gopmyre (5) co-
craput F__=(300+1050) xH. PernamenTupoBaHHas HOpMaMH pacdyeTa CyMMapHas Harpys3ka Ha

no6oByto 6anky B 300 kH oTBewaeT HMKHEMY OIEHOYHOMY 3HAUYECHHMIO CHUJIBI B3aWMOJCHCTBUSA.
Takas Harpy3ka HeomacHa Jyisi CHJIOBOTO Kapkaca KaOWHBI, KOTOPBIMA, KaK OTMEYAJIOCh BBIIIE, MO-
JKET BBIJIEP)KATh BABOE OOJBINYI0 Harpy3ky (puc. 4). Ecnu B kadecTBe NMpeAeTIbHOTO HANPSHKCHUS
MIPUHATH TMHAMUYECKHH TIpeie] TEKy4eCTH, TO CyMMapHas Harpys3ka Ha J1o0oByro Oanky B 1000 kH
MIPUBEJIET K pa3pylieHno 0y(hepHOTro YCTPOMCTBA, HO CHJIOBOM KapKac HE pa3pymuTcs. Yero Helb-
351 YTBEPKJIaTh MPU YBEIIMUEHUU CKOPOCTH JABWXKEHHS Oosiee 30 KM/, WIIM TIPpU BCTpPEUE JIOKOMOTH-
Ba C elle 0oJiee TSHKEbIM MPENsITCTBUEM 00JIee JKECTKON KOHCTPYKIIMH.

PaGota BbINosIHEHA IPU MOJJIEPKKE MPOrpaMMbl (PyHIAMEHTAIbHBIX HAyYHBIX HCCIIEOBA-
Huit Ypansckoro otaenenuss PAH, npoexr Nel5-10-1-22.
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DETERMINING THE PLASTIC STRAIN RESISTANCE OF METALLIC MATERIALS
ON AN AUTOMATED PLASTOMETRIC COMPLEX

A. L. Potapov*, S. V. Gladkovskiy, E. A. Kokovikhin, D. R. Salikhyanov, D.A.Dvoynikov

Institute of Engineering Science, Ural Branch of Russian Academy of Science, 34 Komsomolskaya st., Ekaterinburg,
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An overview of the main methods and equipment used to determine plastic strain resistance
under compression tests is given. A testing technique for solid and build-up cylindrical specimens,
as well as square cross-section ones, implemented on an automated plastometric complex is de-
scribed in detail. The results of the evaluation of strain resistance obtained with the application of
the developed methods for a large number of steels and alloys are presented.

Keywords: strain resistance, testing technique, tension, upset, plastometer, hardening curve
for steels and alloys, carbjn and alloy steels, titanium alloy.
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OIIPEJEJIEHUE CONMPOTUBJIEHUSA IIJIACTUYECKOM JE®OPMAIIAU
METAIVIMMECKUX MATEPUAJIOB HA ABTOMATU3UPOBAHHOM
HNJJACTOMETPUYECKOM KOMIUVIEKCE

A. W. Tlotanos*, C. B. I'maaxoBckuii, E. A. Kokosuxun, JI. P. Canuxsnos, [. A. JIBoiHHKOB
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesxicoeHue Hayku Uncmumym mauunosedenus Ypauivckoeo omoeine-
Hus Poccutickou akademuu nayx , yi. Komcomonsckas, 34, Examepunbype, Poccuiickas @edepayus

*OTBETCTBEHHbIH aBTOP. DIIEKTPOHHAS ToYTa: potapov_ai@list.ru; anpec ajs nepenucku: yia. Komcomomnbekast, 34,
ExartepunOypr, Poccuiickas dpeneparms. Tenedon: +7 (343) 362-33-59, daxc: +7 (343) 374-53-30

[IpencraBnen kpaTkuii 0030p METOAMK U YCTAHOBOK JIJISl OTIPEICTICHUS COMTPOTUBIICHUSI TIj1a-
CTHYECKOM nedopManuy mpu UCIBITAaHUAX Ha cxkatue. [1ogpoOHO H310/KeHa METOIMKA UCTIBITAHUN
Ha aBTOMAaTU3UpPOBaHHOM Iuiactomerpuueckom komiuiekce UMAIIL YpO PAH ¢ ucnons3oBanuem
CIUIOIITHBIX ¥ COCTAaBHBIX ITMIMHAPUYECKUX 00pa3I0OB, a TAKXKe 00pa3I0B KBAIPATHOTO MOTIEPEUHO-
ro ceuenus. [IpencraBieHbl pe3yabTaThl OMPEIEICHUS COTPOTUBIICHHS AePOpPMALIUH PsAZla CTATCH 1
CIUIaBOB C UCIOJIb30BaHUEM pa3pabOTaHHBIX METOAUK.

Knrouesvie cnosa: conpomusnenue oegpopmayuu, memoouka UCnNblmanull Ha cxrcamue, nid-
cmomemp, Kpusvle YNpouHeHUs. Cmainell U Cnidgos, yeaiepooucmole U 1ecupo8anHvle Cmaiu, muma-
HO8bIL CNAs.

1. BBenenue

ConpoTuBieHHe IIaCTUYECKOHN nedopMaliuy SIBISETCS BaXKHEHIIeH peosornueckol xapak-
TEPUCTUKON METaJJIOB U CIUIaBOB, ONpPEAEISAIOIel SHEProCUIOBbIE MapaMeTphbl MPoLeccoB 0Opa-
00TKM METaJJIOB JIaBJIEHUEM U XapaKTep TeUEHUs METaula, B YaCTHOCTH pacipejeseHue aedopma-
MU 110 00bEMY 3arOTOBKH IpHU €€ Harpy>KeHHUHU.

Nudopmanus o conpoTuBiIeHUU JedopMaluy B 3aBUCUMOCTH OT CTENEHH, CKOPOCTU U TEM-
neparypbl AeOpMUPOBAHUS HEOOXOAUMA JUIsl IPAKTHUECKUX PACYETOB KOHKPETHBIX TEXHOJIOTHUYE-
ckux npoueccoB OM/I 1 i1 KOMIBIOTEPHOI'O MOJEIUPOBAHUS ATUX MPOIECCOB, IOATOMY HAKOII-
neHue 0a3bl JaHHBIX 110 COMPOTHUBIICHUIO JeOopMallii pa3iINYHbIX METAJJIOB U CIUIaBOB B LIUPO-
KOM JIMaIra30He U3MEHEHHU yCIOBUI 00padOTKH aKTyaJIbHO JJIs MCCIIeIoBaTeNeH.

B mporecce xo0s101HO#M Mm1acTUYecKOr AePopMaiii METAJIJIOB U CIJIABOB MPOUCXOJUT UX
nepopMalMOHHOE YIIPOUYHEHUE WM TOBBIIIEHUE CONPOTUBIICHUS JePOopMalluu Gs, B pe3ysibTare
4ero NpoaoJbKeHue aedopmaiii BO3MOKHO JIHILIb IPU YBETNYEHUH TPUIIOKEHHOTO HANPSKEHUS.

CocTosiHME YIPOYHEHHOIro (HaKJIEMaHHOT0) MeTalljla TEPMOJUHAMUYECKH HEYyCTONYMBO, U
[P HarpeBe B MeTajlie MPOUCXOJAT MPOLECCHl PAa3yNpPOUYHEHUs, OCHOBHBIMH M3 HUX SBJISIOTCS
BO3BpAT U MOJIMTOHU3AIIMS, a IPU BBICOKUX TeMIIepaTypax — peKpucTain3anus (nepBuyHas, coou-
paTesibHas U BTOPUYHAS), IPU KOTOPHIX YACTUYHO WJIM MOJHOCTHIO BOCCTAHABIUBAIOTCS CTPYKTYpa
1 cBoMCTBa AedopMupoBaHHOTO MeTauia [1]. [l HEeKOTOPHIX METa/IOB M CIUIABOB IIPHU OTIpeie-
JICHHBIX TEMIIEPATYPHO-CKOPOCTHBIX YCIOBUAX J1ehOpMALIUM MOXKET MPOUCXOIUTh Pa3ylpOYHEHHE
yXe B miporiecce neopMupoBanus (AMHAMHUYECKOE Pa3ylPOYHEHHE).

XapakTep KpUBbIX TEUEHUS WM 3aBUCUMOCTU COIPOTUBICHUS J1epOpMallUU Gs OT CTEIEHU
negopManuy € MOXKET Pa3IMyaThCs JJIS Pa3HbIX 110 COCTaBy METAVIOB U CIUIABOB U B 3HAUYMUTEIb-
HOM Mepe 3aBUCUT OT TeMIIEpaTypbl U CKOPOCTHU UX HarpyxxeHus [2]. KpuBbie TeueHUsI MOKHO pas-
JIeNIUTh Ha YEThIpPe OCHOBHBIX THMa (puc.1).
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Puc. 1. Bo3MoxHbI€ BapUaHThl KPUBBIX TEUCHUSI METAIIJIOB U CILUIABOB IIPU Pa3JIMYHbBIX
TEMIIEPATYPHO-CKOPOCTHBIX YCIOBUSIX AehopmMaIiun

Ha nauansHOM 3Tamne BceX KpUBBIX UMEET MECTO Oojiee-MeHee HHTEHCUBHOE 1eOpPMaIOH-
Hoe ynpouyHeHue. st KpuBbix THNAa A (CM. puc.l) XapakTepHO HaJIM4He YIIPOUYHEHHS Ha BCEM ITPO-
TSDKeHUHM HarpyxeHus. [Ipyn aTom ko3QduueHT ynpodyHeHUsT HECKOJIBKO CHIKAETCS 3a CUET IMPOo-
1IECCOB JMHAMHUYECKOTO BO3BpaTa, MOJIUTOHU3ALUH U TEIIOBOro 3(dexTa miactuyeckoil repopma-
uuu. [1ogoOHBIN BU KPUBBIX YIPOUYHEHHUS XapaKTepeH ISl JMHAMHUYECKOTO HArpy»XEHHUS B YCIIO-
BHSIX XOJIOJHOM, TEIION, a MHOT/AA M Topsiuel aeopManuu, €Ciii METalul pa3pyIiaeTcs paHbIIle,
YeM Ha KPUBBIX Og — €, JIOCTUTAETCS 00JIaCTh YCTOMYHBOTO TCUCHHUS.

Jlist kpuBbIX TUma B conpoTtuBnenue aedopmaii Mo Xoay HarpyKeHusl TOCTENEHHO CTa-
OmM3upyercs (IOCTUTACTCs] YCTAHOBUBIIASICA CTAausl TEUCHUsS), B MeTayie 00Jiee WHTEHCHBHO
MIPOXOAT MPOIECCHl MHAMHYECKOTO Pa3ylnpOYHECHUSI.

Haunbonee xapakTepHbIM BUJIOM KPUBBIX TEUCHUS METANIOB B YCIOBUSX TETUIOW U TOPSYCH
nedopmaruu sBisieTcss Kpupasi Tuna C ¢ SpKO BBIPAKEHHBIM MAKCUMYMOM 3HAYCHHUH Gg. Y KPUBBIX
tuna C ¢ poCTOM CTeneHH AedopMaIiy B JOTIOJHEHNE K JUHAMUYECKOMY BO3BPATY U MOJIUTOHU3A-
UM HAYMHACTCS U MPOUCXOAUT JUHAMUYECKAST PEKPUCTAIUIM3AIMSA, YTO 00yCIOBINBACT CHUKEHUE
YPOBHS Gs. B KaXJI0M KOHKPETHOM ClIydae XOJ KPUBOM ONMPENEAeTCS TaKKE€ COOTHOLIEHUEM CKO-
pocreii gepopManuu 1 MpoLeccoB MOIUTOHU3ALUKN WK (M) PEKpUCTAIU3ALINH.

[Ipu ompeneneHHBIX YCIOBUSAX AePOPMHUPOBAHUS PSJI CTAJICH BEIYT CeOsl KakK >KECTKOILIA-
CTUYECKHE Tena 0e3 3aMEeTHOTO YNMPOYHECHHS (KpuBas Tuma D), HalpuMep, CpeaHEyIrIepOaUCThIC
HU3KOJIETMPOBaHHbIE CTAJIM IPU BBICOKUX Temmeparypax nopsaka 1200 — 1250 °C u HU3KUX CKO-
pocTsax nedopmanuu.

ComnpoTuBieHue aepopManuy MPUHATO ONPEACNIATh MPU OJHOOCHOM HAIPSLDKEHHOM COCTO-
SHUU MeTayia. KpoMme Toro, B TMporiecce MCIbITaHusI 00eCIeunBarOT, Kak MPaBUiIO, TTOCTOSTHCTBO
TeMIIepaTyphl U CKopocTu aedopmanuu o0pa3ioB. Bee 3To mo3BoIsSET CpaBHUBATH PE3YAbTATHI UC-
MBITAHUHN, TIOJIYYCHHBIC B Pa3HBIX paboTax Ha pa3IMYHOM OOOPYTOBAHWH, U COTJIACHO THIIOTE3E
€O0UHOll Kpugoll UCTIOIb30BaTh ATH PE3yJAbTaThl JUIsl pacyeToB 0oJiee CIIOXKHBIX MO HaNpsLKEHHO-
nehOpMUPOBAHHOMY COCTOSIHUIO MTPOIIECCOB 0OPaOOTKH 1aBIICHUEM.

B npakrtuke nccneoBaHni MCHOJIB3YIOTCS CIEAYIOIINE METO/IbI OIPEIEIEHUS COITPOTHUBIIE-
Hus neopMannu: 0JHOOCHOE PACTSHKEHHE U CKaTue (0cazika), KpydeHue U u3rud oopasios [2].

Crnenyer OTMETHTh TaK)K€ METOJbl BOCCTAHOBJICHUSI KPUBOW COMPOTHBIIEHUS NedopManuu
1o pe3yibTaTaM HHACHTHpOBaHUA. Tak, B pabote [3] ommcaH aaropuTM OTHICKAHHS MapaMeTpPOB
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KpUBOH YNPOYHEHUSI METOJIOM OJIMHOYHOTO BHEIPEHUsI OCTPOro MHAeHTopa (nupamuj bepkosuya,
Bukkepca unu koHndeckoro usjeHTopa). B padore [4] meron OblLI pa3BUT AJis ONpeAETICHUs Tua-
rpaMMbl Ae(OPMAIIMOHHOTO YIPOYHEHHS IO pe3ysbTaTaM BJIaBJIMBAaHUS HECKOJIBKUX WHIEHTOPOB C
pa3HBIMH yriaMu Tpu BepmmHe. B paborte [S] mana mocTpoeHust nuarpamm jaepopMarimoOHHOTO
YIPOYHEHUSI UCTIOJIB30BAIM PA3JINYHBIE TUIIBI UHAEHTOPOB — KOHYChI C Pa3HbIMU yIJIaMH KOHYCHO-
CTH, a B paboTe [6] npeasioskeH METO1 BOCCTAHOBIIEHUSI KPUBON Je(OPMUPOBAHUS 11O pe3ysibTaTaM
BJIaBJIMBAHUs U LlapanaHus uHaeHTopoM bepkosuya.

Haunbonee pacrpocTpaHeHHBIM METOJOM OIPEACIECHUs CONMPOTUBIICHUS neopManum siBJis-
eTcsi MeToJ| cxkaTus (ocaaku) oOpasnoB. JJOCTOMHCTBOM 3TOr0 METOAa SIBISETCS OJMM30CTh CXEMBI
negopmanuu ¢ ocHOBHbIMH nporieccamu OM/] (koBKOM, ITaMIIOBKOM, POKATKOM, IIPECCOBAHUEM )
KaK [0 HAaNpsHKEHHOMY, Tak U J1e(OpMHUPOBAHHOMY COCTOSIHUIO METajula. DKCIIEPUMEHTAIbHOE
OTIpeNIeTICHUE Gg METOJIOM CXKaThsl (OCAJKH) OCYIIECTBIISETCS, KaK MPaBUIIO, HAa CIICIIMAIIBHOM 000-
pYIOBaHUM — IUTaCTOMETpax. PaznuuHble KOHCTPYKUIUHU KYJIauKOBBIX M TOPCHOHHBIX IJIACTOMETPOB
OTIMCaHBI B padote [2].

Bbonbiee pacnpocTpaHeHue MOMYYMIM KyJIauyKOBbIE IJIACTOMETpPbI, oOecreduBarolye 3a-
JAHHO€ M3MEHEHUE (WM MOCTOSHCTBO) CKOPOCTH AehopMUpOBaHUs 00paslia B MPOLecce UCIbITa-
Hus. Takoro Tuma miactoMeTpsl 0bUTH ycTaHoBieHbl U pabotamn B MUCUC (Mocksa), Ha Ypai-
mam3aBoje (Exarepun0Oypr), B UIIU (YensOunck), B r. JJobpa (Uexus) u np.[2]. C ucnonp3zoBaHu-
€M NEPEUYUCIICHHBIX [IJIJACTOMETPOB MOJIYY€HbI JaHHbIE IO CONPOTUBIICHUIO AeopMaiuy 00JIbIIOTo
quclia CTajlel ¥ CIUIaBOB IIPU OJIHOKPATHOM U JIpOOHOM Harpy>KeHUU.

B neBsiHocThie U Oo0Jsiee MO3AHKME TOJbl B PACHOPSLKEHUH OTEUECTBEHHOW HAYKH IMOSBUIIUCH
YHHUBEpCAIIbHBIE HCIBITATEIbHBIE MATUHBI TUTIA «HCTPOH» pa3iaryHBIX MOAU(DUKAINI, paboTaro-
IIMe Kak Ha pacTsDKeHHMe, Tak M Ha ckarue. Hampumep, ucnblTaTesbHble MamuHbl cepun 5900
o0ecreunBarOT BBICOKYIO TOYHOCTh M HAJEKHOCTb IPU HCIBITAHUSIX HA PACTSHKEHUE, CKaThe U
casur ¢ yermaeM 10 50 kH (cepust 5940) u mo 600 xH (cepust 5980) B quarmasoHe CKOPOCTeH 0T 57
10 1016 MM/MHUH B 3aBUCUMOCTH OT MOJieli. TOUYHOCTh n3MepeHus Harpy3ku £ 0,5 %.

Crnenyer TakKe OTMETHTh 3apyOeKHbIE HCTIBITaTeIbHbIE MOXyIH Pocket Jaw (ycmmme mo
100 xH, ckopocts aedopmupyroniero uucrpymerta 1o 2000 mm/c), Hydrawedge I1 (ycunue cxa-
tusa 10 200 xH, ckopocts gegopmanuu npu yaapHbeIX ucnelTaHuax o 100 c']), YHUBEPCAIbHBIC
ucneiTarenbHble MamuHbl Gupmbl Zwick/Roell (I'epmanus), mo3Bosstomye NpoBOAUTE UCIIBITAHUS
Ha C)KaTHe, PacTsXKEHUE U TPEXTOYEUHBIM U3ru0 B quana3zoHe Harpy3oK oT 2 Kr J0 25 T IpH TeMIie-
patypax 40 — 1200 °C u ckopoctsx nepemenienus: uacrpymenta ot 0,0005 o 600 mm/MuH.

B nocnegnue roipl MIMPOKOE pPacHpOCTPAaHEHHUE IMOIY4aloT YHHUBEPCAIbHBIE YCTAHOBKHU
«Gleeble» pupmbr «Dynamic System Incy» (CILIA). YcTaHOBKH MO3BOJIIOT MPOBOJIUTH TOPSIUE U
TeIUIble UCIIBITaHUsI Kak Ha pacTspkeHue (cuioit 100 kH), tak u Ha cxarue (cunoit 200 kH) co cko-
pocteio gedopmammn ot 10° g0 10° ¢'. Harpes mo temmeparypst ncnsitarmst (1750 °C max) mo-
KET OCYIIECTBIIATHCS co ckopocThio 10 10000 °C/c mpomyckanuem Toka depe3 oOpaser] (KOHTaKT-
HBIM CIocoO0oM). YKa3aHHBIN cloco0 HarpeBa 0OyCIIOBIMBAET CYIIECTBEHHYIO HEPaBHO-MEPHOCTh
HarpeBsa I0 JJIMHE UCIBITYEMBIX 00pa3loB U TPeOyeT IOMOJHUTEIbHBIX IPUEMOB Bbl-paBHUBAHUS
temiieparypbl. CiieyeT OTMETUTh TaK)KE€ OYEHb BBICOKYIO CTOMMOCTh yYCTaHOBOK Tuna «Gleebley» u
SHEProeMKOCTb IIPOBE/ICHUS UCCIEA0BAHUN HA 3TUX YCTaHOBKAX.

2. Ilnacromerpuueckuiit kommieke UMAII YpO PAH

B Llentpe xosmexktuBHoro noib3oBanus (LIKII) «Ilmacromerpus» WHcTuTyra mMammnHoBe-
neuust (MMAILL) YpO PAH nns onpenenenus conpoTUBIEHUS IIacTUYECKOM aedopmanuu meTan-
JUYECKUX MaTepHalloB B TEUEHUE PAJa JET YCHEIIHO HUCIOJIb3YeTCsl MIacTOMETpP KyJIadyKOBOTO TH-
na [7] ¢ paboueii cunoit 1o 500 kH, nmo3BossiromMiA ¢ BHICOKOM CTENEHbIO TOCTOBEPHOCTH OIpeie-
JSATh COMPOTUBIIEHUE AePOpMaAIMU METAJUIOB U CILJIaBOB METOJOM OCAJKH B JHAla30HE CcTeneHei
nedopmaruu € ot 5 10 80 % co cropoctsio & nedopmaruu ot 107 1o 10 ¢! npu Temmeparypax T
ot 20 1o 1400 °C. OOuuii BUJ miacToMeTpa npeacTaBieH Ha puc. 2. [lmacToMerp uMeeT 3aMKHY-
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TYIO CTAaHHHY BBICOKOH JKECTKOCTH, YTO 00ECIEUYHNBAET BBICOKYIO TOYHOCTb U HAJIEKHOCTb PE3YJb-
TaTOB UCIIBITaHMH [8].

C uenpio MOBBIMIEHUS] TOYHOCTU BOCHPOM3BENIEHUS 33/laHHBIX PEXXHMOB 3KCIIEPUMEHTOB,
paciivpeHus AUana3oHa MapamMeTpoB UCIBITAHUN U MOBBILIEHUS JOCTOBEPHOCTH PE3YJIbTaTOB HC-
NBITAaHUN ObLJIa IPOBEJCHA MOJAEPHU3ALIMA TUIACTOMETPA, B pe3yJbTaTe KOTOPOil ObLI CO3/1aH aBTO-
MAaTU3UPOBAHHBIN TUIACTOMETPUYECKHI KOMIUIEKC ¢ HOBOW THUPHUCTOPHOM CUCTEMOW YINpaBJICHUSA
anekrponpuBoioM Simoreg 6RA70 ¢pupmel CUMEHC, BKIIOYAMONMIECH THOKYIO HACTPOUWKY Mapamer-
POB KOHTYPOB YIIPABJICHUS 110 KPUTEPUSIM ObICTPOJIEHCTBUS U JieMI(pUPOBaHUS KoJIeOaHUH B MeXa-
Huzme [9, 10], a Takke mudpoBoi cucTeMOi cOopa u 00pabOTKU TaHHBIX, TOCTYMAIOIIUX C TaTYH-
KOB YCWJINH U mepemenienus, ¢ ucrnoiaszoBanuem ALIIl PCI-1713 ¢upmer Advantech u nepconab-
HOTO KOMIIBIOTEPA.

Puc. 2. O6mmumii Bua kynaukoBoro miactomerpa UMAIL YpO PAH

B cocTtaB koMILIEKCA BXOAIT:

a) mactomerp JIBICbBEHCKOTO MET3aBOja, MOJAEPHU3UPOBAHHBIA B YaCTH MPUBOJA Bpalle-
HUS KYJIauKOBOTO Bayia. Hapsinmy ¢ yBenmnyeHMeM MOIIHOCTH JBHUTaTens npuBoja B 4 pasza (mo 90
kBT) BBen€H B paboTy MIMPOKOAMANIA30HHBIN PEBEPCUBHBIA TUPHUCTOPHBIN MpeoOpazoBarenb Si-
moreg 6RA70 (Siemens) ¢ mUPPOBBIMH MPOTPAMMHUPYEMBIMH PETYIATOPAMH, OJiaromaps 4emy
CKOPOCTh Bpal€HUs KYJIauKOBOTO Bajia MOJJIEPKUBAETCS C OTKJIOHEHHEeM He Ooiee + 0,5% ot 3a-
TAHHOM TIpH JII000H HArpy3Ke;

0) snekTpornedb BhICOKOoTemmeparypHas kamepHas [IBK-1,4-25 ¢ kapOuna-kpeMHHEBBIMU
narpeBatensimu KOH-AIIC u ¢ TepmokonTposiepom TK10-1-2P mist HarpeBa 06pasnos ¢ morpeni-
HocThiO £ 0,5 °C B quanasone 400-1400 °C;

B) cucrtema cbopa u obOpabotku mHpopmaruu Ha 6aze ALl PCI-1713 u mepcoHanbsHOTO
KoMIbIoTepa ¢ mporpamMmMubiM obecrieuenneM GeniDAQ. B GeniDAQ Ha 6a3ze ctangapTHBIX (yHK-
AN peamu3yoTcs IUKIbI cOopa nHpopMaruu S MC U 00Jiee, 9TO UCTIOIB3YETCS MPH MAJIBIX CKOPO-
CTSIX UCIBITAHUH, T ITUKII0B cOopa uHbopmarmu 10 0,01 mc 8 UMAILL nononuauTensHO pa3pabdo-
Tad makeT WinDAQ);

) OBICTPOICHCTBYIONINE JATYNKH U U3MEPHUTEIIbHBIEC YCTPOUCTBA: TaxoMeTp npuBoga TMI -
3011, meccnossl 1o 500 kH Ha ocHOBE TeH30MeTpHUecKOro MocTa (morpemHocts 10 250 H mpu 500
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kH), pe3sucTopHslii U3MepUTENb MEPEMELIEHUS M0JI3yHa — Xoa0Mep (X0 A0 15 MM) ¢ morpemiHo-
ctto 16 mxm (MMALLI).

YcerpoiicTBO paboueid (CUIIOBOI) YacTH IJIACTOMETpa MPeACTaBiIeHO Ha puc.3, riae o0o3Ha-
YeHBI: / — CTaHWHA, 2 — KYJIAuKOBBIM Baji, 3 — KyJauykoBas 00oiimMa, B KOTOPOW MOTYT OBITH yCTa-
HOBJICHBI YETBIpE KyJlauKa 4, 5 — HAXUMHOU POJIMK, 6 — MOJ3YH, 7 — UCIIBITYEMbIH 00pasel] B KOH-
TeiiHepe, 8§ — xogomMep, 9 — Meccno3a, /() — KIMHOBOW PEryIupOBOYHBIA MeXaHu3M, /1 — mpoduiib-
HBIW THCK, /2 — NaTUYUK BKIFOYEHUS KOMIBIOTEPHOM 3allMCH MPOIEcca OCAAKH, /3 — MOyIIKa MO/-
LIUITHUKA CKOJIBKEHUS KYJauKOBOIO Bajia, /4 — BO3BPATHBIE MPYKUHBI JUIS ITOJI3yHA.

s et

4

Puc. 3. YcrpoiictBo cunoBoit yactu miactomerpa UMAILLL YpO PAH (o6o3HaueHus B TEKCTE)

[Tocne BxitoueHus: My(ThI CIIETNIEHUSI YCTAaHOBJICHHBIN Ha KYJIauKOBOM Bajie 2 MPOQUIbHBII
KyJla4oK 4 MpW BpallleHUH Baja JABUT Ha POJIUK S U MEPEeMEIIaeT BHU3 MOJIBYH 6, KOTOPBIN Ooiika-
MU nedopmupyeT obpaszen, HaxosaIuiics B KoHTelHepe 7. Cuia oca Ky U3Mepsercs Mecci1o30i 9.
[To oxOHYaHMM OCAJKU MOJ3YH BO3BPAIIAETCS B UCXOJAHOE MOJIOKEHHE NpykuHamu /4. Bce nepe-
YUCJIEHHOE€ MOHTUPYETCA B MAaCCUBHOM CTaHHWHE / BBICOKOMW XKeCTKOCTU. Ha ciryuaill 3aKjMmHUBaHUS
oOpasia nperycMOTpeH KIMHOBON MexaHu3M /().

3. MeToauka u PeE3yJdbTaThI MCNbITAHMUI HA ocCaary 00bEeMHBIX HUWIMHIAPHUYECCKHUX oﬁpaauon

OOpa3ziubl UCHBITHIBAIOTCS MPHU IMOCTOSHHON TeMIeparype M CKOpOCTH AeopManuu Npu
ocaznke. C 1enpro o0ecTieyeHns MOCTOSIHCTBA TEMIIEPATYPhl B MPOIIECCE BHIIAYX U3 TIEYH U B TPO-
1ecce ocaukyd 00pas3ipl MOMEIIAIOT B TPYOUaThIi KOHTEHHEp MEXIY ABYMS Ie(GOpMHPYIOUTIMH
00ifKaMu, a TPOCTPAHCTBO MEXKIY 00pa3IlOM M CTEHKON KOHTEHHEpa 3aroHII0T KAaOJTWHOBOM BaTOM
(puc. 4).

Harpes 06pa3nos B 3aBucumocTH oT TemrepaTypsl Harpesa (100—1250 °C) ocymecTBisieTcs
B TeueHue 58 — 15 MunyT (Tabi. 1) mocsie mocagaky B AIEKTPUUECKYIO M€Ub, Pa30TPETYIO J0 3aj1aH-
HOU TeMIIepaTyphl.
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Tabmuma 1 — Bpemst HarpeBa oOpasiia T 10 3aJJaHHO TeMIepaTypbl UCTIbITaHus T’

T, °C 400 | 600 | 800
39 31 25

200
48

900
23

1100
18

1200
17

1250
15

T, MUH

I oo bk

o

Puc. 4. KonTeitnep ¢ 00pa3iiom ajisg HarpeBa U UCIBITaHUS: | — BEpXHUM 00€K; 2 — CMa3Ka;
3 — UCTIBITYeMBIN 00pasell; 4 — TeIIon30JsIus (KaoJTuHOBAs BaTa); 5 — KOHTEHHep (Tpyda);
6 — HIOKHHUH 00€eK

[TocTostHCTBO 3a1aHHON CKOPOCTH AehOpMaIliH B IPOIEcCe OCAIKH, KaK OTMEYAIOCH BBIIIE,
o0ecrieuynBaeTCsl MPUBOJOM M IIpodHIieM Kylauka. BeiOOp HAacTpoeK rracToMeTpa Uit BBIOpaHHOU
CKOPOCTH TIPU MPOBEIACHUHU IKCIIEPUMEHTOB OCYIeCTBIAeTCs Mo Tadn. 2. CkopocTs aAedopmariu,
KaK clieflyeT u3 Tali. 2, onpenensiercs TUIIOM Iepeaay (peMeHHas WM LIeTHas) OT JBUraTens K
KYJIAYKOBOMY Bajly, CKOPOCTBIO BPAIICHHsI JBUTATENS 7y U IpoduiieM Kymadka. B mpakTtuke wc-
CIIEZIOBaHUH UCIIOJIB3YIOTCA J1Ba KyJadka (cM. Tabi. 2), KOTOpPBIE MO3BOJISIOT OCYIIECTBIISATh OCATKY
06pa3LoB CO CKOPOCTHIO Aehopmanmy B mpexenax ot 0,01 xo 100 ¢

Tabnuna 2 — Hactpolika niaactoMeTpa B 3aBUCUMOCTH OT 33JJaHHOW CKOPOCTH Aedopmanuu

Kynauox s mansix ckopocteid aepopmanun | Kynayox ans 60ab1Mx cKOpocTel qedopManuu

No 2 Ne 1
[lennas nepenaya Pemennas nepenava [lennas nepenaya Pemennas nepenava
Ny, 006/MuH | & ¢ | ngs, 00/MuH | & ¢ ny, 06/MuH S, ¢t | N, 006/Mun | S ¢!
5,2 0,01 15,2 1,0 24 0,1 7,1 1,0
52 0,1 152 10,0 240 1,0 71 10,0
520 1,0 1520 100,0 1200 5,0 706 100,0

Crioco0 ycTaHOBKH 3aJJaHHOM CKOPOCTH BapbUpPYyeTCsS B 3aBUCHUMOCTH OT KOHKPETHOMW 3aja-

an. Tak, HAPUMep, 0CajKa CO CKOpocThio aeopmarmu 1 ¢! Moxer GbITH OCYIIECTBICHA C HC-
nosib30BaHMeM Kyiauka Ne 2 u uenHod (mpu nys =520 00/MHMH) WM PEMEHHOHM mepenauu
(nys =15,2 06/MuH).

Ecnu xe Ha ruiacromeTpe ycTaHoBlieH Kyinadok Nel, To Ta ke CKOpOCTbh MOXET ObITh MOJTy-
YeHa C HUCIOJIb30BAHMEM LIETTHOM mepefayu mpu ny, =240 06/MUH WM pEMEHHOU mepeaayu mpu
Ny = 7,1 06/MuH.

[Tockospky ckOpocTh AedopMaIiu Ipyu ocaKe onpeaensercs kak & = v/h, rae v — CKOpocTh
nepeMeleHus noisyHa (MM/c) u & — BeicoTa obpasua (MM) B TEKYLIUH MOMEHT, IOCTOSIHCTBO CKO-
poctu nedopmanuu OyneT 3aBUCETh Kak OT MPOQUIIs Kyjlauka, TaK U OT UCXOJHON BBICOTHI OCaKU-
BaeMoro oOpasua. B cBs3M ¢ 3TUM KaxJblii BHOBb U3rOTOBJICHHBIN KYJa4OK IPOXOAUT IIPOBEPKY HA
3aBUCHUMOCTbH (PaKTHUYECKOTO XOJa MOJI3yHa OT YIJia MOBOPOTa KYyJauKOBOI'O Baja, HA OCHOBaHHUU
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KOTOPOM CTpPOUTCSA TpaduK M3MEHEHHS CKOpPOCTH Aedopmaiuu & Mo Xoay ocaakud oOpaslioB pas-
JINYHOW MCXOJTHOM BBICOTHI.

B kagecTBe mpuMepa Ha puc. 5 IpeICcTaBICHO U3MEHEHNE CKOPOCTH iehopMariu & o Xomay
0caJIku 00pa3lioB pa3IMvHON UCXOAHOM BBICOTHI A, (HUGPHI Y KPUBBIX, MM) B 3aBUCUMOCTH OT YIJia
MOBOpOTa KymaukoBoro Baia (Kymadok Ne 1). CkopocTe aedopMamui paccyuTaHa s Cirydas
BpallleHHUs BaJia CO CKOPOCThIO 1 rpazn/c.

1
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VYroa noBopoTa KyjiaaukoBOIO Baja €, rpaj

Puc. 5. U3menenune ckopoctu aedopmaruu & 1o Xory 0Caaku 00pas3ioB pa3InaHON HCXOTHON
BBICOTHI /1, B 3aBUCHUMOCTH OT yIJja IOBOPOTA KyI1auKoBOro Baja (Kyi1adok Ne 1)

W3 ananu3a rpaduka cieayer, 4To MpU UCHOJIb30BaHUU JAHHOTO KyJlayKa HawIy4dllee OCTOSHCTBO
ckopocTu nedopmanuu obecrednBaroT oOpa3ipl BbicOTONM 16-20 MM NpU CTENEHU OCaIKHU € A0
70 %, u oOpa3usl BbicoToit 14-20 MM npu € 10 50% ot ucxoaHoi BwicoThl. [IpeacraBieHHBIMU
JaHHBIMH PYKOBOJICTBYIOTCSI TIpY BBIOOpE MCXOMHOM BBICOTHI 00pa3IoB U UCIbITaHU. Havanb-
HBIM uameTp oOpa3noB 00bIYHO BeIOMpaeTcs u3 ycnosus d, = (1-0,7) h,. Cormnacho [11] cooTHO-
ueHue hy/d, obpazua B npenenax 1,0 — 1,5 obGecrieunBaeT MUHUMAJIBHBIA KOA(POUIIUEHT HaIps-
KEHHOTO COCTOSIHUSA Mg, OMU3Kkui K eauauIe (n, =1,0-1,02). B atom cnyuyae yaenpHOE daBICHUE
MIPU OCaJIKE MPUMEPHO PABHO COMPOTHBIICHHIO AedopMaIiui MaTepraia oopasima (p = o).

JInst CHWOKEHHsI TPEHUS Ha TOpLax M 00eCHeueHus HANpPsDKEHHOTO COCTOSHHUS MeTala,
OJIM3KOr0 K OJJHOOCHOMY CXKAaTHIO, IPUMEHSIOTCSI CMa3KU, COCTaB KOTOPBIX MOJ0HpaeTcs B 3aBUCH-
MOCTH OT Temreparypbl ucnbiTanus [12]. CrnenuanbHBIMH OTBITAMH OBLJIO YCTAHOBJIEHO, HTO,
Hanpumep, npu temmeparypax 100 — 300 °C sdpdextuBHO paboTtaer cMech 6apabl CYIb(PUTHOIO
mienoka ¢ rpadurom, npu 400—700 °C — moBapeHHas COJib, 3aMElIaHHAsT Ha KUJIKOM CTEKJIe, NMpHU
temmneparypax 800900 °C — MOJI0TO€ OKOHHOE CTEKJI0, IpH 00JIe€ BRICOKHX TEMIIepaTypax — CTEK-
na 6oJiee CI0KHOTO COCTaBa.

B psne ciydaeB, HECMOTpsl Ha yKa3aHHBIN Bblllie BBIOOp reoMEeTpUu 00paslioB, Npu MpuMe-
HEHUU HeA(P(PEKTUBHON CMa3KH UMEET MECTO OOUKOOpa3oBaHHE HA OOKOBOM MOBEPXHOCTH OCAKEH-
HOro oOpasia, U3MEHSIOLIee HANPSKEHHOE COCTOSHUE MEeTalljla C OJJTHOOCHOTO Ha 00beMHOE. JTO
MPHUBOANT K OUIMOKE B OINpPENEICHUH CONPOTHUBICHHS JepopManuu (K HEKOTOPOMY 3aBBIIICHUIO
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YPOBHS ).

B nensx ymenpuienus 3toi ommoku B padotax [13, 14] npeanoxen MeTon nAeHTUPUKALTUU
KpPUBBIX T€UEHUSI Os(€), OCHOBAHHbBIN Ha UTEPALMOHHOM IPUMEHEHUU KOMIIBIOTEPHOIO MOJAEIUPO-
BaHHUA Ipoliecca Ocagku oOpaslia U KOPPEKTUPOBKU KPHUBBIX yrmpouHeHus. lIpumeneHue meronaa
MIO3BOJIMJIO YMEHBIIUTH HEBA3KY PACUETHBIX U ONBITHBIX 3HAYEHHUH CUJIbI JeopMupoBanud. B atom
METO/I€ TMPU CKaTUU 00pa3loB KOAIPPHUIMEHT TPEeHUsS Ha KOHTaKkTe oOpasua ¢ J1eopMHUPYIOIIUM
OOMKOM OIpenesieTcsl U3 YCIOBHsS HaUMEHBILErO OTKJIOHEHHS ONBITHBIX W PAacCUETHBIX 3HAUCHUM
MaKCHUMAaJIbHOTO ¥ MHUHHMAJIbHOTO AMAMETPOB OOKOBOM MOBEpXHOCTH 00pasua. MeTon 1mo3BoJisieT
MI0JIy4aTh KpUBbIE TEUEHHS B YCIOBUAX, OMM3KUX K OJJHOOCHOMY CKAaTHUIO (IIpU MUHUMAJIBHOM Tpe-
HUU Ha KOHTaKTe oOpa3ua u aedopmupyromiero 6oika) He3aBUCUMO OT (DAKTUYECKUX YCIOBUH Tpe-
HUS HA KOHTAKTe.

Cuna ocaaku o0pasla B 3KCIIEpUMEHTaX OINpeAessieTcsl MECC1030M Ha OCHOBE TEH30METPH-
YECKOI'0 MOCTa, KOTOpas nepe KaXJA0W CepUel UCIBITAHUN TI0JIBEPraeTCsl TAPUPOBKE € UCIOJIB30-
BaHueM oOpazuoBoro manomerpa tuna JJOCM u xommnbiotepa. IlpuMep xommbroTepHO# 3amucu
nporecca ocaaku obpasua kpyrioro cedenus u3 cranu 25I'C npu remneparype 800 °C npusenex
Ha puc. 6, Tie 00o3Ha4YeHbI: / — rpaduK MepeMenieHrs Mmoja3yHa ¢ 0oiikoM (IIKana s XoaoMepa
cipaBa); 2 — rpaduK U3MEHEHUsI CHJIBI OCAJIKH (IIKaJia JUIsl MECCIO3bI CieBa); 3 — IIKajda BPEeMEH-
HBIX TOUEK OTCUETA.

UB 1,6 7 U,B
1,4 \ 6
1,2 1 I

1
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2 13
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0,4 3

02 / |,
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1 50 99 148 197 246 295
Puc. 6. [Ipumep KOMIBIOTEPHOM 3amKCH TIpoIIecca OCaaKu 00pasiia (0003HaYEHUS — B TEKCTE)

OTu rpa@uKu SBISIOTCS OCHOBOM Ui OCTPOEHUS] KPUBBIX YIPOUHEHHS UCCIIETyEMbIX CTa-
Jeil ¥ CIUIaBOB IO clieluaIbHOU Mporpamme, paspadorannoil B UMAILL [Iporpamma npenycmar-
pHUBaeT MOJIy4eHUE 3aBUCUMOCTH Gs = f(e), T1ie e — norapudmuueckas aedopmaiius, onpeaensemas
Kak € = In h,/h;, rae h; — BeicoTa oOpasna nocie ocaaku. Pacuer conporuBnenus aepopmanuu B
IporpaMMe MnpousBoautcs no ¢opmyie os = P/F, rae P — uaMepeHHas cuia, ' — pacyé€rHas 1Jo-
11a/1b TONEPEYHOI0 CEYEHUsI B JaHHBIM MOMEHT BpeMeHHU. BbrIBOJI pe3ynbTaToB (KPUBBIX TEUEHUS)
ocymiecTBisieTcs B popmare Microsoft Excel.

Jliig nepeBojia moka3zaHuil Mecci03bl U XoJoMepa B BojbTax U B equHuUIbl cuibl (kH) nmm
nepeMenieHus: (MM) UCIOJIb3YIOTCSl PE3YJIbTAaThl UX TAPUPOBKH, [0 KOTOPOU OIpenesieTcs, B 4acT-
HoCTH, KodhdunmeHt kB popmyne P = kU.

C ucnonb30BaHUEM NPEJCTABICHHON BbIIIE€ METOAMKH IPOBEICHO HCCIEAOBAHUE COIPO-
TUBJIEHUS Aedopmaliy psijia cTajeil v CIUlaBoB B LIMPOKOM JMaria3oHe ckopoctel aedopmupona-

Potapov A. L. et al. / Determining the plastic strain resistance of metallic materials on an automated plastometric
complex
http://dream-journal.org page 24+43



Diagnostics, Resource and Mechanics of materials and structures
Issue 2, 2015

aust € (ot 0,1 10 70 ¢) mpu Temmeparypax xomouoii (20 — 400 °C), Teroii (500 — 700 °C) u ro-
psueit (800 — 1250 °C) nedopmanuu. B yacTHOCTH, IPOBEACHO UCIIBITAHUE aPMKO-XKele3a, yriepo-
mucTeix ctanet mapok 10, 20 u 50, craneit mis apmarypsr 0812C, 25T°C, 3512, MapTeHCUTHO-
crapetoutux craneit 03X11HIOM2T1 (211679) u tuna 03X14H10KSM2IOT ¢ BappupoBaHuem xu-
MHYECKOTO COCTaBa, TUTAaHOBHIX ciuiaBoB BT6, BT8, BT3-1, BT20, BT22 u ap.

Crans 20 (0,24 % C, 0,18 % Si, 0,57 % Mn, 0,11 % N1, 0,12 % Cr) nmoaseprajiach UCIIbITa-
HUIO TIPU TEMIIEpaTypax X0J0HOU U Terion nedopmaruu (20, 100, 200, 300, 400, 500 u 600 °C) u
ckopoctsix pepopmanuu & = 0,5; 1,0; 10,0 u 70 ¢’!. B xauectBe puUMepa Ha puc. 7 MPEIACTABIICHBI
KpuBble TeueHus cranu 20 npu temnepatypax 20, 200, 400 u 600 °C.

OO01elt 3aKOHOMEPHOCTHIO KPUBBIX TeueHUs ctaiu 20 sBIsSeTCs] yMEHbIIEHUE UHTEHCUBHO-
CTH YIPOYHEHHS C pOCTOM CTENeHH JiehOpMalliy U C MOBBILIEHUEM TeMIieparypsl. [Ipu koMHaTHOM
TeMiieparype (CM. puc. 7, a) xapakTep KpUBbIX TEUEHHUS MEHSETCS C YBEIMUYEHHEM CKOpPOCTH Jie-
¢dopmanuu. IIpu ManmeIx CKOpPOCTSIX UAET MOHOTOHHOE YIPOYHEHHE METajlsla C YBEJIUYEHHUEM CO-
MPOTUBIIEHUS JeopMaluy B Mpoiiecce Bcero odxarust oOpasia, a MaKCUMallbHOE 3HAaYEHHE O J10-
CTUraeTcs JMIIb B KoHLE npouecca. C yBeIMUYEHUEM CKOPOCTH YIIPOYHEHHE Ha HAYaJIbHOM JTarle
OCaJIKu HJeT Bce 0ojiee MHTEHCHBHO, @ K KOHIly IpOIlecca OCaJKH BO3MOXKHO JWHAMUYECKOE
pa3ynpovyHEHHEe METala CO CHUKEHHEM BeIMUYuHbI Gs. [Ipu crenenu nepopmanuu e = 0,7 Benuyu-
Ha Og IPAKTHUYECKU OJIMHAKOBA JJIsi BCEX CKOPOCTEH. AHAJIOIMYHBIM X0/ KPUBBIX YIIPOUHEHUS ObLI
YCTaHOBJICH HaMU paHee [7] 17st apMKo-)Kelie3a U yriiepoaucThix ctaseid mapok Ct3 u 50.

[Ipu Hu3kux Temneparypax 20, 100 u 200 °C Ha KpUBBIX TeueHHs Habmoaaercs 3y0 TeKy-
4eCTH, KOTOPBIM OTCYTCTBYET IIpH 00Jiee BBICOKUX TemIepaTypax. 3y0 TEeKy4ecTH — 110 CYTH, pe3Koe
CHIDKEHME HaNpsDKEHUS Mepe]l MOsBIeHUEM IulacTudeckoil aegopmanuu. OH UMeeT TUCIOKalUOH-
HOE IpoucxoxjaeHue. OTMEeTHM, YTO (PUKCUPOBAHUE 3y0a TEKYYECTH Ha KPUBBIX TEUEHHUS COIIACHO
[8] cBUAETENLCTBYET O BBICOKOM HAJEKHOCTH METOAMKU U JOCTOBEPHOCTH PE3YJIbTATOB HCIbITA-
HUH, B TOM YHCJIe TOJIy4aeMbIX Ha muiactomeTpuyeckom komriekce UMAIIL YpO PAH.

[Tpu Temneparypax 400 — 600 °C ¢ noBbIlLIEHUEM CKOPOCTH JePOpMallui BEIMUYUHA Gs BO3-
pactaer. Ha kpuBbix Teuenus npu temrneparype 200 °C, mpu KOTOpoil HAUMHAIOTCS IPOLECCHI Oe-
dopmayuonnoco cmapenus meramia [15] Bo3MokHa oOpaTHasi 3aBHCUMOCTh COMPOTHUBIICHHS Jie-
dbopmaruu oT CKOpOoCTH AePOopMaIIHH.

[TonyueHnHble HaMU pe3yabTaThl UCCIEA0BaHUS (KpUBble TeueHus1) cTaiu 20 XopoIio cora-
CyloTcs ¢ JaHHbIMH broxiiepa, npuBeneHHbIMH B pabore [16], mis yriepoaucrtoit cramu C15
(0,15 % C, 0,47 % Mn, 0,30 % Si), kotopas 6su1a ucbiTana npu Temneparypax 20, 200, 300 u
500 °C co ckopoctsimu aedopmaruu 0,25; 1,6; 8,0 u 40,0 o

3aBUCUMOCTb CONPOTUBIIEHUS Aedopmanuu ctanu 20 OT TeMIiepaTypbl IIPH Pa3HbIX CKOPO-
cTsX nedopManuy, MpeAcTaBieHHas Ha pUcC. 8, CBUAETEILCTBYET O TOM, UTO YBEJIMUEHUE CKOPOCTH
negopMalnuy CABUraeT MaKCUMYM BEJIMYMHBI Gs B CTOpOHY Oosiee BbICOKUX Temmeparyp. Ilo artoii
IpUYMHEe A5 Temreparyp Temioi aedopmanuu B unTepBaige 200 — 300 °C MoxxeT HapylaTbes
KJjlaccuueckoe (0ObIUHOE) CHM)KEHHE COMPOTHUBIICHUS JepOopMaluu C MOBbIIIEHHEM cKOpocTu. OT-
METHUM, YTO aHAJOTUYHbIN pe3ynabTar Obul noiydyeH JI. J[. CokonoBbiM [15], KOTOpHIM O0OBSCHSIET
3TOT (HaKT dehopmayuonHvim cmapenuem craiei mpu temmeparypax okoisio 200 — 400 °C. B atom
MHTEpBaJIe TEMIIEpATyp METaJJl UMEET TaKXkKe npo6as MIACTUYHOCTH. JTO SBJIEHUE U3BECTHO B JIH-
TepaType Kak cureromkocms [17]. OHO XapakTepHO, B YACTHOCTH, JJIs MIEPIUTHBIX CTajeH, K KOTO-
pbIM oTHOCUTCA cTanb 20.
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Puc.8. 3aBucumocts conpoTuiienus aeopmaryu ctanu 20 oT TeMIiepaTypbl UCIIBITAHUS U CKOPO-
ctu aepopmaruu &: 1 — 0,5 c’], 2-1 c’], 3-10 c*], 4-70¢!
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I, C

Ha puc. 9 u 10 npuBeneHs! pe3yabTaThl HCCIEA0BaHUA* COMPOTHUBIIEHUS 1edhopMaLuyd Map-

TeHcuTHO-cTapeomux craiet tuna X15H10K6M3THO npu temmeparypax XOJOJHOM, TEIUIONH U
-~ -1 o v

ropsiueit gedopmaruu U ckopoctu aedopmaruu § = 1 ¢. XUMHUECKUI COCTaB CTaJIC MpeaCcTaB-

JIeH B Tadu. 3.

Tabmuma 3 — XuMHU4YecKkuil COCTaB UCCIEAOBAaHHBIX MAPTEHCUTHO-CTAPEIONINX CTalleh

ConeprxaHue 2IeMeHTOB, Macc. %
Ne mraBku
C Si Mn Cr Ni | Mo | Co Ti Al
0,08 | 0,29 | 0,18 14,56 | 9,8 | 2,75 | 5,64 | 0,47 | 0,72
2 0,05 | 0,23 | 0,21 14,8 9,551 2,81 | 5,46 | 0,53 | 0,85

* Pe3yIpTaThl MOJTYYCHBI B paMKaX COBMECTHOM paboOThI ¢ I.T.H., mpod. JL.A.MaibiieBoii (Yp®@Y um. neproro IIpe3u-

nenta Poccuu b.H.Enbruna)
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Puc. 9. KpuBble TeueHs1 MapTEHCUTHO-CTAPEIOIIeN cTanu IiaBku 1 (Tabi. 2) npu pa3inyHbIX
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o, Mlla
1200 —— 20°¢
/ 0
1000 / 0L
/ _ [ 500fC
-
800 =] —
/4/ i~
600 . 700 °C
o
400 ,?{/ 1000 C
200 —=—
0
0 02 04 06 038 1,0 e
Puc. 10. KpuBble TeueHHs MapTEHCUTHO-CTapEIOLel cTany IU1aBky 2 (Tal.2) Npu pa3aIuyHbIX
TeMIiepaTrypax

AHanu3 U CONOCTaBJIEHUE KPUBBIX TEUYEHHUS CBUIETEIHCTBYIOT O TOM, YTO OHHU SIBJISIFOTCS
TUIIMYHBIMU JUIS CTajed Takoro kiacca. Mcciemyemble MapTEHCUTHO-CTapEeIOlINe CTald OTIHYa-
I0TCS OTHOCHUTENILHO BBICOKMM YPOBHEM COIPOTHUBIIECHMS AeQOpMaluu IIpU BCeX TeMIepaTypax Hc-
nbITaHus (IpU XOJIOJHOM, Teruioil u ropsyeit nepopmanuu). Hanbombiiee ynpouHeHue metaiia
BCEX IJIAaBOK, ECTECTBEHHO, UMEET MeCTO IpH XoJioHOH nedopmannu (20 °°C). [Tocne gocTmxeHus
HEKOTOPOI'0 MaKCUMyMa BO3MOKHO CHUKEHHUE G 33 CUET MPOLIECCOB AUHAMHUYECKOTO Pa3ylpoyHe-
Hus. Ilpu remnoit nepopmanuu (400-700 °°C) ynpouHeHre MeTalla IJIaBKU 2 UAET TaKXkKe J0cTa-
TOYHO MHTeHCUBHO. U Tonbko npu ropsdeit neopmannu (1000 °C) ypoBeHb G OCTaeTCss HUBKUM U
MPaKTUYECKU HEM3MEHHBIM IIPU YBEIMUEHUU cTeneHu aegopmanuu 1o e = 1. [lig o60ux cocTaBoB
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CYIIIECTBEHHOE CHIDKEHUE YPOBHsI Gy mMeeT mecTo npu Temmeparype 700 °°C. I[Ipu stoit Temmepa-
Type yXKe BO3MOXKHA ITPAKTUIECKAs pean3aliis TeIIon qeopManiu cTajieH.

4. MeToauka u PeE3yJdbTaThbl MCNBITAHMI HA 0CaAAKY COCTABHBIX HUJIHHAPUICCKHUX oﬁpasuon

Jlyig pacueTra yCuiIuil U Ipyrux SHEProCHIOBBIX IaPAMETPOB TAKUX IPOLIECCOB, KAaK HAKOITH-
TeJbHAas MMaKeTHasl MPOKaTKa, MPOKAaTKa CIIOMCTHIX METAUIMYECKUX MaTepuaaoB, HEOOX0AUMa WH-
¢dbopmMalys 0 CONpOTHUBIIEHUH AeQopMalii MaTepraia OTAEIbHBIX CJIOEB WM makeTa B 1esnoM. C
Y4€TOM THIIOTE3bl eOUHOU KpUBOU JTaHHBIE O COIPOTUBICHUH JAedopMalii MOTYT ObITh B3SITHI U3
PE3yJIbTaTOB UCIIBITAHUS HAa PACTSKEHHUE JIMUCTOBBIX 00pa3ioB. OJJHAKO MUMEIOTCS SKCIIEPUMEHTAIIb-
Hble JaHHbIE [18], moka3bIBarolIue, YTO MpU MEPEX0Je OT MACCUBHBIX K TOHKUM JINCTOBBIM 00Opas3-
11aM MEXaHHYeCKHUE CBOMCTBA METAJJIOB U CILIABOB CYLLECTBEHHO MeHsoTcs. [loaToMy B psje ciy-
Yae 1e1eco00pa3Ho OIpPEIeIeHHE CONPOTUBIIEHUS 1ehOpMallUK IyTEM OCaJKU OOBEMHBIX COCTaB-
HBIX 00pa310B, CPOPMUPOBAHHBIX U3 JIUCTOBBIX 3arOTOBOK.

C 31Ol 1enbl0 B Ka4eCTBE METOJ/a ONpeAeSCHUS CONPOTUBIICHUS JePOpMaliu JTUCTOBBIX
MaTepuasoB pa3zpaboTaHa U MpeIokKEHA ocaaka 0ObEMHBIX MIIMHAPUYIECKUX oOpasmos [19], co-
CTaBJICHHBIX W3 JINCTOBBIX IIai0 (puc. 11), KoTopble MOTYT OBITH M3TOTOBJIEHBI BBIPYOKOU U3 JIH-
CTOBOI'O MaTepuaja B CIELMAILHOM YCTPOMCTBE (BBIPYOHOM IITAMIIE).

e

Puc.11. O0muii Bua cOCTaBHOTO MUIUHAPUYECKOTO 00pasiia mepea UCTIbITAaHHEM

B pa6ore [19] Ha ocHOBe cpaBHEHMsI PE3yIbTATOB HCIBITAHUM CIUIOIIHBIX U COCTaBHBIX 00-
pasLoB U3 MarepHala 0JJHOI0 XUMUYECKOIO COCTaBa YCTAHOBJIEHA [IPAaBOMEPHOCTh MCIOIb30BaHUS
MPEI0KEHHOT0 HAMHM METOJA OCaJKH COCTaBHBIX 00pa3LioB Ul ONPE/IEICHUS BEIMYMHBI Gg IUCTO-
BOI0 MaTepuaia.

B kauectBe mpumepa Ha puc.l2 mpencrtaBieHbl KpuBble ynpouHeHus cranu Ct3, a Ha
puc. 13 — turanoBoro cruiaBa BT3-1, nosydeHHsie 1o pe3ynbTataM HUCHBITAHUNA CIUIOLIHBIX U CO-
CTaBHBIX 0Opa3lOB, U3TOTOBJICHHBIX JJISI YHCTOTHI 3KCIIEPUMEHTA U3 OJHHUX U TEX K€ 3aroTOBOK
(mai6pl UIsl coCTaBHBIX 00pa3LoB ObUIM BBHITOUEHBI HAa TOKapHOM cTaHke). M3 aHanmu3a rpaduxos
BUJIHO XOpOILIee COBIA/JICHNE KPUBBIX YIIPOUHEHUS] U 3HAUYEHUHN O, MMOJTYYEHHBIX IIPU UCIIBITAHUIX
CILIOIIHBIX M COCTABHBIX 00pa3IioB. [JaHHbIE MOJIydeHb! IpH ckopocth aedopmarmn &= 1,0 ¢
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Puc.12. Kpussie Teuenus cranu Ct3 1o pe3yiabTaTaM dKCIIEPUMEHTOB 0 OCAKE CIUIOIIHBIX
CNIIOWHbIE KPUBble N COCTABHBIX NYHKMUPHblE Kpuble 00pa3LoB IIPHU PA3INYHbIX TEMIIepaTypax
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Puc.13. Kpusbie Teuenusi tutanoBoro criaBa BT3-1 mo pe3ynprataM SKCIEpUMEHTOB TI0 OCaIKe
CIUIOIIHBIX CHIOUIHbIE KPUGble N COCTABHBIX NYHKMUPHblE Kpugble 00pa3LoB
IIpY pa3IMYHBIX TEMIIEpaTypax

[IpuBeneHHbIE JaHHBIE CBUAETEILCTBYIOT O IPABOMEPHOCTU HCIIOJIb30BAaHUS JAHHOTO Me-
TOJA JJIsl OLEHKU CONPOTUBIIEHUS AePOpMalMU KaK JMCTOBBIX, TaK 1 0ObEMHBIX 3aTOTOBOK HCCJIe-
JyeMOro MaTepuaa.

[IpennosxeHHbI METO OB UCIIOJIB30BAH TAKXKE JIJISl OIIPEICJICHUs CONIPOTUBIIEHUS Iedop-
Mmanuu aucroBoil cramu 006/1F. Ha puc. 14 npencrasnensl kpussle Tedenus cranu 006/1F, momy-
YEHHBIE OCAJKON 00pa3IoB, COCTABICHHBIX W3 IIAN0, BHIPYOJICHHBIX M3 JMCTOBOTO MPOKATa TOMH
CTaJIu.
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Cranp umena ciueAyomuil XxumMudeckud coctaB (macc. %): 0,056 C; 0,123 Mn; 0,002 Si;
0,0059 P; 0,0040 S; 0,024 Cr; 0,0020 Ni; 0,006 N.
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Puc. 14. Kpussie teuenus cranu 006/IF mpu xos10aHOM, Terioi u ropstaei nedopmaruu. CKOpoCcTh
nedopmarun 1,0 ¢’

Pe3ynbTarhl uCHbITaHUN CBUIETENBLCTBYIOT O TOM, 4TO cTaib 006/IF umeer Hu3kuil ypoBeHb
COMPOTHBIIEHUS Ae(POpMAIH MIPU BCEX UCCIETOBAHHBIX TEMIIEpATypax, B TOM YUCIIE U B XOJIOJHOM
cOCTOSIHUU. JI7151 HE€ XapaKTEpHO TakK€ OTHOCHUTENIBHO CJIa00€ YIPOYHEHUE C POCTOM CTEHEHH Je-
dhopmarum.

5. Metoauka U pe3yJbTaTbl HCHBITAHUI Ha 0CaJKy 00pa3l0B KBaJAPAaTHOro (IPSMOYI0JIbHOIO)
NONepevYHoro cevyeHmnst

Huxe paccMoTpeHa MeToauKa ONpEesIeHNs CONPOTUBIEHUS JepopMalii Ha IJIaCTOMET-
PUYECKOM KOMIUIEKCE C IMPUMEHEHHEM O00pa3lloB KBaJpaTHOro (IPSIMOYroJIbHOTO) MOIEPEUHOIO
ceueHus. HeoOXxoaumMocCTh UCIIONIBb30BaHMs TaKMX 00pa3LOB MOXET BOSHUKHYTh B HCCIIEI0BATENb-
CKOM IpaKTHKE MPU HAJIMYUU NPOKATa WJIM KOBAHBIX IPYTKOB KBAJPaTHOTrO (MPSMOYIOJIBHOTO) I0-
MEPEYHOT0 CEYCHHS M3 uccienyemoit ctanu. [Ipu sToM oTnagaeT He0OX0AMMOCTh U3TOTOBIICHUS U3
HUX IWIMHIPUYECKUX 00pa3lioB Ha TOKApHbIX cTaHKaX. OOpa3ibl U3rOTaBIMBAIOTCS JIMIIL pa3pes-
KOU IPYTKOB Ha COOTBETCTBYIOIINE JTUHBI.

BrnepBbie meTonuka Oblia onmpoOOBaHa MPU UCCIEJOBAaHUM COMPOTUBIEHUS AepopManuu
TUTaHOBOM TyOKu [20] mocie pa3aenku ee Ha OTACIbHBIC KYCKH.

Jljig mOATBEpKIAEHHS] TPABOMEPHOCTH HCIIOJIb30BAaHUS MpeAIaraeMoil METOIMKH MPOBEIECH
CJIEYIOIINN SKCIIEPUMEHT: W3 MpoKaTa yriaepoaucTeix cranu (ctanb 10) cedenuwem 9,8 X 9,8 Mm
ObUIM M3TOTOBJIEHBI 00pa3llbl YKa3aHHBIX KBAPATHBIX cedeHU BbicoTOM 15 +0,2 MMm. Jlpyras dyacTh
TOT'O K€ KaTaHOTo MpyTKa OblIa MepeToueHa Ha TOKApHOM CTaHKe Ha oOpa3lbl AuaMeTpoM 9,3 mm.
Te u apyrue oOpa3ipl ObLIM UCHBITaHBl HA IJIACTOMETPUYECKOM KOMILIEKCE B OJMHAKOBBIX YCIIO-
BUSIX. B 4acTHOCTH HarpeB UX B I€YU OCYLIECTBIISUICSA B OJHOM CaJIKe.

Kpussie Teuenus cranu 10, mosrydeHHBIE OCAJKOW 0O0pa3IOB KPYIrJIOro M KBAJIpaTHOTO Ce-
YeHMsl, peICTaBlIeHbl Ha puc. 16.
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Puc. 15. BHenHmiA BUJT MWIMHIPUYECKUX 00pa3oB (a) ¥ 00pa3ioB KBaIpaTHOTO ceueHUs (0) 10 1
MOCJIE OCAJIKM Ha IJIACTOMETPE
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Puc.16. Kpussie ynipounenus ctayim 10 , moydeHHbBIE TIPU 0cake 00pa3oB KPyrioro
(cnrownvle runuu) M KBAAPATHOTO (MYHKMUPHbBIE TUHUU) TIOTICPEYHOTO CEYCHUS
mpu Temneparypax 20 — 1100 °C
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PesynbTaThl CBUIETENBCTBYIOT O MPAaBOMEPHOCTH HCIIOJIB30BAHUS JUIS OCAIKH Ha TUIACTO-
MeTpe 00pa3LoB KBAJAPaTHOTO CEYEHMsI BMECTO TPAIULMOHHBIX IMIIMHIpHueckux. [Ipu s dexTus-
HOM cMa3ke, UCKJIIoYaoleld 60ukooOpa3zoBaHue Ha OOKOBON MOBEPXHOCTH 00pa3LOB, pe3ysbTaThl
OMNpCACIICHHA COIIPOTUBJIICHUA )Ie(i)OpMaHI/II/I MMPAKTHYCCKN COBIIAAal0OT C HaHHBIMH, IMOJTYUYCHHBIMH
MIPH OCAJIKE IHIMHIPHUYECKIX 00pasIoB.

6. 3aki0oueHue

Mogepuauzanus kynaukoBoro miactomerpa LIKIT «ITnactomerpus»y UMAI YpO PAH, co-
3/laHuE Ha €ro OCHOBE aBTOMAaTU3MPOBAHHOIO IJIACTOMETPUYECKOTO KOMILIEKCA ¢ 3aMEHO pelieit-
HOM Ha COBPEMEHHYIO TUPUCTOPHYIO CUCTEMY YIPaBJICHUS JIEKTPOIPUBOJOM M YCTAHOBKOW UG-
pOBOI cucTeMbl cOopa U 0OpabOTKHU TaHHBIX IKCIIEPUMEHTA C ucnoias3oBanreM [I19BM obecneun-
JIO IOBBILIEHUE JOCTOBEPHOCTH PE3YJIbTAaTOB ONPEAEICHHUS CONPOTUBIICHUS AeQopMaluu cTaie u
CILIaBOB.

CoBeplIeHCTBOBAaHUE U3BECTHON METOJUKHU OCAJKH CIUIOLIHBIX LHUIMHAPUUYECKHX 00pa31oB
MTO3BOJIMJIO MOJIYYUTH JIaHHBIE 110 CONPOTUBIIEHUIO Je(OPMALINU METAIUTMUYECKUX MaTepHalloB pa3-
JUYHOTO XMMHYECKOIO COCTaBa U CTPYKTYPHOTO COCTOSIHUS B IIMPOKOM JIMAna3oOHE H3MEHEHUs
CTENeHeH, CKOPOCTEH U TeMIiepatyp aehopmaluu.

Pa3paboTka HOBOW METOAMKH UCHBITAHUN HA OCAJKy COCTAaBHBIX 00Opa3lloB 00eCIeurnBacT
BO3MOXHOCTh Ha IJIACTOMETPUYECKOM KOMILIEKCE OINpeAessATh CONpPOTUBICHUE AehopMaluu Jiu-
CTOBBIX MAaTE€pHAJIOB, a MCIOJIH30BAaHHWE OOpPa3IOB KBAJAPATHOTO (MPSIMOYrOJHHOTO) MOMEPEYHOTO
CEUEHUs YNPOILAET MOArOTOBKY K MCIBITAHUSAM, MOCKOJIbKY UCKIIIOYAIOTCS pabOThI MO U3rOTOBJIE-
HUIO IMJIMHJpUYECKUX 00pa3iioB. B nanHOM paGoTe Ha GOJIBLIIOM IKCHEPUMEHTAIbHOM MaTepuale
JI0Ka3aHa IIPaBOMEPHOCTh MPUMEHEHHUS HOBBIX METOIMK.

Pe3ynbTarsl paboThl MO3BOJMIM CYHIECTBEHHO PACIIUPUTh SKCIEPUMEHTAIbHYIO 0a3y JaH-
HBIX 10 COIPOTHUBIJICHUIO JeopMalluu CTajeill U CIIaBOB, HEOOXOIUMYIO JUIsl ONITUMU3ALIUU U CO-
BEPIICHCTBOBAHUS TEXHOJIOTHU UX 00paOOTKH J1aBJICHUEM.
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This paper provides a survey of current trends in stainless steel design with the emphasis on
strength mechanisms available for further progress. The paper is focused on deformable austenite
and duplex wire steels suitable for intensive plastic strain. The advantages of a newly developed
TRIP-steel of Fe-Cr-Ni-Co-Al-Ti composition over conventional stainless steels are discussed in
terms of feasibility for large-scale production of tiny cross section medical core tools. High strength
and superior formability of the steel makes it possible to avoid costly annealing treatment as a part
of the cold deep-drawing technology. Saturation magnetization and coercivity measurements reveal
the structural changes in course of deformation and thermal processing.

Keywords: stainless steels, medical core tools, deep drawing, TRIP-effect, magnetic
measurements.
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VYK 669.017.3:669.14.018.8:620.179

PA3BUTHUE BLICOKOTEXHOJIOIT MYHBIX KOPPO3MOHHOCTOMKHNX
CTAJIEH JJIsI MEJUIIAHCKOT'O THCTPYMEHTA

JI A. ManbueBa], C. 10. MI/ITpOHOJ'ILCKaﬂ] ’2*, A. H. JleBuna'

" @40y BIIO «Yp®Y umenu nepsozo Ipesudenma Poccuu B.H.Exvyuna.» Hncmumym mamepuanogedenus
u memannypeuu, yi. Mupa, 28, Examepunbdype, Poccuiickas @edepayus, 620002

2
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesxicoenue nayku Uncmumym mauunoseoenus Ypaiockoeo omoeie-
Hus Poccutickotul akademuu Hayk, yia. Komcomonvckas, 34, Examepunbype, Poccuiickas @edepayus, 620049

*(OTBETCTBEHHBIH aBTOp. DJIEKTPOHHAS MoYTa: mitr@imach.uran.ru; agpec s nepenucku: yia. Komcomomnbckas, 34,
ExarepunOypr, Poccuiickas ®enepanus. Tenedon: +7 (343) 375-35-70; daxc: +7 (343) 374-53-30

B crarbe n1an 0030p COBpEMEHHBIX HayYHBIX MOJIX0/I0B K pa3pabOTKe KOPPO3SHOHHOCTONKUX
cTanel, 0603HaueHbl Hanbosee 3(PPEeKTUBHBIE MEXaHU3MbI YIPOUHEHHSI TAKUX MaTepUaIoB U MyTU
ux peanuzanuu. OCHOBHOE BHMMaHUE YJIEIEHO CTalsIM ayCTEHUTHO-()EPPUTHOTO U ayCTEHUTHOTO
KJIaCCOB, IpeIHAa3HAYEHHBIM JIJIsl MMPOU3BOJCTBA MPOBOJIOKU 32 CYET MHTEHCHUBHOM IUIACTUYECKOU
negopmaruu. OOG0OCHOBAHO NMPEUMYIIECTBO BHOBb pa3pabOTaHHBIX KOPPO3HOHHOCTOMKHUX KOMIIO-
s3unuii cucteMsl Fe-Cr-Ni-Co-Al-Ti ans crep:kHEBOro MeIMLIMHCKOTO HHCTPYMEHTA TOHKUX U TOH-
YalIlIuX CeYeHUH, KOTOpbIe 00IaJal0T XOPOIIeH MIACTUYHOCTHIO U TEXHOJIOTHYHOCTBIO U HE HYX-
JA0TCsl B MPOMEKYTOYHOM OT)KHIe 0 Mapupyry BojouyeHHs. [lokasaHo, 4yTO M3MepeHus Hamar-
HUYEHHOCTH HACBHIIIEHUS U KOOPLUTUBHOMN CUJIIbI TO3BOJISIFOT MPOBOIUTH MOHUTOPUHT CTPYKTYPHBIX
1 (a30BbIX MIPEBPALICHUI B MaTepHalie Ipu AePopMallMOHHO-TEPMUUECKON 00padoTKe.

Knrouesvie cnosa: koppozuonnocmoiikue cmanu, CMepIcHesou MeOUYUHCKUL UHCIPYMeEHM,
80J104eHUe C 8bICOKOU cmenenbto ooxcamust, TRIP-3¢pgpexm, macnumuvie ceolicmeaa.

1. BBenenue

WHuTepec Kk KOPPO3MOHHOCTOMKHUM CTaJISIM C Ka)KJIbIM T'OJIOM YCHIJIMBAeTCs: pa3padaThiBaroOT-
Csl HOBbIE€ XMMHMUYECKHUE COCTaBbl, COBEPLICHCTBYIOTCS MPUEMbl TEPMHUUECKON U Ae(popMallMOHHOM
00paboTKH, pacIMPAIOTCS 00IacTu nMpuMeHeHus. [Ipu 3TOM 3KOHOMUYECKHE UHTEPEChl OTPeOH-
TeJe BO BCEM MUPE JAUKTYIOT HEOOXOIMMOCTbh CHH)KEHUS COAEp KaHUsl 1e(ULIIUTHBIX U JJOPOTOCTO-
AIIUX JIETUPYIOIIMUX JIEMEHTOB B COCTAaBE 3TUX MAaTEpPHAJIOB, a TAKXKE ONTUMHU3ALMUA CAMOI'0 TEXHO-
JIOTUYECKOTO Tpoliecca MPOU3BOACTBA TOTOBOM MpoayKuuu. [ToMck onTuManbHOTO JIETUPOBAaHUS B
COYETaHHH CO CIEIUATU3NPOBAHHON TEPMOMEXAaHWYECKOW OOpabOTKOM — OJHO W3 OCHOBHBIX
HaIpaBJICHUH B METAJNIOBEIEHUU CTajeil ¢ MeTacTabuiabHBIM aycTeHUTOM. Oco00ro BHUMaHUS B
3TOM CBsI3U TpeOyeT MPOU3BOJCTBO CTEPKHEBOIO MEIUIIMHCKOTO MHCTPYMEHTA TOHKUX W TOHYaM-
IIMX CEYEHHH, A1 KOTOPOro HEOOXOAMMO COUYETaHHE BBICOKOM MPOYHOCTU U KOPPO3HMOHHON CTOM-
KocTu. MaccoBoe pOu3BOJICTBO TAKOTO MHCTPYMEHTA, B YACTHOCTH, UIJI, BKIIIOUAET B c€0s1 MHOTO-
MIPOXOJIHYIO XOJIOJIHYIO IUTACTUYECKYIO Je(OopMalliio BOJIOYEHHEM U (WiH) IutromeHueM. OqHako
HE BCe CTalli 00J1a1at0T XOPOIIeH MIaCTUYHOCTHIO U TEXHOJOTHYHOCTHIO. [l0 HacTOsIIero BpeMeH!
OCHOBHOM ITPOMBIIUIEHHOW MapKO# CTalIu JUIsl MPOU3BOJACTBA KOPPO3HOHHOCTOMKOMN XOJIOJHOTSHY-
TOM MPOBOJIOKU sBJIIE€TCS MeTacTabuibHas aycteHuTHas ctanb 12X18H10T, kotopas umeer Hemo-
CTaTOYHYIO IJIACTUYHOCTh U TEXHOJIOIMYHOCTh, HEBBICOKUI YPOBEHb IPOYHOCTHBIX CBOMCTB AK€ B
nehOpMUPOBAHHOM COCTOSTHUMU.

Lenb Hacrosiel paboThl — 000OCHOBATH MIPEUMYILECTBA U MEPCIEKTUBBI IPUMEHEHUS KOP-
po3noHHOCTOMKNX KoMmo3unuii cucreMbl Fe-Cr-Ni-Co-Al-Ti1 mis u3genuii TOHKUX ¥ TOHYAMIIINX
CEUEHUN BMECTO OOBIYHBIX XPOMOHHUKEIEBbIX ayCTEHUTHBIX CTaJIEH.
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2. OcHOBHBIE KJIACCHI M TPUHUMIBI JIETHPOBAHHUS AYCTEHHMTHBIX KOPPO3HOHHOCTONKHUX
crajei

Koppo3unonHocroiikue crainu 061a1al0T CTOMKOCTBIO IPOTUB AIIEKTPOXUMUYECKON U XUMHU-
YEeCKOM KOPpPO3UH B pa3IMYHbIX arpeCCUBHBIX cpenax (Bo BIakHOI aTMocdepe, B MOPCKOM BOJE, B
pacTBopax miesiouel u KHUCIOT, B paciulaBaXx MeTayuioB). VX pa3nensioT Ha Kiacchl B 3aBUCUMOCTHU
OT CTPYKTYpBhl, KOTOpasi B HUX 00pa3yeTrcs Mocjae BhICOKOTEMIIEPATypHOrO0 HArpeBa U OXJIAXJACHUS
Ha BO3/JyXe: MapTEHCUTHBIH, MapTEHCUTHO-(EPPUTHBIH, (DEppUTHBIN, ayCTEeHUTHO-(PEPPUTHBIH,
AyCTECHUTHBIU.

Haubonpiiee pacrnpocTpaneHre MOJydUSId ayCTCHUTHBIE KOPPO3ZHOHHOCTOMKKE cTand [1],
OCHOBHBIM TMPEUMYIIECTBOM KOTOPBIX SIBJISIFOTCSI BBICOKHE CIIY’KEOHBIE XapaKTEpUCTHKHU (Tpod-
HOCTb, IJIACTUYHOCTb, KOPPO3UOHHASI CTOMKOCTh B OOJIBIIMHCTBE pabOYMX Cpei) U Xopollas TexX-
HOJIOTUYHOCTH (AepopMUpyeMOCTh, cBapuBaeMocTh). CoBpeMeHHas KiacCu(HUKaIius KOPPO3UOH-
HOCTOMKHX ayCTEHUTHBIX CTaJIel BKJIIOYAET B €0l MSITh OCHOBHBIX I'PYIIIL.

1) Obviunvle aycmenumuvle Kopposuonnocmotuikue cmanu (Conventional austenitics),
cojiepaHue yriepoaa B KOTOpbIX MoxkeT gocturath 0,15...0,25 Bec. %. Yrnepon obecrneunBaeT
TBEPAOPACTBOPHOE YIPOUHEHUE AYCTEHHUTA, OJIHAKO JI€NAaeT MX CKJIOHHBIMU K 3€pPHOrPAHUYHOMN
KOppO3UH 3a CYET BbiAeNeHUus] KapouaoB tuna Mj3;Ce u o0egHeHust Mo XpoMmy rpanwui] 3epeH. [lo-
CKOJIbKY BbIJIeTIeHHe KapounoB Mj»3;Ce mpoucxoauT B MHTEpBase TemmepaTyp oT 425 mo 900 °C,
CTaJli 3TOr0 THUIA MOJBEPrarT OTKUTY NpHU OoJiee BBICOKHX Temieparypax (00biuyHO okoio 1050
...1095 °C) nns pactBopeHHsl KapOUAOB U MEPEBOJIa XpoMa B TBEPAbI PacTBOP C MOCIETYIOLIUM
OBICTPBIM OXJIAXKJCHUEM B BOJIEC, YTOOBI HE JOMYCTUTh MOBTOPHOTO BhICICHHs KapOuaoB. [Ipenen
TEKY4YECTH TaKMX CTaJe B OTOKKEHHOM COCTOSIHUH HEBBICOK M cocTasisieT 200...250 MlI]a.

2) Cmabunuzuposannvle aycmenumusle cmanu (Stabilized austenitic alloys), conepxa-
[I1e perJaMeHTUPOBAHHOE KOJIMYECTBO TUTaHA, HUOOUS, TaHTala WIM KOJIYMOUSI, YTO IPUBOJUT K
BbIIeNIeHUIO AucniepcHbIX kKapouaos Tuna TiC u NbC BHyTpu 3epHa, HO HE JJOMyCKaeT 00pa3oBaHUs
KapOumoB xpoma truna M;3Ce 1o Tpanuiiam 3epeH. OgHaKko Takue CTaIM TPeOYIOT TOTIOJTHUTEIBHON
TEPMOOOPAaOOTKH ISl CHATUS HANPSHKEHUM, /Ui MOBBIIEHUS TEXHOJOTMYECKOHN IMIACTUYHOCTU U
BSI3KOCTH. B oTiinume OT OOBIYHBIX AyCTEHUTHBIX CTaJIed, CTaOWJIM3MPOBAHHBIE CTAIU MOKHO
OXJIAKJATh MOCJIE€ OTKUTa HE B BOJIE, a IPOCTO HA BO3/yXeE.

3) Huszxoyenepooucmuvie mapku KopposuonHocmoukux aycmenummuvix cmanei (Low-
carbon austenitics) 0 CKIIOHHOCTU K 3€pHOTPAHUYHON KOPPO3UH 3aHUMAIOT MPOMEKYTOUHOE I10-
JIO’)KEHUE MEX]y OOBIYHBIMU M CTaOMWIM3UpPOBAaHHBIMU cTayiaMu. Cojep:kaHHE yriiepojaa B TaKUX
Mapkax crtainei He npesblimaer 0,03 Bec. % U He cOCOOCTBYeT 0Opa30BaHUIO 3€PHOIPAHUYHBIX
KkapousoB xpoMa. CTanu 3TOTO TUIA B OTOXKEHHOM COCTOSIHUU 00JIaJJal0T OY€Hb HU3KOW MarHuT-
HOM mpouunaemoctsio (1,02 mpu 0,02 Ti), ogHako moa AEMCTBHEM XOJOMHOM JepopManvii B HUX
MOXXET 00pa30BaThCsi HU3KOYIJIEPOAUCTBII MapTEHCUT, KOTOpbIA oOnazaer (eppoMarHUTHBIMU
cBoiictBamu. ONpeseIeHHYI0 ONaCHOCTh MpPEJCTaBiIsieT co00il uIuTenbHas SKCIUTyaTalusl HU3KO-
YIIEPOUCTHIX CTajlel MpHU MOBBIIIEHHBIX TeMIIepaTypax: B HHTepBajie Temnepatyp 540...760 °C —
B CBSI3M C BO3MOXKHBIM 00pa3oBaHueM KapOuI0B, a B uHTepBaje temmepatyp 650...870 °C — B cBs-
31 ¢ 00pa3zoBaHuEM G-(ha3bl.

4) Asomucmole Koppozuonnocmoukue aycmenumusle cmanu (High-nitrogen austenitic
stainless steels) conepxxat 06b1yHO 110 0,2 Bec. % a30Ta, HO U3BECTHBI MapKH C COJIEP’KaHUEM a30Ta
1o 0,9 Bec. %, UX Ha3BIBAIOT CYNEPAyCTEHUTHBIMHU. Y POBEHb IPOYHOCTHU 3TUX CTAJIEH MPSIMO Ipo-
MOPLMOHAJIEH COJIEP’KaHHI0 B HUX a30Ta. OOBIYHO Mpened TEKYYeCTH a30TUCThIX KOPPO3UOHHO-
CTOMKHUX cTajiell axke B OTOXKEeHHOM cocTosiHuM mnpesbiaeT 400 MIla. biaronpusitHoe BiusiHue
a30Ta Ha CTPYKTYpY U CBONCTBA 00YCIOBIEHO, B TOM YHCJIE:

a) MEHBLIMM pa3MepoM aTOMHOTI'O pajuyca a30Ta, YTO CIHOCOOCTBYET MOBBILIEHUIO €r0 pac-

TBOPUMOCTH B Y- U O-XKEJI€3€ 110 CPAaBHEHUIO C YIIIEPOJIOM;

0) Oosiee rOMOTE€HHBIM pacIpe/ieIeHMEM aTOMOB 3aMEILeHUs B TBEPAbIX pacTBOpax *eesa,

TOTJIa KaK yriaepoJ MHULUUPYET KIacTepooOpa30BaHUE;
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B) CHIDKEHUEM SHEPruu JeeKTa YImakoBKU B KPUCTAIUIMUECKON pelIeTKe XKelle3a, yBelauye-

HUEM CTENEeHU PACUICIUIEHUs AUCIOKAlMM, 4TO CIOCOOCTBYET Ae(pOpMaIlMOHHOMY YIpPOU-

HEHUIO, TOI/Ia KaK yriiepoJl AeUCTBYeT Ha000poT;

I') CYIIECTBEHHO MEHBIIUMH pa3MepaMu HUTPUIOB, YeM KapOWI0B, 4TO 0OYCIOBIMBACT UX

001NN BKJIAJ B yIpouHeHue [2,3].

A30THCTBIE CTAJIM CUUTAIOTCS YCTOWYMBBIMU MPOTHB 00Opa30BaHHS O'-MapTeHCHTa AedopManuu u
HE HYKJIAIOTCS B OT)KUTE [T CHUKCHUSI MarHUTHOW MMPOHUIIAEMOCTH, KOTOPAast HE MPEBHIIIAeT 3Ha-
yeHus 1,02 gaxxe mocie 3HAYNTEINBHOM ITACTUYECKON AeOopMaIIHH.

5) Buvicokonecuposannvie aycmenumnvie cmanu (Highly alloyed austenitic stainless
Steels) copepaT 3HAUUTEITLHOE KOJMYECTBO MOJMOAeHa B KosmmuecTBo 110 4,0 Bec.% s obecrie-
YEeHHUsI KOPPO3UOHHON CTOWKOCTH B XJIOPUCOICPIKALINX CPEAax, a TAKKE MeIb IS MPUIAHUS KUC-
norocroiikoctu. [l Takux cranmeil HEOOXOOWM OTXKHI B Y3KOM HHTEpBaje TEMIIEpaTyp
(1120...1150 °C), uro6s1 H36€x)aTh 00pa3zoBaHus Kak G-(a3bl, Tak u O-peppuTa.

B oTnenbHBIE TpYIITBl BRIACTSIOT ayCTEHUTHO-(QEPPUTHBIC (IYIUIEKCHBIE) CTAIHA U AHCIIEp-
CHOHHO-YIIPOYHSIEMbIE KOPPO3HOHHOCTOWKHE CTAJIH.

Aycmenumno-peppumnvie cmanu (Duplex stainless steels) MOTyT conepkaTb TPHUMEPHO
paBHOE KOJIMYECTBO ayCTEHUTA U ()eppHTa, HO MOTYT UMETh B KAUECTBE MaTPUUHON (ha3bl ayCTEHUT
wm ¢epput. [lo cpaBHEHHIO C ayCTEHUTHBIMH ayCTEHUTHO-(EPPUTHBIC CTAJIH OO0JAJAIOT TOBBI-
MIEHHOU MPOYHOCTHIO, YTO OCOOCHHO BAKHO JIJIS1 HU3KOYTIIEPOIUCTHIX KOMITO3UIIUM [4]: TPOYHOCT-
HBIE XapaKTEPUCTHKHU cTalied, comepkamux ot 40 mo 60 % O-depputa, Kak mpaBmiio, B J1Ba pasza
MIPEBOCXOIAT XapaKTEPUCTUKUA OOBIYHBIX ayCTEHUTHBIX KOPPO3MOHHOCTOWKHX crajei. Cunraercs,
YTO ayCTCHUTHO-(DpeppUTHBIE CTaIM 00JIaAal0T MOBBIIICHHON CTOHKOCTHIO MPOTHB MEXKPUCTAIUIHT-
HOM KOPPO3HH U KOPPO3UOHHOTO PACTPECKUBAHUS B XJIOPCOIEPKALIUX U IIETOYHBIX cpenax [5].

Jlucnepcuonno-ynpounsemole Kopposuonnocmotikue cmanu (Precipitation-Hardening stain-
less steels) TIO3BOJISIFOT MOJTY4aTh YHUKAIbHYIO KOMOMHAIIMIO BEICOKON KOPPO3UOHHOU CTOMKOCTH C
BBICOKHMH TIPOYHOCTHBIMH XapaKTepUCTUKaMu. [IpakTHYecKu Bce NMCIEPCHOHHO-YIMPOYHSIEMBIC
KOPPO3MOHHOCTOMKHE CTAJIM SIBJSIOTCS HU3KOYIIIEPOIUCTHIMU U cojaepxaT He 6oinee 0,1% C. Co-
CTaB MOJ0HpaeTcss TakuM o0pa3oM, 4TOObl 00eCIeYUTh METAaCTa0MIBHOCTh ayCTEHUTA B IIPOLECCEe
IIacTU4YecKoil Aeopmanuu npu temuneparype Hke M. JlucnepcuoHHoe TBEpAEHUE CTajlel 3TOro
KJlacca peaju3yeTcsl 3a CUeT BbLACJICHHS AUCIIEPCHBIX YacTUIl Pa3uYHbIX (a3 B 3aBUCUMOCTH OT
0CoOeHHOCTEH JerupoBanus [6]:

a) y’-¢assl Ha ocHOBe uHTepMeTaiuaAoB (Fe, Ni)sM, rae M=Al, Ti, Nb unu Mo;

0) B-da3br Ha ocHoBe nHTepMeTauaa (Fe, Ni)Al;

B) HUTpU0B XxpoMa tuna Cr;N u CrN.

JlycriepcCuOHHO-YIPOYHSIEMbIE KOPPO3UOHHOCTOMKHE CTaIl 00J1aal0T, KaKk MpaBUIIo, BbICO-
KOW TEXHOJIOTHYECKON MIIACTUYHOCTBIO U BSA3KOCTBIO, a TOCIE XOJIO0JHOU AedopMaluy 1 3aKII0UH-
TEJIBHOTO CTapeHusl B MHTepBaie Temreparyp 455...565 °C nmpuoOperaroT mnpezen TeKydecTu Io-
psanka 1600 MITa. Takue cramu MoryT coaepxath O-pepput B konmuecte A0 20%, KOTOPBIN MTpak-
TUYECKHA HE YIPOUHSETCS NpU TepMooOpaboTke. Temrmeparypa JUIMTENBHON KCIDTyaTallud TaKUX
cTaJsiel, Kak rnpasuio, He npesbimaeT 400 °C, yToObl HE JOMYCTUTh NIEpECTapUBAHUS.

Ha ocHoBaHmM aHanm3a MHOTOYHMCIEHHBIX OMYOJWKOBAaHHBIX JNAaHHBIX [1—7] coBpeMeHHBIE
MOJXOABI K Pa3paboTKe XUMHYECKHUX KOMIO3HMIMK ayCTCHUTHBIX KOPPO3MOHHOCTOMKHUX CTajeH
MOXHO 000OIIUTH CIEAYIOMUM 00pa3oMm.

Xpom B xonmuecTBe He MeHee 12 Bec.% HeoO0X0oauM ISl MPUIAHUS CTAIM COOCTBEHHO KOP-
PO3UOHHOM CTOMKOCTH 3a CUET CO3/IaHHUs Ha €€ MOBEPXHOCTH TOHKOTO 3aIUTHOTO CIIOSL.

Huxkenv siBnsieTCS BTOPHIM 1O 3HAYUMOCTH JIETUPYIOLIUM 3JIEMEHTOM B CTAJISIX 3TOTO Kjacca,
MIOCKOJIbKY pactIipseT 00JacTh CyIlleCTBOBAHUS ayCTEHUTA.

Mapeaney, SBASASCH ayCTEHUTOOOPA3YIOLUIUM 3JIEMEHTOM, MO3BOJISIET YaCTUYHO 3aMellaTh
JOPOTOCTOSIINIA HUKENb U TIOBBIIIAET PACTBOPUMOCTD a30Ta B ayCTCHHTE.
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Kobanem pneiictByer mogoOHO mapranity U 3QQGEKTHBHO CHIDKAET DHEPruio Jedekra yma-
KOBKH, CIIOCOOCTBYS MPOTEKAHUIO Je(POPMAIMOHHOTO Y—>€ MPEBPAIEHUs, TEM CaMbIM 00€CIIeUn-
Basi TEXHOJIOTUYECKYIO IUIACTUYHOCTD MPH X0JIOAHOM aedopmariuu [8].

A3om cTaOUIM3UPYET ayCTEHUT U MO3BOJISIET YMEHBIIUTh KOJIMYECTBO HUKENS B KOMIIO3H-
uuu. Ilpu 3ToM a30T 3¢ (eKTUBHO yIPOUHSET TBEPJBIM pacTBOP, COXPAHSS BA3KOCTh pa3pylECHUs
Ha J0CTAaTOYHO XOPOILIEM YPOBHE.

Venepoo Taxxe obecriedMBaeT TBEPAOPACTBOPHOE YINPOUYHEHHE ayCTEHUTA, HO BbIIEICHUE
3epHOrpaHUYHBIX KapOuaoB Tuna M»3Ce 0OeaHsSIeT 0 XpOMYy TBEPIbI pacTBOpP U CIOCOOCTBYET
KOPPO3HH.

Monub0en ycunmBaeT CIOCOOHOCTh XPOMOHHMKEJEBBIX CTajiel K CaMOINACCHUBAIMH, CYIIIE-
CTBEHHO TOBBIIIAET CTOWKOCTh NMPOTUB MUTTHHIOBOW KOPPO3WU W HOXKEBOW KOPPO3UHU B XIOPHUI-
cozepkauux cpenax. Cuuraercs, 4To CTOMKOCTh ayCTEHUTHBIX CTajei MPOTUB MUTTUHIOBOM KOp-
posuu (CIIK) nanpsimyto onpenensieTcsi Coaep:KaHiueM MOJIUOIeHa, XpoMa U a30Ta U XOPOIIO OIHU-
ceiBaetcs hopmysoit [9]:

CIIK =% Cr + 3,3% Mo + (16 wm 30)% N,

7€ KOJIMYECTBO JIETHPYIOLIUX 3JIEMEHTOB BBIPAXKEHO Yepe3 BecoBble MPOIEHTHI. Koaddu-
LMEHT JJIS YIJIepoJia B ayCTEHUTHBIX cTajlsix coctaBiigeT 30, a B aycTeHUTO-PeppUTHBIX — 16.

Antomunuy u xpemuui TOBBIIIAIOT COMPOTUBJIEHUE OKHUCIeHUI0. Kpome Toro, amoMuHUiA
BxoauT B cocTtaB uHTeMetauinaoB tuma (Fe, Ni) Al u (Fe, Ni); (Al Ti), koTopbie obecrieunBarOT
JMCIIEPCUOHHOE TBEpJCHHUE. SIBISAACH CHIBHBIM (heppuUTOOOpa3yOUIUM 3JIEMEHTOM, AIIOMHHHNA
MO3BOJISIET MM0JIy4aTh CTAJIU ayCTEHUTHO-(DEPPUTHOTO Kiacca ¢ pa3IMYHbIM COOTHOLIEHUEM aycTe-
HUTA U O-peppura.

Tuman, nuodbutl, manman uiy KoAymoOuli SIBISIFOTCS CUJIBHBIMU KapOuJ0- U KapOOHUTPUIO-
00pa3yroIUMH 3JIEMEHTaMU, 00pa3yloT JUCHEPCHbIE U CTAa0MIbHbIE PABHOMEPHO paclpe/iesieHHbIe
KapOuJIbl, MPENSATCTBYS TEM CaMblM 00pa30BaHUIO KpailHEe HEXKelaTeIbHbIX 3€pHOTPAaHUYHBIX Kap-
onmoB tuma M;;Cs.

Cepy u cener n100aBIAIOT B HEOOTIBIITUX KOJTMYECTBAX, €CIIM HEOOXOAUMO 00ECIIeYnTh 00pa-
0aThIBAEMOCTh MaTepHalla Ha CTaHKaXx.

MexaHu3MbI 1e(hOpPMaITMOHHOTO YIPOYHEHUSI METaCTAOMIIBHBIX ayCTEHUTHBIX CTaJe B MH-
TepBase Temneparyp My — M HeoJHOKpaTHO 00CyKIaIuCh B IuTeparype (Haubosiee o IpoOHO — B
paborax B.Jl. Cagosckoro, A.Il. I'ynseBa, U.H. boraduesa) u onpenenstorcs ciaeayromuMi OCHOB-
HBIMH (paKTOpamu:

1) oeghopmayuonnvim ynpounenuem aycmenuma, Ipu 3ToM 1ehOpMaIMOHHOE YITPOUHECHHE
aycTeHUTa 00YCIIOBJIEHO MOBBIIEHUEM O0IEl TUIOTHOCTH IUCIOKALMM, U3MEHEHHUIO XapakTepa U3
pacnpezeneHus, U3MeJIb4eHUeM OJIOKOB MO3aUYHOM CTPYKTYphl U BOZHUKHOBEHHEM OapbepoB Jlo-
Mepa-Korrpemia, a mpu HU3KUX 3HaYeHUsIX DY — monoiHUTeNsHO ehopMallMOHHBIM JBOMHUKO-
BaHUEM U oOpa3oBaHueM JieekToB ynakoBku [10];

2) Konuwecmeom, pacnpeoeieHuem U NPOYHOCMbI0 00pazyrwuxcs npu oegopmayuu
&mapmencuma u Q-mapmencuma. JIONIOJIHUTEIBHOE YIPOUYHEHHE OT O0Opa3oBaHUS MapTEHCHUTA
nedopmaruu 00yCIOBIEHO KaKk COOCTBEHHO 0oJiee BBICOKOM TBEPAOCTHIO MApTEHCHTA, TaK U CO-
3/laHUEM B 3€pHAX ayCTEHUTa IPOYHOIr0 KapKaca U3 IJIACTHH MapTEHCUTA, MPENSTCTBYIOLIUX C/IBU-
rOBBIM IIpoIleccaM B aycTeHuTe. TBepaocTh MapTeHcuTa JedopMaluy CYIIECTBEHHO BBIIIE, YEM
TBEPAOCTh MapTEHCUTA OXJIAXKJEHUS, a OXpYHNUMBarollee JIEHCTBUE KPUCTAIJIOB MapTEHCUTa Jie-
(dhopmaruu BeIpaKeHO ciiabee, yeM MapTeHcuTa oximaxkaenus [11].

3) Haknenom Kpucmanios mapmencuma oegopmayuu — 3a C4€T YBEIUUYEHUS B HUX IUIOTHO-
CTH UCIOKAMHA U AeOPMAIIOHHOTO IBOMHUKOBAHUS.

C y4eTroM TOro, 4T0 KOPPO3MOHHOCTOMKHE CTAIH JJIsi CTEP’KHEBOI'O MEIUIIUHCKOTO UHCTPY-
MEHTa JOJDKHBI 00J1aaTh MPEBOCXOJHONW TEXHOJOTHYECKOW IIACTUYHOCTBHIO MPHU XOJIOJHOU Jie-
(dbopMaluy BOJOYEHUEM WJIM IUTIOIIEHUEM, a MOCIE 3aKIYUTEIbHON 00paboTKK — BHICOKOM IpOU-
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HOCTBIO B COYETAaHUU C BBICOKON KOPPO3HMOHHOM CTOMKOCTBIO, ISl UX pa3pabOTKU LieraecooOpa3Ho
MIPUBJIEYD CIEIYIONINE METAIIOPU3NYECKIE IPUEMBI:

1) cBecTu K BOBMOKHOMY MUHHUMYMY COJIEp’KaHUE yriiepoJia U a3o0Ta;

2) obecreunTh MOIy4eHUE ayCTEHUTHON U ayCTEeHUTO-(EPPUTHON CTPYKTYPBHI;

3) 3a cuer OCOOEHHOCTEH JerupoBaHHsI U HPEIBAPUTEIBLHOM TEPMHUYECKOH 00pabOTKH
YIOPaBIATh TEPMOJMHAMUYECKON U Je(POPMALMOHHON CTAOMJIBHOCTBIO ayCTEHUTA C TEM, YTOOBI
obOecreunTh ONTUMAaNbHYIO cTeneHb peanuszauuu TRIP-addexra B xome xonoaHON mutacTuyeckoi
nedopmaiuu Npyu COXpaHEHUU BBICOKON TexHoorndeckoi maactudHoct (TRIP — Transformation
Induced Plasticity — miacTuyHOCTb, HaBEJCHHASI IPEBPALLICHUEM );

4) noOuThCS AOMOJHUTEIBHOTO YIIPOUYHEHUSI MaTepuaia Ha TOTOBOM pa3Mepe 3a CUeT JHC-
MIEPCUOHHOTO TBEPICHHUS.

3. OnTuMHu3anusa XMMHYECKOr0 cocTaBa M AeopMallHOHHO-TepMHUYeckas 00padoTka craJjiei
cucrembl Fe—Cr-Ni—Co-Al-Ti 1151 cTep;kHeBOro MeAMIMHCKOT0 HHCTPYMEHTa

Ha ocHoBaHuu mpoBeAECHHBIX KOMIUIEKCHBIX HCCJIEIOBAHUN Ha KadelIpe MeTalIoBEICHUS
VYpansckoro QenepasbHOTO yHHBEpCUTETa ObUIM pa3paboTaHbl HOBBIE XPOMO-HHUKEJIEBBIE CTalH,
nonoJHuTeNsHO JerupoBannbie Co, Mo, Ti u Al, npeaHa3zHauyeHHbIE JUIsI U3TOTOBJICHUS BBICOKO-
IIPOYHBIX ITPOBOJIOKH M JIEHTHl TOHKMX M TOHYAWIMX cedyeHUH. [10 KOppO3HMOHHON CTOMKOCTH OHU
3HAYUTENIBHO MPEBOCXOAAT OOBIUHYIO HEP)KABEMKY KaK B 3aKaJIEGHHOM COCTOSIHMHU, TaK U TOCJE Je-
dbopmaruu u ctapenus [12]. s uccnenoBanust O BEIOPAHBI TPU KOMITO3HUIIUH, BHITIIIABJICHHBIC
Ha OJIHOW CHCTEME JIETMPOBAHMUSL:

e CTajb ayCTEHUTHOIO KJIacca C MOBBIIIEHHBIM cojepKaHueM KoOanbTa (coctas 4);
® CTajbh AyCTEHUTHOIO KJlacca C MOHMKEHHBIM COJIepKaHueM KobasbTa (cocTas 5);
® CTajgb ayCTEHUTHO-(EPPUTHOrO Kjacca C MOBBIIIEHHBIM COJEpkKaHUEeM KoOajbTa U
anmoMuHUs (cocTas 0).
XUMUYECKUH COCTaB ATUX CTaJlel NpuBe/eH B Ta0. 1, a ¢pa3oBbIii cocTaB — B TaobI. 2.

Tabnuna 1 — XuMuueckuil COCTaB UCCIIEIOBAaHHBIX CTAJIeH CHUCTEMBI JIETUPOBAHUS

03X14H11K5M210T
Mapka cranu, ConeprkaHue 3JIEMEHTOB, Macc. %
YCIIOBHBII HOMEP C Si Mn | Cr Ni Mo | Co Ti Al
XUMHUYECKOIO COCTaBa
O3XT4HITKSM2IOT, 1 g 03 | 021 | 0,19 | 14,5 | 11,15 | 2,5 | 5.1 | 030 | 0,80
coctas 4
O3XI4HIIRM2IOT, 1 4 03 | 030 | 0,08 | 147 | 1052 | 27 | 07 | 0,36 | 0,98
cocTaB 5
O3XT4HIOKSM2IO2T, | 03 | 020 | 0,07 | 143 | 1040 | 2,6 | 51 | 0,80 | 2,00
cocTaB 6

*Conepxxanue S u P ve 6omee 0,025 %.

Tabnuua 2 — da3oBblil cocTaB ctasielt cucremsl JierupoBanus 03X 14H11KSM2IOT
B 3aKaJICHHOM COCTOSIHUH

XAMUYECKUI ®daz3oBxrIii cocTas, % HV5
COCTaB OLIK 'K OLK | TIK
4 - ~100 - 210
5 10 90 - ~210
6 50 50 505 190
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Bce BbIIIaBiIeHHBIC KOMIIO3UIINY SBISIFOTCS MTPAKTUYECKH O€3YTrIIepOCTBIME, COIEpIKaHNe
yraeposaa B Hux He npesbiiiaer 0,03 %. BapbupoBanue conepxanus kodansta (0,7...5,1 Bec. %) u
amomunuus (0,8...2,0 Bec.%) MO3BOIMIIO TOJIYYUTh PA3IUYHOE KOJHMUYECTBO O-(eppHuTa B 3aKajeH-
HOM COCTOSIHHH, TIPH 3TOM CTPYKTYpPHBIE KJIacChl BBIIIIABICHHBIX CTaJe MEHSIOTCS B MOCIIEI0BA-
TENBHOCTH: ayCTCHUTHBIN (cocTaB 4) — ayCTEHUTHBIH, coxepxkamuid 10 10% d-deppurta (coctas 5)
— aycTeHUTHO-(peppuTHbIi (cocTaB 6). JlernpoBanue kobampTOM B KodmuecTBe ~ 5,0 Bec.% mpu-
BOJUT K TIOJaBJICHUIO oOpa3oBanus O-peppura (coctap 4), a alIOMHHHMNA KaK CHIBHBIN (HeppruTo00-
pa3yIoUINii AIIEMEHT JaeT 0OpaTHBIN APPEKT: TOTMOITHUTEIFHOE JISTHPOBAHNE ATFOMHHUEM B KOJIH-
gyectBe 2,0 Bec. % IMO3BOJISET MOIYYUTh JYIUIEKCHYIO Y+O CTPYKTYpY (cocTaB 6).

N m ; S N o ~\’”"¥\

' Viow field: 113.1 ym 20 ym 7
Det: SE Detector  SM: RESOLUTION Dighal Microscopy Imaging I

a 7]

Puc. 1. Mukpoctpykrypa 3akaneHHbix oT 1000 °C cTaneit cuCTeMBbI JIETHPOBAHUS
03X14H11K5M2IOT: a — coctas 4; 6 — cocTas 5; 6 — cocTas 6

Ha puc. 1, a nokazana Mukpoctpykrypa 3akaieHHor ot 1000 °C (B Boay) omHodazHOI
aycrenutHou cramu 03X14H11K5SM2IOT cocraBa 4, rae aycTeHUTHBIE 3€pHA UMEIOT (OPMY MHO-
rOYTOJILHUKOB HEMPABHIBHON (POPMBI pazMepoM OKoJ0 50 MKM, MHOTHE M3 HUX COJEpP)KaT ABOWHH-
KA OTXHra. JIBOMHHUKH TIPOSIBIISIIOTCS KaK TOJIOCHI C TMAapaJUIeTbHBIMU KpasMu M (OPMUPYIOTCS
BCJIENCTBHE 00pa3oBaHus NE(EKTOB YIIAKOBKA aTOMOB BJIOJb IJIOTHO YNAKOBAHHBIX TUIOCKOCTEH
tuma (111) mpu pekpucTamIn3anyu U pocTe 3epHa. B 3akaleHHOM COCTOSIHMM CTaJlb TapaMarHuTHA.

Ha puc. 1, 6 mokazana MukpocTpykrypa 3akaieraroi ot 1000 °C (B Boay) craimu cocTara 5,
KoTOpasi OblJla TIOTpaBlieHa CIEUUAIBHO JUIS BBISBICHHSA O-(heppuTa B AyCTEHHTHOW MaTpUIIE.
Yactunpl o-pepputa MpruoOpesn HECKOIBKO MPUILTIOCHYTYIO (opMy B pe3yiibTaTe MpeaBapuTeiIb-
HOW KOBKM. B MarHMTHOM OTHOIICHWHM MaTepHall MPEACTaBIsICT cCOO00M crnalOblii eppoMarHeTHK,
MaKCUMallbHasi HAMarHUYEHHOCTh LipM KOTOpOTO HE MpeBOCcXoauT § MTII B 1MoJie HAPSKEHHOCTHIO

60 KA/M.
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3akaneHHas cTaib cocraBa 6 (puc. 1, 8) COCTOUT MPUMEPHO U3 PABHOTO KOJMYECTBA ayCTe-
HuTa U O-peppura. Ilo cpaBHeHUIO ¢ cocTaBaMu 4 U 5 OHa MMEET MOBBILIEHHBIN Mpe/esl TEKYy4ecTr
3a CYET MPHUCYTCTBUS O-(heppuTa, MUKPOTBEPAOCTh KOTOPOro coctariseT mopsaka S00 HV, B to
BpeMsI KaK MUKpPOTBEpPAOCTh aycTeHHTa HaxoauTcs B mpenenax 200 HV. AHomManbHO BbICOKast
TBEpIOCTh O-pepputa (cM. Taba. 2) o0ycnoBIeHA HATMYMEM B HEM PAaBHOMEPHO paclpeIeIeHHBIX
JHUCIIEPCHBIX YacTull oKpyriioi ¢opmbl B-das3el Ha ocHoBe nHTepMeTauinaa NiAl [12]. [Byxdas-
Has Y+0 CTpyKTypa obecrieunsia MOBBILIEHHYIO IPOYHOCTH YK€ B 3aKaJICHHOM COCTOSIHUHU (Go2 ~730
Mlla; 6, ~ 940 MIla) npu coxpaHeHUU BBICOKOU MJIACTUYHOCTH (Tabi. 3). MaTtepuan 1eMOHCTpH-
pyeT heppoMarHUTHHIE CBOMCTBA: MAaKCUMaJIbHAsi HAMarHU4€HHOCTb LipM B 10JIe HAIPSHKEHHOCTHIO
60 kA/m nocturaer 0,6 T, a kospruTHBHAs cuiia He coctaBisieT okoJio 1,8 kA/M.

3aroToBKH CTalli cOocTaBa 4 1ocie 3aKajiki ObLUTH IPOTAHYTHI 0€3 MPOMEKYTOUHBIX OT)KUTOB
¢ nuamerpa 8,0 mm 1o auamerpa 1,46 MM, uctTuHHas AepopMmaius € Mpu 3TOM COCTABUJIA MOPSIKA
3,3. 3aroToBKH COCTaBOB 5 U 6 TAHYJIU 10 MOTEPH IMIACTUYHOCTH. XO0JIOHAS IIacTU4YecKas aedop-
Malusl HUCCIEeNyeMbIX CTalled MPUBOAUT K CYHIECTBEHHOMY YIPOUYHEHHIO, 00YCIOBIEHHOMY, BO-
MIEPBBIX, HAKJIETIOM U yCHJIEHUEM J€(EKTHOCTH CTPYKTYpPbl TBEPAOIO PACTBOPA BCIEICTBUE CKOJIb-
KEHUS M JIBOMHUKOBAHUS, a BO-BTOPBIX, MHTEHCUBHOCTBIO IPOTEKAHUS Y—>O WIH Y—>E—>0L Tpe-
BpAIlICHU, MOSBICHUEM B ayCTEHHMTE BBICOKOJMUCIEPCHBIX KPUCTANIOB MAapTEHCHUTA, CHOCOOHBIX
«Hacyen0BaTh» 1e(heKThl ayCTCHUTA.

Pe3ynbTaThl MarHUTHBIX MU3MEPEHUN CBUICTENBCTBYIOT, YTO MHTEHCHUBHOCTH OOpa30BaHUs
MapTeHcuta Jepopmanuu U cBszaHHoro ¢ HUM TRIP-3¢ddexra B nccnenoBaHHbIX cTaisX HEOMHA-
KoBbl. Ha puc. 2 HaMarHM4eHHOCTh B MaKCUMAJIbHOM IPUJIOKEHHOM ToJie LipM 00pa3LoB uccieno-
BAaHHBIX COCTABOB MOKa3aHA KaK (YHKIMS BEJIMYMHBI JOCTUTHYTOH nedopMaiuu, rae dyp — UCXo-
HBIM MaMeTp MpPOBOJIOKHU, d — TEKYLUIUH JTuaMeTp IPOBOJIOKH, OTOOpAHHOW MO MapuIpyTy BOJOYe-
Husg. BugHo, uto B cramm aycrenutHoro kiacca 03X14H11KSM2IOT (cocraB 4) Hapactanue
HaMarHM4E€HHOCTU MPOMCXOJUT 3HAUUTEIbHO MEHEEe MHTEHCUBHO, YeM B cTaiM coctaBa 5. Takas
0COOEHHOCTH Je(POPMAIIMOHHOTO TOBEACHHS cTalu 4 00yCIIOBJICHA BIMSHUEM KOOaIbTa B KOJUYE-
cTBe 5 Bec. %, CHUKAIOIIETO SHEPTHI0 Ae(PeKTa yIaKoBKH, OT BEIUYUHBI KOTOPOH 3aBUCHUT MPEXK/IEe
BCETO MOJIBIPKHOCTH Auciokanuid [13]: uem Hmke sHeprus nedexTa ynakoBKH, TEM aKTHBHEE IPo-
UCXOJUT JIBOMHUKOBaHUE U (WIM) Y—€ MpeBpalleHne npu AepopMaiuu, a CKOJIbKEHHE AUCIOKa-
Ui, HallPpOTHUB, MojaBisieTca. B coctaBe 4 akTBHOE 0Opa3oBaHHE E-MapTEHCHUTA 3a cUeT J100aBOK
5 Bec. % kobasibTa IPUBOJUT K IMOCTENEHHON peaau3aluyd yMEPEeHHOro, 0e3 JTaBUHOOOpa3HOM Ku-
HETUKHU AePOPMAIIMOHHOTO yY—0L MpeBpamieHus. B pesynpraTe BosjoueHus Ha auametp 1,46 mm
(e = 3,35) xonuuecTBO 0OPA30BAHHOIO O'-MapTEHCHUTA AePOpMaALUU B CTPYKTYpE HE MPEBOCXOAUT
90 06. %. OOHapy>KECHHBIN XapaKTep METAaCTAOMILHOCTH 3TOM CTAJIM OIMPEACIIAET €€ BHICOKYIO ILia-
CTUYHOCTb U JAa€T BO3MOXHOCTb IIPOBOJUTH MHTEHCUBHYIO TUIACTUYECKYIO 1ePOPMALUIO C YPE3BBI-
YaifHO BBICOKMMH CTETICHSMH 00XaThs 0€3 MPOMEKYTOYHBIX OTKHUTOB.

[Tonmxennoe a0 1,0 Bec.% conepxanue kodaabTa yMEHbLIAET 001aCTh Y—€ MPEBPALEHUS,
YCUJIMBAE€T HUHTEHCUBHOCTh 00pa3oBaHus o'-MapTeHcuTa JegopManuu. B pesynbrare 3TOoro B cranu
cocTaBa 5 HacTymaeT MoTeps IUIACTUYHOCTU Ha Oosiee paHHUX cTeneHsx oOkarus (mpu €~2,2). B
untepBasie nedpopmanuii 1,0 <e< 2,0 oTMeUeH pe3Kuil pocT HaMarHWYEHHOCTH B MaKCHUMAaJIbHOM
MIPUJIOKEHHOM I10JI€, KOTOPBII CBUJETENHLCTBYET O BEChbMa BBICOKOM IPOAYKTUBHOCTH JepopMaliu-
OHHOro y—o. npeBpamienus. [lpu 3ToM konmyecTBo eppomMarHuTHOM (ha3bl K KOHIy Mapuipyra
BOJIOUeHHs focturaeT 98 % (MapreHcut aepopmanuu U AepOpMUPOBAHHBIN O-peppur).
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Puc. 2. HaMmaramueHHOCTh B MAaKCHMAJILHOM TTPHIIOKEHHOM I0J1€ LipM 00pa3ioB UCCIICIOBAaHHBIX
COCTaBOB KaK ()YHKIIHS BEIMYMHBI JJOCTUTHYTON JAe(hopMaIiu Mo MapiuipyTy BOJOUCHHUS
Ho=4m- 10'Tu/M — MarauTHas MOCTOSIHHAS; dp — UCXOJHBIM TUAMETP MIPOBOJIOKH,

d — TeKyImui AuameTp MpOBOJIOKH

B aycrenutHO-QeppuTHON cTamm cocraBa 6 O-peppur sBisercs (azoi ¢ BRICOKOW TBEPIO-
CTBIO, CO3/IACT MPETIATCTBUS IS ABMDKEHUS JUCIOKAIMA U oOecrieunBaeT 00ee BRICOKAN Kodpdu-
UEHT Je(popMaMOHHOTO YIIPOYHEHHs. B pe3ynbraTe 3TOro B CTaaM cOCTaBa 6 OTMEUYEHA MOTEPs
MJIACTUYHOCTH MPHU CcTereHn o0xaTtus ~1,4. OTHaKO ayCTEHUT B CTAJM COCTaBa 6 TaK)Ke MUCIIBITHIBA-
eT y—ao npeBparieHne. CpaBHeHHE HAKIIOHA Ae(hOpMAIIHOHHBIX 3aBHCUMOCTEH HAMarHHUYEHHOCTH B
MaKCUMAaJIbHOM TIPHIIOKEHHOM TIoJie LM (€) TOKa3bIBAET, YTO KOJIMYECTBO O-MapTEHCUTA B MPO-
1[ecce BOJIOYCHHS CTaX 6 HapacTaeT MPUMEPHO C TOW K€ MHTCHCUBHOCTBIO, YTO U MIPU BOJIOYCHUHU
3aroToBOK cocTaBa 4. DTOT (haKT MOATBEPKIAET KIIOYEBYIO POJIb KOOAIbTa B KOHTPOJIMPOBAHUH
WHTCHCUBHOCTH Je(OPMAIMOHHBIX ()a30BBIX MPEBPAIICHU B JAHHOW CHCTEME JICTHPOBAHUS: CO-
Jiep>kaHue KobanbTa B cocTaBax 4 u 6 oauHaKoBO U coctaBiiset 5,0 Bec.%.

Puc. 3. MukpocTpyKkTypa ctainu coctaBa 4: @ — mocjie BoJioueHus Ha quametp 1,46 MM
(e = 3,35); 6 — mocie BostoueHUs Ha aquametp 1,46 mm (€ = 3,35) u craperus npu 500 °C

Ha puc. 3, a noka3zana MUKpOCTPYKTypa CTalM cocTaBa 4 1ocje BOJOYEHHUS Ha AUAMETP
1,46 MM (g = 3,35), Ha KOTOPO¥ BBISBJIAIOTCS (PparMeHTHI (OJIOKK) pa3IMIHON CTETICHH TPABUMOCTH
TaK Ha3bIBAEMOT'0 «OECCTPYKTYPHOT0» MapTEHCUTA, HE UMEIOIIEr0 Ur0Jb4aToOr0 CTPOCHHUS, XapaK-
TEPHOIO JUIsl MPEUMYLIECTBEHHO MapTeHCUTHON CTpPYKTYyphl. PaHee mpoBeneHHBIE AJIEKTPOHHO-
MUKPOCTPYKTypHbIe uccaenaoBanus Ha ctamu 03X14H11KSM2IOT mnocne HavanbHBIX STaroB
MapIIipyTa BOJIOUEHHsI MOKA3aJId TOSBICHHE MHOTOYHCICHHBIX NE(PEKTOB W JBOHHHUKOB Ha (hoHE
OJIHOPOJIHO pacHpee/IeHHbIX Juciokanuii. [Toa melicTBHeM WHTCHCHBHOH ILIACTHYECKOU Iedop-

Maltseva L. A. et al. / Progress in ultra-deformable stainless steels for medical tool application
http://dream-journal.org page 44+56



Diagnostics, Resource and Mechanics of materials and structures
Issue 2, 2015

Maluu ¢ e =>2,5 dopMupyercsi CyOMHUKpPOKpUCTaLINYeCcKasi CTPYKTypa C pa3MEepoOM 3€pHa OKOJIO
100 M, a Taxke 0oJiee MeIKrUe KPUCTALTUTHI pasmepoM 20—-50 HM, oOpazoBaBIIMECs MpU APoOIIe-
HUU MapTEHCUTHBIX IUIACTHUH U JBOMHUKOB

B Tabn. 3 noka3aHo, Kak MEHSIOTCS MEXaHMYECKHE XapaKTEPUCTUKH UCCIIEIOBAaHHBIX MaTe-
pHAJIOB MO IEUCTBUEM XOJIOIHOM TutacTuueckon aegopmanuu. BumaHo, uto Hanboiee 3HAYUTEIb-
Horo nedopmannoHHoro ynpouyHenus (og=1800 MIla) ynanocs nqocTuyb npu BOJIOYEHUH aycTe-
HUTHOM CTaJii C TIOBBIIICHHBIM COJIEpP)KaHHEeM KoOanbTa (cocTtaB 4), KOTOpasi, Kak 0Ka3ajioch, 00a-
JaeT OOJBIIMM 3alacoM IUTACTUYHOCTU UM TMOBBIIIEHHON TEXHOJOTMYHOCTBIO Ja)Ke MOCJe WHTEH-
CUBHOU 1iactuyeckou nedopmaruu (€ = 3,35). BonoueHnue cranu ¢ MOHWKEHHBIM COJACpKaHUEM
KoOaJibTa 10 CTENEeHH MCTUHHOM JegopMalnuu €>2 MPU3HAHO HELENecoO0pa3HbIM BBUAY OTpaHU-
YEHHOI'0 pecypca IIaCTUYHOCTH.

Tabnuna 3 — MexaHuyeckue U1 MarHUTHBIE CBOMCTBA MCCIIEAOBAHHBIX CTaJIEN CUCTEMBI JIETUPOBA-
Hus 03X14H11KSM2IOT nocne 3akaiku, BOJIOUYEHUS U CTApEHUS

XHAMUYECKUI OB, co2, | O, | v, | MarnurHele cBOMCTBA
CocrosiHue MIa | MITa | % | o
COCTaB a a 0 0 ,UOMmaxa Tx HC, KA/M
4 3akanka 540 | 245 | 63 | 78 <0,001 7,42
4 3akajka + BOJIOYCHHUE 1800 | 1650 | 14 | 43 1,06 433
(e=3,3)
+
4 3aKaska + BOJOYEHHUE 2500 i ) ) 0,92 13,76
(e=3,3) + crapenue
5 3akanka 580 | 340 | 53 | 76 0,008 3,55
5 3akayika + BOJIOUCHHE 1620 | 1500 | 5 | 35 1,19 2.52
(e=2,3)
6 3akanka 940 | 730 | 25 | 51 0,60 1,77
6 32“‘2‘““2(‘;?‘?;0%”6 1650 | 1550 | 8 | 47 | 1,21 5,85

B panee npoBeaeHHBIX HCCIEAOBaHUIX ObLIO MOKA3aHO, YTO MAaKCUMalIbHOE JWCIEPCHOH-
HOE TBEpJICHUE B JAHHOM CUCTEME JIETUPOBAaHUSA OOECIEUMBAETCS HM30TEPMHUUECKON BBIICPKKOMN
mpu 500 °C [14]. ITocne nedopmaruu BojgodeHreM oOpasibl ctanu 4 ObLIM MOJABEPTHYTHI CTape-
Huto 1o pexxumy: 500 °C, 1 yac. Bpemennoe conportuienue npu 3toM Bo3pactaet ot 1800 MIla B
xosoaHoieopmupoBanHoM coctosiaun A0 2500 MIla (cm. tabn. 3). Onrtudeckas metaorpadus
HE MO3BOJISIET BBISIBUTh 3aMETHBIX CTPYKTYPHBIX U3MEHEHUH MpU CTapeHuu (cM. puc. 3, 6), HO pa-
Hee IMPOBE/ICHHAas dJIEKTpPOHHAas MUKpockonus nocie crapeHus npu 500 °C mokaszana BblJelIEHUE
BBICOKOIUCTIEPCHBIX yacTull B-¢a3sl Ha ocHOoBe nHTepMeTauinaa (Fe, Ni)Al B maptencute nedop-
Manuu. [Ipu sToM B oOnactax O-pepputra OTMEUYEHO MOAPACTAHUE PAHEE BBIIACIUBIIMXCS YACTHUIL
(Fe, N1)Al no Benuuunsl ~ 40 HM.
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Puc. 4. Iletnu MarHUTHOTO TUCTEPE3MCA UCCIICIOBAHHON CTaU (CocTaB 4) Mociie BOJOUYCHUS HA
muametp 1,46 mm (€=3,35) u crapenus npu 500 °C (1 gac)

[TosiBneHue AuCepCHBIX HAaHOPA3MEPHBIX YacTULl B (peppOoMarHUTHON (0+0)-MaTpulie 00b-
SCHSAET PE3KUM POCT KOAPLUUTHUBHOM CUIIbI A€(POPMHUPOBAHHOW CTaM MOJ JEHCTBUEM CTapeHHs
(cm. Tabin. 3). Ha puc. 4 moka3aHbl npeebHbIC TTETIN MarHUTHOTO TUCTEPE3nca UCCIEIOBAHHOMN
CTaJIM cocTaBa 4, 3aperUCTPUPOBAHHBIC TIOCIE BOJOYCHMs Ha auametp 1,46 mm (nyrkmupuas nu-
Hus) u ociie crapenus npu S00 °C (cnrownas nuaus). Y BEIMUECHUE KOIPUUTHBHON CUIIBI B YETHI-
pe pasa sBiseTcss Haubosiee 3aMETHBIM, HO HE €JUHCTBEHHbIM M3MEHEHHUEM B MarHUTHOM IOBejie-
HUU MaTepualla B pe3yJpTaTe MPOLIEAIIEro AMCIEePCUOHHOr0 yrpouHeHus. [leTas MarHuTHOroO ru-
cTepesnca 1eOpMUPOBAHHOTO MaTepraia UMEET XapaKTEPHYIO0 «BEpeTeHOO00pa3sHyo» hopmy, 4TO
yKa3bIBaeT Ha MpeodiiafaHue MpPOLIECCOB BPALEHHUsI BEKTOPOB HaMarHWYMBAHUS HaJ MpolLeccaMu
CMEILEHUS U ABJIAETCS TUUYHBIM JJI MATEPUAJIOB C BBICOKUM YPOBHEM BHYTPEHHHUX HAIPSHKEHUM.
B pesynbrare Beinepxku npu temneparype 500 °C B Teuenue 1 waca netiis nmpuoOpena 6osee mpsi-
MOYTOJIbHbIE OodepTaHus. HakoHel, HEKOTOpOe CHUKEHHE NOCTUTHYTOW MAaKCMMaJIbHOW HAaMarHu-
YEHHOCTHU COTJIaCYeTCs C IaHHBIMH O IMOSIBJICHUM B CTPYKTYpe HEOOJIBIIOTO KOJIMYECTBA PEBEPTH-
POBAaHHOTO ayCTEHHWTAa, YTO paHee coobmanoch [14] Ha OCHOBaHHMH PE3yJabTATOB MAarHUTHOTO W
PEHTTEHOCTPYKTYPHOT'O aHajIu3a Nocje crapeHus B uHTepBaie remneparyp 500 — 700 °C.

4. 3akJaoueHune

BHoBb paspabortannsie crtamu cuctembl JerupoBanus Fe—Cr—Ni—Co—Al-Ti oOmanator
OOJIBIIMM 3aIIaCOM TEXHOJOTMYECKOM IMIIACTUYHOCTH U BBIIEPKUBAIOT A€(POPMAIMIO BOJIOYEHUEM C
BBICOKMMH CTEIEHSIMU OOXaTusg 0e3 NPOMEKYTOYHBIX OTKHMIoB. B ayrmekcHoil aycreHuTo-
(beppuTHOI cTanu noTeps IIACTUYHOCTH HacTynwia npu € = 1,5, B cTanu ¢ NOHUKEHHBIM COJIEp-
XKaHueM KobOanbTa — 1pu € = 2,3. AycTeHUTHas CTallb C NMOBbILIEHHBIM /10 5,0 Bec. % coaepkaHueM
KoOaJibTa MoKa3ala HaWIydllylo MIaCTUYHOCTh: SKCIEPUMEHT IO BOJIOUEHHUIO ObLJI OCTAHOBJIEH 10
JTOCTIOKEHHIO fAedopmaruu € = 3,3 Ipu COXpaHEHUH TEXHOJIOTHYECKOH TUIACTHYHOCTH MaTepHaa.

Ob6ocHOBaHa HEOOXOAMMOCTD JIETUPOBAHUS KOOATHTOM JIJIsl TTOBBIIICHUS TEXHOJIOTUUECKOM
IUIACTUYHOCTH M CO3/IaHUS BBICOKOIPOYHBIX KOPPO3UOHHOCTOWKHMX CTajei, MOTEHLIUAIbHO CIIO-
COOHBIX BBIJIEPKUBATh UHTEHCHUBHYIO IIJIACTHUYECKYIO Jie(hopMaliio ¢ BBICOKUMHU CTENEHSAMHU 00Xka-
TUs 0e3 MPOMEXYTOUHBIX OTKUIroB. llomydeHHast B paboTe upe3BbIYaliHO BBICOKAs MIACTUYHOCTH
IIPU XOJIOJHOM JedopMaluy BOJIOYEHHEM JOCTUTaeTcsl 32 CUET COBMECTHOTO JEHUCTBUS MHUKPOI-
BOWHHMKOBAHUS U MAPTEHCUHBIX ITPEBPALICHUI C ONITUMAIBHON MHTEHCUBHOCTHIO.

Hucnepcuonnoe tBepaenue mpu 500 °C (1 gac) mocie BoJIOYEHUST YBETUINBACT MPOYHOCTh
paszpaboTaHHOTO MaTepuaia 10 oo, = 2500 MIla, 94TO MO3BOJIAET 3HAYUTEIHHO YMEHBIIUTH TOTIE-
pEUHOE CEeUeHUE CTEP>KHEBOT'O MEJUILIMHCKOIO MHCTPYMEHTA 10 CPAaBHEHUIO C OOBIYHBIMU aycTe-
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HUTHBIMU CTaJISIMU IIPU COXPAHEHHUH TOTO K€ 3araca IpOYHOCTHU U, KaK CIIEJCTBHUE, CIENaTh XUPYp-
rMYECKOe BMEUIATEeNbCTBO MEHEE TPABMUPYIOIIUM U OOJIE3HEHHBIM ISl TallUEHTA.

MeTo1 MarHUTHOTO aHaIKM3a MO3BOJISET OCYIIECTBIISITh MOHUTOPUHI CTPYKTYPHBIX U (a3o-
BBIX U3MEHEHUN B pa3paOO0TAaHHBIX CTAISIX MPU JAePOPMAITMOHHO-TEPMHUECKON 00paboTKe: mocie
OT)KUTa Ha TBEP/bIN pacTBOP, B MPOLIECCE XOIOIHON JedopMalui U IO OKOHYaHUU AUCTIEPCUOHHO-
ro TBepaeHusd. JlepopMalinonHas 3aBUCUMOCTh HAMarHU4€HHOCTH B MAaKCUMAaJIbHOM TMPUIIOKEHHOM
I10JI€ OTpa)kaeT UHTEHCUBHOCTh Y—>0L IIPEBPAIIEHUs B MPOIIECCE BOJIOYEHUS NPoBOJIOKU. CTapeHue
npu 500 °C (1 yac) mpUBOAUT K MHOTOKPATHOMY POCTY KOAPLUUTUBHOMN CHUJIBI 332 CUET BBIJICJICHUS
MHTEPMETAJUIUIHBIX YacTull B-pa3bl B peppoOMarHuTHOM MaTpHULE, YTO YKa3bIBaeT Ha NEPCIEKTHUB-
HOCTb HEpa3pyILAOLIEro KOHTPOJI MPOYHOCTHBIX XapaKTEPUCTUK MaTepuaia Ha 3aKII0UYUTEIbHOM
JTare TeXHOJOTUYECKOro MpoLecca.
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EVALUATING THE TOUGHNESS OF PIPE STEELS BY IMPACT FRACTURE CURVES
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To study the correlation of instrumented Charpy load—displacement curves with zones on
the fracture surface, impact V-notched tests on low- and medium-carbon pipeline steels have been
performed. New parameters of smoothed instrumented impact load vs displacement curves are pro-
posed for impact properties characterization. The co-analysis of the instrumented impact test curves
and the fracture surface zones allows new impact parameters for fracture characterization to be ob-
tained in addition to standard required characteristics (impact toughness, transition temperature, im-
pact yield strength etc.).

Keywords: instrumented Charpy test, pipeline steels, fracture surface, crack propagation
stages, stress oscillations.
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OIIEHKA YPOBHS BA3KOCTHU TPYBHBIX CTAJIEH C IOMOIIbIO TUATPAMM
YAAPHOI'O PA3PYHIEHUA
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[IpoBenen aHanu3 AuarpaMm yJaapHOro paspyiueHust oopasuos lllapnu HU3KO- U cpeaHeyr-
JEPOJUCTHIX CTaJIeH, MOCTPOCHHBIX B KOOPAUHATAX YCHIJIME — MPOrud oOpasua. YCTaHOBJIEHO, YTO
JUISL BSI3KOT'O COCTOSIHUSL XapaKTEePHO OCLMJUITMPOBAHUE KPUBOW ycuius Ha quarpamme. OnpezeneHsl
XapaKTepHble TapaMeTpbl U y4acTKH JUarpaMM, COOTBETCTBYIOLINE PA3IMYHBIM MEXaHU3MaM pPa3-
pyuenusi. C npuiedeHreM (pakrorpapmueckoro aHaian3a BbISIBIECHA CBS3b OTAEIbHBIX YYaCTKOB
JarpamMMbl pa3pylIeHUs ¢ ONpPeeIEHHBIMU 30HaMU Ha IIOBEPXHOCTH M3JI0Ma 00pa3IoB.

Knrouesvie cnosa: ouacpammel yoaprHo2o paspyuieHus, no8epxXHOCMb pa3pyueHus, cmaouu
PaspyuieHus, oCyuIaYUus Hazpy3Ku.

1. BBenenue

WcnpiTanus Ha ynapHbIi U3ru0 SBISIOTCS 00sS3aTebHBIMU ISl OOJIBIIMHCTBA TPYO HedTe-
ra3oBOro COPTaMEHTa B KAUE€CTBE COCTABJISIFOIIEH KOMIIJIEKCHOTO KOHTPOJISI MEXaHUYECKUX CBOMCTB
i o0ecniedeHrss HE0OXOAUMOro pecypca U 06e30MacHOCTH AKcIuTyaTanuu. OcoOEHHO aKTyalbHO
JAHHOE UCHbITaHUE i TpyO, NpeJHa3HAYEHHBIX IS MECTOPOXK/IEHUH, PaCOJIOKEHHBIX B KIIUMa-
TUYECKUX pallOHax C XOJIOJHBIM KIMMAaTOM.

[IpumeHenue Ui UCIIBITAHUNA HA YAApHBIM U3THO KOMPOB, OCHAIIEHHBIX OocLMIIOrpaduye-
CKOM 3alMChI0 JarpaMMbl YAApHOTO pa3pylIeHUs] B KOOpAUHATAX ycuaue F — npoaub S, naeT BO3-
MO>XHOCTb TPOBECTH OLICHKY PA3JIMYHBIX CTaIuil paspylieHui no »tuM napamerpam [1-3]. Ilpu
3TOM PETUCTPUPYEMBII Ha BCEX CTaAMAX paspylieHus oOpasia mporud S cBs3aH ¢ HAJIOKEHUEM
JBYX OJIHOBPEMEHHO IPOTEKAIOLIUX MPOLIECCOB — U3TMOOM 00paslia MpU €ro MakpoIIacTUYECKOM
negopMaluu U pacKpbITUEM MarucTpaibHOW TpewmuHsl [1, 3]. B 3aBucumocTu oT psiga pakropos
BKJIaJ] K&KJIOTO M3 3TUX MPOLECCOB MOXKET OBITh pa3HbIM U ONPEEIAETCS, B YACTHOCTH, MEXaHU3-
MOM pa3pylIeHHs: B Cllydae XpYIKOro pa3pylIeHHsl J10Jid IEPBOro IMpolecca Maja, Torjaa Kak mpu
BSI3KOM — CYIIECTBEHHA U JIOJDKHA YYUTHIBATHCS.

CornachHo crangapty ASTM E2298 — 13 [4], Ha ocumuiorpaguueckoil KpUBOM BbIIEISAIOTCS
XapaKTEpHBIC TOYKH, COOTBETCTBYIONINE PA3HBIM CTaausIM paspyiieHus oodpasua (puc. 1). Ognako
uH(popMalys, 3al0KEHHAsE B KPUBBIX F — S, 1aJeKo HE OrpaHUYMBAETCS MHTEpIpEeTaluel BblJe-
JICHHBIX XapakTepHbIX ToueK. COBMECTHBIN aHAIN3 OCHIILIOrpapuuecKuX KpUBBIX C pe3yabTaTaMU
¢bpaxkTorpapuuecKkux UCCcie10BaHUM MO3BOJISET NOJIYYUTh O0jiee oIpoOHbIE CBEeIeHUs 00 0COOeH-
HOCTSIX TIpoliecca paspyuieHus [5—7].
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L=
12 S, mm

Puc. 1. lnarpamma naepyska F — npoeu6 S npu ynapaom nedopmupoanuu oopasua lapnu [4]

Lenb HacToswe paboThl — U3y4EHHE MEXaHU3MOB pa3pyILeHUs HU3KO- U CPEAHEYTIIePOIH-
CTBIX CTajieil HAa OCHOBE COBMECTHOT'O aHaJIM3a AUarpaMM yAapHOTO pa3pylieHus oopasnos [Hapmnu
U UX [MOBEPXHOCTEN pa3pylleHuUs.

2. MaTepI/laJ'lbl U METOAUKH UCCIICAOBAHUSA

B kauectBe martepumana ucciemoBanus ucnonb3oBamu cramu 0512CD u 3212P. Cranb
05I"2C® npumeHsieTcst Uisl U3rOTOBJIEHMSI CBapHBIX TPYO Oosbioro auaMerpa. OOpasibl ObLIN BbI-
pe3aHbl U3 CTeHKH TpyO auamerpom 1420 MM ¢ TONMIIMHOW CTEHKH 27,7 MM, CBape€HHBIE U3 JIKCTA,
MOJTYYEHHOTO MO PEKUMY KOHTPOJIUPYEMOU MPOKATKUA C YCKOPEHHBIM oxJaxaeHueM [8]. OO6pasiib
cranu 32["2P BbIpe3anu u3 ropsuekatanbix TpyO u noasepranu Hopmanuzauuu ot 1000 °C. Muk-
POCTPYKTYpa 00pa3iioB Mocjie ykazaHHOH TepMO0oOpaboTKH mpeAcTaBieHa B [9].

O6pazusr lapmu pazmepom 10x10 MM pazpymanucek npu temneparypax + 20...— 80°C na
kompe ¢ nagaronuM rpy3oM INSTRON CEAST 9350, ocHammeHHBIM HHCTPYMEHTAIBHBIM OOKOM
u cucteMoi coopa n 06padotku gaHHeIXx DAS Ceast 16000. HacToTa cOopa nanubsix cocrasisa 1,0
MTI'1, yto oOecnieunsio HHTEpBal Mexay AByMs coceqHumu Toukamu 0,001 mc.

[lepBuuHas KpuBas yAapHOTO pa3pylICHUs B KOOpAUHATAX ycuaue F — apems T Ui yMEHb-
IEHUs KOJIeOaHU CHUCTEMBI onopa — obpazey — Moai0m MPOrpPaMMHO (C TTOMOIIBI0 (PUIIbTpa B CH-
cteme DAS Ceast 16000) moasepranace ¢puiabTpanuu ¢ yactoton 2 k['1, a 3aTemM ¢ MOMOIIBI0 TIPO-
rpaMmbl CeastView 5.94 n1BoitHOMY MHTETpHUPOBAHUIO JUIsI IOJYyYEHUS] KpUBOM B KOOPJAMHATAX VCU-
aue F —npoaub S.

3areM Ha KpUBBIX F= f (S) BBLAEISUINCH XapaKTEpHbIE TOYKH, COOTBETCTBYIOLIUE: [y, —
Hayany oOuieil TeKy4ecTu, Fyq — MAaKCUMyMY Harpy3ku, F;, — HaJ€HUIO Harpy3KU MEXAY JBYMs
MakCUMyMaMH, Fjr — Hayally HECTaOWJIBHOTO XPYIKOTO paspylleHus, [, — 3aTyIJICHUIO TPELUHBI
pu J1ojiome, Fy — paspyuieHuro odpasua.

@pakrorpaduyeckuil aHalu3 pa3pyLIeHHs] BKIOYall BbISIBJICHUE U OLIEHKY pa3MepoB 30H B
uziome oopasna [apmnu [10]:

— caBura @), mpUMBIKAIOIIEH K HaIpe3y,

— OJTHOPOJIHOTO BSI3KOTO pa3pylieHus Le,

— BOJIOKHUCTOTO (BA3KOT0) pa3pylieHus Lg,

— XpYIKOIO pa3pymeHus Lyp,

— BSI3KOTO JtosioMa L.

W3mepenue Benuuuubl 30H (O, Lp, Lc, Lx, Ly) ¢ Tounoctsio 0,1 MM mpoBoamiu Ha ¢oTo-
rpadusx U3710MOB, OJYYEHHBIX C MATUKPATHBIM YBEJIUYECHUEM.
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3. Pe3yabTarhl 3KCNIEPUMEHTA U UX 00CYKIeHHne

JluarpamMmbl yJapHOTO pa3pyllieHus BhICOKOBs3KUX cranedl tuna 05I2CP c ympTpamguc-
nepcHo (heppUTO-OCHHUTHON CTPYKTYpOH HMMEIOT Psifi OCOOEHHOCTEH, KOTOphIE HE XapaKTEePHBI
U1 IOJIOOHBIX AMarpaMM KOHCTPYKLHMOHHBIX cTajiell (puc. 2). DTo paciiupsieT Haule MpeacTaBe-
HUE O MEXaHU3ME BSA3KOrO pa3pylIeHUs U TpeOyeT CBOEH TPAKTOBKH.
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Puc. 2. luarpammsl paspyuenust oopasuos craneit 051 2CO (a) u 32I"2P (6) npu pa3nuyHbIX TEM-
neparypax UCIbITaHUSI.

[Tonaraem, 410 10 TOYKH Fy, MPOUCXOIUT YIPYrOIUIACTHYECKUI M3rub oOpasna, BEpOsTHO,
emi€ 6e3 hopMUpPOBaHUS MAaruCTPAILHON TpemuHbl. Y3 quarpaMMel Ha puC. 2 CIeAyeT, 4To tg o He
3aBUCHUT OT TE€MIIEpaTypbl UCIBITAHUS U NPUMEPHO OJMHAKOB JJIsi 00eux crajeil. ITo, 0YEeBUAHO,
CBSA3aHO C TE€M, YTO B MCCIIEAYEMBIX CTAJISAX OCHOBHOM CTPYKTYPHOM COCTAaBISAIOLIEH, MIPUHUMAFO-
el ydacTue B IUIACTUYECKOM TEUEHUH, ABIIIETCS PEppUT.
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Cuuraem, nofgo6Ho [1-3], uTo Ha ydacTke Fgy — Fiygy IPOUCXOIUT 3aPOKICHNUE MAruCTpab-
HOU TpemuHbl. Torga Ha ydactkax amarpammbl F' — § mocne Fu, TPOUCXOIUT pactupocTpaHEeHNe
MarucTpaibHOU TPELIMHBI, COMPOBOXKIAIOLIEECS IACTUYECKUM M3ruooM obpasua. Ycuiue, cooT-
BETCTBYIOIIIEE HAaYally pOCTa MaruCTpaibHOU TPEUUHBI (F)4y), B 00EUX CTANISAX MAKCUMAJIbHO IPU
Tyen =20 °C (mns cranu 05T2CD P = 22 xH, musa cranu 3212P P = 19 xH) u ¢ ymenbiienneM teM-
nepaTypbl UCIIBITAHUS F)y,,c TIATIACT.

Kak MOXHO BUIETh Ha pUC. 2, KpUBas Ha y4acTKe Fy, — F)yq TOHWKAETCS C YMEHBIICHUEM
TEMIIEPaTypbl UCIBITAHUS, TaK KaK 3apPO’KJICHWE MaruCTPAIbHOW TPEIIMHBI MPOUCXOJUT MPHU BCE
MEHBINX Harpy3kax. CHIKEHUE KPUBOU Ha Y4aCTKE Flgy — Fiyin CBA3AHO C IBWKEHUEM (CTparmBa-
HUEM) MarucTpajbHOM TPELIMHBI U pejlakcaluell HanpsKeHU myTeM TpelnHooOpasoBanus [11].

st muarpamm paspymienus F — S obeux craneit xapaktepHo (GopMupoBaHHE BTOPOTO MaK-
CUMyMa Harpy3K# F,,c, KOTOPBIN UIsi 00pa310B, HCIIBITAHHBIX MPHU MOBHIIIIEHHBIX TEMIIEpaTypax,
Jla)Ke BBIIIE MEPBOTO [y POCT CONMPOTHBIEHUS pAaCHpPOCTPAHEHMS BSI3KOW TPEILMHBI CBS3aH, IO
BCEH OYEBHIHOCTH, C 0Opa30BaHMEM B €€ OKPECTHOCTH 00JIACTH IIACTUYECKON nedopmaluu, rie
HAKaIlJIMBAIOTCS JKPAaHUPYIOIIKME AUCIOKAIUH, I0JIE HAMpSKEHUS KOTOPHIX IPOTHUBOAEHUCTBYET
HaIPSDKEHUSIM, TIPUJIOKEHHBIM K TEJTy U BBI3BIBAIOIIUM PaclpoCTpaHEHUE TPeIuHsI |3, 12].

Pucynok 2 moxaspiBaeT, 4TO BENIMYUHA F,y, XapakTEpHU3yIOIIas paboTy 3apOKICHUS Tpe-
IIUHBI, CYIIECTBEHHO CHUYKAETCS MPU MOHMWXKEHUU T, W/unu npu nepexone ot cramu 05I2CD k
cranu 32I"2P npu 6in3koM 3HaueHuu nporuda obpasua S. AHanorudHoe, Ho 0oJiee HHEPTHOE MO-
BEJICHUE MPUCYIE TOUKE Fyi.

CnenoBarenbHO, 3apOXKACHUE TPELIMHBI B 00EMX pacCMaTpUBAEMbIX CTANIAX C (eppUTHOI
MaTpUIled TPOUCXOJUT MPH OJU3KOM 3HAYECHUW MaKporuiacTuueckou aedopmamnuu (mporude oo-
pasla), HO pa3JIMYHOM YPOBHE KOHILEHTPALUU HaNpsSKEHUH, OCKOJIbKY C POCTOM BSI3KOCTH CTaju
MakpoIulacTuieckas nedopmains perakcupyeT BCE OOJIBIIYIO YacTh YNPYTrOW 3HEpPruH, KOHLIEH-
Tpaius KOTOPOM Ha Hazipe3e 0Opasia TpedyeTcs s 3apOKACHUS U CTParuBaHUS TPEITUHBI.

C nonwxkenuem 7., u mepexonae ot crainu 05I2CD x cramu 321'2P F,, HE TOJBKO aKTUBHO
YMEHBIIAETCS 0 BEIMYMHE, HO CMEIIAeTCs B CTOPOHY MEHbIINX S U MPHU HU3KUX 7., BOOOIIE UC-
yezaet. Usmenenue KCV, Fux 1 Fapgy C TOHIDKEHUEM TEMIIEPATYPHI UCIIBITAHUN Y 00pa3ioB 00enx
CTaJIel TIPe/ICTaBIICHO Ha puc. 3. B 00acT MOJHOCTBIO BA3KOTO Pa3pyMIEHUS oy, KOPPETUPYET C
KCV nns obeux craneit. F,, oTpaxaeT HanpspDKEeHHE HEOOXOIUMOE ISl 3apOKJICHUSI M CTparuBa-
HUS TPEIIVHBI, U ero BennunHa y ctanu 3212P 3amerHo mamaet B obnmactu HwKe Txp pH Tyep = —
20, - 60 °C.

[Mocne Fimgx (unmu Fpyac) B 3aBUCUMOCTH OT YPOBHS BSI3KOCTH CTajieil HAOMIOaeTCsl pa3ind-
HBIM X0J1 KpUBBIX Ha Auarpammax paspyuienus F = f (S) (cm. puc. 2):

1) ocimmpoBanue Harpy3ku F, 0COOEHHO SIPKO BBIP@XEHHOE JJISi CTajeil B BBICOKOBSI3KOM
coctostauH (ctanb 0512CD, T,., = 20°C), 3aBepiaronieecss 0CTAaHOBKOW TPEIIWH B HEI0JIO-
MaHHBIX 00Opa3uax;

2) pe3Koe CHWIKEHHWE KPHBOW MO TJAAKOW MOHOTOHHOW TPaeKTOPHH, YTO XapaKTEPHO IS
XPYIKO pa3pyuieHHbIX 00pa3nos (cranb 3212P, 7y, = —20; — 60°C);

3) coyeraHue ATUX ABYX TUIOB KPUBBIX, KOI/1a OCHWUIMPYIOIIUN Yy4acTOK B Fjr BIUIOTH A0 [,
CMEHSETCs TIaJKoN Hucnaaromei kpusou (ctanp 051 2CD, T, = — 40°C).

Haubonpiiee pacnpocTpaHeHrue UMEET TPETUM THM KpUBBIX F = f (S), Korga paspylieHue
oOpa3la MpoUCXOIUT M0 CMELIAHHOMY MEXaHU3MY C Pa3IM4HOMN J10JIeH BA3KOW M XPYNKOM KOMIIO-
HEHT, YTO 3aJaeT Ha JuarpaMMax nosioxkeHue Fyu F,. C IOHMKEHUEM YPOBHs BS3KOCTHU CTAalU [y
u F, 3aKOHOMEPHO CMENIAIOTCA B CTOPOHY MEHBIUX 3HAYCHUH F ¥ S, 4TO MPUBOJIUT yBEIUYEHUIO
yria o (tg o) (cMm. puc. 2, 3).

Ot0 coBmnagaer ¢ noaxonoMm B crangapre ASTM E2298-13 [4]: B F)y nosBisieTcs KOMIO-
HEHTa XpYIKOI'0 pa3pylleHus MeTauia.
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Puc. 3. CepuanbHbie KpUBBIE YIApPHOU BSI3KOCTH UCCIICIOBAHHBIX CTACH (@) 1 UI3MEHEHUE BEJTNYUH
MaKCUMYMOB (Finax, Fomax) (0) M tg o (8) ¢ MOHMKEHUEM T ey

Wrak, nanbosiee mosHas uHMOpPMAIUSA O BA3ZKOCTH CTAIH (HOPMUPYETCS MPH OJHOBPEMEH-
HOM HCIIOJIb30BaHUU 000UX KPUTEPUEB: Flgy (Fomay) M tg 0 KaKk HaMOOJIEe YyBCTBUTEIBHBIX U OJI-
HO3HAYHO XapaKTepU3YIOIUX €€ CKIOHHOCTh K 3apO3KJICHUIO U paclpocTpaHeHHIo TperuHbl. Kcera-
TH, U3 aHajJu3a JIaHHBIX KPUTEPHUEB HAIJISIIHO BUJHA KpaliHE BBICOKAs TPEHIMHOCTOMKOCTH CTallu
05I2C® ¢ peppuTo-0€MHUTHON (MAPTEHCUTHON) CTPYKTYPOH M CBEPXMEJIKUM 3€PHOM, MOITY4EH-
HBIMH I10 TEXHOJIOTUN KOHTPOJIUPYEMOI MPOKATKU C YCKOPEHHBIM OXJIAXKICHUEM.

Ha 3aBepiuatoniem srane, nocie F,, MOXKET BHOBb MOSBUTbCA OUeHne KpuBoi F'= f (S), uto
SBJIIETCA MHAWKATOPOM BO3HUKHOBEHUS BSI3KOW KOMIIOHEHTHI paspylleHus oOpasua MpHu JoJome
(puc. 2). B kpaiine oxpynueHHoM coctosnuu (ctanb 32172P, T, = — 20 u — 60°C) atoT 3¢pdexr ot-
CYTCTBYET.

Ilpussaska cmaouii paspyuienus K 30HaM HA NOBEPXHOCMU U310M08 0bpa3yos. «Kputuue-
CKHE» TOUYKHU (TOUKH MeperoMa, SKCTPEMYMOB) Ha KPUBBIX F' = f (S) MOKa3bIBalOT CMEHY BEJTUYHHbI
Y TeMIa MaJieHus pa3pyliaronieil u aegopMupyromeid oopasel Harpy3ku o Mepe u3rubda oodpasia,
a CcJe0BaTeNIbHO, CMEHY MEXaHU3MOB paspyuieHus. HecoMHeHHO, OHM MMEIOT a/IeKBaTHOE OTpa-
KEHHE Ha MMOBEPXHOCTU M3JI0MOB 00pa3loB, TaK KaK KaKJblii MEXaHU3M PACIPOCTPAHEHUS TPELIH-
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HBI MPOSIBIISIETCA KaK CBOM XapaKTepHBIH HAOOp mapaMeTpoB peibeda MOBEPXHOCTH Pa3pyIICHHS
[10, 13].

Vuactok Fgy — Fyy (Finax), IO BCEl BEPOATHOCTH, COOTBETCTBYET 30HE 0, IJIE€ IIPOUCXOIUT 3a-
pokeHHE U cTparuBanue TpeniuHbl. Ha Hemonomanubsix obpasmnax cramu 05SI2CD (7., = 20°C)
TpEIIMHA yCIeBaeT MPOUTH JI0 CBOEH OCTAaHOBKH, B OCHOBHOM 30HY OJHOPOJHOTO BSI3KOTO pa3py-
meHus L¢, 9TO COMpOBOXKIaeTcsi Ouennem Harpy3ku F. Hacrymiienwe ctaguym COBMECTHOTO JeH-
CTBUS BSI3KOTO U XPYIKOTO MEXaHNU3MOB PACIPOCTPAHECHUSI TPEIIUHBI JUIUTCS OT Fyqy BILIOTH 10 F,.
CoOOTBETCTBEHHO y4acTOK Fjr— F,, TII€, OUEBUIHO, AEHCTBHE OXPYMUMBAIOIIEH KOMIIOHEHTHI B CTa-
mu 05I2CO mposBiisieTcst Kak 30Ha Lp, B KOTOPOU MOSIBISIOTCS PACHISIVICHHUS TIPU 00IIEM MaKpo-
BSI3KOM MexaHu3Me pazpymieHus [11], a B ctamu 321'2P — kak o65acTh Xpynkoro kBajaparta (puc. 4).

Pacmennenns Pacuennenus

Tyen =—-60°C
Tyen =—80°C

o

Puc. 4. IloBepxuoctu paspymenus oopasnos [lapmu craneit 05T2CD (a) u 32I'2P (6) nocne uc-
MBITAaHUH MTPH PA3IMIHBIX TEMIIEpaTypax

30Ha BSI3KOTO pa3pylIeHHs IpU JI0JoMe (30Ha L) MposBIsSeTCsl KaKk BO30OHOBIEHUE OUEHHS
KpUBOH F' = f(S), 4TO NMpU TOMUHHPYIOIIEM XPYIIKOM pa3pymeHuu oopasma (crans 3212P) He pe-
THCTPHUPYETCH.

4. BeIBOABI
1. CoBMeCTHBIM aHaIM30M OT(HIBTPOBAHHBIX AHMArpaMM pa3pyHICHUS B KOOPAWHATAX
Harpy3ka F — mporu6 S nipu ymapHoMm u3rude odpasior lapmu craneit 05ST2CD u 3212P, cepu-
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QJIbHBIX KPUBBIX yJApHON BSA3KOCTU M NMOBEPXHOCTU PA3PYILIECHUS YCTAHOBJIEHO, YTO MPH MaKCH-
MaJbHO BSI3KOM MEXaHM3ME PACIPOCTPAHEHMS TPEIIMHBI IPOUCXOIUT OCHMIUIALIUSA KPUBBIX F — §
IIPY BECbMA 3aMEIJICHHOM MX CHM)KCHUM KaK Ha CTAJWU 3apOXKACHMS, TaK U Ha CTAIUU PACIIPO-
CTpaHEHUs BA3KOU TPEIINHbI

2. Xpynkomy WIN XpYIKO-BSI3KOMY MEXaHU3MaM pPacipOCTPaHEHUs TPELIMHBI COOTBETCTBYET
CTJIQ)KEHHBII MOHOTOHHO CHIDKAIOIIMICS y4acTOK KpuUBOW F — S, TaHreHC yria KOTOPOro K Ocu
abciuce Koppenupyer ¢ ynapHoit Ba3kocteio KCV.

3. VYcCTHOBEHO, YTO Ka)X/JI0MYy y4acTKy Ha KpUBOH F — S Mexay ToukaMu neperuda (3KcTpe-
MyMa) COOTBETCTBYET CBOSI 30HA Ha MOBEPXHOCTHU M3jioma oOpa3uoB Lllapnu: 30HEl 4UCTOTO BSI3KO-
ro pazpyuenus (6 + L¢) NposIBISIFOTCS KaK OCHWUIMPYIOIUNA y4acTOK KpUBOHl Ha quarpamme £ — S
CTJIQKEHHBIN CHIDKAIOMINICS y9acTOK F — S 00yCIIOBIICH TOSIBIEHUEM XPYIKON KOMIOHEHTOU pa3-
pyuenusi, csizaHHo B ctanu 05I'2CD ¢ mosBiieHueM 30HBI Lp U pacleIUICHUN B HEH, B CTaau
32I"2P — xpynkoro kBajpata (30Ha Lyxp).
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