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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'opkynos, P. A. Cagpaii*, A. B. Makapos, C. M. 3aaBopkuH
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesxicoeHue Hayku Uncmumym mautunosedenus Ypaibckoeo omoeine-
Hust Poccutickou akademuu nayk, yia. Komcomonvckas, 34, Examepunbype, Poccuiickas @edepayus

*(OTBETCTBEHHBINM aBTOP. DIEKTPOHHas 1moura: ras(@imach.uran.ru; aapec s nepenucku: yia. Komcomonnckast, 34,
ExarepunOypr, Poccuiickas ®enepanus. Tenedon: +7 (343) 375-35-99; dakc: 374-53-30

HccnenoBano BIMSHIE MHOTOIIMKIIOBOTO YCTaJIOCTHOTO HArpyXeHus (yrnpyroe aegopmMupo-
BaHue) Bicokoyraepoauctoi (1,03 mac.% C) ctanu Ha XapakTep U3MEHEHHUS TaHT€HLUAIbHOMN CO-
CTaBIISIIOIICH BEKTOpAa MAarHUTHOW WHAYKIMH 00pas3la B OCTaTOYHO HAMATHMYEHHOM COCTOSHHH.
Y CTaHOBIIEHO, YTO HMCIIOJIb3yeMasi METOIMKAa MarHUTHBIX U3MEPEHUH MO3BOJISIET 3aPETUCTPUPOBATH
KaK CTPYKTypHBIC U3MEHEHHUS, TaK U TPEIIUHBI, MOSBIISIONINECS BCICICTBUE YCTAJIOCTHOM Jlerpaia-
IIUU BBICOKOYTJICPOIMCTON MEPIUTHOH cTamu. McciaenoBano Takke BIMSHUAE MUKIMYECKOTO HArpy-
KEHHS TIPH MAaJOUMKIOBOM YCTalOCTH (YIPYyro-riacTudeckoe IeOpMUPOBAHHE) OTOXIKECHHOU
cpenueyraepoauctoi (0,45 mac.% C) ctanu Ha U3MEHEHHE KOIPUUTHUBHOW CHIIBI U OCTATOYHOM
MarHUTHOW WHIYKIUH ISl TIPENEIbHON METIN U Ui YaCTHBIX MEeTeNhb MarHUTHOTO THUCTEepe3uca.
YcTaHOBIIEHA YyBCTBUTEIBHOCTh PACCMATPUBAEMBIX MAarHUTHBIX XapaKTEPUCTHUK K BEITUYMHE TLIa-
CTHYECKOW JehopMaIiy, HaKOTUICHHOW NPY IUKINYECKOM HarpyXeHHH, B 00JacTH Kak OOJIBIIHX,
TaK ¥ MaJIbIX MIACTUYECKHUX JehOopMaIni.

Knrouegvie cnosa: maznummuelii memoo, yaiepooucmseie CMAIU, MHO20- U MAIOYUKIOBOE
YCMANOCMHOe HA2PpydHceHue, YCManioCmuas 0ecpacayusl, HaKONJeHHAs NIACMu4ecKds 0eg)opmayus.

1. BBenenue

B GonbmMHCTBE MalIMH M KOHCTPYKUUN A€Taau padOTaloT B YCIOBHIX LUKIMYECKU HU3Me-
HSIOLUXCS HAIPY30K U C Pa3jIM4HbIM YpPOBHEM HampspkeHuil B 1ukiax. [Ipu atom ypoBeHb Hamps-
KEHUI Ha pa3HbIX peKUMaX MOXKET K0JieOaThCsl B LIMPOKUX Mpeaesiax U IPUBOJIUTh K BOZHUKHOBE-
HUIO B JIETAIAX KaK YIOPYIHX, TaK W IUIACTHYECKHUX Jedopmanuil. ITO CYIIECTBEHHO 3aTPYAHSET
M3Y4YE€HHUE CONPOTHUBIIEHUS YCTAIOCTH, IPOTrHO3UPOBAHUE JOJITOBEYHOCTH U OIPEECIIEHUE 0CTaTOY-
HOTO pecypca, TpedyeT 60IbIIOT0 00BheMa IKCIEPUMEHTATILHOTO MaTepralia U MPOBEACHUS HATYp-
HBIX ucnbpITaHui. HeoOxoaumo ucnoabp30BaHNe TaKMX METO/I0B, KOTOPbIE HE CBOJIMINCH Obl TOJIBKO
K HaKOIUIEHHUIO SKCIIEPUMEHTAJIbHBIX JIaHHBIX, a TO3BOJISIIM NMPUOIU3UTHCA K IOHUMaHUIo (u3nye-
CKUX OCHOB SIBJICHMH ycTanocTu. B 3TOM CBSI3M MEPCIEKTUBHO MPUMEHEHUE HEpa3pyLLAoIUX Me-
TOJO0B KOHTPOJISI, B YACTHOCTH, MATHUTHBIX METO/IOB.

B mpouecce ycTanocTHOTO HarpykKeHHsi MHOTOKPaTHO MOBTOpsAOLIascs yrnpyras aedopma-
1S MPUBOAUT K CTPYKTYPHBIM HM3MEHEHMSIM M HAKOIUIEHHON MOBPEXJAECHHOCTH, OKa3bIBAIOIINM
BIIMSIHME HAa MarHUTHBIE CBOMCTBA oOpa3ua. [y oOHapy)eHUs TaKOW YyCTaJIOCTHOM MOBPEXKICHHO-
CTH NEPCIEKTUBHBIMU SIBJISIIOTCS METOJIbI MAarHUTHOTO KOHTPOJISL W3JEINM, HaXOAsIUXCsA B OCTa-
TOYHO HaMarHMYE€HHOM COCTOSHUU. KOHTpOJIb MPOBOJST C MOMOIIBIO BbICOKOUYBCTBUTEIBHBIX
JATYUKOB, KOTOPBIE MTO3BOJISIFOT MPOBOIUTH JIOKAJIbHbIE U3MEPEHHSI MATHUTHBIX 110JIEH paccesiHusl, B
TOM ymcie Ha nedekrax [1, 2].

Cpeny MarHUTHBIX XapaKTEPUCTUK, HCIOJb3YEMBIX IJIi OLEHKH (PU3NKO-MEXaHUYECKHX
CBOMCTB MaTepuaja IpH IIaCTUYECKOM J1e(pOPMUPOBAHUHU, MOKHO BBLACITUTH KOIPLUTUBHYIO CHITY
U OCTaTOYHYIO MHIYKIUU [3], HA KOTOpBIE OKA3bIBAIOT BJIMSHHE M3MEHEHHE IUIOTHOCTU JHCIIOKa-
IUI ¥ MOSABJIEHUE HAPYUICHUH CIIOMHOCTH (PBIXJIOT, MUKpPOTpeIrH U nop) [3—5]. B atoit cBs3u,
M3MEHEHHE MAarHUTHBIX CBOMCTB M CTPYKTYphl NpHU IJACTHUECKON JedopMaiuu LenecooOpa3sHo

Gorkunov E. S. et al. / Magnetic techniques for estimating elastic and plastic strains in steels under cyclic loading
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pa30ouTh Ha Tpu 3Tamna: 1) u3MeHeHue Npu Malblx JedopMalusx; 2) NpU CpeAHUx; 3) nocie 60Jb-
mux gegopmanuii [4].

Takum oOpa3zom, 11es1b HacTOsIIEeH paboThl — HCCIEI0OBAaHUE BIUSHUS [IUKIMYECKOTO Harpy-
xeHus: 1) Beicokoyraepoauctoit (1,03 mac. % C) nepauTHON cTajiv IpU MHOTOLIMKIIOBOM ycTasuo-
ctH (ympyro-muiacTuaeckoe 1eopMUpOBaHKE) HA XapaKTep U3MEHEHHs TaHTCHIIMAIBHON COCTaB-
JSIOMIEH BEKTOpa MAarHUTHOW HWHAYKIMH OO0paslla B OCTAaTOYHO HAMAarHMYEHHOM COCTOSIHUU;
2) otoxxkeHHoU cpenneyriepoauctoi (0,45 mac. % C) cranu npu MaJIONMKIOBOM yCTaloCTH (T1j1a-
cTryeckoe ehOpMUPOBaHUE) HA XapaKTep M3MEHEHUS KOIPIHUTHUBHOW CHJIBI M OCTaTOYHOW Mar-
HUTHOW MHIYKIWUHU TPeAeTbHON M YaCTHBIX IETEIb MAarHUTHOTO TUCTEPE3HCa.

Hacrosimas pabota HOCUT 0030pHBINM XapaKTep W NPEACTaBISIET MCCICIOBAHHUS aBTOPOB B
00TacTH MAarHUTHBIX METOJIOB OIICHKH CTENEeHW JeTpajalliyd 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 cpenneyrinepoauctyio (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 BBICOKOYIJIEPOJIUCTON CTalu MOJy4alu
IyTeM HM30TEPMHUUECKON BBIACPKKHU MpenBaputesibHo HarpeTbix 10 1050 °C (BblaepxKa MpH TeM-
neparype 1050 °C cocraBuia 15 mun) 3arotoBok npu temmnepatype 500 °C B TeueHue 5 MHUH B cO-
JITHOM BaHHE (C MOCIEAYIONINM OXJIAXKICHUEM B BOJIe). 3aTeM 00pa3ibl OT)KUTAJI B COJITHON BaHHE
npu temieparype 650 °C B teuenune 10 MMH. YKa3aHHBIN KPaTKOBPEMEHHBIH OTKUI IMO3BOJISET
YCTPaHUTh MOBBILICHHYIO XPYIIKOCTh IepiuTa, popmupyromerocs B cranu Y10 npu temmneparype
nzorepmuueckoro pacrnaga 500 °C, u cOXpaHUTh MPU 3TOM MOP(POIOTHUI0 TOHKOIIACTUHYATOTO
nepiuta [6]. CpeTHEeyTIIepOAUCTYIO CTallb MOABEPTad OTKUTY mpu Temmeparype 800 °C B TeueHue
8 4acoB ¢ MOCIEAYIOUINM OXJIaXKIEHUEM ¢ Meubto. J[aHHyI0 00paboTKy NMPOBOAUIM C LIEIBIO MOJTY-
YEeHUs] PABHOBECHOM CTPYKTYpPbl ¢ MUHUMAJIbHBIM KOJUYECTBOM JIe()eKTOB U YPOBHEM OCTATOUHBIX
HaIlpsKEHUH.

MexaHnyecKkue HCIbITaHUsI MPOBOJAWIM Ha CEPBOTMJIPABIMYECKON HCIBITaTEIbHOU YCTa-
HoBKe Instron 8801. Iluknuueckoe HarpyxeHue 00pas3lioB U3 BBHICOKOYIJIIEPOAMCTON MEPIUTHOM
CTaJIi MMPOBOJWIINA C KOHTPOJIUPYEMON BEIMYMHON HanpsbkeHus Ac = 20, = 0,656 (0, — aMIuuTy-
Jla HaMpsHKEHUH LUKJIIA; Go 2 — YCIOBHBIN MpeJiesl TEKY4eCTH MPU CTaTUUECKOM PacTsKEHUN), KO3 ]-
¢bunueHToM acuMMeTpuH LUKIa R,=0 (3HAKOMOCTOSIHHOE OTHYJEBOE PACTSKEHUE), U3MEHEHUEM
HaIpsDKEHUS IIUKIIA TI0 CHHYCOUIAIbHOMY 3aKOHY, 4acToToi Harpyxenus 10 I'm. O6pazer ¢ ceue-
HueM pabouel yactu 6x5 MM U pabouell AIMHOW 25 MM Harpykajau MO3TalHO C YUCIIOM IMKJIOB
Harpyxenuss N = 20000; 60000; 100000; 160000 6e3 paspymeruss oOpa3ioB. JOMOJIHUTEIEHO
0JIMH 00pazer] ObLT JOBEJICH JI0 pa3pyIICHUS, IIPH STOM YHUCIIO IUKIOB cocTaBuiio Np = 195980.

[uxnrdeckoe HarpyxeHre o0pasioB ¢ AMAMETPOM paboueid yacTu 5 MM U paboueil JUTMHOU
25 MM M3 OTOXXEHHOM CpPEIHEYrJIepOIUCTON CTaJIM NMPOBOAWIM C KOHTPOJHMPYEMOW BEIMYUHOU
oOmel aegopmManuu Eo5u=28=Eynpten=0,0076 (€, — aMIUIMTyga NOJHON JepopMaLUU IUKIA;
€ynp — AMIUIUTY/A YIPYroi nedopMaliy LUKIA; €, — AMIUIMTY/A [IJJACTUYECKON Ae(opMaluy [UK-
na), kodhduimenTom acumMmeTpun 1ukia R;=0 (3HaKOMOCTOSIHHOE OTHYJIEBOE PACTsHKEHUE), U3ME-
HEHUEM aMIUIUTyIbl JedopMaluy LUKIAa 10 NWIO00pa3HOMY 3aKOHY, 4YacTOTOM HarpyKeHus
0,5 I'u. [Ipu 3TOM HCHBITaHUS OCYIIECTBIISIIN TaKUM 00pa3oM, 4ToObl KOA(PGUIIUEHTH aCUMMETPUN
LMKJIa KaK 110 Aeopmaliiy, Tak U IO HaIPSHKEHUI0 OCTaBAIMCh PaBHBI HYJIIO HA MPOTSKEHUH BCETO
nporecca HarpyxeHusi (R,=R.=0). UcnpiThiBanm 00pa3ipl ¢ KOJTUYSCTBOM ILMKIOB Harpy>KCHHs
N=135, 10, 50, 200 u 400 Ge3 pa3pymieHus: 0Opa31oB.

MarauTtHble U3MEPEHUsI IPOBOWIIN MOCIIEe UKINUECKUX UCIBITAHUN B PAa3TpyKEHHOM CO-
CTOSIHUM. MarHuTHble N3MEPEHMS TAaHT€HIIUAIBbHOW COCTABIIIFOLIEH BEKTOPAa MUHAYKIHUH B, BbICOKO-
YTIEPOJUCTON MEPIUTHOM CTaau MPOBOAUIN (EPPO30HIOBBIM JIaTUYMKOM, YCTAHOBJIEHHBIM B CKa-
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HUPYIOIIEM YCTPOHCTBE, MO3BOJIIONIEM CKAHUPOBATh TOBEPXHOCTH 00pasIia BAOJIb OCH C IMOCTOSH-
HOW CKOPOCTBIO 2 MM/C ¥ BBIACPKHUBATH 3a30p 0,3 MM MEXIy MarHUTOYYBCTBHTEIHHBIM 3JIEMEHTOM
u ob6pazom. OOpa3er] HaMarHUYMBAIH ITPOJIOJILHO B HAIPABJICHUH OCH 00pa3Iia ¢ HCIIOJIb30BAHHEM
HAMarHWYMBAIOIIETO YCTPONCTBA HAa BBICOKOOHEPrOEMKHX TMOCTOSHHBIX MarHuTax Nd-Fe-B.
HamaraudeHHbIid 00pa3el] yCTaHaBIMBAIN Ha CTOJIC CKAHUPYIOMIETO YCTPOMCTBA M IEePEMEIaH
(beppo30HI0BEI TTpeoOpazoBarenh MarauTomeTpa Foerster Magnetoscop 1.069 Bnoans moBepxHO-
cTH 00pasma. M3aMepeHusi KOAPIUTUBHON CHIIBI M OCTATOYHONW MAarHUTHOW WHIYKIIUU OTOXOKESHHOM
CPEIHEYTJIEPOIUCTON CTaJIM OCYLIECTBIISUIM 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 TUCTEpE3Hca.

CtpykTypy 00pa3IoB Mocie MUKIAYECKOTO PACTSHKCHUS U3ydalld Ha JEKTPOHHOM CKaHH-
pyromeM mukpockore Tescan Vega I1 XMU. M300pakeHus] TPEIIUHBI TIOJyYaJId Ha JICKTPOHHOM
CKaHUPYIOIIEM MHKPOCKOTIE BBICOKOTO pazpemieHus Tescan Mira 3 LMU ¢ aBTOSMHUCCHOHHBIM Ka-
tos1oM LIIoTTKM BBICOKOI SIPKOCTH.

3. JKcnepuMeHTAIbHBIE Pe3yJIbTAThI U UX 00Cy:KIeHue

Ha puc. la npexacraBiena snekTpoHHass MEUKpOQOTOrpadusi CTPYKTYPHI BBICOKOYTIIEPOIH-
CTOM MEPJIMTHOM CTaJIH, TIOJBEPTHYTONH TU(PHY3HOHHOMY paciaay Mpu TeMIepaType H30TepMUYC-
ckoit Beiepxkku 500 °C, a Taxxke ponoaHuTeNbHOMY oTXKUTY Tipu 650 °C B Teuenue 10 mun. [lpu
TeMIieparype u3orepmudeckoro npespamenus 500 °C B ctanm GpopMupyercs CTpyKTypa TOHKOILUIA-
CTHHYATOTO TEPIUTa ¢ MEXKIUIACTHHYATEIM paccTosiaueM A=0,08-0,14 MKM U pa3mMepamMu KOJIOHHI
5—-15 mxwMm [6]. KpatkoBpemennsiit (10 mun) omxur ipu 650 °C He TPUBOIUT K U3MEHEHHSIM B MOp-
(dosorun kapOuIHON (a3bl: OTCYTCTBYET C(HEpONaNU3aINS M KOAICCICHIUS IIEMeHTHTA (CM. puc. la).

5 MKM

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

PaccmoTpuM BiIMSIHME MHOTOIIMKIIOBOTO YCTaJIOCTHOTO HarpyxeHus (ynpyroe negopMupo-
BaHME) BBICOKOYTJIEPOJUCTON TMEPIUTHOM CTAId HA W3MEHEHWE TaHTEHIMAJIbHOM COCTABJISIONICH
BekTopa uHAyKIuu Bi. Kak ciegyer u3 puc. 2, ycTanocTHbIE UCIBITAHUS COIIPOBOKJIAIOTCS MOSIB-
JIEHUEM HEOJHOPOJHOCTH paclpeiiesieHusl TaHICHIMAIbHOM COCTaBIISAIOLIEH BEKTOpa MarHUTHOM
MHIYKIIUA B OCTaTOYHO HaMarHUYEHHOM COCTOSIHMU oOpasla 0 €ro JJUHE, 3aMETHOH YK€ IpH
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N = 60000. [Ipu ycranoctHOM HarpyxeHuu ¢ yuciom nukiaoB N = 100000 nabmronaercs 3aMeTHBIN
pocT BennurHbI Br. 9T0 MOKET OBITH 00YCIIOBICHO CTPYKTYPHBIMU W3MEHEHUSIMH, TPOTEKAIOIIUMHU
B MEPJIMTHON CTAJIM MPH yYCTAIIOCTHOM HAarpy)KeHWH, B YaCTHOCTH, CHEepOUan3anneii IEMEHTUTHBIX
wiactuH (cMm. puc. 16). Cheponausaius IUCIEPCHBIX EMEHTHTHBIX TUIACTUH MPHU IHKIMYECKOM
PaCTsHKEHHH B YCIOBHSX MHOTOIMKIIOBOM YCTAJIOCTH OOYCIIOBJICHA COBMECTHBIM JCHCTBUEM YIIPY-
THX PACTATHBAIOIINX HAIMPSDKEHUH, MHUKpOILIACTUYECKON nedopmanuu M 3PQPEeKToB JTOKAITEHOTO
Harpesa, yckopsmoomux auddy3uro aToMoB xene3a u yrieposaa [7].

B" mTa N=100 000 N=160 00
N=0 N=20 000 N=60 000 UHKI0B HHKI0B
0,5 L UHKI0B HHK/I0B LHHKJIOB
Haanwue nuxa
nﬂyc.'mrf.?enn fLORGICHHEM
AMLPHCHIPATONOE mperiin sl
03—+ o e T Y N N TR N S|
¥
0 25 0 25 0 25 0 25 0 25
L, mm

Puc. 2. PactipenienieHre TaHT€HIIMATBHOM COCTABIISIONICH MarHUTHOW MHAYKINU B 110 paboueit
30H€ 00pa3iia B OCTATOYHO HAMAarHMYEHHOM COCTOSIHUU 10 HarpyxeHust (N=0) u nocine
Harpy)kXeHus ¢ 3aJIaHHBIM YMCJIOM IIUKJIOB. Pe3ynbTaThl M3MEpEeHH MPUBEICHBI I TOH CTOPOHBI
oOpa3siia, Ha KOTOpoit ObliIa OOHAPY)KEHA MarvuCTPaIbHAS YCTAIOCTHAS TPEIINHA

[Tpu gucite ukinoB HarpyxeHus N = 160000 Ha rpaduke pacrnpenencHuss TaHTCHITHATBHON
COCTaBIIIONICH BEKTOpa MAarHUTHOM WHAYKIMU B; HaOmomaercs spKO BBIPAKCHHBIA UK
(cm. puc. 2). Ero manuuue o0yclIOBICHO MOSBJICHUEM MarucTpaibHOW yCTaTIOCTHOM TPEIIUHBI, KO-
TOpas 3apoANJIach Ha MIOBEPXHOCTH 00pa3iia Ha UMEIOIIEMCSl KOHIICHTPATOPE HAaMpspKeHui (puc. 3).
OTMeTHM, YTO LIMPHUHA PACKPBITUSl YCTAIOCTHOM TPEIMHBI COCTaBIsET MEHEee 1 MKM, 4TO CBUJE-
TEIbCTBYET O BO3MOKHOCTH HEpa3pyLIalOIIero KOHTPOJISI YCTAJOCTHOM Jerpajaluu CTalei mnpu
MHOTOIIMKIIOBOM YCTaJIOCTHOM HarpykeHu# (yrnpyroe aeGopMupoBaHue).

Puc. 3. Dnexrponnas mukpodotorpadus (POM) moBepxHocT oOpasiia (mocie Harpy>KeHHs
¢ urcyioM k0B N = 160000). Ctpenkamu 0603Hau€HA YCTAIOCTHAS TPEIIUHA; TyHKTUPHOMN
JTUHUEH — Kpait oOpasiia, mapamieabHbII OCH HarpyKEHUs

PaccMoTpuM BiMsSIHME LMKIMYECKOTO HAarpyKEHUs MpU MaJIOLMKIOBOM ycTanoctu (yrnpyro-

TUTACTHYECKOe J1e(hOPMUPOBAHIE) OTOXKIKEHHON CPETHEYTIIEPOMCTON CTall 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 mukpodortorpadust (POM) cpenHeyriepoaucTol CTaid B UCXOTHOM
OTOXOKEHHOM coctostaun: @ — deppur, I1 — nepaut

Tabmuma — 3Ha4eHUsT KOAPUUTHBHON CHIIBI M OCTaTOYHONW MAarHUTHOW MHIYKIITHH
CPEIHEYTJIEPOUCTON CTAIM B UCXOTHOM OTOXKEHHOM coctosiHuu (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:xeHusi HaOJIIOAA€TCS POCT 3HAYCHUN KOIPUUTUBHOU CHIIBI
KaK Juis IpellelbHOM, TaK U Ui YaCTHBIX METeIb MAarHUTHOrO Tuctepesuca (puc. Sa, 6). OTmeTum
CYILIECTBEHHOE pa3jiuuue B U3MEHEHMM KOIPLUTHUBHOM CHIIbI B CIa0BbIX M CHIIBHBIX MOJISIX. B cia-
Ob1x moJisax (o 0,1 T BKIFOYMTENHHO, KOTJa MAaKCHUMAJIbHOE TOJIEe METIH TUcTepe3nca hya<H)
KOSPLUTHUBHAS CHJIA YAaCTHBIX LIMKJIOB HEMPEPHIBHO BO3pAcTaeT Ha MPOTSHKEHHWU BCEro Ipolecca
neopMHupOBaHUs, IIPH 3TOM HAOIIONAETCS €e Pe3KOoe yBeIHMUeHHEe Ha HAadyalbHOM dTare aedopmMu-
pOBaHUsI, KOTOPOE C YBEJIIMYEHUEM CTeNeHH JieopMallui CMEHsETcs 0oJiee MIIaBHBIM POCTOM. JTO
00yCIIOBJIEHO MOBBIIIEHUEM O0IIEH MIIOTHOCTH JEPEKTOB, YTO BBI3BIBAET POCT I'PAJAUEHTOB MUKPO-
HaNpsHKEHUM, YBEJIMYEHUE 3HAYECHHN KPUTUYECKUX MOJIEH B3aWMOJICHCTBUS JTOMEHHBIX TPaHUIL C
neeKTaMu ¥, COOTBETCTBEHHO, 3aTPyTHEHHUE MPOIIECCOB NiepeMaraununBanms |8, 9]. Habmonaemblii
POCT KOIPIUTUBHON CHIIBI MOKET ObITH OOYCIIOBJIEH HE TOJIBKO YBEJIMYEHUEM IIOTHOCTU JEPEKTOB
KPUCTAJJINYECKOTO CTPOCHMS NMPU IUKINYECKOM PACTSKEHUH, HO U MOSBICHUEM 3HAUYUTEIbHBIX
OCTAaTOYHBIX CKUMAIOIIMX HANpsOHKEHUH TMpu  pasrpy3ke IJIACTHUECKH Je(OpPMHUPOBAHHBIX
obpasmos [10, 11].

[Tpn mepeMarsu4MBaHuM B 00JIee CHIIBHBIX IMOJIAX MPU CYMMapHOMW INIACTHYECKOH aedop-
Mamuu 7—-10 % HabmomaeTcs cTaOmIM3anys 3HAYCHUH KOIPUUTUBHOW CHJIBI BIUIOTH /10 BETMYMHBI
nepopmanmu 15-17 %. Takast crabumm3amus MOXKeT OBITh CBsi3aHA ¢ (POPMUPOBAHHEM SUCHCTOU
JMCIIOKAllMOHHON CTPYKTYpHhI. B 3TOM cityyae ymMeHbIIaeTcsi BEpOSTHOCTh HEOOPATUMbIX CMELICHHUM
JOMEHHBIX TpaHMll, T.€. YMEHBUIAETCS pPOjb HEOOPAaTUMBIX MPOLIECCOB MepeMarHnyuBaHus. Jlanb-
HeHmmas ngedopManys BHOBb COTPOBOXKIACTCS POCTOM 3HAYCHHH KOIPIMTHBHON CHIIBI, KOTOPBIH
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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)
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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 COCTOSIHUH (Ta0JInIa)

B nponecce nepopmupoBanusi Ha HaYaJIbHOM 3Tarie IPU CyMMapHOU IJIaCTHYECKON nedop-
Mammu 10 7-10 % HaOMIOMAIOTCS CHUKEHWE 3HAUYCHWM OCTATOYHOW WHIYKIUMHU YISl TIPENeIbHON
NeTJIM U JUIsl YaCTHBIX NETeNlb MPU MAaKCUMaJIbHONW MarHMTHOM MHIYKIMM ILHMKJIAa THUCTepe3uca
bmax= 1 1 0,4 T u (mpu cymmapHoil ractuyeckoit gegopmanuu 10 2—-3 %) poct 3HaUeHUN OcTa-

TOYHOU HWHAYKIOHUU AJ19 4aCTHBIX ICTCIIb ITPH MaKCHUMAaJILHOM MarHUTHOU WHIAYKIIUU OUKJIa TUCTCPEC-
3uca 0,1 u 0,05 Ta (puc. 6a, 0).

® 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) ‘
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Puc. 6. 3aBUCHMOCTH OTHOCUTEIIEHOTO H3MEHEHHSI OCTAaTOYHOW WHAYKIIUU OT YUCIIA TUKIIOB
HarpyxeHus (@) ¥ BeJIMYMHBI HAKOTUICHHOM TJIACTHYECKOH AedopMarnu (6) 00pa3IoB U3
cpenueyriepoauctoi cranu. 3a 100 % B3sAThI 3HaYCHUST OCTATOYHON MHAYKIIMH B UCXOTHOM
OTOXKEHHOM COCTOSIHUH (Ta0JInIIa)

TakuMm 006pa3oM, Kak U B ciaydae KOOPLUUTUBHOMN CHIIbI, I3BMEHEHUE OCTaTOUYHON MHAYKIMHU B
CJ1a0bIX M CHIIBHBIX MOJISIX Takke pa3andHo. C oJJHOW CTOPOHBI, yHACTKH, UMEIOLINE 3HAYUTENbHbIE
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JIOKaJIbHbIE MUKPOHANPSKEHUS (B YaCTHOCTH JUCIOKAIMU), SBISIOTCS MECTOM JIETKOro oopa3oBa-
HUS 3apojblliel nepeMarnuuuBanus [8]. OTo oTpaxaercs B HaOII01a€MOM CHM)KEHUH OCTaTOYHOM
MHAYKIUUA B CUIBHBIX mosisix. C Jpyrodl CTOpOHbI, MepepacipeieleHe AUCIOKAUi MPUBOIUT K
MOSIBIICHUIO 00nacTeit ¢ MeHee nedexTHoi cTpykTypoi. [Ipu HamaramumBaHuu oOpasma B ci1adbix
MOJISIX CMEUIEHUS! JOMEHHBIX TPaHMIl HEBEIMKHU U, MO-BUIMMOMY, HE NPEBBIIIAIOT Pa3MepPbl ITHUX
obnacreil. [loaToMy 3HaU€HUS OCTATOYHON MHAYKLUHU B CIA0BIX MOJISIX BO3PACTAIOT JI0 3aBEPIICHUS
(dbopMUpOBaHUS AYEUCTON JUCIOKAIIMOHHOM CTPYKTYphI BO BceM oObeme marepuaina. [locne storo
HabmoaeTcs crabuin3anys 3HaYeHU 0CTaTOYHONW MHAYKIUHU BIUIOTH JI0 BEJIMYUHBI Jedopmaruu
15-17 %. Janpueimas nedopmaius COPOBOKIACTCS CHIDKCHHUEM 3HAYCHUM OCTATOYHOW WHITYK-
LIMM HE3aBHCHMO OT BEJIMYUHBI I0JI, YTO MOKHO OOBSCHUTH MOsiBIeHHEM Mukponop. Ha maxpo-
nedexTax, B YaCTHOCTU TPEIIMHAX U M0paX, BOSHUKAIOT MarHUTHBIE MOJIs paccesHus 8], KoTopele
HaIpaBJIEHbI IPOTUBOIIOJIOKHO HAMAarHMYMBAIOLIEMY IMOJI0, YTO, B UTOrE, IPUBOJUT K CHUXKEHHUIO
3HAYEHUM OCTATOUYHOW MHIYKIIUH.

4. 3akJa0ueHune

YcTaHOBIIEHO, YTO MHOTOLIMKJIOBOE YCTalOCTHOE HarpykeHue (yrnpyroe aegpopMupoBaHueE)
00pa3noB u3 Beicokoyriaepoauctoit (1,03 mac. % C) cranu 10 MOSIBICHUS yCTaJIOCTHOM TPEITUHBI
MPUBOJUT K YBEJIMUYCHHUIO TAHTCHITMAIBHOM COCTABIIAIONICH BEKTOpAa MAarHUTHOW MHIAYKIIUKA 00pa3iia
B OCTaTOYHO HaMarHWYeHHOM COCTOSIHUM U MOSIBJICHHIO HEOJHOPOJIHOCTU €€ pacHpelesieHus Io
JUTHHE 00pa3iia. ITo 00yCIOBICHO CTPYKTYPHBIMUA U3MEHEHUSIMHU (Ceponn3anueii IeMeHTHHTBIX
IUTACTHH), IPOTEKAIOLUIMMHU B BBICOKOYIJIEPOAUCTON MEPIUTHON CTaIM MPU MHOTOLIMKIOBOM YCTa-
JIOCTHOM HarpyxeHuu. llpu nosiBaeHHH MarucTpaibHOW yCTaJOCTHOM TpeUIuMHbI Ha rpaduke pac-
IIpe/ielIeHNs] TAaHT€HLIUAJIbHONW COCTABJISIONIEH BEKTOpa MarHUTHOW MHAYKIMU HAOJII0JaeTCs SIPKO
BBIpaKEHHBIN NMUK. [I0ka3aHa BO3MOKHOCTh KOHTPOJIA YCTAIOCTHOM JErpajalliy CTAJICH IPU LMK-
JIMYECKOM Harpy>K€Huu B 00J1aCTH MHOTOIIMKIIOBOM YCTaJIOCTH.

[TonyueHsl 3aBHCUMOCTH, ONMCHIBAIOLIME W3MEHEHUE KOAPLUUTHUBHON CHIIBI, OCTaTOYHOM
MarHUTHOM MHIYKLIMU JJIS IPEAEIbHON NeTJIM U JJIs YAaCTHBIX IeTeNIb MAarHUTHOTO THCTEpe3uca oT
qyclia [IUKIOB Harpy>KeHUs (BEIMYMHBI HAKOIJICHHOW IUIAaCTUYECKOH nedopManuu) npu HMUKINYe-
CKOM HarpyeHu# B 00JIaCTH MaJIOIIMKIOBOH ycTanocTu (ynpyro-miactuieckoe 1eopMUpOBaHHE)
00pasnoB U3 OTOXKEHHOU cpemaHeyriepoauctoit (0,45 mac. % C) cramu, KOTOPBIE CBUIETEILCTBY-
I0T O YYBCTBUTEJIBHOCTU PAacCMaTPUBAEMbIX XapaKTEPUCTUK K BEIMYMHE IUIACTUUYECKOH nedopma-
MU B 00JIacTH Kak OOJbIIUX, TaK U Majiblx Aegopmanuii. [lokazana BO3MOKHOCTb KOHTPOJIS Ijia-
CTHUYECKON aedopmaniy, HaKOIUIEHHOW MpHU LUKIMYECKOM HarpyKe€HUH, MO 3HAYEHHUSIM MarHuT-
HBIX TapaMETPOB.

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

OnekmpoHHas CKaHUPYIOWas MUKpOCKORUS U Ma2HUmMHbvle usmepenus evinoanenvt ¢ LK1
«IInacmomempusy UMALLl 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 yupesxicoeHue Hayku Uncmumym mauunosedenus Ypaivckoeo omoeine-
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[Tomy4yena oneHOYHAst GOpMYIIa TS OTIPEIEIICHUS] CHIIBI B3aMMOICHCTBHS Macc 3JIEKTPOBO-
3a W npenatcTBus. i onpeneneHus ee mapaMeTpoB paspaboTaHa MareMaTHdecKass MOJIENb, OIH-
ChIBAroIas HaprI)KCHHO-HC(bOpMHpOBaHHOC COCTOSAHHUEC KOHCTPYKIHNUN KaOWHBI OJICKTPOBO3a IIpU
Hae3a€ Ha NMPCIATCTBUC, B TOM YUCIIC U COTOBEIX 3JICMCHTOB. )IaHa OLICHKAa 3Ha4YCHUHU Harpys3okK B
3JIEMEHTaxX KaOMHBI 10 YIPYroImIaCTUYECKON U IMHAMUYECKON MOJIENH COIIPOTUBIIEHHUS MaTepraia
nehopMUPOBAHUIO.

Knroueswie cnosa: monkocmennvie 31emMeHmol, npo4YHocCniy, ydapﬁoe g3aumooeticmsue.

1. BBenenue

DKCIUTyaTalluOHHOE pa3pyllIeHUe peaibHbIX KOHCTPYKLUUN, COCTOSIIMX U3 MHOXKECTBA 3Je-
MEHTOB PAa3HOTO THIIA, CJIIOKHO OIUCATh JIa)KE€ C MPUBJICYEHUEM CaMbIX COBPEMEHHBIX BBIYHMCIIH-
TEJIbHBIX CpeACTB. JJuHAMUUECKHl XapaKTep Harpy30K, BO3ZHUKAIOIIKX MPU aBapHsX U KaTacTpodax
TakuX 0OBEKTOB, eue OoJsiee ycnoxHsAeT 3afady. OqHaKo Ha ATarne KOHCTPYKTOPCKOW mpopaboTKu
Pa3IMYHbIX TEXHUYECKUX 00bEKTOB HEOOXOJMMO 3HATh, KaK MOBEAET ce0s1 0OBEKT IPU Pa3INnYHbIX
AKCIUTYaTal[MOHHBIX HArpy3Kax, B TOM YMCJI€ HEIUTATHBIX (HaIpUMeEp YAapHbIX) Harpy3Kax.

Lenb nanHOM pabOTHI COCTOUT B pa3paboTKe MOJIX0Ja K OILEHKE HANPSKEHHOIO COCTOSHUS
U MPOYHOCTH IPU YAAPHOU HArpy3Ke MpOCTPAaHCTBEHHOW 0aJI0YHO-CTEPKHEBOM CUCTEMBI, MOJAEIH-
pyrolieit kabuHy J1okoMoTHBa. Ha 0CHOBE COBpEMEHHBIX BBIUMCIMTEIbHBIX CPEICTB pa3zpaboTaHa
MaTeMaTH4ecKass MoOJielb, IMO3BOJIAIOIIAs OLUEHUTh CUJIY HAarpy)KeHHs U  HaIlpsHKEHHO-
nehopMUPOBAHHOE COCTOSIHUE KOHCTpYKIMK KabuHbl TO8 nmokomoTrBa 20C6 mipu Hae3ae Ha Ipe-
narcTBue. PaccmarpuBaercss HOBbIM BapUaHT KaOMHBI, CIIPOEKTUPOBAHHBIM B COOTBETCTBUU C JIEH-
CTBYIOILIMMHU HOpMaMHU [1] ¥ ¢ yueToM onbITa KOHCTPYMPOBAHUS KaOUH.

N3 ananuza matepuanoB OAO «PXK]I» u eBponelickux xene3Hbix gopor [2, 3] mo aBapwuii-
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 PEIbCOB HE HAOII0/a-
ercs. [Ipu ckopoctu coynmapenust 40 km/4 cmsiThe KaOWHBI 3aXBaThIBa€T U OOKOBOE OKHO, 3HAYM-
TEITbHO YMEHBINACTCS BHYTPHUKAOMHHOE MPOCTPAHCTBO, OCOOEHHO pabodYeil 30HBI JIOKOMOTHUBHOM
Opurajipl, 1 TUIIMYHBIM SIBJIETCS 3allleMJICHUE YEJIOBEKa MEXAY MYJIbTOM YIPABJICHUS U KPECIOM,
TpaBMUPOBAHUE IIPU yJape 00 IEMEHThl KOHCTPYKIMU KaOUHBI U OpraHbl yIpaBJIEHUS, TPOUCXO-
JUT CXOJ1 IOKOMOTHBA C PEJIbCOB.

VY napHoe 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 hopMm (yaap cHapsAOM wind 00MKOM, KOBKA) CYILIECTBYIOT aHAIUTUYECKUE BbIpa-
xenus U Beranciurenbubie nmporpammMbl (EURDYN-02, ASTARTE, DYNA-2D, DYNA-3D, AU-
TODIN), no3BoJisifoIe OEHUTh MPOHUKAHKUE U pa3pylieHue Takux Ten [4]. s pemenust Takux
3aJ1a4 He00X0IMMO Hanuuue nHGopMauu 1o GU3NKo-MEXaHUUECKUM [TapaMeTpaM U CKOPOCTH Kak
yaapsieMoro Teja, Tak U MULIEHH. MHOrue MoAX0/bl M0 PEIICHUI0 TakuX 3ajad 0a3upyroTcs Ha
AKCIEPUMEHTAJIbHBIX METOJaX UCCIIEJOBaAHUSI.
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Takum o0pa3om, MpU MPOEKTUPOBAHUU HOBOM KOHCTPYKLIMU KaOWHBI JOKOMOTHBA HEOOXO-
MO 00ecreunTh 0e30MacHOCTh EPCOHAA MPHU BCEX IKCILTyaTallMOHHBIX Harpy3kax, B TOM UHCIIe
IIpU YJapHOM HarpykeHuu (Hae3[ Ha npenarctsue). [Ipu atom 6e30macHOCTh epcoHalia 1 3aluTa
MOJABIKHOTO COCTaBa JOJKHBI ObITh 0OecreueHbl B OCHOBHOM 3a CYET MPOYHOCTU paMbl, KapKaca
Ky30Ba, 4TOObI B ClIydyae CTOJKHOBEHHS Je(OopMalluy UMEIU KOHTPOJIUPYEMBbIH XapakTep, SHEPTUs
MOTJIONIAACh 3a CYET IUIACTHUECKUX AedopManuii u paspyiieHus 0yhepHbIX 30H KOHCTPYKIIUH.

Hamnpumep, Oydepnoe ycrpoiicTBo kabunbl TD8, 3amminaroiiee CUIOBOM KapKac, COCTOUT
13 MpUHUMAIOUIEH yaap 1000BOH Oaliku C 3J€MEHTaMM KpPEIJICHUS! U COTOBBIX 3HEPrOIOTrJIONIa0-
X aeMeHToB (puc. 1). JloGosas Oanka 3, Kpensiue ee 3IeMEHThI 2 U Ha0Op COTOBBIX 3JIEMEHTOB
[0 3aMbICIy KOHCTPYKTOPOB KaOHHBI JOJDKHBI IPU CTOJKHOBEHHM C IPErpaioll pa3pyliuThCs,
CHIDKAsI yIapHYI0 Harpy3Ky Ha cuioBoil nosic. [Ipu aTom nepennss 6aska nosica 1 O0KOBbIE pUTENH
1 He NOJIKHBI MOTYYUTh 3HAUUTEIbHBIX OCTAaTOUHBIX JehopMalluii, 3aluiias MalluHUCTa, Ipudop-
HYIO 9aCTh, BEPXHIOIO U HUKHIOIO OOBSI3KY KaOWHBI.

B otnnune oT M3BECTHBIX MOJXO0A0B MO PEIICHUIO 33/1a4 Ha yAap, paccMaTpuBaeMasl 3ajada
OCJIO’KHSAETCS TE€M, UTO MHGOpMalus M0 MEXaHUYECKHM IapaMeTrpamM U CKOPOCTH HPENSTCTBUA
(muiienn) HeusBecTHa. [lo TpeGoBaHMSIM HOPMATUBHBIX JOKYMEHTOB [1] M3BECTHBI TOJIBKO OOBIU-
HbI€ DKCIUTyaTallMOHHBbIE HArpy3Ku Juis KaOUH JOKOMOTHBOB, KOTOpbI€ NMPUHUMAIOTCSA 3 g B IPO-
JOJIbHOM HampaBlieHUuH U 1,25 g B BepTUKaIbHOM HAaIpaBJiIeHHUH (g — yCKOpEeHUE CBOOOHOrO maje-
Hus). Takum o6pazom, HEOOXOAUMO pa3paboTaTh MAaTEMAaTHYECKYI0 MOJEIb, MO3BOJISIIOILYIO OIle-
HUTbH CUJTy HArPY>XKEHUS U HaNPSLDKEHHOE COCTOSHUE KOHCTPYKLUMU KaOMHBI IPU Hae3/e Ha MpemnsT-
CTBUE C U3BECTHBIMHU )KECTKOCTHBIMH 1 BECOBBIMU ITapaMeTpaMH MPENsSTCTBUSL.

B oneHouHOM pacuere AJis peleHus 3ToH 3a1a4u NpeylaraeTcsi UCIoIb30BaTh CTATUYECKHUI
MOAX0J, BKJIOYash B OOIIMH aJrOpUTM IOCJEN0BATEIbHOCTh KPAaEBbIX 3a/ay, Pa3sTpaHUYECHHBIX
YCIOBUSMHU pa3pylIeHUs] OTAEIBHBIX 3JIEMEHTOB KOHCTpykuuu. [locne paspymienus «ciaboro
3BeHa» (PUKCUPYETCsl 3HaUYCHUE HArpy3KU U 3JIeMeHT Oy(depHOro ycTpoiicTBa UCKIIOYAETCs U3 pac-
YETHOM CXEMBI JUIsl PEIICHHs] HOBOM KpaeBOM 3aJayd IIPU BO3pacTarollel OT Hyis Harpyske. [Ipu
3TOM Harpyska, pu KOTOPOH MOSIBUTCSI HOBOE «CJ1a00€ 3BEHO», MOXKET OKa3aThCs Kak OoJibllie, TakK
Y MEHbIIE Harpy3ku, 3a()MKCUPOBAHHON B MpenblIyIeM pelieHuu. B nepBom citydae cienyer aeu-
CTBOBaTh MO AJITOPUTMY MEPBOrO Iara, a BO BTOPOM BO3MOXKHO IOCJIEI0BATENIbHOE pa3pylIeHHE
2JIeMEHTOB Oy(hepHOTO YCTpOHCTBA.

B 3amauax Ha paspylieHue ocoOEHHOE 3HAU€HHWE MMEET BBIOOpP MOJIENM U YCTAHOBJIEHUE
MPEeACIbHOTO COCTOSTHHS Matepuana. C 0JHOM CTOPOHBI, OOJIBIINE OCTATOYHBIE AePOopMaIiK KaOu-
HbI, Ha0JII0/laeMBble MPU aBapHsX, MPENONPEEIA0T BHIOOP MOJENH YIPYTOIUIaCTUYECKOTO YIPOU-
Hsmouerocs marepuana. C qpyroil CTOpoHbl, U3BECTHO, YTO pa3pyllieHne o0Opa3loB MaTepuaia npu
JUHAMHYECKUX UCTBITAHUSAX HOCUT YIIPYrOXPYIKHUI XapakTep, a JMHAMUYECKUN Mpees TeKy4ecTu
MoxeT Ha 30 % mpeBblmaTh craTudeckuii mpeaen npodHoctu [6]. IlockonbKy pacuer mosei
HaNpsDKEHUN U MepeMellleHUN peaIbHbIX KOHCTPYKIMM BO3MOKEH TOJIBKO YMCIEHHBIMH METOJIaMH,
TO BTOpasi MOJIEJIb UMEET OUYEBUIHBIE BBIUUCIUTEIbHBIE TPEUMYILIECTBA.

ANroputM pacyera NpOYHOCTH U KECTKOCTU KOHCTPYKIIHUU C MOCIIE0BATEIbHBIM HCKIIIOUE-
HHUEM «CJIadOTO 3BEHA» pealn30BaH Ui KaOuHbl TDO8 ¢ HMCHOJBb30BaHUEM CYNEPKOMITBIOTEpA
«Ypan» UMM VYpO PAH. Kabuna mammHucTa JOKOMOTHBA MPEJICTABIAECT COOOM CIOXKHYIO TPO-
CTPAHCTBEHHYIO KOHCTPYKIIHIO, COOPaHHYIO M3 OOJIBIIOTO KOJIMYECTBA THYTHIX MPOQuIIei, 00TIHy-
TBHIX JINCTaMU OOIIMBKU. MaTepuan 3JieMEHTOB Kapkaca M OOLIMBKH — CTaJlb 3CIl — UMEET CIIETYIO-
mue CIayKeOHbIE CBOMCTBA: MOAYAL ympyroctd FE =2-10° MIla, npemen TeKydecTH
o, =240 Mlla, npenen npounoctu o ,=500 Mlla u ko3ddunueHT nonepedHoil aepopmanuu
v =0,3.

OpHUEHTHPOBOYHO MOKHO MPUHSTH AMHAMHUUYECKUH npezaen tekydectu 650 Mlla, a mogyns ynpou-
HEHMS B yIpyromactuueckoil Mojgemu E, = 6-10° MIla (kpuBasi pacTshikKeHHUs IS JAHHOTO MaTe-

pualia rpescTaBieHa B BUie OMIIMHENHONW KpuBOi ¢ Moaynsamu E u E1).
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Jlyia onpezneneHuss HaNpsHKEHHO-A€()OPMUPOBAHHOIO COCTOSIHMS TaKOW KaOWHBI MCHOJIb30-
BaH BBIYUCIUTENbHBIA KOMIUIEKC ANSY S-14 [7]. OH m03BOJISIET UCCIIENOBATh CIOXKHBIE MTPOCTPAH-
CTBEHHbIE KOHCTPYKLIMU B JINHEHHON U (pU3ndecku HelnHelHoi noctaHoBke [8, 9]. [Tockonbky Bce
3JIEMEHThI KaOMHBI — TOHKOCTEHHbIE KOHCTPYKIMHU, TO B MOJEIU HCIOIb30BaH KOHEUHBIN 2JIEMEHT
SHELL-181 u ucniosis30BaHa OMIHS «OOJIBIINE TTEPEMEIICHUS.

B matemaruueckoit Mojenu JUisl ONpeaesIeHNs HAPSKEHHOTO COCTOSTHUSL KOHCTPYKIUU Ka-
OMHBI B KQUECTBE OIpENEISIONIeH Harpy3Ku MIPUHSTA CTaTUYeCKasi TOPU30HTANIbHASA €IUHUYHAS CU-
na Q,=1 xH, paBHOMepHO nelicTByIOMas HA NEPEJHIO OaJKy KaOMHBL. DTa Harpy3ka UMHUTUPYET

HEU3BECTHYIO Harpy3Ky, KOTOpasi BO3HUKAET MPH CTOJKHOBEHHUH ¢ mperpaaoil. Kabuna 3akperniena
Ha YeThIPeX BEPTUKAIbHBIX U JIBYX TOPH30HTAJbHBIX JKECTKMX omopax. Mojenb Oblia Hecyle-
CTBEHHO YIIPOILEHA JUIsl IPOBEIEHUSI pacyeTOB 0€3 M3MEHEHHS OCHOBHBIX T€OMETPUUECKHUX pa3Me-
poB u coctosia u3 378458 KOHEUHbIX 3JI€MEHTOB. B Mojenu He yuyuThIBaIuCh nepdopauus moj
KJICTIKH, OOJITHI M TaHenu oOmuMBKY KabuHbI. McXxoaHas pacueTHas cxeMa KapKaca KaOWMHBI TPe-
CTaBJIeHa Ha puc. 1.

Puc. 1. YepTexx kaOMHbI, BBINOIHEHHbIHN B puioxkeHn ANSY'S

[lepBrIM «c1aObIM 3BEHOM» OKa3aJIUCh HAKJIOHHBIE 3JIEMEHTHI O0BSA3KU KaOUHBI, B KOTOPBIX
OIIaCHBIEC HAIPSKECHUs MOSBWINCH IIPY 3HAYEHWH CyMMapHoOU BHemrHed Harpy3ku 120 xH. Vnpane-
HHE WX PACUYETHOM CXEMBI MaJIO CKa3aJIOCh HA XOJIE HATPY30YHOU MPSIMOM, MOJIYyYEHHOW MPH penle-
HUU HOBOM KkpaeBolt 3amaun. [Ipu Harpyske 300 kH, pexomeH10BaHHOM ISl OLIEHKU MPOYHOCTH Ka-
OMHBI, pa3pyLIMINCh JBa LEHTPAJIBHBIX OJ0OKa COTOBBIX 3JIEMEHTOB. Y IaJeHHE UX PacueTHOH cxe-
MBI CYIIECTBEHHO CHU3MJIO KECTKOCTh CUCTEMBbI, HO ONAaCHbIE HANpPSKEHUS B OCTABLIMXCS COTOBBIX
aJieMeHTax W JI0OOBOHM Oajike BO3HUKAIOT MPU Harpy3ke BABoe Oosbiieil. CienoBaTeabHO, MPOU-
HOCTh KaOWHBI TIPH PErIaMEHTUPOBAHHOW Harpyske obecredeHna, HO OydepHoe ycTpoicTBO OyneT
4aCTUYHO pa3zpymieHo. CyMMapHOE MEPEMEIICHUE B IIEHTPE JIOOOBOM OaJIKM COCTaBUJIO MPU ITOM
380 mm. JlanbHeiimee yBennuenue Harpysku (6osee 600 kH) nmpuBener kK HeympaBiasieMOMY pa3py-
1neHno KabunHbl. Ha puc. 2 B u30MeTpuu NOKa3aHO MPOJIOJIbHOE MepeMellleHre KaOuHbl W B MUJI-
JUMETpax OT periaMeHTupoBaHHOro 3HaueHus Q=30 kH.

OneHuB npenenbHble HArpy3ku OyQepHOro ycTpoiicTBa, HEOOXOAMMO ONPEAEIUTh CHITY
B3aUMOJICHCTBHUSL JIOKOMOTHBA C MPENATCTBUEM JJIsi YCTAHOBJIEHUS CTEHEHH OXUIAEMBIX IOBpe-
aaeHUH. CIOXKHOCTb OLIEHKU CHJIbI B3aUMOJICHCTBUS KaOMHBI C MPENSTCTBUEM 3aKII0YaeTcs B He-
OTIPEJIEIEHHOCTH BCEX BEIMYMH, XapaKTepU3YIOLUX MpensTcrere. Ha jxenesHonopoxHOM nepees-
Jie BEpPOSTHEE BCErO MPENATCTBUEM OYIET MOJBUKHOE TPAHCIOPTHOE CPEACTBO HAa ITHEBMOKOJIEC-
HOM WJIM TYyCEHHMYHOM X0y (JIETKOBOW aBTOMOOWJIb, TPY30BHK, TPAKTOP, IKCKaBATOP, KOMOAIH).
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Macca npernsTCTBUAS MOXKET COCTABJIATh, OPUCHTUPOBOYHO, OT OJHOM JIO JecsTH TOHH. CKOpOCTh
JIBIDKEHUS COCTaBa Ha TIepee3fic orpaHmueHa HHTepBaoM oT 20kM/d 1o 30 km/4, wiam

5,56 + 8,33 m/c.

NCDAL SOLUTICN

STEP=1
SUB =29

RSYS=0

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

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

Puc. 2. [IpononsHOE nIepemenieHre (BI0JIb JBUKCHHS ) KAOWHBI B MHIJUTUMETPaxX

B aunamudeckoil 3aade mo onpeAcsieHUI0 CUiIbl B3aUMOJICUCTBUS JIOKOMOTUBA C IMPEIIST-
CTBHEM HCIIOJIb30BAHA JIByXMaccoBas pacueTHas cxema (puc. 3), rae m,— Macca JIOKOMOTHUBA,

m,— Macca npenarcTsus, P — tarosoe ycuime, F — uckomas cuna ynpyroro B3auMOJECHCTBUS,
F,— cuia TpeHus NPENATCTBUSA C NOBEPXHOCTBIO Iepee3ia. DKBUBAIECHTHAs KECTKOCTh MIPYKUHbI
IPU TOCIEN0BATEILHOM COCIMHEHUH JIBYX IPYKHH JKECTKOCTBIO ¢, U C, ONpEAENAETCS U3 BbIpa-

KCHUA

_ -1 -1
e re, (1)
rje ¢, — KeCTKOCTh KaOMHBI JOKOMOTUBA C Oy(epHBIM yCTPOICTBOM, ¢, — )KECTKOCTh IPEMATCTBHS

(Muiienn). Vimest pereHus: KpaeBbIX 3a7ad, HETPYAHO MOCTPOUTH Harpy3o4Hbl€ MpsIMbIE JUIsSL pa3-
JWYHBIX PACYETHBIX CXEM M HAWTH 10 HUM JKECTKOCTb KaOWMHBI c,. JIJs TOYHOro omnpejeneHus

’KECTKOCTH IIPEISITCTBUS ¢, MOTpeOyeTcs pellieHue 3a1aui O pa3pyIeHUH NPEnsTCTBUS.

F ¢ F
p | ™ |e=mzmae My | F

Xl X

[LI—

2
—_—

Puc. 3. PacuerHas cxeMa IMHAMUYECKON 3aMaun
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3agada pacyera CHIbl B3auMoJelcTBua F pemaercs B 1Ba 3Tamna, pasJeleHHbIE YCIOBHEM
Hayana JBMXeHHUs BTopol Maccel. Ha mepBoM stane umeeM: x, =0; F < F,; CKOPOCTb JIBUKECHHUS
ra3otyp0oBo3a X, =V = const ; nepeMelieHue NepBoi Macchl X, = v¢. IlepBbIil Tan nBUXKEHU 3a-
KaHYMBAETCs IIPU BBIIIOJIHEHUHU YCJIOBHS PAaBEHCTBA CHII YIIPYTrOCTU U TpeHus [ = F,.. Cuna ynpy-

TOCTH B 3TOT MOMEHT F = cx, = ¢Vt , a cuwia Tpenust F, = m, gk, rae k — xo3dunment cuerure-

1K >
HUSI TIPETIATCTBHSA C TIOJIOTHOM Iiepee3sia. JmMTenbHOCTh epBOro 3Tana ONnpeaeIuTCcsl BRIPpaXKeHUEM
te =mygk/cv.

VYpaBHEeHMsI IBUKEHUSI Macc Ha BTOPOM 3Talle 10 BTopoMy 3akoHy HbroToHa:

mx, =P—F,
1 )
m,x, =F—F,.
Juddepenuupys 1Baxipl 10 BPEMEHU BBIPAKEHUE Ul CHIIBI YIPYroCcTH F =c(x, —X,) U

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

F+w’F=4, (3)

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

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

mm, mm,

HavanpHble ycnoBus A pelieHusi HeoJHOPOAHOTO nuddepeHInalbHOr0 YpaBHEHHUSI C T10-
crosHHbIMU Kodpuunentamu (3): F, = F,; F, = c (X, — X,) = cv .

Oowee pemenue ypasaenus (3) umeer sun: F' = C,Cos ot + C,Sin ot + D, rae koHcTanTta D
€CTb YacTHOE€ pelleHue HeogHoponHoro ypaBHeHus (3). IloxcraBisis D B McxolHOE ypaBHEHUE,
HaxomuM D = A/ ®” . Tlocrosiunbie uHTerpupoBanust C,,C, HaXOMSTCA U3 HA9albHbIX YCIOBHIA.

Pemenue ypaBaenus (3) 1aet HCKOMOE BbIpaXKEHUE JJIs1 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 TopMOXkeHUM Ha Tepee3ie Macca IPYKEHOro cOCTaBa 3HAYUTEIbHO OO0JIbLIE, YEM Macca
HpEenATcTBys (m, >> m, ), U BeIpaxkeHue (4) ynporaercs:

F=vcm,Sinwt + F, .

MaxkcumaipHas cuiia YIIPYroCcTu npu CACIaHHBIX MPCAIOJJIOKCHUAX OLCHUBACTCA BBIPAXKC-
HHUEM

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

m

Takum 00pasoM, JUId ONpeAENIeHUs MaKCHMAaIbHOW CHIIBI B3aUMOJEHCTBHA HEO0XOIUMO
KpPOME CKOPOCTH JABMKECHHUS COCTaBa MMETh MH(MOPMALIUIO O BECOBBIX U KECTKOCTHBIX IapaMeTpax
MHIIEHU m,, ¢, U Koddduuuenre cuemieHus k. B nepBoM OLlEeHOUYHOM IpPUONMKEHUU M3-3a OT-

CyTcTBUS MH(pOpManuu 0 MuIIeHN nonoxum: k=0,5+1, m,=(10000+20000) ke, ¢, =(0,3+0,5)c,.

Xectkocte kabunbl (c, =2,1-10°H/M) HaiizeHa 1O Harpy304HOd NpPAMOM, IOJNY4EeHHOH mpH
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pelIeHUH BTOpPOM KpaeBOM 3amaud. OKBHUBaJIEHTHas XecTkocTh 1o ¢Gopmyne (1) cocraBut
¢ =(0,25+0,40)-10°H/m.

s AN
NODAL SCLUTIAN =P 79013
STEP=1_ 10:47:06
SUB =15 PLOT MO. 1
TIME=1
SEQV (AVG)

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

Puc. 4. HanpspkeHHOE cOCTOSTHUE HOBOM KaOMHBI pu cyMMmapHoi Harpyske 340 kH (o Musucy)

MakcumanbHasi cujia B3aUMOJCHCTBUS JJOKOMOTHBA C MpEMITCTBUEM 10 Gopmyne (5) co-
craput F_=(300+1050) xH. PernamenTpoBaHHas HOpMaMH pacdyeTa CyMMapHas Harpyska Ha

no6oByto 6anky B 300 kH oTBewaeT HMKHEMY OIEHOYHOMY 3HAUECHHMIO CHUJIBI B3aWMOJCHCTBUSA.
Takast Harpy3ka HeomacHa JUIsi CHJIOBOTO Kapkaca KaOWHBI, KOTOPBIH, KaK OTMEYaJIOCh BBIIIE, MO-
JKET BBIJIEP)KATh BABOE OOJBINYI0 Harpy3ky (puc. 4). Ecnu B kadecTBe NMpeAeTbHOTO HANPSHKCHHS
MIPUHATH TUHAMUYECKHI TIPeie] TEKy4eCTH, TO CyMMapHas Harpys3ka Ha 1o0oByro 6anky B 1000 kH
MIPUBEJIET K pa3pylieHnto 0y(hepHOoro ycTpoicTBa, HO CHIIOBOM KapKac HE pa3pymuTcs. Yero Helb-
351 YTBEPKJIaTh MPU YBEIIMUEHUU CKOPOCTH JABWXKEHUS Oosiee 30 KM/, HIIM TIPU BCTpEUE JIOKOMOTH-
Ba C elle 0oJiee TSHKEbIM MPENsITCTBUEM 00JIee JKECTKON KOHCTPYKIIMH.

PaGora BbINosIHEHA NIPU MOJJIEPKKE MPOrpaMMbl (pyHAAMEHTaIbHBIX HAyYHBIX HCCIIEOBa-
Huit Ypansckoro otaenenuss PAH, npoekt Nel5-10-1-22.

Jlureparypa

1. Hopwmb 17151 pacyera v OIIEHKH POYHOCTH HECYIIHMX AJIEMEHTOB, TUHAMHUYECKUX Ka4ecTB U
BO3JICUCTBUIN HA IMyTh YKUIMAXHON YaCTH JIOKOMOTHBOB keje3Hbix aopor MIIC P® komen 1520.
—Bsen. 12.01.1998. — M. : ®I'YITI BHUMXKT, 1998. — 145 c.

2. Hanunenko /J[. B., Ctpenpuenko A. H. HccrnenoBanue yaapHO# MPOYHOCTH IOJABHKHOTO
coctaBa npu ctojkHoBeHusx // LIHUUTOU MIIC. JKene3HoaopoxKHBIH TpaHCHOPT 3a pyOeKoM. —
2001. — Cep. I, Boim. 1. — C. 47-49.

3. Hemun K. I1., Edpt™oB B. I1. [IpounocTs noABU»KHOTO cocTaBa Ipu coyaapeHuu // Xenesnbie
noporu mupa. —2000. — Ne 4. — C. 32-36.

Emel’yanov I. G. et al. / On an approach to the evaluation of the strength of a spatial rod system under impact loading
http://dream-journal.org page 1623



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

4. VYnapuoe HarpyxeHue u pazpymenue tBepabix ten / B. JI. Kommoropos, Y. JoHCOH,
C. P. Pun, I'. I'. KopGerT. — ExarepunOypr : YpO PAH, 2006. — 322 c.

5. BricoxockopoctHoe B3aumoneiicteue ten / B. M. ®omun, A. W. T'ynunos, I'. A. CanoxHuKOB
u ap. — Hosocubupck : CO PAH, 1999. — 600 c.

6. Paxmarynun X. A., [embsnoB FO. A. IIpoyHOCTh IpU MHTEHCUBHBIX KPAaTKOBPEMEHHBIX

Harpy3kax. — M. : 'oc. uzn-Bo ¢wu3.-mar. jmr., 1961. — 393 c.

7. bacos K. A. ANSYS: CnpaBounuk nons3oBarens. — M. : JIMK Ilpecc, 2005. — 640 c.

8. EmenssnoB U. I'., Muponos B. U., Ky3nerno A. B. Omnpexnenenrue Hanps»KEHHOTO COCTOSI-
HUS U pecypca 0000uedHol KoHCTpyKIuu // [IpoGiieMbl MalIMHOCTPOEHUS M HAIEKHOCTH MAIlIHH.
—2007. —Ne 5. - C. 57-65.

9. EmenpsanoB U. I'., Ky3nenos A. B., Muponos B. 1. Maremarnueckast MOJieb, ONHUCHIBAO-
masi HampsHKEHHOE COCTOSsTHUE KaOWHBI Ta30TypOOBO3a MpH BCTpede ¢ mpensTcTBueM // TpaHncnopt
VYpama. —2013. — Ne 4 (39). — C. 71-74.

Emel’yanov I. G. et al. / On an approach to the evaluation of the strength of a spatial rod system under impact loading
http://dream-journal.org page 1623



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

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
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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'maakoBckuii, E. A. Kokouxun, JI. P. Canuxsnos, [. A. JIBoiHHKOB
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesxcoeHue Hayku Uncmumym mawunosedenus Ypaibckoeo omoeine-
Hust Poccutickou akademuu nayx , yi. Komcomonsckas, 34, Examepunbype, Poccuiickas @edepayus

*OTBETCTBEHHbIH aBTOP. DJIEKTPOHHAS TToYTa: 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 0630p METOJUK U YCTAHOBOK JIJIsl ONIPEACIICHUS COMTPOTUBIICHHS TIj1a-
CTUYECKOH nedopManuy mpu UCHBITaHUSIX Ha cxatue. [loapoOHO HU3/I0KeHa METOMKA UCTIBITAaHUI
Ha aBTOMAaTU3UpPOBaHHOM Iuiactomerpuueckom komiuiekce UMAIIL YpO PAH ¢ ucnons3oBanuem
CIUTOIITHBIX ¥ COCTAaBHBIX ITMIMHAPUYECKUX 00pa3IoB, a TaKKe 00pa3IioB KBAIPATHOTO MOTIEPEUHO-
ro ceuenus. [IpencraBieHbl pe3yabTaThl OMPEIEICHUS COTPOTUBIICHUS 1eopMaliuu psijaa cTajie u
CIUIaBOB C UCIOJIb30BaHUEM pa3pabOTaHHBIX METOAMK.

Knrouesvie cnosa: conpomusnenue oegpopmayuu, memoouka UCnNblmanull Ha cxcamue, nid-
cmomemp, Kpusvle YNpouHeHUs. cmainell U Cnidgos, yeaiepooucmsle U 1e2upo8anHvle Cmaiu, muma-
HO8bIL CNaAs.

1. BBenenue

ConpoTuBieHHE IIACTUYECKON nedopMaluu SIBISETCS BaXKHEHIIeH peosornueckol xapak-
TEPUCTUKOM METAJJIOB U CIUIaBOB, ONpPEAEISAIOIEH SHEProCUIOBbIE TapaMeTphbl MPOLeccoB 0Opa-
00TKM METaJJIOB JIaBJIEHUEM U XapaKTep TeUEHUs METaula, B YaCTHOCTH pacipejaeseHue aedopma-
MU 110 00bEMY 3arOTOBKH IpU €€ Harpy>KeHHUHU.

WNudopmanus o conpoTuBieHUU JeopMaluy B 3aBUCUMOCTH OT CTENEHH, CKOPOCTU U TEM-
neparypbl Ae(opMUPOBaHUS HEOOX0AUMA JUIsl IPAKTHUECKUX PACYETOB KOHKPETHBIX TEXHOJOTHYE-
ckux npoueccoB OM/I u /i1 KOMIIBIOTEPHOTO MOJEIUPOBAHUS 3TUX MPOLIECCOB, IOATOMY HAKOII-
neHue 0a3bl JaHHBIX 110 COMPOTHUBICHUIO JeOpMallii pa3iINYHbIX METAJIOB U CIUIaBOB B LIUPO-
KOM JIMaIa30He U3MEHEHHU YCI0BHUI 00pabOTKH aKTyaJIbHO JJIs UCCIIeI0BaTeNeH.

B mporecce xosoqHO#M mimacTuyeckor AeGopMani METAJIOB U CIUIABOB MPOUCXOIUT MX
nepopMallMOHHOE YIIPOUYHEHUE WM TOBBIIICHUE CONPOTUBIICHUS JePOopMalluu Gs, B pe3ysibTare
4ero NpoaoJbKeHue aedopMaiii BO3MOXKHO JIHILIb TP YBETUYEHUH PUIIOKEHHOTO HAPSKEHHUS.

CocTosiHME YIPOYHEHHOro (HaKJIEMaHHOT0) MeTalljla TEPMOJUHAMUYECKH HEYyCTONYMBO, U
[P HarpeBe B MeTajjie MPOUCXOJAT MPOILECCHl Pa3ylNpPOUYHEHUS, OCHOBHBIMH M3 HHUX SBJISIOTCS
BO3BpAT U MOJIMTOHU3AIIMS, a IPU BBICOKUX TEMIIEpaTypax — peKpucTamin3anus (mepBuyHas, coou-
paTesibHas U BTOPUYHAsS), P KOTOPHIX YACTUYHO WJIM MOJHOCTHIO BOCCTAHABIUBAIOTCS CTPYKTYpa
1 cBOMCTBa AedopMupoBaHHOTO MeTauia [1]. s HEeKOTOPBIX METaIOB M CIUIABOB IIPH OTpe/ie-
JICHHBIX TEMIIEPATYPHO-CKOPOCTHBIX YCIOBUAX JeOopMallud MOKET IPOUCXOJUTH Pa3ylpoOyHEHUE
yXe B miporiecce neopMupoBanus (AMHAMHUYECKOE Pa3ylpOYHEHHE).

XapaxkTep KPUBbIX TEUEHUS WM 3aBUCUMOCTU COIPOTHUBJICHUS NedOpMaluu Gs OT CTEIEHU
negopManuy € MOXKET pa3IiMyaThCs JJIS Pa3HbIX 110 COCTaBy METAVIOB U CIUIABOB U B 3HAUYMTEIb-
HOM Mepe 3aBUCUT OT TeMIIepaTypbl U CKOPOCTH UX Harpyxxenus [2]. KpuBble TeueHUS MOKHO pas-
JIeNIUTh Ha YEThIpe OCHOBHBIX THMa (puc.1).
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Puc. 1. Bo3MoxHbI€ BapUaHThl KPUBBIX TEUCHUSI METAIIJIOB U CILIABOB MIPU Pa3JIMYHBIX
TEMIIEPATYPHO-CKOPOCTHBIX YCIOBUSIX AehopMaIiun

Ha navyanpHOM 3Tamne Bcex KpUBBIX HMEET MecTo 0oJiee-MeHee UHTEHCUBHOE JiehopMaliioH-
Hoe ynpouyHeHue. [ kpuBbix Tuna A (cM. puc.l) xapakTepHO HaJIM4KMe YIPOUHEHUs Ha BCEM IIpO-
TSDKeHUHM HarpyxeHus. [Ipu sTom ko3QduIueHT ynpodyHeHUs HECKOJIBKO CHIKAETCS 3a CUET IMPOo-
LIECCOB JMHAMHMUYECKOTO BO3BpaTa, MOJIUTOHM3ALUHN U TEIIOBOro 3PdeKra miactudeckoil aepopma-
uuu. [logoOHBIN BUI KPUBBIX YIPOYHEHHUS XapaKTepeH Uil JMHAMHUYECKOTO HarpyXeHHUs B yCIO-
BHSIX XOJIOJHOM, TEIION, a MHOT/AA M Topsiuel aeopManuu, €Cii METall pa3pyIiaeTcs paHbIIle,
YeM Ha KPUBBIX G — €, JIOCTUraeTcsi 00J1aCTh YCTOMYMBOTO TEUEHUSI.

Jlyia kpuBbIX THNIA B conpoTtuBiieHue Aedopmaliy 1o Xoay HarpyXeHusl MOCTENEeHHO CTa-
Omm3upyercs (IOCTUTAETCsl YCTAHOBUBIIASICSA CTAausl TEUEHUsS), B MeTaie 00jiee WHTEHCHUBHO
MIPOXOJIAT IPOLECCH JUHAMUYECKOTO Pa3ylIpOYHEHHUSI.

Haunbonee xapakTepHbIM BHIOM KPUBBIX TEUCHHUS METAUIOB B YCIOBHSIX TEIUIOW U TOPSYCH
nedopmaruu sBisieTcs: Kpupasi Tuna C ¢ SpKO BBIPAKEHHBIM MAKCUMYMOM 3HAYCHHUM Gg. Y KPUBBIX
tuna C ¢ pocToM cTeneHu aedopmanuy B I0TOJHEHHE K JUHAMUYECKOMY BO3BpATy U MOJUTOHU3a-
LMY HAYUHAETCSI U MMPOUCXOJIUT TUHAMUYECKasl PEKPUCTAIUIU3AIIMS, YTO 00YCIOBIUBAET CHUKEHUE
YPOBHS Gs. B KaXX7I0M KOHKPETHOM Cilydyae XOJ KpUBOM OIpesensieTcsl TakKe COOTHOUIEHHEM CKO-
pocreii gepopManuu 1 MpoLeccoB MOIUTOHU3ALUKN WK (M) PEeKpUCTAIIU3ALIUH.

[Ipu ompeneneHHBIX yCIOBUAX AePOpMUPOBaHUS psf CTajleld BeayT ceOsl Kak >KeCTKOILIa-
CTHYECKHE Tesla 0e3 3aMETHOro yInpouHeHus (Kpuasi tumna D), Hanpumep, CpeaHeyIIepoIucTbie
HU3KOJIETMPOBaHHbIE CTAJIM IIPU BBICOKUX Temmeparypax nopsaka 1200 — 1250 °C u HU3KUX CKO-
pocTsax nedopmaruu.

ConpoTusienue aepopMaluy NPUHATO OMPENENIATh IPU OJHOOCHOM HANpsHKEHHOM COCTO-
aHuM Metaia. Kpome Toro, B mpoiiecce MCTbITaHUSI 00€CIeYUBAIOT, KaK MPaBUIIO, MMOCTOSHCTBO
TEeMIIepaTypbl U CKOpocTU Jedopmaninu 00pa3LoB. Bee 3T0 Mo3BoJIsSE€T CpaBHUBATH PE3YNIbTATHI UC-
NBITAHUN, MOJyd4EHHbIE B pa3HbIX paboTax Ha pazIMYHOM OOOpPYIOBAaHWHU, M COIJIACHO TUIIOTE3E
eO0UHOUl Kpugoll UCIIOIb30BaTh ATH PE3yJAbTaThl JUIsl pacyeToB 0oJiee CIIOXKHBIX 110 HAIPSHKEHHO-
nehOpMUPOBAHHOMY COCTOSIHUIO MTPOIIECCOB 0OPaOOTKH J1aBIICHUEM.

B npakruke uccrnenoBaHuil UCMONB3YIOTCS CIAEAYIOIINE METObI OIIPEIEICHHs COIPOTHUBIIE-
Hus neopMannu: 0JHOOCHOE PACTSIKEHHE U CKaTue (0casika), KpydeHue U u3rud oopasmos [2].

Crnenyer OTMETUTh TAK)KE€ METOJbl BOCCTAHOBJIEHUS KPUBOW CONPOTHUBJICHHS Aedopmaruu
[0 pe3yapTaTaM HMHIEHTHpoBaHus. Tak, B pabore [3] omucaH aJropuT™M OTBICKaHMS NapaMeETPOB
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KpUBOH YNPOYHEHUSI METOJIOM OJIMHOYHOTO BHEIPEHUsI OCTPOro MHAeHTopa (nupamuj bepkosuya,
Bukkepca unm koHndeckoro unjeHTopa). B padbore [4] meron ObL1 pa3BUT AJIs ONIpeEICHUs Tua-
rpaMMbl 1e(OPMAIIMOHHOTO YIPOYHEHHS MO pe3y/bTaTaM B/IaBJIMBAaHUS HECKOJIbKUX UHJIEHTOPOB C
pa3HBIMH yriaMu Tpu BepmmHe. B pabote [S] mana mocTpoeHust nuarpamm jaeopMarimoOHHOTO
YIPOYHEHUSI UCTIOJIB30BAIM PA3INYHBIE TUIIBI MHAEHTOPOB — KOHYChI C Pa3HbIMU yIJIaMH KOHYCHO-
CTH, a B paboTe [6] npeasiokeH METo 4 BOCCTAHOBIIEHUS KPUBOH J1e(hOpMHUPOBAHUS IO Pe3ylbTaTaM
BJIaBJIMBAaHUs U LlapanaHus uHaeHTopoM bepkoBuya.

Haubonee pacnpocTpaHeHHBIM METOJOM OIPEAEICHUS CONPOTUBIEHUS edopMaluy SBIIs-
eTcsi MeToJ cxkaTus (ocaaku) oOpasnoB. JJOCTOMHCTBOM ATOr0 METOAA SIBISETCS OJMM30CTh CXEMBI
negopmanuu ¢ ocHOBHbIMU nporieccamu OM/] (koBKOM, IITAMIIOBKOM, TPOKATKOM, ITPECCOBAHUEM )
KaK [0 HAaNpsHKEHHOMY, TakK U J1e(OpMHUPOBAHHOMY COCTOSIHUIO METajula. DKCIIEPUMEHTAIbHOE
OTIpeNIeTICHNE Gs METOJIOM CXKaThsl (OCaJKH) OCYIIECTBIISETCS, KaK MPaBUJIO, HAa CIIEIIMAIIBHOM 000-
pYIOBaHUM — IUTacTOMETpax. Pa3nuuHble KOHCTPYKLIUHU KYJIauKOBBIX M TOPCUOHHBIX IJIACTOMETPOB
OTMCaHBI B padote [2].

Bonbiee pacnpocTpaHeHue MOMYYMIIM KYJIauyKOBbIE IJIAaCTOMETpPbI, 0OecneurBaroliue 3a-
JAHHO€ M3MEHEHUE (WJIM MOCTOSHCTBO) CKOPOCTH AehopMUpOBaHUS 00paslia B Mpoliecce UCIbITa-
Hus. Takoro tuma miactoMeTpsl Obud ycTaHoBieHbl U pabotamn B MUCUC (Mocksa), Ha Ypai-
mam3aBoe (Exarepunbypr), B UIIU (Yensabunck), B r. HoOpa (Uexust) u ap. [2]. C ucnosib3oBaHu-
€M NEePEYUCIICHHBIX [IJIACTOMETPOB MOJIYYEHbI JaHHbIE IO CONPOTUBIICHUIO Ae(opmaluu 00JIbIIOTO
quclia CTajled ¥ CIUIaBOB IIPU OJIHOKPATHOM U IPOOHOM Harpy>KeHHUHU.

B neBsiHocThIe M 00Jiee MO3AHKME T'OJbl B PACHOPSHKEHUH OTEUECTBEHHOW HAYKH MOSBUIIUCH
YHUBEpPCAJIbHbIE UCIBITATENbHbIE MAIMHBI THIA «VHCTPOH» pa3nuyHbIX MoAU(HUKaLui, padoTato-
IIMe Kak Ha pacTsDKeHHMe, Tak M Ha ckartue. Hampumep, ucnbiTaTenbHble MamuHbl cepun 5900
o0ecreunBarOT BBICOKYIO TOYHOCTh M HAJEKHOCTb IPU HCIBITAHUSX HA PACTSHKEHUE, CKaTHE U
casur ¢ yemmreM 10 50 kH (cepust 5940) u o 600 xH (cepust 5980) B auarmasoHe cKopocTeii ot 57
10 1016 MM/MHUH B 3aBUCUMOCTH OT Mojiesii. TouHOCTh u3Mepenust Harpy3ku = 0,5 %.

Crnenyer TakKe OTMETHTh 3apyOeKHbIE HCTIBITaTeIbHbIE MOIYIH Pocket Jaw (ycmmme mo
100 xH, ckopocts aedopmupyroniero uacrpymerta m1o 2000 mm/c), Hydrawedge I1 (ycunue cxa-
tusa 10 200 xH, ckopocts gegopmanuu npu yaapHbeIX ucnbelTaHugx o 100 c']), YHUBEPCAIbHBIE
ucneiTarenbHble MamuHbl Gupmbl Zwick/Roell (I'epmanus), no3posstomye NpoOBOAUTE UCTIBITAHUS
Ha C)KaTHe, pacTsyKEHUE U TPEXTOYEUHBIN U3rud B quarna3zoHe Harpy30k OT 2 Kr 70 25 T IpU TeMIie-
patypax 40 — 1200 °C u ckopoctsx nepemenienuss uncrpymenta ot 0,0005 no 600 Mmm/mMuH.

B nocnegnue roipl MIMPOKOE PacHpOCTPAHEHHUE IMOIY4aloT YHHUBEpCAIbHbIE YCTAHOBKHU
«Gleeble» pupmbr «Dynamic System Incy» (CILIA). YcTaHOBKM MO3BOJSIOT MPOBOAUTH TOPSYHE U
TEeIUIble UCIIBITaHUsI Kak Ha pacTspkeHue (cuioit 100 kH), tak u Ha cxxarue (cunoit 200 kH) co cko-
pocteio gedopmammn ot 10° g0 10° ¢ Harpes mo Temmeparypst ncnsirarmst (1750 °C max) mo-
KET OCYIIECTBIIATHCS co ckopocThio 10 10000 °C/c mpomyckanuem Toka depe3 oOpaser] (KOHTaKT-
HBIM CIocoO0oM). YKa3aHHBIN cloco0 HarpeBa O0OyCIIOBIMBAET CYIIECTBEHHYIO HEPAaBHO-MEPHOCTh
HarpeBa I0 JJIMHE UCIBITYEMBIX 00pa3loB U TPeOyeT IOMOJHUTEIbHBIX IPUEMOB Bbl-paBHUBAHUS
temmneparypbl. ClenyeT OTMETUTD TaKKe 0YeHb BHICOKYIO CTOMMOCTh YCTaHOBOK THMa «Gleeble» u
SHEProeMKOCTb [TPOBE/ICHUS UCCIEA0BAHUNA HA 3TUX YCTaHOBKAaX.

2. Ilnacromerpuyeckuit kommiieke UMAII YpO PAH

B Llentpe xosnextuBHoro noib3oBanus (LIKII) «Ilmacromerpus» WHcTtuTyra mMamnHOBe-
neuust (MMAILL) YpO PAH nns onpenenenus conpoTUBIEHUS IUIACTUYECKON edopmany MeTa-
JMYECKUX MaTepHalloB B TEUEHUE PAJIa JET YCHEIIHO HUCIOJIb3YeTCs MIaCTOMETP KyJIadKOBOTO TH-
na [7] ¢ paboueii cunoit 1o 500 kH, nmo3BossiromMiA ¢ BHICOKOM CTENEHbIO JOCTOBEPHOCTH OIpeie-
JSTh COMPOTUBIIEHUE Ae(POpMaIMi METAJUIOB U CIUIABOB METOJOM OCaJIKM B JMAIa30HE CTENeHeH
nedopmaruu € ot 5 10 80 % co cropoctsio & nedopmarmu ot 107 no 10 ¢! npu Temmeparypax T
ot 20 1o 1400 °C. OOumii BUI miacTOMeTpa npeacTaBieH Ha puc. 2. [lmactoMeTp uMeeT 3aMKHY-
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TYIO CTaHHHY BBICOKOH JKECTKOCTH, YTO 00ECIEUYHUBAET BBICOKYIO TOYHOCTb U HAJIEKHOCTh PE3YIlb-
TaTOB UCIIBITaHMH [8].

C uenpio MOBBIMIEHUS] TOYHOCTU BOCHPOM3BENEHUS 33/IaHHBIX PEXHMOB 3KCIEPUMEHTOB,
paciivpeHus AUana3oHa MapamMeTpoB UCIBITAHUN U MOBBILIEHUS JOCTOBEPHOCTH PE3YJIbTaTOB HC-
NBITAaHUN ObLJIa IPOBEJCHA MOJAEPHU3ALIMA TUIACTOMETPA, B pe3ybTaTe KOTOPOH ObLI cO3/1aH aBTO-
MAaTU3UPOBAHHBIN IIACTOMETPUYECKH KOMIUIEKC C HOBOW THPHCTOPHOW CHUCTEMOW YIpaBJICHUSA
anekrponpuBoioM Simoreg 6RA70 ¢pupmel CUMEHC, BKIIOYAMONMIECH THOKYIO HACTPOUWKY Mapamer-
POB KOHTYPOB YIIPABJICHUS IO KPUTEPHUSAM OBICTPOJCHCTBUS U JeMIIUPOBaHUS KoJieOaHUIl B MeXa-
Huzme [9, 10], a Taxke mudpoBoi cucTeMoit coopa u 00pabOTKU TaHHBIX, TOCTYNAOIINX C JaTYH-
KOB YCWJINH U mepemenienus, ¢ ucrnoiaszoBanuem ALIIl PCI-1713 ¢upmer Advantech u nepconab-
HOTO KOMIIBIOTEPA.

Puc. 2. O6mmumii Bua kynaukoBoro miactomerpa UMAILL YpO PAH

B cocTtaB koMILIEKCa BXOAIT:

a) mactomerp JIBICbBEHCKOTO MET3aBOja, MOJAEPHU3UPOBAHHBIA B YaCTH MPUBOJA Bpalle-
HUS KyJadkoBoro Baia. Hapsany ¢ yBenndeHHMeM MOIIHOCTH JBUTaTeis MpuBoja B 4 pasa
(mo 90 xBt) BBenéHn B paboTy IIMPOKOAMANIA30HHBIM PEBEPCUBHBIN THUPUCTOPHBINA MpeoOpa3oBa-
tenb Simoreg 6RA70 (Siemens) ¢ IMUPPOBBIMU MPOTPAMMHUPYEMBIMH PETYIATOPAMH, OJIaroapst
4yeMy CKOPOCTb BpallleHUs KYJIauKOBOT'0 Bajia MoJJIep;KUBaeTcs ¢ OTKIoHeHueM He Oosee + 0,5% ot
3a/IaHHOM TIPH JIFOOOU Harpy3Ke;

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

B) cucrtema cbopa u obpabotku mHpopmaruu Ha 6aze ALl PCI-1713 u nmepcoHansHOTO
KoMIbIoTepa ¢ nporpamMmMubiM obecrieueHneM GeniDAQ. B GeniDAQ Ha 6a3ze ctangapTHBIX (yHK-
AN peamu3yoTcs IUKIIbI cOopa nHpopMaruu S Mc U 00Jiee, 9TO UCTIOIB3YETCS MPU MAJIBIX CKOPO-
CTSIX UCHBITAHUH, U1 ITUKII0B cOopa uHbopmarmu 10 0,01 mc 8 UMAIILL nonomuauTensHO pa3pado-
Tad makeT WinDAQ;

) OBICTPOICUCTBYIONINE JATYNKH U U3MEPHUTEIBHBIC YCTPOUCTBA: TaxoMeTp npuBoja TMI -
30I1, meccao3er 1o 500 kH Ha ocHOBe TeH30MeTpHUyecKoro Mocra (morpemHocts a0 250 H npu
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500 xH), pe3uctopHblil H3MEpUTENb IEpPEMELIEHH T0J3yHa — XoAoMep (xoa 10 15 mMm) ¢ morper-
HocThIO 16 MkMm (MMALLI).

YcrpoiicTBO paboueit (CHIIOBOI) YacTH TUIaCTOMETpa MpeACTaBiIeHO Ha puc. 3, rae o003Ha-
YeHbl: / — CTaHWHA, 2 — KYJIAUYKOBBIM Baj, 3 — KyJladkoBas 00oiimMa, B KOTOPOW MOTYT OBITH yCTa-
HOBJICHBI YEThIpE KyJlauKka 4, 5 — HAXUMHOM POJIMK, 6 — MOJ3YH, 7 — UCIIBITYEMbIH 00pasell B KOH-
TeiiHepe, 8§ — xoaomMep, 9 — Meccros3a, /() — KIMHOBOW PETyIUpPOBOYHBIA MeXaHu3M, /1 — mpoduiib-
HBIW JTHCK, /2 — NaTUYUK BKIHOYEHUS KOMIBIOTEPHOM 3allMCH MPOLEcca OCAAKH, /3 — MOyIIKa MO/-
LIUITHUKA CKOJIbXEHUS KYJauKOBOIO Bajia, /4 — BO3BPATHBIE MPYKUHBI JUIS MTOJI3yHA.

s et

"

Puc. 3. YcrpoiictBo cunosoit yactu miactomerpa UMAILL YpO PAH (o60o3HaueHus B TEKCTE)

[Tocne BxitoueHus: My(ThI ClIETVIEHUSI YCTAHOBJICHHBIN HA KYJIauKOBOM Bajie 2 MpOQUIbHBII
KyJla4oK 4 MpW BpaIllCeHUH Baja JAaBUT HA POJIUK S W MEPEMEIIaeT BHU3 MOJIBYH 6, KOTOPBIN Ooiika-
MU nedopMupyeT obpaszel, HaxosIuiics B KoHTelHepe 7. Cuia oca Ky U3Mepsercs Mecci1o30i 9.
[To oxoHYaHMM OCAJKU MOJI3YH BO3BPAIIAETCS B UCXOJAHOE MOJIOKEHHE NpykuHamu /4. Bce nepe-
YUCJIEHHOE€ MOHTUPYETCA B MAaCCUBHOM CTaHWHE / BBICOKOM k)e€CTKOCTH. Ha citydyail 3aKkiIMHUBaHUs
oOpasia npexycMOTpeH KIMHOBON MexaHu3M /().

3. MeToauka u Pe3yJdbTaThbl MCNbITAHMUI HA ocCaary 00BbEeMHBIX MUWJIMHIAPHUYECCKHUX oﬁpaauon

OOpa3ziubl UCHBITHIBAIOTCS MPHU IMOCTOSHHON TeMIepaTrype M CKOpOCTH AepopManuu Mpu
ocanke. C nenbro obecrieyeHus: OCTOSTHCTBA TEMIIEPATyphl B MPOIIEcCe BbIIAYM U3 M€YU U B MPO-
1[ecce OCaJIKU 00pa3lbl MOMELIAIOT B TPyOUaThlii KOHTEHHEp Mexay ABYMs J1e(hOpMHUPYIOIIUMHU
00ifKaMu, a TPOCTPAHCTBO MEXKIy 00pa3IlOM M CTEHKON KOHTEHHEpa 3aroIHII0T KAaOJMHOBOM BAaTOM
(puc. 4).

Harpes 06pa3nos B 3aBucumocTH oT Temrepatypsl Harpesa (100—1250 °C) ocymecTBisieTcs
B TeueHue 58—15 munyT (Tabn. 1) mocie mocaaku B AMEKTPUUECKYIO TI€Ub, PA30TPETYIO JI0 3aJaH-
HOU TeMIIepaTyphl.
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Tabmuma 1 — Bpemst HarpeBa oOpasiia T 10 3aJJaHHO TeMIepaTypbl UCTIbITaHus T’

T, °C

200

400

600

800

900

1100

1200

1250

T, MUH

48

39

31

25

23

18

17

15

o R —

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 ehOpMAIHH B TIPOIIECCE OCATIKH, KAK OTMEYAIOCh BBIIIE,
o0ecrieuynBaeTCsl MPUBOJOM M IIpodriieM Kyllauka. BeiOOp HacTpoek rracToMeTpa Uit BRIOpaHHOU
CKOPOCTH TIPU MPOBEIACHUHU IKCIIEPUMEHTOB OCYIIECTBIAETCS Mo Tadn. 2. CkopocTs aAedopmariu,
KaK clieflyeT u3 Talil. 2, ompenensiercs TUIIOM Iepeaayu (peMeHHas WM LIeTHas) OT JIBUraTels K
KYJIAYKOBOMY Bajly, CKOPOCTBIO BPAIICHHsI JBUTATENS 7y U TIpoduiieM Kymadka. B mpakTtuke wc-
CIIEZIOBaHUH UCIIOJIL3YIOTCA J1Ba KyJadka (cM. Tabi. 2), KOTOpPBIE MO3BOJISIOT OCYIIECTBIISTh OCAIKY
06pPa3LoB €O CKOPOCTHIO AeopMarm B mpexerax ot 0,01 xo 100 ¢

Tabnuua 2 — Hactpolika niaactoMeTpa B 3aBUCMMOCTH OT 33JJaHHOU 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 ycTaHOBKM 3a/laHHON CKOPOCTH BapbUPYeTCsl B 3aBHCHUMOCTH OT KOHKpPETHOM

3amaun. Tak, HAIPEMEP, OCAIKA CO CKOPOCTBIO aeopmarmu 1 ¢! Moxker GBITH OCYIIECTBICHA C
ucrnoJyib30BaHueM Kyinauka Ne 2 u nenmHod (mpu ny, =520 00/MHMH) WM PEMEHHOM Iepenadyu
(nys =15,2 06/MuH).

Ecnm ke Ha mmacTomeTpe ycTaHOBIIEH Kyinadok Ne 1, To Ta e CKOpPOCTh MOXKET OBITh MOJTY-
YeHa C MCIOJIb30BAaHUEM LIETTHOM mepefayu npu 7y = 240 00/MUH WM peMEHHOW nepenadu npu
Ny = 7,1 06/MuH.

[Tockonpky ckopocTh AedopMaIiu Ipu ocake onpeaensercs kak & = v/h, rae v — CKOpocTh
nepeMeleHus noisyHa (MM/c) u i — 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 U3rOTOBJICHHBIHN KYJa4OK MPOXOJUT IIPOBEPKY HA
3aBUCHUMOCTbh (paKTHUECKOIO XOJa IMOJI3yHa OT YIJjla MOBOPOTa KYyJauKOBOIO 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 Xomy
0CaJIKu 00pa3lioB pa3IMvHON UCXOAHOM BBICOTHI A, (HUGPHI Y KPUBBIX, MM) B 3aBUCUMOCTH OT YIJla
MOBOpOTa KymaukoBoro Bana (kymadok Ne 1). CkopocTs aedopManuii paccyuTaHa s Cirydas
BpallleHHUs BaJia CO CKOPOCThIO 1 rpazn/c.

1
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8 [
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s 04
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VYroa noBopoTa KyjiaaukoBOIO Baja €, rpaj

Puc. 5. Usmenenue ckopoctu aedopmaruu & 1o Xory 0Caaku 00pas3ioB pa3IndHON UCXOTHON
BBICOTHI /1, B 3aBUCUMOCTH OT yIJjla [IOBOPOTa KyJIa4yKOBOTo Basa (Kyiaadok Ne 1)

W3 ananm3za rpaduka ciemyer, 4To MpHu KCIIOJIb30BaHHH JAHHOTO KYJTayKa HauIydIlee IOCTOSTHCTBO
ckopocTH nedopmanuu odecriednBaroT oOpa3ibl BbicOTOM 16-20 MM NpHU CTENEHU OCaIKHU € A0
70 %, n o6pazubl BeicoToil 14-20 MM mpu € 10 50 % oT ucxonHOU BeICOTHL. [IpeacraBieHHBIMU
JAHHBIMHA PYKOBOJICTBYIOTCS IPU BBIOOPE MCXOJHOW BBICOTHI 0OpA3IoB Jjis UcHbITaHnid. Hawais-
HBIM uameTp oOpa3noB 00bIYHO BhIOMpaercs u3 ycnosus d, = (1-0,7) h,. Cornacho [11] cooTHO-
ueHue ho/d, obpasua B npegenax 1,0-1,5 obecrneunBaeT MUHUMAIbHBIA KOPPUIMEHT HAPSKEH-
HOTO COCTOSIHUSA Mg, OMU3KUN K eguHuIe (1, =1,0-1,02). B aTom ciaydae ynenpHOE naBieHUE MPH
0CaJIKe TPUMEPHO PaBHO COMPOTHUBIICHUIO ehopmaluu Marepuaia oopasna (p = ;).

JInst CHWOKEHHsI TPEHUS Ha TOpLax M 00eCHeueHUs] HANpPsDKEHHOTO COCTOSHUS METaa,
OJM3KOTO K OJHOOCHOMY CIKaTHIO, IPUMEHSIOTCSI CMa3KH, COCTaB KOTOPBIX MOJIOMPACTCS B 3aBUCH-
MOCTH OT Temmeparypbl ucnbiTanus [12]. ChnenuanbHBIMH OTBITAMH OBIJIO YCTAHOBJICHO, HTO,
Hanpumep, ripu Temneparypax 100-300 °C s¢pdextruBHO pabdoTaeT cmech 6apabl Cylb(PUTHOTO Lie-
noxka ¢ rpadurom, nmpu 400—700 °C — moBapeHHast COJib, 3aMEIIaHHAs Ha KUIKOM CTEKJIe, PU TEM-
nepatypax 800-900 °C — MOJI0TO€ OKOHHOE CTEKJIO, MPU 00Jiee BBHICOKUX TeMIIEpaTypax — CTEKIIa
0oJiee CI0KHOTO COCTaBa.

B psine cnydyaeB, HECMOTpPS Ha YKa3aHHBIN BbIIIE BHIOOP Fr€OMETPUM 00pa3LOB, [IPU NPUMEHE-
HUHU He3(PPEKTUBHOM CMa3Ku UMEET MecTo 00UKoOpa3oBaHHE HA OOKOBON MOBEPXHOCTU OCAXKEHHOTO
oOpasia, U3MEHsIoIIee HAPSHKEHHOE COCTOSHUE METalyla ¢ OJIHOOCHOTO Ha 00beMHOE. DTO IPUBO-
JUT K OIITUOKE B ONIPEICTICHUH CONTPOTUBIICHHS iehopMalini (K HEKOTOPOMY 3aBBIIICHUIO YPOBHS Cy).
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B nensix ymensuienus 3toi ommoku B padotax [13, 14] npeanoxen MeTon uAeHTUPUKALTUU
KpPUBBIX T€UEHUSI Os(€), OCHOBAHHbBIN Ha UTEPALMOHHOM IPUMEHEHUU KOMIIBIOTEPHOIO MOJAEIUPO-
BaHHUA Ipoliecca Ocagku oOpaslia U KOPPEKTUPOBKU KPHUBBIX yrnpouHeHus. lIpumeHeHue meronaa
MTO3BOJIMJIO YMEHBIIUTH HEBA3KY PACUETHBIX U ONBITHBIX 3HAYEHUH CUJIbI JieopMupoBanus. B atom
METO/Ie TMPU CKAaTUU 00pa3loB KOAIPPUIMEHT TPEHUsI HAa KOHTaKTe oOpas3ua ¢ aAedhopMHUPYIOIIUM
OOMKOM OIpeneseTcsl U3 YCIOBHsSI HaUMEHBILErO OTKJIOHEHMS ONBITHBIX U PAaCUETHBIX 3HAUCHUM
MaKCUMaJbHOTO U MHUHUMAJIBHOTO JUAMETPOB OOKOBOW MOBEPXHOCTH oOpasia. MeTos mo3BoseT
MI0JIy4aTh KpUBbIE TEUEHUS B YCIOBUAX, OMM3KUX K OJJHOOCHOMY CKAaTHUIO (IIPU MUHUMAJIBHOM Tpe-
HUU Ha KOHTaKTe oOpa3ua u aedopmupyromiero 60ika) He3aBUCUMO OT (DAKTUYECKUX YCIOBUH Tpe-
HUS HA KOHTAKTe.

Cuna ocaaku o0pasia B 3KCIIEpUMEHTaX OINpPEAEIsIeTCsl MECCI030M Ha OCHOBE TEH30METPH-
YECKOI'0 MOCTa, KOTOpas mnepes KaXJA0W CEpUel UCIBITAHUN TI0JIBEPraeTCsl TApUPOBKE C MCIOJIb30-
BaHueM oOpazuoBoro manomerpa tuna JJOCM u kxommnbiotepa. Ilpumep xommbroTepHO# 3amucu
nporecca ocaaku obpasua kpyrioro cedenus usz cranu 250'C npu remnepatype 800 °C npusenex
Ha puc. 6, Tie 0003HadYeHBI: / — rpaduK MepeMeIeHus Moja3yHa ¢ 0OMKOM (IIKaja i XoJ1oMepa
cnpaBa); 2 — rpaduK U3MEHEHUsI CHJIBI OCAJKH (IIKaJIa JUIsl MECCIO3bI CIeBa); 3 — IIKajda BPeMEH-
HBIX TOUEK OTCUETA.

U,B 16 7 U,B
1,4 6
1.2 \1 s

1
14

0,8
2 13

0,6
12

0,4 3

02 / |,
0 o arn : renowa 22 anlh 2 s ()

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

OTu rpa@uKu SBISIOTCS OCHOBOM Ul OCTPOEHUS] KPUBBIX YIPOUYHEHHS UCCIETYEMbIX CTa-
JIel ¥ CIUIaBOB IO clieluaIbHOU mporpamme, paspadorannoil B UMAILL Tlporpamma npenycmar-
pHUBaeT MOJIy4eHUE 3aBUCUMOCTH Gs = f(e), T1ie e — norapudmuueckas nedopmaiius, onpeaensemas
Kak € = In h,/h;, tae h; — BeicoTa oOpa3ua nocie ocaaku. Pacuer conpotuBneHus aepopmanuu B
IporpaMMe MmpousBoauTcs no ¢opmyie os = P/F, rae P — u3MepeHHas cuia, F' — pacy€rHas IJio-
11a/1b MMONEPEYHOr0 CEYEHUsI B JaHHBIM MOMEHT BpeMeHHU. BbhIBOJI pe3ynbTaToB (KPUBBIX TEUEHUS)
ocymiecTBisieTcss B popmare Microsoft Excel.

Jliig mepeBojia moka3zaHuil Mecc03bl U XoJoMepa B BojbTax U B enquHuUIbl cuibl (kH) nmm
nepeMenieHus: (MM) UCIIOJIb3YIOTCSI PE3YJIbTAaThl UX TAPUPOBKH, [0 KOTOPOU OIpeaesseTcs, B 4acT-
HoCTH, Kodhdunment kB popmyne P = kU.

C ucnonb30BaHUEM NPEJCTABICHHON BbIIIE€ METOAMKH IPOBEIEHO MCCIEJI0BAHUE COIPO-
TUBJIEHUS AedopMaliy psijia cTajeil v CIUIaBOB B LIMPOKOM JMalia3oHe cKopocTel aegopmMupoBa-
aust & (o1 0,1 10 70 ¢) mpu Temmeparypax xomoxuoit (20 — 400 °C), teroii (500 — 700 °C) u ro-
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psueit (800 — 1250 °C) nedopmanuu. B yacTHOCTH, IPOBEACHO UCIIBITAHUE aPMKO-XKeJe3a, yriepo-
mucTeix ctanert mapok 10, 20 u 50, craneit mis apmarypsl 0812C, 25T°C, 3512, mapTeHCUTHO-
crapetoutux craneit 03X11HIOM2T1 (311679) u tuna 03X14H10KSM2IOT ¢ BappupoBanuem 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 % Ni, 0,12 % Cr) noaseprajiach UCIIbITa-
HUIO TIPU TEMIIepaTypax X0J0HOU 1 Terion nedopmaruu (20, 100, 200, 300, 400, 500 u 600 °C) u
ckopoctsix pepopmanmu & = 0,5; 1,0; 10,0 u 70 ¢'. B xauectBe puMepa Ha puc. 7 IPeACTaBIICHBI
KpuBble TeueHus cranu 20 npu temnepatypax 20, 200, 400 u 600 °C.

OO1elt 3aKOHOMEPHOCTHIO KPUBBIX TeueHUs ctaiu 20 sBIsSETCS YMEHbIIEHUE UHTEHCUBHO-
CTH YIPOYHEHHS C POCTOM CTENeHH JiehOpMalliy U C MOBBILIEHUEM TeMIieparypsl. [Ipu koMHaTHOM
TeMmiieparype (cM. puc. 7 a) XapakTep KpUBBIX T€UEHMs] MEHSETCS C yBEJIMYEHHEM CKOPOCTHU Jie-
¢dopmanuu. [Ipu ManeIX CKOpPOCTSIX UJET MOHOTOHHOE YIMPOYHEHHE METallla C YBEJIUYEHHUEM CO-
MIPOTUBIIEHUS JepopMaluy B mpoiiecce Bcero odxarust oOpasia, a MaKCUMallbHOE 3HAYEHHE O J10-
CTUraeTcs JIMIIb B KOHIE mpolecca. C yBeIMUEHUEM CKOPOCTH YIPOYHEHHE Ha HAYaJIbHOM JTare
OCaJIKu HJEeT Bce 0ojiee MHTEHCHUBHO, a K KOHIly IMpoIlecca OCaJKH BO3MOXKHO JMHAMUYECKOE
pa3ynpovyHEHHE METaJIa CO CHUKEHHEM BeIUUYuHbI Gs. [Ipu crenenu nepopmanuu e = 0,7 Benuyu-
Ha Og IPAKTHUUYECKU OJIMHAKOBA JJIsi BCEX CKOPOCTEH. AHAJIOTMUHBIM XOJ] KPUBBIX YIIPOUHEHUS ObLI
YCTaHOBJICH HAMU paHee [7] amst apMKo-)Kelie3a v yriiepoaucToix ctaneid mapok Ct3 u 50.

[Ipu Hu3kux Temneparypax 20, 100 u 200 °C Ha KpUBBIX TeUeHHs HaOmoaaeTcs 3y0 TeKy-
4YeCTH, KOTOPBIM OTCYTCTBYET IIpU 00Jiee BBICOKUX TeMIiepaTypax. 3y0 TeKy4ecTy — 110 CyTH, pe3Koe
CHIDKEHME HaNpsDKEHUS Mepell MOsBICHUEM IiacThyeckoil 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 miacromerpuyeckom komriekce MMAIL YpO PAH.

[Tpu Temneparypax 400 — 600 °C ¢ noBbILLIEHUEM CKOPOCTH Je(pOpMallui BEIMUYUHA Gs BO3-
pactaer. Ha xpuBbix TeueHus npu temmneparype 200 °C, mpu KOTOpOH HAaUMHAIOTCSI MPOLIECCHI
depopmayuonnoeo cmapenuss Metamia [15] Bo3amMoxkHa oOpaTHasi 3aBUCUMOCTb COTIPOTHBIICHUS JIe-
dbopmaru oT CKOpOCTH AePOopMaIIvH.

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

3aBUCUMOCTb CONPOTUBIIEHUS nedopmanuu ctanu 20 OT TeMIeparypsl IPU pa3HbIX CKOPO-
cTsX nedopManuy, MpeAcTaBieHHas Ha pUC. 8, CBUAETEILCTBYET O TOM, UTO YBEJIMYEHUE CKOPOCTH
negopMalnuu CABUraeT MaKCUMYM BEJIMYMHBI Gs B CTOpOHY Oosiee BbIcOKUX Temmeparyp. Ilo artoii
IpUYMHE A5 Temreparyp Temioi aedopmanuu B unTepBaige 200 — 300 °C MoxxeT HapymaTbes
KJ1accuueckoe (0ObIYHOE) CHM)KEHHME COMPOTHUBIICHUS Je(pOopMaluu C MOBBIIIEHHEM CKOpocTH. OT-
METHUM, YTO aHAJOTUYHBIN pe3ynabTar Obul noiydyeH JI. J[. CokonoBbiM [15], KOTOpBIM O0OBSCHSIET
3TOT (DaKT dehopmayuonnvim cmapenuem cranei mpu tremmeparypax okojio 200 — 400 °C. B atom
MHTEpBaJIe TEMIIEpATyp METaJJl UMEET TaKXkKe npo6ai MIACTUYHOCTH. JTO SBJIEHUE U3BECTHO B JIH-
TepaType Kak cureromkocms [17]. OHO XapakTepHO, B YACTHOCTH, JJIs MIEPIUTHBIX CTaJeH, K KOTO-
pbIM oTHOCUTCA cTans 20.
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Puc. 8. 3aBucumocts conportuieHus aepopmanuu ctanu 20 oT TeMIepaTypbl UCIIBITAHUS U CKO-
poctn gedopmammn & (1 —0,5¢ ', 2—1c¢',3-10c', 4-70¢™)

nipu crenenu aepopmarnun e = 0,45+0,05

Ha puc. 9 u 10 npuBeneHs! pe3yabTaTbl HCCIEA0BaHUA* COMPOTUBIIEHUS 1eopMaluy Map-
TeHcuTHO-cTaperomux craieit tuna X15H10K6M3THO npu temneparypax XOJOIHOH, TEIoW u
-~ -1 v v
ropsiuet aedopmaruu U ckopoctu aedopmaruu § = 1 ¢. XUMHUECKHI COCTaB CTaJIC MpeaCcTaB-

JIeH B Tad. 3.

Tabmuma 3 — XuMHU4YecKuil COCTaB UCCIEAOBAaHHBIX MAPTECHCUTHO-CTAPEIONINX CTalleh

ConeprxaHue 2I1eMeHTOB, Macc. %
No mtaBku
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
TeMIiepaTrypax
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-CTapEIOILEH cTalu IU1aBKky 2 (Talu. 2) mpH pa3IudHbIX
TeMIiepaTrypax

AHanM3 ¥ CONOCTaBJIEHUE KPHUBBIX TEUEHUSI CBUIECTEIBCTBYIOT O TOM, YTO OHHU SIBJISIFOTCS
TUMWYHBIMU JIJIS1 cTajlei Takoro kiacca. Mccineayembple MapTEHCUTHO-CTApEIOIIME CTalld OTJIMYa-
I0TCS OTHOCHUTENILHO BBICOKMM YPOBHEM COIPOTHUBIICHHS JAeQOopMaluu MPpU BCEX TeMIlepaTypax uc-
nbITaHus (IPU XOJIOJHOM, Teruioi u ropsyeit nepopmanuu). Hanbombiiee ynpouHeHue metaiia
BCEX IIJIABOK, ECTECTBEHHO, UMEET MecTo npu xojioauou nedopmanuu (20 °C). I[Mocne nocTmxeHus
HEKOTOpPOTO MAaKCHMyMa BO3MOXHO CHUYKEHHUE G 33 CUET MPOLIECCOB TMHAMUYECKOTO pa3ylnpoyHe-
Hus. [lpu ternoit nepopmaruu (400-700 °C) ynpouHeHne MeTaia IIaBKU 2 UAET TakkKe J0CTa-
TOYHO MHTeHCUBHO. U Tonbko npu ropsdeit nepopmannu (1000 °C) ypoBeHb G OCTaeTCss HUBKUM U
MPaKTUYECKH HEM3MEHHBIM IIpU YBEJIMUYEHUU creneHu aedopmanuu 1o e =1. J{ng o6oux cocTaBos
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CYLIECTBEHHOE CHUKEHUE YpPOBHS Os uMmeer Mmecto mpu Temneparype 700 °C. Ilpu stoit
TEeMIepaType y’Ke BO3MOKHA IPAKTUUECKask pean3amnus TEIon 1eopManum cTaieu.

4. MeToauka u Pe3yJdbTaThbl HCNBLITAHUN HA O0CaARY COCTABHBIX HUIUHAPUYECCKUX 06pa3u013

Jlyig pacueTta yCUIui U IpYrux SHEPrOCHIOBBIX TapAMETPOB TAKUX IPOLIECCOB, KAaK HAKOITHU-
TeJbHAas MaKeTHasl MPOKaTKa, MPOKAaTKa CIIOMCTHIX METAUIMYECKUX MaTepuaoB, HEOOX0AUMa WH-
¢dopmMalys 0 CONpPOTHUBIEHUH AeQopMali MaTepuaia OTACIbHBIX CJIOEB WM Hakera B 1esoM. C
Y4€TOM THIIOTE3bl eOUHOU KpUBOU JTaHHBIE O CONPOTUBJICHUH JAedopMalii MOTYT ObITh B3SITHI U3
PE3yJIbTaTOB UCIBITAHUS HAa PACTSKEHHUE JIMCTOBBIX 00pa3ioB. OJTHAKO UMEIOTCS SKCIIEPUMEHTAIIb-
Hble naHHbIe [ 18], mokaspIBaroIIMe, YTO MPHU MEPEX0/ie OT MACCUBHBIX K TOHKUM JINCTOBBIM 00pa3-
11aM MEXaHHYeCKHUE CBOMCTBA METAJJIOB U CIIABOB CYLLECTBEHHO MeHsTcd. [loaToMy B psae ciy-
qae 1e1eco00pa3Ho OIpPEIeIeHHEe CONPOTUBIIEHUS 1ehOpMallUK TyTEM OCaJKU OOBEMHBIX COCTaB-
HBIX 00pa310B, CPOPMUPOBAHHBIX U3 JIMCTOBBIX 3aIOTOBOK.

C 31Ol 1enpl0 B KayecTBE METOJia ONpeAETCHHUs] CONMPOTUBICHUS JePOopMalii JTUCTOBBIX
MaTepuaioB pa3paboTaHa U MPEAIOKEHA 0caaKka 0OBEMHBIX MIIMHAPUYIECKUX oOpasmos [19], co-
CTaBJICHHBIX W3 JINCTOBBIX IIai0 (puc. 11), koTopble MOTYT OBITH M3TOTOBJIEHBI BBIPYOKOU U3 JIH-
CTOBOI'O MaTepuaja B CIIELUAJIbHOM YCTPOUCTBE (BRIPYOHOM IITAMIIE).

e

Puc. 11. O0muit BUI COCTAaBHOTO MWIMHAPUYECKOTO 00pasiia mepea UCTIbITAaHHEM

B pa6ote [19] Ha ocHOBe cpaBHEHMsI PE3yIbTATOB UCIBITAHUM CIUIOIIHBIX U COCTaBHBIX 00-
pa3LoB U3 MaTepHaa 0JHOI0 XMMHUYECKOIO COCTaBa YCTAHOBJIEHA TPAaBOMEPHOCTb MCIOIb30BaHUS
MPEJI0KEHHOT0 HAMHM METOJA OCaJKH COCTaBHBIX 00pa3LIoB Ul ONPEIEICHUS BEIMYMHBI Gg IUCTO-
BOr0 MaTepuaia.

B kauectBe mpumepa Ha puc. 12 mpencraBiieHbl KpuBble ynpouHeHust ctanu Ct3, a Ha
puc. 13 — turanoBoro cruiaBa BT3-1, nosydeHHsle 1o pe3ynbTataM HUCHBITAHUNA CIUIOUIHBIX U CO-
CTaBHBIX 0Opa3lOB, U3rOTOBJICHHBIX JJISI YHCTOTHI SKCIIEPUMEHTA U3 OJAHHUX U TEX K€ 3aroTOBOK
(mai6pl U1st cocTaBHBIX 00pa3LoB ObUIM BBHITOUEHBI HAa TOKapHOM cTaHke). M3 aHamu3a rpaduxos
BUJIHO XOpOIlIee COBIA/ICHNE KPUBBIX YIIPOUHEHUS U 3HAYEHUU O, MOJYYEHHBIX IIPU UCIIBITAHUIX
CILIOIIHBIX M COCTABHBIX 00pa3IioB. JJaHHbIE MOJIydeHb! IpH cKopoctd aedopmarmn &= 1,0 ¢
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Puc. 12. Kpussle Teuenus ctayi Ct3 1o pe3ynbTraTaM 3KCIIEPUMEHTOB 0 0CAKE CIUIOIIHBIX
CNIIOWHbIE KPUBble N COCTABHBIX NYHKMUPHbLE KpUgble 00pa3LOB IIPH PA3INYHBIX TEMIIEPATYpaxX
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Puc. 13. KpuBsie Teuenust TutanoBoro craBa BT3-1 mo pe3ynprataM SKCIEpUMEHTOB TI0 OCAIIKe
CIUIOIIHBIX CHIOUIHbLE KPUGble N COCTABHBIX NYHKMUPHblE Kpuble 00pa3LoB
IIPU pa3IMYHBIX TEMIIEPATypax

[IpuBeneHHbIE JaHHBIE CBUAETEILCTBYIOT O IMPABOMEPHOCTH HMCHOJIb30BAaHUS JAHHOIO 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 cranu 006/1F. Ha puc. 14 npencrasnensl kpussle Tedenus cranu 006/1F, momy-
YEHHBIE OCAJKON 00pa3IoB, COCTABICHHBIX W3 A0, BHIPYOJICHHBIX M3 JMCTOBOTO MPOKATa ITOMU
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 Treuenus cranu 006/IF npu xos10aH0M, Terioi u ropstaei nedopmaruu. CKOpoCcTh
nedopmaruu 1,0 ¢

Pe3ynbTarhl uCHbITaHUN CBUJETENLCTBYIOT O TOM, 4TO cTaib 006/IF numeer Hu3kuil ypoBeHb
CONPOTHBIICHUS Ae(POpMAIUU IIPU BCEX UCCIIEIOBAHHBIX TEMIIEpaTypax, B TOM UUCIIE U B XOJI0JHOM
cocTostHAU. Jl1s He€ XapaKTepHO TAaKKe OTHOCHUTENIBHO CJIa00€ YIIPOUHEHHE C POCTOM CTEIEHU Jie-
dbopmarum.

5. Metoanka U pe3yJbTaTbl HCHBITAHUI Ha 0CaJKY 00pa3L0B KBAJAPAaTHOro (IIPSMOYI0JIbHOIO)
NONepPevYHOoro cevyeHnst

Huxe paccMoTpeHa MeToAuKa ONpPEEsICHUs CONPOTUBIICHUS AepopManuy Ha IJacTOMET-
PUYECKOM KOMIUIEKCE C IMPUMEHEHHEM O00pa3lioB KBaJpaTHOro (HMPSIMOYroJIbHOTO) MOIMEPEUHOIO
ceueHus. HeoOXoauMoCTh UCIIONIB30BaHMs TaKMX 00pa3LoB MOYKET BO3HUKHYTH B HCCJIEI0BATENb-
CKOM IpaKTHKE MPU HAJIMYMU NPOKATa WJIM KOBAHBIX IPYTKOB KBaJApPaTHOTO (IIPSMOYTOJIBHOIO) MO-
MEPEYHOT0 CEYCHHS M3 uccienyemoit ctanu. [Ipu sToM oTnagaeT He0OX0AMMOCTh U3TOTOBIICHUS U3
HUX IWIMHIPUYECKUX 00pa3lioB Ha TOKapHbIX cTaHkaX. OOpasipl U3roTaBIMBAIOTCA JIMLIb pa3pes-
KOU IPYTKOB Ha COOTBETCTBYIOUIUE JIJTUHBI.

BrniepBbie meTonuka Oplia OompoOOBaHA MPU UCCIEIOBAHUU CONPOTUBIIEHUS JedopMalluu
TUTaHOBOM TyOKu [20] mocie pa3aenku ee Ha OTACIbHBIC KYCKH.

Jljig moaTBEpKACHHS] TPABOMEPHOCTH HCIIOJIb30BAaHUS MpeslaraeMOi METOJAUKH MPOBEIEH
CJIEYIOIINN SKCIIEPUMEHT: W3 MpoKaTa yriaepoaucteix cranu (ctanb 10) cedenuem 9,8 X 9,8 Mm
ObUIM M3TOTOBJIEHBI 00pa3llbl YKa3aHHBIX KBAPATHBIX cedeHU BbicoTON 15 +0,2 MMm. Jlpyras dyacTh
TOTO K€ KaTaHOTo MpyTKa OblIa MepeToueHa Ha TOKApHOM CTaHKe Ha 00pa3Lbl JuameTpoM 9,3 mm.
Te u apyrue oOpa3ipl ObLIM MCHBITaHBl HA IJIACTOMETPUYECKOM KOMILJIEKCE B OJIMHAKOBBIX YCIIO-
BUSIX. B 4acTHOCTH HarpeB UX B I€YU OCYLIECTBIISUICSA B OJHOM CaJIKe.

Kpussie Teuenus cranu 10, mosrydeHHBIE OCaJKOW 0Opa3IOB KPYIrJIoro M KBaJApaTHOTO Ce-
YeHMUsl, peICTaBlIeHbl Ha puc. 16.
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Puc. 15. BHenHMiA BUJT MWIMHIPUYECKUX 00pa3noB (a) ¥ 00pa3ioB KBaIPaTHOTO ceueHUs (0) 10 1
MOCIIE OCAJIKM Ha IJIACTOMETPE
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Puc.16. Kpussie ynipounenus ctayim 10 , moydeHHbBIE TIPU 0cake 00pa3oB KPyriioro
(cnrownvle runuu) M KBAAPATHOTO (MYHKMUPHbBIE TUHUU) TIOTICPEYHOTO CEYCHUS
pu Temneparypax 20 — 1100 °C
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PesynbTaThl CBUIETENBCTBYIOT O MPAaBOMEPHOCTH HCIIOJIB30BAHUS JUIS OCAIKH Ha TUIACTO-
MeTpe 00pa3LoB KBAJPaTHOTO CEYEHMsI BMECTO TPAIAULMOHHBIX IMIIMHIpHueckux. [Ipu s dexrus-
HOM cMa3Kke, UCKJIoYaroleld 60ukooOpa3zoBaHue Ha OOKOBON MOBEPXHOCTU 00pa3LOB, pe3ybTaThl
OMMpCACIICHHA COIIPOTUBJIICHUA )IC(i)OpMaHI/II/I IMMPAKTHYCCKN COBIAAAaOT C HaHHBIMH, IMOJTYUYCHHBIMH
MIPH OCAJIKE IMIMHIPHYECKIX 00pa3IoB.

6. 3akirouenue

Mogepuauzanus kynaukoBoro miactomerpa LIKIT «ITnactomerpus»y UMAIL YpO PAH, co-
3/laHU€ Ha €ro OCHOBE aBTOMAaTH3MPOBAHHOIO IJIACTOMETPUUYECKOTO KOMILIEKCA C 3aMEHOM pesneii-
HOM Ha COBPEMEHHYIO TUPUCTOPHYIO CUCTEMY YIPaBJICHUS JIEKTPOIPUBOJOM M YCTAHOBKOW UG-
pOBOI cucTeMbl cOopa U 0OpabOTKHU TaHHBIX IKCIIEPUMEHTA ¢ ucnojib3oBanueM [I19BM obecnieun-
JI0 TIOBBILIEHUE JOCTOBEPHOCTH PE3YJIbTaTOB OINpPEAEICHUs] COPOTUBICHUS Aeopmaluu cTajiel u
CILIaBOB.

CoBepIlIeHCTBOBAaHUE U3BECTHON METOJUKHU OCAJKH CIUIOLIHBIX LHUIMHAPUUYECKHX 00pa3IoB
MIO3BOJIMJIO TMOJIYYUTh JIaHHBIE 110 CONPOTUBIIECHUIO Je(OpMALUK METAITIMYECKUX MAaTEPHAJIOB Pa3-
JUYHOTO XMMHYECKOIO COCTaBa M CTPYKTYPHOTO COCTOSIHUS B IIMPOKOM JMANa3oHE HU3MEHEHHs
CTENeHel, CKOPOCTeH U TeMIiepatyp aehopmaluu.

Pa3paboTka HOBOW METOAMKH WCHBITAHUN HA OCAJKy COCTAaBHBIX 00Opa3lloB 00eCreurnBacT
BO3MOXHOCTh Ha IJIACTOMETPUYECKOM KOMILIEKCE ONpEAENsATh COMPOTHUBIEHUE JedopMalluu Jii-
CTOBBIX MAaTepHaJiOB, a HCIIOJIb30BaHUE OOpPa3lOB KBAAPAaTHOTO (MPSIMOYIOJLHOTO) MOIEPEYHOrO
CEUEHUs YNpPOILAeT MOArOTOBKY K MCIBITAHUSAM, MOCKOJIbKY UCKIIIOYAIOTCS pabOThI IO U3rOTOBJIE-
HUIO IWJIMHJpUYECKUX 00pa3uioB. B nanHo# pabore Ha 0OJIBIIOM AKCHEPUMEHTAIbHOM MaTepuae
J0Ka3aHa IPaBOMEPHOCTh MPUMEHEHHUSI HOBBIX METOJIUK.

Pe3ynbTarsl paboThl MO3BOJMIM CYLIECTBEHHO PACIIUPUTh SKCIEPUMEHTAIbHYIO 0a3y JaH-
HBIX TI0 COIPOTHUBIICHUIO 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-T1 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.» Hucmumym mamepuanogedenus
u memannypeuu, yi. Mupa, 28, Examepunbdype, Poccuiickas @edepayus, 620002

2
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupescoeHue Hayku Uncmumym mauunoseoenus Ypaiockoeo omoeie-
Hus Poccutickoul akademuu Hayk, yia. Komcomonvckas, 34, Examepunbype, Poccuiickas @edepayus, 620049

*(TBETCTBEHHBIH 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 nan 0030p COBpEMEHHBIX HAyYHBIX MOJIX0/I0B K pa3pab0TKe KOPPO3ZHOHHOCTOMKUX
cTane, 0603HaueHbl Hanbosee 3(PPEeKTUBHBIE MEXaHU3MbI YIPOYHEHHS TAKUX MaTepUaioB U MyTU
ux peanuzanuu. OCHOBHOE BHMMAaHHUE YJIEIEHO CTalIsIM ayCTEHUTHO-()EPPUTHOTO U ayCTEHUTHOTO
KJIaCCOB, IpeIHa3HAYEHHBIM JJIsl MPOU3BOJCTBA MPOBOJIOKU 32 CYET MHTEHCHUBHOM IJIaCTUYECKOU
negopmanuu. OOGOCHOBAHO NMPEUMYIIECTBO BHOBb pa3paOOTaHHBIX KOPPO3HOHHOCTOMKHUX KOMIIO-
3unuii cucteMsl Fe-Cr-Ni-Co-Al-Ti ans crepKHEBOro MeIMIMHCKOTO HHCTPYMEHTA TOHKUX U TOH-
YalIlIuX CeYeHUH, KOTOpble 001alal0T XOPOUIeH TIACTUYHOCTHIO U TEXHOJIOTHYHOCTBIO U HE HYX-
JA0TCsl B MPOMEKYTOYHOM OT)KHIe 0 Mapuipyry BojouyeHus. IlokasaHo, 4yTO M3MepeHus Hamar-
HUYEHHOCTHU HACBHIIEHHS U KOIPIUTUBHOW CHIIBI MTO3BOJISIOT MPOBOAUTH MOHUTOPHHT CTPYKTYPHBIX
1 (a30BbIX MIPEBPALICHHUH B MaTepHalie Ipu JepopMaliOHHO-TEPMUUECKON 00padoTKe.

Knrouesvie cnosa: koppozuonnocmoiikue cmanu, CmepiIcHesou MeOUYUHCKUU UHCIPYMeEHN,
80J104eHUe C 8bICOKOU cmenenbto oocamust, TRIP-3¢pgpexm, macnumuvie ceolicmeaa.

1. BBenenue

WHTepec Kk KOPPO3MOHHOCTOMKHUM CTAJISIM C Ka)KJIbIM T'OJIOM YCHJIMBAETCs: pa3pabaThIBarOT-
Csl HOBbIE€ XMMHMUYECKHUE COCTaBbl, COBEPLICHCTBYIOTCS MPUEMbl TEPMHUUECKON U Ae(popMallMOHHON
00paboTKH, pacIMpAIOTCS 00IacTu nMpuMeHeHus. [Ipu 3TOM 3KOHOMUYECKHE UHTEPEChl OTPeOH-
TeJe BO BCEM MUPE JAUKTYIOT HEOOXOIMMOCTh CHUKEHUS COAEp KaHUsl 1e(PUIIUTHBIX U TOPOTrOCTO-
SIIUX JIETUPYIOIIHUX JIEMEHTOB B COCTAaBE 3TUX MAaTEpPHAIOB, a TAKXKE ONTUMHU3ALMUA CAMOT'0 TEXHO-
JIOTUYECKOT0 Tpoliecca MPOU3BOACTBA TOTOBOM MpoayKuuu. [ToMck onTuManbHOTO JIETUPOBAaHUS B
COYETAaHHH CO CHEIUATU3UPOBAHHON TEPMOMEXAaHWYECKOW OOpabOTKOM — OJHO W3 OCHOBHBIX
HaIpaBJICHUH B METAJNIOBEICHUU CTajel ¢ MeTacTaOuiabHBIM aycTeHUTOM. Oco00ro BHUMaHUS B
3TOM CBsI3U TpeOyeT MPOU3BOJCTBO CTEP)KHEBOIO MEIUIIMHCKOTO MHCTPYMEHTA TOHKUX W TOHYaM-
IIMX CEYEHUH, A1 KOTOPOro HEOOXOAMMO COUYETaHHE BBICOKOM MPOYHOCTU U KOPPO3HMOHHOM CTOM-
KocTu. MaccoBoe IpOu3BOJICTBO TAKOTO MHCTPYMEHTA, B YACTHOCTH, UTJI, BKIIIOYAET B ¢€0s1 MHOTO-
MIPOXOJIHYIO XOJIOJIHYIO IUIACTUYECKYI0 Je(OopMalliio BOJIOYEHHEM U (WiH) IutromieHueM. OqHako
HE Bce CTajii 00J1a1at0T XOPOIIeH MIaCTUYHOCTHIO U TEXHOJOTUYHOCTHIO. [l0 HacTOsIIIero BpeMeH!
OCHOBHOM ITPOMBIIUIEHHOW MapKOM CTalM JUIsl IPOU3BOJACTBA KOPPO3NOHHOCTOUKOM XOJIOJHOTSHY-
TOM MPOBOJIOKM sBJIsIETCS MeTacTabuibHas aycteHuTHas ctanb 12X18H10T, koropas umeer Hezo-
CTaTOYHYIO IJIACTUYHOCTh U TEXHOJIOTMYHOCTb, HEBBICOKUH YPOBEHb IPOYHOCTHBIX CBOMCTB AK€ B
nehOpMUPOBAHHOM COCTOSTHHUHU.

Lenb Hacrosel paboThl — 000CHOBATH IPEUMYILIECTBA U MEPCIEKTUBBI IPUMEHEHUS KOP-
po3noHHOCTOMKNX KoMmo3unuii cucreMbl Fe-Cr-Ni-Co-Al-T1 mis u3genuii TOHKUX ¥ TOHYAMIIINX
CEUEHUN BMECTO OOBIYHBIX XPOMOHHUKEIEBbIX ayCTEHUTHBIX CTaJIEH.
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2. OcHOBHBbIE KJACChl M TNPUHUMIBI JIETHPOBAHMS AYCTEHHUTHBLIX KOPPO3MOHHOCTOMKHX
crajei

Koppo3unonHocroiikue crainu 061agal0T CTOMKOCTBIO IPOTHUB AIIEKTPOXUMUYECKON U XUMHU-
YEeCKOM KOPpO3UU B pa3IMYHbIX arpeCCUBHBIX cpenax (Bo BIaKHOI aTMocdepe, B MOPCKOM BOJE, B
pacTBopax Iiejiouel U KHUCIOT, B paciulaBaXx MeTauioB). VX pa3fensioT Ha KJIacChl B 3aBUCUMOCTH
OT CTPYKTYpBhl, KOTOpasi B HUX 00pa3yeTrcs Mocjae BhICOKOTEMIIEPATypHOTO0 HArpeBa U OXJIAXACHUS
Ha BO3JyXe: MapTEHCUTHBIA, MapTEHCUTHO-(EPPUTHBIH, (DEppUTHBIN, ayCTEeHUTHO-(PEPPUTHBIH,
AyCTECHUTHBIM.

Haubonpiiee pacnpocTpaneHre MOJYUUINM ayCTEHUTHBIE KOPPO3ZHOHHOCTOMKKE cTand [1],
OCHOBHBIM TNPEUMYIIECTBOM KOTOPBIX SIBIISIFOTCSI BBICOKHE CIIY’KEOHBIE XapaKTEpUCTHKHU (Tpod-
HOCTb, IJIACTUYHOCTb, KOPPO3UOHHASI CTOMKOCTh B OOJIBIIMHCTBE PabOYMX Cpei) U Xopollas TeX-
HOJIOTUYHOCTH (epopMUpPyeMOCTh, CBapuBaeMocCTh). CoBpeMeHHasl KiacCu(UKAIUs KOPPO3UOH-
HOCTOMKHX ayCTEHUTHBIX CTaJIel BKJIIOUAET B €0l MSITh OCHOBHBIX I'PYIIIL.

1) Obviunvle aycmenumuvle KoppozuoHnocmotikue cmanu (Conventional austenitics),
cojiepaHue yriepoaa B KOTOpbIX MoxkeT gocturath 0,15...0,25 Bec. %. Yraepon obecrneunBaet
TBEPAOPACTBOPHOE YIPOUHEHUE AYCTEHHUTA, OJIHAKO JI€NAaeT MX CKIOHHBIMU K 3€pPHOIPAHUYHOMN
KOpPpO3HUH 3a CYET BbiAeNeHus] kKapouaoB tuna Mj3;Ce u o0egHeHust mo xpoMmy rpanwui] 3epeH. [lo-
CKOJIbKY BBIJIETIEHUE KapOumaoB Mj3;Ce mporcxoauT B mHTEpBaje temmeparyp oT 425 mo 900 °C,
CTaJIi 3TOro THUIA MOJABEPralT OTKUTY NpHU OoJiee BBICOKHX Temmeparypax (00biyHO okoio 1050
...1095 °C) mnsa pacTtBopeHus: KapOUJIOB M MEPEBOAA XpOMa B TBEPBIM PaCTBOP C MOCIETYIOIINM
OBICTPBIM OXJIAXKJCHUEM B BOJIEC, YTOOBI HE JOMYCTUTh MOBTOPHOTO BhIACIeHHs KapOuaoB. [Ipenen
TEKY4YECTH TaKMX CTaJEe B OTOKKEHHOM COCTOSIHUH HEBBICOK M cocTasisieT 200...250 MlI]a.

2) Cmabunuzuposannvle aycmeHumusle cmanu (Stabilized austenitic alloys), conepxa-
1I1e perJaMeHTUPOBAHHOE KOJIMYECTBO TUTaHa, HUOOWS, TaHTaja WM KOJYyMOMs, YTO MPUBOJIUT K
BbIeNIeHUIO AucniepcHbIX kapOuaos Tuna TiC u NbC BHyTpu 3epHa, HO HE JOMyCKaeT 00pa3oBaHUs
KapOumoB xpoma truna M;3Ce o Tpanuniam 3epeH. OgHaKo Takue CTaI TPeOYIOT TOTIOJTHUTEIBHON
TEPMOOOPaOOTKH JUIsl CHATUS HANpSIKEHUH, JUIsl MOBBILIEHUS TEXHOJOTMYECKOM MJIACTUYHOCTU U
BSI3KOCTH. B oTiinume OT OOBIYHBIX AyCTEHUTHBIX CTajlel, CTaOMJIM3MPOBAHHBIE CTAIM MOKHO
OXJIAKJATh M0CJI€ OT’KUTa HE B BOJIE, a IPOCTO HA BO3/yXeE.

3) Huszxoyenepooucmuvie mapxku KopposuonHocmoukux aycmenummusix cmanei (Low-
carbon austenitics) 0 CKIIOHHOCTU K 3€pHOTPAHUYHON KOPPO3UH 3aHUMAIOT IPOMEXYTOYHOE I10-
JIO’)KEHUE MEX]Ly OOBIYHBIMU M CTaOWIM3UpPOBAaHHBIMU cTayaMu. Cojaep:kaHHE yriiepojaa B TaKUX
Mapkax crtainei He npesblimaer 0,03 Bec. % u He cOCOOCTBYeT 0Opa30BaHUIO 3€PHOIPAHUYHBIX
KapouoB xpoMa. Ctaju 3TOTO TUIA B OTOXKEHHOM COCTOSIHUU 00JIaJJaloT O4€Hb HU3KOH MarHuT-
HoM mponunaemoctsio (1,02 mpu 0,02 Ti), ogHako mox AEUCTBHEM XOJOMHOM JepopManvii B HUX
MOXXET 00pa30BaThCsi HU3KOYIJIEPOAUCTHIM MapTEHCUT, KOTOpBIA oOnamaer (eppoMarHUTHBIMU
cBoiictBamu. OnpeseNIeHHYI0 ONaCHOCTh MpPEJCTaBiIsieT co00il uInTenbHas IKCIUTyaTalusl HU3KO-
YIIEPOUCTHIX CTajlel MpHU MOBBIIIEHHBIX TeEMIIepaTypax: B HHTepBajie Temnepatyp 540...760 °C —
B CBSI3M C BO3MOXKHBIM 00pa3oBaHueM KapOUI0B, a B mHTEpBaje temmepatyp 650...870 °C — B cBs-
31 ¢ 00pa3zoBaHuEM G-(ha3bl.

4) Asomucmole Koppozuonnocmoukue aycmenumusle cmanu (High-nitrogen austenitic
stainless steels) conepxat 06b1yHO 110 0,2 Bec. % a30Ta, HO U3BECTHBI MapKH C COJIEPKaHUEM a30Ta
1o 0,9 Bec. %, UX Ha3bIBAIOT CYNEPAyCTEHUTHBIMU. Y POBEHb MIPOYHOCTU 3TUX CTAJIEH MPSIMO Ipo-
MOPLUOHAJIEH COJIEP’KaHHI0 B HUX a30Ta. OOBIYHO Mpenen TEKY4eCTH a30THUCTBIX KOPPO3UOHHO-
CTOMKHX CTajiell Jaxke B OTOXKeHHOM cocTosiHuM mnpesbiaeT 400 MIla. biaronpusitHoe BiusiHue
a30Ta Ha CTPYKTYpY U CBOWCTBA 00YCIIOBJIEHO, B TOM YHCJIE:

a) MEHBLIMM pa3MepoM aTOMHOI'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 3aMEIlleHUs B TBEPAbIX pacTBOpax *eesa,

TOTJIa KaK yriepoJ] MHULUUPYET KI1acTepooOpa3oBaHue;
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B) CHIDKEHUEM SHEPruu JeeKTa YImakoBKU B KPUCTAIUIMUECKON pelIeTKe XKelle3a, yBelauye-

HUEM CTENEeHU PACUICIUIEHUs AUCIOKAlMM, 4TO CIIOCOOCTBYET Ae(POpMAIMOHHOMY YIpPOU-

HEHUIO, TOI/Ia KaK yriiepoJl AeUCcTByeT Ha000poT;

I') CYIIECTBEHHO MEHBIIUMH pa3MepaMu HUTPHUIOB, YeM KapOWIOB, 4TO 0OYCIOBIMBACT UX

00BN BKIIAJ B yIpouHeHue [2,3].

A30THCTBIE CTAJIM CUUTAIOTCS YCTOMYMBBIMU MPOTHB 00pa3oBaHMs O'-MapTeHCHTa AedopManuu u
HE HY)KJIAIOTCS B OTXKHUTE JUISl CHIDKCHHSI MAarHUTHOM TIPOHHUIIAEMOCTH, KOTOpasl He IPEBHIIIAcT 3Ha-
yeHus 1,02 gaxxe mocie 3HAYNTEIHHOM ITACTUYECKON AeopMaIIHi.

5) Buvicokonecuposannvie aycmenumnvie cmanu (Highly alloyed austenitic stainless
Steels) conepkaT 3HAYUTEIHHOE KOJIUYECTBO MOIHOeHA B KormdecTBo 10 4,0 Bec. % nmst obecrie-
YEeHHUsI KOPPO3UOHHOW CTOWKOCTH B XJIOPUICOICPIKALINX CPEAax, a TAKKE MeIb JUIS MPUIAHUS KUC-
notoctoiikoctd. [ Takux crameil HEeoOXOOWM OTXKHI B Y3KOM HHTEpBajJe TeMIepaTyp
(1120...1150 °C), uro6s1 U36€)aTh 00pa3zoBaHus Kak G-(ha3bl, Tak U O-peppuTa.

B oTnenbHBIE TPYIITBI BRIACTSIOT ayCTEHUTHO-(QEPPUTHBIC (IYIUIEKCHBIC) CTAIH U JHCIIEp-
CHOHHO-YIPOYHSIEMbIE KOPPO3HOHHOCTOWKHE CTAJIH.

Aycmenumno-peppumnvie cmanu (Duplex stainless steels) MOTyT couepkaTb TPHUMEPHO
paBHOE KOJIMYECTBO ayCTEHUTA U ()eppHTa, HO MOTYT UMETh B KAUECTBE MaTPUYHON (ha3bl ayCTEHUT
wm ¢epput. [lo cpaBHEHHIO C ayCTEHUTHBIMH ayCTEHUTHO-(EPPUTHBIC CTAIH OO0JAJAIOT TOBBI-
MIEHHOM MPOYHOCTHIO, YTO OCOOCHHO BAKHO JIJIS1 HU3KOYTIIEPOIUCTHIX KOMIO3UIIUHN [4]: TPOYHOCT-
HBIE XapaKTEPUCTHKHU cTajied, comepkamux ot 40 mo 60 % O-depputa, Kak mpaBmiio, B J1Ba pasza
MIPEBOCXOAT XapaKTEPUCTUKHA OOBIYHBIX ayCTEHUTHBIX KOPPO3MOHHOCTOMKMX crajeil. Cunraercs,
YTO ayCTCHUTHO-(DeppUTHBIE CTaIN 00JIaAal0T MOBBIIICHHON CTOHKOCTBHIO MMPOTHB MEKKPUCTAIUINT-
HOM KOPPO3HH U KOPPO3UOHHOTO PACTPECKUBAHUS B XJIOPCOIEPKALIUX U IIETOYHBIX cpenax [5].

Jlucnepcuonno-ynpounsiemvle Kopposuonnocmotikue cmanu (Precipitation-Hardening stain-
less steels) TIO3BOJISIFOT MOJTY4aTh YHUKAIbHYIO KOMOWHAIIMIO BEICOKON KOPPO3MOHHON CTOMKOCTH C
BBICOKMMH TPOYHOCTHBIMHU XapaKTepUCTHKaMU. [IpakTHYeCKH BCE TUCTICPCHOHHO-YIPOUYHSEMBIC
KOPPO3MOHHOCTOMKHE CTaU SBIISIOTCS HU3KOYIJIEPOIUCThIMU B coaeprkat He Oosee 0,1 % C. Co-
CTaB MOJ0MpaeTcss TakuM o0pa3oM, yToObl 00eCceYnTh METAaCTaOMIBHOCTh ayCTEHHUTa B Ipoliecce
IIacTUYecKoil Aeopmanuu npu temuneparype Hke M. JlucnepcuoHHoe TBEpIEHUE CTajleld 3TOro
KJlacca peaju3yeTcsl 3a CUeT BbLACJICHUS JUCIEPCHBIX YaCTHIl Pa3IMYHBIX (a3 B 3aBUCUMOCTU OT
0COOEHHOCTEH JerupoBanus [6]:

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

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

B) HUTpU0B XxpoMa tuna CrN u CrN.

JlycriepcCuOHHO-YIPOYHSIEMbIE KOPPO3UOHHOCTOMKNE CTaIl 00J1aAal0T, KaKk MPaBUIIo, BbICO-
KOW TEXHOJIOTHYECKON MIIACTUYHOCTBIO U BSA3KOCTBIO, a TIOCTE XO0JIO0JHOM eopMalluy U 3aKIH0UYH-
TEJIBHOTO CTapeHusl B MHTepBaie Temreparyp 455...565 °C nmpuoOperaroT mnpezen TeKydecTu Io-
psaaka 1600 MIla. Takue cramu moryt cojepxarh O-peppuT B KonuuectBe a0 20 %, KOTOpbIit
MPAaKTUYECKH HE YIPOUHSIETCS Mpu TepMooOpadoTke. Temmeparypa JUIMTENbHON SKCIUTyaTalluy Ta-
KHX CTajel, Kak mpaBmio, He npepsimaet 400 °C, yToObl HE JOMYCTUTH IEPECTapUBAHUS.

Ha ocHoBanuu ananm3a MHOTOYMCIIEHHBIX OMYOJIMKOBAHHBIX JaHHBIX [1-7] coBpeMeHHBIE
MOJXOABI K Pa3pabOoTKe XUMHYECKHUX KOMIO3HMIMK ayCTCHUTHBIX KOPPO3MOHHOCTOMKHUX CTajeH
MOXHO 0000IIUTH CIEAYIOMIUM 00pa3oMm.

Xpom B xonmmuecTBe HE MeHee 12 Bec. % HeoOXoauM IS IPUAAHUS CTall COOCTBEHHO KO-
PO3UOHHOM CTOMKOCTH 3a CUET CO3/IaHHUs Ha €€ MOBEPXHOCTH TOHKOTO 3aIUTHOTO CIIOSL.

Huxkenv siBnsieTcst BTOPHIM 10 3HAYMMOCTH JIETUPYIOLIUM 3JIEMEHTOM B CTAJISIX ATOTO KJiacca,
MIOCKOJIbKY pactIipseT 00JacTh CyIlleCTBOBAHUS ayCTECHUTA.

Mapeaney, SBASSCH ayCTEHUTOOOPA3YIOLUIUM 3JIEMEHTOM, MO3BOJISIET YaCTUYHO 3aMellaTh
JOPOTOCTOSIINIA HUKENb U TIOBBIIIAET PACTBOPUMOCTH a30Ta B ayCTCHHTE.
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Kobanem peiictByer mogoOHO mapranity U 3QGEKTHBHO CHIDKAET PHEPruto aedekra 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 sTom a30T 3¢ (eKTUBHO yIPOUHSET TBEPIBIM pacTBOP, COXpaHss BA3KOCTb pa3pyLICHUS
Ha J0CTAaTOYHO XOPOILIEM YPOBHE.

Venepoo Taxxe obecriedMBaeT TBEPAOPACTBOPHOE YINPOUYHEHHE ayCTEHUTA, HO BbIIEICHUE
3epHOrpaHUYHbIX KapOuaoB Tuna M»3Cs 00eaHsSIeT 0 XpOMy TBEPJbIil pacTBOpP U CIIOCOOCTBYET
KOPPO3HH.

Monub0en ycunmBaeT CIOCOOHOCTh XPOMOHHMKEJCBBIX CTajied K CaMOIIacCHUBAIlMH, CYIIE-
CTBEHHO TOBBIIIIAET CTOWKOCTH MPOTUB MUTTHHIOBOW KOPPO3UU W HOXKEBOW KOPPO3UHU B XIIOPU-
cozepkauux cpenax. Cuuraercs, 4To CTOMKOCTh ayCTEHUTHBIX CTajei MPOTUB MUTTHUHIOBOU KOP-
posuu (CIIK) nanpsiMmyto onpenensieTcsi Coaep:KaHiueM MOJIUOIeHa, XpoMa U a30Ta M XOPOIIIO OIU-
ceiBaetcs hopmysoit [9]:

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

7€ KOJIMYECTBO JIETHPYIOLIUX 3JIEMEHTOB BBIPAXKEHO Yepe3 BecOoBble MPOIEHTHI. Koaddu-
LMEHT JJIS YIIIepoJia B ayCTEHUTHBIX cTalsx coctasiisgeT 30, a B aycTeHUTO-PeppUTHBIX — 16.

Antomunuy u xpemuuil TOBBIIIAIOT COMPOTUBJIEHUE OKHUCIEHUI0. Kpome Toro, amoMuHUIA
BXoauT B coctaB unreMeramuaos tuna (Fe, Ni) Al u (Fe, Ni); (Al Ti), koTopbsie obGecrnieunBaroT
JMCIIEPCUOHHOE TBEpJeHHUE. SIBISAACH CHIBHBIM (DeppUTOOOpa3yIOIIUM 3JIEMEHTOM, ATIOMUHHUM
MIO3BOJISIET MMOJIy4aTh CTAJU ayCTEHUTHO-(DEPPUTHOTO Kiacca ¢ pa3IMYHbIM COOTHOLIEHUEM aycTe-
HUTa U O-peppura.

Tuman, nuodbutl, manman uiy KoAymoOuli SIBISIFOTCSI CUJIBHBIMU KapOuI0- U KapOOHUTPUIO-
00pa3yromuMe dJIeMEeHTaMU, 00pa3yroT IUCIIEPCHBIE M CTA0MIIbHBIE PABHOMEPHO pacipeieeHHbIE
KapOuIbl, MPETSATCTBYS TEM CaMbIM OOpa30BaHMIO KpailHe HEKENATEIbHBIX 3€PHOTPAHUYHBIX Kap-
ounos tuma M»3;Cs.

Cepy u cenen n100aBIAIOT B HEOOTIBIITUX KOJTMYECTBAX, €CIIM HEOOXOAUMO 00eCIednTh 00pa-
0aThIBAEMOCThH MaTepHalia Ha CTaHKAaX.

MexaHu3mbl 1e(hOpPMAITMOHHOTO YIIPOYHEHUSI METaCTaOMIIBHBIX ayCTCHUTHBIX CTaJled B MH-
TepBasie Temmeparyp My — M HeOJHOKpaTHO 00CyKIaIucCh B IuTeparype (Hanbosiee o ipoOHO — B
paborax B. JI. CagoBckoro, A. II. I'ynseBa, 1. H. BoraueBa) u onpenenstoTcs CieayromaMHa OC-
HOBHBIMHU (paKTOpamu:

1) oeghopmayuonnvim ynpounenuem aycmenuma, Ipu 3ToM J1eHOpMaAIMOHHOE YITPOUHECHHE
aycTeHUTa 00YCIIOBJIEHO MOBBIIIEHUEM 00IEN TUIOTHOCTH JUCIOKALMM, U3MEHEHHUIO XapaKkTepa U3
pacnpezeneHus, U3MeJIb4eHUEeM OJIOKOB MO3aUYHOM CTPYKTYphl U BOZHUKHOBEHHEM OapbepoB Jlo-
Mepa-Korrpemna, a mpu HU3KUX 3HaYeHUsIX DY — monosiHUTENsHO NehOpMallMOHHBIM JBOMHUKO-
BaHUEM U oOpa3oBaHueM JieekToB ynakoBku [10];

2) Konuwecmeom, pacnpeoeieHuem U NPOYHOCMbIO 00pa3yrwuxcs npu oegopmayuu
&mapmencuma u Q-mapmencuma. JIOTNIOJIHUTEIBHOE YIPOYHEHHE OT O0Opa3oBaHUS MapTEHCUTA
nedopmaruu 00yCIOBIEHO KaKk COOCTBEHHO 0oJiee BBICOKOW TBEPAOCTHIO MApTEHCHTA, TaK U CO-
3/laHUEM B 3€pHAX ayCTEHUTa IPOYHOIr0 KapKaca U3 IJIACTUH MapTEHCUTA, MPENSTCTBYIOLIUX C/IBU-
rOBBIM IIpolleccaM B aycTeHuTe. TBepaocTh MapTeHcuTa JedopMaluy CYIIECTBEHHO BbIIIE, YEM
TBEPAOCTh MapTEHCHUTA OXJIAXKJEHUS, a OXpYHNUMBaloOllee JIEHCTBUE KPUCTAIJIOB MapTEHCUTa Jie-
(dbopmaruu BeIpaKeHO ciabee, yeM MapTeHcuTa oxnaxkaenus [11].

3) Haknenom Kpucmanios mapmencuma oegopmayuu — 3a C4eT YBEIWUYEHUS B HUX IUIOTHO-
CTH IUCJIOKalMH U Ae(OpPMAIIMIOHHOTO IBOMHUKOBAHUSI.

C y4eroM TOro, 4T0 KOPPO3UOHHOCTOMKHE CTAJIH JJIsl CTEP’KHEBOI'O MEIUIIUHCKOTO UHCTPY-
MEHTa JOJDKHBI 00J1aaTh MPEBOCXOJHONW TEXHOJOTMYECKOW IJIACTUYHOCTBHIO MPHU XOJIOJHOU Jie-
(dopMaluy BOJIOYEHUEM WJIM IUTIOIIEHUEM, a MOCIIe 3aKIFUYUTEIbHON 00pabOoTKH — BHICOKOM IpOU-
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HOCTBIO B COYETAaHUU C BBICOKON KOPPO3HMOHHOM CTOMKOCTBIO, JUIsl UX pa3pabOTKH LieJaecooOpa3Ho
MIPUBJIEYD CIIEIYIONINE METAIIOPU3NYECKIE IPUEMBI:

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

2) obecreunTh MOIy4eHUE ayCTEHUTHOM UM ayCTEeHUTO-(PEPPUTHON CTPYKTYPBHI;

3) 3a cuer OCOOEHHOCTEH JerupoBaHMsI U HPEIBAPUTEIBLHOM TEPMHUYECKOH 00pabOTKH
YOPaBIATh TEPMOJMHAMUYECKON U Je(POPMALMOHHON CTAOMJIBHOCTBIO ayCTEHUTA C TEM, YTOOBI
obOecrieunTh ONTUMAaNbHYIO cTeneHb peanuszauuu TRIP-addexra B xone xomonHo# miactudeckoi
nedopmaiuy Npyu COXpaHEHUHU BBICOKON TexHoorndeckoi maactudHoct (TRIP — Transformation
Induced Plasticity — miacTuyHOCTb, HaBEJCHHASI IPEBPALLICHUEM );

4) noOuThCS AONMOJHUTEIBHOTO YIIPOUYHEHUSI MaTepuaia Ha TOTOBOM pa3Mepe 3a CUeT JHC-
MIEPCUOHHOTO TBEPICHHUSL.

3. OnTuMHu3anus XMMHYECKOr0 cocTaBa M AeopMallHOHHO-TepMHUYecKkas 00padoTka craJjiei
cucrembl Fe-Cr-Ni-Co-Al-Ti 111 cTepKHeBOro MeJIMIMHCKOI0 HHCTPYMEHTA

Ha ocHoBaHuu mpoBeAEHHBIX KOMIUIEKCHBIX HCCJIEIOBAHUN Ha KadelIpe MeTalIoBEICHUS
VYpansckoro (enepasbHOTO YHUBEPCUTETa ObUIM pa3pabOTaHbl HOBBIE XPOMO-HHUKEJIEBBIE CTalH,
nonoJHUuTeNsHO JerupoBannbie Co, Mo, Ti u Al, nmpeaHa3zHaueHHBIE JUIsI U3TOTOBJICHUS BBICOKO-
IIPOYHBIX ITPOBOJIOKH M JIEHTHl TOHKMX M TOHYAWIMX cedyeHUU. [10 KOppO3HMOHHON CTOMKOCTH OHU
3HAYUTENIBHO MPEBOCXOAST OOBIUHYIO HEP)KaBEMKY KaK B 3aKaJIEHHOM COCTOSIHMM, TaK U HOCJe Jie-
dbopmaruu u crapenus [12]. s uccnenoBanust O BEIOPAHBI TPU KOMITO3HUIIUH, BHITIIIABJICHHBIC
Ha OJIHOW CHCTEME JIETUPOBAHMUSL:

® CTajbh ayCTEHUTHOIO KJIacca C MOBBIIIEHHBIM cojiepKaHieM KoOanbTa (coctas 4);
® CTajb AyCTEHUTHOIO KJIacca C MOHMKEHHBIM COJIepKaHueM KobasbTa (cocTaB 5);
® CTajb ayCTEHUTHO-(EPPUTHOrO Kjacca C MOBBIIIEHHBIM COJEpkKaHUEeM KoOajbTa U
amoMHuHUS (cocTaB 0).
XUMUYECKUH COCTaB ATUX CTaJlel NpuBe/ieH B Ta0. 1, a ¢pa3oBbIii cocTaB — B TaOI. 2.

Tabnuna 1 — XumMuueckuil COCTaB UCCIEIOBAHHBIX CTAJeH CUCTEMBbI JIETUPOBAHUS

03X14H11K5M210T
Mapka cranmu, 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 COCTOSIHUM

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
yraepona B Hux He npesbimaet 0,03 %. BapsupoBanue coxepkanus kobdansra (0,7...5,1 Bec. %) u
amomunus (0,8...2,0 Bec. %) MO3BOIIIO TOIYYUTH Pa3IMIHOE KOJIMYECTBO O-peppuTa B 3aKajeH-
HOM COCTOSIHHH, TIPH 3TOM CTPYKTYpPHBIEC KJIAaCChl BBIIIIABICHHBIX CTaJe MEHSIOTCS B MOCIIEI0BA-
TENBHOCTH: ayCTCHUTHBIN (cocTaB 4) — ayCTeHUTHBIH, coxepxkamuii 10 10% d-deppurta (coctas 5)
— ayCTEeHUTHO-QeppuTHBI (cocTaB 6). JlerupoBanue kobanbToM B KomdectBe ~ 5,0 Bec. % mpu-
BOJUT K TIOJIaBJICHUIO oOpa3oBanus O-peppura (coctas 4), a alFOMHHHNA KaK CHIBHBIN (HeppruTo00-
pa3yIoUINi AIIEMEHT JaeT 0OpaTHBIN APPEKT: TOTMOITHUTEIFHOE JIETHPOBAHUE ATFOMHHUAEM B KOJIH-
gyectBe 2,0 Bec. % MO3BOJISET MOIYYUTh TYIUIEKCHYIO 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 MukpocTpykTypa 3akasieHHod ot 1000 °C (B Boay) omHOda3zHOI
aycrenutHou cramu 03X14H11K5SM2KOT cocraBa 4, rae aycTeHUTHBIE 3€pHA UMEIOT (OPMY MHO-
rOYrOJILHUKOB HEMPABHIBHON (OPMBI pasMepoM OKoJ0 50 MKM, MHOTHE M3 HUX COJepKaT ABOWHH-
KA OTXHra. J|BOMHHUKH TPOSIBIISIIOTCS KaK IOJOCHI C MapajUIeTIbHBIMU KpasMu M (OPMHUPYIOTCS
BCJIENCTBHE 00pa3oBaHus e(EKTOB YIIAKOBKA aTOMOB BJIOJb IJIOTHO YHMAKOBAHHBIX TUIOCKOCTEH
tuma (111) mpu pekpucTamIM3anyu U pocTe 3epHa. B 3akaleHHOM COCTOSIHMM CTaJlb TapaMarHuTHA.

Ha puc. 1 6 mokazana mukpocTpykrypa 3akainenHoit or 1000 °C (B Boay) crainu cocTasa 5,
KoTOpasi Oblsla TIOTpaBlieHa CIEUUAIBFHO JUIS BBISBICHHSA O-(heppuTa B ayCTEHHTHOW MaTpUIIE.
Yactumsl d-pepputa MpuoOpesn HECKOIBKO MPUILTIOCHYTYIO (opMy B pe3yiibTaTe MpeaBapUTeiIb-
HOM KOBKM. B MarHMTHOM OTHOIICHWH MaTepHall MPEICTaBIAET CO0O0U ciadbiii eppoMarHeTuk,
MaKCUMallbHasi HAMarHUYEHHOCTh LipM KOTOPOTO HE MpeBOCXoauT § MTII B 1MoJie HAPSKEHHOCTHIO

60 KA/M.
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3akaneHHas cTajgb cocTaBa 6 (puc. 1 ) COCTOUT MPUMEPHO M3 PABHOTO KOJMYECTBA AyCTe-
HuTa U O-peppura. Ilo cpaBHeHUIO ¢ cocTaBaMu 4 U 5 OHa MMEET MOBBILLIEHHBIN Mpe/es TEKy4ecTr
3a CYET MPHUCYTCTBUS O-(heppuTa, MUKPOTBEPIAOCTh KOTOPOro coctariseT mopsaka S00 HV, B to
BpeMsI KaK MUKpPOTBEpPAOCTh aycTeHMTa HaxoauTcs B mpenenax 200 HV. AHomManbHO BbICOKast
TBEpIOCTh O-pepputa (cMm. Taba. 2) o0ycnoBiIeHA HATMYMEM B HEM PAaBHOMEPHO paclpeIelIeHHBIX
JHMCIIEPCHBIX YacTull oKpyriioi ¢opmel B-das3el Ha ocHoBe uHTepMeTauinaa NiAl [12]. [Byxdas-
Hasg Yy+0 CTpyKTypa oOecreuyusia MOBBILIEHHYIO MPOYHOCTh YK€ B 3aKaJCHHOM COCTOSHUM
(002 ~730 Mlla; o ~ 940 MIla) npu coxpaHeHUH BBICOKOH IIacTUYHOCTU (Tabdi. 3). Marepuan
JNEMOHCTPUPYET (eppOMarHUTHbIE CBOWCTBA: MaKCHUMajibHasi HAMArHUYEHHOCTb LM B TmoIe
HanpspkeHHOCThI0 60 kA/M gocturaer 0,6 T, a xospumtuBHas cuna Hce COCTaBIsSE€T OKOJIO
1,8 kKA/M.

3aroToBKM CTaJli cOcTaBa 4 1ocie 3akajkyu ObLUIU MPOTAHYThI 0€3 MPOMEKYTOUHBIX OT)KUIOB
¢ muametrpa 8,0 MM g0 muamerpa 1,46 MM, ucTHHHas Aedopmanys € MPU 3TOM COCTaBUIIA
nopsiaka 3,3. 3aroTOBKM COCTaBOB S5 M 6 TSAHYJIW 0 MOTEPU IUIACTUYHOCTH. XOJIOJHAS TIacTHYe-
cKasi Aepopmanusi UCClIeyeMbIX CTajeil MPUBOJUT K CYIIECTBEHHOMY YIPOUHEHHUIO, 00YCIOBIIEH-
HOMY, BO-IIEPBBIX, HAKJIENIOM U YCUJIEHHEM Ne(EKTHOCTU CTPYKTYpPbl TBEPJOrO pacTBOpa BCIIEH-
CTBHE CKOJBKCHHSI W JBOWHUKOBAHHSA, a BO-BTOPHIX, WHTCHCHUBHOCTHIO MPOTEKAHUS Y—>CL WU
Y—>€—>0L MPEBpPALLEHUH, MMOSBICHUEM B ayCTEHUTE BBICOKOJMCIEPCHBIX KPUCTAJUIOB MapTEHCHUTA,
CIOCOOHBIX «HAcleA0BaTh» JAe(PEeKThl ayCTEHUTA.

Pe3ynbTaThl MarHUTHBIX MU3MEPEHUN CBUICTENBCTBYIOT, YTO MHTEHCHUBHOCTH OOpa30BaHUs
MapTeHcuta Jiepopmanuu U cBsazaHHoro ¢ HUM TRIP-3¢ddexra B vccnenoBaHHbIX cTaisX HEOJUHA-
KoBbl. Ha puc. 2 HaMarHM4eHHOCTh B MaKCUMAJIbHOM IPUJIOKEHHOM ToJe LM 0Opa3LoB uccieno-
BAaHHBIX COCTABOB MOKa3aHA KaK (YHKIMS BEJIMYMHBI JOCTUTHYTOM JnedopMaiuu, rae dyp — UCXo-
HBIM MaMeTp MpPOBOJIOKHU, d — TEKYLUIUH JTuaMeTp IPOBOJIOKH, OTOOpAHHON MO MapuIpyTy BOJOYe-
Hus. BugHo, uto B cramm aycrenutHoro kiacca 03X14H11KSM2IOT (cocraB 4) HapactaHue
HaMarHM4E€HHOCTH MPOMCXOJUT 3HAUUTEIbHO MEHEE MHTEHCHUBHO, YeM B cTaiM coctaBa 5. Takas
0COOEHHOCTH JAe(POPMAIIMOHHOTO TIOBEACHUS CTaM 4 00YCIIOBJICHA BIMSAHHEM KOOanbTa B KOJUYeE-
cTBe 5 Bec. %, CHUKAIOIIETO SHEPTHIO Ae(PEeKTa yIaKOBKH, OT BEIUYUHBI KOTOPOH 3aBUCHUT MPEXKIE
BCETO MOJIBIPKHOCTD Auciiokanuid [13]: uem Hike sHeprus nedexTa ynakoBKH, TEM aKTHBHEE IPo-
UCXOJUT JIBOWHUKOBaHUE U (WIM) Y—>€ MpeBpalleHne npu aegopMaiuu, a CKOJbKEHHE JUCIOKa-
L1, HallpOTHUB, MoJaBisieTca. B coctaBe 4 akTBHOE 0Opa3oBaHHE E-MapTEHCHUTA 3a cueT J100aBOK
5 Bec. % kobasibTa IPUBOJUT K IMOCTENEHHON peaju3aluyd yMEPEeHHOro, 0e3 JTaBUHOOOpa3HOM Ku-
HETUKHU AePOPMAIIMIOHHOTO yY—0L MpeBpamieHus. B pesynpraTe BojoueHus Ha auametp 1,46 mm
(e = 3,35) xonuuecTBO 0OPA30BAHHOIO O'-MapTEHCHUTA AePOpMaALUU B CTPYKTYpE HE MPEBOCXOAUT
90 006. %. O0Hapy>KEHHBIN XapaKTep METAaCTAOUILHOCTH 3TOM CTAJIM OMpPEACIIAET €€ BHICOKYIO Ila-
CTUYHOCTb M JA€T BO3MOXHOCTb ITPOBOJUTH HHTEHCUBHYIO IUIACTUYECKYIO AE(POPMALIUIO C YPE3BBI-
YaifHO BHICOKMMH CTETICHSMH 00XKaThsl 0€3 MPOMEKYTOYHBIX OTKHTOB.

[Tonmxennoe 1o 1,0 Bec. % conepkanue kobanbTa yMEHbIIAET 00JIACTh Y—€ MPEBPALLCHMUS,
YCUJIMBAE€T HUHTEHCUBHOCTh 00pa3oBaHus o'-MapTeHcHuTa qegopmanuu. B pesynbrare 3Toro B cranu
cocTaBa 5 HacTymaeT MoTeps IUIACTUYHOCTU Ha Oosiee paHHUX cTeneHsx oOxartus (npu €~2,2). B
untepBasie nepopmanuii 1,0 <e< 2,0 oTMedeH pe3Kuil pocT HAaMarHWYeHHOCTH B MaKCHUMAaJIbHOM
MIPUJIOKEHHOM I10JI€, KOTOPbII CBUJETENLCTBYET O BEChbMa BBICOKOM IMPOAYKTUBHOCTH JepopMaliu-
OHHOrO y—oa. npeBpamieHus. [lpu 3ToM KonmyecTBo GeppomMarHuTHON (a3bl K KOHIY Mapuipyra
BoJioueHust nocturaet 98 % (maprercut nedopmaruu u 1eopMHUPOBAHHBIN O-heppuT).
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Puc. 2. HaMmarHmueHHOCTh B MAaKCHMAJILHOM IPHIIOKEHHOM TI0JI€ LipM 00pa3iioB UCCIICTOBAaHHBIX
COCTaBOB KaK ()YHKIIHS BEIMYMHBI JOCTUTHYTOU Ne(opMaIiiu o MapiipyTy BOJIOUCHHUS
Ho=4m- 10'Tu/M — MarauTHas MOCTOSIHHASA, d) — UCXOAHBINA TUaMETpP MPOBOJIOKH,

d — TeKyIui AuameTp MpOBOJIOKH

B aycrenutHO-QeppuTHOI cTamm cocraBa 6 O-peppur sBisercs (a3oi ¢ BRICOKOW TBEPIO-
CTBIO, CO3/IACT MPETIATCTBUS IS ABMDKEHUS JUCIOKAIMIA U oOecrieunBaeT 0osiee BEICOKAN KodPdu-
MUEHT Je(opMaMOHHOTO YIIPOYHEeHHs. B pe3ynbraTe 3TOro B CTajqu cocTaBa 6 OTMEuYeHa MOTeps
MJTACTUYHOCTH MPHU CcTereHn o0xaTtus ~1,4. OIHaKO ayCTEHUT B CTAJM COCTaBa 6 TaK)Ke MCIBITHIBA-
eT y—ao npeBparieHne. CpaBHeHUE HAKIIOHA 1e(hOpMAIIIOHHBIX 3aBHCUMOCTEH HAMarHUYCHHOCTH B
MaKCUMAaJIbHOM TPHJIOKEHHOM TI0JIe LipM (€) TIOKAa3BIBAET, YTO KOJIUYECTBO O'-MapTEHCHUTA B TIPO-
1[ecce BOJIOYCHHS CTaX 6 HapacTaeT MPUMEPHO C TOW K€ MHTCHCUBHOCTHIO, YTO U IIPU BOJIOYCHUHU
3aroToBOK coctaBa 4. DTOT (PaKT MOATBEPXKIACT KIFOUYEBYIO POJIb KOOAIbTa B KOHTPOJIUPOBAHHH
MHTCHCUBHOCTH Je(OPMAMOHHBIX (Ha30BBIX MPEBpAICHU B JAHHOW CHCTEME JIETHPOBAHHUS: CO-
Jiep>kaHue KobanbTa B cocTaBax 4 u 6 oguHakoBO u coctaiser 5,0 Bec. %.

Puc. 3. MukpocTpyKkTypa ctainu coctaBa 4: @ — mocje BoJIoYeHus Ha auametp 1,46 MM
(e = 3,35); 6 — mocie BostoueHus Ha auametp 1,46 mm (€ = 3,35) u craperus npu 500 °C

Ha puc. 3 a noka3zaHa MUKpPOCTpPYKTypa CTaJd cocTaBa 4 Mocijie BOJIOYEHUS HA JAUAMETP
1,46 MM (€ = 3,35), Ha KOTOPOU BBISBJIFOTCSI (parMeHTHI (OJIOKK) pa3IMIHON CTETICHH TPABUMOCTH
TaK Ha3bIBAEMOT'0 «OECCTPYKTYPHOT0» MapTEHCUTA, HE UMEIOIIEr0 UroJbYaToOro CTPOCHMS, XapaK-
TEPHOIO JUIsl MPEUMYIIECTBEHHO MapTeHCUTHON CTpPYKTYyphl. PaHee mpoBeneHHbBIE AJIEKTPOHHO-
MHUKPOCTPYKTypHBbIe uccaenaoBanus Ha crtamu 03X14H11KSM2IOT mnocne HayalbHBIX ATanoB
MapIipyTa BOJIOUEHHs MOKa3aJId TOSBICHHE MHOTOYHCICHHBIX NE(PEKTOB W JBOHHHKOB Ha (poHE
OJIHOPOJIHO pacHpee/IeHHbIX Juciokanuii. [Toa melicTBHeM WHTCHCHBHOM ILIACTHYECKOU Iedop-
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Maluu ¢ e =>2,5 dopMupyercsi CyOMHUKpPOKpUCTaNINYecKasi CTPYKTypa C pa3MepoM 3€pHa OKOJIO
100 M, a Take 0oJiee MeIKHe KPUCTALTUTHI pasmepoM 20-50 HM, oOpazoBaBIIMECs Mpu APoOIIe-
HUW MapTEHCUTHBIX TUIACTUH M BOWHHKOB

B Tabn. 3 noka3aHo, Kak MEHSIOTCS MEXaHUYECKHE XapaKTEPUCTUKH MCCIIEIOBAaHHBIX MaTe-
pHAJIOB MOJ IEUCTBUEM XOJIOIHOM TuiacTudeckon aegopmanun. BumaHo, uto Hanbonee 3HAYUTEIb-
Horo nedopmannoHHoro ynpouyHenus (og=1800 MIla) ynanocs ngocTuyb mpu BOJIOYEHUH aycTe-
HUTHOM CTaJl C TIOBBIIICHHBIM COJIEp)KaHHeM KoOanbTa (coctaB 4), KOTOpasi, Kak 0Ka3ajioch, 00a-
JaeT OOJBIIMM 3alacoM IUIACTUYHOCTU UM TMOBBIIIEHHON TEXHOJOIMYHOCTHIO JIaXe IM0CJIE€ WHTEH-
CUBHOM 1iactuyeckou nedopmaruu (€ = 3,35). BonoueHue cranu ¢ MOHWKEHHBIM COJACPKAHUEM
KoOaJibTa 10 CTENEeHH MCTUHHOM JegopManuu €>2 MPU3HAHO HELEeNecoO00pa3HbIM BBUAY OTpaHU-
YEHHOI'0 pecypca MIaCTUYHOCTH.

Tabnuna 3 — MexaHuyeckue U1 MarHUTHBIE CBOMCTBA MCCIIE0OBAHHBIX CTaJIEl CUCTEMBI JIETUPOBa-
Hus 03X14H11KSM2YOT nocne 3akajiku, BOJOUEHHUS U CTapEHUS

XHAMUYECKUI OB, co2, | O, | v, | MarnurHeie 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 MOKAa3aHO, YTO MAKCHMaJbHOE JUCIIEPCHOH-
HOE TBEpJICHUE B JAHHOM CUCTEME JIETUPOBAaHUSA OOECIEUMBAETCS HM30TEPMHUUECKON BBIICPKKOMN
mpu 500 °C [14]. ITocne nedopmaruu BojgodeHreM oOpasibl ctanu 4 ObUTM TMOABEPTHYTHI CTape-
Huto 1o pexxumy: 500 °C, 1 yac. BpemenHoe conportusieHue npu 3ToM Bo3pactaet ot 1800 MIla B
xoJoaHoieopmupoBanHoM coctosiauu A0 2500 MIla (cm. tabn. 3). Onrtudeckas metaorpadus
HE M03BOJISIET BBISIBUTH 3aMETHBIX CTPYKTYPHBIX U3MEHEHU Npu cTapeHuu (CM. puc. 3 0), HO paHee
IIPOBEJIEHHAs AJIEKTPOHHAsi MUKpockomus nocie craperus npu 500 °C nokasasna BblI€JIEHHE BBICO-
KOJIMCIIepCHBIX YacTull B-ha3er Ha ocHoBe nHTepMeTauinaa (Fe, Ni)Al B mapTencute nedopmaruu.
[Ipu 3TOM B 065acTsIX O-peppuTa OTMEUEHO MoApacTanue paHee BolaenuBinxcs yactul (Fe, Ni)Al
710 BeIMYUHBI ~ 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 AucrepcHBIX HAaHOPA3MEPHBIX YacTHI] B (heppoMarHuTHOM (0+0)-MaTpulie 00b-
SCHAET PE3KUM POCT KOAPLUUTHUBHOM CUIIbI A€(POPMHUPOBAHHOW CTalM MOJ JCHCTBUEM CTapeHHs
(cm. Tabin. 3). Ha puc. 4 moka3aHbl NpeAebHBIC MTETIN MarHUTHOTO TUCTEPE3nca UCCIEIOBAHHOMN
CTaJIM cocTaBa 4, 3aperuCTpUPOBAHHBIC TIOCIE BOJOUeHUs Ha auameTp 1,46 MM (nymkmupuas nm-
Hus) u niociie crapenus npu S00 °C (cnrownas nuaus). Y BEIMUEHUE KOPUUTHBHOMN CUIIBI B YETHI-
pe pasa sBiseTcss Haubosiee 3aMETHBIM, HO HE €JMHCTBEHHbIM M3MEHEHHEM B MarHUTHOM IOBejie-
HUU MaTepuajia B pe3yJbpTaTe MPOLIEAIEro AMCIePCUOHHOro yrpouHeHus. [leTist MarHuTHOrO ru-
cTepesnca 1eOpMUPOBAHHOTO MaTepraia UMEET XapaKTEPHYIO «BEpeTeHOO00pa3Hyo» hopmy, 4TO
yKa3bIBaeT Ha MpeodiiajaHue MpPOLECCOB BPALIEHHUS BEKTOPOB HaMarHW4YMBAHUS HaJ MpolLeccaMu
CMEILIEHUS U ABJIAETCS TUIUYHBIM JJI MaTEPUaJIOB C BBICOKUM YPOBHEM BHYTPEHHHUX HAIPSKEHUH.
B pesynbrare Beinepxku npu temneparype 500 °C B Teuenue 1 waca netiis nmpuoOpena 6osee mpsi-
MOYTOJIbHBbIE OodepTaHusa. HakoHel, HEKOTOpOe CHUKEHHE NOCTUTHYTOW MAaKCMMaJIbHOW HAaMarHu-
YEHHOCTHU COIJIaCyeTCsl C JIaHHBIMH O IMOSIBJICHUM B CTPYKTYpe HEOOJIBIIOTO KOJIUYECTBA PEBEPTH-
POBAaHHOTO ayCTEHWTa, YTO paHee coodmanoch [14] Ha OCHOBaHHMHM PE3yJbTAaTOB MAarHUTHOTO W
PEHTTEHOCTPYKTYPHOT'O aHajIu3a Nocje crapeHus B uHrepBaie remneparyp 500 — 700 °C.

4. 3akJa0ueHue

BHoBb pazpaborannbie ctanu cuctemsl jerupoBanus Fe-Cr-Ni-Co-Al-Ti obGnanator 00ib-
IIMM 3aracoM TE€XHOJOTUYECKON MIACTUYHOCTH U BBIAEPKUBAIOT eopMaliio BOJIOYEHUEM C BbI-
COKHMMH CTeHeHs MM oOxaTusi 0e3 NPOMEXYTOUHbIX OTKHUIoB. B nymnekcHoit aycreHuTo-
(beppuTHOI cTanu noTeps IIACTUYHOCTH HAacTymwia npu € = 1,5, B cTalnu ¢ NOHUKEHHBIM COJIEp-
XKaHUeM KobOanbTa — 1pu € = 2,3. AycTeHUTHas CTallb C MOBbILIEHHBIM /10 5,0 Bec. % coaepkaHueM
KoOaJibTa MoKa3ala HaWIy4llylo MIaCTUYHOCTh: SKCIEPUMEHT 0 BOJIOUEHHIO ObLJI OCTAHOBJIEH 110
JTOCTIOKEHHIO fedopmaruu € = 3,3 IpHu COXpaHEHUH TEXHOJIOTMYECKOH TIIACTUYHOCTH MaTepHalia.

Ob6ocHOBaHa HEOOXOAMMOCTh JIETUPOBAHUS KOOATHTOM JIJIsl TTOBBIIIICHHUS TEXHOJIOTUUECKOM
IUIACTUYHOCTH M CO3/IaHUS BBICOKOIPOYHBIX KOPPO3UOHHOCTOWKHMX CTajei, MOTEHUUAIbHO CIIO-
COOHBIX BBIJIEPKUBATh MHTEHCHUBHYIO IIJIACTHUYECKYIO Jie(hopMaliio ¢ BBICOKUMHU CTENEHSAMHU 00XKa-
TUs 0e3 MPOMEXYTOUHBIX OTKUroB. llomydeHHast B paboTe upe3BbIYaliHO BBICOKAs TIACTUYHOCTH
IIpU XOJIOJHOM JedopMaliuy BOJIOYEHHEM JOCTUTaeTcsl 32 CUET COBMECTHOTO JIEHUCTBUS MHUKPOI-
BOWHHMKOBAHUS ¥ MAPTEHCUHBIX ITPEBPALIEHUI C ONITUMAIBHON MHTEHCUBHOCTBIO.

Hucnepcuonnoe tBepaenue mpu S00 °C (1 gac) mociie BoJIOYEHUST YBETUIMBACT MPOYHOCTh
paszpaboTaHHOTO MaTepuaia 10 oo, = 2500 MIla, 9TO MO3BOJIAET 3HAYUTEIHHO YMEHBIIUTH TOTIE-
pEUYHOE CEeUeHHUE CTEP>KHEBOI'O MEJULIMHCKOIO MHCTPYMEHTA 10 CPAaBHEHUIO ¢ OOBIYHBIMU aycCTe-
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HUTHBIMU CTaJISIMU IIPU COXPAHEHHH TOTO K€ 3araca MpOYHOCTHU U, KaK CIIEJICTBUE, CeIaTh XUPYp-
rMYECKOe BMEUIATeNbCTBO MEHEE TPABMUPYIOIIUM U OOJIE3HEHHBIM JUISl TallUEHTA.

MeTo1 MarHUTHOTO aHajIKM3a MO3BOJISET OCYIIECTBIISITH MOHUTOPUHT CTPYKTYPHBIX U (a3o-
BBIX M3MEHEHUU B pa3paOO0TAHHBIX CTASIX MPU JAePOPMAIMOHHO-TEPMHUECKON 00paboTKe: mocie
OT)KUTa Ha TBEPABIN pacTBOP, B MPOLIECCe XOIOIHOU JedopMaliui U IO OKOHYaHUU AUCTIEPCUOHHO-
ro TBepaeHus. JlepopmalinonHas 3aBUCUMOCTh HAMAarHU4€HHOCTH B MAaKCUMAaJIbHOM MPUJIOKEHHOM
10JI€ OTpa)kaeT UHTEHCUBHOCTh Y—>0L IIPEBPAIlICHUs B MPOLIECCE BOJIOUYEHUS MPoBOJIOKU. CTapeHue
npu 500 °C (1 yac) mpUBOAUT K MHOTOKPATHOMY POCTY KOAPLUUTUBHOMN CHUJIBI 33 CUET BBIJICICHUS
MHTEPMETAJUIUIHBIX YacTull B-¢pa3bl B GeppoOMarHuTHOM MaTpHULE, YTO YKa3bIBaeT Ha NEPCIIEKTHUB-
HOCTb HEpa3pyILAOLIEro KOHTPOJI MPOYHOCTHBIX XapaKTEPUCTUK MaTepuaa Ha 3aKII0UUTEIbHOM
JTarne TEXHOJOTMYECKOro MmpoLecca.
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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 paspyiueHusi oopasuos lllapnu HU3KO- U cpeaHeyr-
JEPOJUCTBIX CTaJIel, NOCTPOECHHBIX B KOOPAMHATAX yCHJIME — MPOrud oOpasua. YCTaHOBJIEHO, YTO
JUIS BSI3KOT'O COCTOSIHUSL XapaKTEPHO OCLMUIMPOBAHKUE KPUBOM ycuiusl Ha quarpamme. OnpeseneHsl
XapaKTepHble TapaMeTpbl U y4acTKH JUarpaMM, COOTBETCTBYIOLINE PA3IMYHBIM MEXaHU3MaM pPa3-
pyuenusi. C npuiedeHneM (pakrorpapmueckoro aHaian3a BbISBIECHA CBS3b OTAEIbHBIX YYaCTKOB
JarpamMMbl pa3pylIeHUs ¢ ONpPeeIEHHBIMU 30HaMU Ha IIOBEPXHOCTH M3JI0Ma 00pa3IoB.

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

1. BBenenue

WcnbiTanus Ha ynapHbIi U3ru0 SBISIOTCS 00sS3aTebHBIMU JUIsl OOJIBIIMHCTBA TPYO HedTe-
ra3oBOro COPTAMEHTA B KAUE€CTBE COCTABJISIIOIIEH KOMIIJIEKCHOTO KOHTPOJIS MEXaHUYECKUX CBOMCTB
JUTsi 00ecTieueHHsT HEOOX0IUMOTO pecypca U 6e30macHOCTH dKciuryatanuu. OCOOEHHO aKTyalbHO
JAHHOE UCHbITaHUE i TpyO, NpeJHa3HAYEHHBIX IS MECTOPOXK/IEHUH, PACcOJIOKEHHBIX B KIIUMa-
TUYECKUX pallOHax C XOJIOJHBIM KIMMATOM.

[IpumeHnenue Ui UCIIBITAHUNA Ha YIAApHBIM U3rH0 KOMPOB, OCHAIIEHHBIX OCHMLIOrpaduye-
CKOM 3alMChI0 JarpaMmbl YAApHOTO pa3pylIeHUs] B KOOpAUHATAX ycuaue F — npoaub S, naeT BO3-
MO>XHOCTb TPOBECTH OLICHKY PA3JIMYHBIX CTaIuil paspylieHuil no »tuM napamerpam [1-3]. Ilpu
3TOM PETUCTPUPYEMBII Ha BCEX CTaAUSX pas3pylieHus oOpasna mporud S cBsi3aH ¢ HaJIOXKEHHEM
JIBYX OJIHOBPEMEHHO IPOTEKAOLIUX MPOLIECCOB — U3TMOOM 00paslia Mpu €ro MakpoIIacTUYECKOM
negopManuu U packKpbITUEM MarucTpaibHOW TpewuHsl [1, 3]. B 3aBucumocTH ot psiga pakropos
BKJIaJ] K&KJIOTO M3 3TUX MPOLECCOB MOKET OBbITh pa3HbIM M ONPEIENIIETCS, B YACTHOCTH, MEXaHU3-
MOM pa3pyLIeHUs: B Cllydae XpYyNKOro pa3pylIeHHs J10Jis IEPBOroO Mpolecca Maja, TOra Kak Impu
BSI3KOM — CYIIECTBEHHA U JIOJDKHA YYUTHIBATHCS.

CornachHo crangapty ASTM E2298 — 13 [4], Ha ocumuiorpaguueckoil KpUBOM BbIIEIAIOTCS
XapaKTEpHBIC TOYKH, COOTBETCTBYIONINE PA3HBIM CTaausIM paspyiieHus oodpasua (puc. 1). Ognako
nH(popmalys, 3al0KEHHass B KPUBBIX F — S, 1aJeKo HE OrpaHUYMBAETCS UHTEpIIpeTaluel Bble-
JICHHBIX XapakTepHbIX ToueK. COBMECTHBIN aHAJIN3 OCLIILIOrpapUuecKUX KPUBBIX C pe3yabTaTaMU
¢bpaxkTorpapuuecKkux UCCieI0BaHUM MMO3BOJISIET NOJIYYUTh O0jiee oIpoOHbIE CBEIeHUs 00 0COOeH-
HOCTSIX TIpoliecca paspymieHus [S5—7].
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L=
12 S, mm

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

Lenb HacTose paboThl — U3yYEHHE MEXaHU3MOB pa3pyILEeHUs HU3KO- U CPEAHEYTIIePOIH-
CTBIX CTajiell Ha OCHOBE COBMECTHOT'O aHaJIM3a JAUarpaMM yAapHOTO pa3pyiieHus oopasnos Hlapmnu
U UX [MOBEPXHOCTEN pa3pylleHuUs.

2. MaTepI/laJ'lbl U METOAUKH UCCIICAOBAHUSA

B kauectBe martepumania uccienoBanus ucnoib3oBamu cramu 0512CD u 3212P. Cranb
05I"2C® npumeHsieTcst UIsl U3roTOBJIEHUSI CBapHBIX TPYO Oosbioro auamerpa. OOpasipl ObLIN BbI-
pe3aHbl U3 CTeHKH TpyO auamerpom 1420 MM C TOMIIMHOM CTEHKH 27,7 MM, CBapeHHBIE U3 JIUCTA,
MOJTYYEHHOTO TI0 PEKUMY KOHTPOJIUPYEMOU MPOKATKH C YCKOPEHHBIM oxyiaxkaeHueM [8]. OOpa3ibl
cranu 32["2P BbIpe3anu u3 ropsuekaranbix TpyO u nojsepranu Hopmanuzauuu ot 1000 °C. Muk-
POCTPYKTYpa 00pa3iioB Mocie ykazaHHON TepMO0oOpaboTKH mpeAcTaBieHa B [9].

O6pazuen Llapnu pazmepom 10x10 MM pazpymanuce npu temmeparypax + 20...— 80 °C Ha
kompe ¢ nagatonuM rpy3oM INSTRON CEAST 9350, ocHammeHHBIM HHCTPYMEHTAIBHBIM 0OKOM
u cuctemMoit coopa u oOpabotku ganHbIXx DAS Ceast 16000. YactoTa cOopa JaHHBIX COCTaBsiIa
1,0 MI', uto obecnieunso HHTEpBaI MexXTy AByMs cocequumu Toukamu 0,001 mc.

[lepBuuHas KpuBas yAapHOTO pa3pylIeHUs B KOOpAWHATAX ycuaue F — apems T Ui yMEHb-
IEHUs KOJIeOaHU CHUCTEMBI onopa — obpazey — Moi0m 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) BBLIEISUINCH XapaKTEpHbIE TOYKH, COOTBETCTBYIOLIUE:
Fg, — Hagamy oOLIel TeKy4ecTH, F.x — MAKCUMYMY HArpy3Kku, F,, — HaJ€HUIO HAarpy3KU MEXIy
IBYMsI MakCUMyMaMmu, [, — Hadaly HeCTaOWJIBHOIO XPYIKOIO paspylleHus, [, — 3aTyIUIEeHUIO
TPEUIUHBI PU J0JIoMe, I — pa3pyieHuto odpasia.

@pakrorpaduyeckuil aHaIu3 pa3pylieHHs] BKIOYal BbISIBJICHHE U OLIEHKY Pa3MEpOB 30H B
nziome oopasna [apmu [10]:

— caBura @), MpUMBIKAIOIIEH K HaIpe3y,

— OJTHOPOJIHOTO BSI3KOTO pa3pylieHus Le,

— BOJIOKHUCTOTO (BA3KOT0) pa3pylieHus Lg,

— XpYIKOIO pa3pymeHus Lyp,

— BSI3KOTO JtosioMa L.

W3mepenue Benuuunbl 30H (O, Lp, Lc, Lx, Ly) ¢ Tounoctsio 0,1 MM mpoBoamin 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 (heppHUTO-OCHHUTHON CTPYKTYpOH HUMEIOT Psifi OCOOEHHOCTEH, KOTOphIE HE XapaKTEePHBI
JUIS IOJIOOHBIX AMarpaMM KOHCTPYKLMOHHBIX cTajiell (puc. 2). DTo paciiupsieT Haule MpeacTaBie-
HUE O MEXaHU3ME BSA3KOrO pa3pylIeHUs U TpeOyeT CBOEH TPAKTOBKH.
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2

Puc. 2. lnarpammsl pa3pyienust oopasuos craneit 051 2CO (a) u 32I"2P (6) npu pa3inuyHbIX TEM-
neparypax UCIbITaHUS.

[Tonaraem, 4T0 10 TOYKH Fg, MPOUCXOIUT YNPYrOIUIACTHYECKUI M3rub oOpasna, BEpOsTHO,
emi€ 6e3 hopMUPOBaHUS MAarUCTPAIILHON TpemuHbl. Y3 quarpaMMel Ha puC. 2 CIEAyeT, 4To tg o He
3aBUCHUT OT TE€MIIEpaTypbl UCIBITAHUS M MPUMEPHO OJAMHAKOB JJsl 00eux crajeil. ITo, 0YeBUIHO,
CBSA3aHO C TE€M, YTO B MCCIIEYEMBIX CTAJIAX OCHOBHOM CTPYKTYPHOM COCTAaBIISAIOLIEH, MPUHUMAFO-
el ydacTue B IUIACTUYECKOM TEUEHUH, ABIIETCS PEppUT.
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Cuuraem, nofgo6Ho [1-3], uTo Ha ydacTke Fgy — Fiygy IPOUCXOUT 3aPOKICHNUE MAruCTpalb-
HOU TpemuHbl. Torga Ha ydactkax amarpammbl F' — § mocne Fu, TPOUCXOIUT pactupocTpaHEeHUe
MarucTpaibHOU TPELIUHBI, COMPOBOXKIAIOLIEECS TIACTUYECKUM M3ruooM obpasua. Ycuine, cooT-
BETCTBYIOIIEE HAaYally pOCTa MaruCTpaibHOM TPEUHBI (F)ay), B 00EUX CTANISX MAKCUMAJIBbHO IPU
Tyen =20 °C (mns cranu 05T2CD P = 22 xH, musa cranu 3212P P = 19 xH) u ¢ ymeHblieHneM teM-
nepaTypbl UCIIBITAHUS F)y,,c TIATIACT.

Kak MOXHO BUIETh Ha pUC. 2, KpUBas Ha y4acTke Fy, — F)yq TOHWKAETCS C YMEHBIICHUEM
TEMIIEpaTypbl HCIBITAHUS, TaK KaK 3apOKJE€HUE MarucTpalibHON TPEIIHUHBI MPOUCXOJIUT MpU BCE
MEHBIHNX Harpy3kax. CHIKEHUE KPUBOW Ha YUaACTKE Flygy — Fiyin CBA3AHO C IBIKEHUEM (CTparmBa-
HUEM) MarucTpajbHOM TPELIMHBI U peslakcaluell HanpsKeHU myTeM TpemuHooOpa3oBanus [11].

st mmarpamm paspymienus F — S obeux craneit xapaktepHo (GopMupoOBaHHE BTOPOTO MaK-
CUMyMa Harpy3k# F,c, KOTOPBIN UIsi 00pa310B, HCIIBITAHHBIX MPHU MOBHIIIIEHHBIX TEMIIEpaTypax,
Jla)Ke BBIIIE MEPBOTO [y POCT CONMPOTUBIEHUS paCIpOCTPAHEHMS BS3KOW TPEILMHBI CBA3aH, 110
BCEHW OYEBHIHOCTH, C 0Opa30BaHMEM B €€ OKPECTHOCTH OOJIACTH IIACTUYECKOW Aedopmaluu, rie
HAKaIlJIMBAIOTCS JKPAaHUPYIOIIKME AMUCIOKAIUMHU, I0JIE HAMpSKEHUS KOTOPHIX IPOTHUBOAEHUCTBYET
HaIPsHKEHUSM, PUJIOKEHHBIM K TETy U BBI3BIBAIOIIUM PACIPOCTpaHEHUE TpeuuHsI [3, 12].

Pucynok 2 moxaspiBaeT, 4T0 BENIMYUHA F,y, XapaKTEpHU3YIOIIas paboTy 3apOKICHUS Tpe-
IIMHBI, CYIIECTBEHHO CHMYKAETCSl MPU MOHMWXKEHUU T, W/mnu npu nepexone oT cramu 05I2CD k
cranu 32I"2P npu Gin3koM 3HaueHuu nporuda obpasua S. AHanorudHoe, Ho 0oJiee MHEPTHOE IO-
BEJICHUE MPUCYIIE TOUKE Fpi.

CrnenoBarenbHO, 3apOXKACHUE TPEIIMHBI B 00EUX paccMaTpUBAEMBbIX CTANAX ¢ (EeppUTHOU
MaTpHUIled TPOUCXOJUT MPH OJU3KOM 3HAYECHUM MaKpoIuiacTuueckou aedopmamnuu (rmporude oo-
pasla), HO pa3JIMYHOM YPOBHE KOHLEHTPALUU HaNpsKEHUH, MOCKOJIBKY C POCTOM BS3KOCTH CTallu
MakpoIulacTuieckas nedopmains pejlakcupyeT BCE OOJIbLIYIO YacTh YNPYrod 3HEPIHH, KOHIEH-
Tpaius KOTOpPOM Ha Hazipe3e 0Opasia TpedyeTcs s 3apOKACHUS U CTPAruBaHUS TPEITUHBI.

C nonwxkenuem 7,., u mepexonae ot cranu 05I2CD « cranu 321°2P F),, HE TOTBKO aKTUBHO
YMEHBIIAETCS 0 BEIMUYMHE, HO CMEIIAeTCs B CTOPOHY MEHBIIMX S U MPpU HU3KUX 7., BOOOIIE UC-
yezaet. Usmenenue KCV, Fu 1 Fapgy C TOHIDKEHUEM TEMIIEPATYPHI UCIIBITAHUN Y 00pa3ioB 00enx
CTaJIel TIPe/ICTaBICHO Ha puc. 3. B 00acTi MOJHOCTBIO BA3KOTO Pa3pymIEHUS £y, KOPPETUPYET C
KCV nns obeux craneit. F,, oTpaxaeT HanpspDKeHHE HEOOXOIMMOE ISl 3apOKJICHUSI M CTparuBa-
HUS TPEIIMHBI, U €ro BenuunHa y ctamm 32I2P 3ametHo mamaer B oOmactu Huxe Typ mpu
Tyen =—20;—60 °C.

[Mocne Fipgx (unmu Fpac) B 3aBUCUMOCTH OT YPOBHS BSI3KOCTH CTajieil HAOMIOIaeTCsl pa3ind-
HBIM X0J1 KpUBBIX Ha Auarpammax paspyuenus F = f (S) (cm. puc. 2):

1) ocummpoBanue Harpy3ku F, 0COOEHHO SIPKO BBIPaXEHHOE JJIsi CTajleil B BBICOKOBSI3KOM
coctostaun (ctanb 05SI2CD, T,.,, = 20 °C), 3aBepiaronieecss OCTAHOBKOM TPEIIMH B HEJO-
JIOMaHHbIX 00pa3lax;

2) pe3koe CHUKEHHME KpHUBOW IO IJIaJKOW MOHOTOHHOM TpPAaeKTOPHUM, YTO XapaKTEPHO IS
XPYIKO pa3pyuieHHbIX 00pa3nos (cranb 3212P, T, = —20; — 60 °C);

3) coyeraHue ATUX JABYX TUIOB KPUBBIX, KOI/1a OCHWUIMPYIOIIUN Yy4acTOK B Fpr BIUIOTH A0 [,
CMEHSETCs TIaaKoN Hucnanatoniei kpusou (ctanb 051 2CD, T, = — 40 °C).

Haubonpiiee pacnpocTpaneHrne UMEET TPETUW THN KPUBBIX F = f (S), Korga paspylieHue
oOpas3la MpoUCXOoIUT 10 CMEUIAHHOMY MEXaHU3MY C Pa3IM4HOMN J10JIeH BA3KOW M XPYNKOM KOMIIO-
HEHT, YTO 3aJaeT Ha JuarpaMMax nosioxkeHue Fpu F,. C IOHMKEHUEM YPOBHs BS3KOCTHU CTalU [y
u F, 3aKOHOMEpPHO CMEIIAlTCsl B CTOPOHY MEHBUINX 3HAYeHUH F U S, 4TO MPUBOJUT YBEIMUEHUIO
yria o (tg o) (cm. puc. 2, 3).

Ot0 coBmnagaer ¢ noaxonoM B crangapre ASTM E2298-13 [4]: B Fjy nosBisieTcs KOMIO-
HEHTa XpYIKOI'0 pa3pyllieHus MeTaa.
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Puc. 3. Cepuanbubie KpUBBIC YIAPHOU BSI3KOCTU UCCIICIOBAHHBIX CTANCH (@) U UI3MEHEHUE BEJTNYUH
MaKCUMYMOB (Finax, Fomax) (0) M tg o (8) ¢ MOHMKEHUEM T ey

Wrak, nanbosiee mosiHas uHGOPMAIUS O BA3KOCTH CTAIH (HOPMUPYETCS MPH OJHOBPEMEH-
HOM HCIIOJIb30BAaHUU 000UX KPUTEPHUEB: Flgy (Fomay) ¥ tg 0 Kak HanOOJIee YyBCTBUTEIBHBIX U OJI-
HO3HAYHO XapaKTEpU3YIOIUX €€ CKIOHHOCTh K 3apO3KJICHUIO U paclpocTpaHeHHIO TperuHbl. Kcera-
TH, U3 aHaju3a JIaHHBIX KPUTEPHEB HAIJISIIHO BUJIHA KpaliHE BBICOKAs TPELIMHOCTOMKOCTH CTallu
05I2C® ¢ peppuTo-0€MHUTHON (MApTEHCUTHON) CTPYKTYPOM M CBEPXMEJKUM 3€PHOM, MOJIY4EH-
HBIMH 10 TEXHOJIOTUN KOHTPOJIUPYEMOI MPOKATKU C YCKOPEHHBIM OXJIAXKICHUEM.

Ha 3aBepiuatoniem srane, nociue F,, MOXKET BHOBb NOSBUTbCS OUeHUe KpuBoi F'= f (S), uto
SBJIIETCS MHAMKATOPOM BO3HUKHOBEHUS BSI3KOW KOMIIOHEHTHI paspylleHus oOpasua Mpu Jojome
(puc. 2). B kpaitne oxpymueHHoM coctosiHuM (ctanb 3212P, T, = — 20 u — 60 °C) 310T 3 dexT
OTCYTCTBYET.

Ilpussaska cmaouii paspyuienus K 30HaM HA NOBEPXHOCMU U310M08 0bpa3yos. «Kputuue-
CKHE» TOYKHU (TOUKH MeperoMa, SKCTPEMYMOB) Ha KPUBBIX F' = f (S) MOKa3bIBalOT CMEHY BEJTUYHHbI
Y TeMIa MaJieHus pa3pyliaronieil u aegpopMmupyromeid odpasel Harpy3ku Mo Mepe u3rubda oodpasia,
a Ccle0BaTeJIbHO, CMEHY MEXaHU3MOB paspyuieHus. HecoMHeHHO, OHM MMEIOT a/IeKBaTHOE OTpa-
KEHHE Ha MOBEPXHOCTU M3JI0MOB 00pa3LoB, TaK KaK KaKJblii MEXaHU3M PACIPOCTPAHEHUSI 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-
pOKJeHHE U cTparuBanue TpemuHbel. Ha Hemomomannasix obOpasuax ctaim 0512CD (7., = 20 °C)
TpENIMHa yCIeBAeT MPOUTH JI0 CBOEH OCTAHOBKH, B OCHOBHOM 30HY OJHOPOJHOTO BSI3KOTO pa3py-
meHus L¢, 9TO COMpOBOXKIaeTcsi Ouennem Harpy3ku F. Hacrymiienwe ctaguym COBMECTHOTO JeH-
CTBUS BSI3KOTO U XPYIKOTO MEXaHU3MOB PACIPOCTPAHECHUSI TPEIIUHBI JUIUTCS OT Fyqy BILIOTH 10 F,.
CoOTBETCTBEHHO y4acTOK Fjr— F,, T1I€, OUEBUIHO, AEHCTBHE OXPYMYMBAIOIIEH KOMIIOHEHTHI B CTa-
mu 05I2CO mposBiisieTcst Kak 30Ha Lp, B KOTOPOH TOSIBISIOTCS PACHISIUICHHUS TIPU 00IIEM MaKpo-
BSI3KOM MexaHu3Me pazpymieHus [11], a B ctamm 321'2P — kak 0o65acTh Xpynkoro kBajpata (puc. 4).

Pacmennenns Pacuennenus

Tyen =—-60°C
Tyen =—80°C

o

Puc. 4. IloBepxuocTu pazpymenus oopasnos lapmu craneit 05T 2CD (a) u 32I"2P (6) nocne uc-
MBITAHUH MTPH PA3IMIHBIX TEMITEpaTypax

30Ha BSI3KOTO pa3pylIeHUs IpU J10JIoMe (30Ha L) MposBIsSETCs] KaK BO30OHOBIEHUE OUEHHS
KpuBOH F' = f(S), 4TO NpU TOMUHHPYIOIIEM XPYIIKOM pa3pymeHuu oopasma (crans 3212P) He pe-
THCTPHPYETCH.

4. BeIBOaBI
1. CoBMeCTHBIM aHaIM30M OT(QHIBTPOBAHHBIX AHMArpaMM pa3pylICHUsS B KOOPAWHATAX
Harpy3ka F — mporu6 S mpu ymapHom u3rude odpasior lapmu craneit 05ST2CD u 3212P, cepu-
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QJIbHBIX KPUBBIX yJApHON BSA3KOCTU M MOBEPXHOCTU PA3PYILIECHUS YCTAaHOBJIEHO, YTO MPH MaKCH-
MaJbHO BSI3KOM MEXaHM3ME PACIPOCTPAHEHMS TPEIIMHBI MPOUCXOIUT OCLHMIUIALUSA KPUBBIX F — §
IIPY BECbMA 3aMEJICHHOM MX CHW)KCHUM KaK Ha CTAJWU 3apOXKACHMS, TaK U Ha CTAIUU PACIIPO-
CTpaHEHUs BA3KOU TPEIINHbI

2. XpynKomy WIN XpYIKO-BSI3KOMY MEXaHU3MaM PacipOCTPaHEHUs TPELIMHBI COOTBETCTBYET
CTJIa)KEHHBI MOHOTOHHO CHIDKAIOIIMICS y4acTOK KpuUBOW F — S, TaHreHC yria KOTOPOro K ocu
abcIuce Koppenupyer ¢ ynapHoit Ba3kocteio KCV.

3. VYcTHOBEHO, YTO Ka)X/J0My y4acTKy Ha KpUBOH F — S Mexay ToukaMu neperuda (KcTpe-
MyMa) COOTBETCTBYET CBOSI 30HA Ha MOBEPXHOCTHU M3jioma oOpa3uoB Lllapnu: 30HbI YMCTOTO BSI3KO-
ro pazpyuenus (6 + L¢) NposIBISIFOTCS KaK OCHWUTMPYIOIUN y4acTOK KpUBOHl Ha quarpamme £ — S
CTJI&KEHHBIN CHIDKAIOIINICS y9acTOK F' — S 00yCIIOBIICH TOSIBICHUEM XPYIKON KOMIOHEHTOU pa3-
pyuenusi, csizaHHoi B cranu 05I2CD ¢ mosBieHueM 30HbBI Lp U paclleIUIeHU B HEH, B CTaau
32I"2P — xpynkoro kBajpata (30Ha Lyp).
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