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Annomayus. OcrartouHbie (BpeAHbIC) HAMPSHKEHUS B METa/UlaX MOTYT IPHBOAWTD K Je(eKTaM Mmpu uX (OPMOBKE M Pa3pyIICHUIO METAIIOKOHCTPYK-

LI TIPU JUINTENBHOM 3KcIuTyatanuu. [IpuBonsiiee K BOSHUKHOBEHHIO OCTaTOYHBIX HANPSDKEHWH TEUECHHE METajlla NMpU ero (JOPMOBKE MOXKET
UMETh IUIACTHYECKYI0 NPUPONY (KaK B KOBKMX METAJUIax) WM BbI3bIBATHCS MEIJICHHOH HEOOPATUMOM MON3YYeCThbiO NPH TOBBIILIEHHON TeMIle-
parype U MpOIOJDKUTEILHOM JSHCTBUH Harpy3ok. B BS3KOynpyrux cpesax oHO MOKET OOyCIIOBIMBATHCS BSI3KMMH 4acTAMH Je(OpMaIUH, KOTO-
pble MOTI'YT HaKaIIMBATHCS, KOIZA TEJNO HAXOMUTCS B Je()OPMUPOBAHHOM COCTOSIHMM B T€UEHHE OOJIBLIOrO MPOMEKYTKa BpeMeHH. OcTaTouHble
HAIpsDKCHUST OKA3bIBAIOT BIMSHUE TAKXKE M HA MUKPOCTPYKTYPY METAJIOB U MOTYT IPHCYTCTBOBATH BHYTPH M BOKPYT KPUCTAUINYECKHUX 3€PCH
B Ka4€CTBE MUKPOOCTATOYHBIX HAMPS)KEHNIH, KOTOPBIC HAa3bIBAIOT CKPBITHIMU YIIPYTUMHU HaNpshkeHUsiMU. MHOrIa ocTaTouHbIe HaNpsKEeHNs Ha3bIBa-
10T COOCTBEHHBIMH HAINPSHKEHUSMH 110 aHAJIOTUH C COOCTBEHHBIMH (DyHKIUSIMH, BBEICHHBIMU MaTeMaTHKaMH JUIsl 0003HaUCHNUS (DYHKIUI, KOTOpBIE
COOTBETCTBYIOT ONpPEEICHHbIM 3HAYeHUSIM (COOCTBEHHBIM 3HAYEHUSIM) NapaMeTpoB Au(depeHIIaIBLHOTO YPaBHEHNUS NPH 33/IaHHBIX IPAHUYHBIX
ycnoBusx. [IoHATHE BHYTPEHHUX HANPSHKEHUH OBLIO MPEIIOKEHO Kak o0liee MOHATHE JUIs 3TOr0 THIA HANPSDKEHUH, CO3/1aBaeMBIX CAMUM TEJIOM.
TepMuH ocTaToOUHbIE HANPSDKEHMS 3aKPEIUISETCs 3a ClydaeM, KOIjia BHYTPEHHHUE HAIpspKeHHsT 00yCIOBIEHbl HE0OpaTUMbIM 1e(h)OpPMUPOBAHUEM.
IMToMuMO 3apork/ieH s OJIArONPUSITHON CHCTEMbI OCTATOUYHBIX HATPSDKCHHH, B IUCKAX M3 KOBKMX METAJUIOB C SIPKO BHIPAXKCHHBIM J1e(OpPMALIMOHHBIM
YIpOYHEHUEM OyJeT Takke NPOMCXOAUTh MECTHOE BO3PACTAHME MPOYHOCTH MPH YCIOBUH, uTO dhdext baymmnrepa He aHHYIMpPYET NOCTHIHY-
TBIX IpeuMyInecTB. Hinke H3yueHs! SKCTpeMalibHbIe 3HAYCHHS OCTATOYHBIX HAIPSHKCHUH MPSMOTO HIIMHAPUYIECKOTO CTAIbHOTO cTepxkHs (Opyca)

pu u3ruoe.
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PacmpocTpaneHHBIM NPUMEPOM BO3HHUKHOBEHHSI OCTa-
TOYHBIX Hal'[prKeHI/Iﬁ SABJISIFOTCA PE3KUC TOPMOKCHUA KE-
JIC3HONOPOKHBIX Kollec. B pesynmbrare, B CHIIy TpeHHS
0 TOPMO3HBIE KOJOJKHU, CUIBHO Ieperperas (10 KpacHOTo
KaJICHUs ) BHEITHSS 9acTh 000/1a KoJieC cpasy ke Mocie Top-
MOKEHHS TIOIBEPTaeTCs OBICTPOMY OXJIXKACHUIO (3aKalKe)
13-32 OTBOZA TEIlIa HOCPEACTBOM TEIIONPOBOTHOCTH B XO-
JIOIHBIC YacTH Kojieca. XOTsl BCIEACTBUE Y— 0. MOTUMOPH-
HOTO MPEBPAIICHUS B CTAJH, COIPOBOXKIAIOIIETO 3aKaJIKY,
MPOUCXOAUT YBeIMUYeHHE 00beMa BO BpEMs TEIJIOBOTO
COKpAIICHUs, KOTOPOE CIEAYeT 32 OOUIMM OXJIaXKICHHEM
Kpasl, OCTaTO4Has yCaJKa MPEBOCXOIUT MPEIIICCTBYIOLIEE
pacTspkeHHe, HalpaBlIeHHOE 10 Tepudepuu, U 1enaeT aua-
METp BHEIIHUX YacTel 000/1a CIUIIKOM MaJIbIM, YTOOBI OHU
MOTIJIH COTJIaCOBAThCS C BHYTPEHHUMH YacTsAMH. B pe3yib-
TaTe ITOr0, HArPEThIE PaHbIIIE 0 KPACHOTO KAJICHHUS 4aCTH
000/1a Orarofapst pacTsHKEHUIO CTAHOBSITCS CHIIBHO Jiehop-
MHUPOBAHHBIMU B TAHI'CHIIMAJILHOM HAIIPAaBJICHUU.

JpyruM KIacCHUECKUM TIPHMEPOM SIBIISIETCS] MCIIONb-
30BaHUE NPEAHANPIKEHHBIX 00JacTell CxKaThsi B CTEHKax
MyIICYHBIX CTBOJOB. Takwme OONacTH CO3MAIOTCS MpPOTac-
KHMBaHHMEM 4epe3 CTBOJI OOJBAHKHU, JUAMETP KOTOPOHl 4yTh
OoIpIlle BHYTPEHHETO JAWAMETpa CTBOJA. DTO IMPUBOIHT
K XOpOIIO M3BECTHOMY MPOLECCY aBTO(PpeTTaXka MpH M3-
TOTOBJICHUH TOJICTOCTEHHBIX CTBOJIOB apTHILICPHICKUX
OpyAUM, KOTOPBIM MPUMEHSETCS B HACTOSIEE BPEMsI Ha
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ApTWIEPUICKUX 3aBOJAaX M 3aKJIHOYAeTCs B CIIEIYIOILEM.
CrajbHble CTBOJIBI MOJBEPraroT JCHCTBUIO BBHICOKUX TH/-
pPOCTaTUYECKUX JIaBICHUI U CIIeTKa He0OOpaTUMO pacIIupsi-
IOT C LEJIbI0 CO3/aHUsl BOKPYT OTBEPCTHs HANpaBIICHHBIX
1o iepru()epru OCTATOYHBIX HANPSDKCHUH CKATHsI, KOTOPBIE
CYILIECTBEHHO CHIDKAIOT MaKCHUMaJbHBIE PACTATHBAIOLINE
HaNpsKEeHUs, BOSHUKAIOLIME BO BpeMs BbICTpeIIa.

HANPAXEHUA B UUIMHAPUYECKOM CTEPYKHE
NMPU YNPYTONNACTUYECKOM U3TUBE

Ha puc. 1 noka3ana ynpyroruiactuyeckas (popMOBKa
MIINHAPUIECKOTO CTAFHOTO CTEP)KHS B THOOYHOW Ma-
IINHE.

[TycTh paanyc nepneHauKyISIpHOTO (TIONIEPEYHOTO) ce-
YEeHUs IIPSAMOTO LIMIUHIPUYECKOIO CTEPHKHS PaBeH R U 1ipu
MIPOJONBEHOM PACTSDKCHUM METaJI CTePKHSI B 30HE HEO00-
paTUMbIX (IJIACTUYECKUX) AeopMmanuii uMeeT JUHEHHOoe
ynpounenue. Ilycts E, P u G, — MOJIyIlb yIIPYTOCTH IIEPBOTO
pozaa, MonyJib YIIPOYHEHHUS U IIPEAEI TEKYUECTU Marepuaa
CTEPKHS COOTBETCTBEHHO [1 — 46].

ITpu ynmuHEeHUN CTEPKHSI B 30HE AMACTUYHBIX Aedopma-
LU [IPOIOJIbHBIE HANIPSDKEHUS] G U OTHOCUTEJIbHbIE YIJIU-
HEHUsI CTEPIKHS € JIMHEHHO B3auMOCBsI3aHbl (3aKoH ['yka):

o =Es.
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Puc. 1. U3ru6 HAJTUHAPUYCCKOTO CTAJIBHOI'O CTCPIKHSA Ha TUOOYHOM
MalInuHe

Fig. 1. Bend of cylindrical steel rod on bending machin

B 30He ynipouneHus (YIpyToImiacTHIECKUX AehOopMariiii)

B3aMMOCBSI3b G U € COBEPLICHHO ApyTast (3axoH JItonBuka):
y -
c=0c,+Ple-¢g), ¢, = Z Omax =0, + P€p —€)).

Ilpn nedopmarmm u3rubGa NPOAOIBHBIC HANPSHKEHHS
CTCpP)KHSI MOTYT IIPUHHMATh OTPHUIATEIIBHBIC M IOJOXKH-
TEJIbHBIE 3HAYECHUS. DKCTPEMaIbHbIC MPOAOIbHbIE HAMpS-
JKEHUs HAOMIONAIOTCS Ha BHEITHEH TTOBEPXHOCTH CTEPIKHS.

INepnenguKyasipHOE CEUCHUE IUAUHAPUUECKOTO CTEPIK-

Hsl ACJIUTCA HA 3JIACTUYHYIO U INTACTUYCCKYIO 30HBI. 3Have-
HHC Y, T'paHHIBbI 9TUX 30H HAXOJHUM M3 YPAaBHCHUA
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[Ipu Bo3pacTaHWM M3TMOAFOIETO MOMEHTA U KPUBH3HBI
9IIACTUYHAs 30HA CTEPXKHSA CyxkaeTcs. Pannyc KpUBU3HBI P,
OCH CTEp>KHS, IIPH KOTOPOM Ha €r0 IMOBEPXHOCTH BIICPBHIC
JIOCTHIaCTCsl HANPSKCHUE, PABHOE MPE/IENy TeKYUECTH G,
paBeH
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MU3rMBAIOLWMA MOMEHT NPU YNPYTONJIACTUMECKOM
U3rMbE UWINHOPUYECKOTO CTEPXKHA

[Ipu ynpyromnactuueckoM U3ruode 2y _OP <1|u3-
R ER

rudaronmii MOMEHT M B TEPHEHIUKYISIPHOM CCUCHHUH
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Brenem s MMWIMHIPUYECKOTO CTAJIBHOTO CTEPXKHS
KpuTepuit Shi:
. ER
Shi =—.
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Mexanuueckuid cMbIch Kputepust Shi — O6e3pazmepHas
KPHBHU3HA.

IpuBeneM BhIpaskeHUE [Tl M3THOAIOIIET0 MOMEHTA ITH-
JIMH/IPUYECKOTO CTEPXKHS MIPU YIPYTOIUIACTUIECKOM H3TH-

c
6e| 22— ELI? <1 |k Ge3pa3mMepHOMY BUIY:
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+l(1 - Ej Shiarcsin (Lj + EE Shi.
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Taxum oOpa3om, 6e3pa3MepHbIi U3ruOAIOIIUIl MOMEHT

LWIMHAPUYECKOTO CTEPIKHS IIPHU U3rude M 3 €CTh (PyHK-
o,
WS OTHOM MepeMeHHON — KpuTepust Shi.
J171s1 BBICOKOTIPOYHBIX TPYOHBIX cTaneil ra3oHedTenpo-
oo P/E =0,044.

TEOPEMA HENCKY OB OCTATOUYHbIX HANPAXEHUAX

3HAUCHUsI OCTATOYHBIX HANPSDKEHHN TMOCIE pacIpsiM-
JICHUS TIMJITMHAPHYECKOTO CTEPIKHS BBIYHCISIEM TI0 TEOpe-
me Hencky (1923 1) [15 — 19]: «OcTarounble HanpsHKeHUS
OTIPEICTISIIOTCS. Pa3HOCTHIO NCTHHHBIX HATPSKEHIH M MBIC-
JICHHO TIPEJII0JIaraeMbIX UACaTbHO IACTHYHBIX HAIPsDKE-
HUH B TEle».

Takum 006pa3oM, U3MEHEHHE POOIEHBIX HAPSDKCHUH
CTEP’KHS TIPH PACTIPSIMIICHUH YAOBJIETBOPSIET MPSMO IIPO-
MOPLHOHAIBHOM 3aBUCUMOCTH G = Yy, T/ Y = const .

Ha puc. 2 npuBeznena smiopa npo10bHBIX HAPSHKEHUH
MOCJIE PACTIPSMIICHHS IIHIHHIPUICCKOTO CTSPIKHSL.

[Tpu smacTuyHOM M3rUOEe M G = Yy W3THOAIOMIUN MO-
MEHT M B MEPIEHAUKYISIPHOM CCUCHUU IHIHHIPHUICCKOTO
CTEPIKHS paBeH

myR* 4M
M= Y =—7p"
4 nR

MoOMEHTHI TPy U3rHOe U PacIpSIMICHUH OJHHAKOBBL:

4Mp_4MR_yR_
nER* nR*E 'E
2 2
c c c
:l _ELP 1_£ 1- S,p 2 P —5+
n| 3 ER E ER ER

885



M3BECTUS BBICHINX YUYEBHBIX 3ABEAEHUN. YEPHASI METAJJIYPTUs. 2018 ToMm 61. Ne 11

Fyinix

~0 e

Puc. 2. Dmropa ponoNbHBIX HANPSDKEHAH MITHHAPUYECKOTO CTEPIKHS MPH U3THOE U MOCIIe PACIPAMICHUS

Fig. 2. Epure of longitudinal stresses of cylindrical rod at bending and after straightening
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[Ipu ynpyromnacTU4eCKOM H3rube LUIMHIPUYECKOTO
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Haiinem skcTpeMasnbHble 3HAYEHUSI OCTATOYHBIX HAMpsi-
JKSHHH TIOCIIe paCTIPSMIICHUS IIHIIMHAPHYECKOTO CTEPIKHSI.
[lepBoe aKcTpemManbHOE 3HAUEHUE OCTAaTOYHBIX HAMpsi-

JKEHHI paBHO
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Puc. 3. 3aBUCUMOCTB Y OT KPUBU3HBI LIMIIMHPUYECKOTO CTEpXKHS 1/p

Fig. 3. Dependence ¢ from curvature of cylindrical rod 1/p
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[IpuBenem BbIpakeHUE Ul IEPBOrO 3KCTPEMAIIBLHO-
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BULY:
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Puc. 4. 3aBucumocts QO u Qfes OT KPUBH3HBI LIUJIMHJIPUYECKOTO

res
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Fig. 4. Dependence of Q},m and Qfm_ from curvature
of cylindrical rod 1/p
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DKcTpeMasbHbIE OCTaTOUHBIC HAMPSKEHUS MOCIE pac-

MPSIMIIEHUS! CTEPKHS MPSIMOYTOJIBHOTO MEPIEeHUKYIISIPHO-
TO CEeYeHHs MOCIIe YIPYTOMIacTUYeCKOTO N3rnba paBHBI

clmz—c—y U P P <0,
2 E Shi Shi
shi= 2" ,
Gyp

1
Qlesziz_l I_L 1+L <0’
- (1_13} 2\ Shi Shi
y
E

2
G., =G [1—£]£1—L) (1+ ! ]>0,
U E Shi 28hi

2 2
Q’Z‘BS:L:(I_L] (1+Lj>0
j Shi 2Shi

c, 1-

& |

BbiBOAbI

HOJ'Iy‘-IeHBI MAaTeMaTU4CCKUC BBIPAXKCHUA I 663p33-

MEPHOTO HM3THOAIIET0O MOMEHTa, Oe3pa3MepHBIX JKCT-
pEeMaJbHBIX OCTAaTOYHBIX HampspKeHWil u 3akoHa Hencky
O pacHpsSMIICHUH TpPU YIPYTOIUTACTHYCCKOM H3THOe IH-
JMHAPUYECKOTO cTepkHs. Jloka3aHo, 4To 1pu u3ruode 6e3-
Ppa3MepHBIif U3ruOAOINI MOMEHT U Oe3pa3MepHBIC IKCTpPe-
MaJIbHBIE OCTAaTOYHBIC HAMPSDKCHUS SBIIOTCS (PyHKIUSIME
TOJILKO OJHOM TIEpEMEHHON — Oe3pa3sMepHO KpHUBU3HBI
MIPOIOTBHON OCU IIJIHHAPHICCKOTO CTEPIKHSL.
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ELASTOPLASTIC BEND OF ROUND STEEL BEAM.
MESSAGE 2. RESIDUAL STRESSES

V.N. Shinkin

National University of Science and Technology “MISIS” (MISIS),
Moscow, Russia

Abstract. The residual stresses in metals can lead to the defects in me-

tals during their forming and to destruction of metal structures du-
ring their long-term operation. The resulting residual stresses during
metal forming can be of plastic nature, as in the malleable metals,
or caused by a slow irreversible creep at the increased temperatures
and prolonged action of loads. In the viscoelastic mediums, it can be
caused by the viscous parts of deformation that can accumulate when
the body is deformed for a long period of time. The residual stresses
also have an effect on the metals microstructure and can present in-
side and around the crystalline grains as the micro-residual stresses,
which are called the hidden elastic stresses. Sometimes the residual
stresses are called the eigenstresses by an analogy with the eigen-
functions, introduced by the mathematicians to denote the functions
that correspond to the certain values (the eigenvalues) of parameters
of the differential equation under the given boundary conditions. The
concept of the internal stresses was proposed as a general concept
for this type of stresses, created by the body itself; the term residual
stresses is assigned to the case, when the internal stresses are caused
by the irreversible deformation. In addition to the emergence of
favorable system of residual stresses in the discs of malleable metals
with a pronounced deformation hardening, there will also be a lo-
cal increase in strength, provided that the Bauschinger’s effect does
not negate the achieved advantages. The extreme values of residual
stresses of a straight cylindrical steel rod (beam) during bending are
studied below.

Keywords: cylindrical rod, bend, curvature, residual stresses, residual de-

formation, hardening of metal, mechanical modules.
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