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HANPSI)KEHHO-IE®OPMUPOBAHHOE COCTOSIHUE
TOHKOM KBAJIPATHOM 3AI'OTOBKH IIPU EE OCAJIKE
INEPOXOBATBIMHU IIJIMTAMUA

HonyquH 3aBUCUMOCTH U pa3pa60TaH METO/[ OIIPEACIICHUS ITapaMEeTPOB HaIIpsi-
JKEHHOI'O COCTOSIHUSA IPU OCAKE JKECTKOIIIACTHYECKOW TOHKOU KBaZ[paTHOfI 3aro-
TOBKH C UCIIOJIb30BAHUEM METOJIa MUHUMHU3AIIUH TTOJTHOM OHEPrun L[e(bOpMaL[Hﬁ.

KioueBblie Cl10Ba: 0cadka, 6HymMpennss dHep2usl, UHMEHCUEHOCTb CKOPOCmell
Odeghopmayuil, npeden meKyyecmu.

[TpencraBnenHas paboTa, B KOTOPOH MapameTphl HANPSHKEHHOTO U 1eopMHUpOBaH-
HOTO COCTOSIHUSI OIpEE]EHBl C MOMOIIBIO YpaBHEHHH paBHOBECHS M (PU3NYECKUX
YpaBHEHHH, SBIISIETCS IPOAOIDKEHHEM craTel [1, 4]. B mensx ynporueHus perieHus Obl-
JIM TIPUHATHl IOIYIIEHUS, 000CHOBAaHHOCTH KOTOPBIX HY>KHO IPOBEpUTH. B "acTHOCTH
IIPY ONpENIeNICHNN HanpshKeHUH 1o ¢popmynaM JleBn — Munzeca HHTEHCHBHOCTD OTHOCH-
TEJIFHBIX CKOPOCTEH IoJylaranach MpUOMMKEHHO MOCTOSHHONW paBHOM V/h, B TO Bpems
Kak OHa nepeMeHHa. [Ipy HaX0XKICHUH CHIIBI TPEHUSI Ha TOPIEBBIX TIOBEPXHOCTSIX HPH-
HUMAaJIOCh, YTO OHA PaBHA T, — CPEIHE-MHTETPATbHOMY 3HAUCHUIO KAacaTEIbHBIX Ha-
MPSOKCHUH Ha ATHX MOBEPXHOCTAX, TOT/Ia KaK B OOLIETIPUHSTON MMOCTaHOBKE CHJIA Tpe-
HUS BBIYHCIISIETCS 10 3aKkOHY AMoHTOHA — Kysona. C 9Toif menbio 3a1a4a onpeaeaeHus
MapaMeTpoB HaNpsHKEHHOTO M JIe)OPMUPOBAHHOTO COCTOSIHUSI ObLia pellieHa C IOMO-
IIBI0 MPUHIWIIA MUHUMYMa TIOJIHOM 3HEPTHH, CBOOOJHOTO OT BBIIIEYKA3aHHBIX JIOITY-

. . . h 1
IMCHUMH. CormacHo 9TOMY MNPUHIHUITY, AJII TOHKOW KBaJApaTHOM 3arOoTOBKU (— <—
a

nostHas sHeprus nedopmanui [3]
H:GT(.[”Qdm+uHJV,2+V(p2ds) , )
(0] N

rlie G, — Ipejea TEKyYeCTH; ®, S — 00bEeM M TJIOIaAb TOPIA 3arOTOBKH; ; — MHTEH-

CHBHOCTB CKOpOCTEH JiehopMalini,

G =236, =€ +(6, — 6P + (G~ +3/126,25
1 — ko3 GUIMEHT BHEIIHETO TpeHus; V,,V,, V. — KOMIOHEHTHI CKOPOCTH TOUKH.
Ha puc. 1 npeacraBneHa cxeMa 3aroTOBKHU IIPH €€ 0CajKe, rae 2a, 2h — cTopoHa U
TOJIIIMHA 3ar0TOBKH, O — IIEHTP 3arOTOBKH, } — CKOPOCTh OCAJIKH.
Tak Kak IIAaCTHHKA MMEET 5 ocell CHMMETPHM W Harpy3ka CHMMETPHYHA OTHOCH-
TEJNBHO OCEH, TO paccMaTpuBaeTcs ToIbKO 1/8 wacTh mactuHku mpu ¢ € [0, w/4].
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V

Puc. 1. Cxema 3aroTOBKH IIpH €€ 0cajKe
Fig. 1. Diagram of the workpiece during upsetting

JIyiss MUHUMU3AIMK TIOJTHOM YHEPTUU COTIacHO MeToay Putiia mogdupaeM BhIpake-
HUS JUIS CKOPOCTEH TaK, YTOOBI BBITOJIHSUIUCH TPAHUYHBIC YCIOBUS M YCIOBHE HECIKU-

maemoctu. Torna V,=-Vz/h .V, = cVr? sin(4¢) , a V, HAXOQUTCS U3 YCIOBHUS HECHKH-

MaEeMOCTH:
C.+C,+C, =0, @)
rneC,,GC,, C(P — KOMITOHEHTBI CKOPOCTH JIe(OpMAaLIiH.
ov. vV V. 10V ov.
= z :——; :—l+——, l‘:_’ 3
: 0z h S r rd(pC or )
Ioxcrapinss 31U BeIpakeHUs B (2), MOTYIHM
4
V.= ﬁ+—ch2 cos 4o
2h 3

Torga ckopocTh caBura

100, 8V V 19 .
Ny = — =——crVsinde,
r 6(p o r 3
riae ¢ — Ko3pHUIUEeHT, 3aBUCAIINA OT pa3MepoB 3aroTOBKU U |1 . [loncTaBisst BeIpaxe-

HUS CKOPOCTEH M CKOpocTel ;[eq)opMauHﬁ B (1), momyumnm

n/4 alcos@ h
I=cV jd(p j FELER §c2r2s1n24(p)drjdz+
! 0 0 3 2h2 6 0

n/4 a/cos@ 2 3

4 r 16 7 .
+u_|. do _[ r\/ +3c;cos4(p+ 9 ? 4—§czr4 sin? 4(pdr}.
0 0

HI/IHeapI/I?)yH BBIpaXKCHHUA IO 3HAKOM HMHTErpalia, IpuMCEHSIA OHMHOMHUATILHOE pasijio-
JKEHHC N 6Cpﬂ JBa €ro MepBbIX YJICHA, a 3aTEM, UHTCIpUPY4, [IOJTYyIUM

3
1= GTV{a20.867 +c2(2.266h%a* +0.913pa’h) - 0.0972cpua® + 0.195%} .
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I7
Torga u3 BeIpakeHUs 0— =0
oc
0.048n

MOTy4nUM

c= “4)
2.266h% +0.913pah

OO0cysknenne pe3yJbTaTOB

Jl1st IpoBepKH TOYHOCTH TOTYYEHHBIX BBIPRKCHHH [UII CKOPOCTEH M CKOPOCTEH
nedopmanmii ObUIM B3ATHI 3arOTOBKM M3 TEXHWYECKOTO IUIACTIIIMHA pa3MepaMu
23x23x5 mm. Ocanka npomsBomnack Iumtamu u3 cramn 12X18H10T, mepoxosaro-
cteio 90 Mxm, mpu T'=21-22 °C. [lepen ocagxoil TOpIEBBIE TOBEPXHOCTH 3aTOTOBKH
CMa3BIBAMCh TABKOM. B BhIpakeHHWe sl KOX(PQHUIHUEHTa ¢ BXOTUT KOIPPHUIHEHT
BHEIITHETO TPEHUS |, KOTOPHIH HaM HEU3BECTEH. UYTOOBI €r0 ONPENEINTh, CTPOUIN KPH-

BeIe 7(V) |q)=0 JUISL Pa3NIMYHBIX 3HAYEHUH ¢, UCTIONB3Ys (hopMyry aist V., , M CpaBHHBAIA

C TaKo# ke KPUBOM, MOTy4YEeHHOH 3KcnepruMeHTansHo. U3 cemelicTBa KpuBbIX 7(V) | 0=0

BEIOMpanack KpuBas, Hauboee OJIM3Kas K IKCIIEPUMEHTATBHOMN, TAKUM 00pa3oM Kod -
(UIMEHT ¢, a 3HAUHT W |, OBUTH ompeaenceHbl. J[s 3aroTOBKM yKa3aHHBIX Pa3MepoOB
c=6.62-10"" 1/Mmm’, p = 0.3. Ha puc. 2 npy yKa3aHHBIX BBINIE ¢ U || IPUBEICHBI OIIBIT-
Has W TeopeTWdecKas KpHUBBIE NepememieHus Touykn (¢ =0, r=a), T.e. KpUBEIC

(V) |q):0 . Teneps, 3Has 3HaueHHe Ko3(uIMEHTa ¢, MOXKHO TT0 opmyiam (3) orpexe-

JIMTH T10JIE CKOPOCTEH M cKopocTed aedopMaruii, KOTopble HaM MOTPEOYIOTCs JUIs Ol-
peneneHus HapsoKeHUH, ONpeeNsieMbIX U3 ypaBHeHU! cBs3u Jleu — Museca [2]:

26,
G,=60+—&Cr,
3G
GQ:GO+§%C’¢’
! 5
G,=0,+ G’C ®
z 0 3@[ z9

- 209;
G“D =0 +§C—inr(p.

IlepBrle Tpu ypaBHEHHS OIPENEISIOT HOPMajbHbIE HAIPSDKEHUS 4Y€pe3 CKOPOCTU

Jebopmanuii (KOTOpbIE N3BECTHBI) C TOYHOCTBIO JI0 G — CPEAHETO HANPSKEHHUS.

a
OHPQI[GJ'II/IM HCHU3BCCTHOC G, B TOYKaxX ((p,
COoS

) TpaHUIb! (CBOOOIHOW MTOBEPX-

HocTH). Tak Kak Ha rpaHMIle HOPMalbHOE HampspkeHue o, =0, TO s onpeneseHus
G, HaIpaHHIE IMEEM yCIIOBHE
2 0; 2 c; .
6, =(cp+-—-C,)cos o+ (o) +——-C,)sing=0. (6)
3¢ 3G

[Mone nedopmarnuii, a 3HAYUT, CKOPOCTH Je(OpMaLHii, ONpe/IesIeHbI Ha TPaHHILIE, T.e.
B BBIpa)K€HUH (6) HEU3BECTHOM SBIAETCS TOJIBKO BEIMYMHA G, B HPEIIOJIOKEHHY,

4T0 G; =0, =1 (B eauHMIax G, ). OnpenenuB G, W, CIENOBATENLHO, G, , HCXOs U3
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¢dopmyn (5) Ha rpaHuLe, HAXOJUM G, B TOUYKaxX BHYTpH obOnactu. B ypaBHeHuu pas-

HOBECHS
os. 10T cG.—C
_r+__r(p+r—(|):0
or r o0 r

MMOCJICAHUEC JBa CjllaracMbIX — H3BCCTHBIC BCIIMYMWHBLI B Ka)K}IOﬁ TOYKEC (I” ,(p) Ha Jy4e

r

(0 <@ <m/4). CnenoBaresbHO, BETMIHHY OIpeaenuM U3 3Toro ypasHeHus. Urak,

O,

or

B TOYKe (7,a/COS @ ) Ha rPaHMIIE U3BECTHBI BEJIUYUHBI G, . 3amaBasch ompeseneH-

HBIM IIIarOM M JIBUTAsICh C 3TUM IIIArOM OT TPAaHWYHOM TOYKH II0 JIydy ¢ = const, Oymem

0c
I0JTy4aTh HCKOMbIE 3HAUCHUS G, U ()_r B K&)KJ0 TOUKE JIy4a, a G, MOXKET OBITb 110-
7

Jy4eHO Yepe3 G, BBIYUTAHUEM U3 [IEPBOIO YPaBHEHHs BTOPOIO B BBIPAKEHHSX (5).

25

[\
(e}

—_
W

—_
(e}

[lepememienue, MM

0 0.5 1 1.5 2
Ocanka, MM

Puc. 2. Teopernueckast (/) 1 SKcriepuMeHTaNIbHAS (2) KPUBBIC 3aBUCHMOCTH
paananbHOro mepeMernieHus Touku (¢ = 0, 7 = @) OT BeIMYHUHBI OCA/IKH
Fig. 2. Theoretical (/) and experimental (2) dependency diagrams
of the radial displacement of the point (¢ = 0, » = a) upon the upsetting value

Takum o6pazom, 3Hast 3HaUeHHe KodhdurmenTa ¢ mo gpopmye (4), MOKHO onpeze-
JIUTH T0JIC CKOPOCTEH M CKOpocTel nedopMaruii, KOTOphIe TOTPEOYIOTCS ISt OTpee-
JICHUS HANPsDKEHUM U3 ypaBHEHUU cBsi3u JleBu — Museca.

3akiar4yenue

[MonmyuyeHHBIC 3aBHCUMOCTH JUIsl CKOPOCTEH U CKOPOCTEH JIeopMaluii XopoIio co-
TJIACYIOTCS C KCIIEPUMEHTAIILHBIME TAHHBIMH, TTO3BOJISIOT ONPEACTATh KOHPUTYPAIHIO
3arOTOBKH B 3aBUCHMOCTH OT BEJHMYUHBI OCAIKH, a TAKXKE ONPEACIATh HAMPSDKCHUS H
KO3 QHUINEHT BHEITHETO TPCHUS.
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Albagachiev A.Yu., Moiseenko A.M., Yakobovskaya .M., Zernov E.V. (2017) A STRESS-
STRAIN STATE OF THE THIN SQUARE WORKPIECE DURING UPSETTING BY THE
ROUGH PLATES Tomsk State University Journal of Mathematics and Mechanics. 49. pp. 75-80

DOI 10.17223/19988621/49/7

In this paper, a stress-strain state of the thin square rigid-plastic plate upsetting by the rough
plates has been investigated using the energy minimization method. It is known that the total
strain energy IT is expressed in terms of the strain rate, which according to the Ritz method must
be chosen so that the boundary conditions and incompressibility conditions are both satisfied. The
obtained dependences for the strain rates contain the ¢ coefficient depending on the plate
dimensions and external friction coefficient. The value of the ¢ is obtained from the condition of
zero partial derivative of I1 with respect to c. Having determined the c, it is possible to obtain the
strain rate field, i.e. the solution of the problem of strain state of the plate. The strain state as
detailed in the paper is determined using the Levy-Mises equations, which integrate the stress
with the strain rates. The authors of the paper have previously considered a similar problem and it
has been solved using the equilibrium equations and physical equations of the plastic flow. The
results in the form of strain state parameters of the workpieces made of different materials have
been experimentally obtained. In both cases, there is a good agreement with the theoretical
dependences for the strain rates. The obtained dependences for velocities and strain rates, which
are in a good agreement with the experimental data, allow determining both the workpiece
configuration depending on the upsetting value, the voltage and the external friction coefficient.

Keywords: upsetting, internal energy, intensity of the strain rates, yield stress.
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