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JABYXOIIOPHAS INIACTUYECKASI THBKA CTEP)KHEBBIX 3AT'OTOBOK KPYTIJIOI'O CEYEHUSA

Annomayusn. B cmamve usnosicenvl pezynomamul uccie008anusi npoyecca 08yXONOpHOU NAACMUYECKoU 2ubKU CMepiCHesbIxX
3a20MOBOK KpYenoeo nonepeunozo cedenus. Paccmampusanca npoyecc 0epopmuposanus 3a20MosKu Kpyenoeo cedeHus, Komopas
PACNonazanacy Ha 08yxX HenoOBUICHBIX ONOPAX, U 0eOpPMUPOBATACH NYAHCOHOM C YUNUHOPUYECKOU pabouell nogepxHocmvio. Ilyan-
COH pAacnonazancs nocepeoune Mexcoy onopamu U nepemewancs nepneHOUKYIAPHO NPOOOTLHOU OCU UCXOOHOU HedepopMUposan-
HoUl 3aecomosku. Ha ocnosanuu ananuza 2eoMempuyeckux napamempos npoyecca 08yXOnopHou ubKu yCmaHnogieHa 3a8UcUMOCb
nepemewjenus paboue2o uncmpymenma h om yana 2ubku o. s 0606ueHust NoIyYeHHbIX Pe3yabmamos i 603MONCHOCIU UX UCROLb-
308aHUSL 8 WUPOKOM OUANO30HE PAZMEPO8 3A20MOAKU U UHCMPYMEHMA 6600UNUCL De3paszMepHble Napamempsl U NOLYYeHd 3A6UCU-
MOCHb OMHOCUMENLHO20 NepeMeUenusi NYaHcoHa om yena ubku. Fcnonw3ys mMemoo KOHEeYHbIX d1eMeHmMOo8 (MpoepamMMHblll KOM-
nnexc «DEFORM-3Dy), gbinonneno xomnviomepHoe MoOenuposanue npoyecca 08yXONOPpHOU 2UOKU CIEPICHEBbIX 3d20MOBOK Kpye-
020 ceuenus. Ilpu moodenuposanuu npoyecca 2ubKu 8 Kauecmee Mamepuand u3ubaemoll 3a20moseKu paccmampugandcs Cmaib
mapxu 40C2A4, komopas npumeHsaemcs Npu U320MOBLEHUU NPYACUHHBIX KIEeMM pPelbCosblX cKpenienuti. lIpumensemasn 6 pacuemax
KpUBas ynpouHeHus Cmpoundcs no pe3yibmamam ucnslmanuti na pacmsicenue. Ilo pesynomamam mooenuposanus yCcmaHo81ieHbl
3aKOHOMEPHOCIU USMEHEHUs. CUTbl 0epopMUpPOsanUs U QOpMbl NONEPEUHO20 CeYeHUsl HA PA3IUYHLIX dMANax 0epopmMuposaHus.
DkcnepumenmanbHvie UCCIe008aHUs npoyecca 08YXONOPHOU 2UOKU NPosooUIUCy Ha ucnvimamenvhoti mawune HP 5082-100. Pac-
X0oicOeHUue meopemudeckux u IKCNepUMeHmMalbHblX OaHHbIX He npesbiuem 5—1%.

Knrouesnble cnosa: niacmuueckas 2ubka, CmepiiCHesdst 3a20moeKa, 08YXONOPHAsL 2UOKd, Y20l 2ubKu, X00 UHCMpYMeHma, Me-
MO0 KOHEUHbIX INEMEHMO8, CUNA 0ehOPMUPOBAHUS, HANPAICEHHOE COCMOAHUE

BBenenue a 1
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[pormeccrl mIacTHUECKO THOKK CTEP>KHEBBIX 3ar0TO-
BOK CBSI3aHbl C M3MEHEHUEM KPHUBM3HBI OCH cTepxkHA [1].
[Tpu 5TOM MIacTuyeckoit aeopmanyy moBepKeHa TOIBKO
YacTh 3arOTOBKH (04ar aeopMainu), a OCTAIbHBIC YacTH
nedopmupyrorest yapyro [2]. Thractuueckas rudka cTepx-
HEBBIX 3arOTOBOK IIMPOKO UCTIONB3YETCs IPU U3TOTOBICHUH
W3JIETIVIA THUIA TPY)KUH, MPYKUHHBIX KIEMM PEbCOBBIX

CoOSa

IZie o — yroJu THOKW; I' — paanyc MONEPEedHOro CCUCHHs
3aroToBKH; L — paccTosiHre Mexay onopamu; R — pagmyc
pabodelf TOBEPXHOCTH IyaHCOHA (IIOJBHXXHOTO HHCTPY-
MeHTa); R; — paauyc OIOPHBIX NOBEPXHOCTEH HEMOABHXK-
HOTO HHCTPYMEHTA.

CKpEIICHHUH, TPY30I0IBEMHBIX CKOO H T.I1.

OnuH U3 pactpoCTpaHEHHBIX CIIOCOOOB CTEPKHEBOH
rHOKH — AByXOHOpHas rudka (puc. 1), mpu KOTopoit 3aro-
TOBKAa PACIOJaracTcsi Ha ABYX HEMOABMIKHBIX OHOpax, y
KOTOPBIX padoure NUIMHIPUYECKUE TOBEPXHOCTH UMEIOT
paauycsl Ry, a gedopmanyst OCyIIeCTBISETCS MyaHCOHOM,
pabouasi IOBEPXHOCTh KOTOPOTO BBIOJIHEHA B BUJE LH-
muHapa ¢ pagumycoM R. IIpu 3Tom paboumii myaHCOH pac-
TOJIOXKEH TIOCEPEIHE OIIOp U MepeMelaeTcs Ha BeJIHd -
Hy h (X071 myaHCcOHa).

Puc.1. Cxema ByXOIMOPHO# THOKH 3arOTOBKH
KPYTJIOTO CeUeHHMs

AHanu3upys reoMeTpU4ecKue napaMeTpsl pouecca
JeopMUpOBaHHMs, MOJTYYEHO ypaBHEHHE, ONHUCHIBAOIICEe
3aBHCHMOCTD XOJIa IIyaHcOoHa h OT yria rmOKd o U cOOT-
BETCTBYIOIIUX Pa3MePOB 3ar0TOBKU U MHCTPYMEHTA.
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Jnst 0000LIeHHS PE3y/IbTaTOB MOJCIUPOBAHUS U
BO3MOXHOCTH HMX HCIIOJIb30BAaHUA B HIMPOKOM AUAIIO30HE
pasmepoB ypaBHeHue (1) mpeoOpa3oBBHIBAIOCH 3a CYUET
BBe/ICHHs 0e3-pa3MepHBIX MapaMeTpoB:

R
ﬂ:&, sz, —+ =k, L=p-
R R R R
B utore nony4yeHo cnenyrouiee ypaBHeHUE
A o (1+p)
d=[-—(k+p)tg_Jtga+(1+p)———, (2
2 2 Ccosa

ITo pe3yiabTaTaM BBIINIOJHCHHBIX paCu€TOB IMMOCTPOCH
rpaduk 6= £ (o) , KOTOPBIA NpelCcTaBieH Ha puc. 2.

[NomyueHnas kpuBasi OIMCHIBAaJIACh MOJIMHOMOM IISi-
TOH cTeneHu

8 =2E—-08a’ —3E - 060" +0,00020° —

3
—-0,0039¢° +0,13320. ®)
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Pasden 3
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§=f(a)

y = 2E-08x° - 3E-06x* + 0,0002%3 - 0,0039%? + 0,1332x
R*=1

45
Q, Tpaj.
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Puc. 2. 3aBHCHMOCTh OTHOCHTENFHOTO TIEPEMENIEHHs O TIOBHKHOTO pabodero MHCTPYMEHTA OT YIJla THOKH o

[Ipu KOMIBIOTEPHOM MOJIETMPOBAHUM MpOIEcca JIBY-
XOMOPHOM T'MOKM TNPUMEHSUICS MPOrPAaMMHBIA KOMILIEKC
«DEFORM-3Dy [4] , kOTOpBIii 6a3upyeTcs Ha METOoZE KO-
HEuYHbIX 371eMeHTOoB [4]. Mcnonp3yemas B pacueTrax KpuBas
YIIpOYHEHHs KamnOpoBaHHOW ctau Mapku 40C2A, koTopast
TIPHMEHSIETCS] TIPH W3TOTOBJICHHUH TIPYXHUHHBIX KJIEMM DPellb-
COBBIX CKPEIUICHHH, CTPOMIIACH TI0 Pe3yNIbTaTaM HCIIBITAaHUH
Ha PacTSDKEHHE C WCTIONB30BAHMEM AaTTECTOBAHHOM HCITBI-
TarenpHOM MammHbl TP 5082-10.

B pacderax BappHpOBaJICh T€OMETpPUUYECKHE Mapa-
MeTpel ~ Ipouecca  TMOKM:  JHAMETp  3arOTOBKH
d = 11,0+17,0 MM, paauyc paboueii IOBEPXHOCTHU TTyaH-
cod R = 15,0+20,0 mm, pamuyc onop Ry = 15,0+20,0 MM,
pacctosnaue Mexay ocsimu ornop L = 90,0+100,0 mm.

ITo pe3ynbTaTaM KOHEUHO-JIEMEHTHOTO MOMAEIHPO-
BaHMS OIPEJCIICHBI CHJIOBBIE MApaMETPhl U HANPSKCHHO-
neopMUPOBAaHHOE COCTOSIHHE TIPH JIByXOIUIOHOW IIia-
cTrdeckoi rudke. B yactHocTH, Ha puc. 3 TIOKa3aHbL: 1M0-
JIO)KEHHE 3arOTOBKM W WHCTPYMEHTA Ha OTAENBHBIX 3Ta-
Iax mporecca IBYXOIOPHOI TMOKM M OIS pacrpenese-
HUsI MHTEHCHBHOCTH HAIPsHKEHUH 0; B ouare Jedopma-
LMY TpU U3rude 3arOTOBKH.

Stress - Effective (MPa)

510 l

[To pe3ynbpraTam MOIETUpPOBaHHS TOCTPOCH TpaduK
3aBUCHMOCTH CHJIBI JIe)OpMUpOBaHHs P 3aroTOBKH OT
nepeMenieHuss h MOABIKHOTO HWHCTPYMEHTA, KOTODBIA
MIpeACTaBIeH Ha puc. 4.

[Nomyuennsre 3aBucumoctu cwisl P aedopmupoBa-
HHUS OT NepeMenieHus h IOIBIKHOIO MHCTPYMEHTa ail-
MIPOKCUMHPOBAIIMCH NOJUHOM 6-1 CTETIECHU!

P =—10h® +0,0004h® — 0,0132h* +

(4)
+0,2771h*h? +16,896h.

YpaBHenue (4) 10CTaTOUHO TOYHO ONHUCHIBAET 3aBU-
CHUMOCTb CHJIBI THOKH P OT mepeMelIeHUs MOJIBUKHOTO
HHCTpYMeHTa h, Tak kak K03 UIUEHTH NeTepMUHALIMN
nmeroT (R? = 0,9997) BeIcOKHE 3HAUEHUS.

[To pesynbraTaM MOAEIHMPOBAHUS ILIACTHYECKOU
rMOKM YCT@HOBJIEHO, 4TO B mporecce Ae(GopMHPOBaHUS
MIPOUCXOJAT HM3MEHEHUs! (POPMBI ITIONEPEYHOr0 CEeUCHHUS
3aroToBOK. Ha puc. 5 moka3aHbl mornepevHsie CeYeHus 3a-
TOTOBKH B BEPTHUKAJIBHOM IJIOCKOCTH 110 OCH CHMMETPHHU
ouara sedopMariii npu yrimax ru6ku o = 15°m a = 30°,

Stress - Effective (MPa)
674

578
481
385
289
193

966

0339|

0339 Min
674 Max

Puc. 3. [TomoxeHne 3arOTOBKH M HHCTPYMEHTA U TIOJIS pacIipeiesieHIsI HHTCHCUBHOCTH HANIPSKCHUN 0
IIPU IBYXOIIOPHOH r'MOKe 3aroTOBKH Ha OT/IEJIBHBIX 3Tanax Ae(opMUpOBaHUS
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= -3E-06x° + 0,0003x° - 0,0132x* + 0,2771x3 - 3,0464x* + 16,896x
R?=0,9997

15 18 21 24 27 30

[lepemernienue A MM

Puc. 4. Uamenenue bl 1eOpMUPOBAHLSI IIPH IBYXOIIOPHOM T'HOKE 3arOTOBKHU OT mepemernernus h
MOABIXHOTO HHCTPYMEHTA

Strain - Effective (mm/mm)

0.0928

uoool

0000 Min
£ 0.000 Max

a=15°

a=30°

Puc. 5. zameneHue GpopMbl IONEPEYHOTO CEYCHUsI 3aTOTOBKH B ovare JeopMalyy Mpy pa3InyHbIX yrilaXx THOKU a

Ha puc. 6 npencraBieHa ¢popmMa 1 OCHOBHBIE pa3Me-
PBI 3aTOTOBKH KPYTJIOTO CEYCHUS IO M IOCIE JBYXOIOP-
HOM IUIACTHYECKOHN THOKH.

A

-

[ B

Puc. 6. ®opma 1 OCHOBHBIE Pa3MepPHI IIOMEPEIHOTO
CEYEHUS 3arOTOBKH JI0 U MOCJIE ABYXOMOPHOU
MIACTUIECKON THOKH

B Ttabn. 1 npexacraBnens! pasmepsl 4, B u H more-
pEeYHOro ceueHus! NmpoaeOopMU-POBAHHONW HCXOIHOHN 3a-
rotoBkd (D = 11 Mm) nipu yrnax rudku a, paBusix 15, 30,
451 60°.

26

Tab6muma 1

Pa3meps! HCcKa)XeHHOTO ONIEPEeYHOTO CeUSHHUS
IIPY pa3NINYHbIX yrilax THOKU a

o, Tpaj A, MM B, mm H, mm
15 4,05 10,82 10,81
30 4,14 10,81 10,18
45 4,48 10,83 10,13
60 4,89 10,84 9,9
OKCrepUMeHTalIbHBIE ~ WCCIIEIOBAHMSl  Mpolecca

JIBYXOHOPHOH IIaCTHYECKOW TMOKH NMPOBOJMINCH HA HC-
neitarenbHod Mammue VP 5082-100. Ilpu stom crepxk-
HeBas 3aTOTOBKa U3 KamuOpoBaHHOH ctami mapku 40C2A
quamerpom d = 11,0 MM, gunoii | = 280,0 MM ycraHas-
JIMBAJacCh Ha OMOPHI HWJIMHIPUYECKONH (OPMBI PagnycoM
R; = 15,0 MM, paccTostHuE MEXLy OCSIMH OTIOp COCTaBJIsI-
go L = 90,0 mm, medhopmupoBanach myaHCOHOM, MMEHO-
muM panuyc paboueit nmosepxuoctu R = 15,0 mm. ITomo-
JKEHHEe 3arOTOBKM M HWHCTPYMEHTa B IPOIECCE THOKH H
MaIIMHHAas JuarpaMMa MpecTaBlIeHb! Ha puc. 7.
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Pasden 3

a
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Puc. 7. DxciepuMeHTalbHBIE UCCIIET0BAHUS
JIBYXOTIOPHO!M r'MOKHU Ha UCTIBITATEIBHON MAlIMHE
HP 5082-100:

a — MOJIOKEHUE MHCTPYMEHTA U 3ar0TOBKH;

6 — MalMHHAs AUarpaMmma

BriBoabI

1. ITo pe3ynpraTaM aHaIM3a TEOMETPHUYECKHX COOT-
HOIIIEHUH pa3MepoB M MapaMeTpPoB Mpoliecca ABYXOIOp-

Caenenust 00 apTopax

HOMW TMOKH YCTAHOBJICHBI 3aBHCUMOCTH NEpEMEIIEHHS pa-
6ouero uHcTpyMenTa h ot yria rubku o .

2. Vcrionmp3yst METOI KOHEYHBIX JIEMEHTOB Ha 0aze
mnporpamaoro kommiekca «DEFORM-3Dy, BeimoiHEeHO
KOMITBIOTEPHOE MOJICITUPOBAHHE MPOIIECCA IBYXOMOPHON
THOKH CTEpP)KHEBBIX 3aTOTOBOK KPYTJIOTO CE4eHHs. YCTa-
HOBJIEHBI 3aKOHOMEPHOCTH M3MEHEHHs CHJIbI Jedopmu-
poBaHus ¥ (HOPMBI MONEPEUHOTO CEUECHHSI Ha Pa3THMYHBIX
JTamax Ipolecca THOKH.

3. Ucnonp3ys ucneITaTenbHylo MamuHy WP 5082-
100, npoBeneHbI SKCIIEPUMEHTAIBHBIE UCCIIEIOBAaHUS TIPO-
Liecca AByXOIOpHOH THOKU. PacxoskieHne TeopeTHuecKux
1 9KCIEPIMEHTAIBHBIX JaHHBIX HE TpeBbIIeT 5—7%.

4. TlomydeHHBIE Pe3yABTATHI HCCICAOBAHUHA PEKO-
MEHIyeTCsl HCIIONb30BaTh MpPU BBIOOPE TEXHONOTHUH W
000pyOBaHUS OISl IUIACTHYECKOM THOKH CTEp’KHEBBIX
W3ACTHNH, IPU IPOEKTUPOBAHUH THOOYHOTO MHCTPYMEHTA
1 OIICHKH €ro pecypca paboTsl.
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ROD BLANKS DOUBLE-SEAT PLASTIC BENDING
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Abstract. The article presents the results of a study of the process of double-support plastic bending of rod blanks
of round cross-section. The process of deformation of a round workpiece, which was located on two fixed supports, and
was deformed by a punch with a cylindrical working surface, was considered. The punch was located in the middle be-
tween the supports and moved perpendicular to the longitudinal axis of the original undeformed workpiece. Based on
the analysis of the geometric parameters of the double support bending process, the dependence of the displacement h
of the working tool on the bending angle a was established. To generalize the results obtained and the possibility of
their use in a wide range of workpiece and tool sizes, dimensionless parameters were introduced and the dependence of
the relative movement of the punch on the bending angle was obtained.

Using the finite element method (DEFORM-3D software package), a computer simulation of the process of two-
support bending of round rod blanks was performed. When modeling the bending process, grade 40C2A steel, which is
used in the manufacture of spring terminals for rail fastenings, was considered as the material of the bent workpiece.
The hardening curve used in the calculations was constructed based on the results of tensile tests. Based on the model-
ing results, patterns of changes in the deformation force and cross-sectional shape at various stages of deformation were
established. Experimental studies of the double-support bending process were carried out on an IR 5082-100 testing
machine. The discrepancy between theoretical and experimental data will not exceed 5-7%.

Key words: plastic bending, rod blank, double-support bending, bending angle, tool stroke, finite element method,
deformation force, deformation force, stress state
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