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Annomayus. I[Ipeonoscenvt coomnowenus 05 paciema Cun08020 U 0eOpMayUOHHO20 PeHCUMOS NPU GbIMAICKE C
Hazpeeom. Mamepuan 3a20mosKu NPUHAM OPMOMPONHBIM, M.e. UMEIOWUM AHUZOMPONUIO MEXAHUYECKUX CBOUCME NO OCAM KO-
opounam. [na Iucmogoeo Mamepuaia CywecCmeenHa aHu30mponus 6 njioCKOCmu AUcma (NI0CKOCMHAA AHU30MPONUs) no
HANpaeneHuio npokama, noo YoM K Hemy U no moaujune 1ucma. B smux nanpasnenusx npu ebimsaxicke npoucxooum paouais-
HOe meuenue Mamepuand ITUCmogoli 3a20MosKy. AHU30mMponus npUsoOUM K HepasHOMEPHOCTU pacnpedenenus HanpaAlICeHul,
PAZHOMOTWYUHHOCIU CIMEHKU U30eus, 00PA3068aHUI0 Kpaesbix ghecmonos. IIpu sbimsadicKe ¢ HAePe8oM HA 2UOPONPecco8om 060-
PYOOBAHUYU MAMEPUAT NPOABIAEM 85A3KUe CBOUCMBA U NPU 3A0AHHOU cmeneHu (popmMoobpazoeans NPoUcxooum oehopmayuoH-
HOe YNpouHeHue U pa3ynpoyHeHue Mamepuana 3a20mosku. Pasynpounenue 6v136ano peiakcayueli Hanpajcenuil, KOmopas mem
Oobule, YeM MeHbule CKOPOCmb npoyeccd. Dmom hakxmop npusooum K YMeHbULEHUIO HYMPEHHUX HANPANCEHUll, CUie 6bl-
MAACKU, NOBPEHCOAEMOCTU 0eDOPMUPYEMO20 MATNEPUANA, BOSMONCHOMY YBEIUYEeHUIO cmeneHu ¢popmoobpazosarnus. Ilonyuen-
Hble AHATUMUYECKUe 3a6UCUMOCIU C YYEeNOM AHUIOMPONRUL U PENAKCAYUlU NO3GONAIOM PACCHUMATNb ONMUMATbHbIU MEXHON0-
euueckull pexcum evimsaxcku. Hanpsasjicenus u cunogoil pexcum paccuumanvl Ha OCHO8e YPAGHEHUS PAGHOBECUSA U YCL08UsL MEK)-
yecmu aHU30MPONHO20 MAMEPUANA NO HANPABIEHUAM PaouanbHo2o medenus. IIpednodcen pacuem Konmypa 3a20mogxi Ol
suimsAdiCcKU 6e3 pecmonos. Ilonyueno coommouienue 0nia paciema CRAOWHOCMU deghopmupyemo2o mamepuana. IIpu smom uc-
NONb306AHbI IHEpeemuieckue U 0e)opMayuoHHble YPAGHEH U NOBPEHCOAeMOCU C YUemOM CKOPOCHU 6bIMANCKU. Buinonnenul
pacyemyl pexcumMos mexHoI02uL 8bImAXCKU. Buinoanensl pacuemslt pexcumos mexnonoeuu bImANICKU Ha npumepe mumano8020
cnnasa BT14. Ilokazano, 4umo npumenenue QueypHoll 3a20moeKu 015 GbIMANXCKU obecneuugaem cHUX CeHe paouanbHblX Hanps-
JHCeHUll, CUTbI ONepayuul U PAGHOMEPHOCb MOIUUHBL KPAsL U30eTUsL.
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TexHonorus u 060py1oBaHue 00pPaAGOTKH METAJJIOB JaBJIeHUEM
Technology and equipment of metal processing by pressure

Abstract. Correlations for the calculation of force and deformation modes during sheet drawing-out under heating are
proposed. Work material is assumed to be orthotropic, i.e. having anisotropy of mechanical properties along the coordinate
axes. In-plane anisotropy of the sheet (planar anisotropy) is significant in case of sheet material in the direction of the rolled
stock, angle-wise and along the gage. In these directions, the radial flow of the sheet blank material occurs during drawing-out
operation. Anisotropy contributes to uneven stress distribution, gage variation within a sidewall, and edge ear formation. When
drawn with heating on a hydraulic ram equipment, the material exhibits viscous properties and, at a given degree of shaping,
deformation hardening and softening of the work material occur. Such softening is caused by stress relaxation, which is greater
the lower the speed of the process. This factor leads to a decrease in internal stresses, drawing force, tends to the damage of the
deformable material, and a possible increase in the degree of shaping. The obtained analytical dependences, taking into account
anisotropy and relaxation, make it possible to calculate the optimal technological mode for drawing-out operation. The stresses
and force conditions are calculated on the basis of the equilibrium equation and the flow conditions of the anisotropic material
in the directions of radial flow. The calculation of the blank shape for earless drawing-out is proposed. The ratio for calculating
the continuity of the deformable material is obtained. In this case, the energy and deformation equations with fault probability
formulas are used, taking into account of the drawing-out speed. Calculations of drawing-out technology modes have been
performed. Calculations of extraction technology modes are made using the example of titanium alloy VT14. It is shown that the
use of a shaped billet for drawing provides a reduction in radial stresses, the force of the operation and the uniformity of the
edge gage of the product.
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BBenenue
I R
[Iporniecchl BBITSIKKY U3ACIHI C HATPEBOM 27
— =

3aroTOBKM NPHUMEHSIOT B JIMCTOLUTAMIIOBOYHOM
MIPOU3BOJICTBE TMPH 00pPaOOTKE BBICOKOTPOYHBIX
matepuaios [1, 2]. JInucroBele MaTepuabl, UMEIO- Vo

M€ TEKCTYPY NPOKATKH, aHU30TPOITHBI B INIOCKO- g
cti mucta [3]. IX MexaHUuecKre XapakTepUCTUKN & \
BJI0JIb IIPOKATA M MOJ YIJIOM K HEW Pa3Iu4HbI, U 7]
pa3IMyHbI, CIeI0BaTEIbHO, KOI((UIIMEHTHl aHU- =
30TPOINHUH, ONPENEIIAIONINE 3TH XapAKTEPUCTUKH.
Kpome Toro, ropsiunii marepuas npyu MeAJIEHHOM (
nehopMUPOBAHUHN Ha THIPOIPECCOBOM 000PYI0-
BAaHWUM INPOSBIIAECT CBOUCTBA BA3KOIUIACTUYHOCTHU: 2K
Ne(pOpPMALMOHHO YIPOUHSETCd U OAHOBPEMEHHO

pa3ynpoyYHsieTcs BCIEICTBUU pElaKcalid BHYT-
peHHUX HamnpspkeHuid. Ha3zBanHbie (GakTOphl 3HA-
YUTEIHHO BIUAIOT HA PEKHUM BBITSDKKH, UTO HEOO-
XOJMMO YYHUTHIBaTh INpPU Pa3pabOTKe TEXIPO-

Puc. 1. Cxema BBITSKKH

Fig. 1. Drawing out outline

ecca.
Cxema BBITSDKKHM TpUBEAEHAa Ha puc. .

CocrosiHue MaTepualia 3aroTOBKH BBIPAXKaETCs

YpaBHEHUEM BSI3KOIIACTUYHOCTH [4, 5]

_ Mmen
G, =4deg, &,, (1)
rie G,, €,, &, — DKBUBAJICHTHBIC HAIIPSIKEHUE,

nedbopmarusi W CKOpocTh  nedopmariuii;
A, m, n — KOHCTaHTBI TOPSYETO MaTepHaIa.

VpaBuenue (1) yuutsiBaeT aedopmarmion-
HOE yIMPOYHEHUE U Pa3yIPOYHEHHUE B CBSI3U C pe-
JIaKCalluel HampspKeHHH, 3aBUCAILIECH OT CKOpO-
CTH. HpI/I IJIOCKOM HAITPSA’KECHHOM COCTOSAHUU JIN-
CTOBOT'O aHM30TPOIMHOI0 MaTepraia SKBUBAJICHT-
HBIE JeopMaIis U €€ CKOPOCTh BBIPAYKAIOTCS CO-
OTHOIICHUSAMU

r dee A
€, =an; g = E ==v,. )
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CkopocTh TepeMenieHus ToueK (QuiaHia

[3]:

ol = vo (2)": 3
1

r=[22+R,)/31+R)] 2; R

rae R, — kK03(h(UIHUEHT aHW30TPOIHM BAOJIbL U
nonepek mpokata ymcta (o0 = 0,90°) u mox yriiom
K Hell (o = 45 °); vo — CKOpOCTb BBITSKKH; 71,
¥ — paJNyChl U3JICUS B ToUeK (DaHIa 3aTOTOBKH;
t — Bpems. Jlnsg TpaHCBEpCATbHO-U30TPOIHOTO
matepuana Ry =R, = (Rg + Rog + Rys5)/3 ; mns

u3oTponHoro R, =1.

Tak kak
P2 LR _re, @
Eg dr o

TO HHTCTPHUPOBAHNEM 3TOI'0 COOTHOIICHUA ITOJTYUYHUM

f-1
,
d=0p| — , (5)
o
rae O — TeKymas TOJIIMHA B TOYKax (yraHma mo
HaIpaBIeHUsAM R, ; 8¢ — UCXOAHAs TONIIMHA JIU-

CTOBOMU 3arOTOBKHU.

s, = Yxm+n ] Arlnf vl frro (%)Hn(ﬁf) ) (ln L)m dr;

[To Ha3BaHHBIM BHIIIEC HAMPABICHHUIM KO-
3 PUIMEHTOB aHU30TPONHMHU TPOUCXOIUT PaIH-
aIbHOE TEYCHHE MaTepuana, TIe paauaibHble U
OKpY KHbIE HAMPSKEHUS SBIISIOTCS TJIaBHBIMU. 3a-
MUIIIEM ypaBHEHUE PAaBHOBECHS U JINHEHHOE yCIIO-
BHE TEKYYECTH aHU30TPOIHOrO MaTtepuana [3, 4],
YUUTBIBas CKazaHHoe. TakuM oOpazom

doyr
r;+cr—cq,=0; (6)
Or — Og = Y0g, (7)

TJI€ Gy, Gy — HANPSHKEHUS PAJIUATILHBIE U OKPYXK-
HBIE; G, — SKBUBAJICHTHOE HANPSHKEHHUE;

2 1+ R
Ve | | s Mo =

2
V2 1+2Ry +ug

OKBUBAJIEHTHOE HaIPSDKEHUE NIPEACTaBUM
B COOTBETCTBUM C YPAaBHEHUEM COCTOSIHHSA IpHU
BA3KO-INIACTUYHOCTH, UCNOJIb3Yys ypaBHeHUeE (1) n
BBIpaXkeHHeE (2), B BUIC

o, = AN (ln :—1)m : (lvr)n, (8)

r

CoBMecTHOE pelnieHre BeipaxeHui (6), (7)
IIPU yUYeTe COOTHOUIEHMS (§) MPUBOIAUT K 3aBUCH-
MOCTSIM

©)

1

Gy = Op — YOp.

WuTterpan ympomaercss npu pas3IoXKeHUH
Bxomsamiern ¢ynkmuu [6]. CoorHomenus (9)
MO’KHO YTOYHUTH BHECCHUEM HAIIPSHKCHUS TPCHUS
3arOTOBKM MEXAYy TNPWKUMOM U MaTpHIlel
Orp = 2UGnp, THE (rp JIaBJICHNE TIPIKUMA;
p — ko3 dunuent tpenus. CymMMapHble Hampsi-
KEHUS B COOTBETCTBUH C 3TUM IOJy4aT BHU]

(Gr)Z' = Or + GTp;
(th)z = (07)z — YOe-

(10)

Pacder HanpspkeHUNA TPOU3BOAMTCS MPHU
Ry (mo tekctype mpokara) u Rys (mox yriom

45 ° K TeKCType) C U3MEHEHHEM IapamMeTpoB A,

VRS
Pacnpenenenue paanaibHbIX HAPSKEHUN
BIOJIb BBITSKHOU KpPOMKH MaTpullbl MOXHO

3aJ1aTh YpaBHEHUEM

1
(0,) = E[(Grmax + 6, min) * (O max _Grmin)COS4a]- (11)
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MaxkcumanbHas CHUjla BBITSIKKU ornpeacii-
eTcst IpH yueTe BeipakeHus (11) 3aBUCHMOCTBIO
I

4
Frnax =8180 [(0,.) -dat (12)
0
JUIsL MaTepHalla ¢ INIOCKOCTHOW aHU30TPOIIUEN U

Fax =2n8¢(0,)x (13)
JUTSL TPaHCBEPCATbHO-U30TPOITHOTO MaTepHraa.

[To nUHUSAM MaKCHMaIbHOTO KOA(PHIIU-
€HTa aHW30TPOIHH TIPU BHITSHKKE KPYTJIOH 3aro-
TOBKH oOpa3yroTcst ¢dectonsl [3]. DecToHbI
MOYKHO YCTPaHHUTh IPUMEHEHUEM 3aTrOTOBKH, KOH-
Typ KOTOPOH OIpeieNsieTcs U3 yCIOBUs paBEHCTBA
BPEMEHU MIEPEMENICHUS 110 JTUHUSAM K03 DUIreH-
TOB Ryjax ¥ Rpin, T-€.

[lodr— [rdr

1 vy 1 VT”

II€ 7+ — PaJlyC KOHTYpa IO JTUHUAM R,y .

W3 ycnoBus paBeHCTBa BpEMEHU MOTYyYUM

1

P :{—H_fl rlfl_f2 (F&Jrfz —r11+f2 )+ r11+f1 }Hfl , (14)
1+f2

R

Rmax . f _ min

1+R 72 T 14R

max

rae fi=
min

Touku paguycoMm 7 1O JTUHHSIM K03 du-
IUEHTa R ¢ I[JIaBHO COEIUHSIOT C HCXOAHBIM
KOHTYpPOM KpPYIJIOH 3arOTOBKH 7, 00pa3ys KOH-

TYp pac4e€THOM 3arOTOBKH.

[Ipu BEITSKKE MaTepual 3aroTOBKH TEPSIET
HCXOJIHYIO CIUTONIHOCTh (TIOBpexmaercs). B kpu-
TUYECKOM COCTOSTHUM BO3MOXKHO pa3pyIIeHHUe 3a-
TOTOBKH, KOTOPOE IIPOUCXONT Ha BBIXOJIC U3 MaT-
puLbl, T.e. Ipu T = 1. Marepuan 31ech Haxo-
JUTCSI B YCIOBUSIX OCEBOro pacTsukeHus (o, =0,

G =0). Paspymenne mpoucxoauT 1o Hampasie-

HUI0O MUHHMAaJbHOTO K03(duumeHra aHuzoTpo-
muu Ry i, - 3A€CH IO YCIOBUIO TEKY4ECTH

G, =(0,)s.- (15)

Cnenaem OLIEHKY KOHEYHOH CIUIOIIHOCTH
Ha OCHOBE SHEPreTHYECKOro YpaBHEHHSI KUHETUKU
noBpexaaeMocTu [2, 4]. YareM BoIpakeHus (2),
(10), (15) m ypaBHEHHE 11 BpEMEHU TIEpeMelnie-
Hus dt = dr/v,. [lonyuum cooTHOILIEHHE

1 A0
y=l-——/[c..dt =1-—— [=(c,)sdr. (16)
App App 0’

3necb 1 = y = 0 — CIUIOMIHOCTE MaTepH-
ajia 3aroTOBKH NP JIAHHOW Temneparype; Ap, —
npenenbHas yaenbHas paboTa  pa3pylICHUS.
CruionrHoCTh, Kak ciaeayeT U3 cooTHomeHus (16),
3aBUCUT OT CKOPOCTH BBITSKKU. Jl71s1 neranen crie-
IHAIBHOTO Ha3HayYeHUsl pekomeHnayerca y = 0,7
[7-9].

PacyeTpl BBIONHEHBI MPUMEHUTEIBHO K
tutaHoBoMy cruiaBy BT14 mpu 850 °C [10].
Pasmepsr 3arotoBkm: 75 =30 mMm; 74 =18 Mm;

89 =1 mm; p=0,1. KoncranTtel Marepuana mpu-

BeJleHb! B Ta0II. 1.

1. KoncranThl MaTepuaja

1. Material constants

A, MIla'¢" | m n

RO = R90 R45 ch A, MIla

70 0,1 | 0,07

0,7

1,2 10,87 | 5.102

Paccuntanbl MakcuManbHBIE CyMMAapHBIE
pagManbHble  HANPSDKEHHA IpU 7 =7 10

HaNpaBICHUAM R, U Ryiy U1 OPTOTPOIHOIO

matepuana u R = R., I8 TpaHCBEpCAbHOTO

Haykoémkue TexHOJI0rHH B MamIuHOCcTpoeHun, Nell (173) 2025
«Science intensive technologies in mechanical engineering», Nel1 (173) 2025



TexHonorus u 060py1oBaHue 00pPaAGOTKH METAJJIOB JaBJIeHUEM
Technology and equipment of metal processing by pressure

M30TPOMHOTO Marepuana B (YHKIUU CKOPOCTH
BBITSDKKU. J[JIs1 Matepualia ¢ IiIoCKOCTHOM aHU30-
tponuell (Rgy # R45) MakCMMyM paJuallbHBIX

HaIpSOKEHUN Ha BBITSDKHOM KPOMKE MaTpHILIbI
(7 =77) BO3HHUKAeT MO HANpaBJICHUIO KO3(Dduiu-

€HTa aHu30Tponmuu R =R.;,. 370eCb ke BO3-

MO>KHA HarOOJIbIIAs TIOTEPS CIUIONIHOCTH (TTOBpE-
KJIAeMOCTh) MaTepuana 3aroTOBKH, YTO MOXKET
NPUBECTH K €ro paspymieHuto. Jlias TpaHcBep-
CaJIbHO-M30TPOIHOTO MaTepuana HalpshKeHUs,
CWJIa BBITSDKKHM W TIOBPEXKJIAEMOCTh Marepuala
YMEHBINAIOTCS TIPU YBEIWYEHUN KOA(PUIIMEHTA
AHU3OTPONUH U CHUKCHHHU CKOPOCTH OIEPAIIUU.
['padyiku HanpsHKEHUI U CTUIONTHOCTH MPUBEACHBI
Ha puc. 2.

(6,)s, MlIla v
/_
1
| | /3(
30~ ’ —1 .98

T = 0,96

0,94
10°
Vi, MM/ MUH

Puc. 2. T'padpuku paguajJbHbIX HaNpPsKEeHUd W
NnoBpe:kIaeMocTell MaTepuana:

1 — nanpsokenne (G )y MO HAPABIEHHIO Ry, IPUT = 77
2 — TO XK€ MO HANPABJIEHUIO Rpay; 3 — TO 3Ke pH R = Rp;
4 — cromHOCTb IpU R = Ry,

Fig. 2. Graphs of radial stresses and material damage:

1 — stress (GV )Z in the direction of Rmin at v = ry; 2 — the

same in the direction of Rmax; 3 — the same at R = Ray; 4 —
continuity at R = Rmin

TonmuHbl Kpask U3JeNus COCTABWIM JIJIS
oproTpormHoro marepuaia o = 1,35 MM mo
HampaBieHuto Ry =R, u 6=12 MM 1o
HaIpPaBIICHUIO
Rys5 = Rppax - 18 TpaHCBEPCANIBbHO-U30TPOIHOTO

marepuana 8 = 1,3 mm npu R = R,,. Paccuurana
3aroTOBKA TSI BBITSDKKH mM37enusi 0e3 (GecToHoB
(puc. 3).

min

el T

Puc. 3. [IpoduabHas 3aroroBka

Fig. 3. Profile blank

Takast 3aroroBka o0ecrieunBaeT CHUXKEHUE
paguaNbHBIX HAIIPSHKECHUMN, CUJIbI BBITSKKU U PaB-
HOMEPHOCTb TOJILIMHBI Kpas uznenus. OOpasisl
W3JICJIUHN, BBITSHYTBIX U3 KPYTJIOW 3aTOTOBKH U 3a-
TOTOBKH C PACUETHBIM BHEIIHUM KOHTYPOM Ipe-
CTaBJIEHBI Ha puc. 4. PacueTHble NaHHbBIE COOTBET-
CTBYIOT OIBITHBIM pE€XHMaM TEXHOJOTHUU BBI-
TSKKU U IIOJIYYUIIU IIPOMBIIUICHHOE IPUMEHECHUE
IIPY M3TOTOBICHUM JETANIEH U3 BBICOKOIPOYHBIX
CIU1aBoB [2].

a)

Puc. 4. [lerayin, nojay4eHHbIe U3 KPYI.Joii (¢) u npopuisHoH (6) 3aroTOBOK

Fig. 4. Parts obtained from round (a) and profile (b) blanks
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BoIBOaBI

1. TlnockocTHast aHU3OTpONUs (OPTOTPO-
nusl) MEXaHMYECKUX XapaKTePUCTHK IMPUBOJIUT
IPH BBITSDKKE JINCTOBOTO MaTepuayia K HepaBHO-
MEPHOCTH pacHpeeNeHns HalpsHDKeHUH, 4TO BbI-
3BIBAET PA3HOTONIIUHHOCTD CTEHKH U3enus U de-
CTOHOOOpa30BaHUE, KOTOPOE MOXKET OBITh YMEHb-
HIEHO MCIOJIb30BAHUEM UCXOIHOM JIMCTOBOM 3aro-
TOBKHU C paCYETHBIM BHEIIIHUM KOHTYPOM.

2. BEITSKKA ¢ HArpeBOM Ha 000PYI0BaHHUH
CONPOBOXKAAECTCS peJlaKcalell HanpsbkeHu. Pe-
JIaKcaIus TeM OOJIbIIe, YeM MEHBIIIE CKOPOCTh BhI-
TSKKU, YTO CHIDKAET HANPSKEHUS, CUITY BBITSXKKU
U CIIOCOOCTBYET YBEJIHUEHHUIO CTeTeHU (opMO00-
pa3zoBaHusl.
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