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Annomayusn. Paccmompenvl npoyeccul pazoauu u 00#CUMA ¢ HAZPEBOM 3a20MOBOK 8 YCIOBUAX BA3KO-NIACMUYHOCTIU.
Ionyueno coomuoutenue 01 pacuema HANPANCEHUU CUl ONepayull, NOBPeIcOAeMoCmu Mamepuaia 3a20mosox. B ompaciax
CneyuanbHo20 MauHOCMpPoeHUs. UCHOIL3YVIOMCS 8bICOKONPOYHble CNIAGbL HA OCHO8e MUMAHA U ATIOMUHUA. J{aHHble CHiagvl
umeom aHu30omponuio mMexarnuveckux ceoticms. Qbpabomxa smux cniaeos sampyonumenvua. Ilo smoii npuuune onepayuio
obpabomxu dagreHuem npouU3Bo0sm ¢ Hazpesom 30ubl deopmayuil. Mamepuan 6 30ne deghopmayuil npossisem 6a3Kue Ceol-
cmea. IIpoucxooum oOHo8pemenHo OedhopmayuoHHoe YnpouHeHue U pasynpourenue (peraKcayus HanpaxiceHuil) mamepuand,
npuyém, pazynpouHerue mem 6o0vule, Yem MeHblule CKOpOCmyb 0eopMuposanus. B smoil céa3u npunamo ypasHeHue cocmosi-
Husl, omobpadicarowee 3mu npoyeccol. Caxmop ynpouHeHus u pazynpoyHeHus co30aem yCcioeust 0Jis CHUNCEHUS. CUL0B020 pe-
Jlcuma onepayuii 06pabomKu 0asieHueM U NosbluleHUe CmeneHu (OpMOUIMeHeHUsl UCXOOHOU 3a20mo6Ku. Yuém peraxcayuu
HANpsJICeHUll ¢ NOMOWBI0 AHATUMUYECKUX 3AGUCUMOCTEN He0OX00UM Ha smane paspabomxy npoyeccos8 pasoayu u 00dicumda.
Pacuemnuvie coomnowenus 3anucanvt 6 yHxkyuu ckopocmu smux onepayuii. [Ipu smom yuumvleaemcsi 3a0anuas oegpopmayus
(cmenenb popmousmerenus), Komopvie KOPPEKMUPYIOMCsL 8 3a8UCUMOCIU OM CKOPOCMU U MEXAHUYECKUX XAPAKMePUCMuK
AHU30MPONUU UCXOOHO20 Mamepuana. Pacuémuvie coomuouenus nonyuenst npu nI0CKOU cxeme HanpsdjiceHull, 4mo coomeemn-
cmeyem pazoaue u 0bxcumy. Mcnonwv308ano ypasHeHue pasHo8ecus 8 HaANPANCEHUAX U YCA08ue meKyuecmu aHu30mponHo2o
mamepuana. Coemecmubie peuteHus 3Mo20 YPAeHeHUs U YCI08UA MeKydecmu YCmanaeiusden eauyubl MepuOuOHaIbHbIX U
OKDYIHCHBIX HANPAIHCEHUT, BOSHUKAIOWUX 8 Mamepuaie 3a20moeKu. Beauuunvl Hanpsascenuti no3601410m paccyumams Cuivl one-
payuii. Tlokazano, ymo ckopocms pazoauu u 00HCUMA U AHU3OMPONUA MEXAHUUECKUX CEOUCE BIUAION HA NOBPeHCOaeMOCMb
Mmamepuana oegopmupyemoti 3a20mosku. 3asucumMocmu 018 pacyéma noepexcoaemMocmuy noayieHvl Ha 0CHO8e dHepeemuye-
CK020 U 0ehopMayUOHHO20 Kpumepues npouyHOCmu. JanHvle 3a8UcUuMOCmu NO360I0M NPOSHO3UPOBANb KA4eCmEo U30eull.
Tokazano maxoice, umo aHU30MpONUsL GIUAeM HA MEXHOIO2UHeCKUe pedcumbl pazoayu u ooxcuma. Ipu ysenuuenuu ko3ggu-
YUeHmMa AHU30MPONUY HANPSANCEHUSL U CUTbI Onepayull ymenviuaromes. Ilpouszeedernvl pacuémol HANPsAHCeHUll, CUl U NOBPEHCOa-
emMocmu mamepuana npu pasoaie anuzomponno2o mumanosozo cniasa BT14 npu 875 °C.
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Abstract. The processes of spread and reduction of a heated rough piece under visco-plasticity conditions are viewed.
The ratio for force stress calculating in operations, damage to the material of the rough pieces is obtained. In the branches of
special engineering, high-strength alloys based on titanium and aluminum are used. In the branches of special engineering,
high-strength alloys based on titanium and aluminum are used. These alloys have mechanical properties anisotropy. Processing
of these alloys is difficult. For this reason, the pressure treatment operation is performed with heating of the deformation zone.
The material in the deformation zone exhibits viscous properties. Deformation hardening and softening (stress relaxation) of the
material take place simultaneously. Besides, the lower the deformation rate, the greater the softening. In this regard, a consti-
tutive equation representing these processes is found. The factor of hardening and softening creates conditions for reducing the
power mode of pressure treatment operations and increasing the degree of primary part forming. Stress relaxation calculation
with the help of analytical dependencies is necessary at the stage of expansion and pressing development. The calculated ratios
are recorded as a function of the speed of these operations. In this case, the specified deformation (the change in the degree of
forming) is taken into account, adjusted depending on the speed and mechanical characteristics of the bearing alloy anisotropy.
The calculated ratios are obtained under conditions of a flat voltage scheme, which corresponds to expansion and pressing.
Stress equilibrium equation and yield condition of anisotropic material are used. The joint solutions of this equation and yield
conditions determine values of the meridional and circumferential stresses arising in the piece part material. The values of the
stresses allow calculating the forces of operations. It is shown that the speed of expansion and pressing and mechanical prop-
erties anisotropy affect the damage to the material of the «green body». Dependences for the calculation of damage are obtained
on the basis of energy and deformation strength criteria. These dependencies allow predicting the quality of products. It is also
shown that anisotropy affects the technological modes of expansion and pressing. As the anisotropy coefficient increases, the
stresses and forces of operations decrease. Calculations of stresses, forces and material damage in the process of expansion of
anisotropic titanium alloy VT14 at 875 °C are made.

Keywords: anisotropy, visco-plasticity, velocity (speed), deformations, stresses, strength, material damage
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BBenenune

[Ipornecchl pazgauu u o6xkuma TpyO npume-
HSIOTCSI B 00paboTke naBnenueM [ 1, 2]. 3aroroBku
U3 BBICOKOIIPOYHBIX MaTepHajoB o0padaThIBarOT
IPU U30TEPMUYECKOM HarpeBe 30HbI eopManuit
C PerJIaMeHTUPOBAHHON CKOPOCTHIO (hopMOU3Me-
HeHus [3]. [Ipu aTomM MaTepuan 3aroToBKU pOsiB-
JseT Bs3KHE CBoicTBa [4, 5], nedopmarmoHHOE
YIOPOUYHEHUE COIPOBOXKIAETCS Pa3ylNpOYHEHHUEM
(penaxcanueit HanpspkeHuii). Penakcanus yBenu-

Puc. 1. Cxembl npoueccos:

YUBAETCSA MPU HU3KUX CKOPOCTSIX OIEepaiui, 4To
MPUBOIUT K YMEHBIICHUIO CUIIOBOTO PEeKUMA pa3-
naun ¥ 00xkuma. CKopocTh (GOPMOU3MEHEHUS 3a-
TOTOBKU M @aHU30TPOIUS MEXaHHUUECKUX XapaKTe-
PUCTHK MaTepuaia SIBISFOTCS OJHUMH u3 (aKTo-
POB TEXHOJIOTHH, BIMSIOIIMMU Ha PEKUM OIlepa-
LMY B YaCTH JOMYCTUMBIX CTereHel Gpopmonsme-
HEHUS, CUJI, MOBPEXKAAEMOCTH MaTepHalia 3aro-
TOBKU [6 — 8]. Y4ér 3TuX (hakTOpoB MO3BOJISET
MMPOEKTUPOBATh ONTUMAJIbHBIE TPOIECCH 00pa-
OOTKH METaJJIOB IaBIICHUEM.

Matepuajbl 1 MeTO/AbI pellleHUsI 32/1a4H €
HarpeBoM

PaccmoTpuM pacyeTsl TEXHOJIOTMUECKUX pe-
KUMOB pa3jaud U o0xkuma ¢ HarpeBoM. Cxembl
9THUX MPOLIECCOB IPUBEECHBI Ha puc. 1.

a — paszmada; O — 00KUM
Fig. 1. Process diagrams:
a — expansion; b —pressing

[lpr TIOCKOM HANPSHKEHHOM COCTOSTHHH
AQHU3O0TPOIHOTO MaTepuania Ha KOHYCE OCHACTKHU
SKBUBAJIEHTHBIC Nedopmalius, CKOpocTb aedop-
Maluii 1 HaPsSHKEHUE BRIPAYKAIOTCS COOTHOIICHH-
samu [8, 9]:
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31ech CKOpPOCTh JBHIKEHHS TOYEK KOHyca 3aro-
TOBKH 110 OTMPABKE OMPEICIAETCS:

p A

0
v, =tv, R (2)

IJle 3HaK «1» COOTBETCTBYET pazfaue; «-» — 00-
KUMY;

1
22+R) |2

R
=|——|; f=—— — KO3QQHULIHUEHTHI,
3(1+R) 1+R
YUUTBHIBAIOLIME AHM30TPOIHIO MaTepuajia 3aro-
TOBKM; R — KOXQOHUUIHUEHT aHU30TPONHHU;

Yo, ¥ — pajilyc 3arOTOBKU U TEKYIIUH pajuyc Ha
KOHYCE; Vo — CKOPOCTb pa3jauu; A, m, n — KOH-
CTaHTbl MaTepuasa, CBSI3aHHbIE C JAePOpMaIOH-
HbIM YIPOYHEHHEM M pa3yNpOYHEHHUEM IpHU
BSI3KO-TUIACTHYECKOM Ae(hOpMUPOBAHUH.
Paccmotpum onepanuio pa3aauu, rie Mepu-

JAUOHAJIBHOC U OKPYXKHOC HAIPSKCHUSA COOTBLT-

crBeHHo 6, <0, o,>0. Cucrema u3 ypaBHEHHUsI

PABHOBCCHA U YCIIOBUSA TCKYUCCTU aHU30TPOITHOT'O

Marepuasia umeet Bua [11]:

3
dc’+0,,—0¢=0, ©)
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-
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6,—0, =70,.

[loncranoBka yciosus (4) B ypaBHeHue (3)
HO3BOJISIET YCTAHOBUTD Pa/IialIbHbIE U OKPYKHbIE
HaNpsDKEHUS B BUJIE:

r

6, ==L = (5)
n
o,=c,+yKvyg. (6)

3nech npu y4dere BeipakeHuit (1), (2)

K=" Ar - ln:—l ; m=-n(l+/);
0
2 1+R Y
"= 1+2R+p2

r7e Y — KO3 UIMEHT, YIUTHIBAIOLTNI aHU30TPO-
nuto marepuana [10];

0f+0r

K

rae t, — ko3 duimenT Buga HaNpsHKEHHOTO CO-

CTOSTHHUSL.
ITpn oGxume TpyObl HampsikeHus o, <0

o, <0. YcnoBue TekydecTu:

G¢ = _’Yce (7)

IIpH IOJICTAaHOBKE B ypaBHEHHUE (3) MPUBOIUT K He-
OJTHOPOJHOMY YPAaBHEHMIO:

doy
r—+ o6, = —Yo
dr r y e

peHICHUC KOTOPOIr'o MMOJIYUYUM B BU/IC:

- ®
rien=1-—n(l+f).

VYBenudenue MCPUAUOHAJIBHOI'O HaIIpsAKe-
HUS BBI3BIBACT TPEHHE 3arOTOBKH Ha KOHYCE WH-
cTpymMeHTa. KOHTaKTHOE HOpPMallbHOE HampsoKe-
HUE MOYKHO OIIPEIEIUTh 10 GOpMyJIe paBHOBECHUS
Jlannaca [3]:

r

6. © o
—+—Lcosa=——*. )

p I 9,
ITpu 3TOM P =00 — MEpHAMOHAIBHEINA pa-
JUYC 3aroTOBKH; G, — KOHTAaKTHOE JaBJIEHUE;
0, — TOJILIMHA CTEHKU TPYOBI; 0. — Yroyl KOHyca

uznenust. Uz popmyuel (9) cnenyer, 4ro

_ 0
G, ——TG¢COS(X.

HOHOJ’IHI/ITeHBHOG HaIpsHKCHHUE B CBA3U C
TPCHUCM OIIPCACIINM KakK

)
G on = —HO, =—%G¢ cosa, (10)

rae p — ko3 duuueHt TpeHus.

VYuursiBas Beipaxkenus (8) u (10), 3anumem
CyMMapHO€ MEpHAMOHATIbHOE HAINpsDKEHUE B
BUJIC:

(6,)s=0,+0,,. (11)

MakcumanbHasg CHJIa OINEpaluil  MOKET
OBITH PaCCYMTAHA MO BHIPAKEHUIO:
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F =2nr,$,(c,), -sina

uc =1 :

HaprI)KCHI/IH 1 cuJia 3aBUCAT OT CTCIICHU -
(bOpMI/IpOBaHI/IH U CKOPOCTHU olcpaluu. B coort-
BETCTBUU C YCIIOBUEM HCC)KUMACMOCTU  MaTCpu-
aJia 3aroToOBKH

(12)

IIpU ¥ = 10;

dv, v,dd
+
dr

r

v

I

I

=0
odr

E.’r+é¢+§z =

IMOJIy4YrM COOTHOIOCHHEC IJid pacyucTa TOJIIWHBI
CTCHKHU KOHYCa U3acius, T. €.

=7
%o

3, =3, (13)

r

PaccunTaeM mMOBpEXIAEMOCTh MaTepuaa
UCXOJHOW 3arOTOBKH IO YpPaBHEHUSIM KHUHETUKU
noBpexaaemoctu [3, 8,11]. Mcions3yem Bbipake-
Hus (1) u (2) 118 KOHWYECKOW YacTH 3arOTOBKH.
[To neopmainOHHOMY YPaBHEHHUIO MOTYUHM:

A

[To sHepreTHUecKkOMy ypaBHEHHIO
n

_1’

h

1

| A
- dt =
? Anp'fseéet n4,

p

noom
Kvy -7, (15)
Ty

rae 1>mo>0 — noBpexaaeMoCTh Marepuajia Ha

CBOOOJHOM Kpae KOHyCa U3JIENus; €, , A, —Tpe-

JIEJIbHBIE KOHCTAHTBI Pa3pyLICHHUS.

Pa3pymenue marepuana KpaeBoi yacTu 3a-
TOTOBKH BO3MOXHO npu o =1. CooTHoueHus
(14), (15) mo3BONIAIOT YCTAaHOBUTH KPUTUYECKHE
yCIIOBHS Ollepanuii o cTeneHu 1eopMHUPOBAHUS
WIN CKOPOCTH.

Pe3yabTaTsl pacuera

Pacuetnnie AAHHBIC MMOJIYYCHBI JIA pasgadu
KpaeBoil uyacTu TpyObl W3 TUTAHOBOIO CILJIaBa
BT14 npu 875 °C. KoHncranTsl Marepuaia:
A =70 Mlla; m =0,1; n=0,07; Anp= 630 Mlla.
ITpunsTs! pasmepst: 7o=50 Mm, 71="70 MM, §, =2 MM;

o =45°. PacueTHble MAKCUMAJILHBIC CXKUMAIOIITHC

€, 5 HANpPsOKEHMs, CHJIbI Pa3jiaud ¥ IOBPEKIAEMOCTH
0= c s_lnr_' (14) Kpast 3aTOTOBKH B 3aBUCHMOCTH OT CKOPOCTH OTIe-
emp Temp 0 paiuu npuBeIeHbI B TaoI. 1.
1. PacyeTHbIe pe3yJbTaThl
1. Calculated results
Vo, Gr H Gnon ] (0;')2 s F 5
R ®
MM/MHH MITa MIla MITa kH
10 25,2 0,6 25,8 11,5 0,020
1,0 10? 30,6 0,8 31,4 13 0,023
10 20,3 0,5 20,8 9 0,038
2,0 10? 24.6 0,7 25,3 11 0,044

O0cy:xneHne pe3yibTaTOB

PacueTroM mnoka3zaHo, YTO HaNpsSKEHUS U
CUJIBI IIpH pasgaduc u 00KHUMe YMCHBIIAKOTCA Ha
15...20 % B npuHATOM AMANA30HE CKOPOCTEH.
CHukeHHne CHUIOBOTO pexuMa ONepanuil CBA3aHO
C pernakcanuei HanpspKeHUH, 4yTo SABISETCs POsIB-
JICHUEM BSI3KUX CBOMCTB Tropsiuero aedopmupye-
MOr0 MaTepuajga HpU MEJUIEHHBIX BHEUIHHUX
Harpys3kax. Ilpu sToM cHukaeTcs moBpexjae-
MOCTh MaTepuana, 4YTO BIMSIET Ha KayecTBO

uznenuil. Yeenuuenue koddduuuenra aHuzoTpo-
UM TaKXe CIIOCOOCTBYET YMEHBIICHHIO CHIIBL
OtHocuTenbHAs TONIMHA Kpasi 3arOTOBKU IOCIIE
pasnmaun cocraBuna o /9,=0,8 mpu R = 1 n

5, /98,=0,9 mpu R = 2. Kpait yroHsiercsi B MCHb-

mei CTEeNeHU NpU yBEeIUYeHHH Kod((uIMeHTa
AHU30TPOIHH.

ITponeccel paznaun u o6xuma TpyO oTpa-
00TaHbl TPU M3rOTOBJIEHUU IPOMBIIIIEHHBIX
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W3/1eIMI U3 TATAHOBBIX M AJTFOMHHHUEBBIX CILUIABOB.
OO0pa3upl u3aenuii NIpuBeIEHbl Ha pUC. 2.

a) 0)

Puc. 2. O0pa3ubl u3enanii:

a — apMmarypa Tpy0orpoBoIoB (pa3naua); 6 — kopiryca (00xKum)
Fig. 2. Test parts:

a — pipeline fittings (expansion); b — bodies (pressing)

BriBoa

TexHosornyeckue pexxumbl paziadu U oo-
’KMMa C HarpE€BOM B YaCTH HAINPSDKCHUM, CHII, CTe-
neHel GpopmMooOpazoBaHMs 3aBUCIT OT yNPOUYHE-
HUS U TI0JI3y4ECTH MaTepuana 3aroToBok. @akrop
NIOJI3y4€ECTH, CBA3aHHBIN C peJIaKCaliel HalpshKe-
HUU, MPOSIBISAETCS NPU HU3KUX CKOPOCTAX OmNepa-
11t TeM OoJIbIlie, YeM MEHBIIE CKOPOCTh (hOpMO-
o0Opa3oBaHus.
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