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Muxasesuu B. M., 1.1.H., npo¢.; KpaeBcbkuii B. O., k.T.H., 1oueHnrt.; {loopaniok FO. B., K.T.H., CT. BUKJIL.
Binnnubkuii HanioHaJbLHUH TexXHiYHMIl yHiBepcuTeT, M. Binnuus, Ykpaina

ITOCTAHOBKA TA PO3B’SA3AHHAA OHTHMH?.A}.IIFIHHX 3AIAY ITPH
BU3HAYEHHI ' PAHUYHOI'O CTAHY HWJITHAPUYHOI 3AI'OTOBKH 1111 YAC
HECTAINIOHAPHOI'O AE®OPMYBAHH

OnHUM 13 HANMNOMIMPEHINIMX NpPOIEciB AeGOpMyBaHHS € TOpLEBE CTUCHEHHS, SKe
BUKOPHUCTOBYETHCS SIK CKJIAJI0BAa YACTHHA TEXHOJIOTIYHOTO MPOLIECY BUTOTOBJICHHS JAETaleH, TaK 1 K
croci0 gociipKeHHs (i3UKO-MEXaHIYHUX BJIACTUBOCTEN MaTepialiB. SIK BiZJOMO, i1 Yac TOPLIEBOTO
CTHCHEHHS IIWIIHAPUYHUX 3aroTOBOK 13 MAJIOIJIACTUYHMX MaTepianiB Ha OiuHIN mNOBEpXHI
YTBOPIOIOThbCA TpiluHHU. [Ipu YoMy CTymiHb OCa/PKEHHS, NPHU SKOMY 3'SBISIIOTbCS TPIIIUHH,
3aJISKUTh BiJl IHTEHCUBHOCTI OOYKOYTBOpEHHsI Ha Oi4YHIM MOBEpXHi. Y CBOIO YEpry iHTEHCHBHICTb
00YKOYTBOPEHHS BU3HAYAETHCS YMOBAMH TEPTS HA TOPISIX 3aTrOTOBKH.

B nmaniii poGoTi 3amponoHOBAaHO MaTeMaTH4YHy MOJAEIb Ta i1H(QOpPMALidHI TEXHOJOTI]
BU3HAYCHHS TPAaHWYHMX IUIACTHYHUX JAedopmalliii marepiany Ha BUIbHIM OiuHIN mMOBEpXHI
IWITIHAPUYHOT 3arOTOBKM IiJ 4Yac TOPLEBOIO CTHCHEHHS B YMOBAaX XOJIOIHOTO Ta Tapsyoro
nepopmyBaHHS.

JlocmikeHHsT  Hanpy>KeHO-1e(OpPMOBAHOTO CTaHy MMJIHAPUYHOI 3aroTOBKM IIiJ] 4ac
HecTarioHapHoro nedOopMyBaHHS TMPOBEACHO HA OCHOBI YJAOCKOHAJICHHS EKCIIEPUMEHTAIILHO-
a"HamiTHuHOI MeTojuku jociimkeHHs HJC mumiHAPMYHUX 3aroTOBOK IiJf 4Yac TOPLEBOTO
CTHCHEHHs. BiAMOBiAHO 10 SKOi OTPUMaHO aHATNITUYHUN OMHC 3AJIEKHOCTEH MIXK JedopMalisiMu y

BUTJISI O3B’ sI3aHHA AU (EpPEeHIIaTbHOTO PIBHAHHS 13 PO3AUISIOYMMU 3MIHHUMHU:

de 1 3 m?
o @

de, 2 2 g2+m

ne m>0 — e KOHCTAaHTa, SIKa BU3HAYAETHCS IMiJ1 Yac eKCIIEPUMEHTATLHOTO JTOCIIIKSHHSI.
Hampyxennii cTaH BHU3HA4YaJd 13 BUKOPHCTaHHSAM Teopii Tewii. 'pannuni nedopmarrii
BHU3HAYaJIU 3 BUKOPHUCTAHHAM CKAJIAPHUX Ta TCH30PHUX MO,Z[G.HGI\/'I HAKOIIMYCHHS ITOIIKOIKXCHb.
Haiinpocrima ckansipra monens Kommoropoa, mo 0a3yeThCcsi Ha JIHIHHOMY TPHHITUII
HAKOIIMYCHHS ITOLIKOIKEHb

&y

de,
Vi) =) o er

IpY BUKOPUCTAHHI TapaMEeTPUYHO 33aJaHHX CIiBBiIHOWIEHS (1), HaOyBae BUIIISILY
X o F(L)F(2:)In(0.94 F (L) F(21) (G

(2)

k 2k k
w(x)=147m dt, f(k,t :(1+ _1)* -3cos t) k=12,(3)
(=t () =1+ (-2 -3c05™ 1)
le ¥ — TOLIKOJPKEHICTh MIKPOYACTHHKH; &« =&x (77) — KpHBa IpaHHuYHHX aedopmaniii npu
CTalllOHApHOMY Je(OpMYyBaHHI; &, — HAKONMYEHA IUIaCTU4YHA nAedopManis; 7 — MHOKa3HHUK

HaNpy>KEHOT0 CTaHy; X — MapaMeTp mpouecy AeGopMyBaHHS.

[Ipu rapsgomy nepopMyBaHHI TpaHUYHA IUIACTHYHA Jedopmallis iICTOTHO 3aJIeKUTh BiJl
3aKOHY 3MIHM HIBUJAKOCTI nedopmariif. OcoOnIMBOCTI MEXaHIKH IMiJICYMOBYBAaHHS TOIIKO/KEHb 32
X YMOB B1IOOPaXXYIOTHCS CKATSIPHUM BapiaHTOM BiJIOMOI MOJIE1

v(t)- i(ﬂ(t—f: 1(2))- 1 (2,(e))-dr, @
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(t,r— uac; q)(t—r,l(r)) — sapo cnagkoBocTi; f — geska QyHkiis). I3 ypaxyBaHHSAM 3aJI€KHOCTI

HaKOMHUYEHOI fedopMallii &, BiJ WBUAKOCTI Aedopmanii &,
t
&, =Iéu (7)-dz. (5)
0
chOopMyIHLOBAaHO [IBI BXKJIWBI 3 MPAKTUYHOI TOYKH 30py BapiamiiHi 3aaadi 130MepUMETPUIHOTO
tuny. Ilepma 3amaua (QopMymOeThCS Tak: BHU3HAYUTH 3aKOH 3MiHM IIBHIKOCTI Jedopmariii
=&, (t) mpu sKOMy 3a7aHa HaKONMYeHa NeopMaIlis &. TOCATAETHCS 3a HAHKOPOTIIMIA Jac t. 3a

&y

YMOBH, 0 ¥/ (t.)=1

t.=t.(& (1)) > min, &=

O —y

&y (7)-dr, !qﬁ(t*—r;l(r))‘ f(&(r))-dr=L. (6)

dopMyIoBaHHA APYroi 3ajadi: BU3HAYMTH 3aKOH 3MiHM IIBUIKOCTI nedopmanii &, =&, (t)
IpHU SKOMY 3a 3aJaHuil yac t. marepian HaOyBae HalOuIblly nedopMaliio & 3a YMOBH, IIO

t
&zjéu(r)-dr—)max,
0
. (7)
I¢(t*—r; I (7)) f (éu (T))'dTZl.
0
HeoOxinui ymMOBH iCHYBaHHS eKCTpeMyMy (7) BUKOHYIOTHCS TUIBKM B TPHUBIAJIBHUX
BUNAIKaX, SKi HE MAalOTh NPAKTHYHOTO 3HauYeHHSI. B nmaHomy QopmyimioBaHHI HE BpPaxOBaHO

BaXXJIUBOI YMOBH, sIK€ 3 (DI3MUHUX MPEACTABICHD BioOpaXkae Toil GakT, m10 pyiiHyBaHHS MaTepiaty
HE MOXXe BiOyTHCs 10 Yacy t., ToOTO

j-go(t—r;l(r))- f(éu (r))-dz'sl,Vte(O,t*). (8)

IIpu 3ByxeHHI oOnacTi MomMycTUMHUX (QYHKLIA 10 KiIacy KYCKOBO-TIOCTIMHMX ()YHKIIiH,
30KpeMa, ISl JBOXCTYIIEHEBOI CXEMHU

(9)

£,1,0<t<t;
é‘u(t :{ ul 1

Gty <t <t
3anayva (7) 3 ypaxyBaHHsM (8) 3Be/ieHa J0 3a7a4i HeJTiHIHOTO MPOrpaMyBaHHs

to ) (to—t ) (te—t )
t, <to,

B SIKIM IIUIbOBA (DYHKIIIS 3aJIEKUTh BiJl TPhOX HEBIIOMUX &1, 1 -

Y HaBeleHOMYy CHIiBBiTHOMIGHHI tq =t (&), i=12; t. — Bigoma dQyHKuis, sKa
XapaKTepu3ye BIACTUBOCTI MaTepialy. 3a JOIIOMOIOl0 METoay MHOXKHUKIB Jlarpanxka 3anaua (10)
3Be/ICHA JI0 3a/Ja4i BH3HAYCHHS ONTHUMAIBHOTO 3HAUeHHS (DYHKIIi OJHOrO apryMeHTy. 3TilHO 3
OTPUMaHUM DpILICHHAM ONTHMAIBHOK € cXeMma, Uil sKoi &, >§&,,(!). HaBeneHi pesynpratu
JI03BOJISIIOTh TMPUITYCTUTH, IO ONTHUMANIBHI PO3B’S3KM MOCTABJICHUX BapiarmiitHux 3amay (6) ta (7)
ICHYIOTb 1 U1 6araTbOX 1HIIMX KJIACiB JOMYCTUMUX (PYHKIIIH.

3ajauya TOJANBUIMX JOCHIUKEHb IMOJiAraTuMe y MoOymoBi MoJeni MiJCyMOBYBaHHS
MOIIKOKEHb, OKPEMI1 BUITAKH SIKOi 3BOAUTUMYTHCS 10 KpUTepialbHuX criBBigHOIIEHSH (3) Ta (10).
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FORMULATING AND SOLVING OPTIMIZATION PROBLEMS IN DETERMINING
THE LIMIT STATE UNDER NONSTATIONARY DEFORMATION OF THE
CYLINDRICAL WORKPIECE

One of the most common deformation processes is face-end compression, which is used as
the main part of the process of manufacturing workpiece, and also as a way to study the physical
and mechanical properties of materials. As is known, during the face-end compression of
cylindrical workpieces from little plastic material on the lateral surface the cracks are formed.
Moreover, the degree of compression at which cracks appear, depends on the barrel distortion
intensity on the lateral surface. In turn, the intensity barrel distortion is determined by the friction
conditions at the face of the workpiece.

In this paper, the mathematical model and information technology of the material plastic
strains limit determining on the free lateral surface of cylindrical workpiece during face-end
compression at cold and hot deformation is prompted.

Research of stress-strain state of cylindrical workpiece at nonstationary strain is conducted
through improved experimental and analytical research methods of stress-strain state cylindrical
workpieces during face-end compression. According to which analytical expression between strains
in the form of solution of a differential equation with separated variables is received:

=S ®

where m>0 — a constant, which is determined during the experimental research.

Stressed state determined using flow theory. Limit strain was determined using scalar and
tensor models of accumulation the damages.

The simplest scalar Kolmogorov model, based on the principle of linear accumulation of
damages

T dg,

vie)=|— "~ )
(“)l%man

using a parametric representation of relation (1) takes the following form

X o (L) F(2:)In(0.94 F (L) F(21) ) ) (G

x)=1,47m dt, f(k,t)=(1+(-1) -3cos* ()] * ,k=12(3
(=1 (kt)=(1+(-1) (t) )

where y — damage of microparticles; &, =&, (7) — limit strain curve at stationary deformation;

&, —accumulated plastic strain; 7 — stress state index; x — parameter of deformation process.

If there is a hot deformation, the limit plastic deformation depends on the law of the change
strain rate too. Features mechanics summation damage under these conditions can be reflected by
the scalar version of the well-known model

v(0)-= i(p(t—r: 1(6)- (2, (c)-d, @
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(t,z—time; (o(t—r, I (r)) — heredity kernel; f —some function). Taking into account the dependence

of cumulative deformation ¢, on strain rate &,
t

&, =Iéu (7)-dz. (5)
0
two important for practice variational problems of isoperimetric type are formulated. The first

problem is formulated as follows: to define the strain rate change law &, = £, (t) at which preset
cumulative deformation &. is achieved in the shortest time t. provided that y (t.)=1

)-dr, I(p I(r))-f(éu(r))-drzl. (6)

The second problem formulation: to define the strain rate change law &, =, (t) at which for

te =t (& (t)) > min, &

o'—.r*

preset time t. the material gets the greatest deformation &. provided that y (t.)=1

j )-dz — max,
’ (7)
f(p(h -7 (r)) f (éu (T))'dl' =1.
0
Necessary conditions of extremum existence (7) are carried out only in trivial cases which

have no practical importance. In the statement (7) an important condition which from the physical
point of view displays that destruction of material cannot occur till t. was not taken into account,

e
jgo(t—r;l(r))- f(éu (r))-drﬁl,‘v’te(o,t*). (8)

By feasible functions region reduction to the piecewise constant functions class, specifically

for two-level schemes
-, 0<t<t;;
& (t)= { ) (9)
&yl <t <t
the problem (7) subject to (8) is converted to the nonlinear programming problem

Ex = ‘éul tl + éuz (t* _tl) —> maX,

e 5
t*l t*2 t*l

t, <to,

in which efficiency function depends on three unknown variables &,,&,,.t; .
Here t; =t. (&), i=12; t,, — known function which characterises the material properties.

By the instrumentality of the Lagrang’s multipliers method the problem (10) has been convert to
the problem of finding of one-variable function optimum value. According to the found solution
optimum scheme is the one where &, > &,, (!). The received result allows to assume, that optimal
resolution of the variational problems (6) and (7) exist for many other feasible functions classes.

The task of further research will be to construct a model of damage summation, special
cases of which are reduced to the criterion relations (3) and (10).
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INOCTAHOBKA U PELHEHUE OITUMHU3ALIMOHHBIX 3AJIAY ITPU ONIPEJEJIEHAN
INPEJAEJBHOI'O COCTOAHUA HUJINHAPUYECKOU 3AT'OTOBKU B YCJIOBUAX
HECTAIIMOHAPHOTI'O JE®@OPMHUPOBAHUA

OnHUM U3 CaMBIX PacpOCTPAHEHHBIX MPOIECCOB Ae(HOPMHUPOBAHUS €CTh TOPIIEBOE CIKATHE,
KOTOpOE SIBIIIETCS COCTAaBHOM YacCThIO TEXHOJIOIMYECKOrO IpOLEecca HU3TOTOBIECHUS AETaled, a
TaK)K€ WCIONB3YeTC M B KayecTBE cIrocoda wucciaeloBaHUs (PU3NKO-MEXaHUYECKUX CBOWCTB
MarepuanoB. Kak M3BECTHO, MpU TOPLEBOM CHXATHUM LUWIMHAPUYECKUX 3arOTOBOK U3
MaJIOTIACTUYHBIX MAaTEPHAIOB Ha OOKOBOU MOBEPXHOCTH 00pa3yroTcs TpemuHbl. [IpudeM crerneHb
CKaTus, IPU KOTOPOM MOSBISIOTCS TPEIIMHBI, 3aBUCUT OT MHTEHCUBHOCTH 00YKOOOpa3oBaHUs Ha
OOKOBOIl TIOBEpXHOCTH. B CBOIO ouepenb HWHTEHCHBHOCTh O0OYKOOOpa30OBaHUsS OMPEIEISICTCS
YCIIOBUSIMHU TPEHHS Ha TOPIAaX 3arOTOBKH.

B nmanHoii paboTe mpeasiokeHa MaTeMaTHYecKas MOAETh U HHPOPMAITMOHHBIC TEXHOJIOTUU
OTIpeNleNIeHUs] TpEJeNbHBIX IUIACTHYECKUX JeopMmanuii marepuaia Ha CBOOOAHON OOKOBOM
MOBEPXHOCTH LWIMHAPUYECKOM 3arOTOBKH IMPH TOPLEBOM CHXAaTUHU B YCIOBHUAX XOJIOJHOTO H
ropstuero a1epopMHpPOBAHUS.

HccnenoBanue HampspkKeHHO-Ie()OPMHUPOBAHHOTO COCTOSIHHS IIMIMHIPHYECKON 3arOTOBKHU
Ipy  HECTAlMOHAPHOM  Je(QOpPMHpPOBAHMHM TMPOBEACHO HA OCHOBE COBEPIICHCTBOBAHUS
AKCIEPUMEHTAIbHO-aHATUTHYECKON Meroauku uccienoBanus H/IC nunmHapuyeckux 3aroTOBOK
IpA TOPLEBOM CXKAaTWUM. B COOTBETCTBHMM C YKa3aHHOM METOAUKOW IOJYy4EHO AHAIMTHUYECKOE
OIHMCaHNE 3aBUCUMOCTU MEXKIy AedopmanusiMu B BUE perieHus uddepeHIHaIbsHOr0 ypaBHEHUS
C pa3eIAIOIMMH IEPEMEHHBIMH::

de, 1 3 m? (1)
de, 2 2 g2+m?’
rae m>0 — KOHCTaHTa, onpeensemMasl Ha OCHOBE 3KCIIEPUMEHTAIbHBIX JaHHBIX.

HanpsixeHHOe cocTOsiHME ONpeAesisiyii ¢ UCHOJIb30BaHUEM Teopuu TeueHud. [IpenenbHbie
nedopMaluu ONpeAessiii C HCIOJb30BAaHUEM CKAJISIPHBIX U TEH30PHBIX MOjeliell HaKOIUICHUS
MTOBPEXKICHUM.

[Ipocreiimas ckanspHas Moaenb Koiamoropoa, 0asupyromascs Ha JUHEHHOM TPUHITUTIC
HAKOIUJIEHUS MOBPEXKICHUN

&y

de,
Vi) =) er

IIPU UCIIOJIB30BAHUM NTAPaMETPUUECKOTO MPEACTABIEHUS 3aBUCUMOCTH (1), IPUHUMAET CIIEIYIOINN
BH]L

(2)

X o F(LU)1(28)In(0,94 F (L) £ (2.1)) n=
v (x)=1,47m| dt, f(k,t)=(1+(-1)" -3cos™ (1)) * k=12,(3)
0

f(2,t)-cos’t
rae y — MOBPEKACHHOCTH MAKPOYACTHLBL, & = &x (77) — KpHBas IpeNebHBIX AepopManuii mpu
CTaIMOHAPHOM e OPMUPOBAHUY; &, — HAKOTLIEHHAS TIacTHUecKas gedopMarius; 7 - mokasaTeib

HaNPSHKCHHOTO COCTOSIHHS, X — MapameTp mpouecca 1eopMUpPOBaHUSI.
[Ipu ropsiuem neopMupoBaHMM TpeAesibHAs IUIacTUYecKas AeopManus CyIIeCTBEHHBIM
o0pa3oM 3aBHCHUT OT 3aKOHa HU3MEHEHHS CKOpocTH jaedopmanuii. OCOOCHHOCTH MEXaHUKH
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CYMMI/IpOBaHI/ISI HOBpe)I(,Z[GHI/Iﬁ B OTUX yC.HOBI/IHX MOI‘YT GBITB OTpa)KeHI:I CKaJISIpHBIM BapI/IaHTOM
U3BECTHOU MOJEIIH

()= iwa—r: 1(6))- (2 (0) i, @

(t,r— wac; ¢(t-7,1(r)) - smpo macmencreensoctd; f — Hekoropas ¢yskums). C yderom

3aBUCHMOCTH HaKOIJIEHHOH Je(OopMali &, OT CKOPOCTH Je(OpMaLtU &,
t
&, =Iéu (7)-dz. (5)
0

chOpMYJIMpOBaHBl JIBE BaKHbIE C TMPAKTHYECKOM TOYKH 3pEHHs BapUAIl[MOHHBIC 3a1a4yd
usonepuMeTpuueckoro tuma. Ilepas 3agaua GOPMyIHPYETCs TaK: ONPEACIUTh 3aKOH M3MEHEHHUS
cKopocTH JjedopMarmu &, =£,(t) TpH KOTOPOM 3ajaHHas HaKOIUICHHas JedopManus &
JIOCTUTAeTCs 3a KpaTdaiflee Bpems t. TP YCIOBHH, 4TO v (t)=1

t

t.
ts =t*(éu (t)) —min, & =I5’u (T)-dT, I¢(t* -7 (T)) f (éu (T))'dT =1, (6)
0 0
@dopMyIHpOBAaHUE BTOPOM 3a[ayM: ONPENEIUTh 3aKOH H3MEHEHHs CKOPOCTH aedopMaiuu
& =¢&,(t) mpum KOTOpoM 3a 3amaHHOE BpeMs t. MaTepHal CIHOCOOEH HAKONUTh HAHOONBIIYIO
nedbopManuio &, (U yCIOBHH, 4TO ¥ (t.)=1)
t

t

&= jé‘u (7)-dz — max, I¢(t* -7;1(7))- f(&,(7))-dr =L (7
0 0

HeoOXxonuMble yCIIOBHs CYIIECTBOBaHHMA DJKCTpeMyMa (7) BBINOJHSIOTCS TOJBKO B

TPUBHUAIBHBIX ClIy4adX, KOTOPBIC HC MMCIOT MPAKTUYCCKOTO 3HAYUCHUS. B HaHHOﬁ IIOCTAaHOBKE HEC

YUTEHO Ba)KHOE YCIIOBHE, KOTOpO€ M3 (DPU3MYECKHX IMPEICTABICHHH OTOOpa)xkaeT TOT (akT, 4To

pa3pylleHHe MaTepuaia He MOXKET IPOU30MTH 10 BpeMeHH [, T.c.

j¢(t—r;|(r))-f(éu(r))-drﬁl,Vte(O,t*). (8)

[lokazaHo, YTO TpU CyKEHMH OOJACTH JOMYCTUMBIX (YHKIHMHA K KJIacCy KyCOUHO-
MOCTOSIHHBIX (DYHKIUI, B YACTHOCTH, JUIs IBYXCTYIIEHUATON CXEMBI

(t)={é“’°““; ©

Eypoty <t <L,
3amava (7) ¢ yuerom (8) MOKeT OBITH CBEICHA K 3a/1aue HETMHEHHOTO POrPaMMHUPOBAHMS

t ) (to-t ) (te—t )
L el LS|

B KOTOPO# 1ierieBas GYHKIIHS 3aBHCHT OT TPEX HEM3BECTHBIX &1, &0, 1y -
B npuBesieHHOM COOTHOWIGHMH tq =t. (£,), i=12; t, — Wu3BecTHas (YHKIMA, KOTOpAs

XapaKTepHu3yeT CBOWCTBa MaTepuaia. C moMoIipio MeTosia MHOkuUTenel Jlarpamka 3agada (10) cBenena
K 3aJaye OMpeleNieHus] JKCTpeMalbHOro 3HaueHus (YHKIMU onxHoro aprymenrta. CoriacHo
MOJIy4EHHOMY PELIEHUIO ONTHMAJbHOM SBISIETCA CXeMa, Ul KOTOpOH &, > &, (!). IlpuBencHHbIe
PE3yAbTaThl TO3BOJISIIOT IMPEAIOI0KUTh, YTO ONTHUMAIbHBIE PEIIEHHS! MOCTABICHHBIX BapHAIlIOHHBIX
3an1a4 (6) u (7) CyLIECTBYIOT U JUIsl MHOTHX JIPYTHX KJIACCOB JOMYCTUMBIX (DYHKIHIA.

3amava JadbHEHITUX HMCCIIENOBaHMM OyJIeT 3akiiouaTbCcsi B IMOCTPOCHHHM MOJEIH
CYMMHUPOBAaHMSI TIOBPEXKICHUU, OTIENbHBIE CIIydald KOTOPOH CBOAMUTHCA K KpUTEpUATbHBIM

cootHormeHusM (3) u (10).
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