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S.A. Mashekov', B.N. Absadykov’, M.M. Akimbekova',
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FINITE ELEMENT MODEL OF ELASTO-PLASTIC DEFORMATION
OF SHEET METAL IN CORRUGATED ROLLS
AND LONGITUDINAL-WEDGE MILL

Annotation. This article describes the current state and methodological features of numerical modeling of the
processes of processing of metal by pressure, the main problem points of traditional methods are identified. The
problematic issues of mathematical modeling and, therefore, the study of the strain-deformation state of the
processes of metal processing by pressure are analyzed. This article provides a defining system of equations for
describing the processes of warp deformation in screw-shaped rolls and a longitudinal-wedge mill, and the finite
element method of its solution. The main stages of creating a finite element model in the MSC.Super Forge software
package are described, as well as a method that allows us to predict the deformation distribution in the volume of the
deformable metal taking into account the microstructure features.

Keywords: processing of metal by pressure, rolling, screw-shaped rolls, longitudinal-wedge mill, finite element
method, deformation intensity, stress intensity, temperature.

C.A. Manrexos', B.H. AGcagbikoB?,
M.M. AkuméekoBa', 9.A. Tycynkanuesa', M.P. Mayenosa'

'K.1. Cot6aeB athiHaarsl Kasak yITThIK TEXHHKATBIK 3epTTEy YHHBEPCHTETI, AIMaThI K., Kazakcran;
2DB. BextypoB aTeiHIarsl XMMHASFBUIBIMAAPE] HHCTUTYTHI, AJIMaTHI K., Ka3akcatH

BYPAHIAJIBI HIIITHBLIIK TEH BOMJIBIK-ChIHAJIBI OPHAKTA
TABAKTBI-METAJIAbBI CEPIIIMAI IINTACTUKAJIBIK
AEPOPMALNUAJAYABIH IHETKI-9JIEMEHTTIK MOJIEJIT

AnHoTanus. Makanaga MeTaaaapabl KbICBIMMEH OHJEY MPOIECTePiH CaHIBIK MOICIBIACYAIH Ka3ipri yakbIT-
TaFbl XKarJaibl JKOHE METOJOJIOTHSIIBIK epeKIIeNiKTepi jka3puirad. J{ocTypii omicTeMenepiH Heri3ri Macenesiepi
KepceriireH. Meranjapasl KbICBIMMEH OHJEY NpOLECTEepiH MaTeMaTHKaJbIK MOJEIbICYAiH, OCBIMEH Oipre Kep-
Heyli-neopMalrsuIbl KYHIi 3epTTeyAiH Macelnenepi TalkpulanFaH. Makanana OOMIIBIK-ChIHAJIBI OpHAK IeH OypaH-
JTAJTBl MINNHOUTIKTEe JalbIHIAMAaHbl JeopManusuiay sl OeWHeNey YIIiH KOJJaHBUIATHIH aHBIKTAYIIBI TECHACYIICP
JKYHeci jkoHe OCHI TeHAEYJepIi MeMIeTiH meTKi neMeHT omicremeci kentipinren. MSC.Super Forge xemenai Oar-
JapiIaMachlHIa MIETKi-3JIEMEHTTIK MOJENB/II KYPYABIH HETI3ri caThUIaphl, all TaFbl Ja MUKPOKYPBUIBIMIBI €CKEPiIl
nedopManrsIaHATBHIH KeJeMie e OopMalUsIHBIH TapallyblH O00JDKayFa MyMKIHAIK OepeTiH omicTteMe OeifHEeIeHTeH.

Tyilin ce3mep: MeTanmapasl KBICBIMMEH OHJACY, WieMaey, OypaHmansl MiIIiHOTIK, OOHIBIK-CHIHAIBI OpHAK,
HIETKI AJIEMEHT oici, AeopManus KapKeIHABUIBIFBI, KEpHEY KapPKBIHABUIBIFBI, TEMIIEPATypa.

Mertangapapl WIeMIEreH Ke3le KaliMa MaTepualJapbIHBIH KepHEeYi-AeQopMalusIanFral KyHiH
(KIK) ecenrey ymiiH aHaTMTHUKAJIBIK SAiCTEp.li KOJNAAHYABIH IIekTepi Oap. EH OacThIchl, onapra e3apa
OPEKETTECETIH HbICAHAap TEOMETPHUSCHIHBIH KYPIACSIUIITIH, TaliJaTaHbUTATEIH MaTepHaIaap KaCHeTTEPiHIH
CBI3BIKTHI 0OJMayblH, COHBIMEH KaTap, OCTTEpHiH >KaHACBIl JCEPJICCYIHIH EpPEKIICNIKTepiH ecKepy
KaXETTUIIrH KaTKpI3yFa Oonanbl. CoOHABIKTaH, MeTanaapabl KbickiMMeH oHzey (MKO) ecentepin meunry
YIIiH CaHMBIK 91iCTEP/Ii KOJIIaHy KeH TapallbIMFa ve OOJIbI, MOCENeH — MIeTKI SJIEMEHTTEp 9Mici.
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Byn omicTiH MoHIHE CTaHIAPTTHI AIIEMEHTTEPMAl KOJIJIAHBII TYTAC OPTAaHBI TUCKPETTI OelHeneyxi
)KaTkb3anel [1]. Ochl cTaHmApTTHI SJEMEHTTEp YIIH Kyml TeH AedopManus apachliHIArsl e3apa
OaliTaHBICTBl OpHATATBHIH MiLIIHE3repTy QYHKUUACH Oenrinmi. bip Hblcan smeMeHTTepi e©3apa TyMHiH
HYKTelepiHae OaimaHbICKaH, OJlap YKaKbIH AJIEMEHTTep YIIiH opTak 0ombi Tadbuiaap!. LllemnriMin Ta0ybiH
OapIIBIK KAXKETT1 MIEKapabIK IapTTapblH OCpTeHHEH KeHiH, Oap epKiHIIK Aopexernepi OONWBIHITA OapIbIK
TYWIH HYKTENEepiHIH OpBIH aybICYblH CHUNATTAHTBIH JaepOec TYBIHABUIAPABIH IU(GepeHIUATIBIK
TeHJeyJep Kykeci KypbUIaabl )KoHE LICUTisie/li, OFaH KOca HbICAHHBIH KepHEYJIi-aegopMalysianFad Kyni
AHBIKTAJIA IbI.

JKanmer sxarmaiifa, merki anementrep aicid (ILIDO) konmansin MeTangapasl KbICBIMMEH OHICYIIH
KK ecetey keneci Heri3ri caTbiiapaad Typaast [1]:

1. 3epTTey HBICAHBIHBIH T€OMETPHSICHIH TYPFhI3y (KOWBLUIFaH MaKcaTKa OaiIaHBICTBI eKiedmeMi
HEMece YIIeIeM/I);

2. bactankpl nmepekrepai Oepy (maiimamaHbLIATBIH MIETKI BJIEMEHTTEp TYPIH OHE KacHETTepiH
TaHaay, MaTepuaiiap KacHeTTepiH Oepy);

3.3epTTey HBICAHBIHBIH MIETKI AJIEMEHTTIK MOJIETIH Kypy (IIeTKI SJIEeMEHTTEp TOpPHI TYpiHAe
T€OMETPHSIIBIK MOJICIIB/Ii YCHIHY);

4. MogenbaiH >KYKTelnyl MeH OeKiTUTyiHiH IIeKapanblK IIapTTapblH Oepy (KyKTeMmenepni Tycipy,
MOJAENb TYHIHIAEpiHE OEpINTreH epKiHAIK mopekenepi OOWBIHIIA OpPBIH ayBICTHIPYJIApFa IIEKTEY KOIO,
MOJIeNTb 3JIEMEHTTEpl apachlHAa TYHICY jkoHe Oacka e3apa opeKeTTeCyAiH TYpJepiH TeHJIeYJIepMEH
cumarTay);

5. KK ecentey (KOMEAaHBUIATBIH €CeN IIEMIKIMITIH TYpl MEH KacHeTTepiH Oepy JKoHEe ecemTi
MIENTyIiH JKYPICiH aHBIKTAaWTBIH OacKakyWre Kenripymijaepai Oepy. Ecemrey aBTOoMaTThl TYypIe
Kyprizineni).

JKyMBICTBIH alFamKkbl CaThUIAPBIHBIH Oipi OONBIN 3€pTTENETiH HBICAHHBIH TEOMETPHAICHIH KYpy
canananel. Omtkeni, KJK kepcerkimrepin xXoHe nedopManusUIaHATHIH AadbIHIAMaHBl KYpPaThIH
AIEMEHTTEPIIH JKYKTEIYyiH 3epTTEreH Ke3le TeOMEeTpUs aca MaHbBI3Ibl MOHTe Me Ooyanbl (HBICAHHBIH
KYPBUIBIMABIK €pEKIIETIKTEPiH TeOMETPUSIIBIK 9pTYpili OeiiHemney, apTypil KepHey KOHIEHTpaluusIapblH
TyablpyabiH HoTIKeciHae KJIK mapaMerprnepin ecenteyain opTypii HOTHKECIHE allbIlT Keledi).

Mimrini opTypii mimiHOUTIKTEpAE WIEMJAETeH Ke3le Maiaa 0oNaThlH METal aFbIChl CTallMOHAPIIBI
nporecc OonbIn TaObUIMAaiIpl. OWTKEHI Yiikenmic >karaibl yHeMi esrepin oTblpaabl. byn ecenTti eki
emmemM/i aedopManusra KeNTipyre MYMKIHAIK OepMeifi, SFHH YII OIIIeMIi MaTeMaTHKaIbIK
Moxaenbxkacay Taman eremi. MSC.Super Forge OarmapiamachlH KOJIAHBIT KYPBUIBIMBI  KypIeii
MIIiHOUTIKTEpAE KOJAKTapIsl WIEMICYAl 3epTTey VIIIH JKacalfaH MOJENbIep, KypAenl mimriHi Oap
KypaJMeH LIEKTeIreH KeJeMAer1 YIKeH IIacTUKAIBIK JedopMalisiiapasl eCKepei.

Anvikmayviw menoey oicyiieci.OChl XYMBICTaTab0aKTHI METAIABI OypaHIaIBI MIIiHOLTIK TeH OOHITBIK-
ChIHAJIBI OpPHAKTA WJIEMJCTEH Ke3i/e maiiaa 00k, JuHaMUKaIbIK e3repeTid KK aHbIkTay KaxkeT OOJIIbI.
KK ecenrey ymriH keneci (pyHKUusapasl nagananaMsis [2,3]:

G = Gy ()C, Vs 2, t);
x = x (X0, Yo, Zo, 1);

Y =¥ (X0, Yo, 20, 1); (D
z =z (X0, Y0, Z0, 1);
p=p(x, 210,

MYHJAFBl Xo, Vo, Zo, X, V, Z — OeopMalusiaHaTelH JEeHEHIH MaTepHalIbK HYKTECIHIH 0acTamKbl JKoHE
aFbIMIBIK KOOPAUHATAIAPEI; P — THIFBI3ABIFBI; { — YaKbIT.

Ochl mamanapasl aHBIKTaJIaThIH MEXaHUKAJIBIK alHBIMAbLIap Jemn ataiapl. Omapasl YaKbITTBIH Ke3-
KeJIreH Me3eTiHe qeopManysiiay OuIarbiHIa Ta0abl.

(1) ¢JysxoEATapMBIHAHOAH KO3FalbIC IEH Y3IKCI3OIKTIH JudQepeHunaniplK TeHAeyIepiMeH
OaitmanpickaH [2,3]:

C,,tPg = pPa;

2
d_p + LU 0.
dt

ij
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(2) dopmynacel oH Oenricizfi (G; YIIIH anThl, ®; YIIIH YII, OFaH KOCA THIFBI3ABIK p) OaiIaHBICTHI-
PATBIHIBIKTaH, TYTac OpTaJap MEXaHHKACBIHBIH MAaTEeMaTHKAIBIK OMICTEPIMEH OJapipl IIEIly KHbIHFA
COFa/IBL.

MeHnmrikTi Macca Kymrepi gMeH yaey o MoHaepi MKO kenrtereH mpouecTepiHie >KETKLTIKTI a3
MOHJIepTe HEeMJICHTeH >KoHEe onapibl eckepmeyre Ooianmel. CoHma (2) gopMyriaHbl Kejleci Tere-TeHIIK
muddepeHnnanapK TeHIeYyiHe TypiieHaipyre 6omanbi[2,3]:

o, =0. 3

qsJ

(1) TeHmeymep XYyWeciH IIemTy VINIH alThl TEHACY >KeTicredmi. byn Temmeynepnmi wieMaey
TEOPHSACHIHIA JeQOopMalisUIaHaTBIH MeTallll KacHeTTepiHe OalijlaHbICThl aHBIKTalael. Unemuey
TeopusichiHAa Oy antel Teraeyai KK ¢usukansik 6aiinansic TeHaeyi aemn ataiast [2,3].

Keprey MeH nedopmaiiusi >KbUITAMIBIFBI JICBUATOPJIAPBIHBIH ChIHAPJIAPHl KONTEreH JKarjaiaa
TIPOTIOPITMOHAAB  OalaHeIcTa OOJATHIHABIFEI WIEMACY TeopusachiHaH Oenrimi [2,3]. [lmacTukambix
nedopMaliisi TCOPHUSICHIHAA MYH/Ial MPOMOPIMOHANIBUIBIKTEL KEPHEY MEH JehopMaliusi >KbUIIaMIbIFbI
JICBHATOPJIAPBIHBIH MPOMOPIIUOHAIIBIFGI JCTT ATaN/IbI.

Kepuey w™meH gedopmars IKbUIIAMIBIFBI  JEBHATOPIAPBIHBIH — MPOMOPIUOHANAB  OalIaHbIC
0oJpKaMBbIH Nalianana OTHIPHIIN, Kejieci popMyIiansl ka3yra 0omaasi[2,3]:

1
Da:l//Dg;o-g,'_O-é‘g/:l// 5,,_5551/ ) 4)

MYHIAFbI  — CKaJISIPIIb KOOCUTKITI.
Ckassapiibl KOOCHTKIIITIH Y IaMaChIH KeJleCl KaThIHACTHIH KOMETIMEeH aHbIKTayFa 0osansl [2,3]:

=21/ 5)

MyHIarbl I — jKaHacy KepHEYiHIH KapKbIHIBUIBIFBI; H — BIFBICY JehOpMAIMsIChl KbLIIaMIbIFbIHBIH
KapKBIH]IBLTBIFBL.

Korapeina aliTeuTFaHgap Heri3iHae, niemueneriH naipiaaamMansiH KJIK ecenrey yimiH MprHamapsl
aHbIKTay KaxeT [2,3]: medopmarus omarbIHEIH opOip HYKTECiHAEC OONIIEKTIH KO3FaIy TPAacKTOPHUSCHI;
nedopmaliisiiay JKoHE KepHey KYWepiHiH kepcetkimTepi. KepHey MeH nedopmaiius TEH30pIapbIHBIH
JKoHe JedopMalysl KbUIIAMIBIFBl TEH30PBIHBIH alThl CBIHAPHI, aFbIC JKBUIIAMIBIFBI BEKTOPBIHBIH YIII
ChIHapHl naedopmarusiaHaTeiH - gaiieiHmaManbl KK cHmaTTalTBIHIBIHEL KOFaphIga KeNTipireH
JKYMBICTap/AaH Oerisi.

WnemueyniH cepmiMIiIuIacTUKAIBIK €CENTEPiH MISHIKSH Ke3JIe, MAacCaHbIH, UMITYJIbC MEH JHEPTHS
CakTay 3aHJIapbIHBIH CalIapbIHaHIIalaa OONaThIH TeHLYIIep KYHeciH maiaananansl. KoopauHaTTapasiH
JICKaPTTHIK JKYHECIH/Ie TeH30PJIBIK TYP/Ie KOJAaHbUIATBIH HETI3r TeHISYJIep Kemeci Typre uemzaeHmai [2,3]:

nehopMaIUsIHBIH Y3iKCI3/iK TeHICYi:

ds
—+ov,, =0; (6)
dt ;
KoJIEM T¥paKTLIHI)IFLIHI>IH IHapTTapI)I:
V.p, =Vp; (7
KO3FaJIBIC TCHCYI:
PV =0 55 ®)
JKBUTYOTKI3TIIITIK TCHACYI:
deo
yAO + TH +0'§=cpd—; ©))
t
KHNHEMATUKAJIBIK KaTLIHaCTap:
& =120, +v,,); (10)
CBHIFBUIMAYIIBUIBIK, TEHIEY1
v. =0, (11)
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. . 0* o8 0
Mysnars ( Y — KBUIYOTKI3TIITIK KOA(OHUIHEHTI; A = St Jlamac
o’ oy’ oz
maddepeHnranaplK omepartopbl; 6 — nmedopMarnysUTaHATHIH —JEHEHIH MAaTepUaAbIK OeJIIeriHiH

TeMICpaTypacsel; ¢ — MEHIINKTI MacCcCaJbIK X(BIHYCBIﬁLIMHLIHBIK; O .. — KEPHCY TCH3O0PBIHBIH, CbIHAPJApPhI:

i

o, = —-0p+s j » MYHJ@FBL D D = p(p,€) byHkimscs peTinme aHBIKTATAIBL.

Mu3zec aKKBIITHIFBIHBIH IMAPTTAPBl OPBIHIAIFAH Ke3/ie, KAaTThl JCHEHIH CepIiMIIIIaCTUKAIBIK
arsICchIH [IpannTis — Pefic Typinaeri pu3nkanblK KaTbIHACTapMEH Obliait OeiiHeneyre 6omansl [4]:

. £,
S, +As, =24 &, —T’ : (12)

A >0 moninge nedopmarus miacTUKANBIK Kyiine Oomamsl, A =0 wmoninge - nedopmarus ceprimi
Ky#ae Oomabl.

(1 — 12) Tenneynepinae keneci 6enrinep naiinanansiran[2,4]: o, s;, é — KEpHEY TE€H30PbIHbIH,

[j’
KEpPHEY JICBUATOPBIHBIH KoHE JAedopMaivs IKbUIIAMIBIFBI TCH30PJIApBIHBIH ChIHAPIAPHI (CoiikecTi
KaspUIFaH); p — KbICBHIM; V' — Keiem; p — THIFBI3IBIK; 51.]. —KpoHekep cUMBOJBI;, I, ] WHIEKCTEPiHIH

opKaiiceichl perneH 1, 2, 3 MoHAepiH KaObUTIaiIbl. YaKeIT OOUBIHIIA TYBIHIBIHBI AHBIMAIIBIHBIH YCTiHE
KOWBUTFaH HYKTe Oimmiperni. ColfkecTi KEHICTIKTI alfHBIMabl OOMBIHINA TYBIHABIHBI TOMEHTI WHICKCTEP
apacblHAaFbl YTip Oinnipeni.

JKorappima kenTipinreH >KYHEHI PEONIOTHSIBIK TeHIey askTainel. On medopmariust Kelepricia
nedopmariis gopexeciMmer, nedopmartus KpUIIaMIBIFBIMEH KOHE TeMITepaTypaMeH OailIaHbICTRIPAIbL:

c=0ole,, .5, .0), (13)

MYHIAFBl O , €y Co—IKBUBAJIEHTTIK KepHeEy, nedopManus KoHE KbULIAMIBIK adpeskeci (CoikecTi
YKa3bUTFaH).

Kypan Geri GolibiMeH METaNIbIH CBIPFYBI JKYPETiH OETTIK aiiMakra, MEKapalblK IIapTTap apanac
Oonpim TaObuTaABl. MyHZIa MaTepUANIBIH KBUIIAMABIFB ©TKI30CYIITIK IIAPTHIH, al maijga OOoJIaThIH
KepHeyJep — YUKeIliC MapThlH KaHaFaTTaHIBIPY KaXeT. OTKI30eyIIiTiK MapThl Kelleci Typle KepceTiiei:

on; = 0 , (14)
SIFHU KBUTAAMJIBIK BEKTOPBIHBIH 0 OCTTIHHOPMATiHEe# MTPOSKITUSICHI HOJITE TEH,.

XKacanran monenbpe yitkemicrti eckepy yiriH, A.H.JleBaHOB YChIHFaH jkoHE TOXKipHUOene TeKcepiireH

YHKeITic 3aHBI KOJIAHBUTAIEI [5]:

F=m_(1-e"=0m) (15)

NE)

MyHaFbl F— yiiKesic KepHeyi; m — yHKelic (pakTopsl; 6, — KaJIbIITH kaHacy KepHeyi; O - aepopmarus
KeIeprici.

CoHbIMEH KaTap, IaiibIHIAaMaHbIH JKBUIYJBIK TpouecTepi ae MoaenbiaeHeni. [ledopmanusiaran
Ke3leri JMaiiblHIaMaHBIH TeMIepaTypallblk ©piCiH ecenTey VIIH MNIHe3repTyIiH alAbIHIarbl
JalblHOaMaga KbUIyIbIH TapalyblH, SFHM OacTamKbl SKbUIYJIBIK LICKapaJblK LIAPTTApibl OiTy KakeT.
JKpImyeTKi3rimTik TeHaeyi YIIiH HIeKapajblK KbUTYJIBIK apTTap MBIHAHIAW Typ/e Oepinesi: KOHBEKTHBTI
JKbUTyanMacy MeH 0oc OeTTe coyleleHyMeH KblUly Oepy; YHKeNTiceTiH MeTalll MeH KYpalIblH KaHacaThIH
OeTiH/e XKBLTY OOIiHY i eCKepill, Kypal MEH MeTaJlll )KaHaCKaH Ke3Jleri OeTTiK JKbLTyanMacy.

JKanmer anranga, 3 enmemal arbicTa KepHey, Jedopmanus MeH aedopMaiius SKbUIIaMJIbIFbI
TEH30PBIHBIH OapibIK ChIHAPJIAPHI HOJITE TEH eMec ekeHi Oenriti. COHIBIKTAH ecenTelyl KakeT. Anaina,
KepHey, nedopmanuss MeH Aedopmanus IKbUIIAMIBIFBIHBIH TEH30pJIaphl BU3Yallbl e€JeCcTeTyre
(Busyanmayra) KABIH HBICAH OOJIBINT KEJETIHAIKTEH, TOXKIPHUOETiKk Makcarra KepHey, aedopmarus MEH
neopManyst KbUIIAMIBIFBIHBIH KapKBIHIBUIBIKTApBl CHSIKTHI KapanailbiM KOPCETKIIITEep/i Mai1aniaHFaH.
Keti6ip »xarpaitnapna Oy mamanapIsl HOTHXKET KepHey, nedopMalius xoHe ae(opMaius KU IIM/IBIFbI
81
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nen artaiinel. ben wmemmieprnep e3nepiHe KepHey, AcdopMaryisi MEH ae(OopMaIus KbUIIaMIbIFBIHBIH
OapIIBIK CBIHAPIIAPBIH KipTi3im, Keeci popMyiaJapMeH aHbIKTa bl

63“:%\/5\/(61—0'2)2+(02—O'3)2—(O'l—63)2; (16)
gm:\/zé\/(el—gz)zjt(ez—83)2—(81—53)2; (17)
H, =V fe-ay+E-ay - -4y (18)

ATanfaH HOTWXKENI KepHeyJep MeH aedopManusiap, KepHeyiIep MeH nedopManusuiapabliH OapIibik
CBIHAPJIAPBIHBIH MOJIIEPiH KOPCeTEeTIH KeUIeHI KepceTKim OOoJbIn caHamaisl. by KepceTkimrep
yiiKemicci3 KapamailblM KbICKaH Ke3zeri Oip ochTik aedopmaumsira coiikec keieni. OceiFaH ykcac
BU3yalIay MoJeTiHAe aAedopMaims SKbUIIAMIBIFBl HOTIDKEN aedopManus KbULAAMIBIFBI TYPIHZIE
kepceTinreH. O HOTHXeEI MedopMaFsTHBIH TYBIHIBICH OOJIBITT cCaHATA b J)KoHe 1/ emIeHe .

AKKBIIII TICKTIH aHaJOTbl OOJIBINT TAOBUIATBIH aFbic KEpHEYi, o/IETTE€ YII KOPCETKIIITEH ToYeni
Oomaznpl: nedopmanus, AedopManys KeUIJAMIBIFEI )KOHE TeMIepaTypa. AUTBIIFaH KepHEY KecTe TypiHae
MIla-meH Oepinesii )koHE 3ePTTEIIETIH MaTEPHAIILIH OEPIKTEHY KHUCHIK CHI3BIFBI OOJBIT TaHBUTAIEI. OCHI
KEepHEYTe 9cep €TETiH KOpCeTKITep AaiblHaaMa KeJeMiHAe dPKeIKi TapalaThIHIBIKTaH, aFbIC KepHeYi 1e
opkenki Oonanel. Mozenb Tarbl Aa OpTalla KepHEYIiH ChIHApIapblH OblIall ecenTel anaibl:

_ (o + 0O 5 + O 3
c, = 3 . (19)

MaremMaTuKanblK MOJENbIeY alblHATBIH MOIIIMETTIH JKOFaphl IAIIIriHe KON JKeTKi3mi.Amaima
OHJICYIIH a3 3epTENTeH IMPOIECTEepiH TalgaFaH/Ia, OChl MPOIECTI MOAEIBICYTe FaHa CEHIM apTy IYpPBIC
mrenriM  GoJbin TaObuIMaiiabl. ExiHIIG KaFblHaH TXIpUOENiK KypaMmIacThl, MOJEIBbACY HOTHKEIEPiH
pacray Hemece JKOKKA IIBIFapy, al Tarbl Jla 3epTTEJICTiH TEXHOIOTHIIBIK OHJICY/IH COHFbI HOTHXKEIICPiH
Tanmay AeHreline neifin KbICKapTyFa O00mambl.

JKorapeiga KepceTiireH apTHIKIIBUIAKTHIpABI eckepin, MKO onepauusuiapblH TangaraHna KeHiHEH
KOJIJIAaHBLJIATHIH IIETKI 3JEMEHTTEpP JJIICIH KOJIIAHbIN, OypaHJalibl Kypanjaa [6] xoHe OOMIIBIK-CHIHAIIBI
OpHaKTa [7] JKoJaKTap 16l WIEMICY MPOIIECIH 3epTTEY JKOHIHIE MenTiMIi Ka0suiaaabpik (cyper 1).

Bypannansl KypanablH sKOFapFbl MIIIIHOUTITIHIH JOHEC IeH OWBIK alfMaKTapbl TOMEHT] MIIIHOUTIKTIH
JIOHeC TICH OWBIK aliMaKTapblHA KapaMma-Kapchl OpPHAJACHIN, AWTHUIFAH JOHEC NeH OWBIK aliiMakrap
OypaMalibl CBI3BIKTBI Kypajabl. BypaHJaHbIH jKaHaMa ChI3BIFBI MCH JKaHACy HYKTECi apKbUIbl OTETiH
mimiHGiniK iprecine nmepneHaMKyIApIIbl OPHAIACKAH CHI3BIK apachiHAarsl Oypsim 45° - 60° TeH. JKoraprsl
MEH TOMEHII MINNHOUTIKTIH JOHEeCTepl MEH OWBICTaphl OJIIeMi OipJeii €Hre >KOHE OChIFaH COWKECTI
Oopzeii OMIKTIK TIeH TepeH IIKKe NeMICHETiHIH aiiTa KEeTKEH KOH.

Ochl Kypanna AadbIHIaMaHBl FIIEMIETCHIC, ) KOFaphl MIMIHOUTIKTIH JKYMBICITEI OCTTiHIH JOHECTEpi
TOMEHT1 MIIIiHOUTIKTIH KYMBICIIBI OCTTIHIH OWBIKTapbhIHA KapaMa-Kapchl OpHamacaabl. bipiHmi >xoHe
Kejeci eTimaeple wiemIeyll MbIHaHAal Oipllik XaHIIYMEH )XXY3ere achipaibl (COHKecTi Ka3bUIFaH):

E= AhB / H , JKoHE & = 2AhB / H , (MyHIarel AhB - OypaHJabl )KYMBICIIEI OETTep MOHECTEPiHiH

OMIKTITi HEMece OWBIKTapbIHBIH TEPEH/IITI; H , - JalbIHIaMaHbIH Oacramnkpl OumikTiri). MyHnail Kypanga

WIEMJISTeH Ke3Jle, NaiblHAaMaHbIH OOWIBIK JKOHE KOJIJICHCH KHMajapbhlHJa TaHOAChl aWHBIMAIIBI
uinyaegopManuschl maia OOJBIN, AaWbIHIAMaHBIH OapIIbIK KAMAachl OOWBIHIIA METAIIBIH KYPBUIBIMBI
THIMII YHTakTananel. Ocbutaid aedopManusiiarafma, wiemaey OaphICBIHAA TY3UIETIH NOHECTEp MEH
OMBIKTAp HWIJIEMJICNICTIH JKOJIAKTApPAbIH €Hi OOMBIHINA BIFBICHIN, JdaWbIHIAMAHBIH KAMAchl OOMBIHIIA
KOCBIMIIIA MAaKpPOBIFBICYIBI TyIblpanasl. KocbIMIla MakpOBIFBICYABIH TYBIHAAYBl METaNnap MEH
KOPBITITaJap KYPBUIBIMBIHH KOCBHIMITIA YCAKTATYBIHA OKEJE I, SFHU Callaibl HIeM alyFa KaKEeTTi KOCBIMIIA
mapTTap OpbIHIATAIbL.

— g2 ——
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0)

1,2, 3 —6acKpII MEXaHU3M/EPI JKOK KarmacTap; 4, S— 6acKpIl MeXaHU3MAEpi Oap KamacTap
Cyper 2.1 — Bypannanst kypan opaatsurrad J{YO unemaey opHars! (a) 5koHE OOMITBIK-CHIHAIIBI OpHAK (0)

Y3aikci3 OOWIBIK-CHIHATIBI OPHAK JKYMBICHIBI KamacTapAaH, JJIEKTP KO3FaITKBIIITaH, MyQTaaaH,
KETEKCI3 Tipey JKOHE JKETEKTi >KYMBICIIBI MIMTiHOUTIKTEpACH, TYFBIPAAH, Tipey TaKTAaChIHAH TYPaibl.
AWHBIMAIBI TOK KO3FAITKBIIIBIHAH JKETEKTI alaThIH KarlacTap.IblH OpKaHChl TUaMeTpi TYPaKThl OOJaThiH
JKYMBICIIBI KOHE Tipeylli MIIiHOUTKTepaeH Typca JAa, Ke3eKIIeH OpHanackaH opOip KamacTapAarbl
JKYMBICIIIBI THITHOUTIKTEPiH JuaMeTpiiepl nieMaey OarbIThIHA Kapal OipTiHIen Kimipeiesi, ai Tipeyri
MIOTHOUTIKTEPIiH TuaMeTpi KepiciHie yiakeheni. bynmaii sxarmaid 1a minmiHOUTIKTEp IiH aliHaTyBIH AepOec
My(dTa, pemyKTOp, TICTETepUIIKTI Kamac TIeH aiHaIBIPFbl apKbUIBl JKYy3ere achlpaibl. AWTBUIFaH
JKYMBICIIIBL KOHE Tipeyln MiNnHOUTITepAiH AuaMerpiiepi Keieci QopMyiaMeH aHbIKTaidanbl (CoiKecTi
YKa3bUTFaH):

_hoDom (Lvs) o _hDom (1+s;)

D, .
I h,y-n, (1+Sj—l

) c(i=1,2,..,N;j=N,...2, 1),
+1 h ) J

;
i+l ni+1 1+ Si+1
MYHJaFbl A;, h; — i HeMece j KamacTa MiIeMJENeTiH )KOJAK KalbIHABIFL; 7; JKOHE 1; — i HeMece j Karac
MiIHOUTIKTEPIHIH alfHamy >kMidiri; N — KamacThlH PETTIK HOMeEpi; §; KOHE s— [ HeMece j Karac
HiliHOUTIKTEpiHEHMETAT MIBIKKAH Ke3zeri o3y; D; skoHe D; — alJIbIHFbl KalacTbIH JKYMBICIIBI i jKOHE
Tipey j MImiHOUTIKTepiHIH AHaMeTpi.

Bip kamac meH eKiHII KanacThlH apachIHIAFbl JKYMBICIIBI MIIIHOUTIKTEPAIH apachlHAaFrbl apa
KAIIBIKTBIFBI OEpiNTeH apa KallIbIKTHIKIICH CAllbICTHIPFaH/a 03y [IaMachlHA YIIFAsSTHIHIBIFBIH aiiTa KETKeH
KOH.

leTki smeMeHTTEp OMICIMEH ecenTeylli JKy3ere achlpaThlH OaFiapiiaMalblK KelleHIep Kazipri
yaKbITTa KCHIHCH TapaibiMfa ue Oomapl. OnapablH apachlHIa aca TaHbBIMAN, COHBIMEH Karap ipi
KoCIMOphIHIAphIHAa KeHiHeH KoimaHeuiaTelH MSC.SuperForge kemreni Oombim Tabbiiamel. On MKO
orneparuiIapblH MOJICIIB/CY YIIIIH apHaWbl JKacaJiFaH JKOHE OHIIPICTe, FHUIBIMUM KbI3METTE 63 KOJIJaHBIChIH
TanThl [8].

MSC.SuperForge 6armapmalblk KeLIEHIHAE METKI-3JIEMEHTTIK MOAETb KYPY/IbIH HET13Ti caThlIapblH
TanmalblK. Ecenrey TeXHHWKAChl KypalgapbIMEH ICKe aCBIPhUIABIH IIETKI JJIEMEHTTEp OIICiHIH
MYMKIHJIKTepi, HH)XEHepJep MEeH FalbIMIapAbIH KYMBICIIBI KYpajiap CaHbIH KCHEHTTi. Anaiijia merTki-
AJIEMEHTTIK MOJIENIb MEH 3E€pPTTE€Y HBICAHBI apachIHJaFrbl allbIPMAIIbLUIBIKTE, COHBIMEH KaTap KOJJIaHbI-
JaTBIH OarmapiiaMalblK KeMmIeHAC KY3eTre achIphUIFaH €CENTepi IMIENTy aJTOPHUTMIHIH epeKIIeTiKTepiH
eckepy Kaxet. Ochlnaiiiia, 3epTTeyIIiHiH 0acThl MiHAETI OOJBIT, 3ePTTENIIHETIH HBICAH YKOHIH/IE TEKCEePi-
TCH JKOHE ©3€KTl JIEepPeKTepil NalbIHIay *OHE OHJCY MPOIECIHIH MYMKIHAITIHINE BIKIIAMIAIFAH KOHE
OHTaWIaHBIPBUIFAH MOJIEINIH KYPy CaHAIaJIbI.

Bypanmaner minriHOLTIK TeH OOMIBIK-CBIHATIBI OPHAKTA YKOJAKTHI MIIEMIETCHIC MaibIHIaMana maiaa
oomatein KJIK e3repicin mozenbley, pecypcThl Kom KaKeT eTeTiH mpouecc Oonbin Tadbuiambl. By
JKargaiiia COHFBl HOTIDIKETe, NYPHIC MalbIHAANFaH OHJCY/iH IIETKi-3IEMEHTTIK MOJEIN acep eTei.
Bypanmanel mimniHOiLTiKTe Miemaey OapbICBIHAA METANIbIH medopmarusacel Oemiriti Oip medopmarius
OllIaFbIH/A JNadbIHIaMaHbIH HinyiMeH xypeni. OraH Koca, nadbiHaama jaedopmaius OIIarbiHIa Kapa-
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naiibiM bIFpICyMeH nedopMmanusuianansl. MSC.Super Forge OarmapnamanblK KelleHi OOWBIHINIA TaHBIMAI
oneobwmer [8] merizinme MSC.Super Forge nmpenporiecCopsIH KYWre KenTipy MEH AepeKTep MaibIHIay TBIH
HETI3T1 caThUIaphl TYKBIPHIMIANBIK.

Hativinoama men Kypan modenin Oauvinoay. Vnemaey TpOLECiHIH TalJaHATBIH MPUHIUIHAAIIBI
cyimbacel, o03enmai >kobamay VINH KHBIHIBIKTAp TyAbIpMaiapl. [laiiblHmamMa MeH Kypajjap TIakeTi
KapamailblM TeOMETPHSUIBIK IIIIHAEPACH TYpanbl KoHEe OacTamkbl OCHIeHIe oJapIblH apachlHIAFbI
OapJibIK ©3apa opeKeTTecyJephl >Ka3blK AaiibiHaamMa OeTi MeH OWBIKKepsepl O0ap KypalablH >KaHacybl
Topi3ni cunarrayra Oonaapl. OcblFaH colikec, HaliblHIaMa MEH KYpaJAblH >KaHAcaThlH ayJaHbl HETIH
Kypan OeTiHiH aymaHbIHaH Kimri Oomanmbl.bysr ecemrey KemieHi YIIiH jkacajgaThlH MOJENh HBICAHBIHA
KOCBIMIIIA IIaPTTAP.IbI )KYKTCH/I.

Mpicanel, Bu3yangsl Oojica Aa, Kypajdl TYPFbI3y Ke3iHAe OHBIH O€Ti TONKBIHABI OONBIN KepiHemi,
ajaiiia IIBHABIFBIHAA OJ, Kypaln Oeri OemikTepre OeninreH mnojuronmapman typamsl (CAD —
KochIMIIacekiHa Tayenni). Ockbunaiima, aWThUFaH Oeliktepre Oeny camachklHa HETi3/IeNe OTBIPHIIL,
MSC.Super Forge mpemporeccopsl monuronnap meiHAapeiHaH 2O TOpchBBIK TYHiHIEpiH Kypai
OTBIPBIN, AAaWBIHAAMAHBIH MIETKI-3JIEMEHTTIK TOPCBHI3BIFBIH JKacaTeiH Oonanmel. OraH Koca, AepeKi
OemmmiekTey KON JKaFmaimga (Qurypansl *acaHABl KilIipeHTE OTHIPHIT, aNBIHATHIH (PUTYpaHBIH KeJeMiHe
acep eteni. by ecentey manmiriHTeMeHAETYTiH Tarbl 0ip ce0e0i 00BN TaObLTA B

MSC.Super ForgebarmapnamMachlH TailaaHyIIbl HYCKAYJBIFBIHIA, OWBIK OET VIIH KOMOYPHIII
KBIPJIAPBIHBIH ©JIIIeMi HEMece €Ki KopIijec KbIp apachIHIAFsl OYPBIINT ejmeMi KaHmai 00Ty KepeKTiri
alThUIMaraH. Autaiifa, OapiiblK jxo0anay HYCKayJBIKTapblHAa OpPTaK HICS KOPCETIIreH — KOWBbLIFaH
€CeNTiH KaHaraTTaHApNbIK HOTIKeJepiHe, IIEeIIiIMHIH YKCACTBIFbIHA KOJI JKETKi3y YIIiH, KaHacy Iarbl
KEeMiHZe LIeTKI 3JEMEHTTIK TOPIABIH YII TYHiHIHEH TYpybl KaKeT, ajl Kypanaa XYMBIPJIaHy paauycChl
OonraH KaFjaiia — OChl paJMyCTBIH Y3BIHIBIFEI OOWBIMEHOIp Me3rinjge KeMiHAe YII Top TyHiHmepi
opHanacy KaxeT. CeliTim, jkxo0anaraH ke3le OapiblK KYIITi OChI HIAPTTApAbIH KaMTaMBbI3 €TyTre >KyMcay
KaXerT.

MSC.Super Forge OarmapiaManblK KEIMIEHIHIE MOMETBIACTCH JKarmalma «malblHaaMa MEH Kypai
JKaHaCybl» TYCIHITIH HakThUIay Kepek. Ce0e01,0yHmai jxaraaiia npenponeccop MeH ISyl KypbUIFbIa
JKaHacy Typaibl e3remie Tycinik 6ap. Kypanna opHanackan Top TyHiHAEpl Ke3 KeNreH jkarjnaiina »xaHacy
HYKTelepi OoybIm TaObUTambl. Auaiima Tpemporieccop, KypainablH OeTiHeH Oenrim Oip Memiepre
aJBICBIPAK OpHAJACKAH)KAHACY HYKTEIEepPiH KOCyFa JKOJ Oepil, TOPCHI3BIKTHI JaiblHAaiapl. MyHmai
TOCIIIEME €CenTey HOTWXKEJEpiHIH >KaKChl ColKec KelyiH KaMTaMachl3 €T€ OTBIPBIN, TYHICY NaFblH
JKacaHIIBl YIIFalTyFa MYMKiHIIK Oepemi. OraH Koca, Oyl oJiC KalblH €MeC TOPCBHI3BIKTHIH
MaiJaTaHBUTYBIMEH CEHIMII HOTIDKEJIEepre KOJI KETKi3yre MYMKIHIIK Oepe OTBIPHIN, Iy YaKbITHIH
KbICKapTa ayajpl.

JKorapeiga KepceTiireH MmeKTeyIep Kypaigap MEH JalblHOaMaHBIH OYPBIC T€OMETPHACHIH KYPYFa,
consiMeH kKatap MSC.Super Forge mnpemporieccCopsiHIa OJapabl 3JIEMEHTTEpre OeiHyre KaThICTHI
Oomazpl, anaiia onapAbIH 03apa SPEKETTeCyiHe KaThICTBI €MeC.

Kenreren mnemaey mpouectepi yiiH ZalblHAaMa MEH KYPaJIblH ©3apa OpeKTTeCy YaKbIThl, OPHAK
MIOTHOUTIKTEPIHIH alHaTy >KBUINaMIBIFEIMEH IIEKTEITeH. EKiHMI KaFbIHAH JKaiManapIasl WIEMICY
NpOIIeCTePiH, JaiblHIaMa MEH MIITHOUTIKTEpIiH OPBIH ayBICTHIPY JKbIIIAMIBIFEl OONBIHINA CATBICTHIPYFa
Oomazpl. bipakra,nedopmanusiiay yakeIThIH ©3T€pTKEH Ke3Jle allbIHATHIH jkaliMana naiiga 6onateia KIAK-
Jie albIpMaIIbUIBIKTap OonMaiinel. Tek anbHATBIH KaliMaHBIH Y3bIHIBIFbI FaHA ©3repei.

BarnapnaMaHbIH mIeNTyIIi KYPalbIHBIH JKYMBICHIHA, MOJETBACY KE3iHIE HBICAHIAP OPEKETTECYiHIH
IYPBIC KYWTe KenTipinyi yikeH ocep ereni. EH kapamaiibIM sxarmaii Oonbin 0ac KypayJblH TaHAaTybl
caHanansl. bi3 3epTTEHTiH mpouecTe XKOoFapblAa alTbUIFaH KaThICThl KUBIHIBIKTAP TybIHAaManiapl.Ce6edi
OpHAaK TYFBIPBIHA OEKITUITEH >KOFapFhI Kypajl Tajlall €TIICTIH KbICY KYIIIMEH AalbIHAaMaHbl KBICAIBI, ajl
OpHAaK JKeTeri ofaH Kosfaybic Oepemi. [TinmnHOUTIK MOWHBIHBIH TipeKTepl KaTThl OekiTinreH. Anaiina
JKOFapFhl KYpalblH OPbIH aybICTBIPYBIH MOACTBICTEH Ke3/1¢ MbIHAHAAH KUBIHABIKTAP TYBIHIANIBL:

- MSC.SuperForge 6armapmamachlHaa KYpaJAblH OPBIH ayBICTHIPYBIH Oenriii Oip KbUITaMIBIKIICH
Oepyre MyMKiHAik Oap. bynm He TypakThl OYpBIITHIK HEMece OpBbIH AayBICTBHIPYABIH irjiepieMeni
JKBUIIAMIBIFB, HE KHUBICTBIpbUIFaH Oonmybl MyMkiH. CoHBIMEH Katap opTypiai ¢akTopiapra —
MINNHOLTIKTIH, TYFBIPABIH JKOHE OpHAKTBIH ©3T¢ ayblp KYKTEITeH JIIEMEHTTEPIiHIH ceprmiMIi
nedopMaItisICkIiHa TOyel i 00JaTHIH OPBIH ayBICTRIPYABI KYpyFa O0omampl. Anaiiga Oip HbICAH YIIIH OPBIH
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aybICTBRIPYABIH TeK Oip TYpiH maipanaHy ychiHBUIAbL. OchUiaiima, OypaHIanbIIiIIiHOUTIKTEpAE KoHE
OOMJIBIK-ChIHAIBI OpHAKTa WIEMICYl MOJCNbICY Ke3iHae TiK oci OoMbIHINA ceprimMial aedopMaIusHbl
JKOHE OChI OCHKE KaTBICTHI €Ki MINIHOUTIKTIH aifHaIMallbl KO3FabICKIH ecKepy KaxeT. MyHall Tocingeme
OHTAaMIBI OOJIBII KEE];

- 3epPTTENETIH WIEMJIEY TPOIECiHe, OPHAKTHIH HiIeMACY OCi OOWBIMEH, Oip KYpaJIblH CKIHIIIITe
KaThICTBI OPBIH aybICTHIPYbl HAKThl aHBIKTAIMaWbl. JlalibiHIaMaHbl Kypajfa KbICY KyIi aHBIKTAIajlbl.
Bynnaii sxarnmalina Kypanfa Kyl IIaMachl MEH OHBIH OarbIThIH OCpreH KesJie, MICHIYII KYPBUIFI apOip
uTepanusaaa OEpiIreH KYIIKe CoHKec KeNeTiH KYpPalAblH OPBIH ayBICTBIPY MOJIIEpIH €CeTTeH/Ii.
Ocpninaiima, OypaHanbl MIIiHOUTIKTEpAe WiISMICY I MOACIbACY KE3iHIae WIeMICY Kyl Oepiyiesi skoHe
MIIIiHOUTIKTEpAiIH OPBIH ayBICTHIPY HEMECe KOZFabIC JKbIIAaMABIFbl aHBIKTaTa b,

- maliplHIaMa MEH KYPalJblH KBICHUIBICATHIHABIFEIHAH 0ac TapTy MYMKIH OOJNMarFaHABIKTaH, OHBI
naiianany OOWBIHINA YCHIHBICTAp KOCHUIaAbl. JKaHITy MejmiepiH Oenriiey OapbhICHIHAA, yaKBIT ©Te
JaiiblHOaMara TYCETIH KYII >KoFaphliam, OipHelle KajaM caHblHaH KeHiH OepiireH AEHrelre IIbIKca
JKarmail oHrainel Oonbim  caHamanel. OchUaiima, madblHIAMa MEH KYpall OpeKeTTeCyiHiH KypT
bactaysraan KJIK-aig Oypmananrad 0OJIBICTApBIHBIH TYBIHIAYBIH AIIBIH airy OombipMayFa 00Iassl.

Ochinaifina, gaiiblHamMa MEH Kypajijgap HakeTiHIH cayaTThl Kypbuiran 3D-Mojeni, oyiapablH e3apa
OPEKETTECYiHIH IYphIC OEpiTyi jKoHE MOJICNBJICY YIIiH KOJJIAaHBLIATHIH OaFnapiiaMalblK KeIIEHMEH TYPhIC
KYMBIC icTeymiH Oenriii Oip YCHIHBICTApBIH OuTy, asgKKel Ke3iHIe aJBIHATBIH JEPEKTEP CaIrmachiH
JKOFaJITIIal, MalllMiHa yaKbIThIH ayKbIMJIbI KbICKApTYFa MYMKIHJIK Oepesi. JlereHMeH, mbIHANHBI OHIeYy MCH
OHBIH BUPTyalgbl MOJACTIMEH CalbICTHIpyFa MYMKIHAIK OepeTiH KinTTi ¢Qakrop, MaTepHaIIbiH
MEXaHUKAJIBIK KAaCHETTEPi KOHIHACTI MariayMaTTap OOJNBIN Ta0bLIa k.

OHIeNneTiH MaTepual >KOHIHIE akKmapar XuHay MoceleciH TankpUtalbik. 190 kemerimen KJIK
ecenTey YIIIH KOJJIAHBLIATBIH JCHE, JaiblHAaMa MEH Kypajl MOJEIbACPl JQJJITIH YHEMI jKaKcapTyra
Oomanbl. 3epTTeNeTiH MaTeprualIapIbiH MEXaHUKAJIBIK KaCHETTepl opTYPIi OaKbIMaHBIH O©3iHIe SpTYpIIi
0omysl MymKiH. COHIBIKTaH, KOJIJIAHBUIATHIH MaTeprajFa KaTBICTHl aJbIHATHIH ACPEKTEPIiH IONIIITIH
apTTHIPY YIIiH, TOXIPUOEH] KYPri3ydiH anaslHaa (U3UKAIBIK )KOHE MEXaHHUKAJIBIK KACUETTEPli JoIAey i
JKOHE MOZETIbACY/ e JONACHTeH AepeKTep i KOJIaHydbl Tanam eTe/i.

MSC.Super Forge 6arnapiamacbiHia MaTepral KaCUETTePiH MaTeMaTHKAIBIK OelHeneyre MyMKiH/IiK
oap [8]. CoubiMeH Karap,0armapiama 0a3achblHAa OHEPKACINTE KCHIHGH KOJIAHBUIATBIH MeTayjaap,
KOpBITIIAJIap MEH KOMITO3UTTEP KOHIHAE JXKeKe MoajiMerrep Oap. Amnalima, Mojaenbacyjae MaiiblHAaMa
MaTepHuaNbl aFbICBIHBIH aHBIKTAMAIIBIK KHCHIK CHI3BIFBIH MMaliJjallaHy, €cerTey MEH TaXipuOe JepeKTepii
CaNBICTBIPFaH KOITETeH CYpaKTapAbl TYABIPYbl MYMKIiH.

Marepuan KypbUIBIMBIH 9PTEKTI OpTa peTiHe KapacThIpFaH Ke3lle, KOWBUIFaH MaKcaTThl OeifHeneyre
MEH IIeNIyre €Ki TociaieMeHi KoygaHyra Oonazael [2]. BipiHmi Ttocinmemene, Oapiblk gaiibiHaaMa
KOJIEMiH, KACHETTEPiH OipTEeKTI TyTac opTa peTiHme OciHenelini. KypbulbIM opTeKTUTITIHIH ocep eTyiMeH
JabIHIAMaHbIH MEXaHUKAIBIK KaCHeTTepiHiH e3repyiH eckepy ymiH, KJIK ecenreren kesnme, TeHaeyre
Ty3eTy KoapduuueHTTepiH eHrizeni. Ty3eTy Kod((OUUHMEHTTEPiH TEOPUSUIBIK HEMECE SMITMPHKAIIBIK
JKOJIMEH aHbIKTayFa Oorianbl. byn Tocimaeme, ecenTiH IIeNyiH BIKIIaMIayFa MYMKIHIIK Oepeni, amaiimga
MIIOTiHe3repTy TMPOIECiHIe KEpHEY MeH aeopMaiiids TapaldyblH >KETKUTIKTI JONIIKIICH Oaranayra
MYMKIHTIK OepMerii.

Kepcerinren keMimmimikTi eKiHIN TaciaaeMeHi KONJaHy apKbUIbl mienryre Ooiambel. bynm Tocimmeme
OOMBIHIIIA TAaBIHIAMAHBIH KOJIEMi TUCKPETTI OpTa peTiHae KaObliaaHanbl. bepired TociaemMe aschlHIa
JaibIHIaMa KOMITO3UIIMSIIBIK MaTepUall PETIHIIE KapacThIPbLIa b

AKKBIIITBIK IIIEK TII€H aFfbic KepHEYiHiH neddopmanusaaan, nedopMaius KbULAAMIBIFB MCH
TEMIepaTypagaH TOYCHIIIriH CHUNATTay VIIH aHblKmayblui menoeyiepdi HEMECe aHbIKmAaybliu
MoOdenbOepoi Maiijananyra OonaThIHABIFEL [3] >kyMbicTaH Oi3re MamiM. Byn KaTblHacTapAbIH MilliHi,
MaTepHalliH TopTiOiH Toxipubemik 3epTTey OapbicblHOA aiblHFaH 3aHABUIBIKTApFa HETi3/eNreH.
Martepuan TopTiOiHIH MUKPOMEXaHHKACHIMEH KEJCLITeH aHBIKTAYBIIl MOZCIbACPAl MaiaaaHFaH JKOH.
Bipakra Oy Momenmbaep KETKUTIKTI mopekene Kypaelni Oombim kenmemi.OckiFaH OaiIaHBICTBI aThIM KEH
Tapanyabl HEHOMEHOIOTHSUIBIK TOYCIIUTIKTEp aJFaH.

CoHFBI KBUIAAPBI MaTepUaNga OTEeTIH MHUKPOMEXAHHWKAIBIK IPOIECKe HeTi3leNreH, Tasa
OMITUPUKAIBIKTAH (SFHH aQHAJIMTHKAIBIK KHUCHIKIICH TOXKIPHOCNIK IEpPEeKTepai CHMIarray) (QH3UKaIbIK
MoJieNbIepre JACHiH KONTEreH MOJEIbICP CaHbl YCHIHBUIALL [9]. Mneanapl skarmatina Oys1 eki TociageMe
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OpTaK KaThIHACHEH Oip-OipiH TONBIKTHIpY KakeT. OpTak KaTHAC IUIACTUKAJBIK arbICThl OAaKbUIAWTHIH,
aTOMJBIK ACHTelmeri (DU3UKAIBIK MPOIECTep MEH MaTepPHANIBIH IIBIHAWEI MaKPOCKOIUSIIBIK TOPTIOIH
Oip/eit HAKTBUIBIKIICH CUTIATTAUTBIH 00Tyl KaXKET.

OpuHe, MPaKTUKaAa 3epPTTEYLIiHIH HETi3ri MakcaTbl OOJbIN Oenrii Oip WHXKEHEpNiK TalcChIpMaHbI
memy caHanaapl [9]. COHIBIKTaH, MUCIOKANMSIBIK MUKPOMEXaHU3MJIEPiHE HETI3IENreH TEOPHSIIBIK
Tajugayra KaparaHaa, TOKIpHOeTiK JepeKTepMeH JKoHE OJIapIbl HAKTHI MOcCeNere KOJIaHy MyMKIHIIriMeH
JKYMBIC 1CT€Yy YTBIMIBI Jen caHanajael. COHABIKTAH SMITUPHUKAIBIK AHBIKTAYBIII KAaThIHACTAD YJIKCH
TaHBIMAJIIBUIBIKKA MeMJIeHTeH. JlereHMeH, (U3UKabIK TICcUIIeMe MaHBI3Ibl OONBIN Karyaa, cebebi o
OepinTeH AMIUPHUKAIBIK KAaTHIHACTBIH HETi31HE cajbIHFaH KeiOip OospkaMIapabl HETi3eyre jKOHE OHBIH
KOJIIAHBLTYBIHBIH MYMKIH OOJIATHIH IIEKTEPiH aHBIKTayFa MYMKIHIIIK Oepe/ii.

JKanmer skarmaliia aHBIKTAYBINI KAaThIHACTAPIbLI TYPFBI3FaH Ke3lle NaiilalaHaThbiH SMITUPUKAIIBIK
TOCUTACMEMEH AHAIMTHKAIBIK (QYHKIUSHB aHbIKTaabl [10]. Bynm dyHKOwWs kepHEY MEH JXYKTEy
KOPCETKIITepl apachlHIAFbl TOKIPHOENiK ToyenminikTi Oanamansl OeiiHenelai. Erep nedopmanms
JKaNJIAMIBIFEI MEH TeMIIepaTypPaHbIH ©3repy TapUXBbIHBIH HOTMKECIH SCKEPMEHTIH 0O0JICaK, OHJa aFbIC
KepHeYiH G (co3y MeH KpICY YIIiH) nedopMarus €, JedopManus XbUITaMIBIFEl $XOHE TeMITepaTypaHblH
T xetibip QYHKITUACH TYPiHIE XKa3yFa 00JIaIIh:

o, =f(&, & T). (20)

ToxipuOerik >KOIMEH anblHFaH MYHIail OeT, aHBIKTAyBIII KATHIHACTHI jKacay YUIIH Heri3 OOJIbII
TaOBLIAIEI.

[MonukpucTanabplK MeTajajap YIIIH aHBIKTAYbBIIl KaThIHACTApABl TYPFBI3YIBIH €Ki Tociigemeci
kepcerinred [10]. Bipinmrici aquuTuBTi cunarka nemaeHrex (JIroIBUK )KYMBICHIHAH OacTay aliFaH):

6 =/ulo, T) + g(&, 1), 21)

MYHJIaFbl f,— Ae(OpMaIHsIbIK OepikTeHAIpy QyHKIHMACH (3Kalllbl sKaFaiia Temneparypara Toyesi);
g, — penakcanus (QyHKOMACH, AedopManus KbUITAMIBIFBIHBIH JIE3MiK MOHI MEH TeMIIepaTypallblK
addexTiHi ocepiH OelHenen .

TyTKBIp/IBI  NIACTHUKAIBIK OPTAJarbl  aHBIKTAYbIII KATBIHACTBIH  IU(QepeHInaNIbK TYPiH
COKOJIOBCKHUH YChIHFaH koHe ManbBepHMeH Moaudukarusianras [10]:

£= O /E+g(o, ), T = const, (22)

myHzarbl £ — FOHT Moy,
CoxosnoBckuii-MalibBepH TaciIIeMeciHe HeTi3eNTeH HHKPEMEHTT] TYKbIPhIMAaMaHbIH JKaNIbl TYPiH
Kpucrecky xone Jlrobnuaepmer ycoiaras [10]. On kenecinelt Typre neMaeHreH:

E=fuo,e)O +g(o,), T = const, (23)

MYHJIAFbI f, IE3]1IK WIEMJII JKayarl Je aTaJIaThIH I1aMa, OJ1 ChI3BIKTHI €eMeC OO0JTybl MYMKIiH.

AHaNMUTUKAIBIK WISy OHE CaHMABIK €cenTeyJle J>KUi KOJIAAHBUIATBIH eKiHMI Tocuigeme, Oy
AKKBIIITHIK OCTIH MyIbTHIUTHKAITUSITBIK TYpie KopceTy OombI Tadbsianst [10].

AFBIC KepHEYIH KaJIbl TYpAe KeneciaeH xa3yra 6onanst [10]:

o= fi(e, D(ET)fA(T). 24)

OcheIFaH yKcac TYKBIpEIMAaManap [2] JKyMbICTa KeEATIpUITeH. Auaina MyJIbTHIUTHKAITUSIIBIK
aHBIKTAYBIII KATBIHACTBIH BIKIIAM/IAJIFaH TYPI Ui KOJIaHbLJIaIbI:

65 = f1(0,e)a(8)f5(T). (25)

Mynaa nedopmanusuiblk OepikTeHIIpaiH, AedopManus KbUIIaMIBIFEI MEH TEMIICpaTypaHbBIH aFbIC
KepHeyiHe acep ery 3ddeKTiiepi e3apa Toyelci3, IeMeK, KepHEY JKYKTeME TYCIpy OJbIHAH Tayesi
oommaiiner [10]. Unemai nedopmanusinay (usMkacel TYpPFBICBIHAH OepiireH TocijieMe IYpBIC eMec
OomnBIT  TAaOBUTATHIHBIH KepceTyre Oonanbl.Cebedi, aedopmanus MEH IKBUIIAMIBIKTaH OepikTeHy
TeMIiepaTypazaH TOyeIi.

CoOHFBI KbULIAPBl KOMITBIOTEPJIIK OaraapiiaManapaa jKdi KOJJAAHBUIATBIH KapanaibiM aHBIKTAYbIII
KaThIHACTap/Ibl IaJIey KyMbIcTaphl kacanyna [10]. Kemn xarmaiina o, nedopmanms KbUIIaMIBIFEIHAH
(JorapuMIik HeMec AOPEKENTK Typi) Toyenmi OonaThlH KeHOip MyImIenepmi, TeMIeparypara Toyewmi
OoaThlH Keibip MymenepiMeH (KapanaibiM ChI3BIKTHIK (YHKIUSUIApIaH SKCIIOHSHIMAIIBI MYIIenepi oap
KaTapra JIeliH) KUBICTBIPYIaH TYPaIbL.
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JIxoncon meH Kyk [11] xymbicTa, yikeH nedopMaiusara, >Koraphel JedopManusiiay >KbUIIaMIbIFbL
MEH TeMIleparypara YIIbIpaFaH MeTaijgap YLIH Ta3a SMIUPUKANBIK aHBIKTAYbIII TEHICYIl YCHIHIIBL.
JxoHCcOH-KyK MOJeni KEHIHEH Tapaliblll, ©3iHiH KapamalbIMIBUIBIFEI apKACBhIHAA CAHJIBIK TaaayablH
adTapipIKTall OapIbIK MAKETTePiHIH MaTepraniap KiTamxaHachblHIa eHr i3I,

JxxoHcoH-Kyk Momeninae Mu3ec aFbICBIHBIH KepHEYi Keneci Typae xa3puranst [11]:

* * * T - T
o=(4+Bs NI+ Cn&N1-T") T ==, (26)
P P T _ T
MYHIarbel €, — SKBHMBAJIEHTTI IIJ1aCTUKAJIbIK ILG(I)OpMaLII/IHCBI; 5 ; = 5 5 / gg 0 — IINIIACTHKAJBIK

ne(OPMALHAHBIH OJIIEMCI3 KbUIIAMIBIFEL; & = 1.0 ¢'; Tokone T),— CalbICTRIPMAIIbl TEMIIEPATypa HKOHE
MaTepUANJbIH Oallky TeMIleparypachl (ColikecTi a3pUIFaH). bec MaTepuangbplK KOHCTaHTajIap
SMITUPUKAJIBIK JKOJIMEH aHbIKTanaasl: A, B, n, C u m.

(26) Tennmeyinmeri OipiHIII KaKMIadaFrkl OPHEK MAaTePHANILIH AeGOopMaIUsIBIK OCpIKTeHYIH, eKiHII
JKaKIanarel — JaedopMaliysl KbUIAAM/IBIFBIHBIH JIC3IK MOHIHIH arbIiC IIETiHE 9CEPiH aHBIKTAWIIbI, a
YIIiHII MYIle KepHEeY[iH TeMIepaTypaaaH ToyenmuririH kepcereai [12]. byn Tennmey TemmeparypaHbIH
Hemece jaedopManusi KbUIAAMIBIFBIHBIH ©3Tepy TapUXBIHBIH HOTWKENEPiH ecKepMeiimi, anaiina OHBI
KOMITBIOTEPJIIK KOATa OHall MaijanmaHyra OOnajbl, aln MOZAETbh KOpPCETKIITepi TaKipuOenepaiH NIeKTi
CaHBIMEH JKCHIJT aHBIKTAJIAIbI.

JxoHCcOH-KyK Momem MyJIbTHILITMKAIMUIBIK THUNTI OipKaTap aHBIKTAYBII KaTHIHACTAPBIHBIH OKiJi
oonpim Tabbuiambl [12]. By Momenbaepne nedopMais MEH KbUILIAMIBIKTaH OEpIKTEHY IKOHE
Temreparypanal OepikcizgeHy 3¢ddekrinepi e3apa Tayenci3 OONbI caHaNaAbl JKOHE arbiC KEepHEYiH
KapamnaibIM MacmTadTay *KojibpIMeH Oaiikanamel. MyHIal minriH KapamnaifibiM OOJBIT KeNesi jKoHe aifKbIH
bM3uKaNBIK TYCiHOIpidemi. AJalia MyHIall TOCUIIEMEHIH HETi3ri Moceneci OOJbIT OepiKTeHIIpY

JKYMBICHIH (HeMece «KepHey-1edopMaIis KUbICHIFBIHBIH Konbeynirin d o / d¢& ) cunarray cananmagsL.

JlxoncoH-Kyk Moaenineri do / de mamachl, oepinrex aedopmanusaa aehopMariust KbLUIIaM/IbIFbI

apTKaH caibiH YirasaTeiH Oonazns! [12]. Cormpikran J»koHCOH-KyK aHBIKTAYBITI KaTHIHACKHI, OTTEKCi3 MBIC
(OFCH - oxygen-free high-conductivity copper, Mb mapkanbl MbIic) koHe HHKeNIb [13,14] CHUAKTBHI
MeTanjap YIIiH JWarpaMMaHbIH €HKeliHe JedopMalisl  KbUIIaMIBIFBIHBIH —ocepiH  Oajamaisl
CHUTIATTAalIbl, aj TaHTAl CHAKTBHl MaTepHaijap TOpTiOiH MOZeNnbAey VIIH KONJaHyFa YCHIHBIIMAMIIbI.
OliTkeHl MYHJa «KepHey-aedopMalus» IUarpaMMAachIHbIH CHKEI0l Je(opManusiay >KbLUIIaM/IbIFbI
apTKaH cailblH, TOMEHACHAI. Moaenb KepceTKimTepi, AeopManust KbUIIaMIBIFBI apTKaH Ke3/e eHKEIOAiH
YIIKeroi a3 OonaThIHAAN eTin TaHAanaaepl. (26) TeHaeyi, aTroMUHIA MeH OONaT CHUSKTHI MaTepHaaapablH
TOPTIOIH JKaKCHI alIIPOKCUMAITUSIIAYB MYMKIH.

Exinmi xareiHat, J)koHcoH-KyK KaThIHACBHIHBIH MYJIbTHILIMKAIMSUIIBIK TYPl MaTepuangap TOpTiOiHiH
TeMIepaTypara TOYeIIUIITiH AYPhIC CUIIaTTayFa MyMKiHAIK Oepeni [14].

OpPTYpIi MeTaiap MeH KopbeITnanap yiuriH [oHcoH-Kyk Mozen TypakThIIapbIHBIH MoHAepiH [11-
14] xymbicTapbiHga TaOyfa Oosambl. Ockl MoaenbaiH Moaupuranmsiiapbl [15-19] sxymbicTapbiHIa
KeJTIpiJIreH.

3epmuii MeH ApPMCTPOHT [HCIIOKAIlUs TEOPHSCHIHA HETI3/ENTeH aHBIKTAYBIIl KaThIHACTApPIbI
JUHAMUKAIBIK €CeNTeyJepai JKYprisreHne mnainananyra yceiarad [20]. Mogensre, TemrepaTypalbik
Oencenmipyni TamgayFa HerizgenreH, Aedopmanus JKkoHE OKBUIJAMIBIKIICH OCpiKTEHIIpY JKoHE
TeMIepaTypanblK OepikcizaeHy addekrinepi kiprizdinreH. KaTeiHac, e3re IUCITOKAIMSIIBIK AHBIKTAYBIIT
MOJCTBICPIMEH CANBICTRIPFaHIa CABICTRIPMANBI KaparmalbIM IIOIHTe HEMACHTCH. 3epHIIH-APMCTPOHT
AHBIKTAYBIII KATBIHACHIHBIH JHCIOKAIUS TEOPHACHIHA HEri3enyi, 0acka AMIMPUKAIBIK aHBIKTAYbIII
TEHJCYJEePIMEH CalBICTHIPFaH/la OHBIH APTHIKIIBLUIBIFBIH KepceTeli. ExiHmm jkaFblHaH, MaTepHalIbIH
TJIACTUKAIBIK TOPTIOIHIH OCBI MOZCINIETI aca Kypaemi Typi, OapiblK KaXeTTi TYpPaKThl IIaMajiapIbIH
MOJIIIePIH aHBIKTAayAbl KUbIHAATaaAbl. OChl MOJEIL aBTOPJAPhl YChIHFAH HETi3ri epeKeHIH MOHI OOJIBIII,
OepiireH  MHUKPOKYPBUIBIMHBIH ~ JUCIOKALMSUIBIK ~ cHNAaTTamMajapblHa  OaiJlaHbICTBI,  MaTepual
MUKPOKYPBUIBIMBIHEIH  op0ip TypiHme (BLIK — Oerke uentrpnenren ky06 Ttopel, KK — xememre
LIEHTPJICHIeH KyO0 TOPBI) )KEeKe aHBIKTAYbIII TCHICYTIH O0ap 00Jybl caHasa b,

3epriuin-ApPMCTPOHT aHBIKTAYBIII KaThIHACKIHBIH eKi Typi 0ap. BLIK- metangap ymin [20]:




Hoxnaovr Hayuonanwvroii akademuu nayk Pecnybauxu Kazaxcman

o=C,+Ce"- exp(- C,T+C,T-In&"), 27)

Mopenbie MaTepHaIIBIK TOPT TYPAKTHI mamManapsl kezaecedi: Cy, Cp, Cyxone C;. MyHIa GacTamkbl
arpic 1ieri Cy,aedopmanus JKbULIAMIIBIFBIHAH KOHE TEMIIepaTypajaH Tayenai emMec. bys Menep
TYHipIIiK eimemiMeH Obliaid anbIKTanans! [20]:

_ 1/2
C=c +k /d"”, o8)

MYHJIaFbl G,—~ MaTepHaJAblH 0acTamnKbl MHKPOKYPBUIBIMBIHA >KATKBI3BUIFAaH, KEPHEYAIiH aTepMHUSIIBIK
KypaMmaachl, d — TYHIpIIIKTEpAiH OpTalia JHaMeTpi JoHe k; - MaTepHalIbIK KOHCTAHTA.
KIK-Meranmap epHeri keneci Typre ue [20]:

c=C, +C"" exp(-C,T+C,T-In&" )+ Cs", (29)

Mymnzaa antel Typaktel Matepuan kesneceni: Co, Cy, C;, Cy, CsxoHe n. By KaTeIHAcKa coiikec, 0anKy
TeMIIepaTypachliHia KepHEYAIH MoHI HOMbre aiiHainysl MiHIeTTi emec. Tenneyne, KLIK-metangaps! yirin
aca MaHBI3/IbI OOJIBIN KEJETiH KOCHIMINA (PU3UKANBIK KYOBUTBIC KOPIHIC TAIKaH, SIFHU BIFBICTHIPY apKbLIbI
JKYPETiH TUTACTUKAIBIK aFBICTHI €T13/IeTTy €CeOIHCH KYPETiH TUTACTUKAIIBIK aFBICKA ayBICTHIPY.

KIK-merannapbiHa ToH, KOFapFbl )KOHE TOMEHT1 arbiC MICTiHIH Oap Oony dakTici, (29) TeHaeymeH
cumartanMaiiasl [10]. lemek, a3 nedopmanusiuiayna MoJiellb KeiOip opraina KepHeyai cunarraiasl. (29)

TeHaeyinen do / d & mamacsl nehopMaris KeLIIAMIBIFRIHAH JKOHE TeMIIepaTypaaH TOyem I eMecTiriH

OHaii Oaiikayra Oomabl.

3epumm-ApMmctponr Moxaeni KIK-merammaper ymin agmutuBTi cumatka ue [10]. bepikrenmipy
JKYMBICBIHBIH TYPaKTBUIBIFBI, OHBIH Heri3ri Maceneci 6onbin Tadbutagpl. Cebedi, KIIK Meranmaps! yirixn
Oyt mama nedopManis KbeUIIaMIBIFBl MEH TeMIepaTypaaaH Keilip a3 gopexeMeH Tayenai Oonaapl.

OpTYpAl MeTaimap YIIiH 3epuuii-ApMCTPOHT MOJENbICPi TYPAKTHICBIHBIH MoHAEpiH [21-23]
JKyMbIcTapbiHaH Tabyra 6onansl. BIIK-MeTannap yurin 3epriuin-ApMCTPOHT aHBIKTAYbBII KATHIHACKIHBIH
KilmiripiMm Moaugukanusce! [23] KyMBbICTa YCHIHBUIFaH. MyH/Ia SKBHBaJICHTTIK Ae(opManus JopeKeciHin
KOPCETKIIll peTiHAe TaFbl Oip 7 MaTepral TYpakThICH (1/2 OpHBIHA) EHTi31NITEeH.

Kopvimuinoer. MSC.Super Forge kemeHzi  OaFmapiamachlHIa — KOJJAaHBUIATHIHIICTKI-)IEMEHTTIK
omicTeMeHi TMalJaaHbIIT,00HIBIK-CHIHANBI OpHAKTa JKoHE OypaHmanbl MilIiHOUTIKTE JaibIHIaMaHBI
WIeMJEYIiH KOMITBIOTEPIiKMOAENI >Kacanisl. MakcaTThl JKOHE IIeKapalblK I[MapTTapasl TapTHIMIBI
OCNTiIeUTIH KOMITBIOTEPIIIK MOJIENB/IE JKeKe IIETKI DJIEMEHTKE MaTepuall KaCHEeTiH OepyaiH MYMKIHJIITi
Oap OonFaHABIKTaH, OIpKENKI eMec MaTepuall KYPBUIBIMBIH €CKEPIIl KOHE €CENTeY YaKbIThIH KbICKApPTHIIT
KepHeyi-nedopManust KyWIi ecenteyre MyMKIHIIIK Oap eKeHi Makaiaaa ToJIeIIeH .

Makxkana kapxxputaHatbiH Ne757 MOH.I'®.15.9M4: «Koraps! camaibl xKyKa >KOJaKTapabl WIEMIEyTe
apHaJFaH KOIKBI3METT] Y3/iKCi3 OOMIIBIK-ChIHAIBI OPHAKTHIH)KaHA KOHCTPYKIUACHIH JKacay» TaKbIPHIObI
OOWBIHIIA JKa3bLIFaH.
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KOHEYHO-2JIEMEHTHAS MOAEJIb YIIPYTOINIACTUYECKOT'O JE®@OPMUPOBAHUSA TUCTOBOI'O
METAJUJIA B BOJTHUCTBIX BAJIKAX U ITPOAOJIBHO-KJIMHOBOM CTAHE

AHHOTanMs. B craTbe onmcaHo COBpEMEHHOE COCTOSIHME U METOIO0JIOTHUECKHE OCOOCHHOCTH YUCIEHHOTO MOJICIUPOBAHHUS
HpOLECCOB 00pabOTKH METAJUIOB JaBJICHHEM, BBIICJICHBI OCHOBHBIE HMPOOJIEMHbIE MOMEHTHI TPAJULIMOHHBIX MeToIOB. [Ipoana-
JIU3UPOBaHBI IPOOIEMHBIE BOIIPOCH MATEMAaTHUECKOT'O MOJICIMPOBAHMA U, TEM CaMBIM, MCCIICAOBAHUS HANpPsDKEHHO-Ae()OopMHU-
POBaHHOT'O COCTOSHMSA MPOLECCOB 00pabOTKKM METAJUIOB JaBJeHWEM. B cTaThe mpuBOOUTCS ONpeneNnsiomas CucTeMa ypaBHeHUH
IUT OMUCAHUS MPOIecCOB Ae(hOPMUPOBAHUS 3arOTOBKH B BHHTO-OOpPA3HBIX BAJIKaX W MPOAOJIEHO-KIMHOBOM CTaHE, KOHEYHO-
JJIEMEHTHAsE METOAWKa ee pemeHus. ONmcaHbl OCHOBHBIE JTambl CO3JaHUS KOHEYHO-3JIEMEHTHOH MOJIENH B IPOTPaMHOM
kommuiekce MSC.Super Forge, a Takke MeTo[, ITO3BOJISIONIMI TPOTHO3MPOBATh pacnpeseneHne qedopManuu B oobeme gedop-
MHPYEMOT0 METaJJIa C y4eTOM 0COOCHHOCTEH MUKPOCTPYKTYPEL.

KnioueBble c10Ba:00pabOTKM METAJUIOB JABJICHUEM, INPOKAaTKa, BUHTOOOpPA3HbIC BAJIKH, IPOJOJIbHO-KIMHOBBIN CTaH,
METO]] KOHEUHBIX JIEMEHTOB, HHTEHCHBHOCTH Jie(hOpMalyy, HHTEHCHBHOCTh HANPSHKEHUH, TEMIIEpaTypa.
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