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PABOYUE OPIrAHbI OJ15 PA3PYLUEHUA JTIBJA HA JOPOIrAX
MU TPOTYAPAX C PEIYJINPOBKOU PA3PYLLUAIOLEIrO BO34ENCTBUS

Obnedenenue 0opoe u mpomyapos A6isaemcs 00OHOU U3 aKMYdIbHbIX Npooiem,
BAUAIOUUX HA DE30NACHOCMb 00POACHO20 08UNCEHUS. B 3umnuil nepuoo ons bopvosl
CO CKONb3KOCMbIO HA 00pO2ax U mMpomyapax yacmo NpUMEeHAIm MeXaHudecKull
CnOcob yoaneHus 1b0d ¢ ux nogepxHocmu. P oexmusHbiM Mexanuieckum cnocobom
yoaneHusi 160a ¢ 00po2 U MPOMYapos seIsAemcs e20 paspyuieHue YOapHbIM
8030eticmauem meepooll cihepuueckoli HOBEPXHOCMbIO, 0Jis Ye20 ObLIU pa3pabomanbsl
HOBble pabouue opeanvl. B pesynomame meopemuyeckux uccie008anuli nOIy4eHsl
meopemuyeckue  paciemuvle  3ABUCUMOCIIU  MEXAHUKO-MAMEeMAmu4ecKou
MoOenu Ol OnpeoeieHus: Napamempos paboueco opzana YOApHO2O Oelucmeus
co cghepuueckoii paboueil NOBEPXHOCMbIO Ol PA3PYUWEHUS 60d, YUUMbIEAIOWUe
Xapakmepucmuku J1v0d, NO360JAI0WUe NPOBOOUMb UHICEHEPHble pacdembvl U
onpedenams Kak HA cmaouu paspabomku u npOeKmuposanus, maxk u 6 npoyecce
pabomul, napamempwvl paboye20 OpeaHa YOApHO20 OeUCmSUs CO chepuyecKumu
botikamu u noodupams Maxyrl GeIUYUHY PA3PYULArWe20 8030elicmeus paboyezo
opeana Ha 1eo, npu KOMopou 803MONCHO PA3PYuiums ied 3a0aAHHOU NPOYHOCMU U
monwunel. Paspabomansi HecKonbKko KOHCMPYKMUBHBIX peluenuli paboiux opeaHos
0151 paspyuieHus. 1b0a Ha 00po2ax ¢ pe2yIuposaHueM GeludUHbl pa3pyulanyezo
8030elicmeus Ha 1e0 USMeHeHUeM paouyca pacnonodicerus OOUKa OMHOCUMENbHO
ocu epawjeHus paboueeo opeamd, KOMopbvie 3a CYem BO3MONCHOCMU a0anmayuu
K YCO8UAM pabomvl UMeIom GblCOKVIO d(PGeKmueHocms npu paspyuleHuu avoda u
Kauecmeo OuUCmKU O0POACHBIX NOKpbimuil. Pe3ynomamol ucciedosanuii no360asa10m
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paspabameieams — YCOBEPULEHCTNBOBAHHbIE — KOHCMPYKYUU — pabodux  Opeanos
€ NOBLIULEHHOU TNEeXHOIOSUHECKOU U IKOHOMUYECKOU P hexmusHocmbio.

Kniouesvie crosa: pabouuili opean, 1€00CKanvbl8awds Mawund, paspyuenue
160a, 6e30NACHOCIb 0GUIICEHUS, MAMEMAMUYECKAS MOOEb.

Beenenune

OpnHoil U3 KpaifHe aKTyalbHBIX MPOOJEM AJid TOPOACKON MHPPACTPYKTYPHI,
KOMMYHAJIBHBIX U JOPOXXHBIX CIYX0 B 3UMHHI mepuoj siBiasercs 6opbbda c
BO3HHKAIOIIMM Ha TIOBEPXHOCTH aBTOMOOMIIBHBIX IOPOT M TPOTYyapoB 00JIeICHEHHUEM,
KOTOPOE CYIIECTBEHHO 3aTPY/IHSET IBM)KEHHE MEIIEX0/I0B U YIIPABJICHHE aBTOMOOHIIEM,
a MHOTJIa JIeJIAaeT UX HEBO3MOXHBIMHU [1; 2].

B Hacrosiiiee Bpemsi CyIecTBYIOT pa3IndHbIe METO bl OOPHOBI C 00JIeIEHEHHEM Ha
noporax u Tporyapax [3]. VI3 HUX K OCHOBHBIM MOXHO OTHECTH XHMHUYECKHUN CITOCO0
(Bo3meiicTBHE Ha JIeJ] XUMUYECKUMHU PeareHTaMM), MEXaHHUECKUH Croco0, TEeTI0BOM
croco0 (TeMriepaTypHOe BO3/IeHCTBUE Ha JieH), (PUKIIMOHHBIN crToco0 (TTOCHITIKA JIbaa
UHEPTHBIMH (PPUKIIHOHHBIMU MaTEPUATAMU).

Ocoboro BHUMaHHS 3aCIy’KUBAET MEXaHUYECKHH crocold OopbrOBI ¢ 3UMHEH
CKOJIB3KOCTBIO [4; 5], 3aKitodaromuiics B MEXaHUYECKOM pa3pyLIEHUU U yIaJCHUU
JIbJ1A C TIOBEPXHOCTH IOPOTH (TPOTyapa) pa3IudHbIMU pAaOOYUMH OpraHaMu, TOCKOJIBKY
sBIsieTcs HanOosiee OE3BPEIHBIM ISl SKOJOTUH, d3P(EKTHUBHBIM 110 PE3yJbTaTy U
JUIATENBHBIM TI0 BPEMEHH €Tr0 COXpaHEHHs, HE MO3BOJISIET CHETY CKAaITUBAaThCS Ha
JIOpOTe CII0EM OOJIBIION TONIIMHBI U IPUOIMKAET IKCILTYaTallMOHHBIE XapaKTEPUCTUKU
JOPOKHOTO TOKPBHITUS K JETHUM IOKa3aTelsiM. HeocTaTkoM MEeXaHH4eCKOro
paspyleHusl U yJaJeHUs JIbJla CYHIECTBYIOIIMMU paOOYMMHU OpraHaMU SIBIISETCA,
NPEeXJIe BCEro, BO3MOXKHOCTh MOBPEXKACHUS TMOKPBITHS JOPOTH (TPOTyapa), a TakkKe
OoubIIMe 3aTpaThl YHEPTUH Ha paspylieHue Jbaa. [loaromy He Bce paboune oprassl st
MEXaHUYECKOTO y/IaJCHHUs JIbJ]a B HACTOSAIIEE BPeMs PEKOMEHIYIOTCS K TPHUMEHEHHIO
¥ 329aCTYIO UCTIOJIB3YIOTCS KaK BBIHYKJCHHAsI Mepa.

Takum 06pa3om, umeeTcss MOTPEOHOCTH B 3P(HEKTUBHOM U HEIHEPTOEMKOM
000pyIOBaHUU /JII OYUCTKH JIOPOT U TPOTYapoB OTO JIbJa B 3UMHEE BpeMs, HE
MOBPEXKIAIOIMIEM UX MOKPBITHA. 1 3TOro HE0OXO0JUMO NMPUMEHEHHUE HOBBIX
3¢ (HEKTUBHBIX CIOCOOOB MEXaHMYECKOTO Pa3pylICHUS JIbja, KOTOPbIE OTBEYAIH
OBl CIIEIYIONMM TPEOOBAHMSIM: TTO3BOJISIIM PErYJIMPOBATH MapaMeTpPhbl BO3IEHCTBHS
Ha pa3pylIaeMblid JIeJ B 3aBUCUMOCTH OT €ro XapaKTePHUCTHK; HCKIIOYAIH caMy
BO3MOYKHOCTH ITOBPEXICHUS MIOKPBITHSI JOPOTH B MIPOIECcCe YIaICHUS JIbaA.

Cuuraercs, 4TO NMPU pa3pyLICHUH JIbJa Ha MOKPBITUAX JOPOT U TPOTyapoB
1eaecoo0pa3Ho MPUMEHSTH cpesaroliee Bo3jaeiicTBue. OnHAKO, TPOCTON aHAIH3
Pa3IMYHBIX MEXaHUUECKHUX BO3/ICHCTBUI ITOKA3bIBAET, UTO ropas3io Oosee 3hheKTHBHBIM
JUIS IPOIIecca pa3pyIICHUs JIb/A, SIBISIFOIIETOCS XPYIIKHM TEJIOM, MOKET OBITh yIapHOE
BO3/ICHCTBHUE, KOTOPOE, K TOMY XK€, MOXKET CO3/IaBaTh BEChbMa BRICOKHE KOHIICHTPALIUI
HaNpsHKCHUH B 30HE 1e()OPMUPOBAHUS JIbJIA, UTO CHIKAET pabOTy M HEPro3arparhl
Ha €ro pa3pylIeHHE.

Hcxons n3 Takux MpeanochlIoK, ObUTH pa3pabdoTaHbl pOTOPHBIE paboyne OpraHbl
yIapHOTO AeWcTBUS ¢ OolikaMu cepudeckord (popMbl Ha MOABIKHBIX HIIM THOKHUX
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CBSI3AX JUISL pa3pyIleHUs JIb/a Ha JOPOKHBIX MOKPBITUSAX, KOTOPbIE XapaKTePU3YIOTCs
BBICOKOH 3((EKTUBHOCTHIO MPOIECCa MPHU CPAaBHUTEIHHO HEOOJBIINX 3aTpaTax
SHEPrUH U UCKIIIOYAIOT Pa3pyIIeHHE WK HOBPEXIeHHE ac(PaabTOOETOHHOTO MOKPBITHSL.
OCHOBHBIMU HOBLIECTBOM sIBJIsieTCA ceprudeckas hopma O0MKOB.

bein pa3paboraH u 3amaTeHTOBAH CIOCOO pa3pylIeHHS JibJla Ha JIOPOKHBIX
HOKPBITUSAX pabounMu opraHamu ¢ Ooiikamu cdepuueckoit ¢popmsel (nmatent PK na
uzooperenue Ne 31910, 15.03.2017, 6romn. Ne 5), 0COOEHHOCTHIO KOTOPOTO SIBIISIETCS
TO, YTO MPOLECcC JePOPMALIUU U pa3pyIICHUs JIb/1a IPOTEKAET PU IIOCTOSHHOM POCTE
TUTOMIA/IKK KOHTaKTa O0MKa o JIbJoM (pUCYHOK 1).

Ha nepBoii craguu (pucyHok 1, a) 60eK co CKOPOCTBIO V COYapseTCst CO JIbJIOM U
HAYMHACT IOTPY>KaThCs B HEr0. Bo3HUKAIOT pa3py1iaromias cuiia, ynpyras 1egopMarius
JbJla ¥ HaYMHAETCSI TOpMOKeHHe Ooiika. JleHicTByIOIIas cuila BbI3bIBACT MOSBICHUE
KOHTaKTHOTO JAaBJICHHS  Ha IUIOIIAJIKE KOHTaKTa O0HKa CO JIbI0M, IOSBICHUE U POCT
pa3pyAOINX HAIPSDKEHUH S, UTO 3aIlyCKaeT MpolecC pa3pylIeHHs Jb/a.

Ha BTopoii craauu (pucyHok 1, 0) mo Mmepe BHepeHus chepuyeckoro 0oika B e[
U pa3pyLIeHHs TOCIIETHETO IPOUCXOAUT POCT KOHTAKTHOM IIOLIAIKHU a2 CPeprUUECKOro
00liKka co JIbJIOM, 32 CUET Yero BEJIMYMHA KOHTAKTHOIO JaBJeHHs ( Ooiika Ha Jen
YMEHBIIAETCS], YTO MPUBOJUT K YMEHBUICHUIO CKOPOCTH BHEIPEHUS U OTPAHUYHUBAET
BEJIMYMHY NPOHUKHOBEHUS W cpeprueckoro Oonka B Jie.

Ha Tpetpeii ctaguu (pucyHok 1, B) mocie TOro Kak BEJIMYMHA KOHTAKTHOI'O
JIABJICHUS ¥ CO3/1aBAEMbIX UM HANPSOKEHUH S Ha TUIOIIA/IKEe KOHTaKTa 00iKa co JIbJJOM
YMEHBUIUTCS 710 3HaYCHUH, MEHBIINX Mpeesia MPOYHOCTHU JIbJIa, pa3pyLICHHUE JbJa
IpEeKpaIaeTcs.

YerBepras cTagus - CKOPOCTh O0iKa MmajaeT a0 HyJsl, BOSMOXKEH €ro OTCKOK OT
HIOBEPXHOCTH JIBJA.

P Ooek
¥

| o=max | 0=max

MOKPBITIIE DOPOTTL -

a) 0) B)
Pucynoxk 1 — Dransl nedopmaruu Jibia Mpu BHEAPEHUS CHEepUIecKOro OoiKa

Ha pucynke 2 nzobpakeHa cxema BapHaHTa HCIOJIHEHUs pabodero opraHa,
COJIepIKAIIETO YAAPHUKH, COCTOSAIIHE U3 00MKOB 1 chepudeckoit hopmbl, 3aKpETIEHHBIX
Ha TOJIBIKHBIX TArax 2. Paboumii opran mpuBOJIUTCS BO BpalllaTelbHOE JIBUKECHHE
npuBoAoM M. YaapHuku ¢ 60WKaMu Ha TAraXx UMEIOT BO3MOXHOCTH CBOOOJHOTO
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II0OBOpPOTa BOKPYT cBOUX oceil 3. Jlns pa3pylieHHs JIbJa Ha JOPOKHBIX MOKPBITUAX
pabouuii opran NpUBOAUTCS BO BpallaTeIbHOE JBWKEHUE IPUBOAOM M, BcieacTBue
yero chepuueckue 60iiku 1 Ha TArax 2 ABMKYTCS CBEPXY - BHH3 U HAHOCAT yJap IO
JIbJY, CO3/1aBasi B 30HE KOHTAKTA pa3pyILIAOIINE HATIPSYKEHUS 3HAYUTEIIBHON BEJIMUUHBL.

I:-ﬂ- P T T T T P T T T T T T !ﬁ'ﬂiﬁ%
D e e o Lt e L i S L A LR g

Pucynok 2 — Cxema BapHaHTa UCIIOJIHEHUSI yCTPOICTBa
JUIS pean3aluy crocoda pa3pyIieHus Jibaa

OnHa 13 BO3MOXKHBIX KOHCTPYKIIMIM HOBOrO pabodero opraHa co chepruuecKumu
OolikaMu Ha THOKUX CBS3SIX JUIsl pa3pyLIeHHs JIbJla Ha JIoporax U TpoTyapax, a TaKkKe
€e OCHOBHOM MOJTyJIbHBIN 3JIEMEHT - yaapHo-pa3pyatomias cekuus (YPC), mokazaHbl
Ha pUCYHKE 3.

Ha ocHOBaHMHU TakuX NpPEANOCHUIOK aBTOpaMH pa3pabOTaHbl HECKOJBKO
NPECTaBICHHBIX HU)KE KOHCTPYKTMBHBIX PELICHUN I peryJMpOBaHUs BEJINYUHBI
pa3pyIIaoNIero BO3ACUCTBUS Ha Jie ] IPU U3MEHEHUH TOJIIUHBI CJIOS JIbJIa UM €ro
IPOYHOCTH 32 CYET U3MEHEHMs PaJuyca I' pacHojokKeHus 00iika OTHOCUTEIBHO OCH
BpallleHus paboyero opraHa npyu HEM3MEHHOM YacToTe BpallleHus paboyero oprata.
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1 — komb110; 2 — 1eTh; 3 — chepudecKkuil 6oeK

Pucynoxk 3 — PaGouwnii opran co chepuyeckumu 00MKaMHu Ha THOKUX CBS3SIX
VTSl pa3pyIIeHHUS JIbJIa, COCTABJICHHBIA U3 yIapHO-Pa3pyIIAIONIHX
CEeKIMH U yJJapHO-Pa3pyIIAIONIast CEKIHS

PaGouwuii opran s paspylieHus jbAa Ha aBTOJOpOrax Mo MHHOBALMOHHOMY
nateHTy PK No23189 (pucyHok 4), conepXuT yaAapHUKH 3, BEITIOJTHEHHBIE B BUZIE TPOCOB,
U TIPUKPETJICHHBIE K TUCKaM 1, yCTaHOBJIEHHBIM Ha PUBOTHOM Bauly 4 C BO3MOXKHOCTBIO
BpallleHUs] BMECTE C IPUBOHBIM BaJIOM U OCEBOTO MEPEMEIEHHUS BJIOJIb TPUBOIHOTO
Baja. Ha Tpocax IOMOJHUTENBHO MOTYT yCTaHABIMBATHCS OOMKHM (Ha pUCYHKE HE
nokasansl). Pa3pymienne paboyrM OpraHoMm JibJia MPOUCXOIUT MPU yJape Mo HEMY
pacKpyueHHOro yJlapHHKa 3 B IpoIiecce ero IBMKEeHHs cBepXy BHU3. [Ipu caBmkennn
OOKOBBIX TUCKOB |, Ha KOTOPBIX KPEISITCS yAapHUKH 3, BAOJL MPUBOAHOTO Baja 4
MIPOUCXOINT YBEIIMUCHUE OKPYKHOW CKOPOCTH M KHHETHYECKOW YHEPruu 00ifKa, 4yTo
MOBBIIIAET BETMYUHY pa3pyIaOLIEro BO3ACHCTBHYS.

Pucynok 4 — PaGouwnii opras ajst pa3pyiieHus JibJa Ha aBTO10pOrax
10 MHHOBAIMOHHOMY naTeHTy PK Ne23189
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PaccmoTpenHbie paboune opraibl 3a C4eT BOZMOKHOCTH aIallTallMU K YCIOBUSIM
paboOTHI MyTEeM pPEryJMpPOBAHMS BEJIMYMHBI Pa3pylIAIONIETO BO3JCHCTBHS Ha Jie]
U3MEHEHHUEM paJInyca pacIoioKeHHst 00IIKOB OTHOCUTENLHO OCH BpalleHus pabouero
OpraHa UMEIOT BBICOKYIO 3()(heKTUBHOCTB MPH PA3pyLICHUH JIbJa U KAYECTBO OUUCTKU
JIOPOKHBIX ITOKPBITHMA.

Opnnako 60ee mpocThIM, OBICTPBIM U O0s1ee 3 (HEeKTUBHBIM I10 TUANa30Hy, Iary 1
IUIABHOCTHU CIIOCOOOM PEryJIMPOBAaHUS Pa3pyLIAIONIETO BO3ICHCTBUSA, YeM H3MEHEHUE
paanyca pacrojoKeHusi 00MKOB OTHOCUTENBHO OCH BpalleHHUs pabouero opraxa,
SBJISICTCSA U3MEHEHHE YaCTOThI BpallleHUs paboyero oprasa.

Kak Obu10 mokasano Bblle, 3pQeKTUBHOCTD E pa3pylieHus jibjja Takxe 3aBUCUT
OT KBaJ[para YrJIOBOW CKOPOCTU W (MJIM YacTOTHI BpalLleHUs n) paboyero opraHa, Kak
U BEJIMYMHA €T0 KUHETHYECKOW IHEPTUH.

[ToaToMy nenecooOpa3Hoil Oyner pa3paboTKa Takol KOHCTPYKIHH pabodero
opraHa, KOTopas, BO-IIEpPBbIX, OyJleT UMeTh 0oJiee BBHICOKYIO IO CPAaBHEHHUIO CO
CTaHAAPTHBIM [IPUBOJIOM YaCTOTY BPAILIEHHUS, 4, BO-BTOPBIX, Oy1€T HIMETh BOZMO>KHOCTb
PEryJIupOBaHMs BEIMYUHBI Pa3pYIIAIONIETO BO3ACUCTBUS 32 CUET U3MEHEHUS YaCTOThI
BpalleHus paboyero oprasa.

MarepuaJjbl 1 METOABI

[Ipennaraemasi nanee MeXaHHMKO-MaTeMaTHUECKas MOJIEINb SIBISAETCA OIHUM H3
BapUaHTOB OINKCAHMS MIPOIecca YJapHOTO Pa3pyLICHHs JbJIa ¢ MOIYJIEM yIPYTroCTH
E (ITa), koapdunuentom Ilyaccona m u npenesnom npounoctu Ha cmatue ¢ (Ila)
cepuueckum 60iikoM auamerpoM D (M) u Maccold m (KT), KOTOPBIH yaapseT 1o JIbIy
C HaYaJIbHOU CKOPOCTHIO V (M/C) M IPOHUKAET B HETO Ha ITyOMHY W (M) (PUCYHOK 5).

MexaHuko-MaTeMaTuyeckas MoJielib [6] omupaeTcst Ha CAeAYIOIINE AOMYIICHUS:
60ek umeet hopMy mIapa; e UMEET IUNIOCKYIO MOBEPXHOCTh U OECKOHEUHYIO Maccy;
paspyIIeHbIH JIe He BIUIET Ha X0/ pa3pylleHust; nedopmanueii 6oiika npenedperaem;
IpU YMEHBIIEHUH CKOPOCTH NPU MPOHUKHOBEHHM OOIKa B JieJ OTpULATEIbHOE
YCKOPEHHE CUUTAEM MOCTOSIHHBIM.

Ha pucynke 5 n3o0paxeHa pacuyeTHas cxeMa KOHTAaKTHOTO B3aUMOJICHCTBHS
cdepuueckoro 0oiika ¢ pa3pyliaeMbIM JIbIOM.

11
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Cdepuaecrnii Doex P *

Ha=ansaoe mogoseHnes
NOBEPXHOCTH
PAZPYINASMOTO JTEIA

HedopMHApOEAHEAA DOEEPXHOCTD
pazpYIIAEMOr) ThIa

J3BIEHHE @ |

PaspyimaensIf 167 ¢
mapameTpavBE E, 1, o

Pucynox 5 — PacueTHasi cxema KOHTaKTHOT'O B3aUMOAECHCTBUS
chepuyeckoro 0oiika ¢ pa3pymnaeMbpIM JIbJI0M

PaccmotpuMm mporece B3aumoielcTBus chepuueckoro OOWKa U pa3pyniaeMoro
JEISHOTO MOKPBITUS KaK YaCTHBIM ClIydall KJIACCHYECKOW 3aJa4yd MEXaHUKH O
COyJapeHuu JABYX Tel [7; 8], ABKYILMXCA CO CKOPOCTSMH V, U V, TIPU YCIIOBHH, YTO
OJIHO W3 TeJ (JIe) MPEeACTABISIET COO0 HEMOABMYKHOE YIIPYTO€ TOTYTPOCTPAHCTBO C
HyJIEBOM KPUBHU3HOMW Tpanulibl z=0, n UMeET CKopocTh V,=0, a BTopoe (chepuueckuii
00€eK) Maccoil m uMeeT HenehopMupyemyro chepruiecKyro MOBEPXHOCTh paanycoM R
# cKopocTh Vv, #().

Toraa, cozmaBaeMoe B 30HE KOHTaKTa chepuyecKkoro OonKa co JIbJOM KOHTAKTHOE
nasnenue q (I1a) (pucyHok 5), MoxeT ObITh onpenesnieHo no Gopmyne [7; 8; 9; 13]:

3-P

=—,1la, 6]
2-m-o
rae P — cuna Bo3neiicTBus Ookika Ha e, H;
Ol — paauyc IIOMIaIKH KOHTaKTa c(hepruueckoro 6oika co JIbJ0M, M.
[Ipu stom cumna P (H) (pucynok 5) Bo3aeiicTBus cdepudeckoro Ooiika Ha nef,
HeoOXouMasi 7S pa3pyIlieHus Jibja, onpeaenseTcs mo dopmyne [11; 12]:

P=m-a, H, (2)
rae m — macca 0oiika, Kr;
a— OTpHILATEILHOE YCKOPEHHUE MTPH 3aMeJIEHIH 00MKa MOCIIE €ro BX0/1a B KOHTAKT
CO JILIIOM, M/C?.
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OmpenenuM OTpUIIATENIFHOE YCKOpeHUe a (M/c?) pu 3aMeIeHUH c(hepruiecKoro
Oolika OT HayaJIbHOW CKOPOCTH V 10 KOHEYHOU ckopoctu v0=0, T.e. ero momaHoi
OCTaHOBKH, B IPOLIECCE €0 MPSIMOJIMHEHHOr0 JIBMKEHUS MpHU AedopMaluu Jibaa Ha
nyTd w (pucysok 5) [11]:

a=——>>,M/c (3)
t
OTKyZa BpeMs Ae(opmMaluu Jbaa (Bpems yaapa):
t = V=V ,C. 4)
a

[lepemerenue 6oiika 10 €ro MOJIHOM OCTAHOBKH, paBHOE Je(OpPMALIMH JIbJa MU
NPOHUKHOBEHHIO 00iiKa B j1e1 ¢ yueToM dopmysl (3):
2
W:a-t :(v—vo)-t’M. (5)
2 2
C yuerom dhopmyiisl (4) ¥ yIUTBIBas, YTO CKOPOCTH 00¥iKa B KOHIIE Iedopmarun
npaa v, =0:

2

W= (V—vy) t = (v—vy) (v=vy) VvV v
2 2 a 2 a 2-a
OTKYyJa OTPpULATCIIbHOC YCKOPCHHUC IIPH 3aMCIJICHUN
2
\%
a= , m/c2. (6)
2-w

Torna cuna P (H) Bo3aeiicTBus chepuyeckoro 0oiika Ha jiea, He0OOXoauMast ISt

pas3pyIeHus Jb/a, OcJIe MOACTaHOBKH (popmMyJibl (6) B (2):
2
v
P=m-—— H. (7)
2-w
KonraktHoe nanenue q (I1a) B 30He KoHTaKTa cheprudeckoro O6oika co JIbIoM,
coriacao ¢opmyiam (1) u (7):
2
3-m-v
q=—"—"—">,lla. ()
4.-m-w-a
[ockoibKy e/ SIBISIETCS XPYITKUM MaTepHaJioM, TO €r0 pa3pyIIeHHE ONpeesieTCst
MaKCUMAaJIbHBIM PaCTATHBAIOIINM HANPSHKEHHEM OT JCHCTBUSI KOHTAKTHOTO JTABJICHUS
q cdepuueckoro 0oiika, TEHCTBYIOUIMM B paJuallbHOM HaIlpaBiI€HUH Ha KPyroBOil
TpaHuUIIe TOBEPXHOCTH KOHTAKTa 00Ka ¥ JibJa U oripenensiercs o ¢popmyne [7; 8; 9; 10]:

G:%'(l_z'u),ﬂa. )

C yderom Gopmys (8) KOHTAKTHOTO JABICHHUS:

13
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2
4-m-w-a

CormnacHo [7; 8] paauyc IIomaaKyu KOHTaKTa chepudeckoro 60ika ¢ pa3pyriaeMpiM
JBJOM OIpesensieTcs no hopmyie:

a=+w-R m (11)
rae R — pannyc KOHTaKTHOH MOBEPXHOCTU CPepruIecKoro OouKa, M.
Torna, mocne moacranoBku ¢popmyist (11) B (10) u mpeodpazoBaHuii, HAIPSHKCHUS

OIIPEICTIATCS:
2

2
m-v m-v
= (d-2p)=— (1-2-p)>[c].MTa, (12)
2 2
4.-t-w”-R 2-nt-D-w
rae D — nuameTp KOHTaKTHOM MOBEPXHOCTU chepruecKkoro 6omka, M.

[c] - npenen npounocty nbxa, Ia.

HeoOxomamMmasi ayisi BBIYMCICHUS HANPSOKEHUH BEJIMYMHA MAaKCHMaIbHOTO
NPOHUKHOBEHMs OOMKa B Jiea (ehopMaly pa3pyniaeMoro jbaa) w=w, . (PUCYHOK
5) MoxeT ObITh HaliJieHa Ha OCHOBE COCTABJIEHHUS U pelieHus: AuQQepeHnnaIbHOro
YpaBHEHUSI MOJEITHPYEMOH TUHAMUYECKONH CHCTEMBl HMITYJIBCHOTO KOHTAKTHOTO
B3aUMOJICHCTBUA chepudecKoro 00iKa cO JbJAOM C OJHOU CTEMEHBIO CBOOOIBI
[7; 8; 9], onuchIBaOIIEH TBIKEHHE MAacChl OOIKa m CO CKOPOCTHIO V:

(¢

5

2
-’ 2t (13)

D

w=14]0,9375-m-

I V — JJMHEHHasi CKOPOCTh OOHKa B MOMEHT COYAapEHHS CO JIbJIOM, M/C;

m — Macca Oovika, H;

g — YCKOpEeHHEe CBOOOTHOTO TaIeHHs, M/C2.

E — Moaynb ynpyroctu paspyiraeMoro jiba, [1a;

U — koa¢pdurment [lyaccona pazpymraeMoro JbJa.

N3 dpopmyssl (12) MOKHO OTYUYUTh BBIPKEHUS JUISI IPAKTUIECKOTO PACUYETHOTO
OIpeICTICHUS TIPH MTPOSKTHUPOBAHUH HITH PETYIMPOBAHUU TApaMETPOB pabOThI pabovero
opraHa Jijisl pa3pyIIeHus JIbJa:

Macchl m cdeprdeckoro Ooiika:

2
Z2-Tc-D-w [o] .

T; (14)
(1-2-p)-v?
CKOPOCTH V COyapeHus CheprudecKoro 0oiKa co JIbJIOM:
2
VZ 2'7['D'W .[G],M/C; (15)
m-(1-2-p)

nuamerpa D cdepuueckoro Ooiika:
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2
m-v )
ng'(l_z'u)ﬂM) (16)

YacTOTHI N BpallleHUs pabouero opraxa:
2
0> 30-v _ 30 |2:m-D-w”-[o]
T-T T m-(1-2-p)

, 00/MHUH. (17)

Ecnu npuHATE U3 SKCIEPUMEHTAIBHBIX AaHHBIX [ 13; 14] cBSI3b MEXKy BETUYMHON
W IMPOHUKHOBEHUS OOMKa B JIe/I M TOIIIHUHOM h pazpymaeMoro jbaa w=h/6, To moayuum
BBIpAXEHUS ISl ONpEeJeJIeHUs MapaMeTpoB pabodero opraHa B 3aBUCUMOCTH OT
TOJILIMHBI PA3PyIIAEMOro JIbJIa:
Macchl m chepuueckoro 601?}11Ka:
2
2.n.D.(g) .[GBp] n-D-hz-[G] . (18)

2

m >

1-2-w-v>  18-(1-2-p)-v>’
CKOPOCTH V coyaapeHusi cepudeckoro 0oiika co JbaoM:

2-n-D-<2)2-[c]

2
\ _ | mD-h-[o] , M/C; (19)
m-(1-2-p) 18 m-(1-2-p)
nuamerpa D C(bepnqecxgro Oolika: ,
DV 2= Y g 20)
2-11-(8)2-[6] n-h”-[o]

4acTOThI N BpaIleHUs paboyero opraHa:
1530 n-D-h*-[o]
n-r (18 m-(1-2-p)

Pe3yabTarhl 1 00CyKACHHE

W3 nomy4yeHHBbIX 3aBUCUMOCTEN BUTHO, YTO BEJTMUYHMHA Pa3pyLIAOIIET0 BO3IECHCTBUS
U CO3/1aBa€MbIX BO JIbAY HAIMpPSDKEHUN S 3aBUCUT M MOXET PEryJIHUpOBaTHCS 3a CUET
M3MEHEHUs1 Macchl m, nquamerpa D wim ckopoctu yaapa v cdepuueckoro Ooiika, a
MOJTyYEHHbIE POU3BOIHBIE (DOPMYJIBI TO3BOJISAIOT [10100paTh paliiOHAIbHbIE 3HAYCHUS
HA3BaHHBIX MMapaMETPOB. DTO MO3BOJIAET PETYIUPOBATh MPOIECC pa3pylICHUs JbAa
IIPU U3MEHEHUHU YCJIOBHUM paboThl, o0ecrieurBas HEOOXOIMMbIE KaU€CTBO U CTENEHb
OUYHCTKHU JJOPO’KHOTO OKPBITHSI OTO JIbJIA, @ TAK)KE PACCUUTHIBATH apaMeTPhbl pabouux
OpPraHoB IIPHU UX CO3/IaHUU U MPOEKTUPOBAHUU.

Ha ocHoBaHuu nony4yeHHbIX (GOPMYJT MOTYT ObITH MOCTPOEHBI rpaduku
3aBHCHMOCTEH, KOTOphIE MO’KHO MCIIOJIB30BaTh JUIsl 10100pa Macchl 00K, CKOPOCTH
ero coyJapeHus co JbJIOM WU AuaMmeTpa chepuuecKoil MOoBEepXHOCTU Ooilka B
3aBUCUMOCTH OT TOJILMHBI Pa3pylIaeMoro JjbJa WIH ero mpoyHocTtH. Ha pucyHke
6 npuBeAeHbl rpad@uKu 3aBUCUMOCTH CKOPOCTH coyAapeHusi 0oika co JIbAOM U
YacTOTHI BpallleHUs! pabovero oprana oOT TOJILIUHBI pa3pylIaeMoro Jib/ia,  Ha pUCYHKE

, 00/MUH. (21)
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7 —rpauKu 3aBUCUMOCTH CKOPOCTH COyJapeHust 00iKa co JIbJIOM U YaCTOTHI BPALLICHUS

pabouero opraHa OT HaIPSHKCHUN pa3pyLICHUS Jb/A.
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PI/ICYHOK 6 — 3aBUCUMOCTH CKOpPOCTH COYyHapCHUA Ooilika co JIBJAOM U 4aCTOTHI
BpalllCHUA pa60qero OopraHa OT TOJIIIUHBI pa3pyuracMoro Jibaa

MIPH pa3IUYHbIX pa3Mepax Ooiika
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Pucynox 7 — 3aBUCHMOCTH CKOPOCTH COyAapeHHs OOIKa CO JIbJIOM U YaCTOTHI

BpalleHus paboyero opraHa OT HaNpsHKEHUH pa3pyLIeHus
JbJ1a TIPU Pa3IMYHBIX pazmepax Oolka

[Ipumenenne pabodero oprasa Juisg pa3pylieHHs JbJa ¢ IOCTOSHHOW BEINYNHON
paspyIIaoNIEero BO3ASHCTBHS Ha JIe]] CHIIBHO OTPAaHUYMBAET YCIOBHS €r0 IPUMEHEHHS,
MOCKOJIBKY MPH HEAOCTATOYHOM BEIMYMHE pa3pyLIaloNIero BO3JCHCTBUS JeAsSHOE
MOKPBITHE HE Oy/IeT pa3pyLIaThCs, a IPH N30BITOUHOM - YaCTh SHEPTUH Pab0Yero opraxa,
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HE NIOTpaueHHas Ha pa3pylIeHHe Jiba, OyAeT BO3/1eHICTBOBATh Ha JOPOKHOE MOKPHITHE,
TEeM CaMbIM paspylias ero, J100 MpocTo OyneT ucrpadeHa BoycTyto. CienoBarenbHo,
B COOTBETCTBUM C TEOPETUYECKOM MEXaHUKO-MATEMATUYECKOW MOJEIBIO, NAOLICH
BO3MOXKHOCTh TOYHOT'O TOAOOpa MapaMeTpoB pabodero opraHa mnoj ycjaoBUsl paOoTHl,
KOHCTpPYKLHsI paboyero oprata, B CBOI0 04epe/ib, JOJDKHA [PETyCMaTPHBATh BO3MO>KHOCTh
PETYJIMPOBAHUS €r0 Pa3pyLIAIOLIETO BO3ACUCTBUS HA Jiel B 3aBUCUMOCTH OT YCJIOBUH
pabOTHI, YTO 3HAYUTETHHO PACHIMPUT YCIOBUS U BOSMOKHOCTH €T0 IIPUMEHEHUSI.

BriBoabI

Takum oOpa3zom, aBTOpamMu pa3paboTaHbl HOBBIE BUABI pabouero o60pypoBaHHs
Uit OOpBOBI ¢ 3UMHEN CKOJIB3KOCTBIO Ha aBTOA0POTaxX, OTJIMYAIOIIUECS OT aHAIOTOB
BBICOKOH 3()()EeKTUBHOCTHIO U BO3MOKHOCTBIO PETYJIHUPOBAHUS MAPAMETPOB PAOOTHI
1P U3MEHEHHUH YCIIOBUM.

[Ipu 5TOM MOXHO OTMETUTh, YTO MPUMEHEHHUE KOMOMHHMPOBAHHOTO CIOco6a
peryIMpoBaHUs BETUUYHMHBI Pa3pyILIAONIET0 BO3JEHCTBUS COYETAHHEM H3MEHEHUS
4aCTOTHI BpallleHUs1 pabodero opraHa, pajinyca pacrnoiokeHus 0oika 1 Macchl 00iika,
3HAYUTEIBHO paCUIMpSET AMAaNa30H PEeTyJIUpPOBAaHUS BEJIUYHUHBI Pa3pylIaONIEro
BO3/ICUCTBUS Ha JIeJ U (PYHKIIMOHAIBbHBIE BO3MOXKHOCTH PabOyero oprasa.

[TonoxuTenbHbIE pe3yNbTaThl PA0OTHI TO3BOJISAT CO3/1aBaTh HOBBIE TUIIBI pabouero
000pyI0BaHUS AJIs1 OYMCTKU aBTOJJOPOT M TOPOJCKUX TEPPUTOPHUI OTO JIb/1a, UMEIOIIHE
yJIy4YIIEHHBIE TEXHOJIOTMYECKUE U IKOHOMHYECKHUE MTOKa3aTeNu (PyHKIMOHUPOBAHHUS.

Hcnonp30BaTh BHOBb pa3paboTaHHbIC paboyre OpraHbl peiaraeTcs B KauecTBe
HABECHBIX Ha COOTBETCTBYIOIME OAa30Bble MAIIMHBI, a TAK)KE KaK CMEHHBIE paboune
OpraHbl Ha YHUBEPCAIBHBIX PYYHBIX MAIIMHAX.
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KOJIAPIAFBI )KOHE TPOTYAPJIAPJAFBI MY3/Ibl BY3YFA
APHAJIFAH B¥3Y OCEPIH PETTEUTIH ’KYMBIC OPTAHJIAPBI

Konoap men mpomyapnapOviy My30aHybl HCOll KayincizoiciHe ocep ememin
e3exmimocenenepOin 0ipi bonvin mabwiiadwl. Kvicma sicondap men mpomyaprapodesl
matieaknen Kypecy Ywin onapovly 6eminoeci Mmy30bl HCOI0ObIH MeXAHUKAIBIK
a0ici ocui  Konoauwvliaovl. JKondap men mpomyapiapodazbl My30bl  HCOHObIH
MUIMOI MeXAHUKATLIK 90iCi OHbl Kammbvl cepanvlk Oemnen co2y apKblibl HCOI0
Oonvin madbwiiadvl, OY1 YWIiH JAHCAHA HCYMBIC OpeaHOapvl ozipaeHeeH. Teopusnvik
3epmmeynep HOMUNICECIHOe UHIICEHEPNIK ecenmeyaepoi ucypeizyee MYyMKIHOIK
bepemin My30blH CUNAMMAMATAPBIH eCKepe OMbIPbIN, MY30bl HCOT0 YUIH Chepanvik
ocymulc bemi 6ap COKKbl HCYMIC OPeAHbIHGIY NApaAMempiepin auvlKmay Yulin
MEXAHUKATBLIK-MAMEMAMUKATBIK MOOETbOIY MEeOpUsIbIK ecenmey maoyeaoinikmepi
anbIHObL. O3Ipiey JicoHe dHcodbanay Keseninoe e, namudalany Kesinoe oe chepanvix
COKKBLIAPMEH dcep emyOin JICYMbIC OP2AHbIHBIY NAPAMEMPILEPIH AHLIKMAUObL JHCOHEe
MY3001 2HCOI02A DOLAMBIH HCYMBIC OP2AHBIHLIH MY 320 3AKbIMOAYULbL OCEPIHIH OCHIHOAL
MOHIH ManOaliovl. bepineen 6epikmix nen KaibiHObikma. Kymuic opeanvlibly atiHaiy
ocine KambviCmbl COKKbL OepyULiniy OPHAIACKAH HCEPIHIY paOUYCbil 032epmy apKblibl
My32a 0ecmpyKmuemi 9cepoiy WUAMACLIH pemmeimin #coadapoazsl My30bl HCoi02a
APHAN2AH  HCYMBIC OpP2aHOapvl YwiiH OipHeuie HcoOAnblK wewinoep o3ipaeHoi,
Oyn dlcymbic dcazoaunapvina Oeuimoeny MyMKIHOIZE, My30bl JHcapyodavl JHco2apbl
MUIMOLNIZT HCOHE HCONL MOCEMOEPIH MA3ANAY CANACHL. 3epmmey HOMUAICENePi HCo2apbl
MEXHONOSUSILIK, JICOHE IKOHOMUKAALIK MUIMOLLIZI Oap HCYMbIC OpeanOapbiHbIY
JHceminoipineen KOHCMPYKYUSIAPbIH Heacayaa MyMKIHOIK Oepeoi.

Kinmmi coe30ep: scymvic opeansi, My3 dcapavlidl MAuna, my30ul 0y3y, KO32a1blc
Kayincizoiei, Mamemamuxaivlk MoOeb.
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WORKING BODIES FOR THE DESTRUCTION OF ICE ON ROADS AND
SIDEWALKS WITH ADJUSTMENT OF THE DESTRUCTIVE EFFECT

Icing of roads and sidewalks is one of the urgent problems affecting road safety. In
winter, a mechanical method of removing ice from the surface of roads and sidewalks
is often used to combat slipperiness. An effective mechanical method of removing
ice from roads and sidewalks is its destruction by impact action of a solid spherical
surface, for which new working bodies have been developed. As a result of theoretical
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studies, theoretical calculation dependencies of a mechanical-mathematical
model were obtained for determining the parameters of a working body of impact
action with a spherical working surface for destroying ice, taking into account the
characteristics of ice, allowing for engineering calculations and determining both at
the development and design stage and in the process of operation, the parameters of
the working body of impact action with spherical strikers and selecting such a value
of the destructive effect of the working body on ice, at which it is possible to destroy
ice of a given strength and thickness. Several design solutions for working bodies for
breaking ice on roads with regulation of the magnitude of the destructive effect on
ice by changing the radius of the striker location relative to the axis of rotation of
the working body have been developed, which, due to the possibility of adaptation to
working conditions, have high efficiency in breaking ice and quality of cleaning road
surfaces. The results of the research allow developing improved designs of working
bodies with increased technological and economic efficiency.

Keywords: working body, ice-breaking machine, ice destruction, traffic safety,
mathematical model.
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KA3AKCTAH PECIMYBJ/INKACbIHbIH TAY KEH
WHOYCTPUSICbIHOA A3 ChIFbIMOAY.AbIH
TEXHOJIOMUSAbIK MPOLECTEPIH OHTANUNAHABIPY

Tay-ken e6HepKkocibiHOe KONOAHBLIAMbIH 3AMAHAYU aAYyd  KOMAPECCOPaapbl
KUbIH  JHCA20anapod JHCYMbulC ICme2eHoe dHco2apbl KaVincizoik MapicacblHa ue
Oonywl Kepex, Oyn OipkenKi emec penveg), memMnepamypanvly dirco2apvl e32epyi,
arcep acmuiHOa Hcymvic icmey 60abin mabwliadsl. Foliblmu-3epmme) HcyMblCmapol
MEOPUSLIBIK, HCOHE IKCHEePUMEHMMIK 3epmmeyiep KeuleHi peminoe He2iz0enceH
bacmankbl Oepexmepoi any, Hana OYblH KOMAPECCOPaAPbIH KYPYObIH NPUHYUNMED]
MeH JHCON0apPbIH. 130€y MAKCamvlHOA Jicy3e2e acblpblialdbl, May-KeH 6HOIpICiHOe
KONOaubLIa0bl.

Aya xomnpeccopnapel kapvepoeci mepey waxmaniapod, COHbLMEH KAmap icep
acmul WAXmManapvlh masza ayamer Kammamacsls emy YUlin KOIOAHbIIAMbIH He2i3el
api Maubl30bl 4cabObIK OobIN MmadwvLIa0bl. Komnpeccop colpmkbl ayamvt anvin, OHbl
KblCbln, Cy3in, codau Kelin myHHenvee dicibepe anaowl. Lllaxmanapoa xondauyea
APHAN2AH KOMNPECCOPIbIK HCabObIKMbl manoayea eme MYKUsm Kapay Kepex,
OUMKeHI Konmezen bIKMmuMai Kayinmep mMen wiekmeyiep oap.

Byn oicymvicma may-xen eneprocibinoezi 2a3z KOMAPECCOpIblK, CMAHYUSHBIH
OYypaHoansl  KOMHPECCOPbIHbIY — KYPbUILIMbIH — OHMAUIAHObIPY — KYPblIblCbIHA,
AHCYMBICHIHA HCOHE MYMKIHOIZIHEe OAUIAHbICMbL MOCeNeNep Kapacmulpblidob.

Ilpoyecmepoi mooenvoey cone On0K-cxemanapovl Kypy Mathcad, Drawio,
MS Power Point scone m.6. 6azoapramanapvii KOJIOAHA OMbIPLIN JHCYPI3inoi.
Heeizei cunomesanap men KopbimulHObLIAD. HKypeizineen JcyMblCMblH HOMUICECIHOe
JHCYUleHT MUHUMANObL dHEpeUsi Wbl2blHOapbiMeH backapyea Kabiriemmi OHmMaiiivl
pemmeyuli aHbIKMaiobl.

Taxvipvinmoly e3exminiei Kazaxcmanoa osicone 6acka oa oamyuisbl enoepoe
SHepeusi yHemoey Mmoceiecine epexuie KOHin Oeoninemindicimen mycinoipineoi.
Byn orcarnvr 2az kommnpeccopivik ocabObIKMblY JHcoHe aman aumkanod KeH
OPBIHOAPLIHObIZbL  KOMIPECCOPNbIK  CIMAHYUSIAPOLIY,  MUIMOINIciH  apmmblpyObl
manan emeoi. [Ipaxmuxansik MoHi Oy HCYUeHi MUHUMANObL SHEP2US UUbL2bIHOADbIMEH
backapyea Kabiremmi OHmMailivl pemmeyuli.
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Kinmmi ce3oep: may-xern onepxocioi, 0ypanoanivl KOMnpeccop, 2a30bl ColeblMody,
2a30bl KblCY, dHepusi MUiMOLiel.

Kipicne

MymHaii xoHe ra3 eHepKaciOiHae OypaHIaasl KoMIpeccopiap OelceH i Typae
KaObUIIaHy1a. JlereHMeH, ra3 bl KbICY SJIEKTpP SHEPTUsACHIHBIH Al TapiIbIKTal MeIIIepiH
TYTBIHQ/IBI, COHJIBIKTAH €H a3 KyaT TYTBIHYJbl KaMTaMachl3 €Ty YIIiH OypaHJaibl
KOMITpECCOPIIapbIH KYMBICHIH OHTaWIaHIBIPY MaFbIHACKI Oap.

Ownraiinpl OakplIayabl €cenTey oiCTepiHiH Oipi PHEPTUAHBI OacKapyablH
MUHHMAJJIBI MOCceeci 0BT TaObLIaIbI, OHBIH €CENTEeNyl KYIISUTKII KOMITPECCOPITBIK
cranumsapaa (KKC) sxui opbIH almybsl MYMKIiH, achIll KTy KaFdalbIHIa SHEPTHSIHbBI
MHHUMAJIIBI TYTBIHYMEH XKYHeHi 0acKkapyra KaOijeTTi KOHTPOJIEp Il KaMTaMachl3 eTeIl.
KymeiTkim koMnpeccopblK CTaHIMsIIap HETi31HEH 3JIEKTP SHEPTUSACHI )KOK Kepepie
OpHAJIACKAHIBIKTaH, JICKTP KyaThIH I'a3 KyOBIPbI apKbLIbI OTETIH ra3/ia 5KyMbIC ICTeUTIH
reHeparopiap eHAIPETIHIIKTeH, CTaHIHUATIapAaFrbl SHEPTUAHBI TYTBIHY MOCeNeci oTe
MaHbI3EI [1, 94-95 6.].

JKyMBICTBIH MakcaTbl: OypaHIaiabl KOMIIPECCOP/IbIH HIBIFBICHIHIAFbI OHTAMIIBI
KBICBIM PETTETINIIH jKacay, Ta3/bl aiilayFa €H a3 PHEepPrusl IIbIFBIHBIH KaMTaMachl3
ety. Perrenerin aiiHpIManbiIap OOibIHINA HIEKTEYIEp OOJFaH JKaFaaia HHTETpaabl
SHEPTUSHBI TYTHIHY MaFbIHACHIH/IA OHTAMIAHABIPYIBIH KOJAHBICTAFbl aHATUTHKAIIBIK
dJIICTEPIH CATBICTHIPMATBI TAIIAY.

Matepuasaiap MeH ajicrepi

By sxxymbic Kazakcran PeciryGiinKkachbIHBIH ra3-0HEpKOCINTIK KOCIOPBIHAAPHI YILITH
ras aiijay ’koHe ChIFbIM/Iay KyaTTapblH KYPY ’KoHE TaMbITy OOHBIHIIA FEUIBIMHU-3EPTTEY
KoHe jx00anay >KyMbICTapbIHBIH YJIKSH HUKJIIHIH OipiHII Ke3€eHi O0IbIN TaObLIa bl

Byn »xymbIc 6apbIchIHAa ra3 aifiay CTaHMsIIapbIHBIH KYPBLUIBIMIaphl MEH OypaHasIbl
KOMIIPECCOPJIBIK KYPBUIFbUIAP/IBI jk00anay OarbIThIHAA XKYPTi3UIreH 3epTTeyepIiH
x)arnaiel Tanganrad. Tamgay ymin Scopus skeHe Web of Science anemuik sxeTexiri
nepexTep 0azamapbl maiganaHbuIabl. ['a3/1bl CBIFBIMAAY KOHJBIPFBICBIHBIH HET13r1
KYPBUIBIMJIBIK cXeMachl skacansl. [Iporecrepai Mmoaenbaey xoHe O6J0K-cXxeMaaapabl
Kypy MathCad, Drawio, MS PowerPoint »xoHe 6acka OarnapiaManapasl KOJJaHy
apKBUIBI JKY3€Te achIPbUIIbI.

HaTu:kesiep ’xaHe TaJaKbLIAY

Komnpeccopnap I'KC-tig «kyperi» 0oiia OTBIpbIN, KyOBIpABIH KEAEPTiCiH KEeHY
YKOHE TYTHIHYIIBIIAP/IBI Y3IIKCi3 ra30€H KaMTaMachl3 €Ty YIIiH ra3 KbICBIMBIH apTTHIPyFa
xayan Oepeni. ['a3 KOMIIpecCOpIBIK CTaHIMSIAPBIHAA KOMIIPECCOPIAPABIH dPTYPIIi
TYpJepi KOJAAHBUIAABI, OJAPJbIH OPKANHCBHICHIHBIH ©31HIIK apTHIKIIBUIBIKTAPhl MEH
KemmritikTepi 6ap [2, 8—12 6.].

Komrmpeccopiblk KOHABIPFBUIAPBIH €H KO TaparaH Typl — MOPIICHBIIK THII
007bIN TaOBUIABI, OHBIH XYMBIC iCTE€y MPHUHIIMII MOPUICHHIH Kepi KO3FaJIbIChIHA
0almaHbICTHI Ta3abl ChIFy. IlopIieHbpai KOMIPECCOPABIH KYMBICHI ©TE LIYJIHI,
CBIFBUIFAH Ta3/lbl Oepy MMITYJIbCTap apKbLIbl JKY3€re achbIpbUIa/bl, TETiCTEY YIIiH
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KaOBUIJAFBIIITAp NalJaJaHbUIaAbl, 0J1 )KOFAapbl SHEPTUs TYThIHYFa Ue, )KOFapbl
CBIFBIMJIAY JKBUITAMABIFBIHA KY€ Kbi3aabl [3, 22-34 6.].

OpTaziad TenKim KOMIPECCOPMEH ra3/ibl ChIFY KeeCi >KOJIMEH XKY3€ere achlpbLIa Ibl:
YKYMBIC JIOHTeJIeT1 KaJIaKTapbIHbIH aifHATybIHA OAITaHBICTHI ra3 OPTAChIHAH JIOHFATAKThIH
HIETiHE Kapai )KbUDKHU/IbI )KOHE HOTHXKECIH/IE Ta3/1bIH XKbUIIaM/IbIFbl apTa bl )KOHE ChIFY
KYpelli, 0/1aH dpi ra3 >KbULAMIBIFBI a3as/Ibl )KOHE Ta3IblH KHHETUKAJIBIK SHEPTHICHI
NOTEHIMAJIIBIK SHEPTUSAFa ©3T€PETiH JAoHrenek quddys3opaa Kaiira ceiry xypeai [4].

OpTazgaH Tenkilml KOMIIPECCOPABIH CHIMBIMIBLIBIFBI JKOFAphl XKoHE ra3 0epy
NyJIbCAlMsIaphl XKOK, OipaK MbIAKTapAbIH JKOFApbl BIKTUMAJJIBIFbI, KaJlaKTapablH
YJIKEH OJIIIEeMi KOHE JKOFaphl 11y JeHIeil, COHBIMEH KaTap KOMIIPECCOPbIH TOMEH
TuiMTiri 6ap 5, 845-6.].

KO3FanTKBIIITHIH aifHaIMallbl KO3FAJIBICHIH MOPIICHBAEPIIH Kepi KO3FaIbIChIHA
TYPJICHAIPYIIH KaXKeTl1 )KOK, COHBIMEH KaTap YHKETICTIH TOMEHT1 K03 (hUIHeHTI
OypaHJanbl KOMIPECCOPIBIH THIMIUTITIH alTapiabIKTai apTThipasl [6, 144-0.].

Bypanpnanel komnpeccopra apHaiibl ipretac Hemece Oejek 0eaMe KakeT eMec,
Oy opHaTy XOHE ICKe KOCY UIBIFBIHJAPBIH YHEMAeH 1. bypanaansl KOHIbIpFBIFa
40008000 cararTaH KeiiH KbI3MET KOPCETY KepeK, ajl OPIIEHbI1 KOMIpeccopaapra apoip
500 caraT >KyMBIC iICTET€HHEH KeWiH KbI3MET KOPCeTy Kepek.

Texipube kepceTkeH e, KOHABIPFbUIAp 7—8 Kb OOHBI OypaHAaIIbl KYITAPIbI
ayBICTBIpMaii )yMBIC iCTel ana ibl, OyJ1 yaksIT inriHze Oipaei skarqaiinap/ia KyaTThLIbIFbI
yKcac 5 mopiieH 1l KOMIIPecCopIapabl aybICTIPY Kaxer [7, 243-247-6.].

JXorappia KeTIpUIreH apTHIKIIBUIBIKTAp MEH KEMILIUTIKTepre CyileHe OTBIPHIII,
OypaH1aJIbl KOMITPECCOPIAP.IBIH CEHIMIIUIITT dKOFaphI JIeN KOPBITHIHIBI JKacayFa 00JaIsl,
OUTKEHI1 OHBIH YiKeIic OOJIKTepiHiH €H a3 caHbl 0ap, SHEPTUSHBI YHEMJIEY PETTey
XKyHeciHe OalIaHbICThI, )KYMBICTBIH >KOFapbl PECypChl MEH THIMJUTIrIHE e, OUTKEH1
onapra 4000—8000 carat >kyMbIC ICTET€HHEH KeiiH KbI3MET KopCeTiIe .

Y JIKeH KelleM/Ii Maii cernapaTopbIHbIH OOTybIHA OalIaHbICTHI )KYHEHIH KYHBI, OHBIH
caJIMarbl MEH eJIIleMAepi aTapiabIKTail apransl [8, 74-0.].

Bypanaansl KoMIpeccopIbIH KOMETIMEH ChIFBIMIAY KOHIBIPFBICBIHBIH CXEMaChlH
KYpPacThIpy.

Bypanpgansl KoMIpeccop — 3JEKTPKO3FAJITKBIIIIEH 0acKapbUIaThIH KOJJICHEH
0ip caThUIBl MaIIMHA, OHBIH KOHCTPYKLHUSACHI KOPIYCTaH, )KETEKTI JKOHE KETEKTi
pOTOpJIap/IaH JKOHE MEXaHUKAIBIK THIFBI3AFbIIITAH TYPabl.

Bypannans: kommpeccop Kazakcran PecyOnukachbiHbIH MyHali-ra3 @HepKaciOiHe
€HT13y YIIIiH €H >KaKChI CHIIaTTaMallapbiHa OaliIaHBICTHI TAH IAJIFaH, MBICAJTBL, )KYKTEMEHIH
KEH ayKbIMBbI, ’)KYMBIC JIHAa30Hbl, COH/Iali-aK TEXHUKAJIBIK KbI3MET KOPCETY1H TOMEH
HIBIFBIH/IAPBI, COH/IBIKTAH >K00aHBI 931piiey KOMIIPECCOPABIH OChI TYPIH SHEPTHSHbI
a3 TYThIHYMEH JXyiee naiiganany, e3eKkTi 00ibIn TadblIansl. 1-cyperte OypaHaaibl
komrpeccopasl KonganatelH ['KC a3ipiieHren cxemachl KopCceTireH.
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Cypert 1 —I'a311bl ChIFbIMAAY KOHABIPFBICBIHBIH IPUHIMITUAIABI CYJI0aChl

Benrim KoHABIpFRIIapIaH Ta3apTHUTFAH ra3 OypaHaaisl KoMpeccopra Nel aexTp
KJIamaH apKbUTbl Tycemi. JKerek kommpeccopra My(dTa apKbeUIbl KOChUIaabl. MyHai
ra3/1bl CHIFBIM/IAYIBIH KYMBIC allMaFbIHa I'a3/1bl CAJIKIHATATHIH XKOHE )KaHACY Ke3iH1e
POTOpIIAp/ABIH MalJaHybIH, COHIAN-aK OJIAPJBIH THIFBI3aTYbIH KAMTaMachl3 €TETiH
Ne6 anexTp knananbl apkplibl aiiganansl. Kommnpeccopaan Ne 2 BeHTHIIb apKbUIbI Ta3
OeH MyHall Kocnackl MyHail cermaparopbiHa (cemapaTop) Tyceli, OH/a ra3 MyHaiiaH
OeiHel, ColaH KeWiH Cy3rire Tyceai, OHAa OJ1 KOChIMIIA MyHail Ta3apTylaH eTel,
COJIaH KeiH ra3 CaJIKbIHIATKBIIIKA TYCE1, COJIaH KeiliH OHBIH TaFaiibIHIaIFaH OPHBIHA
Oapanel. ['a3man OGesniHreH Mal CalKBIHIATY CATBICHIHAH OTEIl KOHE OypaHIaIbl
OJIOKTBIH MOUWBIHTIPEKTEpiH Mailyiay ymiiH OypaHIalbl KOMIIpECCOpFa KalTamgaH
annanansl. MyHali MEH ra3 apHaiibl Cy CaJIKbIHIATKBIIITA YCBIHBUIFAH TEMIIEpaTypara
JeHiH camKbpIHAaThUIA eI [9, 212 6].

KomnpeccopbiH )KyMBIC KYBICBIHA Mail Oepy HOTHXKECiHIE KOPEKTECHAIpY
k03¢ puIenTi apTaibl, KOMIIPECCOPABIH KOHCTPYKIUACHI KEHUIIETUIS Tl )KOHE allHAITY
KBUIAM/IBIFbIH a3aiiTyFa 0oJajbl.

Maiicei3 KoMIpeccopiaapAaH alblpMaIlbUIbIFbI, MAMIBI KOMIIPECCOpPIApAA ra3abl
CBIFY Ke3iHJie OOITiHEeTIH KbUTYIBIH Oip Oediri MyHalira Oepinesni, Oy ChIFy MpoLeciH
aiiTapibIKTail apTTRIpabl. J[ereHMeH, MOMBIHTIPEKTEPCH IIBIFATHIH Mail COPFBIII T'a3/IbI
KBI3JBIPYFa KOMEKTECEI1, COHBIKTaH MAaITUHAHBIH KyaThl TOMEHICHII.

Inecrie MyHaii ra3pIH CHIFYFa apHAIFaH OypaHIaIbl KOMIIPECCOPIBIH KOHCTPYKIIHSICHI
1.2-cypeTTe KepceTire .
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Cypet 2 — bypanmanbl KOMIPECCOPABIH KOHCTPYKIUSIIBIK CYI10achl

Bypanmaner kommpeccop KesieM/ 1l TUTITI MaliHa OOJIBIT TaObLTa bl OUTKEHI Ta3/1bl
CHIFYy TIpOIleCi XaObIK KOJEMHIH TOMEHJeyiHe OalmaHbpICThl xypeai. Kommpeccop
JaroHa b OOMBIHINIA OpPHAJIACKAH COPY JKOHE IIBIFApy carnramMaliapbl 0ap KOpIycTaH
Typazpl. bip-6ipiMeH KHUbUIBICATHIH KOMITPECCOP/IBIH KETEK J)KOHE KETEK OypaHIaiapbiHa
apHaJFaH OypaHJIallbl KOMIIPECCOPIBIH KOPITYCHIHAA KOHE KaKITaFbIHIA IIMIINHAPITIK
TECIKTE JKacallaJibl, )KETEKIII OypaHJaHbIH O1TIr 3JIEKTP KO3FAITKBIIIBIHA KOCHLIA IbI.
PoTtopnapapiy Tictepi op TYpIi KipMe mpoduiIbIAEp ICH JKacaliFaH, )KeTEeKIIT OypaHaaaa
JIOHEC KEH TicTep 0ap, KETEKTI Tap KoHE OMbIC O0IBIN Keseai. bypanmanapapiH Tictepi
apachIHJIaFbl €K1 KaKThl OYHIPJIIK CaHbUIAYJapAbl CaKTay YIIH OJapblH OUTIKTEpiH
CHUHXPOH/IAY TICTI JJOHFAJIAaKTap apKbUIBI O1piKTipei, Oy OypaHaamap IbIH 63apa )kaHacy
MYMKIHIITIH OOJIIBIPMAai/Ibl, )KaKChIpaK Mail TONTBHIPBUIMaFaH KOMITpEccopap YIIiH
apHasrras [ 10, 22-34 6.].

[[TarbrH KOMITpEccopiapaa Oypanja )yObIHa ocep €TETiH OChTIK KYIITEP 11 a3alTy
YIIIH KQXETT1 IoManay MOUBIHTIPEKTEPI, JJIEKTP KO3FAITKBIIIBIHBIH KaFbIH/IA — TIPEK
MOMBIHTIPEKTEP1, OYpaHIaIbI )KYIITaH KeHiH — OYPBIIITHIK KOHTAKTI1 MOAIIHITHUKTED
KosaHpuIabl. ChIPFBIMAIIBI OIIAITHUKTED YIIKEH KOMITpECCopIIapia KO IaHbUIa bl
bypanmanel OUTIKTEPIH THIFBI3IAFBIINITAPEI PETIHAE CAaJbHUK TYPIHAET1 MeTasl
KEPAMUKAJIBIK THIFBI3IAFBIIITADP KOJIIAHBLIA B

Bypaniaisel KOMIIPECCOPIbIH KOMETIMEH CHIFBIMAAY KOHIBIPFBICHIHBIH CXEMAaChIH
Kypacteipy. ['AK cumarramackina Kipicriec OypbIH, KOMITPECCOPABIH IIBIFBICHIHIAFbI
ra3 KbICBIMBIH OaKbUIayabl )KOHE PETTEY/ll KaMTaMachl3 €TETIH JKYHEeHI OHTAMIIBI
OackapyaplH (yHKIIMOHAIABIK KYHeCiH yChiHy KaxeT. JKyleHIH (yHKIIHOHAIIBIK
JarpaMMachl 3-CypeTTe KOpCeTireH.
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R — perreriur; M - ko3rantksinr, CO- 6ackapy o0bexTici; PS - KbICBIM CEHCOPBI.
Cyper 3 — XKyiieHiH (yHKIIHOHAIBIK JUArpaMMachl

Ocpl (ynkimonannplK cxema Herizinge BK sxyiieciHiH Herisri sneMeHTTepiHiH
cunaTtramainapsl TaHjaaigaasl. bypangansl kommpeccopsl 06ap Kyiiere KOWbUIaThIH
TeXHUKAIBIK Tanantap bK-ma eTeTiH TeXHUKAIBIK MPOIecC HETi31HAe KalbITacaibl.
1-xecrene xepcetinren BK sxyliecinin mapameTpiiepin Tannay yumiH Kazakcran
PecnyOimKachIHBIH SHEPTETUKANBIK KOCIMOPBIHAAPBIHBIH KaKETTITIKTEepl TypaJbl
nepekrep Heriz 6omabl. (Kazakcran PecnyOnukackiabiH CTpaTerusiblK sKocmapiay
XKoHe pedopmaiap areHTTIiriHIH ¥ATTHIK CTATUCTHKA OIOPOCBHIHBIH JAEPEKTEP]).

Kecte 1 — bypanaaiibl KOMIIPECCOPIIBIK KYyHere KOMbIIaTblH TEXHUKAJIBIK TaJanTap

Can [Tapamerp Mon
1 Kopexkrennipy kepueyi 380 B +10%
2 Kuimix 50T
3 TemrmepaTypa Iuarma3oHbl -15
4 KpicbiM Gakpliay nuanazon, Mlla 0,4-0,7
5 PerTey yaxbIThl, ¢ apThIK eMeC 5
6 lamagaH TBIC peTTey JKOK OOITyBI pyKcaT eTiIreH
7 O3srepyi Ke3iHeri CTaTUCTUKAJIBIK KaTe, % 2

Ko3FanTKpIIKa KOWBUIATBIH TEXHUKAJBIK TajalTap 3JEKTP KyaTblH TYTHIHY
Oo¥BIHIIIAa KOMIPECCOPABIH HETi31HJe KaJblITacaJbl, COHBIMEH KaTap *XYMBIC
YKaFTalTapbiH €CKePY KaXKeT, OUTKEH1 0JI ra3/lbl ChIFBIM/IAY KYHECIHIE KOJITaHbLIA/IbI,
KO3FaJITKBIII JKapbUIbICKa TO31M/11 00iysl Kepek. TaHpanraH OypaHiaibl KOMIPECcop
KYMBIC KaFJaiblHa Kapail Mail TONTBHIPBUIFAH TUMTI MamuHa 0omysl kepek. O 0,7
Mlla makcuManabl HIBIFApy KbICBIMBIMEH koHe 20—22 M3/MHMH OHIMALTIKIICH i1ece
MYHall Ta3blH CHIFYJIBI KaMTaMachl3 €Tyl kepek. KommpeccopablH TEXHUKAJIBIK
CUMaTTamaliapblHa KOMBUIATHIH TOJBIK TAJIANTAP 2-KECTEe KeNTIpiJreH.
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Kecre 2 — Kommnpeccop eHIMIUTIK TananTap

CeirpLa ChIBIMIBUIBIFBL Copy srrapy Poropapin Kosrant Kyar,
KbICBIMBI, KbICBIMBI, AKBULTAMIbBL kBt
TBIH ra3 MIla MIla KBIII TYpi
FBI
Taburu ra3 22 0,2 0,7 3000 el 200

Maiimen aiinanatsin 6Oypanaassl koMipeccopabid (MAK) aliHanma sKbu1IaMAbIFbI
toMeH (30-man 50 m/c), COHABIKTAH IOoMaiay MOMBIHTIPEKTEpl KoJaaHbuTaabl. by
KOMIIPECCOPFa TEXHUKAJIBIK KbI3MET KopceTy a3 )koHe mamamer 40000 MoTop caraTbiH
KYpaMlTbIH y3aK KbI3MET Mep3iMi 0ap, cofaH KeiiH Kyp/ieni )keHaey KaxkeT. bypanaainsl
KommpeccopbiH kereri peringe AIR315M2 poropsl 6ap acuHXpOHIBI Y (ha3aibl
alfHBIMAJIbI TOK KO3FAJITKBIIIBI TAHAAIABI. MOTOPIBIH OYJI TYP1 )KapbUIbICTaH KOpFaJIFaH
HycKaza »acayirad. KoMmpeccop kereri eH a3 3Heprusi TyTbIHYIbl KaMTaMachl3 €Ty
YILIH OHTalIBl peTTeyi opbiHAay KaxeT. OChl JKYMBICTBIH asiIChIHJIA KeJleCl Ke3eH e
MYHa# ecen Kypri3ijaei.

Kapxpimanapipy TypaJibl aknapar

3eprrey Kazakcran Pecniybnukachl FouibimM koHe aKoFapbl 011IM MUHUCTPIIITIHIH
KapKbUTBIK KosgaybiMeH Noe BR24992956 «I"a3nbl chIFbIMAay YIIIH MHHOBAIUSITBIK
*KaOIBIKTap MEH TEeXHOJIOTHSJIapbl 931piey KoHe KYpy» TaKbIpbIObl asichlHAA
JKY3€re achIpbUIIbI.

KopbITbIHABI

byn makanana OypaHabl KOMITPECCOPIbIH KYPBUIBIMBI MEH 5KYMBIC ITPUHIIHIT TEPEH
TanganFaH. by ra3apl THIM/IL )KOHE TETIC CBIFY YIIIH KapaMa-Kapchl OaFbITTa allHaJIaThIH
eki1 OypaHJaJibl pOTOP bl aiiiagaHaThIH KOMIIpeccopbIH O1p Typi. PoTopriap, kopmyc,
Oackapy MeXaHH3MI JKoHe Mailiay Kyieci CUAKTbI OypaH/1aabl KOMIIPECCOPIBIH HET13T1
AIIEMEHTTEP1 TaJKbUIaHIbl. BypaHiaasl KOMIIpecCOpAbIH MOPIICH I KOMIIpeccopiiap
JKOHE OPTaJbIKTaH TENKIIl KOMIIpeccopiap CUSIKTBl KoMIIpeccopiapAblH Oacka
TYPJEpPIHEH HEri3r1 apThIKIIBLIIBIKTAphI aTan eTiial. bypannansl koMIpeccopiiapabiy
CBIFBIM/Iay KOA((UIIMEHT] KOFaphl dKOHE SHEPTUSHBI a3 TYTHIHYBI OJap/IbIH KYMBICHIH
yHeMli eTeai. bypanmgansl kommpeccopiap OipKenki KbICY MpOIeciHe OailTaHbICTHI
TOMEH IIIy IeHreiiMeH cumnartrtaniaapl. KapanaibiM KOHCTPYKIHSICBIHA XKOHE POTOPIIAP
apachIH/IaFbl YHKeNICTIH 00iIMaybIHa OaillaHbICThl OypaHAalibl KOMIIpeccopiiap y3ak
KBI3MET MEP3iMiHE Ue )KOHE MUHUMAJIIBl TEXHUKAJIBIK KBI3MET KOPCETY/Il KaXKET €Te/Il.
Bbypanpansl komnpeccopiap KbIChIMIap MEH KyaTTap/IbIH K€H ayKbIMBIH/IA dKYMBIC 1CTEH
ayajel, OyI1 omap bl OpPTYPII Kosrmanb6amap yirin omOebarn eteni. bypanmans kommpeccop
YILIH aJbIHFaH OHIMAUIIK JepeKTepl HET131H e ra3 KOMIIPECCOPIIBIK JKYHEeCIHIH HEeri3ri
AIIEMEHTTepl TaHJanbl. ['a31pl ChIFbIMAAY KYHECIHIH TEXHHUKAJIBIK CHIIATTaMajaphbl
colikec KelylH KaMTaMachl3 €Ty MaHbI3/1bl 0071/1b1. Tangay HOTHKECIHIE POTOPIIBI TOPJIBI
ACHMHXPOH/IbI KO3FAITKBIIITHI KOJAAHY Typaslbl IIENIM KaObliiaHuabl. KO3FalITKbIIITHIH
OyJ1 TYpi KapamaibIM TU3aifHBIMEH, CEHIMIUTITIMEH JKOHE CATBICTRIPMAJIbI TYPIC TOMEH
KYHbIMEH cumnatTanajsl. On conpaii-ak OypaHaaibl KOMIIPECCOPABIH THIMJII KYMBIC
icTeyl YIIIH MaHbI3Abl O0JIBIN TaObUIATHIH XKOFAPhI KyaT IIBIFbICHIHA HE.
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ONITUMM3AIUA TEXHOJOI'MYECKUX TPOIECCOB CKATUSA I'A3A
B TOPHOM MHAYCTPUU PECITYBJIUKHU KAZAXCTAH

Cospemennule 030yullblie KOMNPECCopuvl, UCHOb3VEMbIE 8 20PHOO00bIsAIOW el
UHOYCMpUY, OOIIICHBL UMEMb 8bICOKULL 3aNAC NPOYHOCMU NPU PAbOme 8 CIONCHBIX
VCII0BUAX: IMO U HEPOBHBIIL pelbedh, 8blcoKUe nepenadsvl memnepamyp, paboma noo
semnell. Hayunvie uccnedosamenvcekue paspabomiu, KAk KOMNJIEKC meopemuieckux u
IKCNEPUMEHMATLHBIX UCCIE008AHUL, NPOBOOUMCS C YebI0 NOLYUEeHUs 0DOCHOBAHHBIX
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UCXOOHBIX OAHHBIX, USLICKAHUS NPUHYUNOG U NYMel CO30AHUS KOMINPECCOPO8 HOBO2O
noKoneHus: OJis UCNONIb3YeMble 8 20PHOO00ObIBAIOUEM MECIMOPOICOCHUU.

Bozoywmnvle komnpeccopvl UCnoIb3ylOmes 6 2nyO00KuUX waxmax 6 mom 4ucie
U 0151 NOOAuU YUCMO20 8030YXd, NOCKOIbKY 6 WAXMe e20 MOJNCen He X6amamb.
Komnpeccop mooicem 3abupamo HaApyICHbI 8030YX, CHCUMAMD U DUTLIMPOBAMb
e2o, a 3amem nodasams 6 mynnenb. Heobxooumo ouenv muamensbHo nooxooums K
8b100PY KOMNPECCOPHO20 000PYO08aHUsL OISl UCNONB308AHUS 8 UAXMAX, NOCKOIbKY
cywecmeyenm MHOACECMBO NOMEHYUATbHBIX PUCKOS8 U O2PAHUYEHUL.

bazoeas npobrema, ee akmyanvHoch — 6 OaHHOU pabome paccmampuaemcs
BOMPOCHL, CA3AHHBIE C YCMPOUCMBOM, PAOOMOI U BO3MOICHOCMBIO ONMUMUZAYUSL
KOHCMPYKYUU — 8UHNOBO20 — KOMNPECcopa — 2A30KOMNPECCOPHOU — CMAHYUU 8
20pHOO00ObIBAIOWEl UHOYCIMPUL.

Mooenuposanue npoyeccos u nocmpoenue O10K-cxem 8e10Ch € UCNONb308AHUEM
npoepamm MathCad, Drawio, MS PowerPoint u op.

B pesynomame npoeedennoii pabomul onpedeneHvl ONMUMAIbHbIN Pe2yisimop,
CNOCOOHDILL YNPAGISAMb CUCIEMOU ¢ MUHUMATbHLIMU 3aMPamamu JHepeuu.

Axmyanshocme memvl obvscHsemcs mem, umo 6 Kazaxcmane u Opyeux
PA36UBAIOWUXCSL CMPAHAX YOeTIeM sl 0C0D0e GHUMAHUSL BONPOCY IHEPLOCOEPENCEHUSL.
Omo mpebyem noeviuienus 3ppexmuenocmu  pabomvi  2A30KOMAPECCOPHO2O
060pY006anUs 8 YeIOM U KOMAPECCOPHLIX CIManyuu 6 yacmuocmu. Ilpakmuyeckum
3HAYeHUeM 61emcst ONMUMATLHBLIL Pe2ysmop, CNOCOOHbIL YAPABGISMb CUCEMOT
€ MUHUMATLHBIMU 3AMPAMAMU IHEPLULL.

Kntouesvie cnosa: 2oprnooobvleaiowas uHOyCmpus, SUHMOBOU KOMNPECCop,
colcamue 2a3a, KOMIPUMUPOBAHUE, IHEP2OIPPekmusHoCmb.
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OPTIMIZATION OF TECHNOLOGICAL PROCESSES OF GAS
COMPRESSION IN THE MINING INDUSTRY
OF THE REPUBLIC OF KAZAKHSTAN

Modern air compressors used in the mining industry have a high margin of
safety when operating in difficult conditions: This includes uneven terrain, high
temperature differences and work underground. Scientific research, complex of
theoretical and experimental studies, is carried out in order to obtain sound initial
data, to find principles and ways to create a new generation of compressors for use
in a mining field.

Air compressors are used in deep mines, including supplying clean air, since
there may not be enough air in the mine. The compressor can take in outside
air, compress and filter it, then feed it into the tunnel. It is necessary to choose

compressor equipment for use in mines very carefully; there are many potential risks
and limitations.

The basic problem, its relevance — in this paper, the issues related to the device,
operation and the possibility of optimizing the design of a screw compressor, gas
compressor station in the mining industry are considered.

The modeling of processes and the construction of flowcharts were carried out
using programs MathCad, Drawio, MS PP. A simplified mathematical model of a
screw compressor is obtained.

Of the work carried out, the optimal regulator capable of controlling the system
with minimal energy consumption has been determined.

The relevance of the topic is explained by the fact that in Kazakhstan and other
developing countries special attention is paid to the issue of energy conservation.
This requires an increase in the efficiency of gas compressor equipment in general
and compressor stations in particular. The practical value is an optimal regulator
capable of controlling the system with minimal energy consumption.

Keywords: mining industry, screw compressor, gas compression, compression,

energy efficiency.
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PACYET B3SAMMOLENCTBMS OINOP
MEXAHW3UPOBAHHOWU KPEIU
C LUIEPOXOBATOM KPOBJIEA

Cexyus kpenu — npoepammno-ynpasisemviti pobom. Eeo nacpysicennocmo —
UOCHMUPDUKAYUOHHBIL KpUumepull 0151 MAHEEPUPOSAHUS MAWUHbL U obecneyenus
yemouuugocmu — 3a60s.  Haepysicennocms — kax — pacnpeoeienue — 0AGIeHUl
N0 NOGEPXHOCMU €20 ONnop U WAPHUPOS pblua208, CcOo30aem HANPINCEeHHO-
depopmuposannoe cocmosinue cucmemvl. E€ napamempor onpedensiomes eudom
cosudicenus kposau. Hccrnedosanvt ocobennocmu paciema O0asieHull Ha OROPbL
poboma 6 3a6UCUMOCIU OM PACHOJIONCEHUS. WepoXosamocmell om 06pabomku
30005 KOMOQUHOM U pACNPEOeNeHHbIX NO HOPMATLHOMY 3aKOHY. Beruuunvl oagrenuil
3a6UCAM OM NAPAMEmpos Onop U paccmosinus 00 3a60s. Yumeno nosviuieHue
83AUMOOCICMBUSL MOPYEBbIE YACHEU C UePOXO8AMOCMAMU KPOGIU, 8bl3blEAIOUUX
ux uznoc u zamynienue. IIpeonodicenvt HOBble dJeMeHmMbl K Cucmeme pacuema
HA2PY30K ¢ NPUMEHEHUEeM MEXHOA02UU OUHAMUYEeCK020 npocpammuposanus MS
Adams. Tloxazano: mpex3oHaIbHAsL CXeMa ONOPHBIX INEMEHMO8 Ol 00BEMHO20
83AUMOOCICINBUSL MONCEN BBIPOHCOAMBCSL 8 O8YX30HAIbIHYI0. Modenuposanue ceszell
onop u ¢ nopooamu wapnupamu Translational joint, Culindrical joint, Parallel joint
NO360IUNO YHeCHb PeanbHOe 63AUMOOCUCMEUE C WEePOXO8AMOT KPOBel 8 OMIUYUL
om cxem CO CHIOWHBIM KOonmakmom. Paspabomannas memoouxa nozsonsiem
yuecmvb U MOMEHN, K020a Onopa poboma 6x00um 6 30Hy CGeHce20 OOHAICEHUs, d
NePEeKpbimuUe HA2PYICEHO YIAHCe OMOCTUBUUMCS U CMEWAIOUWUMCST OIIOKOM KPOBTUL.

Knioueswvie cnosa: ypasuenuss, OUuHAMUKA, HAZPYHCEHHOCHb, OROPA, POOOM.

Beenenune

CoBpemeHHas Kpenb uMeeT 24 naTuuka ONpeleaIoUIuX HAarpyKEHHOCTh €€
3JIEMEHTOB U BO3MOKHOCTH IPOTrPaMMHOI0 yIpaBiIeHUs Npu ABMKeHUU. IIpu 3Tom
obecreynBaeTcsl MAHEBPUPOBAHHUE CEKIUU I pa3BOPOTOB 320051 mpu 0b6xoje
re0JIOTMYECKUX HapyLIEHUH U NEpexojax Ha HOBBIM ydacTok [1-3]. Dto no3sosser
BOBJIEYb B JJOOBIUY CIIOKHO3AJIETAIOIIME 3a11aChl MUHEPAJIOB, KOTOPBIE /1JIs YIJIsl HE MEHee
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JOOBITHIX. BBIBaJIBI TOPOJT M3 KPOBJIH U OTXKHUM YTl ¢ TPY/IU 320051, YCHIUBAIOIINECS
IIPY BCTPEYE C F€OJOTMUECKUMH HApyIIEHUSIMHU, CO3JAI0T OINACHOCTh IIEPCOHAILY
U MPUBOJAT K OCTaHOBKE paboT. YIpaBieHHE 3TUM 3aBUCUT OT OCOOCHHOCTEH
(opMHpOBaHUs HArPY3KH HA Kpelb. Y CTAHOBJICHO, YTO Ha HEE BIUSAIOT 0COOCHHOCTH
LIEpPOXOBATOCTH [IOBEPXHOCTHU KPOBJIX, TAPAMETPhI OTIOPHOT'0 KO3BIPbKA U IIEPEKPHITHS
cexuuu. 11lepoxoBaTocTH MOBEPXHOCTH KPOBJIU COCTOSIT U3 BIAAWH U BBICTYIIOB OT
HEPaBHOMEPHON 00pabOoTKH 3a00sI ITHEKOM KOMOAaiiHa M HAKPaAbIBAIONIUXCS HA HUX
BBIBAJIOB U3 KpoBJIM. HarpyxeHHOCTB ompejensercs: paclupeaeIeHueM aBIeHUs
10 ITOBEPXHOCTU KOHTAKTA ONOp C IOPOAAMH, YTO CO3/AET PEAKLUUHU B HIAPHUpAX
PBIYQKHOW CHUCTEMBI KpeNnH U HapspKEHHO-Ae()OpMUPOBAHHOE COCTOSHHE JleTaliei
(HAC), onpenensroniee 30HbI, MaKCUMaJIbHBIX Ae(opmanuii u uznoca. Komruiekcuoe
BO3/ICHCTBHE HAa KPOBIIIO ONOP U CABMKEHMS [IOPOJ] HA KHHEMAaTUYECKYI0 CUCTEMY CEKLIUU
JI0OCTaTOYHO HeusyueHHoe. U cBsizaHO ¢ TeM, 4TO KpOMe 3HaHUs O pacHpelesICeHUsAX
JIaBJICHUH B 30HaX B3aUMOJEHCTBUS, Harpy>KEHHOCTh METAJUIOKOHCTPYKLUU CHJIBHO
3aBUCHUT OT KHHEMATHKH COEJMHEHUS phIYaroB. T.e. KOHCTPYKIUS KPENH CYIIECTBEHHO
BIIUSET HA HAIPSDKEHUS B JeTalsaX. M1 B 4aCTHOCTH, HA JIEMHUCKATHBII MEXaHM3M,
CBSI3BIBAIOIIUI OTPAXKICHIE U OCHOBAHHE CEKIIMU. Y IPABIICHUE CEKIUEH Kak poO0OTOM,
OIpeeNsieTCsl POrPaMMHBIM 00eCIIeYeHUEM KPEITH M BaXKHBIM €€ HJIEMEHTOM SIBIISCTCS
BO3MOKHOCTb MJICHTU(UKAIIMH COCTOSIHUS 320051, yrpasisieMoro onopamu. [lepeapmxka
Ha 320011 CeKLIMU KPemnu JUIsl yITy4YIIeHUs] COCTOSHUS 320051 MOXKET TPOU3BOIUTCS U IIPH
COXpaHEHUsl YaCTUYHOIO pacropa ruApoCTOEK, KOrJa HarpyXEHHOW ocTaércsl B
METaJUIOKOHCTPYKIUS cekiuu. B 3aBucumoctu ot ocobennocreir HJ{C, mporpammuo
MO’KET IPUHUMATHCS PELIEHUE O BUJIE NIEPEABMKKY CEKLIUI: [TOCIEA0BATEIBHO OHA
3a Ipyroi, OJHOBPEMEHHOM B LIaXMaTHOM HOpsiIKe 0€3 COXpaHEeHHUsl pacropa U Mpu
€r0 YaCTUYHOM COXPAHEHHUHU.

MarepuaJjbl 1 METOIBI

OcHOBaHbI HAa CUCTEMHOM aHaJHM3€ B3aUMOJCHCTBUS, BbIOOpEe U 00OCHOBAaHUH
CIOCOOOB, YYUTHIBAIOLINX CTATHYECKOE U IMHAMUYECKOE CMEIIEHHUE TOPO]T Ha CEKLIUIO.
MHOroTenpHOCTh CUCTEMBI ONPEAEISAI0OT MCIOIb30BAHUE METO/A JUHEApU3aluu
yYpaBHEHHI TUHAMHUKH, KOTOPBIH MIMPOKO mpeactasieH B MS Adams, HO Hy>kaaeTcs
B TIIATEJIbHOM BBIOOPE CXEM HAarpy>KeHHs M 00JIACTH HCIIOJIB30BAHMS MOJEINEH,
IIOCKOJIbKY B IIAKETE UCII0JIb3YETCSI JIArpaH)KUaH Teopuu Jiliiepa — JIarpanxka, KOTOpBI
JIOJDKEH MMETh IPOU3BO/IHBIE BTOPOTO MOPsIJIKA C MEXaHUKOH 0e3 pa3phIBOB. PacueTHas
cXeMa BKJIIOYaeT IacT, 32001 HajJ KOTOPHIM 3aBUCAET MOPOJia HEMOCPEICTBEHHOM
kposiu (HK). E€ noanepxuBaioT onopsl U nepekpuITHe ceKiuu. Pacop ruapocroex
nocruraet 1800 xkH u B 30He TOpI1a OITOP NPOUCXOIUT CABUT, BHI3BIBAIOLINI TPEIIMHBI,
HalpaBiieHHbIE BBepX. OHU BO3HUKAIOT U B 30HE onopHoro gasieHus. Cioun OK
Harpy>keHbl OTHOCUTEJIBHO PAaBHOMEPHO, IIO3TOMY MX pa3pyIllEHUE MPOUCXOIUT OT
u3ruda B 30He, I71€ TOPU30HTAIBHBIC HOPMaJIbHBIE HAPSHKEHUS IOCTUTAI0T MAKCUMYyMa
(pucynok 1). Eciu miact y 3a60s1 TpelIMHOBAT B pe3yibTare ACHCTBHS OMOPHOTO
JIaBJICHUS], TO OH MPOCEAAET, M U3rHOHasl TpEeIMHA BO3HUKAET B ri1yOunHe 3a00s. OHa
HanpasJieHHa OoT BepxHero koHTypa OK BHM3 Kk 11acty. 3ateM oHa nnepexoaut u Ha HK.
Boznukmmii 610k u3 HK 1 OK (BHO) moxet umets popMy npsMoyroiabHOH 00paTHOM
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Tpaneuuu. OH HAarpyxaeT HEpeKpbITHE POOOTAa U HAKIOHSAETCS B CTOPOHY MOYBHI
BBIPAOOTaHHOTO MPOCTpaHCcTBa. ITH npoueccsl u onpenensaor HAC u ocobennoctu
pabotel podota. Tak 3a onopoit HK, u3 — 3a cuiibHOI TpEeUMHOBATOCTH, 00OpYyIIaeTcs
cpasy. Ilopoxsl xe, 3aseratomue Boiie cinoeB OK BIIOTH 10 36MHOM MOBEPXHOCTH
(K3II) mnaBHo (0e3 paspyuieHus) onyckatorcs Ha oOpymenHsie nopoas! (OIT). Otu
(akTOpHI MO3BOJISET CO3/1aBaTh MPOTPAMMBbI OTCIICKUBAHHS MPOLIECCOB CIIBUIKECHHUS
U OOpyIIeHUs KPOBIIU Ipu ABMKeHuU 32004 [2, 4]. BHO e nocne popmupoBaHus,
SBJIIETCS OCHOBHBIM B (D)OPMHpPOBAHUHM HArpy3ok Ha cekuuu kpemu. M 3to Oyner
IIPOIOJIKATHCS JI0 TEX MOP, 0K CEKLMS HE BbleieT 3a peaeisl JuinHel BHO n HauneTcst
dopmuposanue cineaytomero bBHO, (pucynox 2).

Pe3yabTaTsl M 00Cy:KI€HUE

Pacnipenenenue Harpy3Ku OT KpeIy Ha KPOBIIIO 3aBUCUT OT YCJIOBUM B3aUMOZCHCTBUS
ONOPBbI C KPOBJIEH U OIpenenseTcs, M0 BepOATHOCTHOU oleHke, [5, 6]. LllaxTHbie
9KCHEPUMEHTHI TTO3BOJIMIM PACCMOTPETh HOBBIE cXxeMbl. Panee B [7] Obuia ommcana
CXeMa pacuera B3aUMOJEUCTBUSA KPOBJIM U IEPEKPBITUU U1 YCIOBUH, KOIJa UX
BCTpeYa IIPOUCXOUT B CIIy4alHO PACIIONIOKEHHON 30HE U BEPOATHOCTH TAKOW BCTPEUYU
OJIMIHAKOBA JUII BO3MOKHBIX Y4acTKOB. Ho HaMu ObLIO YCTAaHOBIICHO, YTO OHA JIOITYCTHMA
npu K > =0, 3, rie K, - (oTHOLIEHME HAPYMIEHHOM IUIOMAIM KPOBJIU K 00umei). Ilpu
LIEJIOCTHON K€ KPOBJIE, XapaKTEPHOU ISl COBPEMEHHBIX JIaB UMEIOT MECTO JIpYrHe
3aKoOHOMepHOCTH. J{11s1 kpenu «I TMHUK» - cXema B3aUMOAECUCTBYS C KPOBJIEH BKIIIOUAET
NEPEKPBITHE U KOHCOJIBHYIO OIIOPY € ruAponaTpoHoM. OHa MOKET B3aUMO/IEHCTBOBATh
B 30HAX C PACCTOSIHUEM OT 32005 KpaTHBIM 3aXBaTy KOMOaiiHa. Y CTAaHOBJICHO, YTO JUTMHA
ko3bIpbKa i kperneit Tama OKII 70 nomxaa 06Tk He MeHee 1100 MM, Tpu 0 AMHAKOBOA
ero 3a00iiHOI U 3aBasIbHON YacTH. ECIIM 3TO HE BBINOJIHUMO U JUIMHA 3a001HOM YacTH
6osble, TO €€ MOAEPKUBAIOT THAPOIATPOHOM. DTO OOBACHAETCS TEM, IIar BHICTyIA
WJIN BIIAQJMHBI IIEPOX0BATOCTH paBeH 0.5 M — 3axBaTy KomOaiiHa, ¥ OT IapHUPA OIIOPbI
C3aJ1 U CIIEpEeId OHU JOJDKHBI pacrojaraTbCs 10 0OJHOMY. Y CTaHOBJIEHO, YTO 30HaX
KOHTAKTa JIEHCTBYIOT CUJIbI PEAKLIMH U JUIS pPacueTa MX 3HaUE€HUI IPUMEHSIOT YPaBHEHHS
paBHOBecHsl. CxeMbl pacueTa UCXOIAT U3 PABHOM BEPOATHOCTU PACIPENEICHUS 3TUX
30H IO JUIMHE, HO MOTYT UMETHCSI IPEUMyIeCTBEHHbIE 30HbI (O3), n3-3a BBHICTYIIOB U
BIIAJIMH OT LIHEKa, PUCYHOK 1. Beicota h  yronm Hakiona y HOBEpXHOCTEMN BBICTYIIOB
OIIPE/ICIIAIOTCS He MeHee YyeM 9 cirydaitHbIMU (hakTopaMu (HaKJIOHOM Ha 3a00# KomOaiiHa,
HETOYHOCTBIO YCTAHOBKHU PYKOSITH U KOpITyca KoMOaiiHa, HepaBHOMEPHBIMHU Harpy3KaMHu
Ha IIHEK OT CONPOTHUBJIEHUS PE3aHUIO U I0JIauH, IONEPEYHBIMU U IIPOJIOJIBHBIMU
CMEILEHUSIMHU PEIITAKOB BbIBAJIAMH IIOPOJ, U Ap.) I03TOMY PACIIpeIEIEHUE TapaMETPOB
LIEPOXOBATOCTU UMEET HOPMAJIbHBIN 3aKOH. [{J151 BCEX TUIIOB IIEPEKPHITUI U KO3BIPbKOB
BBISIBJICHO SIBHOE IMOBbINIeHHE KonudecTBa O3 Ha ux koHuax [8]. Ilpuunna storo B
TOM, YTO KOHI[bI ¢ OOJIBIIEH CKOPOCTBHIO MPOBOPAYMBAIOTCS IOCJIE BOSHUKHOBEHUS
HNEPBUYHOTO CIIyYallHOIO KOHTAKTa, YTO M IpeIoNpesesieT ux 0ojee BEPOATHYIO
BCTpedy ¢ Kposieil. [llaxTHble HaOMI0IeHHS TOKA3bIBAIOT, YTO OTKJIOHEHUE HIMPHHBI
HENOJEPKUBAEMON MIOJI0CHI KPOBJIX OT IPOEKTHOM B CTOPOHY YBEJINYEHUS BBI3bIBAET
BBIBAJIOOOpA30BaHUE M OCTAHOBKY paloT. [IpHuuHBI MOBBIIICHUSI 3TOTO MapaMmerpa
TNOKa3aHbl Ha pucyHke 1. K HUM OTHOCATCS HEOBMKKA KOHBEHeEpa K 320010 O M3-
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3a He MOJIHOM MOTPY3KH YIS, «CTYINEHEK» B IOYBE U AYrOoOOpa3HOCTH CaMOro 3a00sl.
8, ONPENENSETCS IOABMKHOCTBIO MEXKPELITAYHBIX CBA3EH PEIITAKOB M BO3MOKHOCTH
YAEpPKaHUs CTaBa OT CMeILleHUs. [103TOMY B HOBBIX KOHCTPYKLMSAX CO31aETCS CBA3b
MEXy CTaBOM KOHBEMepa U OCHOBAHMSMU CEKILUM KpeIu, 3a CYeT T’HIPOJOMKPATOB.
Ho 3T0 He OTHOCUTBCS K CXeMaM, KOrja UMeeTcs MOrpy3uuKk Ha kombOaiine. Tak B
CILIA umeroTcs pa3pabOTKU ¢ 3aXBaTOM KOMOaliHa Ha T'yCEHHYHOM Xoay A0 1, 5 M, a
IIOTPY34YHUKOM yToJIb TPY3UTCs Ha JIEHTOYHBII IOBOPOTHBIN KoHBelep. Crenyromieit
NPUYMHOMN SIBIISICTCS YIJIOBOE CMEIICHHE KoMOaiiHa Ha 3a00if M3-3a CMELIEHHs €ro
LIEHTpPA TSHKECTH K IUIACTY:

0,=K-m_  =m-sina; (1)

K=K, K, (2)

rae K-xoa¢dunuent nponopunoHaibHOCTH;

m - BBIHUMaeMasi MOLIHOCTb IUIacTa.

K, CBA3aH ¢ 3KCLEHTPUCUTETOM LEHTPA TSHKECTH KOMOaliHa OTHOCHTEIBHO
IPOJIOJILHOM OCH KOHBEHEpa U XapakTepUCTUKAMU MOYBbI Iuiacta, K, 3aBucut ot
TEXHOJIOTMH PaboT, Tak JUs JIaBbl, paboTaromei o npocrupanuio K, = 1, mo Boccranuo
K, <I, mo nagenuro K > 1. Beenen n mapamerp 8 KOTOPBIA 3aBUCHT OT TEXHOJIOTHH
pab6ot. Tak, 1 MOYBOYCTYIMHOM BBIEMKH I0JIOCA HE MOJAAECPKUBAEMOM KpPOBIU
YBEJIMYMBAETCS HA MIMPUHY 3axBara b, a Juis npsmonuHeinoro 3a60s 6 = 0. Omxum
YIJIsi, CO3/1a€T 3a30p O . IMeeTcst M CllydaiiHbIi 110 BEMYHMHE 3a30p OBB, 3aBUCALIMM OT
0COOEHHOCTEH B3aMMOJIEHCTBHS KO3BIPBKOB € KpoBJieH, (0> 8, > L), rae L- paccrosnue
0T 3a00HHOT0 TOPIIA 710 HIAPHUPA KO3bIpbKa. BKIIIOUEH 1 3a30p, BHI3BIBAEMBIN TPOUUMHU
NPUYMHAMY 8 W HOMHMHAJIBHBIN 3a30p MEXKy KO3BIPBKOM U IPYIbIO 32005 O

5HK:K.m+5T+5BB +5H+50+§HKB+5H (3)

d_ - IPUHMMAIOT HA OCHOBE SKCIIEPUMEHTAIILHBIX JJAHHBIX MIIM HA OCHOBE PACYETHBIX
MeTon0B. IlapameTp 8 3aBHCHT M OT KyJbTYypbl 00CIYXKHBAaHHA. O YYUTBHIBAET U
OTCTaBaHME KPEIH, KOTOPOE MPOUCXOAMUT BO BCEX 300X U YMEHBIIUTH €r0 MOXXHO
i poboToB. Eciin pexxuM nepenBrxKKU OyJeT TaKOB, YTO KOHCOJIbHBIE KO3BIPHKU
YOUPAIOTCs B BBICTYNBI HaJ LIapHUpaMH (IIPEUMYILIECTBEHHBIE 30HBI KOHTAKTa)
TOTJ]a BO3HUKAIOT OOMmIMpHBIE 0OHAaXKeHus 10 1,2 M, 3anumaromue 10 30 % miuHbI
naBbl. MI3MEHUTH 3TO MOXHO MOAIOPOM KO3BIPEK TMIPONATPOHOM C Pa3pyLIEHHEM
BCTPEYAIOIINXCS BBICTYIIOB TOPIOM KO3bIpbka. OCOOEHHOCTH pacueToB Oblia
npuBeZeHbI B [8], pucyHOK 2. BeposTHOCTH B3aUMOACUCTBUS JUIS 1-T'0 y4acTKa:

- 24 (i — k)
) — A k) [x, A n)od @
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P. paccunthiBaeTcs npu k-m HadansHol O3, KOTOpas NPOMCXOIMT CIIy4alHO
¥ BO3MOXKHA Ha JIIOOOM y4acTKe KOo3bIpbKa. 3ateM P, OepyT Kak CPEIHIO M3 BCEX
BO3MOXHBIX citydaeB. ns ciydas: AK <=xy u i> = K

P.=0. Havanbnbie O3, mpoucXoasIue CIy9aiHo T0/DKHbI ObITh YYTEHBI IS BCEX
ciay4qaes. [Ipu AK > x, popmyna rakosa:

247K —i+1]

T x,2AK —x, + A) ®)

@opMyJBl pacCUMTAHBl U3 YCIOBUSA pa3OHeHUs ONMOPHOI MOBEPXHOCTH HA paBHBIE
untepBaibl. Bozmoxkueie O3 nerko umutupoBaTh Ha [1IK. 3T0 mo pucyHky 2 mpou3BoguTcs
pacueToM 3Ha4YeHUH pH i=1 BeposTHOCTEH B3aMOoIecTBH y4acTKoB s Bcex K ot 1 o L/A.
ITpu sToM yunteiBaem, uro aist KA < x n i< K Bepostaoctu Hynesbie. lanee 3anaercs K=2,
3areM K=3 u T.1. W paccunThIBaeTCs CpeaHee. YUTeM, YTO PACCMOTPEHBI OJJHOCTOPOHHHUE HE
paBHOBeposTHBIe O3, Tpu 3TOM HadaabHbIe O3 paBHOBEPOSTHEI.

K3n
hno-gedopmMaLmsa nnaBHOro onyckaHus

—

\

3oHa nonepeyvyHoro

—e— e e e e e e e e e e e e e o =

hs — gedopmaumsa BCcny4ymBaHms

Pucynok 1 — PacueTnas cxema [y onpeieieHust mapaMmeTpoB
IIEPOXOBATOCTH U HATPYKEHHOCTHU CEKIMH PodoTa
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VY4er He paBHOBEPOSITHOTO B3aUMO/IEHCTBUS MOBBILIAET KoaudecTBo O3 Ha Toprax
OIIOPHBIX 3JIEMEHTOB, U BBI3bIBAET UX 3aTYIUIEHHE, YTO IIOATBEPKIEHO SKCIIEPUMEHTAMU.
Oto yuteno B (1). [lepequuii Topen npu nepenBuKKe pa3pylliacT yrojJbHY0 MauKy,
OCTaBJIIEMYIO IIEPE]] HUM IIPU HEYCTONUMBOM KpoBiie. OH BBINOIHSETCS 3a0CTPEHHBIM,
U TI03TOMY €r0 He0OXOAMMO YIPOUHSTh, TH00 CHA0XKaTh CMEHHBIM HAKOHEUHUKOM.

B mutockoM pelieHun omnopHbIX 30H /IBE, @ B 00BEMHOM 3.

OTO CyLIECTBEHHO U3MEHSET CXEMBI pacyeTa B3auMOJIECHUCTBUS KPEIU C KPOBJIEH.
Hama mMeTonuka mo3BOJISIET ONPEAEINTh JUIMHY NMPpH3a00iMHON M HEMoIKperIeHHON
30H. C yyeToM cxeMbl Ha pUCYHKE | MOXXHO ONpeAeTUTh MOMEHT OTJEJICHUs OJIoKa
HEIOCPEICTBEHHON 1 OCHOBHOM KPOBJIM M pacCuuTaTh Harpy3ku Ha O3 onop ¢ KpoBJei
UCXOJI U3 KHHEMATUYECKOM CXEMBI KPEIU, UMEIOLIEN JIEMHUCKATHBIM MEXaHU3M, IIPU
3aJJaHHOM PacIiope U CONPOTUBIICHUH TUIPOCTONKHU. [IpuMenennem Adams TEXHOIOTHN
CBSA3M OINOPBI C KPOBJIEH B YKa3aHHBIX 30HaX YJA€TCS CMOJEIUPOBATH BOCIPUITHE
Harpysku ot otaenusuierocs 61oka BOH, kotopslit B O3 MOKET CKOJIB3HUTH IO OIIOpe
C 33JJaHHBIM KO03()(DUITUEHTaMU CTATUYECKOT0 U JJMHAMUYECKOTO TPEHUS U IOJTHOCTHIO
BOCCO3/aTh OCOOCHHOCTH HArpy>KEHUs CEKI[MH KPEIH, YTO PACHIUPSIET BOZMOKHOCTH
metona [9]. O3 u mpockanb3bIBaHUE 3a/1al0TCS C IPUMEHEHUEM CUCTEMBI IIAPHUPOB
tuna Translational joint, Cylindrical joint u Parallel joint B pexxume inline [10]. Mx
pAcIoIOKEHUE MOXKET YYUTHIBATh M OCOOEHHOCTH HECHMMETPUYHOI'O HArpys>KEeHUs
CEKLIUU.

Xk

A
Y

OK

e\ | HK — O |

a) 0)
a) 0)

Pucynok 2 — K pacuery B3auMoielicTBUsI Ha TOPIAX OMOP

Jlnist peanu3aiyy TPeX30HAIBHON CXEMBI CBSI3b C TIEPEKPHITHEM JIOJDKHA OBITH Ha
OCHOBE LIEHTPAJILHOTO IIAPOBOT0 MIAPHUPA, WA IIOBOPOTHBIX 110 KpasM. B nociaeanem
Clly4ae MOXET BO3HUKHYTb aCUMMETPHUs Harpy3ku Ha cexuuro. E€ ymeHblieHHE
JIOCTUTAaeTCsl YBEIUYEHUEM 3a30POB MEXKIY OTBEPCTUAMM U IAJIbL@AMU — OCSIMHU, 4TO
TaK)K€ UMEET U HEJJOCTAaTKU: YCWIUTCA U3HOC UX IOBEPXHOCTEH. YdYeT aCUMMETpUU
BO3MOXEH IMpuMeHeHHeM Adams TEeXHOJOTWHU, PUCYHOK 3. B yacTHOCTH, MOXHO
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MOACIINPOBATH cnyqai/'l, Koraa BSaHMOHeﬁCTBHG NpUACTCA TOJIBKO HAa OAHY U3 CTOPOH
Kpenu, rc CJICAYCT U YCTAHOBUTL CBA3LIBAIOLIUC C KpOBJIeH HIapHHUPHL.

@ Simulation Control

4 =] p|

[ End Time |
prpe— x \— oo
4,% Sim. Type: efaul
Mﬂﬂ gﬂ r Sta‘r/lpat equilibrium
[Eatme e I~ Reset before unning
[stps  l[1s000 [No Debug |
B) I~ Start at squilb g 4 gﬂﬂ ﬂﬂ@
I~ Reset before running g oet
o] ) e ] — ‘ e o
w l"‘*‘ Ba | om | Bl a2
MODEL_1
1.0E+06 —
T B.OE+05 fmrmremsmmsmnms et g g g
E
N O O OO SO FVTPR S s R S Lo s A
£
(0]
e
£ 0.0
—.JOINT_35.Element_Force.X
---.JOINT_35.Element_Force.Y
----- JOINT_60.Element_Force.Y
_5.0E+05 —--.JOINT_60.Element_Force.X
F) 0.0 0.05 0.1 0.15 0.2 0.25 (

Analysis: Last_Run Time (sec) 2023-12-

Pucynok 3 — K pacdery Harpy>KeHHOCTH CEKIIMH poOOTa
MIPH ABIDKEHHUH C Pa3BOPOTOM
a) 1- ciou mopoz, 2, 3 — AOMKpAT U pemrTakx, 4 — TUAPOOIopa, 5 — BCTaBKa JIst
BpalllaTeIbHON CBSA3H KPOBJIH C OMOPOM; 0) acCHMMETpUYHAs CXeMa Harpy>KeHUs
KPOBIIH; B) IOCTYTIATENIbHAS CBSI3b BCTABKH C OITOPOIA;
r) TpaUKH peaKiii B IEHTPAIBHBIX MApPHUPAX
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onopsl 35 u BepxHero peryara 60

CBs3b ¢ KpOBJIEH MOXET OBITh OCYIIECTBIIEHA yepe3 T'PYNIy LIapHUPOB
KOMOWMHUPOBAHHBIX WJIN TUIOCKOCTHBIX C BO3MOKHOCTBIO ITPOCKAJIb3BIBAHHS OIIOPHI U
OCHOBaHUS 110 TPEM OCSIM, YTO IIO3BOJIIET OCYIIECTBUTH UMUTALIMI0 MAHEBPUPOBAHUS
poboTa npu KamepHO# BbleMke. Ero mepemerienne mpoucxoauT NOATSITUBAHUEM K
KOHBelepy (mpeacTaBieH OJuH peutak). CKONIbXEHUE TOCTUTHYTO pa3MEIeHHUEM
BCTaBKH MEXK]y OIIOPOH U TOponoH. imeem CBsA3U MEK Ly CII0EM U BCTABKOM U BCTaBKOM
C OIOpOii, ocHOBaHueM M nouBoi mapuupamu Parallel joint B pexxume inline mo ocu
cekiu.  OcyIecTBIIEHBI MOATATMBAHUE U PAa3BOPOT poboTa. i MosHOro HuKia
pa3Bopota 3a00s, Ha 1800 nanee cienyer 3aUKCUPOBATH CEKIUIO U MEPEIBUHYTh
KOHBEHEp C IOBOPOTOM Ha yToJI O, I1OCJIE YEro BHOBb MOATSAHYTH CEKLUIO. [{MKIIbI
OyAyT MOBTOPSTHCSA JI0 TEX MOP, MOKA He Oy1eT JOCTUTHYT HY>KHBI yroi. [lepenBrxka
OCYLIECTBJIEHA IIPU CMEILIEHUU cJ10sl TopoA 1, Harpyskaroiero onopy. IIpeacrasiensl
rpadUKy yCHIINH 110 OCSM B IIAPHUPaX OMOPHI 35 U JIEMHUCKAaTHOM MEXaHU3ME BEPXHETO
pbryara 60. Cxema IpuBOAUT K HEKOTOPBIM HAaKJIOHaM OCHOBAHMSI, YTO IPUHLIUITUAIIBHO
HE CKa3blBaeTCs Ha BEJIMYMHAX peakuui. (s onTuMu3anuu cXeMbl BEC BCTaBKU
JOJKEH OBITh MUHUMAJbHBIM. [IprMeHeHbl KOMOMHAMM U MPOCTHIX IIAPHUPOB:
BCTaBKa cBsA3aHa ¢ mopoaoil Translational joint mnu Cylindrical joint, c npumeHeHnem
BpalllaTeIbHOI0 BEPTUKAIBHOIO IIAPHUPA, a BCTABKA C OIIOPOM KaK B IIEPBON CXEME,
pucyHoK 4. B 3TOM ciyyae MOJy4YWIIM MOJHYIO aHAJOTHIO JABM)KEHHUS 0e3 HakiIoHa
OCHOBAHMS, MMO3UIHA a), BEIMYUHBI yCUINH Oau3Ku T). [IoHIATEH U CKavyoK CKOPOCTH
JBIDKEHUS poO0Ta B HAYaJIbHBII MOMEHT, 33 CYET CPbIBA U3 HEMOABHYKHOTO COCTOSIHHUS.
B o0enx cinyyasix He CMOTpsl Ha Harpy3Ky OIoOp, YCHJINE MepeaBrmxku podorta B 400
kH okazasiocs qoctaTouHbIM. B iepBoM citydyae Harpy»K€HHOCTb CEKLIMU IIPOUCXO0MIa
OT JIBYX CJIOEB, a BO BTOPOM - OJHOI'0, HO YCWJIME Ha TUAPOCTOMKY OIpPEEsIach B
1500 xH, uem nocturanach UMUTALUS cpabaThIBAHUS PEIOXPAHUTEIBHOTO KJIalaHa,
[I03TOMY IPAaKTHUYECKH HArpy3ka Ha OIOpY — KO3BIPEK NMPAKTHUUECKH HE MEHSIACH.
3arem ycuiue cpabaTbiBaHMA KianaHa OblJI0 YMEHBIIEHHO B 2 pa3a, Kak M 0’KU1aJI0Ch
yCUJIMe B HIapHUpe 35 NponopuuOHAIBHO CHU3WIOCK. [IpsimMoiinHeiiHOe ABUXKEHUE
CEeKIMH JJOCTUTaeTcs U 6e3 BCTaBKH, MO3UIMS B), TpaduKH yCUIIU U ckopocTH 1). Bo
BCEX CXeMaxX MPUHIMIIHAIBHBIX OTJIMYUNA B YCHIUSAX HE 3a()MKCHPOBAHHO, XOTs MPHU
IIOBOPOTE JIMHENHASA CKOPOCH BBILIE MPSMOJIUHENHOTO IBUYKEHMSL, YTO BIIOJIHE JIOTUYHO.
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PucyHok 4 — MaHeBpHpOBaHHUE 110 cXeMe 2
a) BuJ cOOKy, 0) BUJI B IUIaHe, B) TpauiKk HArpyKEHHOCTH
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BoIBOBI

[IlepoxoBaToOCTh KPOBIM U3MEHSET B3aMMOJEHCTBUE C ONOPHBIMU 3JIEMEHTAMH,
nepemeniaronierocss poo6ora. Pa3paboTaHbl CBsI3U ONMOP € KPOBJICH U IMOIYUYEHBI
JUHAMUYECKUE MOJENU IBHKEHUS poOOTa MPH CMEIIAIOIENHCs KPOBJIE U CEKIUU
II0J1 HArpy3KOW TUAPOCTOEK MPHU MPSMOJIMHENHOM JBM)KEHMM U MaHEBPHUPOBAHUM,
YTOYHEHBI CIIOXKHBIN CIIydau IPU PE3KO HE CUMMETPUYHOM HArpy>XEHUHM CEKLUH 3a
CYeT IIPUMEHEHHUS [TOCTYNATENIbHBIX IIAPHUPOB, CBSA3BIBAIOLIMX ONOPHBINA JIEMEHTHI
CEeKIMH ¢ TIOYBOH M cMeIaronmmMes 61o0koM nopoJ. [lomyueHo BeipaskeHre pacuera

JUIMHBI T10JI0CHI KPOBJIMU JUIsl COBPEMEHHBIX TUIIOB KPEINH, YUYTEHO IOBBIIICHHUE
KOHTaKTUPYEMOCTHU TOPLIOB OIIOP, IPUBOALIEE K X U3HOCY. [lokazaHo, 4TO Ben4MHa
yeunust 1o 400 kH nocratouna aiis nepemenieHus podoTa Mpu YaCTUYHOM U TIOJTHOM
pacrope ruApOCTOUKHU.
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MEXAHUKAJIAHABIPBIUIFAH TIPEKTEP/IIH OPECKEJI
KPOBJISIMEH O3APA OPEKETTECYIH ECEIITEY

beximy cexyusci - baz0apramanviy, backapwiiamein pooom. OHbly dcyKmemeci
— MAwuHaubl MaHegpieyee JCoHe KeHHcapowbly mypaKmulibleblH KaAMmMamacsl3
emyee apHaneaw couxecmeHoipy xpumepuui. JKykmeme owuwiy mipexmepi MmeH
poiuaz OybIHOapuiHbly Oemine KblCbIMHLIY MApPAIybl peminoe JHCyUeHiy KepHeyii
oeghopmayusnanean Kyuin anvikmaiiovl. Onvly napamempaepi Kposisioblly HCbLIACY
mypimen 0e anvikmanaosi. Pobom mipexmepine KblcbiMObl ecenmey epexuienikmepi
KOMOAiHMeH KeHdcapobl OHOeYOeH JIcoHe KAalblnmuvl 3aned colkec 0OniHyOeH
Kedip-0youipaapobly opHanacyvbina bainanvicmel 3epmmendi. Kvicvim wamanapot
mipexmepoiny napamempuepine dHcoHe KeHicapaa Oetinei KaublKmvlKKa OQi1aHbICTN.
Onapoviy yumapulHbly KPOSISHLIE Kedip-0yOblpiapblMen 03apa opeKemmecyiniy
Jrc02apuLIAYbl eckepinedi, COHObIKMAH 01ap mo3aobl JcoHe KyHeipmmenyineoi. MS
Adams naxemin ounamuxanvlx, 6a20apaamanay mexHoI0SUACHIH KOI0AHA OMbIPbIN,
JHcyxmemenepoi ecenmey dicyliecine dtcana daemenmmep ycvinvliovl. Kepcemineen:
KOIeMOIK o3apa dpexemmecyee apHaiean mipex d1eMeHmmepiniy yuw aumMakmoix
cxemacwl exi aumakka aunanyvl mymxin. Translational joint, Culindrical joint,
Parallel joint 6yvinOapvimen mipekmep MeH JICLIHbICMAPMEH OAUIAHbICMAPObL
MoOenvboey Kammul KOHMAKMILL cxeManapea Kapasanoa epecKen KposisiMeH HAKMbl
o3apa opexemmecyoi eckepyee MyMKiHOiK 6epoi. O3ipnenzen o0ic pobommuiy mipezi
JHcana ocep emy anumazsvlHa eHemin CoOmmi eckepyee MYMKIHOIK Oepedi, an elew
Ka3ipoiy 63iH0e DONIHEEH HCOHE HCHLINCHIMANbL WAMBID ONOSLIMEH JHCYKMENEEH.

Kinmmi ce30ep: meyoeynep, Ounamuxa, scykmeme, mipex, pooom.
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CALCULATION OF INTERACTION OF MECHANIZED
SUPPORT LEGS WITH ROUGH ROOFS

A section of the support is a program-controlled robot. Its load is an identification
criterion for maneuvering the machine and ensuring the stability of the face. The load
as a distribution of pressures on the surface of its supports and arm joints determines
the stress-strain state of the system. Its parameters are also determined by the type of
roof shear. The peculiarities of the calculation of pressures on the robot’s supports
depending on the location of roughnesses from the processing of the face by a
combine harvester and distributed according to the normal law have been studied.
The values of pressures depend on the parameters of the supports and the distance
to the bottom-hole. Increased interaction of their end parts with roof roughnesses
causing their wear and blunting is taken into account. New elements to the system
of load calculation with the use of dynamic programming technology of MS Adams
package are proposed. It is shown. a three-zone scheme of support elements for
volume interaction can degenerate into a two-zone scheme. Modeling of connections
of supports and with rocks by Translational joint, Culindrical joint, Parallel joint
allowed to take into account real interaction with rough roof in contrast to schemes
with continuous contact. The developed method allows to take into account the
moment when the robot support enters the zone of fresh outcrop, and the slab is
loaded by the already separated and shifting roof block.
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OlPELQEJIEHUE NMPO4YHOCTU MPC U KPAH-BAJIKA
C ONMTUMU3NPOBAHHOU CEEOMETPUEN

AxmyanvHocme  ucciedosanusi 00ycio6ieHa pacmywumu mpedoeanuimu K
MOYHOCMU U Kauecmsy 06pabomxu demaneli 8 MauUHOCMpPOEHUU U CIMPOUmenbcmase.
Cmambus nocesiwena uzyueHuro 803MONCHOCU NPUMEHEHUs. Memood KOHEUHbIX
anemenmog (MKD) ons onmumuzayuu KOHCMPYKYuil MEMALIOPENCYWUx CMaHKo8 u
CmMpoOUmenbHo20 060py00B8aAHUs, 8 YACIMHOCTU, KDAH-OAIOK.

B pabome nposedenvi pacuemvi MmemoOoM KOHEUHLIX DAEMEHMO8 O0JiA
PA3TUYHBIX 2e0MEMPUil CMAHUH KPAH-0ANI0K U CIAHUH MeMALI0PENCYUUX CIMAHKO8.
Ilposeden ananusz deopmayuu, HanPsICEHUS U HACMOMbL COOCMBEHHBIX KOLEOAHU
Koncmpykyuti. Pezynomamul  nokazanu, umo npumenenue MKD nozeonsiem
OYeHUMb NPOYHOCHb U HCECMKOCMb KOHCMPYKYUL, BbISAGUMb 30HbI NOBIUEHHbIX
HANPAJICEHUTl U ONMUMUUPOBAMb 2€OMEMpPuio  Olisl NOGbIULEHUS. UX Hecyujell
cnocobnocmu. Ocoboe HUMAHUE YOeNeHO UCNONb308AHUI) HOBbIX MAMEPUANO8 U
KOHCMPYKMUGHbIX pewienuil. Tax, 6bl10 paccmompeno npumeHeHue noiumepoemona
8 Kauecmee Mamepuana OJis U320MOBNeHUs. CMAHUH MEMALIOPENCYUUX CIMAHKOS, a
Makdice UCNONb308AHUE pebep HCeCMKOCIU ¢ NEPEMEHHBIM UA20M OISt NOBbIUUEHUS
APOUHOCIU U HCECMKOCIU KOHCIPYKYUIL.

Honyuennvie pesyrivmamsi nNOOMEEPHCOAIOM IPHeKMusHOCmb NpPUMEHeHUs
MKD ons onmumuzayuu KOHCMpYKYuil CManKog u CmpoumenbHo2o 060py008aHUs.
Paspabomannvie na ocnose MKD modenu nosgonswom nOGbiCUMb MOYHOCHb U
HaoesHCHOCMb pabomvl 000pPYO08aAHUs, CHUZUMb MAMEPUATOEMKOCHb U 3AMpPambl
Ha npou3800Cmeo.

Kniouesvie cnosa: MKD, onmumusayus xoncmpyxyui, MPC, xpan-6aixu,
noaumepobemon, NPOYHOCMb, HCECMKOCNb.

Beeaenne

bricTpoe pa3BuTHE MAIIMHOCTPOCHHS M CTpOUTENbcTBa B KazaxcTane cTaBUT
Bce Oosiee BBICOKHE TPeOOBaHMS K KaUeCTBY U TOYHOCTH ITPOU3BOAUMOM MPOIYKIINH,
0COOCHHO K JUIMHHOMEPHBIM IUINHIAPUYECKUM JeTaisiM. TouHOCTh 00paboTKH
HaNpPSMYI0 3aBHCHUT OT COCTOSIHMS CTAaHKa: €ro >KeCTKOCTH, BUOPOYCTOHYMBOCTH U
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nporu6a. CTaHuHA, OCHOBAaHHE U OTIOPBI CTAHKA UCTIBITHIBAIOT IIPU PAOOTE 3HAYUTEIILHbIE
Harpys3Ku.

B cTpoutenbHON OTpaciau Takke akTyalbHa IpoliemMa KpYMHOrabapuTHOTO
o0opynoBanusi. OHO JJOJKHO OBITh MPOYHBIM, HAJISKHBIM U 0€3011aCHBIM, UTO TpeOyeT
UCIOJIb30BAHUS HOBBIX MaTEpUAIIOB U TEXHOJOrWW. TUIIMYHBIA IIpUMEP TAKOIO
o0opyoBaHusl — KpaH-Oaika, Hecylas 0ajaka KOTOpOH moaBepraercsi HauOobIei
Harpyske.

C pactymumu TpeOOBaHUSMH K TOYHOCTU U HAAECKHOCTU B MAIIMHOCTPOCHHH
u crpoutenbcTBe KazaxcraHa, akTyajlbHOM CTaHOBUTCS 3ajaya NPUMEHEHUS
HOBBIX MAaTEPHUAJIOB M TEXHOJIOTUH I U3TOTOBJIEHHUS HECYLIMX CHUCTEM CTAHKOB U
CTPOUTEIBHOT0 000PYI0BaHMS, TAKUX KaK KpaH-O0aiku u crannHa MPC. Mcnonb3oBanue
noIMMepOeTOHa B CTAHKOCTPOCHUH U CTPOUTEIILCTBE OTKPHIBACT IIIMPOKHE NEPCIICKTUBEI
s co3naHus Oosee 3 PEKTUBHBIX, JOJITOBEYHBIX U HKOJOTHYECKH YHMCTHIX
KOHCTpyKUuH. [IpuMeHeHne KOMIIO3ULMOHHBIX MaTE€pUAJIOB SIBISAETCS aKTyaJIbHOU
3ajaueil, KOTopast I03BOJIUT JOCTUYb IIOBBIIIEHHUSI TOYHOCTH U JKECTKOCTH KOHCTPYKIIMH,
CHHM3HUTh BUOPAIMH U IIIyM, YBEITUUUTH CPOK CITYKObI 000py10BaHHUS.

MarepuaJjbl 1 METOABI

Meton xoHeuHbIX 31neMeHTOB (MKD) mupoko npumeHsieTcs i aHalu3a
KOHCTPYKLIMI B CTAHKOCTPOEHUH U CTPOUTENBCTBE, 103BOJISIS IIOTYYUTh TOYHbIE MOJIEIH
neopmanuii. OnHako, HECMOTPS Ha CBOIO AP PeKkTUBHOCTH, MKD B TekyIieM Buje He
JTAET KOHCTPYKTOPY YETKUX PEKOMEHAALMN 10 YIYUIIEHHUIO KOHCTPYKIMH, a ITOMCK
ONTUMAJIBLHOTO BapUAHTa OIPAaHUUYMBAETCSI BOBMOKHOCTSIMU MHKeHepa. [1; 2, c. 41; 3].

MonenrpoBaHuE€ METOI0M KOHEUHBIX 3JIEMEHTOB II03BOJISET MOIYYUTh JOBOJIBHO
TOYHYIO KapTHHY TOTO, Kak OyJeT neOopMHpOBATHCS KOHCTPYKLUS MOJ HArpy3Koi
[4, c. 12]. OnHako, HECMOTpPS Ha 3Ty To4HOCTh, MKD B OCHOBHOM HCHOJB3yETCS
JUIsl aHAJIM3a CYIIECTBYIOUIEN KOHCTPYKLIMHU, a HE JUIs ee ontuMu3auuu. OH He 1aeT
KOHCTPYKTOPY YETKUX PEKOMEHAALUI O TOM, KaK H3MEHUTh KOHCTPYKIIMIO, YTOOBI OHA
ctana jtyuie 5, c. 14]. JIyumas KoHCTpyKIHst BBIOMpaeTcs Ha ocHOBe npocyera MKD
HECKOJIBKMX BO3MOKHBIX BAPUAHTOB. TEKyIUI IOAX01 K ONITUMU3aLUHA KOHCTPYKLUI
¢ nomo1upio MKD umeer cylecTBEHHOE OrpaHUYEHHE: OH 3aBUCUT OT YEJIOBEYECKOTO
¢axTopa. B peanbHOCTH CyIIECTBYET OIPOMHOE KOJTMUECTBO BO3MOKHBIX KOMOMHAIIIH
napaMeTpoB, KOTOpbIEe MHXKEHEp MPOCTO HE YCIEBAaET MPOBEpUTh. Takum o0Opas3om,
HalJIeHHOE PelIeHnEe MOXET OBITh XOPOIINM, HO HE 0053aTeIbHO CaMBbIM JIYYIIHM U3
BCEX BO3MOYXHBIX.

HoBble 0AX0bl B IPOEKTUPOBAHUU CTAHKOB OCHOBAHBI HA MCIOJIb30BaHUU
NIEPEIOBBIX TEXHOJIOIUH, TaKuX Kak coueranne MKD u MeTonoB onTuMu3anuu, 4ro
OTKPBIBAET HOBbIE BO3MOXXKHOCTHU JUI CO3AaHUsl 00Jee COBEPIICHHBIX KOHCTPYKLUH
[L; 6;7].

OcHOBHBIE TabapUTHBIE Pa3MepPhl METAIOPEXKYIIETO CTAHKA U CTPOUTEIIBHOTO
000pyI0BaHUS 3a/1aI0TCS HA TAle TEXHUYECKOro 3aaanus. OCHOBBIBAsICh Ha JaHHBIX,
IOJIYYEHHBIX NPU MOJEIUPOBAHUU METOJOM KOHEUHBIX AJIEMEHTOB, KOHCTPYKTOD
OIIpeAEIIsAET ONTUMAJIbHBIE Pa3MEPbI HECYIIUX 3JIEMEHTOB CTAaHKA MIJIM CTPOUTENBHBIX
KOHCTPYKUUH. J{J1 3TOro OH NpUMEHSET KaK COBPEMEHHBIE METO/IbI KOMIIBIOTEPHOT'O
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MOJIEJIMPOBAaHMs, TaK U TPaJULMOHHBIE PACUYETHI 110 CONPOTUBIIECHUIO MATEPUAIIOB,
4TOOBI FapaHTUPOBATH MPOYHOCTh M YKECTKOCTh KOHCTPYKIIMU, HEOOXOIUMBIE NI
JOCTHOKEHUS 3a[aHHON TOYHOCTH U MIPOU3BOAUTEIBHOCTH 00paboTKu. [8].

B xo71e BBINOIHEHMS HCCIIEA0BAHUI Ha IIEPBOM 3Tarie ObLT pACCMOTPEH CTaTHYECKUI
aHaJIM3 MaTeMaTU4YECKOI MOJIeNT KOPITyCOB CTAHWH KpaH — OaJIKu METOZI0M KOHEUHBIX
aneMeHToB HHCTpyMeHTOM BETA CAE System, ABAQUS.

[Ipu nmpoextupoBanuu cranuH MPC u kpaH — GajoK B CTPOUTENIHCTBE Oblia
UCIIO0JIb30BaHa MOZIEIIb ONTUMHU3ALMU KOHCTPYKIM, OCHOBaHHAas Ha MeToe J[BuioHa —
®neruepa —Iayssuia, rie 0CHOBAa OrpaHUYEHUN g HTO Ka4€CTBO KOHCTPYKIIUU CTAHUHBI,
KpaH — 6asku (mporu0), a eneBoil pyHKUUEH sBIsIeTCs Macca CTAaHUHBI, KpaH — OaJIKu.
JlaHHBIi MeTOA MO3BOJIMI HaWTH Haubosee 3(h(PeKTUBHOE pelIeHne C TOYKU 3PEHUs
IIPOYHOCTH, )KECTKOCTH U MACChl KOHCTPYKLIUU.

Lenb uccnenoBanus cocTosIa B ONTUMU3ALIMN FEOMETPUN CTAHKA AJIs TOBBILIEHUS
€ro TOYHOCTH U Ipou3BoAuTeNbHOCTH. IlepBasg monens (pucyHok 1), umeromnias
CTAaHAAPTHYIO T€OMETPHIO, OblJIa MOJABEPTHYTA CTATUYECKOMY U TUHAMUYECKOMY
aHAJIM3Y C HAJIO)KEHUEM CHJI TSKECTH, OBUIM IMOJIyYEHBI CIEAYIOIINUE Pe3yIbTaThl:
nedopmarusg o ocu Z (nporud monenu) paBHas 5,54 MM (PUCYHOK 2), a Takke
BHYTpPEHHUE HampspKeHus 1no Von Mises, B MECTe MaKCUMaJIbHOTO POruda, paBHbIE
61,10 Mna (pucynok 3). Pesynprarsl moka3anu 3HA4YUTEIbHbIE JeQopMaIuu U
HAINpPsDKEHHUS B KOHCTPYKIMH, YTO MOKET HEraTHBHO CKa3aThCs Ha KauecTBe 00padoTKU.

YacToTHBIN aHATIN3 CTAHAAPTHON F€OMETPUH U3 CTAIH (PUCYHOK 4) II0Ka3aJl 4To IIPU
yacrore kosiebanuii 1,9 ' B cnencTBue yero Bo3HUKaeET Aedopmarus pasHas 1,61 mm.

Pucynok 1 — Crannapthast reoMeTpus KpaH-0aliku U3 CTaIH
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Pucynok 3 — Hanpspkenus mo Von Mises, B MecTe MaKCHMaIbHOTO Mporuda
IIPU HAJIOKEHUU CTAaTUYECKON Harpy3Ku

Pucynok 4 — YactoTHbIi aHANU3 CTaHAAPTHONW F€OMETPUU U3 CTANIH

Crnenyromast MOZIeNb CTaHKA U3 MOJIMMEPOETOHA C HOBOM reoMeTpHeit (reomeTpust
X), CTaTUYEeCKOro aHajau3a JAHHON MOJENU MPH HAJOKEHUU CHUJI TSHKECTH MoKazal:
MakcuMaibHas nedopmarnus mo ocu Z (mporud mojenu) pasHas 6,81 mm (pucyHoxk 6),
BHYTpPEHHUE HaIpspkeHus o Von Mises, B MecTe MaKCUMaJIbHOTO Mporuda paBHbIE
44,27 MlIla (MakcuMaJIbHOE HaNpsHKEHUE B MECTaX KPEIUICHUsI KapeTKU — JIep KaTess

C Tpy30M) (pUCYHOK 7).
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Pucynox 6 — MakcumanbHas aegopmanus mo ocu
Z xpaH-0anku ¢ reomerpuen X

X

[MPa]

Pucynok 7 — BHyTpeHnHue HanpspkeHus mo Von Mises
KpaH-0aJKu ¢ TeoMeTpuei X
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Pucynok 8 — BuyTpennue HanpsbkeHus no Von Mises
KpaH-0asku ¢ reomerpueit X

YacToTHBIN aHAIM3 MOJIENH ¢ X 00pa3HOi reOMETPHEH MoKa3a, YTO P YaCTOTe
kosiebanuii papHoit 1,7 ', MakcuManbHas qedopmanys B KOHCTpYKIuH paBHa 0,88 Mm.

Mogenb ¢ reometpueit V (pucyHok 9), BBIIIOJIHEHHas U3 MOJUMepOeTOHa,
MIPOJEMOHCTPUPOBAJIa HANMEHBITYIO Iepopmarinio mo ocu Z, paBHyto 3,49 MM (pHUCYHOK
10). MakcumainbHble HanpspkeHHs! o kpureputo Von Mises cocraBuiu 47,22 Mna
(pucynok 11) u Obun 3apUKCUPOBAHBI B 30HE MaKCUMaIbHOIO IPOruoa.

Pucynoxk 9 — I'eomeTpus kpaH-0aaKku U3 CTalM ¢ TeoMeTpueid V

Pucynox 10 — MakcumaiibHas neopmManus 1mo oc Z KpaH-0ajaKu ¢ TeoOMeTpuein
X
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Pucynok 11 - Buytpennue Hanpsoxenus mo Von Mises
KpaH-0aJKku ¢ reometpueit V

Taxoke ObUT TPOM3BEIEH YaCTOTHBIIM aHAIN3 KpaH — OaJIKU ¢ reoMeTpuel V, KOTOphIi

MOKa3aJl, 9TO pH yacToTe Kosebanuii 2,0 ' B crieICTBUE 4ero BO3HUKAET AehopMaIius
paBHas 2,58 MM (pucyHok 12).

pran

Pucynox 12 — YacToTHBIH aHAIIN3 KpaH-0aIKu

»

= 24
<23
<21
<19
. <17
e <15
<13
<11
<09

Pucynoxk 13 — I'paduk yactoT u nedopmanuii 11 Tpex reoMeTpHuil KpaH — Oanku
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Ha pucynke 13 npezncraien rpaguk yacToT U 1edopMaruii A1 TpexX reoMeTpuit
KpaH — OaJKH, TJie HarsIHO BUIHO, YTO HaUMEHbIIas aeopmanus (3eJIeHbIH 1BeT)
U 4acToTa KoJieOaHW! BO3HUKIM B KpaH — Oanke ¢ reomerpueil X, Kak cieicTBUe
YBEJIMYEHA JKECTKOCTh M YMEHbIICH IPOTUO KOHCTPYKIIHH.

Ha BTOpoM sTame mucciegoBaHus ObII pacCMOTPEH CTAaTHYECKHUI aHanIu3
MaTeMaTH4YecKol Mozesn kopiycoB ctaHuH MPC MeTonoM KOHEUHBIX 3JIEMEHTOB
nnctpymentoM BETA CAE System, ABAQUS.

Mopenb cTaHKa BBIIIOJHEHA W3 MOJMMEpOETOHA M OCHAlleHAa CTAaHWHOW CO
CJIOKHOM reomerpueil. IIpumeHenne crupaibHbIX pedep KeCTKOCTU C MEPEMEHHBIM
[1aroM MO3BOJHIIO A(PPEKTUBHO pacHpeAessTh HArPY3KH U CHU3UTh KOHIIEHTPALIUIO
HanpspKeHUH. J{OMOMHUTENbHOE YCHIIEHHE KOHCTPYKIMM OBLJIO JOCTUTHYTO 32 CUET
HCTOJIb30BaHUs MONbIX TpyO. Ocoboe BHUMaHUE OBUIO YJENEeHO ONTHMHU3AINU
KOHCTPYKIIMHU OIOp OajKH, YTO IMO3BOJIMIIO CHU3UTH HANIPSKEHHSI B 30HE COTIPSKEHUS
¢ TymM0aMu, KOTOpbIE BOSHUKAJIH B 3THX MeCTax MpH yrie paBHOM 90°.

[mm]

>0.17
0.15
0.14
012

B o.10
0.09
0.07
0.05
0.03
0.02
<0.00

Pucynok 14 — ITosnydeHHBIH NPOOTIBHBIN MPOrHO B CTAaHUHE U3 MOJUMEpPOETOHA
C ONTHMHU3UPOBAHHON T€OMETpHEN C MPUMEHEHHEM pebep KeCTKOCTH C EPEMEHHBIM
[IaroM IpY HaJIOKEHUH CTAaTUYECKON Harpy3Ku

AHanu3 HarpspKeHHO-/1e()OPMUPOBAHHOTO COCTOSIHUSL MOJIENH TTOKa3ajl, YTo MpH
cuie pe3anus 12,4 kH nporu6 cocrasui Bcero 0,17 mm (pucyHok 14), MakcHManbHbIE
HaNpsHKEHUS! BOSHUKAIOT B 30HE KOHTAKTa HHCTPYMEHTA C 3aroToBKoi (4,74 MIla) u B
ornopax 6ainku (2,65-3,72 MIla). [Ipumenenue pedep )K€CTKOCTH ¢ IEPEMEHHBIM IIaroM
MO3BOJIMJIO CHU3UTH KOHIIEHTPALMIO HANPSKEHUH B 3THX 30HaX U o0ecneuuTs Ooee
PaBHOMEPHOE paclpeeIeHHe Harpy30K M0 Bcell AJIMHe CTaHUHbL. CpeHee 3HaueHne
HaNpsHKEHUH B KOHCTPYKIMH cocTaBmilo 3,62 Mna (pucyHok 15).
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N
A
9

0.46
<0.01

Pucynoxk 15 — JlokanbpHast reoMeTpusi CTaHKa C IPUMEHEHHEM
pebdep )KECTKOCTH C MePEMEHHBIM IIIaroM

B xoze npoBeneHns MOJaTbHOTO aHAIHM3a KOPITYCOB CTAaHWH METALIOPEKYILETO
CTaHKa W3 MoymMepoeToHa u ceporo uyryna [9; 10] ObLIM OIpeesieHbI CIIeIyIOIIHe

pe3ynbratel (Tabmuna 1):

Tabmuna 1 — Pe3ynpTarel MoganpHOTO aHanmsa [9; 10]

Popua Yacrora B 4yryHHO# cTaHuHe, ['1q YacToTa B cCTaHHHE U3 oaMMepOeToHa, [’
BUOpanuu
F1-F5 188,6 —512,1 196,5 -472,9
F6-F10 511,0 -902,1 631,8—-979,0
F11 -F15 1016 — 1198,1 988,7 —1266,2
F16 —F20 1258 — 1437,8 1336 — 1648,8

W3 tabmwrier 1 BUIHO, YTO MPOU3OIILIO MTOBBIICHNE CBOOOIHBIX YaCTOT COOCTBEHHBIX
KoJIeOAHUH M YBEIMYCHHUE TUHAMUYECKOW KECTKOCTH KOPITyca, U3TOTOBJICHHOTO U3
noJimMepOeToHa.

[IpoBenennsIit cTaTnyeckuii anamus mokaszain [9; 10], uro B kopryce, H3roToBIEHHOM
U3 MOJIMMEpOEeTOHA, KaK HANpsDKEHUE, TaK U CMENIeHUe ObUTH 3HAYUTEIhHO MEHBIIIE,
YeM JIJIs1 KOHCTPYKIIMH U3 TPATUIIMOHHOTO YyTYHHOTO JIUThS. [[71s1 uyryHHOTO KOpITyca
HanpspkeHue coctapisuio 22,52 Mlla, a cmenieHne — 5 MKM, TOrAa Kak Jyist KOHCTPYKIHH
U3 oIMMepOeToHa HanpshKeHne coctaBisiio 4,26 Mlla, a nepopmarust — 3 MKM pu
TEX )K€ YCIOBHSIX HArpy3KH.

[To mpoBenenubIM panee uccinenoBanusm [9; 10] BUaHO, 4TO TpUMEHEHNE TaHHON
ONTUMU3AINH TTOJIOKUTEIHHO BIMSIET HA POYHOCTH U )KECTKOCTh KOHCTpYKIuu MPC.
IIpoBeneHHBIN CTATUYECKUN aHAIW3 CTAaHWHBI METAJLIOPEKYUIEr0 CTAHKA IMOKa3al,
YTO ONTUMU3AINS KOHCTPYKIIMH CTAHUHBI 32 CUET HCIIOJIb30BAHUS pedep KeCTKOCTH
Y U3MEHEHMSI COeIMHEHUH TT03BOJIMIIa CHU3UTh BHYTPEHHUE HATIPSKEHUS U TTIOBBICUTH
MIPOYHOCTH BCEU KOHCTPYKIIUH.
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BriBoabI

B pe3ynbTaTe MpoBEAEHHOTO HCCIEI0BAaHUSA OBIJIO YCTAHOBJIEHO, YTO METOJ
KOHEUYHBIX 2JIEMEHTOB SIBJIIETCS MOLLIHBIM UHCTPYMEHTOM JJIs1 aHAJIW3a U ONTUMU3aLUH
KOHCTPYKLUN CTaHKOB:

CpaBHEHHME pa3IUUYHBIX €OMETPUUYECKUX BAPUAHTOB CTAHMH I10KA3ajo0, YTO
BapbUpoOBaHUE (POPMBI M Pa3MEPOB 3JIEMEHTOB IO3BOJISET CYIIECTBEHHO MOBBICUTH
KECTKOCTh KOHCTPYKUHH, yMeHbIIUTh Hporud (0,17 MM) U CHU3UTH YypPOBEHB
HaIPsOKCHUN.

[Ipumenenne nonuMepOeTOHA, B COYETAHUHM C ONTHUMU3UPOBAHHON TeOMETpUEH,
OTKpPBIBAE€T HOBBIE BO3MOXHOCTH JJISl CO3JaHUS JIETKUX, IPOYHBIX U JOJIOBEUHBIX
KoHCTpykuui. Haumensias nepopmars (0,88 MM), BO3HUKAIOIIAs B KPaH — OaJIKU IPH
gacToTe KoneOanuii (1,7 ['11) BO3HUKAIOT B KOHCTPYKIIHH U3 MOJTMMEPOETOHA C TeOMETPHUEH
X. Iomy4eHHsble pe3yabTaThl MOTYT OBITh HCIIOJIB30BAaHBI IPU IPOSKTUPOBAHUU HOBBIX
CTaHKOB M 00OPYZIOBaHUS B PA3IMUYHBIX 007ACTAX MPOMBIIIJICHHOCTH, YTO ITO3BOJIUT
HOBBICUTBH UX TOUYHOCTb, HAJIE)KHOCTb U ITPOU3BOJUTEIIBHOCTD.
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OHTAWJIAHIBIPBLIIFAH TEOMETPUSCHI MKB
MEH KPAH COVYJIECIHIH BEPIKTIT'TH AHBIKTAY

3epmmeyoiy o3zexminiei mawuna dcacay men Kypolivicmazvl Oenuexmepoi
6HOEYOiH 00710i2i MeH CANACbLIHA KOUbLIAMbIH MALANMApObIH APMYbIHA OAUIAHBICTbL.
Maxana memann kecemin CMAHOKMAp MeH KYpPbLIbIC HCADOLIKMAPBIHLIY, Aman
aiumKanoa Kpam apKaiblKmapolHbly KOHCMPYKYUALAPbIH OHMAUIAHOBIPY  YULIH
conavl dnemenmmep 90icin (COO) Kondany MymKindicin 3epmmeyee apHAl2aH.

JKymvicma Kpamn apKanblKmapuiHull JHCOHe Memail Kecemin CMmanoKmapobwly
MOCeKmepiniy opmypii 2eoMempusiapbl Yulih COHabl 3leMeHmmep 90iCiMeH
ecenmeynep ocypeizindi. Koucmpykyusnapowviy — menwixmi — mepoOenicmepiuiy
Odepopmayusicel, Kepreyi dcone dcuiniei mandanovl. Homuocerep COO Kondawy
KYPuLIblMOapovly  Oepikmici MeH Kammblivblebli Oazanayad, dHco2apvl KepHey
QUMaKmapvin  aHbIKmMayea JHCoHe  O0aapObly KOmepeiumicin apmmulpy — YUliH
2eOMempuUsiHbL  OHMAUIAHObIPY2d  MYMKIHOIK — Oepeminin  kepcemmi. JKana
MaAmepuanoap mMeH ColHOapavl uwewimoepoi Koioanyaa epekuie Hazap ayoapuliaob.
ConvimeH, norumepoemonOvl Memail Kecemin CMaHoOKmapobly MoCeKmepin sHcacay
Ywin mamepuan peminoe KOJNOAHY, COHOAU-AK KYypblLIbIMOApObly Oepikmici MeH
KAMmMulIbleblH apmmblpy YWl ayblCnaibl Ka0ammen KammbliblK KAOblp2aiapult
naoanany Kapacmoipbliobl.

Anvinean  Homudicenep  CMAHOKMAP — MEH  KYPbLIbIC  HCADOLIKIMAPLIHLIY
KOHCIMPYKYUALAPbIH OHMaiianovlpy yuin COO Kondawmy muimoiniein pacmatiovsl.
COO wmeeizinde ocacanzan moodenvoep HcabOblKmvly 0010i2i MeH CeHIMOLIIZIH
apmmulpyad, mMamepuaiovbl mMymvlHyObl JHcoHe OHOIPIC WblebIHOAPbIH a3aumyaa
MYMKIHOIK 6epeoi.

Kinmmi ce30ep: COO, koncmpyxyusinapovl oxmaiiianovpy, MKDB, kpan-
apKaneikmap, noaumepoemon, 6epikmix, Kammuolivlx.
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DETERMINATION OF STRENGTH OF A METAL-CUTTING
MACHINE AND A CRAN-BEAM WITH OPTIMIZED GEOMETRY

The relevance of the study is due to the growing requirements to the accuracy
and quality of machining parts in mechanical engineering and construction. The
article is devoted to the study of the possibility of using the finite element method
(FEM) to optimize the design of metal-cutting machines and construction equipment,
in particular, crane girders.

In the paper the calculations by the finite element method are carried out for
different geometries of crane girder beds and beds of metal-cutting machine tools.
The deformation, stress and natural vibration frequencies of the structures were
analyzed. The results show that the application of FEM allows to evaluate the
strength and stiffness of structures, to identify the zones of increased stresses and
to optimize the geometry to increase their load-bearing capacity. Special attention
was paid to the use of new materials and design solutions. For example, the use
of polymer concrete as a material for the manufacture of machine tool beds was
considered, as well as the use of stiffening ribs with variable pitch to increase the
strength and stiffness of structures.

The obtained results confirm the efficiency of FEM application for optimization
of machine tool and construction equipment structures. The models developed on
the basis of FEM allow to increase accuracy and reliability of equipment operation,
reduce material intensity and production costs.

Keywords: FEM, optimization of structures, metal-cutting machine, crane
girders, polymer concrete, strength, stiffness.
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MOBBbILEHWE [ONrOBEYHOCTH JIEMIEXOB
METOZOM 3/IEKTPO®PUKLINOHHOMN
OBPABGOTKU B YCJ/IOBUSIX MOJIEBbIX UCTIbITAHUA
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Jannas paboma noceewena U3VUeHU0 GIUAHUA  INEKMPODPUKYUOHHOU
obpabomku Ha napamempuvl Jjemexa mnpu NPOBeOeHUU NOJLeEblX UCTLIMAHULL
B Oannoii pabome nonegvie ucnvlmanus nNPoOGOOUNUCH HA NOAE NIOUAOLIO
100 I'a ¢ nousoii copHbll KAWMAH ¢ HATUYUEeM OOILULO2O KOTUYECTNEA 2OPHBIX NOPOO
U KPUCMALIUYECKUX 0OpOo308aHuUll, Munuunslie 0158 2OPHBIX paiionos Bocmounoco
Kazaxcmana. Ilocne nposedenus: nonesvix ucnvlmanuil Obliu UCC1e008aHbl NOMeps
Maccol 05l 3d800CKUX CEPULIHBIX JIeMEX08 C HANIABKOU COPMAUMOM U J1eMexos
nocne 3nekmpogpukyuonnozo ynpounenuss (OPY) nosepx copmaiima 6 pasHwix
Konuyecmseax no 4 wim. bBuliu nonyuennst u300padicenis nonepeyHoco cedeHus: npu
nomowu COM, a maxoice dannvie nunetinozo /C ananuza. Ha pucynkax omuemiuueo
BUOHO 30HANLHOCU 6 MuKpocmpykmype. Pezynomamuvl npogedenus nonesvix
ucnvimanuii noxazanu, ymo aemexa nocie IPY na 14 % menee ckionHbl K U3HOCY NO
nomepe Maccul, 4em ux 3a8600ckue ananocu. Taxoice 0 8U3VATbHO20 CPAGHEHUS BCe
8 1emexo6 00 u nocie nonesvix ucnvimanutl Ovliu omcKanuposansvl Ha 3D ckanepe, 014
cpasuenus obvemos usnoca. Ilo pezynomamam 3D ckanuposanus, obpabomanmvie
memooom DDV nemexa 6 cpednem na 10 % menvuie mepanu UCXoOHwlll 00bEM NO
cpasuenuio ¢ 3aso0ckumu. Takoce no pesynvmamam 3D ckanuposanus, 0CHOBbIBASCH
Ha Mooensax nemexa Ovliu COelanvl 8blg00bl O MeXanusme U3HOca jemexa npu
scnauike. bonvuie 6ceco noosepoicena usHocy HOcogas yacmv aemexd, d UMEHHO
KOHYUK KPOMKU J1e36UsL (Ocmpue 1emexa), Komopbwii 6epem Ha cebsl 6CI0 HAZPY3KY npu
scnaxueanuu nougvl. bonee niomunas cmpyxmypa noayuennas KoMOUHUPOSAHHBIM
MemoooM cnocobcmeyem Yayuulenuro KOPpO3UOHHOU cmotikocmu nemexos. llo
pe3yILmamam  npoGeOeHHbIX UCCIC008AHULI MOJNCHO CcOelamb 661600 O MOM,
Umo INeKMpOPPUKYUOHHAL 00pabomKa s611emcsi XOpowuM Ccpeocmeom Os
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Veenuyenus UsHOCOCMOUKOCU IeMeX08, U MOICEM CIVICUMDb 8 Kayecmee Memood,
OONONHAIOWE20 U YAVUUATOue20 00padomKy HanIA8KOU COPMAUMOM.

Kniouesvie cnosa: asnexmpoghpuxyuonnoe ynpounenue, noiegvle UCHbIMAHUA,
JeMeutnas cmans, 00veM U3HOCd, Nomeps MAaccol.

BBenenne

CornacHo ucCleJOBaHUSAM COBPEMEHHAas arpoTeXHHUUYECKass OTpacilb
4acTO CTAJIMKUBACTCS C MpoOiaeMoil abpa3uBHOTO M3HOCA pabOYUX OPraHOB
nouBooOpabareiBatomux MamuH. OCOOEHHO M3HOCY MOJIBEPIKEHBI JIMEXHU IIITYTOB,
CTpEJIbYATHIE JIANbl KYJIbTUBATOPOB, JOJIOTO JieMexa U T.4. [1].

B nanHO# cTraThe 0OBEKTOM HCCIIEOBAHUS ABISIOTCS JeMexa IUIyra, KOTOpble
ABJISIFOTCS OCHOBHOM JIETAJIBIO BBIITOJIHSAIOLIUI IPOLIECC BCHAILIKH, TAK)KE IPUTOHOCTb
JemMexa ompeaensieT paboTocnocoOHOCTh BCEro KOpPIyca MOABECHBIX IUTYroB. B
HACTOsIIEe BpPEeMsi CEpUIHBIE IUTYTH 000pYAYIOT JIeMeXaMH JIByX THIIOB: IEJTbHBIMU
JOJI0TOOOPA3HBIMH HJIM COCTABHBIMHM C HAaKJIaAHBIM gonoToMm [2; 3]. ILlenbHbIe
JI0JI0TOOOpA3HbBIE JIeMeXa UMEIOT TJa/IKyl0, 0e3 BBICTYIOB JHIIEBYIO MTOBEPXHOCTb.
[ToaTOMY IiTyrH, OCHalLIEHHBIE LENbHBIMU JIEMEXaMU, UMEIOT Ha 2—5 % MeHbliee
TATOBOE CONPOTHUBIIEHHE 10 CPABHEHUIO C ILIyraMH, OCHAILEHHBIMU JIEMEXAMU C
HaKJIaHBIM J0J10TOM [4]. Tem caMbIM HCMOIB30BAHKE IIEJIBHOTO J0JI0TOOOPAa3HOTO
JeMexa CIiocoOCTBYET CHIKEHHIO TPaThl IM3EIBHOTO TOIUIMBA. Tak ke y IeTbHOro
JeMexa JieleBie ce0eCTOUMOCT, B CBSI3U € 3TUM (hepMepbl 3aHIMAIOLIHECs TOYSUHBIM
3eMJIe/IeIMEM BCE Yallle BRIOUPAIOT IEJIbHBIC JIEMEXa HeXKEJN COCTaBHbIe Jemexa. Ho
IIPYU 3TOM BpeMsl 3KCIUTyaTallu1 JIEMEXOB OTHOCUTEIILHO HEBEJIUK, B CBSI3U C 3TUM €CTh
MHO>KECTBO METOJIOB NPUMEHSAEMBIX JJI YIPOUHEHHUS PEXYIIEeH KPOMKHU, KOTOpas
SBJISIETCSI OCHOBHOM paboueid yactbio Jiemexa [5; 6]. K takum meTonam ynpodHeHuUs
MOTYT OTHOCUTBCS HallJIJaBKa COPMAaNTOM, 3JIEKTPOAYIroBasi HallJIaBKa CIIEYEHHBIM
AIIEKTPOJIOM, NEKTPOYPUKIIMOHHOE yrpouHeHue. B cBoeit pabore aBTop benkun A. T'.
UCCJIeTyeT BIUSHUS HATUTABKU COPMANTOM Ha jemexa Turyra [7]. B pabore ykazaHHBI
CYLIECTBEHHBIE HEJIOCTATKM METOJa HAIUIaBKU COPMAWTOM, TakHWe KakK BbICOKas
TPYIOEMKOCTB IPOLIECCa BBUIY TEXHOJIOTHUECKIX OCOOCHHOCTEH U3-3a TOT0, YTO TOCIIE
HaIJIaBKA HEOOXOIMM OTKHT C MOCIEAYIOMIEH 3aKallKoi 1 oTiyckoM. [list momydeHus
YKICTOI'O CIJIaBa COPMAMT HAILJIaBKY BEAYT B IBa-TPH CJIOS, YTO B CBOIO OUYEPEb TOXKE
IPUBOAUT K YBEJIMUYEHUIO TPYJ03aTpaT MpHU MPOU3BOJCTBE JIEMEXOB C HaIJIABKOM
copmaiitom. UTo 1emaeT 3TOT METO.1 He TIOXOAALINM [Tt (pepMepOB BO3IEIBIBAIOIINX
MaJible TOJIs.

MeTo/ 351eKTpOAYTrOBOM HAIlJIaBKU CIIEUEHHBIM IEKTPOJIOM ObLII U3yUEH aBTOPaMHU
Konuun B. M. u ap. B nanHoili pabote cpaBHHBAIOTCS METOJIbI HAILJIABKU COpPMaiiTa,
KakK HauboJiee oIy I PHOT0 METO/1a YIIPOUHEHHs IEMEXOB Ha TPOU3BOJICTBAX, a TAKIKE
METOJIa IEKTPOAYTOBOM HAIUIABKU CIIEYEHHBIM JIEKTPOIOM U3 3JIEKTPOIPO3UOHHOM
HIMXTHI, B KQUECTBE aHaJOTa BBHIINIEYIOMSHOTOMY MeToAy [8]. ABTOpHI HalUIU
ONTHUMAJIBHBIM PEKUM HaIUIaBKH, TAKXKE yKa3aju CXeMy INpOBEAEHUs Ipoliecca,
OBLIM OllpeseeHbl TBEpAOCTH 1o 1Kkane Poksemia n bpunnens. B gannoit padote
OTCYTCTBYIOT PE€3yJIbTAThl MOJIEBBIX MCIBITAHUNA, U COOTBETCTBEHHO HET JaHHBIX O
3HAUEHUSAX U3HOCOCTOMKOCTH, MOTEPU MacChl U U3MEHEHUH JIMHEIHBIX 1apaMETPOB.
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B nacrosimieit pabore B kauecTBe MeToAa 00OpabOTKM KPOMKH JIE3BHS JIeMexa
OBLIIO UCIIOJIB30BAHO ANEKTPOPPHUKIIMOHHOE yripouHeHue (DY) moBepx HaILIaBKU U3
marepuaia «Copmaiit -1» [9]. Tak e npoBeIeHbI T0JIEBbIE CTIBITAHUS 00pPaOOTaHHBIX
JIEMEXOB U 30BOJICKHX C HAIIABKOU U3 COpMaiTa. DIEKTPOPPUKLIMOHHBIE TEXHOJIOTUU
00J1a/1aeT BBICOKOM SHEPreTUYECKON IIIOTHOCTBIO. Y TIpaBJIeHHE IPOLIECCOM 00pa30BaHus
IUIa3Mbl OCYILLECTBIISIETCS IIyTEM CO3/IaHUS U NIPEPHIBAHUS IEKTPUUECKOT0 KOHTAKTA
MEX]ly YIIPOUHSAEMOU IOBEPXHOCTBIO U DJIEKTPOJIOM, IOIPY>KEHHBIM B OXJIaKJAI0LTY IO
KUAKOCTh. [Ipu mepeMeneHuu 3JeKTPOHOB OT KaToJa K aHOAY HPOUCXOIST
MHOYECTBEHHBIE CTOJIKHOBEHHS, UTO IIPUBOAUT K PE3KOMY IIOBBIILIEHUIO TEMIIEPATYPbI U
TOKa MPOBOAUMOCTH. C yBEJIIMUEHUEM PACCTOSIHUS MEXKY AIEKTPOJAaMU U OXJIKICHUEM
IUIa3Mbl )KUAKOCTBIO €€ IIPOBOIUMOCTD CHUYKAETCSI, U KOHTAKT IIPEPHIBAETCS. DHEPTHS,
IOCTyIaroIIasl B YTy, PACCEMBAETCSI YEPE3 TEIJIOHOCUTENb, KOHBEKIIUIO U U3IyUEHHE.
[Ipoxoasamuii 3JIEKTPUYECKUHI TOK BBI3BIBAET OJJHOBPEMEHHOE IUIABJICHUE 3JIEKTPOAA U
MOBEPXHOCTH U3JIENHS, JIETUPOBaHKE U ObicTpoe oxuaxaeHue [ 10]. Pexxum npoBeaeHus
UCTIBITAHUHN yKa3aH B HAIIUX OpeAsplaymux myonukanusx [10; 11], Takxke ommcaHo
BiusgHuEe DDY Ha CTPYKTYPY JIEMEXOB, a TAKXKE BIMAHNE 00pa0OTKU HAa MEXaHHUUYECKHUE
XapaKTEpUCTHUKU JIeMeXa TaKhe KakK: TBEpAOCTh MO Ikajle Bukkepca, ycTOMYNBOCTh
K a0pa3uBHOMY M3HOCY B JaOOPAaTOPHBIX YCIOBUSX, TAK K€ MPUBEICHBI PE3yJIbTaThI
TPUOOJOTHUYECKUX UCCIIETOBAaHUM.

Lesnbio qaHHOM pabOTHI ABJSIETCS OIIpEeNICHUE BIUAHUSA KOMOMHUpOBaHUA DDV 1
METO/A NHAYKLIMOHHOM Ha1u1aBku MaTepuaiia « COpMaiT - 1» Ha yBeIMueHre CTOMKOCTH
K aOpa3uBHOMY M3HOCY B YCJIOBHUSIX MOJIEBBIX UCIBITAHHM.

MarepuaJbl 1 METOABI

B nannoii pabote ucnonb3oBaics 1010Too0pa3ublil nemex miyra [IJDK-31-702 ¢
pebpom sxecTkocTH «Asmasz P33. JlaHHbIi JeMeX 4acTo HCIIOb3yeTCs B KyJIbTUBALIUN
nouBbl B BoctouHo- KazaxcTaHCKOM permoHe, KOTOPbIM M3rOTaBIMBAIOT Yallle BCETO
U3 ClielMaIbHOM JieMenHou ctany Mapku JI-53 [12]. CranaapTHbIe pa3Mephl JIEMEXOB
Mapku Anmasz P33: niuHa oT KOHUMKa JIeMeXa J10 TPOTUBONOI0KHOI0 Kpast L= 555 mm,
TOJIIIMHA 110 BepXHel kpome — 10 MM, TouuHa 1o pedpy xectkoctu — 14 mm. Ctanb
JI-53 umeer crienyromuii xumuueckuid coctas [13] (Tabmuna 1).

Tabmuna 1 — XuMuueckuil cocTas JIEMEIIHON cTaimu JI-53

Mapka cranmu Yraepon % Mapranen % Kpemnnii % Cepa % Docdop %

JI53 0,47-0,59 0,5-0,8 0,15-0,4 0,05 0,05

YpodyHeHHe JEMEXOB IPOU3BOAMIOCH Ha ycTaHOBKE i1 DDV . KOHCTpYKTUBHO
JlaHHasl yCTaHOBKA MMEET KOPIIyC, B KOTOPOM COJEPKUT UCTOYHHUK IIEKTPUUYECKOTO
NUTAHUS, WIUHACIBHBIA y3€J, NPUBOJ BpPALICHHUS MINUHACIS U 3aKpPEIICHHBIN
Ha €ro KOHIE AJIEKTPOJ, OJIOK yNpaBlIEeHUs, dJIEKTPUUECKUNA BXOJ, a TAKXKeE y3el
oOpabarsiBaeMbIX naeTalneil, TokompoBoabl [10]. YcTaHOoBKa Tak ke OCHaIleHa
JepxKaTesieM, MPUCIOCOOICHBIM ISl KPEIJICHUSI JIEMEXO0B U CTPEIbUYaThIX JIal
KYJIbTUBATOPOB, JEPKATEIb PACIIONIOXKEH HAa KOOPAUHATHOM CTOJIMKE, KOTOPBII
MO3BOJISCT JIBUTaTh YCTaHOBIIEHHBIC AeTanu (00pa3iel) o ocsam X. Y. McTouHnKOM
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AIIEKTPUYECKON SHEPIUU CIIY)KUT CBAPOYHBIM MCTOYHHK MOCTOSHHOTO TOKAa MOJENH
ZX-5 1000. Tak »e y AaHHOM yCTaHOBKHM IIPEIyCMOTpPEHA BaHHA C OXJIAXJArolen
KUJKOCTBIO ¢ BO3MOKHOCTBIO MOJKIIOYEHHS €€ K CUCTEME KaHaJIU3aluu JUIsl CIuBa
0TpabOTaHHOW OXJTAKIAIOIICH KUAKOCTU. [IUCK BpamiaeT qBUratens oT (pe3epHoro
CTaHKa co cKkopocThio 120 o6opoToB B MunHyTy [11].

Monuduxanus JieMexoB MPOU3BOAMIACH TyTeM 00paOOTKH UX MPH MOMOIIU
TEXHOJOTUH 3JEKTPOPPUKIMOHHOTO YIpouHeHUs. B kauecTBe aHOJa, a Takxke
YIPOYHSIOIIEH TOBEPXHOCTH MCIIOIB30BAJICS YYyTYHHBIN TUCK U3 CEPOTrO UyTyHa, Kpasi
KOTOPOT0 OBUIM CTOYEHBI (CBEpXY BHU3) O] YTJIOM B 15 rpaaycoB miist 6osee y00HOH
00paboTKH Je3BHs jJemexa. MarepuaaoM Karoja CIY>KUT HEMOCPEJACTBEHHO caM
oOpazew. B pe3ynprare HCKPOBOTO pa3psiaa MEXIy 3JIEKTPOJAOM-aHOIOM U JIeTallbIO-
KaTOJIOM MPOUCXOAUT MPEUMYILIECTBEHHOE pa3pylLI€HUE MaTepuasa 3JEKTpoJa U
HEepeHoC MPOIYKTOB 3PO3UHU Ha MOBEPXHOCTH 00pasla (aerann). Beicokas remneparypa
B 30He pazpsaa (500-1100 °C u kpatkoBpeMeHHOCTH ero aeictBust (10-2000 mxc)
CHOCOOCTBYIOT MPOTEKAHUIO METALTYPTUYECKHX MPOLIECCOB Ha MOBEPXHOCTH JIETAJIH,
QG dy3un 3IeMEHTOB MaTepualla 3JIeKTpojia BIIIyOb MOBEPXHOCTHOIO CIIOS JAETAJH.
MHorokpatHoe Bo3/eicTBUE Ha 00padaThIBaEMyIO JIE€Talb UCKPOBBIMHU Pa3psiIaMu
NPUBOJUT K N3MEHEHUIO pelibeda MOBEPXHOCTH, a TAKXKE COCTaBa, CTPYKTYPBI M CBOMCTB
ee MOBEPXHOCTHOTO ciosi. Tak e ObICTpOe OXJIaX/JIeHUE B BOJHOU cpejie MPUBOIUT
K 3aKkajsike ctaiu [14]. 3a cueT ynpaBiieHUs 2JIEKTPUUECKUMH PEXUMAMU JOCTUTAETCS
II0JIyYEHHUE ITOBEPXHOCTHBIX CJI0EB U3MEHEHHOM CTPYKTYPBI TOJIIIMHON OT HECKOJIBKUX
MHUKpPOMETPOB 10 1 MM u Oosee, a Takke U3MEHEHHE pesibea MOBEPXHOCTU U €ro
pa3sMepHBIX TapaMeTpoB. BappupoBaHnue 37eKTpoIHBIMU MaTeprualaMu CIOCOOCTBYET
NpUIaHuI0 00pabOTaHHON MOBEPXHOCTH HEOOXOAUMBIX HKCIUTyaTAlMOHHBIX CBOHCTB
— U3HOCO-, ’apo-, KOPPO3UOHHOM cTolikocTu U ap. [15; 16; 17].

Mopdomoruio NoBepXHOCTEH U MONEPEeUYHbIe CEUYSHHS MTOKPBITHI HCCIEI0BAIH C
MCIOJIb30BaHUEM CKAHUPYIOILIET0 A1eKTpoHHOro MuKkpockona VEGA 4 (Tescan, Yexus),
OCHAILEHHOI'0 HACAJAKOM JUIsl 3JIEKTPOHHOTO 30H/a JUUISl JIOKAJIbHOI'O MUKPO - aHAJIN3a:
sHEproaucnepcuoHHbIM ciekrpomerpoM (EDS). Mukpodororpaduu 66utn mosyyeHsl
¢ ucronpzoBanrueM COM Kak B pexHMe BTOPUUHBIX 371eKTpoHOB (SE).

ITonesbie ucnbITaHUA

JUis mpoBeJieHusl MOJEBbIX HCHBITAHUN ObLIO BBHIOpaHO mose ruiomaasio 100
ra, MHTEHCUBHOCTh M3HAIIMBaHUA pabO4YMX OPraHoOB MMOYBOOOPAOATHIBABIOIIUX
MaIlliH 3aBUCUT OT MEXaHHMUYECKOTO COCTaBa M BIAKHOCTH ITOYBBI, a TAK)KE HATHUUSI
B HEell KaMeHHUCThIX BKiIroueHui [18]. Jlns Gonee mydmiero moHUMaHUS MEXaHH3MOB
HPOXOKJCHUS Tpolecca adpa3suBHOTO M3HOCA, ObUTM B3STHI MO0kl rpyHTa. [TpoObI
rpyHTa Opajuch B AT MECTax I10 J[Ba pa3a ¢ YEeThIPEX KpaeB MoJIs U [0 LIEHTPY MO,
riryOuHa B3sTHs 1poOsl coctanisgeT 30 cM. [1podsl rpyHTa 6b11M Hanpasiensl B TOO
«BocTouno-KazaxcraHckas cellbCKOX03sIiiCBEHHAs OTIBITHAS CTAHIUS», IS IOy YECHUS
3Ha4YeHuil pH rpyHTa, IIIOTHOCTH, BIA>KHOCTHU ITOYBBI.

[Tonesbie ucnbitanust npoBoawiuch coraacHo 'OCT 20915-2011 «Ucnbitanus
CEJIbCKOXO35MCTBEHHON TEXHUKHU. MeTOABbI OIPEIeICHUS YCIOBUM UCIIBITAHUI.
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beimu mponenanpl paboThl MO TUCTAHIIMOHHOMY cOOpPY JaHHBIX C MOMOIIBIO
O6ecnmnoTHOro jNerarenpHoro ammapara (BIIJIA), a UMEHHO JUCTAaHIUMOHHOE
30HIMPOBAHUE MO MU M3MEpPEHHUE MIOMaaAu mojsd. JlaHHbIE ChEeMKHU C JpOHA
IIpEICTaBIIEHBl HA PUCYHKE 1.

100 ra

102.75r

82.573036
L »  50.040353
367

~1.03

GEQ JSON SHP YOAMTE

Pucynok 1 — AspodoTochemka moisi ¢ ykazaHHEM ILIOMIAIH TTOJIS

JUi1st mpoBeIeHUsI ITOJIEBBIX UCTIBITAHUH 4 T0JI0TO0Opa3HBIX IEMEX0B 00paboTaHbIX
pu oMoy texHosiaoruu PV nosepx copMmaiita u 4 3aBOACKUX CEPUMHBIX JIEMEXOB
C HAIUTaBKOW copMmaiiTa (KOTOpPBIE PACCMOTPEHBI B 3TOM CTaThe Kak «0e3 00paboTKm»)
ObUIM yCTAHOBJICHBI Ha TUTYTH KoJiecHOTO Tpakropa K-744 P1, nemexa yepenoBaiuch
(omuH ¢ 006paboTKOi, ouH 0e3, u Tak najnee). TpakTop 0OpadaThIBaI MOJIE METOIOM
BBICOKOCKOPOCTHOM Berammku. CKOpOCTh TpakTopa 6osee 7 km/49ac. [IpomexxyTouHbie
pe3yabTaThl 3aMEPOB T€OMETPUUYECKIX Pa3MEPOB M Macc OBUIM B3ATHI IOCIIE BCHAILIKU
50 I'a, kOHEUHBIE e pe3yIbTaThl ObUIM B3STHI IpH Benaike emte 50 ['a, Takum o6pazom
ObUT0 BenaxaHo moste oomieit iomaasio B 100 IMa. Jlemexa OblIv IpOHYMEpOBaHBI:
Hanpumep ¢ DDV — Ne 1 nemex 111, Ne 2 nemex 222, Ne 3 nemex 333, Ne 4 nemex
444, a Taxxe 6e3 oOpaboTku Ne 5 memex 555, Ne 6 nemex 666, No 7 nemex 777 u
Ne 8 nemex 888. Homepa nemexoB ObLITH BBICEUEHBI HA CAMHX JIEMEXaX MPHU MTOMOIIA
LITAaMIOB. YCcTaHOBKa jemMexoB U Beramka nojas TOO «Bocrouno-Kaszaxcranckas
CEJIbCKOXO03SHCTBEHHAS OIBITHAS CTAHIMS» MPEICTaBICHBI HA PUCYHKE 2.

2) (R b)

PucyHok 2 — (a) ycTaHOBKA JIEMEXOB Ha ITOJIBECHBIC TUTYyTH
(b) mporecc BBICOKOCKOPOCTHOW BCITAIIIKH TIOJIS
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Onenka pe3yJIbTaToOB M0JIEBBIX UCIIBITAHUM.

Ouenka cToMKOCTH K a0pa3MBHOMY M3HOCY KOMOMHHUpPOBaHOW 00pabOTKHU
OOV ¢ MHAYKIMOHHOW HAIIaBKOH JieMexa B YCIOBHUSX IOJIEBBIX MCIIBITAaHUH OblLia
ocyliecTBieHa pu nomomu 3D ckaHupoBaHUs, C TPUMEHEHHEM KOTOPOTO OBLIN
IIOJIYYEHBI PE3YJIbTaThl U3MEHEHUI M€OMETPUUECKUX NTapaMeTpPOB JIEMEXOB I10OCIE
Benamku 100 a. JIns cozganus mojeneit Obu1 HCNOB30BaH py4yHO# 3D ckanep Mapku
ZG RigelScan PluP. beumn nony4yeHsl CKaHbl JIEMEXOB /10 U nocie odpadorku. Ha
OCHOBe IoTy4eHHbIX 3D Mopeneii OblIN Hccie[0BaHbl U3MEHEHHUS B 00beMax JIEMEXOB,
a TaK)Ke HEKOTOPBIX FEOMETPUYECKUX [TaPAMETPOB JIEMEXOB: JJIMHA OT KOHYMKA OCTPUS
JI0 MPOTHUBOIOJI0XKHOIO KOHIA jeMexa (A), BbICOTA JeMeXa OT BEpXHEH KpPOMKHU
1o octpus semexa (C), paccTossHHE OT KOHYHMKA OCTPHUS JIO0 IEPBOTO KPEHEKHOTO
orsepctus (B). [Ipumep naHHBIX T€OMETPUYECKUX MapaMeTPOB MPECTABICHBI Ha
pucyske 3. Peaynbrarel mapametpoB A, B, C ObuTH OTy4€HBI I BCEX JIEMEXOB, ObLIO
IIPOM3BENIEHO CPAaBHEHUE MEXKY BYMS TPYIIIIaMHU.

Pucynok 3 — Cxema st U3BMEpEeHHs TeOMETPUIECKUX MapaMeTPOB JeMexa

CoriacHO METO/IMKE TIPOBEICHHS aHAJIH3 MTOJIEBBIX HCIIBITAHUH JIeMeXa /IS OLICHKH
s dekTuBHOCTH TapaMeTpoB DD Y ObUTH POBEACHBI CPABHECHHE MACCHI JICMEXOB JI0 U
MIOCJIE TIOJIEBBIX MCITIBITAHNI. AHAITN3 MacC MPOBOAMIICS HA TEXHUYECKUX BECaX MaPKU
Gibertini mogenu Cent-2 ¢ MaKCHMaJIbHOM Maccoi u3mepsieMoro oopasma B 10,200 rp.
TouHocTh n3Mepenus Becos coctasiser 0,1 Tp.

HNccnenoBanue KOPpPO3WHU MPOBOJIUIOCH C HCIOJH30BAHHEM TECTa
MOTEHITMOMHAMIYIeCKOM ToJisipu3anui. CKopocTh ckaHupoBaHus coctansuia 0,5 MB/c
¢ nuana3oHoM ckanuposanus oT —0,8 B 1o +0,8 B B pactBope 3,5% NaCl. [Tomy4ueHnusie
pe3yIbTaThl K3MEPEHHIA 3aBUCUMOCTH TOKA OT MOTEHIMaa ObUTH MUCIIOIb30BaHBI IS
MOCTPOSHHMS OJIIPU3AMOHHON KPUBOH, KOTOpast 0OBIYHO MPEIOCTABISAET HH(POPMAIHIO
0 MOTEHIIMAJIe KOPPO3UH, KOPPOSHOHHOM TOKE M TTOBEICHUH TAaCCUBAIUH.

Pe3yabTaThl 1 00cy:KaeHNe

4 nemexa u3 cranu JI-53 6pu1H 06paboTansr MeTogoM DDV MoOBEpX HAIIIABKHU U3
copmaiita. Jlemexa 10 u mocie oopadotku DDY mpencTaBiIcHBl HA PUCYHKE 4.
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COpMaiiTa, cripaBa JjeMexa ¢ KOMOMHUPOBAHHBIA 00pabOTKOM
DDV noBepx HAIUIABKU U3 COPMaiTa).

Ha pucynke 5a mpencraBieHbl JOKaJlbHbIE H3MEHEHUSI MUKPOCTPYKTYpPBI CTaIH
JI53, Bo3HMKarOITHE TPH KOMOMHUPOBAHUY HHTYKIIMOHHOM HATUIABKH C ITOCIIEIYIOMIEH
ANEKTPOPPHUKITMOHHON 00paboTKoi. Busyanu3upyercs obiee cTpoeHrne MaTepuala,
I7I€ BBIICISIOTCS TPU OCHOBHBIE 30HBI 4TO XapakTtepHo misa DDY. Hwxkuuil cinoit
COOTBETCTBYET TOJJIOKKE, XapaKTEPHU3YIOUIEHCsT TEPIUTHO-(PEPPUTHON CTPYKTYpOit
CTaJIi B UCXOAHOM COCTOSIHUU. CIIeAyIOLUM UET CIIOM NOKPBITHSL, CPOPMUPOBAHHBIH
METOJIOM MHJIYKLIHOHHOW HaIUIaBKU C HCHoJib30BaHUWEeM MaTepuana Copmaiit-1.
Bepxuuii ynpouHeHHBIH ciioi chopMupoBaics B pesyibrate DDV,

Hannsie muaeitHOr0 D/]C aHanmu3a MoATBEP)KAAI0T HAJIMYHE TPEX 30H PUCYHOK
56. Kak yka3zaHo BbIllIe HUKHUN CJIOM COCTOUT M3 UCXOMHOW (DEpPUTHO-TIEPIUTHOM
CTPYKTYPBI XapakTepHoii 11st cramu JI-53. A cpeanuii ciioi, pacronoKeHHbIN Ha TITyOnHe
o1 200 10 600 MKM, OTJIHYAETCSI BHICOKUM COJIEPY)KAaHHEM XPOMa, 3TO OOBSICHSIETCS TEM
YTO COPMAWT cOCTOUT Ha 25 % u3 xpoma. Bepxuuii cioii xe npeacrasisieT co0oit
YIPOYHEHHBIHN CJION TOJIIIUHON 52 MKM.
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296,92um
: :
[ ] CNnoit UHAYKLMOHHOW HanaBKK
& =
UcxoaHaa c-rva-Tvpa nemexa 20007
(dbeppur c nepautom)
H ..  sooem 0|

Pucynok 5 — a) POM n300pakeHus MONepevyHoro CeYeHus CTaan
JI53 mocyie DDV 6) 3/IC ananu3 nmo JuHUY Jiemexa mnocie DPY

ITepen HauanoOM MOJIEBBIX UCIIBITAHUM, KaK YKa3aHO B MPEAbIYIIEH IJ1aBe JaHHOU
CTaThbU OBLIN TIPOBEJICHBI 3aMEphI TPYHTA. 3aMepbl TPOBOIMIUCH Tipu 2325 °C BhIIe
HYJISl, IPY BJIaXKHOCTH Bo3tyxa B 50-56 %, 1o pe3ynpTaTam 3amepoB npoOsl rpyHTa pH
nouBsl coctaBui 6,32 ('OCT 26423-85), B1axxHOCTB MOYBHI 18,2 %, a Tak)Ke MaccoBas
JIOJISl TUNIOTHOTO OCTaTkKa BOAHOW BBHITSDKKM 0,2 %. JlaHHBIC mMapamMeTpsl SBISIIOTCS
ONTUMAJIBHBIMU JIJIs1 TPOBEICHUS BCIIAIIKY TT0JISL, a 3HAYHT, 14Ty T MAaKCUMaJIbHO TOYHO
BOCCO3/ITaHHBIC YCIIOBUS ITPH TOJIEBBIX HUCTIBITAHUSX.

3HavYeHUs] U3MEPEHUS MacChl MOCJE MPOBEICHUS TOJEBBIX HCIBITAHUN
MIPEICTABICHBI B BUJIE IpaduKa MOTEPH MacChl HA PUCYHKE 6.

444 555 6606 777 888

571,8 5789
Z _ 5582 5495

-> oo
482 4 487.6 4852 4904

IloTepa maccrl, T

1 2 3 4 5 6 7 8
HammeHoBaHHE 00pasua

Pucynok 6 — I'pacduk notepu Macchl 1eMeXOB JI0 U mocyie 00paboTku
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Oo6paboranusie MeTooM DDY — Ne 1 memex 111, No 2 memex 222, Ne 3 nemex
333, No 4 nemex 444, a Takxke 0e3 oOpabotku Ne 5 memex 555, Ne 6 memex 666,
Ne 7 nemex 777 u Ne 8 nemex 888.

[lo manHomy rpaduky BUIHO, 4TO Onarogapss DPY KpOMKH B CpeIHEM MOTEps
Macchl JIEeMeX0B Mocie 00padoTku cHu3mwiIack Ha 14 %. Jlanubiil Gakt oObsicHAETCS
MIPOXOXKICHUEM JIBYX (PU3MYECKHX MPOLIECCOB pU 00paboTKe, @ MIMEHHO HACHIIICHUE
CTalli yTJIEpPOJOM M TepMHUYecKas TodeyHas 3akaika. llImpoko u3BecTHO, YTO
no0aBiieHUE OTPEAETICHHOT0 KOJIMYECTBA yIiiepoa MOXKET IIPUBECTH K 00pa30BaHUIO
KapOuIHbIX (pa3, KOTOpBIE MOBBIMAIOT MIPOYHOCTh U TBEPAOCTh MaTepuaia. A Takxe,
OBICTPBIN HArpeB C MOCIEAYIONIMM OBICTPBIM OXJIAKJICHHUIO COOTBETCTBYET PEXKUMY
npoBeaeHus 3akaiku. KoTopslil B KOMITIEKCe ClIOCOOCTBYET MOBBIIIEHUIO CTOMKOCTH
CTaJIi K a0pa3uBHOMY H3HOCY.

Taxxe OBLIM OI[EHEHBl U3MEHEHHUS I'€OMETPUUYECKHX MapaMeTpOB MOCIE
MIOJIEBBIX MCHBITAHUNA COTJIACHO cXeMe Ha pucyHke 3. J[IMHa OT KOHYHMKa OCTPHS 10
IIPOTUBOIOJIOAKHOIO KOHIIA JIeMexa (A), BBICOTA JIEMEXA OT BEPXHEN KPOMKH JI0 OCTPHUS
nemexa (C), paccTosHUE OT KOHYHMKA OCTPHS JI0 TIEPBOTO KpenekHoro orBeperust (B).
Pe3ynbraTsl ©3MEepeHHii IPeCTaBICHbI B TAOIUIIE 2.

Tabnuua 2 — 3MeHeHne reoMeTprHuecKUX KOHTPOJIbHBIX mapameTpoB nocie 100 ra
s teMmexa ¢ DDY

Howmep nemexa Tloteps AMMHABI H3MEPSIEMBIX TEOMETPUIECKUX TAPAMETPOB, CM
c DY A B C
Wcx. nmuHHA Ucx. nnunna 25,5 Ucx. nnunna 11,9
55,5cm
Pes-bi JIun- | Pe3-bI uzm. JIuH-bI# Pe3-bI u3Mm. JIMH-BI# H3HOC
H3M. BIA H3HOC
H3HOC
111 50,7 4.8 19,8 5,7 11,6 0,3
222 51,1 4.4 20,4 5,1 11,7 0,2
333 50,8 4,7 19,8 5,7 11,5 0,4
444 50,6 49 20,5 5,0 11,8 0,3
CpenHee 3HauCHHE 4,7 54 0,3
MoTepU
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Tabnuna 2.1 — VI3MeHeHne reOMeTPUIeCKIX KOHTPOJIBHBIX MTapaMeTPOB MOCIIE
100 ra g1 3aBOACKUX JIEMEXOB

Howmep nemexa IoTepst AMMHHBI U3MEPSIEMbIX T€OMETPHIECKHX [TApaMeTPOB, CM
10 DY A B C
Ucx. nimaHa Ucx. nimnna 25,5 Ucx. nmunna 11,9
555cm
Pesyn-b1 u3M. | JIun-blit | Pe3yn-bl u3m. JIun-b1it Pe3syn-b1 JIun-b1#
U3HOC U3HOC U3M. U3HOC
555 49,9 5,6 19,2 6,3 11,4 0,5
666 50,3 5,2 19,5 6,0 11,6 0,3
777 50,0 5,5 19,3 6,2 11,3 0,6
888 48,9 6,6 18,5 7,0 11,2 0,7
CpenHee 3HaUYeHUE 5.7 6,3 0,5
OTepH

[To nanHbIM Tabaumbl 2 1 2.1 ompeneneHo, 4TO0 YMEHBIICHHE FeOMETPUIECKUX
napameTpoB Jiemexa mnociie 00padotku DY Hmke, yeM Il CEPUNHBIX JIEMEXOB C
HaIJIaBKOM copMaiiTa, a iMeHHO Jijist mapametpa A — 17%, B —15%, C - 40%. [Tomumo
JAHHBIX O U3HOCE JIEMEXOB JIaHHas TaOJauua JaeT MPEJICTaBICHHE O XapakTepe U
3aKOHOMEPHOCTSIX U3HOCA JIEMEXOB IpH Bemamke rnosieil. OcHoBHas pabouasi 4acTh
JeMexa, KOTopasi U3HALIMBAETCs] MHTEHCUBHEE JIPYTUX YacTel sIBJIIETCS HOCOBOM YacCThIO
jgemexa. TO Mbl MOXKEM 3aMETHUTh 110 CHU)KEHUIO TapaMeTpoB A u B.

[Tocne u3MepeHus TeOMETPUUECKUX MapaMeTpoB, IS Jydmero u 0oiee
JIETAILHOTO TIOHUMaHHMS XapakTepa abpa3uBHOTO U3HOCA, JieMeXa ObLITH OCTKaHHPOBAHBI
Ha pyuHoM 3D ckanepe pucyHok 7. [ToydenHbie Mojgenu OblTu BHeceHBI B 110 s
pacuera o0beMa M3HOCA M BU3YaJbHOT'O CPABHEHUS MPH HAJOKEHHU W300paKEeHUs
JemMexa J0 U MOCJe MOJIEBBIX UCIIBITAHUN JPYT Ha ApyTa.

s0m

40

-

— 5 oeco
Er [}

Pucynok 7 — 3D ckan ieMexa B aHJIOKEHUHU JI0 U MOCJIE MOJIEBbIX UCCIBITAHUN
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Tabnuua 3 — 3HaueHus 00beEMa U3HOCA JIEMEXOB
JI0 ¥ IOCJIE MOJIEBBIX UCIIBITAHUN

Obvem nemexa 6 Cpeonuii obvem
Haumenosanue demanu 0ns ucholmanusi
Nnonesvix UCNbIMAHUA, Obvem usnoca, cm’
o o’ usmnoca, cm®
Ilocne
111 525,9 467,6 58,3
222 539,8 474,1 65,6
JI S10\Y% 58,34£9,7
emex foeie 133 5392 500,7 384 o
444 533,6 462,9 70,6
555 538,1 459,1 79,0
CepuiiHblii 1eMex 666 522.5 470,0 52,5
i 62,7+8,3
¢ HarapKon 777 533,8 4835 50,3 ES
copmaiita
888 5242 455,27 68,9

ITo pesynbratam 3]1 ckaHMpPOBaHUS BBISBIEHO, YTO 00BEM HM3HOCA Y JIEMEXOB,
o0paboTaHHBIX TPy ToMOIH TexHoJoTUN DDV Ha 8—10 % MeHbIIe, 4eM y 3aBOACKUX
AQHAJIOTOB.

JlaHHbIe, IPECTAaBICHHbIE B Ta0nHIe 4 ¥ HAa MOTCHIMOUHAMUYIECKOM rpaduke,
CBHUJIETEIILCTBYIOT O 3HAUUTEIFHOM PA3JIMYUU B KOPPOSHOHHOH CTOMKOCTH Pa3TMUHBIX
TUNOB 00paboTku. B Tabnmiie moka3zaHsl KIIFOYEBHIE TApAMETPHI, TAKUE KaK IJIOTHOCTh
Toka kopposuu (Icorr) u ckopocts koppo3uu (C.R.), KOTopble OTpakalOT NOBEIECHUE
MaTepHUaJIOB MPH KOPPO3UOHHBIX HCHBITAaHUAX. [IOKpBITHE, TOJydYeHHOE METOIO0M
WHIYKIIHOHHOW HAIJABKH C MOCIEIYIONMICH JIeKTPOPPUKIIMOHHON 00pabOTKOM
(MH+D2®T), neMoHCTpupyET HAaMIIydIlIMe [T0OKA3aTeIN: €ro 3HaueHue Icorr cocraBisieT
0,63123, a ckopocth Koppo3uu — 0,00302415, 4TO 3HAUUTENHHO HUXKE 110 CPABHEHUIO
C MHIYKIIMOHHOU HarutaBkoi. Ha rpaduke noTeHIMOANHAMHYECKUX KPUBBIX PUCYHOK
8 MOXHO 3aMEeTHUTh, YTO KpuBas oOpaboTku merogoMm MH, mokaseiBaeT xoporurue
pe3yabTaThl, XOTSI UX CTOUKOCTh K KOPPO3HU BCE KE yCTynaeT KOMOMHHPOBAHHOMY
nokpeiTuio MH+D®T. Takas komOuHaius o6paboTOK, CyIs MO BCEMY, CO3HAET
0oJjiee MIOTHYIO U 3alMUIEHHYIO OT BO3AECHCTBHSI arpeCCUBHBIX CpPEJ] IOBEPXHOCTD,
YTO MpeAO0TBpaliaeT 00pa3oBaHue MUKPOTPEIINH U 33JEP>KKY BJard, CyIIeCTBEHHO
3aMeIsis poIiecc Koppo3uu. B nemom, komOuaupoBanHoe mokpeitne MH+DDT
JEMOHCTPUPYET HAWITYUYIIYI0 KOPPO3HOHHYIO CTOMKOCTH CPEIH BCEX M3YUYEHHBIX
BapUAHTOB, YTO JICJIAET €ro HanOoJIee MePCIIEKTUBHBIM ISl UCTIOJIb30BAHUS B YCIIOBHSIX,
TpeOyIOIIMX 3aLIUThl OT arPECCUBHBIX CPEL.
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Logl, (A*cm?)

Pucynok 8 — [loTeHuMogMHaMUYECKNE KPUBBIE Pa3IMUHbIX
TUIIOB HAIIABJICHHBIX IIOKPBITUI

Tabnuna 4 — Pe3ynbraTsl KOPPO3MOHHBIX HCITBITAHUH

VH VH+DOT
A (cm?) 0.785 0.785
I xop. (A) 0.65645 0.63123
i xop. (A/em?) 0.83624204 0.80411465
CkopocTb Koppo3uu (Mm/a) 0.00314498 0.00302415

3akJiroueHune

Takum 00pa3oM, COTIACHO MONYYEHHBIM pe3ysibTaTaM HACTOSAMLICH cTaThu ObLIN
CZeNIaHbl CIeIYIOUIIe OCHOBHBIE BBIBOIBI U 3aKIIFOUCHUSI:

Texnonorust OPY Mo3BOISET NOTYUUTH JIEMeXa C YITy4IIIEHHBIMHU XapaKTePUCTUKaMHU
3a CYeT MPOTEKaHHs MPOIECOB 3aKAIKH M JIETUPOBAHUS CTalld yriepoaoM. JlaHHbIe
MIPOLIECCHI CIOCOOCTBYIOT YIIYUILIEHUIO HI)KE MEPEUNCIICHHBIX MTapaMeTPOB JIeMeXa;

JIuneitnpiii DJIC ananmu3 1 COM nokazainyu HaJIMYKME TPEX 30H: MCXOJIHASI 30HA,
30Ha HAIJIABKU COPMaWTOM, YIIPOUYHEHHAs 30Ha;

CornacHo pe3yJpTaTaM MOJIEBBIX HCIBITAHUHN JEMEXOB C HAIJIaBKOW copmaiita
1 00pabOTaHHBIX METOOM IJIEKTPOPPHUKIIMOHHON 00pabOTKU, TIOTEPs MACCHI IOCTIE
Benamky 100 ["a mons mokazanu, yto gemexa oopadoTtannbie DDV nokaszanu Ha 14%
MEHBIIIE TOTEPU MaCChI;

ITo pe3ynbpTaTaM TUHEMHBIX U3MEPEHHUH BBISBIECHO, 4TO Jiemexa nocyie DDV menee
CKJIOHHBI K ”3BMEHEHHUIO TeOMETPHHU H3-3a abpa3UBHOT0 H3HOCA, @ UMEHHO [T [TapaMeTpa
A—-17%,B —25 %, C - 40 % npo1LeHTOB HUXKE;

Taxxke ObUTH BBIYMCICHBI 00BeMBI M3HOca Ha 3D monensax. I[IporpammuOe
obecrnieuenne CAD-mporpaMMebl 1oKasano, 4YTO CEpUHBIC JIeMeXa TEePSIOT B CPEAHEM
Ha 10 % Oounbiie oObeMa;
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Pe3ynbTaThl KOPPO3MOHHOI'O TECTa MOKA3aJi, YTO Oyiarofapsi MiIOTHON CTPYKType
KOMOMHHpOBaHHas o0paboTKa Moka3ajia yJaydlleHHbIEe 3HAYEHHUS KOPPO3MOHHOM
YCTOMYUBOCTH.

B 3axmtouenuun metonq DDV pekoMEHIOBAH KaK aHAJIOT METOJa HallaBKU
COPMAMT, /Ul YIIPOUHEHUS JIEMEXOB U YBEJIMYEHUS SKCIUTYaTallMOHHOTO pecypca, 4To
COTJIACOBBIBAETCS C IAHHBIMU MPOBE/ICHHBIX HCCIICI0BAHUM [TOCIIE TIOJIEBBIX UCTIHITAHUH.
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JTAJAJBIK CBIHAKTAP JKAFIAWBIHAA DJIEKTPOPUKIMSIBIK
OHJEY OJICIMEH JEMEXTEPAIH BEPIKTITTH APTTEIPY

Byn aicymuic snexmpodpuxyusineiy oyoeyoiy nemex napamempepine Oaianivix
ColHaKmap KesiHde ocepin 3epmmeyee apHanieau. Jananvlk culHaAKmap ayoauvl
100 ecexmapovl KypaumvlH may JHcacman MONGIPAKMbl AIKANMA  ACypeizinoi,
OHOA MAy JHCOLIHBICIAPBLI MeH KpUCmanovlk —mysizicmep Kon Kezdeceoi,
oyn Ilvievic Kazakcmannvly mayavl  aumakmapvina mown  dcazoau. CulHaK
HOmMuUdICECTHOe 3aYbIMMbIK CIMAHOAPIMMbL COPMAUMNEn Kanmanizan iemexmep MeH
anekmpo@puryusnblK Hoizaumyoan (DDH) keuinei iemexmepoen (9pKaucblcolHaH 4
oana) macca sicozanmywl sepmmendi. COM o0icimen anviH2an Ko10eHeH KUMAaiapObly
cypemmepi men coizvixmuix I/]C manoday monimemmepi kepcemineen cypemmepoeH
yw animakmoly naioa 00a2anvl auwvlk Kepinedi. J[ananvik ColHAKmMap HOmMuiceci
INEKMPOPPUKYUATBIK  OHOeYOeH OmKeH JeMexmepoiy 3ayblmmulk yaciiepmeH
CANBICMBIP2AHOA MACCACHIHLIY Jico2anmybina 14 % a3z Oetlim exemin xepcemmi.
Conoati-ax, oapavix 8 nemexmep (0ananvlk CbIHAKKA OeliH dcoHe Keuin) 3D
cKamepney apKvlivbl CKAHepleHin, mo3y KOJIeMiH CaiblCmbvlpy Yulin nadaiansliobl.
3D cxanepney wuomuoicenepi oOouwvinuwa IOPH odicimen ondencen nemexmep
bacmankpl KOIEMHIH JHCO2ANYbIH 3AYbIMMbIK YICLIepMeH CarblCmblp2aHoa opmaua
ecennen 10 %-ea asaiimmul. 3D cxaumepney nomudicenepine cyliene Omwlpbvin,
Jemexmepoiy mo3sy Mexanuzmi mypaivl KOpblmulHObL HCACANObL: TIeMEXMIK ey mo3yaa
yuwwipaiumoin 0eniei — Jcueciniy yuibl (1emex yumapwvl), OUMKEeHi MOonvlpaxmol
ACLIPMKAHOA DAPIBIK dicyKmeMme ocbvl bonikke mycedi. Kombunayusnanean soicnen
QNILIH2AH Mbl2bl3 KYPLLIbIM AeMEXMeEPOiy KOppo3usaa mesiMOiiein HeaKcapmaovl.
3epmmeynep momudiceci OOUBIHWA DNEKMPOPPUKYUATLIK OHOEY JleMexmepoin
mo3syaa me3iMOinicin apmmulpyObiy MUIMOL 90iCT eKeHI JHCOHE COPMAUMNEeH Kanmay
90ICIH MOABIKMbIPAMbBIH OPI HCAKCaApmamviy 90ic peminoe KOoLOaHyaa O0Nambvitbl
Mypanvl KOPbIMbIHObL HCACALObL.

Kinmmi cesdep: anexmp@puxyusieiy xamaiimy, remews O6onamvl, OAlANbIK
CbIHAY, MO3Y KONeMi, MACCAHBIY HCO2ATVbL.

IMPROVING THE DURABILITY OF PLOUGHSHARES BY

This work is devoted to the study of the influence of electrofriction treatment on
plowshares parameters during field tests. In this work field tests were carried out on
a field of 100 ha with the soil mountain chestnut with the presence of a large number
of rocks and crystalline formations, typical for the mountainous regions of East
Kazakhstan. After carrying out the tests, the mass loss for factory serial plowshares
with sormite cladding and plowshares after electrofriction hardening (EFH) over
sormite in equal quantities of 4 pcs. were investigated. SEM cross-sectional images
and linear EDS analysis data were obtained and three zones were clearly visible
in the figures. The results of field tests showed that the plowshares after EFH are
14 % less prone to wear by weight loss than their factory counterparts. For visual
comparison, all 8 plowshares before and after the field tests were scanned on a 3D
scanner to compare the amount of wear. According to the results of 3D scanning, the
EFH-treated plowshares on average lost 10 % less initial volume compared to the
factory ones. Also, according to the results of 3D scanning, based on the models of
plowshares were made conclusions about the mechanism of wear of the plowshares
during plowing. The most subject to wear is the nose part of the plowshare, namely
the tip of the blade edge (plowshare tip), which takes on all the load when plowing
the soil. More dense structure obtained by the combined method contributes to
the improvement of corrosion resistance of shares. According to the results of the
conducted research, it can be concluded that electrofriction treatment is a good
means to increase the wear resistance of blades, and can serve as a method that
complements and improves the treatment by surfacing with sormite.

Keywords: electrofriction hardening, share steel, field tests, wear volume,
weight loss.
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¥YA KOPI1YC SJIEMEHTTERPI YLLUIH KOMIO3UTTIK
MATEPUATIQAPLAbLIH ANSJIEKTPIIK LWUbIFbIHbI MEH
PAONOMOTIZIPIITIH 3EPTTEY

Ywvtuucors  ywy annapammaper (¥Y¥A) conabl  orculioapvl  9KOHOMUKA,
KOP2aHbIC JHCOHe 2bLIbIMU 3epmmeyiepli Koca an2anoa, spmypii caraiapoa dipeeetl
MYMKIHOIKmMEPI MeH opmypii KOIOaHOAnapvl YuiiH Key MAHbIMALObLILIKKA Ue
bonovl. Jlecenmen, onapovly (hyHKYUOHALObI2bL YULY AGMOHOMUACHL JHCOHE dcepoei
cmanyusmer Oatiianvic  cuskmol Oipxkamap @axkmopaapmer uwexkmenedi. Ocwl
acnexkminepOidcakcapmyoviy Hezizel wewimoepinin 6ipi - ¥ ¥ A koncmpykyusiniapviHoa
paouomenoip mamepuandapovt nauoaiary. Temen OUNEKMPIIK JHCOHE IHCO2apbl
paouomendipniei 6ap noaumepi KOMROIUMMepP 3AMAHAYU METeKOMMYHUKAYUSTbIK,
MEXHON02UANAPOa Weutyuli poi amxapaowl, Oy CUSHATIObIH JHCO2APbL HCbLAOAMObIZbIH
JHCOHE KYpbLA2bLIAPObIY JHCO2apPbl UHMESPAYUACHIH Kammamacslz emeodi. Anaiioa,
Kascemmi cunammamanapsl 6ap ocblHOAU OUBIeKMpPIiK NOAUMEPIT KOMRO3Zummepoi
Kypy mepey manday MeH IKChnepumenmmepoi Kadcem ememin Kypoeui MiHOem
bonvin  mabwvLiadvl. Byn ocymvicma  apamuOmi-snoKcuomi  KOMRO3um, UbIHbl
MANUbIK, KOMIPMEKMI NAACMUK HCOHE HCO2APbl Mbl2bl30bIKMA2bl YIbIMPA HCO2aAPbl
MOAEKYNANbIK NOAUIMULEH CUAKMbL OPMYPIT  KOMNO3UMMIK Mamepuaioapovly
OUINEKMPIIK HCO2ATYbL MEH PAOUOILIK, MONOIPIICIH 3epmmeyOit CalblCmblpMAaibl
Homuoicenepl KemipiiceH.

byn oicymvicma  sxcnepumenmmep KepcemkeHOell, Oyn  Mamepuanroapobly
emKizeiumix natvlzvl op mypai: kemipmexmi niacmux (K1) mex 2,45 % kypatiovl,
an apamuod-snokcuomi xomnosum (AEK) 79,43 %, eme oicozapwl moaeKkynanv
molebi30blebl dicozapul noaudsmuner (FKMIKTII)) 80,16 %, an weinor manweix (LLT)
78,88 % repcemeoi. Kll-meei Ousiexmpiik wibl2blHHbIY MaHeeHe Oypbliibl OacKa
KoMnozummepee Kapazanoa eoayip scozapul, Oyl OHbIH MUIMOLNICIHIE MOMEHOI2iH
xepcemeoi. Couvimen kamap, KMIKTII maneenc Oypoiuibinbly ey Kiuli MOHOEpPIH
kepcemedi, an ADK srcone wivlibl manublkmap mypakmol HcoHe mOMeH OUIIeKMPIIiK
wblebinea ue, OY1 0napobl JHCO2apbl JHCULTIKMI  Kypblibliap MeH OaulaHbic
Jrcytienepinoe KoLOaHyada nepcnekmusaivl emeol.
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Kinmmi ce30ep: nonumepni KOMROZUYUSAIBIK MAMEPUAT, OUITIEKMPIIK HCO2ATNMNY,
PAOUOMOIIOIPTIK, HCULNIK, MAHESEHC OYPbIULbL.

Kipicne

¥YmateiH anmaparTeid (¥ A) KOHCTPYKUIHMSACBIHBIH MaHBI3/IbI AJIEMEHTTEPiHIH Oipi,
a’pOIMHAMUKAIIBIK CUTIATTaMalIap bl )KOHE HbICAHAFa J19J1 OaFbITTAy/Ibl A TapIIBIKTAl
AHBIKTANTHIH — OYJT aJIJIBIHFBI AHTCHHATBIK KaJTKaH OOJIBII Ta0bUIa b [ 1-2]. AHTEHHAIBIK
KaJIKaH YKOFaphl MEXaHUKAJIBIK KACHETTEPMEH KaTap, TOJIKBIH OTKI3T1IITIT1 KOFaphI )KOHE
aTMocdepabIk acepiiepre Te3iMi 00iysl THic [3]. Anaiiia, Ka3ipri yakpITTa OChIHIAM
KacHeTTepre ue MaTepualipl Tady 13/IeHICl KamFacya.

Pagunomenaipiik — MaTepuanIblH paJIuOTOIKBIHAAD MEH PEHTICH COyJelepiH
OTKi3y KabineTi [4]. Pagnomenaipiik MaTepuaiblH IUAJIEKTPIIIK CUITaTTaMalapbIMeH
TBIFBI3 OAMTAHBICTHI. SIFHU, TUATIEKTPITIK O TIMALTIK (€) )KOHE TUAJICKTPIIIK )KOFAIITY IBIH
TaHTeHC OYpHIIIEI (tand) HEFYPJIBIM TOMEH 00Jica, KAJIKaH apKbLIbl aHTEHHAFA OTETIH
HIEKTPOMATrHUTTIK TOJKBIHHBIH JKOFaybl COFYpJbIM a3 Oomnanbl. COHABIKTAH,
KOMITO3UIFSIIBIK MaTepHAI AP IbIH PaIHOMOIIIPIIri MEH AUJIEKTPIIIK CUIaTTaMalapbiH
3eprrey ¥ YA YIIIiH ©3eKTi OaFbIT OOJBIN TaObLIA b,

Xorappina aTanFaH TajdanTapAbl €CKEpe OTBIPHIN, MOJIUMEPIi KOMIIO3UTTIK
matepuanaap (ITKM), acipece apamumo-3mokcuari komno3umus (ASK) [5], mibHbI
tanmelk (ILUT) [6], kemipTekTi mnactuk (KII) [7] xoHe ©Te KOFapbl MOJICKYJIAIBI
TBIFBI3ABIFBI JKOFapbl nmonudTuien (QKMIKTII) [8], kankanmapasl skacay YyIIiH
MaTepHaapAbl TaHAay1a )KaKChl KaHauaaTTap 6oubin Tadbuiaasl. byn matepuangap
CaJIBICTBIPMAJTBI TYP/IE TOMEH AUDJICKTPIIIK CUTIATTaMAaJIapFa )KOHE KOFAPhl MEXaHUKAIIBIK
Kacuerrepre ue [9]. by KoMmo3uTTik MaTepuanaapabIH KeIIeH i KaCHeTTepl HeTi31HeH
MOJIMMEPIIIK MaTPULIAHBIH (a3zachlHa, apMaTypalaHFaH TaJIIbIKTapAblH (azacbiHa
YKOHE apMaTypallaHFaH TAJIIIBIKTap MEH MOJUMEPITIK MaTpHUIla apachIHIAFbI IIEKapara
OailmaHBICTHI €KeHI Matim [9—14].

Kaszipri yaksITTa *)OFapblla KOPCETIITreH KOMIO3UTTIK MaTepuaigapably
JIUBJIEKTPIIK CHIaTTaMalapbl MEH TOJKBIHOTKI3TIMTIriHE (palrnoMemIipIik)
KaTheICThl 3epTTeyiep [9-10, 15-20] a3 emec. Aran aifTKanaa, IOy KYMBICBIHAA
[9]. paaromMenip MOTUMEPIIK MAaTpUIAa HET131HJETT KOMIO3UTTEPAl KYpY € KOHE
tand TOMEH KOPCETKIMTEepIMEH HeMece IMOJSIPU3AIMSUIBIK MOJIEKYIANBIK THIFBI3IBIK
NIeH apMaTypajaHFaH TAJIBIKTAP/IbIH KOHE MOJUMEPIIK MaTPUIIAHbIH TOJSPU3aIUI
KOX(UITUEHTIH TOMEHJIETY apKbUIBI, HEMECe KOMITIO3UTTEP/IiH (a3aiblK OaliIaHbICHIH
HBIFAUTy apKblIbl )KY3€re achlpblIaThiHbl aiThuIFaH. [15] 3epTTeyne aBTopJap
E-1mbrap1/apamMua/>mOKCUATI MaWbIpIaH jKacalFaH THOPUATI KOMIO3UTTI IIAFbIH
KOPIHETIH KaJKaHAap/Ibl CHIIATTay YIIiH €pKiH KEeHICTIK dIiciH KongaHabl. [ uOpuari
komno3uTTi HF2 mekapaner kankan 8,50 [T pesonanctsik xuimikre 81 % oTkizy
ko3 punuentimen xoHe 0,84 I'T1 oTKi3y KOJAFBIMEH TajanTapra cail 0OJbI.
Pagnomenaipinik apmupinenret E, S, D NIbIHBITANIIBIKTAp JKOHE MOJIUMEPITIK MaTPULA
Heri3inAe skacanaabl [16]. Bi3miH anabiHFBI 3epTTeyiepiMizae [S5] paauoToNKeHIAD
ymrin ADK eTki3rimTik ko3¢ dunueHTiniyg oprama MaHi 89,9 %, an T ymin
89,01 % kypanbl. JudnexTpiik oTKi3rimTikTi emey ke3ingae ADK 2,874 temen opraria

79



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2024

JTURJICKTPIIIK OTKI3rimTiK ([{O) MoHIH KepceTTi, Oy apaMu/l TaIIIBIFbIHBIH TOMeH J1O
OaitnanbicThl, an LT nexreiti 4 nen anbikranael. Wei, H. sxxone Oackanap [6] HIBIHBI
TanmblK/moaurerpadropstmiien kKomno3utid 30 I'T KuinikTe TOMEH AUIIEKTPIIK
OTKI3TIIITIKIEH (2.326) >KOFapbl JKULTIKTI Oaitnanbic yiriH xkacazpl. LI T moandukamscer
KOMITO3UTTIH JUAJICKTPIIIK IIBIFBIHIBI TOMEHIETYTe MYMKIHIK Oepi. [17] 3eprreyne
5 %—40 % wbIHbI TaBIK OemekTepi O6ap xorapel THIMII EP/GF-X xommo3utrepin
OHJIIPY YIIiH 128 SMOKCH/ITI IIAKBIP )KOHE IIBIHBI TAJIIIBIK OOJIIeKTePl HaiJalaHbUI b
OnapapiH AMAIEKTPIiK Kacuerrepin 3eprrey 10-10° 'y xuinik auama3zoHbIHIA
4,862 opramia AMAIEKTPIIK OTKI3TIIITIK KOPCETTi. E-IIBIHBI TalIIBIFbI/3MOKCUITI
[IAMBIP KOMIO3UTIHIH JUAIEKTPIIIK aHU30TPOIUSACKHI X-IHAaIlla30HbIH/IA €PKiH KeHICTIK
aaicimen emmensi [ 18]. Kenemik yiec neH TambIKTap IbIH OaF 1apbIH €CKepe OTHIPHIIL,
JURJICKTPIIIK OTKI3MIITIKTI O0JIKay YIIiH OMHAPIIBI KOCTIAHBIH TE€H/IEYJIEP] YChIHBUIIBI
KOHE IKCIIEPUMEHTAIBI TYpae Tekcepini. 8—12 I'T'i xuinik auanazonsinaa Galehdar
xoHe Oackanap [19] keHiHEeH KOJIJaHbUIAThIH Ka0aT KYPBUIBIMBI 6ap KBa3HM30TPOITHI
KII S-napamerprepin emmeni, sisrkau 0°/45°/90°/-45°. Hotuxkenep KepceTKeHIEH,
KII marbuiblcThIpy K03((GUIMEHTI 3JIeKTp OpiciHiH OarbIThIHA KapamMacTaH (TaJIIbIK
ociHe mapaiienp Hemece neprneHaukyisip) 100 %-ra xxysik Oonabl. [20] 3eprreyne
atop:ap KII maTepuaniapbIHbIH KoHE KOHCTPYKIHIIAPBIHBIH TEMIIEpaTypara ToyenIi
JIEKTPOMArHUTTIK KACUETTEPIH OJIIIeY YILIiH PE3UCTUBTI KbI3ABIPY diciH yehIHAbL. KII-
HBIH TEMIIEpaTypara Toyell JIeKTPOMAarHUTTIK KacueTTepi 6eMe TeMIiepaTypachblHaH
400 °C neitinri TemnepaTtypa Avana3oHbIHAA enmieHal. HoTmxkenep kepceTkeHnae,
temneparypa KII snekrpoMarHuTTik KacueTTepine antapislkTail acep erexi. Kasipri
yakpbITTa JKMOKTII TanmsikrappiHaH *KacalFaH HOJIUMEPITiK-MaTPULAIIBIK PAJJHOMeOIIIIp
KOMIO3UTTEP1 OHIIPY TeK IKCIEPUMEHTTIK 3epTTeyiep Ke3eHIH e TYP.

Ocpunaiiina, aieMae paguoMeNIipiaiK MeH AUIIEKTPIIK cCUMaTTaMalapra
KaTBICTBI )KOFaphl camajibl 3epTTeyJiep Kypri3iareHiMeH, Oy OarblT oJjaH opi TepeH
3eprreynepal Kaxer eteai. Kenreren zeprreyiiep xeke KOMIO3UTTEpre apHaica
Ja, AUAJEKTPIIIK cUmaTTaMmanap MEH paauo PaJIuoOMOIIIPIIKTIH apThIKIIBUIBIKTAPEI
TYPFBICBIHAH CaJIBICTBIPMAJIbl 3€pPTTEYJIep KYPri3y KbI3BIKTHI Ooyiap eli, eUTKeHi
01311H ManiMeTTepimMi3 OOMbIHIIA MYHIAl 3epTTeyJiep allbIK FHUIBIMU 91e0ueTTep e
#OK. JKyMBICTBIH MaKcaThl - yKcac karaaitnapaa ansiarad K11, ADK, JKMXXTII xene
KII koMIo3uTTiK MaTepuaIIapbIHbIH TUAIEKTPIIIK IIBIFEIHBI MEH PAIHOMOIIIIPIIriH
CaJIBICTBIPMAJIBl TYPAE 3€pTTey OOJIBI.

Marepuangap MeH aaicrep

Komno3utrep/iH AUAIEKTPIIIK CUMIaTTaMaiapbl MEH PaJuOMeIIIIPIIriH 3epTTey
makcatbiaaa KI1, ADK, JXMXTII xoene LIT marepuangapsl nalbiHIAIIBL. OHICTIH
TOJIBIK CHITaTTaMachl O13/11H aJIZIBIHFbI )KyMbICTapbIMbI3aa OepinreH [11]. Kommo3uTTik
MaTepuaiaap yuiH OaianblcThIpymibl peTinae L snmokcuari maiieipel sxoHe EPH
KaTaNUTKBIIIBI KOJIAHBUIIBL.

Onokeuari maiislp L (PoxySystems, ['epmanus) ke3 keiareH matepuaiiapra
JKOFapBbl aAre3UACHIMEH epeKIenenei, Oipak Oyl epekiie KacueTi TeK KaTauTKbIIIIEeH
KOCBhUTFaH/1a Oaifkanaael. XKanmel cumarramanapsl 1-kecTeie KenTipiireH.
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Kecre 1 — Dnokcunari maiislp L cunarramanapsl
Kepcerkir MoHi
TBIFBI3ABIFBI, I/CM3 1,14
TyYTKBIPJABIFBI, MIla*c 710
Tyrany Temnepatypacsl, °C 150
Karbinacsl, rp. 70/30
Kararo mapanapsl 20-25°C 24 carat Oo¥ibl
Hinyre 6epikrik meri, MIla 137
Cosyra depikrik meri, MIla 82,8
Kpicyra Oepikrik, MIla 111

ApmMarypanayiibl Matepuai petiaae 460 r/mM? 0aTMCTUKAIIBIK KOPFayFa apHaJIFaH
apamuaTi mata — meiH (Tejin Aramid, Hunepnanaer), kemipTekTi maTa — capxa 3K-
1200200 (OKLLIK «Amnabyra-Bomoknoy, Peceii), Ortex 360 mbiabr mata — 300 r/m?
(bayTexc, Peceit) xone JKXMIKTII (Jiangsu Ptk New Material Technology Co., Ltd.,
KpITaii) KoagaHbUIIbL.

Baprbik 0cbl KOMIO3UTTEP BaKyyMBIK HH(Y3Us d/1iciMeH anbIHabl. KommosuTrepai
BaKyyMJIbIK HH(DY3Us 9/1ICIMEH KaJIbINTAy Kejleci Ke3eHAEpACH TYP/bl:

— BaKyyM/JIbIK HH(Y3USFa apHAJIFaH Kypaji->KaOAbIKThI TalbIH/IAY;

— Kyprak apmatypasnsl (297 x 420 MM MeIIepiH/ie) BaKyyMIbIK xKaOIbIKKa camy;

— 5KaOJBIKTBI MYKHUSIT T€pMeTH3aIHsIIAY;

— 0alJTaHBICTHIPYIIBIHBI )Ka0IBIKKA SHT13Y;

— apMaTypaHbl BAKYYMJBIK CIHIPY KOHE OHBIH KaTalobl.

OC L marpuniacel + EPH KatailTKpImb1 6ap KOMIO3UIUSIIBIK MaTepuangap 25°C
TeMriepatypasa 24 caraT OOWBI KaTar MPOIECIHECH OTTi.

2-kecrene pasrHganran KII, ADK, JKMXTII xxene IIT komMmo3uTTepiHiH
(U3HKATIBIK KACHETTEPl KOPCETIITEH.

Kecte 2 — [IKM ¢usukanbik Kacuerrepi

Kanbig-ab1¥bl, | ThIFBI3-1bIFBL, | KoMIOHEHTTED katbiHacel |C 0 3 y ¥ a|C 0 K K Bl
ITKM (MM) (r/em?®) (apmarypa/matpuna), % Gepikriri, MIIa | TYTKBIpJIBI-FBI,
kJIK/M?
KIT 1.4 1,53 65/35 833 195
ADK 1.4 1,38 65/35 710 475
KMXKTIT 1.4 0,95 65/35 550 140
T 1.4 1,9 65/35 425 80

JIM3IIEKTPITIK MIBIFBIHHBIH TAHTEHC OYPBIIIBIH OJIIIey

Erep muanexTpiik eTIMIUTIK (€) MaTepHaIbIH BAKYYMMEH (ayaMeH ) CaJTbICThIpFaH Ia
JUAJICKTPUKTE SHEPTHS )KUHAY KaOUIeTiH CUITaTTaWThIH 00JIca, OHJIA JUAJICKTPHUKTIH
cama ¢aktopsl Q OHBIH YHEPTUSHBI CaKTay KaOUIETIH CHIaTTalabl — OYJI )KHHAKTAJIFaH
SHEPTHUSHBIH KOFAJIFaH SHEPTUsFa KATHIHACKHL. AWHBIMAIIBI ©PICTE YKAJIIIBI SHEPTUs KalTa
3apsAATay SHEPTHIACHIHAH JKOHE SHEPTHUs KOFAITYJIapbIHAH KYpaia bl

6ip nepuoATa )KUHAKTAJIFAaH IHEPTHUs

Q:

6ip nepyo/iKa LIbIFbIHAAIFAH SHEPTUS (D)
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ColikeciHie, MaTepUaIblH KOFANTyIapbl Q maMackiHa Kepi IPOMOPIUOHAI
JKOHE >KOFAJIFaH SHEPTUSHBIH KHHAKTAIFAH YHEPrUsSFa KaThIHACHIMEH aHBIKTAAIbI.
JusnexkTpuk OOJFaH Ke3/Je KOHTYPABIH cama (pakTOpbl AMAJICKTPIIIK IIBIFBIHIAP
nramMacbiHa ToMeHaeiTiH 0enriti. COHOBIKTaH AUAJICKTPUKTET] TUAICKTPIIK IIBIFbIH
OYpPBILIBIHEIH TaHTeHCI (tand) Q mamackiHa Kepi MPOMOPIHMOHAN OOJBIN TaObLIA kI
xoHe (2) hopmyacel OOMbIHINIA AHBIKTAIAIbI:

tand = % (2)

MYHJaFbl Q — MaTepHaIbIH, SFHU JUAJICKTPUKTIH cara (pakTopbl.

XKa3zplk MarepuangapibiH cana (GakTOPbIH alHBIMAIbl 3JIEKTPOMAarHUTTIK
epicTe pe30HATOPIIBIK SAICIEH oJjIey oTe biHFaiibl, Oyn yurin Keysight (AKII)
koMnanuscelHbIH FieldFox microwave analyzer N9915A Ti30ekTi aHain3aTOpbI
KOJIIaHbLIa Ib1. OJIIIIey pe30HaTOPBI Oip JKaFbl KbICKAPTHUIFAH, €Hi 8 MM )KOHE KaJIbIHJIbIFbI
0,5 MM 60matbia 150 MM Y3BIHABIKTAFbI MBIC JKOJIAKTAH TYpa/bl xKoHe amroMuHui /116
MaTepHUalIbIHAH JKaCaJIFaH AKpaHJAIFaH KopIycTa opHaimackaH. OchlLiaiiina, sK0JaK
ayasbIK caHbuiaya A/4 pesonatopbia 400 MI ' ntnanazonsinia yieiMaacteipasl. Erep
CaHbUIayFa JUAJICKTPIIIK MaTepHal eHrisiiace, pesonatopabis xuiniri 300-350 MI i-ke
JIeiiH TOeMeH e 11, Oy HaKTHI YITiHIH eTKi3rimTirine Oainansictel. CBY Ti30ekTepin
aHaJIM3aTOP/IbIH KeMeriMeH ap0ip yirizge 3 pet S21 mapamerpiepi eiieHe i, oJapbH
Heri3iHae pe3oHaTtop e Q cama paxropsl rpadukansik Typae (3) dopmynackl OoibIHIIA
ecernTee/ii )koHe aJIbIHFAaH MOHJIEP OpTAallla ajlbIHAIbL:

O =12/ (13-f1) 3)

MYH/IaFbI 2 —pe30HAHCTBIH OPTANIBIK KULTITL;
fl u 3 — munyc 3 dB neHreliinaeri cunaTTaMaHblH MIETKI KULTIKTEPI.
Hotmxecinge (4) Gopmynachl anbIH/IbL:

tand = (13-f1) / 12. (4)

Yurinepain AUAIEKTPIIK OTIMIUIITH eJley

YarinepAiH IudIeKTPIIiK O TIMALTITT KOHIEHCATOPIBIK oicieH enmenai. [IKM 6ap
YKOHE OHCBI3 KOHJIeHcaTOpAbIH CHIHBIMABLTBIFBI APPA701 LCR-Metpi (APPA, TaiiBanb)
acnaObiMeH emmenai. Juanextpiik etiMainik ([1©) konaeHcaTopMeH BaKyyMIarbl
Hemece ayanarbl (¢ = 1) ceiiibIMIbUIBIKTEL (CA) caibICThIpFaHAa KOHACHCATOPIBIH
ceIMBIMABUTBIFBIHBIH (C) KaHIIa ece apThIK eKeHIH KopceTei, 0yn popmymnara colikec:

€ =— 3

c 3)
[NIKM mnapakTapblH KOHJEHCATOPIBIH AJIEKTPOATAPBIHBIH apachlHAa KbICY YIIiH
NPEIU3NOHBIK KbICTIANIap HETi31HIe amoMUHHNA AnmekTpoaTapsiMe (170 x 138 Mm)
CTEH]I YKacaJJIbl. DJIEKTPOATAPAbIH OKIIAYIaFbIIITAPHI TAPA3UTTIK CHIABIMIBLIBIKTAPIBI
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a3afTy YILIiH JUAJIEKTPIIIK OTIMIUII TOMEH KalpoJOHHAH acalabl. Op KOMIO3HUTTE
Oec peT eney KYpri3iain, HOTHKeIepi opTalia ecenTei.

PagunomennipmikTi enimey

Martepuan YATICIHIH PaJHOMOJIIIPIITriH (3JIEKTPOMATHUTTIK TOJKBIHHBIH OTY
K023 uireHT) yNIriHiH 0ap-KOKTHIFbIHA OaiiIaHBICTHI TAPATYIIIbI )KOHE KaObUIJayIIIbI
PYIOPJIBIK aHTEHHAJIAPABIH 3JIEKTPOMArHUTTIK COYJIENIEHY JIEHIeHIIEPiH CaJBICTBIPY
aniciMen enmeni (1-cyperke colikec). PagrnomMenaipaikTi eiey Ke3iHe MaKCUMAaIIJIbI
MeJIIeperi yiri, mamameH A3 ¢hopMathl, KOIJTaHBUIIBL.

PaguomenaipaikTi ejmey pynopiblK aHTEHHAIAPABIH XOHE KYpPbUIFbUIAPAbIH
JKYMBIC XKuimiri aykeiMbiagaa: 1+8,5 I'T' sxyprizinai. YAri aHTeHHaJapMeH Tikenen
OaitnanpicTa 60JFaH XOK. OpOip YiAri yuIiH mapaMeTpii KeMiHjae 3 per eJiier,
HOTWXKeIepi opraina ecerreH mbFapbuiabl. 0,7 [Ti-tan 17 ['T-ka neiiinri tuana3zoHbl
0ap pynopiblK aHTEHHAJIAp 3JEKTPOMATHUTTIK ©PICTi OEpiireH KyaT aFbIHBIHBIH
TBHIFBI3/IBIFBIMEH JKOHE KAJIBIITH OaFBITTATIFAH JUAarpaMMaCchIMEH KO3IbIpy KabineTiHe
0aiiIaHbICThI TAHAAJIIBI.

A3 ¢dopmaTeiHAaFBEl YATIHIH ayJaHbl PyHOPJbIK aHTEHHAJAapAbIH AlIbLTy
aynanbsiHas 20 %-Fa ylIkeH, OyJ eJiey 9/1iCiMeH JKaKChl coiikec Kenei. by sxarmaiina
AQHTEHHAIAP/AbIH OaFbITTANIFAH TUArPaAMMACHIHIAFbI AJIEKTPOMArHUTTIK SHEPTHSHbBIH
Heri3ri OeJIiri yJIriieH eTim, aHTeHHaIap apachblH/a YJT1IeH aifHAIIBII O©TIEH oTe .

Yuri 1-cypeTke colikec aralll >kakTay apKbUIbl TIpeKKe KeHICTIKTe OeKiTuiil. XKakray
MeTasul OeKiTy 3JIEMEHTTEPIHEH TYBIHIANUTBIH OJIIIey aliMaFbIHIAFbl [IAFbIIBICTAPAbI
a3alTy YLIIH IUTACTUKANIBIK OypaHaajJapMeH LIET XKaFbIHaH OEKITiJreH.

AnTeHHanapAbIH OYHipiK KanblpaKTapbIHBIH SHEPTHCHI YIIT1IEH THICKapHhl OTill,
KaObUTIaYIITbl aHTEHHAFA CHIII, OJIIICY JDJIIIT1H HallapaaTiac Yl pagioMeIIIipIiKTi
enmiey paguocayiuenepai xyratein MaTepuanmern (TOPA 39/25/9, TOPA, benapych
PecryGiukachr) skaObUTFaH >kaHFBIPBIKCHI3 9KpaHiasiFal kamepaa (JKOK) epkin keHicTik
dJIiciMeH Xypri3unai. Panuocaynenep/i »kyTaTblH MaTepuall aHTeHHAIapAbIH OyHipik
JKambIPaKTapbIHBIH apTBIK HEPTUACHIH ciHipeai. KamepaHbIH SKpaHIaIybl CHIPTKbBI
3(UPIIK pasuo cCayJeNenyIep/IiH, COHBIH 1IIiHAC YsIbl OallaHbIC ONEPaTOPIAPBIHBIH
0a3aJIbIK CTAHIMSIIAPBIHBIH 9CEPiH OJIIIeY HOTHXKEIepiHe TUri30eyre MyMKiHIiK Oepeti.

Marepwuai yAriciHiz paIuoMeIIipIIiriH eey Ke3iH1e KOJIAaHblUIFaH a0 abIKTap:
cnektpuiik ananuzaTop N9010B Keysight (Keysight Technologies, AKIL) EMI emniey
KaObuarsimbiMe, Signal Generator N5071 (Keysight Technologies, AKI) curuan
rereparopsl, [16-23M/2 pynopasik antennanap (MHUIIU, benapycs PecniyGnukacsr).

83



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2024

Spectrum

(=
]
o '7 B
workplace " - =18 A Material sample

o ( )
. Transmitting
Z antenna

[EAARRR AR AN AN

Radar absorbing material

[ SSANANNNSANNNY

FTTFIIIT LIS ILIITILS

Cypet 1 — Marepuan yJriCiHIH pauoKapKbIHIbUIBIFBIH
KOK-te eniiey cxeMachl

Haruxesep xaHe TaJKbLIAYJIap

Yarutepaiy AUAIEKTPIIIK CUITaTTaMaJIapbIH 3€PTTEY

bapnwix anpiaran [IKM quaiiekTpiiik cummaTTaMaiapbliHbIH HOTHKETIEP1 2-CypeTTe
KepceTiren. KeMipTeKTi TIaCTUKTIH IUAICKTPIIK OTIMAUTITIH ([{O) OHBIH KOFapbl
AJIEKTP OTKI3TIIITITIHE OAMIaHBICTHI OJIIIIeY MYMKIH O0JIMa b, OpTYpJIi OaFbITTa OpLIreH
KOMIPTEK TaJIIBIKTAPBIHBIH OlpHENIe KadaTTapbl 3JIEKTPOMATHUTTIK TOJKBIHIAPIbI
1IIiHapa JKyTaThIH 9KpaH kacaibl. Kanran kommnosutrepain O kenecineit Tipkemmi:
ADK-2,9, )KMXTII - 2,56, LLIT - 3,64. KMXKTII-TiH monsipchI3 TaOUFAaThl MUHUMAJIIBI
TUDJICKTPIIK oTIMALTIKTI KaMTamachd eteal. ADK sxone IIT-meri apmatypalbik
tanmbikTap na JI1-ra acep ereni, Oys peTTe apaMu/ITI TANIIBIKTAp UIbIHBI TAJIIIBIKKA
KaparaH/ia 3JIGKTPOMAarHUTTIK CUTHAJAApAbl )KaKChIpaK Oacabl.
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Cyper 2 — IIKM-n1bIH TUAIEKTPIIIK cUIaTTaManapbl
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JIM3IEKTPIIIK MIBIFBIH OYPHIIBIHBIH TAHTCHC] HET131HEH MOJMMEPIIiK KOMIO3HUTTIH
0alimaHBICTHIPFHINIBIHA OAaNaHBICTHI, COMAH KEHiH TONTBHIPFBIIIKA. bapibik
KOMITO3UTTEpAE OaillIaHBICTBIPFBIII MaTepuai peTiHae Oipael 3MOKCHATI IMIalbIp
KOJIIaHBULJBI. 2-CypeTTe 9pOip KOMIIO3HUTTIH OJIIEMJIEPiHIH OpTamia HaTIXenepl
KepceTUIreH. JlepeKkTep/i CalbICThIpy 9pTYpPJIl KHUUTIKTEpAET] YII MapKep OoWbIHIIA
xyprizinai: fl, £2, £3. Hotmwxenep KII qusnexTpiik MIBIFBIH OYPHIIBIHBIH TaHT€HC1
6acka [IKM-napra kaparanaa aitapibIKTail >korapsl ekeHin kepcerTi. byn KII-na tand
MOH/IEpPiHIH )KOFapbl 00JTybIHA 9Kese ll. bapabIKk KOMIO3UTTEpiH 1LIHE CaIbICTHIPMAIIbI
typae eH temenri tand mauzaepi KXMXKTII-te tipkenni. KKMXTII nonustrienHiyg
Oip TYpi OOJBIN TaOBUIAABI, a1 MOJUATHIICH 63 KE3€T1H/Ie MOJSIPCHI3 MOTUMEp OOJIBII
tabbutagel. JKMOKTII-TiH XUMUSATIBIK KypaMbl KOMIPTEK MEH CyTeri aTOMJapbIHbIH
apachIHAAFbl OaiaHbICTap Ikl KAMTH/IBI, OYJI OHBI OJISPCHI3 eTeli. COHJIBIKTAH JIEKTP
OPICIHIH dCEPIHEH TUIOJIBAEP peTTeNMei i, Anaiia, IeKTpOHIapIbIH 3JIEKTpP OPICIHIH
OaFpIThIHA Kapail KO3Fallybl calliapblHaH Oipiama 3JIeKTPOHABIK NOJsIpU3alus naiaa
6ot ipl, 071 J1e371e JKy3ere acasl. [lonmumepiep skoFapbl MEHIIIKTI Ke/Ieprire »koHe TOMEH
manexTpiik etivainikke ue. ADK xone LT 0,03-0,04 apansirsinaa Tipkensi. by exi
KOMITO3HT T€ apMaTypaJIbIK TAJIIBIK MaTEpUAAAPbIHBIH €pEKIIeIIKTepiHe OaliIaHbICThI
TOMEH MOHJEP/I KOpceTTi. ApaMHJl 3JEKTPOMATHUTTIK CUTHAIIAPIBIH COYJIEICHYIH
IIBIHBI TATIIBIKKA KaparaHa KeOipek 0acapl, OUTKEeHI MIBIHBI TAIIBIKTHIH JUJICKTPITIK
OTIMIUIIT] )KOFapbIpak. Anaiina, J1O kenteren gaxTopiapra (bUIFaJIIbUIBIK, KEYEKTeEp,
Kocnayiap >koHe T.0.) OalIaHBICTBI €KEHIH JKOHE HAKThl MaTepuaj MEH Maijanany
HIapTTapbiHa OaiIaHBICTHI KEH ayKbIM/Ia ©3repyl MYMKIH €KEeHIH TYCIHY KaxkeT.

Yurinepain paauoMesipIlirid 3epTTey

Kenripinren tand nepekrepine coiikec, o1ap epKiH KeHICTIK d/1ici OOMBIHINA aJIBIHFbI
Tajngay HOTHXKeNepiMeH colikec keieni. Mmmenanc coilkecTiri TeopuschiHA CoMKec,
OpTaHbIH JUAJIEKTPIIIK IMapaMeTpiiepl HEFYPJIbIM JKOFaphl 00Jca, JIEKTPOMArHuTTIK
TOJIKBIH COFYPJIBIM KATThI LIAFbIIA/bI, OYJI SIEKTPOMArHUTTIK TOJIKBIHHBIH MaTepHa
ApKBUIBI OTY TUIMILUTITIH TOMeHeTe1i. COHBIMEH KaTap, MaTepHall paaruoMeII i pIiKTi
eJIIICY/IET1 «CaHblIay» peTiH/Ae MaiijaJaHbuIFaHia, TOJIKBIH (PPOHTHI MaTEpHaJIbIH
TaJIIBIKTApbIHA KOJIZICHEH (TIepIeHIUKYJISP) OTCE, TOIKBIHAAPIBIH SIICIpeyl MUHIUMAIIbI
00JIyBl MYMKIH.

3-cyperte paauomenipiikTi 1-nen 8,4 I'T'w geifinri GipHelie Auana3oHa eeyaiH
CaJIBICTBIPMAJIbI HOTHXKeJepl KepceTinreH. bapiblk rpaduKTep TONKBIH TOPI3/Il CHIIATKA
ue XoHe apTYpJIi kesenepre ue. Kacuerrepieri ChI3bIKTHIK eMeC MiHE3-KYJIbIK KOITEreH
(axropnapmen OaitnansicTsl 001yl MYMKiH. [TomumMepati komio3utrep kediHece opTypi
¢azanapnan Hemece KocnanapaaH (MbICallbl, KYIIEHTKIITepeH) Typaibl. ChI3bIKTHIK
emec e3repictep ochbl (pazamapblH pTYPIIl AUIICKTPIIK KaCHETTepl jKoHE OJapiblH
AJIEKTPOMArHUTTIK TOJIKBIHIAPMEH ©3apa dpEeKeTTeCyiHeH TybIHaybl MyMKiH. Keiibip
KOMITO3UTTEp Oeristi Oip *KULTIKTEp/Ie SHEPTUSHBI CIHIpE anafpbl, OyJI paAnOoMeIIipIiKTIH
CBI3BIKTBIK €MeC e3repyiHe okeienai. bya KOMMO3UTTIH KYpbUIBIMBIHIAFEI TepOeic
pe3oHaHcTapbIMeH OaillaHbICThl 00Jybl MYMKiH. Erep maTtepuanma OipTeKTiTIKTIH
6omMaybl Hemece (azanap meKkapaiapsl 00s1ca, paJuOTOIKbIHIAP KOII peT MalllblpayFa
YIIBIpaybl MYMKIiH, OYJI CBI3BIKTBIK €MEC dcepiiepre oKeneIi.
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Cypet 3 — Anbiaran 6apiasik [IKM-HiH paguoMeaipiirii 3epTTey HoTHKeIepi

TonksIHAApIBIH €H a3 dJicipeyi, SFHU €H KaKchl paguomenmipiik, KMXKTII
chlHAy Ke3iHzae Oaiikamnabl. byn HoTmXenep ochl YITIHIH TOMEH tand KepceTKilliHe
OalimaHBICTHl €KeHI aHBIK. Alaiiia, KabaTThl KOMIO3UTTEPAIH aHU30TPOMUSIIBIK
KacueTTepiHe OalIaHBICTBI €H JKAaKChl PaJMOMOIIIIPIIIK dpKallaH eH TOMEHT1 tand
MoHIHe colikec kenmeinai. Moicansl, ADK pamuomennipimiri IIT-ka kaparanma
xakcoIpak, Oipak LI T-TeiH quanexTpiik cunarramanapsl ToMeH. KII-1a kemipTekTiH
00ITyBl PaTUOKHUUTIKTEPIiH OApIIBIK AUANIa30HbIH/IA ©PICTIH alTapIbIKTall acipeyine
okenesni. 20 dB mani curnain KyaTtsiabiH 100 ece aicipeyin kepceteii. COHIBIKTaH OHbI
PaZMoKYTYIIBI MaTepuasIap KaTapblHa )KaTKbI3yFa O0abl.

4-m1i cypeTTeri IepeKTepAeH albIHFaH PaAHOMeIIIip KOMIIO3UTTEPIIH OopTamia
dJicipey MoHIEPIH KyaT KaTblHAcChlHAa TypieHaipyre Oosianel. Kepuey, TOk xoHe
KyaT KaTbIHACTapBIHBIH KECTECiHE COliKec, CUTHAN TOJKBIHBIHBIH oicipeyin (1bm)
KyaT KaTbIHachlHA (MaTepuai apKbUIbl ©TKEH KyaT 0eJiiri) TypieHzipyre 0ojajabl.
HoaTmwxecinge maTepuan apKblUibl ©TKeH KyaT 0eJiri eTkizy Kos(p(uuueHTiHe TeH
6onaapl. 4-cypeTTe MaTepuanFa O0ailyIaHbICTBl KOMIIO3UT apKbLIbl ©TKEH KYaTThIH
6emiri kepcerinren. Kepin oteipranbivbizfaid, JKMXKTII sxene ADK xommosutrepi
PaAMOTONKBIHAAPIBI OTKIZY KaOLIeTi KOFapHhI.

ADK, KMXTII xene LIT ymin etkizy ko3dduunentrepi mamamen oipaei
manzepre ue. ADK MoseKynaablK KypbUIBIMBIHBIH JKOFapbl MOJIIPIIIri 00Iybl MYMKIH,
OYJI JIEKTPOMArHUTTIK TOJKBIHAAPIBIH, COHBIH 1IH/IE PAAUOTOIKBIHAAPABIH KAKCHI
OTyiHE BIKIAJ eTEe/i.
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Cypet 4 — Anpiaran 6apasik [IKM-HIH pagnomMenIipiiiria 3epTTey HoTmKenepi

Kap:kpL1aHabIpy TypaJibl aknapar

by xxympic Kazakcran PecryOmkach! FeutbIM skoHE sKOFapbl O171iM MUHUCTPITITTHIH
Feimeiv komuTeTiHIH KostnaybiMeH AP09058225 «Ockepu MUIIOTCHI3 YIITY ammapaTTapbl
KOPIyCTapbl MEH adPOFAPBIIITHIK TEXHUKA YIIIH JKOFapbl OCPIKTIKTI PaJno ©TKI3TIII
KOMITO3HTTI Ty IbIH OTaH IbIK TEXHOJOTHUSICHIH d31pJIey» TPaHTTHIK jk00a ImeHO0epiHae
OpBIH/IAJI/IBI.

KopbIThIHABI

ApaMUA-3TIOKCHATI KOMITO3UTTIH, IIBIHBITAIIIBIKTBIH, KOMIPTEKT! TUIACTUKTIH
KOHE OT€ KOFapbl MOJIEKYJIAJIBIK THIFBI3ABIFBI Oap MOJTUATUIECHHIH IHUAJIEKTPIIK
CHUIMaTTaMaJIapbl MEH PAJMOMOJIIIPJIITIHE CANTBICTBIPMAIIBI 3€PTTEYJICp JKYPTi3iii.
Temen nuanextpiik etimainik moHaepiH ADK sxone JKXMIXKTII smekTpoMarHuTTiK
CUTHaJIap/ibl 0acy *oHe KOMIO3UTTEP/IH MOJSIPChI3 TAOUFATHIHBIH apKachlHAa
kepceTTi. HoTmkenep OolipiHIA GapIbIK KOMITO3UTTEP/IIH 1IIIHAE €H TOMEHTI tand
MoHJIepl moJspchi3 KacuerTepine OaimanbicThl JKMOKTII Tipkenai. Judmextpiik
BIFBIHHBIH, MOHepi OolibiHma ADK sxene LT exeyi me TypakThl )KOHE TOMEH
MOHEP/II KOpCeTTl. 3epTTEITeH MaTepuaaapIbiH pagruoMeaipiiri 1+4, 4+6 xoHe
8+8,5 I'T'i »umisliK Juana3oHIaphiHIa €PKiH KEHICTIKTE OJIIIey 9ICIMEH OaraiaH/Ibl.
DKCIEepUMEHTTEP/IIH HOTHXKEJIepi OOMBIHIIIA dPTYPJIl MaTepuaigap YIIiH Kejaeci
OTKI3TIITIK maibiaapel anbiKTamael: KIT — 2,45 %, ADK — 79,43 %, XKMXTII —
80,16 %, LT — 78,88 %. Dxcnepumentrep HoTmwkeciHae ADK, JKMXKTII xone
T yurie eTkizy koddduumueHTTEpl YKCac ACHIEeHe eKeHl aHBIKTaIAbl. byl ochl
KOMITO3UTTEP/IIH aTaJlFaH JKUUTIK TUANa30HbIH/A CATBICTRIPMAIbl PAIMOMOIITIPITIKKE
1e eKeHIH KOpCeTeIl.

3eprrey Hotmxkenepi JKMIKTII-TiH 1UAIeKTPIIiK MIBIFBIH OYPBIINIBIHBIH TAHTEHCI
MEH OTKI3TIIITIT1 TOMEH €KEHIH, OyJ OHBIH OFapbl PAIUOMOIIIPIIKKE Ue CKEeHIH
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kepcereni. by kacuerrep JKKMIKTII-Ti 31eKTpOMarHuTTIK CUTHAIIAPBI THIM/I1 ©TKI3Y
Ka)keT O0JIaThIH caslanap/a KoJIJaHyFa OoIalarkl 30p MaTepual eTei.
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HNCCIEJOBAHUME JUIJEKTPUYECKUX ITOTEPH "
PAIUOITPO3PAYHOCTHU KOMITIO3UTHBIX MATEPHUAJIOB
JJI51 KOPITYCHBIX DJIEMEHTOB BIIVIA

B nocaeonue 200v1 6ecnunommnwvie iemamensvhvie annapamsl (bI1J14) npuobpenu
WUPOKYIO  NORYIAPHOCMb  01a200aps. C8OUM  YHUKATbHBIM  BO3MOMCHOCHIAM U
PA3HOOOPA3HbIM  NPUMEHEHUAM 6 DA3IUYHbIX Cchepax, 6KAUas IKOHOMUKY,
000poHy u HayuyHble ucciedosanus. OOHAKO ux (DYHKYUOHATLHOCMb 02PAHUYEHA
pAdom  pakmopos, mMaxKux Kaxk aemMOHOMHOCHMb HOJemd U C8iA3b C HA3EMHOU
cmanyuetl. OOHUM U3 KIIOHUEBbIX peuwleHutl Ois VIYYUIeHUs. 9MUX dcnekmos
ABNIAEMCS UCTIONB308AHUE PAOUONPOIPAUHBIX MAmMepuanios ¢ koncmpykyusx BI1TIA.
Tonumeprvle KOMRO3UMbL ¢ HUSKUMU OUINEKMPULECKUMU XAPAKMEPUCTIUKAMU
U BbICOKOU PAOUONPO3PAYHOCIBIO USPAIOM  KIIOYEBYI0 POlb 8 COBPEMEHHbIX
MENeKOMMYHUKAYUOHHBIX MEXHON02UAX, 00eCneuusas 6bICOKYI0 CKOPOCHb nepedayu
CUCHATI08 U BbICOKYVIO cmeneHb unmezpayuu ycmpoicms. OOHAKo co30anue makux
OUINEKMPUYECKUX NOTUMEPHBIX KOMNOZUNOG C HeOOXOOUMbBIMU XAPAKMEPUCTIUKAMU
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npedcmasisiem coOOU CLOACHYIO 3a0avy, mpebdylowyrlo enyboKoeo anHamsa u
IKCnepumenmos. B 0annoil pabome npedcmagieHvl CpasHumenbHvle pe3yabmanbvl
uccnedosanus  OUIIEKMPUUECKUx nomepsb U pPaouonpo3paAvHOCMU  PA3TUYHBIX
KOMNO3UMHBIX ~MAMEPUAios, makux Kaxk apamuOHO-9NOKCUOHBIL KOMNO3UM,
CMEKNIONAACMUK, YeIeNnIaACMUK U CEePXEblCOKOMONEKYIAPHBIN NOIUIMNUIEH 8bICOKOU
NIOMHOCIU.

B oaunoii pabome sxcnepumenmuvl nokazanu, 4mo HpPoOYewm HPONYCKAHU
o smux mamepuanog eapvupyemcs: yeaennacmux (VII)  umeem 6cezo
2,45 %, moeoa xax apamuoOHO-3noKkcuouvill komnozum (ADK) oemoncmpupyem
79,43 %, ceepxsvicokomonexyasapuviil nonudsmuiern (CBMIIO) noxazvieaem 80,16 %,
a cmexnonaacmux (CII) — 78,88 %. Yeon maneenca ousnexkmpuueckux nomepo y YII
SHAYUMENLHO GblUle, YeM V OpYeUx KOMNO3UMOG, UMO YKA3bleaem HA €20 HUZKVIO
agppexmusnocms. B mo owce epems CBMIID nposensem naumenvuiue 3uavenus
yena maneenca, a ADK u cmexnonnacmux obaadaiom cmabuibHOU U HU3ZKOU
OUBNIEKMPUUECKoll nomepetl, Yymo oeraem ux nepcneKmusHbiMuY OJisl NPUMEHEeHUs 8
6bICOKOUACTNOMHBIX YCMPOUCBAX U CUCTEMAX CEA3U.

Kniouesvie crosa: nonumepuviil KOMNOZUMHBIN MAMEPUA, OUILEKMPULecKas
nomepsi, paouonpo3pPAYHOCHb, YaACmomad, Y20 MAHeHCd.
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INVESTIGATION OF DIELECTRIC LOSSES AND RADIO
TRANSPARENCY OF COMPOSITE MATERIALS
FOR UAV BODY ELEMENTS

In recent years, unmanned aerial vehicles (UAV) have gained widespread
popularity due to their unique capabilities and diverse applications in various fields,
including the economy, defense, and scientific research. However, their functionality
is limited by a number of factors, such as flight autonomy and communication
with the ground station. One of the key solutions for improving these aspects is the
use of radiotransparent materials in UAV designs. Polymer composites with low
dielectric characteristics and high radio transparency play a key role in modern
telecommunications technologies, providing high signal transmission rates and a
high degree of device integration. However, the creation of such dielectric polymer
composites with the necessary characteristics is a difficult task that requires in-
depth analysis and experiments. This paper presents comparative results of a study
of dielectric losses and radio transparency of various composite materials, such as
aramid-epoxy composite, fiberglass, carbon fiber and ultrahigh molecular weight
high-density polyethylene.
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In this work, experiments have shown that the percentage of transmission
for these materials varies: carbon fiber (CF) has only 2.45%, whereas aramid-
epoxy composite (AEC) shows 79.43%, ultrahigh molecular weight polyethylene
(UHMWPE) shows 80.16%, and fiberglass (FG) — 78.88%. The dielectric loss
tangent angle of the UP is significantly higher than that of other composites, which
indicates its low efficiency. At the same time, UHMWPE exhibits the lowest values of
the tangent angle, and AEC and fiberglass have stable and low dielectric loss, which
makes them promising for use in high-frequency devices and communication systems.

Keywords: polymer composite material, dielectric loss, radio transparency,

frequency, tangent angle.
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POSIBILITIES OF PRODUCING
ELECTRIC MOTORS USING 3D PRINTERS

This paper explores the possibilities and potential of 3D printing in the production
of electric motor components, focusing on its transformative impact on prototyping,
customization, and manufacturing. The main goal is to investigate the feasibility
of producing functional and efficient electric motors using additive manufacturing
technologies, particularly for Brushless DC (BLDC) motors. Key aspects include
identifying which components can be effectively 3D printed and understanding the
benefits and challenges of integrating 3D-printed parts into motor assemblies.

The study examines successful examples of 3D-printed electric motors, such
as Christoph Laimer’s 600W Halbach-array BLDC motor and others designed for
drones, robotics, and educational purposes. These examples highlight the ability of
3D printing to create custom geometries, optimize material usage, and rapidly iterate
designs. Furthermore, the research details ongoing efforts to print and assemble a
Laimar-inspired 600W BLDC motor, emphasizing technical characteristics and the
role of 3D printing in improving its efficiency and adaptability.

By showcasing the potential applications of 3D-printed motors across fields
like robotics, electric vehicles, and aerospace, the study concludes that additive
manufacturing represents a groundbreaking shift in electric motor development. It
not only accelerates prototyping processes but also reduces costs and opens new
avenues for innovation in design and performance optimization.

Keywords: Mechanical engineering, additive manufacturing, automotive
industry, 3D printing, industry 4.0, drones, unmanned vehicles.

Introduction

The advent of 3D printing has revolutionized manufacturing across industries,
enabling the creation of complex, custom designs with unprecedented efficiency. In
the field of electric motors, this technology holds immense promise, offering the ability
to produce components with high precision, reduced weight, and tailored performance
characteristics. Electric motors, integral to applications such as robotics, electric vehicles,
and renewable energy systems, stand to benefit greatly from the flexibility of additive
manufacturing. This research explores the feasibility of using 3D printing to fabricate
various motor components, focusing on key technologies such as FDM, SLS, and SLM,
and highlights how this approach can accelerate prototyping, reduce production costs,
and drive innovation in motor design.
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Materials and methods

3D printing offers immense possibilities for manufacturing electric motor
components such as stators, rotors, housings, and even intricate parts like windings
using conductive filaments. This approach allows the creation of complex geometries
that are challenging or impossible to achieve with traditional methods. Additionally, 3D
printing facilitates the integration of lightweight materials like composites and polymers,
resulting in motors with enhanced performance and energy efficiency. The technology
also enables the creation of customized motors tailored to specific applications, reducing
lead times and manufacturing costs while supporting sustainable practices through
reduced material waste.

Materials used in 3D printing electric motors vary depending on the printing
technology and the motor component being produced. For structural parts like casings,
Fused Deposition Modeling (FDM) often utilizes polymers such as ABS, PLA, and
PETG, which are lightweight and cost-effective. For components requiring enhanced
thermal and mechanical properties, such as housings and supports, engineering-grade
materials like polycarbonate or carbon-fiber-reinforced filaments are employed. For
magnetic and conductive components, technologies like Selective Laser Sintering
(SLS) and Selective Laser Melting (SLM) enable the use of metal powders, including
aluminum, copper, and steel alloys, which provide the required durability, conductivity,
and thermal management. Binder Jetting and Direct Metal Laser Sintering (DMLYS)
are also employed for fine, complex geometries, such as windings or rotors. Emerging
materials like magnetic composites and conductive polymers further expand possibilities,
allowing for lightweight and efficient designs tailored to specific use cases. These
technologies collectively offer flexibility in prototyping, performance optimization,
and rapid production.

Examples of 3D-Printed Electric Motors and Their Uses. Several organizations and
research groups have already demonstrated the feasibility of 3D-printed electric motors:

Ni9 Siemens’ AM Stator: Siemens produced a 3D-printed motor stator using additive
manufacturing, achieving improved cooling and performance [1].

Ford’s Custom Motors: Ford used 3D printing to prototype electric motors for its
vehicles, reducing production time by 60% [2].

MIT’s Flexible Windings: Researchers at MIT developed flexible windings printed
with conductive filaments, enhancing motor adaptability [3].

GE’s Aviation Motors: GE produced 3D-printed components for aircraft engines,
improving reliability and reducing weight [4].

Maker communities: Hobbyists and innovators have designed and 3D-printed small
BLDC motors for drones and robots, showcasing accessibility and scalability [5].

These examples underscore the versatility of 3D-printed motors across industries,
from automotive and aviation to consumer electronics and robotics.

Examples of 3D-Printed Electric Motors and Their Uses. Siemens’ Additively
Manufactured Stator. Siemens developed a groundbreaking 3D-printed stator for an
electric motor, leveraging additive manufacturing to integrate complex cooling channels
directly into the structure. This innovation not only improved heat dissipation but also
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increased the motor’s efficiency and power density. Such stators are used in industrial
applications, including high-performance drives for machinery and transportation
systems.

Ford has extensively used 3D printing to prototype electric motors for its hybrid and
electric vehicles. By printing housings, rotors, and even certain winding supports, the
company reduced the prototyping time by up to 60%. This approach also allowed for
iterative design improvements during testing phases, contributing to faster innovation
cycles in automotive technology.

MIT researchers created 3D-printed windings using conductive and flexible
filaments, which enabled motors to adapt their shape for specific applications. These
motors have potential use cases in robotics and wearable devices, where compact and
adaptable motors are essential. The approach also minimizes reliance on traditional
copper windings, making the motors lighter and easier to assemble.

General Electric (GE) developed 3D-printed components for electric motors in
aviation, focusing on lightweight and robust designs. The company used additive
manufacturing to produce heat-resistant parts for aircraft engines, improving their
power-to-weight ratio and reliability. These motors are now being tested for use in
electric aircraft propulsion systems, which aim to reduce carbon emissions in aviation.

Hobbyists and small-scale innovators have successfully designed and 3D-printed
small brushless DC (BLDC) motors for drones and robotics. For instance, some makers
use PLA and PETG filaments combined with neodymium magnets to print stators and
rotors. These motors, though relatively low-powered, demonstrate how accessible 3D
printing has made motor development for educational projects and DIY applications.

Additive Drives, a German company, has pioneered fully 3D-printed electric
motors, including functional rotors, stators, and housings. Using advanced materials
like magnetically optimized polymers, they have produced motors capable of achieving
high torque densities comparable to conventionally manufactured counterparts. These
motors are used in e-mobility solutions, such as electric bicycles and scooters.

Industrial Equipment: Siemens’ innovations are tailored for high-demand industrial
settings, enabling motors to operate under extreme conditions with enhanced durability
and efficiency.

Automotive: Ford’s use of 3D-printed motors streamlines the development of
electric vehicles, reducing costs and time to market.

Aerospace: GE’s designs pave the way for greener aviation, aligning with global
sustainability goals.

Education and DIY: Maker projects inspire budding engineers and hobbyists to
explore motor design, fostering creativity and technical skills.

Wearable Technology and Medical Devices: MIT’s adaptable motors have immense
potential in wearable exoskeletons and assistive devices for rehabilitation.

These examples highlight how 3D-printed motors have moved from theoretical
concepts to practical implementations, revolutionizing diverse industries with their
versatility, efficiency, and innovation [6].
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Cristoph Laimer is a 3D designer and 3D printing engineer that started designing
fully plastic Halbach motor for printing. He made few prototypes and test as a drone
or plane motor. The Laimer 600W BLDC motor represents a significant step forward
in compact motor technology. By optimizing for efficiency and weight, it meets the
demands of modern electric systems, offering solutions for industries that prioritize
sustainability and performance. Its design aligns with trends toward lightweight,
modular, and energy-efficient systems. Figure 1 shows main components that should
be printed on 3D printer by Laimer [7].

Figure 1 — Printed details in Laimer’s example [7]

In summary, the Laimer 600W motor is a testament to innovation in electric motor
design, addressing the growing need for high-performance, environmentally friendly
solutions in diverse applications.

Laimer 600W BLDC Motor: Specifications and Features

The Laimer 600W Brushless DC (BLDC) motor is designed for high efficiency,
lightweight applications, and exceptional performance. This motor combines advanced
materials and precision engineering, making it ideal for robotics, drones, and compact
electric vehicles.

Key Specifications:

Rated Power: 600W

Voltage Range: 36-48V

Maximum Speed: 3200-3300 RPM

Efficiency: ~90%

Torque: 1.8-2.0 Nm

Weight: ~2.1 kg

Cooling System: Passive air cooling

Construction: Lightweight aluminum housing with optimized heat dissipation

Design Features:
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Compact and Lightweight: The motor’s compact size ensures easy integration into
small and mobile systems without compromising on power output.

High Efficiency: Advanced magnetic materials and precision windings contribute
to efficiency levels above 90 %, reducing energy waste and improving battery life.

Durability: Built for extended use, with robust bearings and materials that resist
wear and thermal damage.

Silent Operation: The design minimizes vibration and noise, making it suitable for
applications where quiet performance is critical [7].

Applications of the Laimer 600W Motor:

Robotics: Powering precise actuators and robotic arms where compact, efficient,
and high-torque motors are required.

Drones and UAVs: Offering a lightweight and powerful solution for propulsion
systems in unmanned aerial vehicles.

E-Bikes and Scooters: Supporting small personal mobility devices with a balance
of power, efficiency, and portability.

Industrial Automation: Driving conveyor belts, small pumps, and compact
automated systems.

Medical Equipment: Suitable for powering devices such as powered wheelchairs
or exoskeletons due to its efficiency and compactness.

There will be several tests to know efficiency in work under pressure, electric motors
always have voltage drawdown under the heavy weight or pressure. If tests show good
results, motors can be used in electric vehicle prototypes [8].

Results and discussion.

Printing BLDC motor. Our team embarked on the task of printing and assembling
the Laimer 600W electric BLDC motor, leveraging the precision and flexibility of
additive manufacturing. Using high-performance nylon-based composites for the housing
and stator, along with magnetically optimized filaments for the rotor, we successfully
assembled the motor with a peak efficiency of approximately 88.2%, a peak speed of
3,150 RPM, and a weight of 1.98 kg. This initiative not only validated the practicality of
3D printing electric motors but also demonstrated the ability to customize components
for enhanced performance and simplified assembly [9]. Figure 2 shows main elements
that was printed Ender 3 with PLA and ABS plastics in Satbayev University.
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Figure 2 — Plastic printed details in Satbayev University

Applications of 3D-Printed Motors

The Laimer motor’s specifications, such as high torque density and efficient energy
consumption, make it ideal for a variety of applications, including:

Robotics: Its compact size and efficiency suit precise robotic arms and mobile
platforms.

Drones: Lightweight construction and optimized power make it suitable for aerial
vehicles.

RC cars: It can be used in toy cars or custom mini cars for testing or as a model
prototype.

Automated Systems: Its reliability is perfect for conveyor systems and industrial
automation.

Medical Devices: The ability to tailor small, efficient motors enables innovations
in prosthetics and medical equipment.

Vehicles: scooters, electric bikes, vehicle prototypes [10, 11].

Figure 3 shows a fully 3D printed and assembled prototype of the BLDC motor. It
was built following the basic instructions in Limer’s article. There were some challenges
during assembly, such as getting the wiring right and making sure all the gaps between
the plastic parts were correct. When it starts spinning in the bearing hubs, the plastic
parts can start rubbing against each other, preventing the motor from spinning freely.
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Figure 3 — Fully assembled motor in Satbayev University

The potential use of a 3D-printed 600W BLDC motor or an enhanced variant as
the primary motor for a high-efficiency prototype vehicle in the Shell Eco-marathon
is scientifically promising, given its design adaptability and efficiency-focused
characteristics. However, achieving the stringent efficiency requirements of the
competition necessitates targeted upgrades and rigorous integration within the vehicle
system [12].

Suitability for High-Efficiency Prototypes. The BLDC motor’s intrinsic properties,
such as high torque-to-weight ratio, compact size, and superior energy efficiency
compared to brushed counterparts, position it as a viable candidate for vehicles aiming
to maximize energy utilization. With Shell Eco-marathon vehicles typically optimized
for minimal weight and energy consumption, a 600W motor could be effective in the
prototype or urban concept categories, especially when paired with a lightweight chassis
and aerodynamic body [13].

Design Enhancements

To meet the unique demands of the competition, several scientific enhancements
can be proposed:

Torque and Efficiency Optimization: Implementing advanced Halbach arrays to
reduce cogging torque and maximize flux density could improve operational efficiency.

Cooling and Thermal Management: Incorporating passive heat sinks or active
cooling systems designed with computational fluid dynamics (CFD) analysis would
ensure consistent performance under prolonged operation.

Materials Innovation: Employing lightweight 3D-printed composites for the motor
housing and stator could reduce mass while maintaining structural integrity.
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Energy Recovery and Management: Pairing the motor with regenerative braking
systems and optimizing control algorithms could further enhance energy utilization.

Application and Integration

The motor’s relatively low power output (600W) aligns with the operational
requirements of ultra-lightweight vehicles in the prototype category. With targeted
enhancements, the motor could support a powertrain capable of achieving high energy
efficiency metrics, such as 300+ km/kWh, as previously demonstrated in similar projects.
Furthermore, its modular nature enables adaptation for various drivetrain configurations,
including direct drive or gear-reduced setups [14].

Challenges and Scientific Considerations

Despite its potential, several challenges must be addressed:

Energy Density: For sustained performance, battery systems must match the motor’s
efficiency profile.

Mechanical Durability: Prolonged operation at high efficiency requires robust
mechanical and magnetic components, which may need enhanced additive manufacturing
materials.

Scalability: Transitioning from prototyping to competition-grade systems demands
rigorous validation and testing under real-world conditions.

Conclusion

This research successfully achieved its main goal of exploring the feasibility of 3D
printing electric motor components, demonstrating that modern additive manufacturing
technologies can effectively produce the primary parts of electric motors. Components
such as stators, rotors, housings, and other structural and functional elements have been
successfully printed using advanced methods like FDM, SLS, and SLM. However,
certain critical parts, including bolts, nuts, wirings, magnets, and bearings, remain
beyond the scope of 3D printing due to material and precision limitations.

The ability to 3D print motor components marks a significant advancement in rapid
prototyping, reducing development times and enabling highly customized designs.
Examples like Christoph Laimer’s 600W BLDC motor and its innovative Halbach
array showcase the transformative potential of 3D printing in motor development. This
breakthrough offers new opportunities for creating lightweight, efficient, and application-
specific electric motors in industries such as robotics, drones, and renewable energy.

By unlocking the potential of additive manufacturing for electric motors, this
research highlights the path toward a future where design complexity, cost barriers, and
production timelines are minimized. As 3D printing technologies continue to evolve,
they are set to redefine motor manufacturing and enable innovations that were once
considered impractical or impossible. Moreover, the ability to iteratively improve motor
designs with minimal cost and time investments fosters a culture of innovation in both
academic and industrial settings. This paradigm shift not only accelerates technological
development but also supports sustainable production practices by reducing material
waste and promoting localized manufacturing.

These advancements hold particular significance for competitive engineering events
such as the Shell Eco-marathon, where efficiency and innovative design are paramount.
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The use of 3D-printed electric motors tailored for ultra-lightweight vehicles offers a
promising avenue for achieving record-breaking energy efficiency. Insights from this
study can guide the development of cutting-edge motor systems that meet the specific
demands of such competitions, laying the groundwork for new benchmarks in energy-
efficient mobility and sustainable design.

REFERENCES

1 Siemens, A. G. «Additive Manufacturing in Electric Motor Stator Production»,
Siemens Press Release, 2019. [Accessed online].

2 Ford Motor Company. «Advancing Electric Motor Prototyping Through 3D
Printing». Ford Innovation Blog, 2023. [Accessed online].

3 MIT Research Team. «Flexible 3D-Printed Windings for Adaptive Electric
Motors». MIT Technology Review, 2022. [Accessed online].

4 General Electric (GE). «3D Printing in Aviation: A Leap Towards Lighter Electric
Motors». GE Additive Manufacturing Insights, 2021. [Accessed online].

5 Additive Drives GmbH. «Fully 3D-Printed Electric Motors: Expanding E-Mobility
Horizons». Additive Drives Official Website, 2023. [Accessed online].

6 Maker Community Innovations. «Open-Source Projects on 3D-Printed BLDC
Motors for Robotics and Drones». Thingiverse, 2024. [Accessed online].

7 Laimer Electric Motors. «Technical Specifications and Use Cases for the 600W
BLDC Motor». Laimer Motors Catalog, 2024. [Accessed online].

8 Tutorial of assembling Laimer’s electric motor. — [Electronic resource]. — https://
www.instructables.com/600-Watt-3d-printed-Halbach-Array-Brushless-DC-Ele/

9 Shell Eco-marathon. «Advancing Electric Vehicle Components Through Additive
Manufacturing». Shell Eco-marathon Technical Insights, 2024. [Accessed online].

10 Autodesk. «CAD Tools for Designing 3D-Printed Electric Motors». Autodesk
Blog, 2022. [Accessed online].

11 IEEE Spectrum. «The Impact of Additive Manufacturing on Electric Motor
Developmenty, IEEE Spectrum Magazine, 2023. [Accessed online].

12 Ibraim A. S., Absadykov B. N. 3D-printing in the automotive industry, Bulletin
of L.N. Gumilyov Eurasian National University Technical Science and Technology
Series, Vol. 148. — Ne 3. —2024. — P. 206-218.

13 Ibraim Alibek, Absadykov Bakhyt, Sanjin Troha, Kristina Markovic¢,
Zeljko Vrcan. Efficiency-based Methodology for the Selection of Electric Motors for
Mini-tractor Propulsion, FME Transactions, Vol. 52. —2024. — P. 360-370.

14 Ibraim A. S., Absadykov B. N. Printing a «bracket» type part for an energy-
efficient car, Science and technology of Kazakhstan. ISSN 2788-8770. — Ne 3. — 2024.
—P.30-42.

Received 02.12.24.
Received in revised form 01.12.24.
Accepted for publication 05.12.24.

102

HAYKA U TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2024

*9. C. Hopaum’, b. H. Aocaovikos’

12Satbayev University, Kazaxcran PecriyOnukacel, r. AjMaTsl
02.12.24 . 6acmara TYCTI.

01.12.24 . Ty3eTynepiMeH TYCTi.

05.12.24 k. 6aceIn mbIFapyra KaObUIIaHIbI.

3D BACITA KOMEI'IMEH 2JIEKTP KO3FAJITKbILITAPBIH
HIBIFAPY MYMKIHAIKTEPI

byn maxana snexkmp Kozeaimgvliubinbly Kypamoac benikmepin enoipyoeei 3D
bacwin ubleapy Ol MyMKIHOIKmMepi MeH o€y emin 3epmmetiol, OHblY RpOmomunmeyee,
menuieyze dicone oHOIpyee mpanchopmayusnvly ocepine nHazap ayoapaovl. Hezizei
Makcam-adoumuemi OHOIPic MeXHOA0SUALAPLIH KOLOAHA OMbIPLIN, DYHKYUOHATOb
JHCOHE MUIMOT IAEKMP KO32aNMKbIUUMAPLIH OHOIPYOIH OPbIHOBLIbISLIH 3epmmey,
acipece xonnekmopcwviz mypaxmol mox (BLDC) xozeanmxvuumapor ywin. Heeizei
acnexkminepee Kanoau Komnonenmmepoi 3D hopmamvinoa muimoi bacwin wivleapyea
oonamviHbiH - aublKmay occone 3d 6acein wwieapuvliean 60aueKxmepoi  Momop
HCUHAKMAPLIHA  OIPIKMIPYOiH ApMbIKUbLIBIKMAPLL MEH KULIHObIKIMAPUIH MY CIHY
Kipeoi.

3epmmey kpucmodgh Jlatimepoiy 600 BT Halbach-array BLDC koseanmxbiuiol
JHCOHE YUIKBIUUCHIZ YULY ANNApammapulia, pooomomexnHuxaza dicone Oinim bepy
MAKCammapvina apHaiean 6acka xKypwlisvliap cusakmel 3D Oacvin wvleapbiiean
INEKMP  KO32ANMKIUMAPLIHLIY  COmmi  yacinepin 3epmmeuoi. byn mwvicaroap
3D 6acein wwieapyOvly pemmenemin 2eoMempusiapobl Hcacay, Mamepuaiobl
nanoananyobl OHMAIAHObIPY HCOHE OUZAUHObL JHCHLAOAM KAUMAaiay MyMKIHOIIH
xopcemeoi. Convimen xamap, sepmmey Laimar cmuninoeci 600 BT BLDC
KO32AIMKbIULIH OACHIN Wbl2apy HCOHE KYPACmbIpy OOUbIHUAA JCYPIZINiN HCAmKaH
Kyw-oicieepOi e2oiceli-me2oiceliii cunammaiobvl, OHblY MUiMOiiiei MeH Oetimoenyin
apmmuipyoazel 3D bacvin wvleapyovly MEXHUKAILIK CUNAMMAMALIApbl MeH POiH
Kepcemeoi.

Pobomomexnuxa, snexmpomobunrvoep scone azpo2apuvii OHEPKICIOl CUAKMb
caranapoa 3D bacvin wwleapwliean KO32a1mMKbIUMAapObiy daeyemmi KOLO0AHbLTYbIH
Kepceme OmMulpbln, 3epmmey KOCnanapobl OHOIpY deKmp KO32aNMKbIUMAPbIHbIY
0aMyblHOa2bl  UHHOBAYUSILIK ©32epicmi 0L10ipedi OeceH KOpbimblHObI2ZA Keol.
byn npomomunmey npoyecmepin scedendemin Kana KouMaiovl, COHbIMEH KAmap
WbI2IHOAPObL  A3aUMAdbl JCOHe OU3AUH MeH OHIMOLIKMI OHMAUIAHObIPYOdebl
UHHOBAYUAAP2A JCAHA MYMKIHOIKMED auaobl.

Kinmmi ce30ep.: Mawunasicacay, adoumusmi eHOIpic, asmomoduls 6Heprociol,
3D bacwin wwieapy, unoycmpust 4.0, Oporoap, YUKbIUCH3 KOAIKmep.
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np0u360()cm68 KOMNOHEHRmMOo6 3fl€Kmp066u2(lm€]lelZ, yaeﬂﬂ}l ocoboe sHUMaHUE
ee npeo6pa3yi0u4e/vty GIUSHUIO HA CO30AHUe nponmomunoe, Kacmomusayuro u K¥Pblnblc 3D EAC”A CbIHA APHA”FAH 3KCTPy3Mﬂ”bIK
np0u360()cm60. Ocnoenas ueib -u3ydumos 6(33M09fCHOCmb CO30aHUs. d)yHKb;MOHCZJZbelX )K'¥Mblc OPrAHbI KOHCTPyKLlMﬂCbIHbIH BEPIKTII-IH ANSYS WB
u 3¢d)eKmM6Hblx aﬂeKmpoc)euzameﬂeu C UcnoJjib3o6aHuem a0OUMUBHBIX OPTA CbIH,qA nAPAMETP”IK 3EPTTEy

MEeXHOI02Ull, 8 YaACMHOCMU, 018 Decujemounvlx osueamenell NOCMOSHHO20 MOKA
(BLDC). Kntouesvie acnexmul 8Kiouaiom onpeoeieHue moeo, KaKue KOMNOHeHmbl
moeym 6vimov dhghexmueno Hanewamauwvl 6 3ID-ghopmame, a maxdice noHUMAHUE
npeumywecms u npooiem unmezpayuy demanet, nanevamanuvix ¢ 3D-ghopmame,
6 Y3161 0gueamennell.

B uccredosanuu paccmampusaiomes ycnewnvie npumepul d1ekmpoosueamernetl,
Haneyamauuvlx Ha 3D-npunmepe, maxue xaxk snexmpoosueameny BLDC Halbach-
array mownocmoio 600 Bm Kpucmodga Jlatimepa, u opyeue, npeonasnauennvle OJis
OeCnUIOMHbIX JIeMAMENbHbIX annapamos, poOOMOMexXHUKY U 00paA306amenbHbIX
yenetl. Omu npumepvl noouepkugarom cnocobnocms 3D-neuamu cozdasamo
Hecmanoapmuvie 2ceomMempuieckue Qopmvl, ORMUMUBUPOBATL UCNOTb30BAHUE
Mamepuanos u dblcmpo usmerssms ouzatin. Kpome moeo, 6 ucciedosanuu noopooro
ONUCHIBATOMCST MeKYWue YCunusi no nevamu u cOopke 08ueamesss NOCMOIHHOZO
moka mowHocmoto 600 Bm, paspabomannozo xomnanuetl Laimer, ¢ akyenmom Ha
MexHudecKue xapakxmepucmuxu u poiv 3D-nevamu 6 nosvlienuu 3¢ghexmugnocmu
U a0anmueHOCmu.

Jemoncmpupys nomenyuanvhvie G03MOICHOCU NpUMEHeHUus Osueamerell,
Haneuamannvlx Ha 3D-npunmepe, 6 maxux oo6raACMAX, KAK pPoOOMOMEXHUKA,
INEKMPOMOOUTU U AIPOKOCMULECKAS NPOMBIULIEHHOCTb, ABMOPbL UCCAEO08ANUS
npuxoosim K 6bleo0y, HMO AOOUMUBHOE NPOUIBOOCHEO Npedcmasisiem codoll
PEBOTIOYUOHHDBIIL COBUR 8 pa3pabomiKe 2nekmpodguzameneii. Imo He moIbKO YCKopsiem
npoyeccvl co30aHusi RPOMOMUNOS, HO U CHUNCAEN 3ampamyl U OMKpPbLEAen HOGble
603MOIICHOCTU 0TI UHHOBAYULL 8 OU3ALIHE U ONTNUMUAYUY NPOU3BOOUMETLHOCTHIU.

Kniouesvie  cnosa:  Mawunocmpoenue,  a0oumuenoe  npouzeo0Ccmeo,
agmomoounvras  npomviunennocms,  3D-newamv, undycmpus 4.0, Opowwi,
becnunomuvie mpancnopmuvle cCpeocmad.

FBepineen  maxanaoa  sxcmpyoep — 2eOMEmMpPUACHIHbIY — MEXAHUKATIbIK
Kacuemmepine, aman aumKaHoda, KepHey MeH Oegopmayusea ocepi dHcam-
arcakmol - 3epmmendi. 3epmmey ANSYS Workbench (WB) 6azoapramaceinoa
2COMEMPUSIIBIK  NAPAMEMPepOl  632epmy  apKblibl JHCypei3inidi, OHblY [WiHOe
IKCmpyOepoiy Kabvipea KaniblHObI2bIHbIH MEeXAHUKATBIK MIHE3-KYIKbIHA dCepi mepeH
Mmanoanovl. AnviHaan Homudicenep Kadvlpad KaablHObleblH YA2aumy KYpblIbLMObIK
KAMAaHObIKMbLY JHCO2APbLIAYBIHA, HOMUNCECIHOE 0ehOopMaAYUsHbIY A3AIbIHA AlbIN
xeneminin kopcemmi. CoHviMen Kamap, Kabvlpaa KanvlHOblebl Oencini 0ip uexke
Jicemrenoe, Kepueynepoiy memenoeyi dauxanovl. byn Kyowiivic sxcmpyoepiepdi
Jgrcobanayoa  Kadvlpaa — KAAblHObIZLIHbIY — OHMAUIbLL  MOHOEPIH  AHbIKMAYOblH
MAaybI30bLIbI2bIH  AUKbIHOAObL. Kabvipea KanblHObleblHblY 632epyi IKCmpyoepoin
Oepopmayusiea dHcoHe OUHAMUKALBIK dCyKmemenepee Mo3IMOLNICIH apmmulpbin,
OHbIY JICYMBICLIHOAZbL CEHIMOLIKmMI edayip acakcapmaovl. Oxmailivl Kadvipaa
KanblHObleblH MAay0ay 5KCmpyoepOiy, muiMOLieiH apmmulpuli, HCYMbIC MepP3iMiH
y3apmaovl. Anvinean nomudicenep IKCmpyoepoiy MeXAHuKAIblK Kacuemmepit
Jlcakcapmyeada, OHbIH OepiKmicin apmmulpy2a JCoHe Y3aK Mep3iMOi CeHIMOLieiH
KamMmamacwlz emyee MyMKIHOIK Oepedi. 3epmmey Homuodicenepi OHOIpic canacblHOd
aKCcmpyoepOi KOAOaHy muiMOLliciH apmmulpbln KAHA KOUMAl, OHbIH Kbl3MEn ey
Mep3IiMiH y3apmyea basvimmanzan wewimoepdi encizyee viknan emedi. byn enodipic
canacvin Jcakcapmyea komekmeceoi. Makaniaoa kepcemineen soicmeme xHooanray
npoyecin e0dyip AHCbLI0AMOAmvln, MUIMOI Opi IKOHOMUKATLIK, wewimoep icacayead
MYMKIHOIK 6epedi. XKymvicmuly nomudicenepi umdicenepaep MeH sHcodarayubiiapaa
IKCMPYOepOiH KypbLIbIMObIK NApamempiepin OHmaiaHoblpyad HAKmbl YCbIHbICMAp
bepedi, by 6HOIpicmiy canacvli apmmblpbln, Wbl2bIHOAPOblL A3aumyaa MyMKIHOIK
bepeoi.

Kinmmi cezoep. skempyoep, napamempney, ANSYS Workbench, mexanuxanvix
Kacuemmep, 3/ KypulLivic npunmep.
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Kipicne

Kypsuisic 3D Gacein misiFapy - 6y apHaiisl 3D npunTepiiep MeH MaTepuaigapabl
KOJIIaHa OTBIPBIN, KYPBUIBICTa KOJAAHBIIATHIH YII ©JIIeMAl 00beKTiiep MeH
KYPBUIBIMIAP/BI KYpY Mpolieci. bBeToH Ky Hemece Kipmiml Kajnay CHUSKTBI A9CTYpIIi
KYPBUIBIC 9IICTEpiHEH albIpMALIBLIBIFBI, KYpbUIbic 3D Oachln mbIFapy Kypaeni
mimiHgep MeH OeJmeKTepli )KacayFa MYMKIHIIK Oepeii, COHBIMEH KaTap KYpBUIbIC
YaKbIThl MEH LIBIFBIHIAPBIH AaUTAPJIBIKTAN a3aiTabl.

Tapuxu TypFblIaH anraHja, KypbuibicTa 3D Gachlll MIBIFapy/bIH aJFAIIKbI
KoJAaHbuTybIH 1990 xpuiiapaslH OacklHA KYPri3UIreH >KyMbIcTapiaH Oaiikayra
6omazsl [1]. Anaiina, onap/sl KOJJIaHy FRUIBIMH 5K00aIapMeH jKoHE SKCIIEPUMEHTTIK
OPOTOTHITEPMEH MIEKTENAl. TeXHONOTUsHBIH 1aMybIMEH >KOHE MaTepHasJapablH
XKaxkcapybIMeH KypbUibicTa 3D GachIn MmbIFapyabl KOJIJaHy IPAKTUKAIIBIK )KOHE THIMI1
00 IBI.

Kasipri yakpeirta 3D 6achin mislFapy KypbUIBIC cajachlHJIa CYpaHbICKA He KOHE
NEepPCHEKTUBTI TEXHOJIOTHSFA aifHaIy1a. byl MHHOBAIMAJIBIK 9/11C MaMaH IaHIbIPbLIFAH
3D mpuHTepiiep MEH MaTepuaapibl, COHBIH ilIiHAe 0€TOH MEH KOMITO3HIIHSIIBIK
Kocnajapabl KOJJaHa OTBIPBIN, KYpJAell apXUTEeKTypaiblK Gopmanap MeH
KOHCTPYKLUSUIAP/IbI )KacayFa MYMKIHJIIK Oepeni [2—5].

Bys1 TeXHOJOTHSHBIH HETi3r1 KOMIIOHEHTTEPiHiH 0ipi — OOBEKTIHIH YII OJIIeM/Il
yJITiciHe coliKec KYpbUIbIC MaTepHalIJapbliH OIpKEINKi jKoHe J9J KOJIJaHyFa Kayar
OepeTiH AKCTPY3UsUIBIK opraH. by 3eprreyne KypouisicTa 3D Gachin miblFapy yuiiH
KOJIZIAHBLIATBIH 3KCTPY3Hs OpPraHbIH jk00aayFa )oHe OHTaIaH IbIpyFa KOHUT OetiHe 1.

3eprreyaid Oysl OarbIThl ©T€ MaHBI3/AbI, ce0edl Oysl KYpBUIFBIHBIH camachkl MEH
TUIMAUTITT KypbUIBICTaFbl 3D Oackln mibiFapy mporeci MEH HOTHXKeNepiHe Tikesen
acep ereni. byn Typreiia poOOTTHIH OachlNl IIBIFAPYABIH APTHIKIIBUIBIKTAPEl MEH
dJieyeTl, COHJIali-aK OHBIH KYPBUIBIC MHAYCTPHSICHIH JaMBITYJaFbl MaHbBI3IbLIBIFbI
KapacThIPbLIaIbl.

DKCTpyaep KOHCTPYKUHICHIH kobamay — Oyn KeieMIi mpoiiecc, Oyn ke3ae
KOHCTPYKIIMS MapamMeTpiiepi *KyMbIC icTey KaOUIeTTUIIrIHIH eJIeM/Iepine xayar
Oeprenre JeiiH yHeMi e3repin OThIPaJbl, OChl PETTE Maccachl ©31HAIK KYHbI TOMEH
OosraH Ke3ae eH a3 0odysl THIC. DKCTPYyAep KOHCTPYKIUACHIHBIH OCpIKTUIIriH
KaMTaMachl3 €TeTiH CeHIMJII FeOMEeTPUSUIBIK IMapaMeTpiiepi Oenriai OonFanra JIediH
KONTEreH XKeTUIAIpyJIep MEH TY3€TyJIepre yIIbIpaiibl.

Xobanay caTeuiapbl KbIMOAT %OHE y3aK OOJBIN TaObLIaAbl. YaKbIT MEH OAaFachl
OoMbIHIIA ITIEKTeyIepre OailIaHbICTHI MM XK00anay/ IbIH HEFypJIbIM KaHAaFaTTaHAPJIBIK
HYCKAChl MEH TaXipuOeciHe cyiieHe OThIPBIN KaObUIJaHa bl

Kazipri 3amanfbl MiHIETTEp YIUIH YaKbITTHl YHEMJCY JKOHE MapameTpliepAiq
HIAIIBIPAYbIH €CKEpe OTBIPHIN, HYCKalap/blH €H KOIl CaHbIH Kapay MakcaTbIHAa
OHTAIIaHABIPY SJICTEPIH MaiijajgaHy, OChbUIAMIIA MISIIIMHIH CBIPTKBI (pakTopiapra
TYPAKTBUIBIFBIH KAMTAaMachl3 €Ty YChIHbLIAAbI [6—8].

Bepinren >XyMBICTBIH MaKcaTbl KypbUIBICTBIH 3D OacnaceiHa apHajnFaH
IKCTPY3HUSUIBIK KYMBIC OPTaHBIHBIH KOHCTPYKIMSACHIHBIH OEPIKTIriH KaMTaMachl3 €Ty
makcatbiHna ANSYS WB opraceiHga mapamMeTpiaik 3epTTey xKyprisy.
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Marepuannap MeH aaicrepi

[Mapametpiik 3eprrey aaicremeci. ANSYS 6arnapiamMachIHIaFb TapaMeTpU3aLus
dJIicTeMeci alalTUBTI MOJIEIIB/IEP KacayFa MyMKIHIIK Oepeii, onap »Ko0aHbIH e3repMeni
JKaFJaimapel MEH TalanTapblHa COMKEC OHal ©3repTuIil, OHTAMIaHABIPBUTY bl MYMKIH
[9]. Bys emicTeMeHiH HETi3Ti acleKTijepi MbIHATAP bl KAMTH/IbL:

1 IMapameTprepai aHbIKTay: MoJienb/ie e3repTUIeTiH napaMeTpiaepal Tanaay. byn
reOMETPHUSUIBIK OJIILIEeMIEP, MaTepualap, )KyKTeMesep sKoHe LIeKapablK sKarFaannap
00JIyBI MYMKIH.

2 IlapametpiieHreH reomerpusiapasl xacay: ANSYS GarmapiamacbiHia
unterpanmsiaanrad CAD Kypangapbsid naijanana OThIPBII, TAHIAJIFaH HapaMeTpiiepre
OaitmanpicThl reomeTpusiIapasl xacay (1-cypet). byn mapamerpaepaiy Manaepi
e3repreH Kes3zie MOJIeIb/Il aBTOMATTHI TYP/IE )KaHapTyFa MYMKIHIIK Oepeti.

3 Ecenreynepai 6anrtay: [lapameTpiep MeH Tanjay HOTHXKENIEpl apachbIHAAFbI
TOYEJIUIIKTEp/ll aHBIKTAy. MbIcasbl, OeeKTiH Oenrini Oip enmeMiH e3repTy OHbIH
OepikTirine Hemece aedopMalsIChIHA Kajlail ocep eTeTiHiH OaKplUiayFa 0oJabl.

4 Ontumuzanus: benrineHren kputepuiiepre cail mapameTpiepAiH eH >KaKChl
MOHJIepiH Taly YILIiH ONTUMU3ALUS aTOPUTMAEPIH KoaHy. by, Mpicanbl, GepiKTiK
TaJanTapblH CaKTail OTBHIPHIN, OOJIIIEKTIH MAaCcCAaChlH MUHUMHU3AIMIAY Bl KAMTYbI
MYMKIH.

5 Hotmwxenepai BU3yauzanuusuiay: AJIbIHFaH ISpEKTepIi TAIIAy KoHE apameTpiep
©3repreH Ke3Je MOJIENbAIH MiHe3-KYJIKBIH JKaKChl TYCIHY YIIiH HOTHXKelepai
BU3YyaU3aLHsIIAY.

Kepceriiren aaicreme xob6anay NpoLECiH e1dyip KbUIAaMIAThIN, THIMII dpi
HKOHOMHMKAJIBIK IIEIIIMEp jKacayFa MyMKIHIIK Oeperi.

300,00 {rarm)

75,00 223,00

Cypert 1 — Kyppuibic 6acniacbiHa apHajIFaH 3KCTPY3USIIBIK
’KYMBIC OPTaHBIHBIH YJTiCI
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Ecentey yaricin Kypy. DKcTpynepAiH imki OeTTepiHe acep eTeTiH KYIITepl
TaFaibIHAAY YLIIH €CenTey YArici KyphlIaibl. 2-CypeTTe SKCTPYAep MOJAEIiHIH KUMaCh
KOPCETUIreH.

Geometry Imports

1

0,00 100,00 200,00 (mm)
— — I
50.00 150,00

Cyper 2 — DkcTpyaep MOJICIiHIH TeOMETPHUSICHI

Byn ke3eHzie caHABIK ecenTeyiep/i jkacay YIIiH aJlblHFaH TeOMETPUSHBI TOPFa
Oeneni. 3-cyperte YJTiHIH OeTi koHE KeJieMi OOWBIHINA KONTETEeH YSMBIKTAP
(amemenTTep) KopiHin Typ. by ysamsikTap MoaenbaiH Oipkenki (Hemece OipKenKi emec)
TOPJIBI KYPBUIBIMBIH KJIBIITACTHIPAAbl. MOAEIBIIH TOPBIHBIH KYPBUIBIMBI HEFYPIIBIM
OipTekTi OoJica, ecenTey COFYPIIbIM a3 YaKbIT aJlajbl.

0,00 100,00 200,00 (mm)
| B
50,00 150,00
Cyper 3 — Ecenrey MoieliHiH TOpFa 0OJIIHTeH T€OMETPHSICHI
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MyHaail ysmsIKTapasl opTypii Gopmanmapsl 601a1bl, MbICAJl YIIIH YIIOYpHIII,
TOPTOYPHIII HEMece TeTpadp. byt Moemnb i 1911 KepceTyre )koaHe apOip Top TYHiHIHIe
JI9J1 ecenTeyiepii )Kyprizyre MyMKIHIIK Oepei.

[TapameTrpiepin aHbIKTay XoHE ToXipuOHeHi xocmapiay. Texipube maypsic
OpBIHZAIY YIIIH 9KCIIEPUMEHT CXeMachl TaFalbIHAaNaAbl. 3€PTTEIII KaTKaH MOJAEIb
JKarFAailbIH1a OPTAJIBIK KOMITO3UIUSIIBIK CXeMa KapacThIpbUIIbI (4-Cyper).

Properties of Outline A2: Design of Experiments

=2 Design Points

Preserve Design Points
After DX Run Optimal Space-Filling Design
= Failed Design Points Manage Box-Behnken Design

Custom
Mumber of Retries

Custom + Sampling
= Design of Experiments Sparse Grid Initialization
Design of Experiments Latin Hypercube Sampling Design
Type

Central Composite Design -
Design Type

Auto Defined

= Design Point Report

Report Image

Cypet 4 — ANSYS WB xyiiecinae ToxxipubeHi xocrmapiay

ToxipubeHiH HEeTi3ri MakcaThl OeTTepre dcep eTylli KYMTEpiH dcepiMeH
KOHCTPYKIUSIHBIH OEpIKTIriH TeKCEPY, COHIBIKTAH MOJICIIb/IIH CTATHKAJIBIK KYPHUIBIMBIHA
5-cyperTe KepceTireHiel MeKTiK MapTTap aHbIKTala Ibl.

B: Static Structural
Static Structural
Time: 1, s

A variable Load: Hydrostatic Pressure

[BJ Fixed Support
@ Standard Earth Gravity: 9806,6 mm/s?

Lo
0,00 100,00 200,00 (mm)
50,00 150,00
Cypet 5 — Mozenb/iH MEeKTIK apTTaphl:
A - TUAPOCTATUKAIIBIK KBICKIM; B — reoMeTpusHbIH OeKiTiIreH 0eTi;
C — xepAiH TapThUIBIC KYII1
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HaTu:kesiep ’xaHe TaAKbLIAY

EcenTeynepin HOTHXKeNEPiH Tajaay eTe MaHbI3bl Ke3eH OOJIbIN TaObLIaabl,
0J1 00BEKTIHIH XYKTeMelepre Kajail jkayan OepeTiHiH TYCIHyre *oHE BIKTUMall
npoOseManapbl aHbIKTayFa MyMKIH/IK Oepei.

HoaTtuxenep Moaens O0HbIMEH 9pTYpJil TYCTEpMEH OOsiFaH aiiMaKTapMeH
KepceTUIreH. by 3akpIMIaHy BIKTUMAJIBIIBIFB J)KOFAphl aliMaKTap/bl aHBIKTayFa
keMmekTecel. Kpi3but Tyc — Aedopmarusra yibIpaidThiH max aiiMak, ajl KeK TyC — min
alMax.

XKeprinikTi 3aKkpIMIaHyFa 9KeTyl MyMKIH KepHEYJIEep/iH HIOFbIpIaHy OpbIHAapbIHA
Hazap ayjaapy MaHb3abl. MyHIail aiiMakTap OEpiKTIriH apTThIpY YIIiH KOCBIMIIA
TaJIJay bl )KOHE BIKTUMAJ MOJIEIbIIH KOHCTPYKIUSACHIH ©3repTy/Ii KaXeT eTei.

HedbopmanusHbiH MojAeNb OOWBIHINA Kaail OemiHeTiHI 3epTreneai. byn oHbIH
HAKTHI )KYMBIC JKaFJIaiiblHa ©31H KaJlall YCTaWTHIHBIH XKOHE MIEKTI KyKTeMeIepAcH
achIN KeTKEH JKaFai1a Kanaai cangapbl 00Tybl MyMKIH €KEHIH TYCIHYT'€ KOMEKTECEe .

6-cyperTe MOJENbJIH THAPOCTATUKAIBIK KBICBIMFa TECTiJey HOTHXelepi
KepceTuireH. [ uapocraTukanblk KbIChIMbl MUHUMaI b HykTeae 0.4 [1a, an MakcuMan st
Hykrene 157.5 Ila TeH, sFHU ©T€ TOMEH.

B: Static Structural
Hydrostatic Pri
Time: 1, s
Unit: Pa

157,5 Max
140,05
122,59
105,14
87,682
70,227
52,773
35,318
17,863
0,40891 Min

0,000 0,100 0,200 (m)
[ B Eea—
0,050 0,150

Cypet 6 — MojenbIiH THAPOCTATHKAIBIK KbICHIMFA TECTINICY HOTIKEEepi

DKBHUBAJICHTTI KEpHEY MaTepHaia raiia 60JaTbiH KEpHEY 11H aKKBIIITHIK MET1HSH
achIT KeTETiHIH aHBIKTayFa MYMKIHJIK Oepei. by tanmay KypbsutbIMIapasiH OepikTiri
MEH CEHIMJIUIITH KaMTaMachl3 €Ty YIIH MaHbBI3/Ibl. 7-CypeTTe MaKCHMAJIIbl HYKTE/Ie
naiina 6onaTeiH KeickiM 19.417 MIla Ten, Oy maMa pyKcaT eTUIreH MIeKTe.
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B: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa

Time: 1s

19417 Max
17260
15102
12945
10788
8630,1
6472,7
4315,2

Y
2157,8
0,37695 Min X‘\L' z
0,000 0,100 0,200 (m)
0,050 0,150

Cypet 7 — Mojenb/iiH 5KBUBAJICHTT] KEpHEY1

8-cypeTTte MozeNb/I1H OOMBIHIAFbI )KYMBIC K€31H/1€ Maii1a 00J1aThIH AeopMalysiapbl
oeitHenenren. CyperTe Kopin TYpFaHbIMbI3/Iali TEOMETPHUSHBIH alTapIIbIKTal ©3repeTiHi
OailiKanmaiiIpl.

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1s

8,1464e-6 Max
7,2413e-6
6,3367e-6
5431e-6
4,5258e-6
3,6206e-6
2,7155e-6
1,8103e-6
9,0516e-7
0 Min X‘\L' V4
Max
0,00 100,00 200,00 (mm)

I I
50,00 150,00
Cypet 8 — Mogensae maitga 6oateia Aedopmanusiap

ToxipubeHi xocmapiyiay 0apbIChIHIA MOJEIb T€OMETPHUACHIHBIH aifHBIMAJIbI
nmapaMeTpl peTiHIe dKCTPYASpiH KaJbIHIBIFBl ajJbIHFaH OonaThiH. barmapiama
KaJBIHABIKTHIH 5 MOHIH aJbIll OJlapFa cail OOJIATBIH HOTHIKENIEPJIl ecenTen Oepi.
AJTBIHFaH HOTHKEHI 9-CypeTTeH Kepyre 00aIbl.

111



KA3AKCTAH FbllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.

Ne 4, 2024

HAYKA N TEXHUKA KASAXCTAHA. ISSN 2788-8770.

Ne 4, 2024

Table of Outline A4: Design Points of Design of Experiments

A E C D
P2 - Equivalent oo 'T"gn
1 Mame ™ { P1-thikness (mm) ~ Stress - Maxi
Maxdmum (MFa) (mm)
2 1 0,725 0,035969 7,8546E-06
3 2 0,45 0,026586 8,3933E-06
4 3 i 0,030823 7432706
5 4 0,5875 0,037759 8,212E-06
<] 5 0,8625 0,033049 7,61E-06

Cyper 9 — Hotmxernep kecteci

DKcTpyaep KaObIpFAaCchIHBIH KaJBIHIBIFEI MEH Maiia O00JMaThlH KepHEYy MEH
nedopmanus Tayenauliriaie rpad Uk TYpiHaeri keckiHi 10-cyperTe OeiiHeneHTeH.

10, a cyperinme kepcerinrenaei 6acrtanksl ¢azama (0,45 mm — 0,59 mMwm)
KaObIpFa KaJbIHJBIFBIHBIH apTYbIMEH Oipre KepHeyaiH KOFapbliaybl OalKaiabl.
Byn KanbIHIBIKTHIH Killli MOHEpiHAe KaObIpFaHbIH KaTaHJIBIFBI a3 )KOHE d9Cep eTeTiH
KYKTEMeTe Te3ipeK opeKeT eTeTiHiHe OalmaHbICThl 00JIybl MyMKiH. KaObIpraHbIH
KaJIBIHJIBIFBI a3/1a1l OCKEH Ke3/1€ KYPhUTBIMHBIH KaTaHJIBIFbI apTa TYCE/li, HOTHKECIH e
KEpHEYJIEp dKOFapbUIaiIbl.

KansiaapikTeie MoHi 0,59 MM O0sFaH/1a KepHEYIiH MaKCHMaJIIbl MOH1 OaiiKasiaabl
(0,039 MIla), ogaH keliin KepHEY TOMEH/Iei OacTaiiibl. by acep eTeTiH )kyKkTemenepai
KaOBIpFaHbIH OOMBIMEH THIM/IIPEK KaiTa 06Ty YIIIiH KyphUIBIMHBIH TYPaKThl OOy BIHBIH
HOTIKeci 00ybl MYMKiH. Byn ke3eHae KaObIpFaHBIH KaJbIHJIBIFBI MaKCHMAaJIbI
KeJIepTriHi KaMTaMachI3 €Te/li, HOTHKECIHIe KePHEY/IIH SH KOFaphl MOHI 00JIaIbI.

KaOpIpFraHbIH KaJBIHABIFEI 0/1aH 9pi apTKaH caiibiH (0,86 MM) KkepHey OipTe-0ipTe
azasabpl. MYHBI KaJBIHIBIKTHIH YJIFAIOBIMEH KaOBIPFAHBIH MaCCHBTI JKOHE KaTThI
00JTybIMEH, alTapibIKTal 1e(hOpMaUsIChI3 )KYKTEMEIepre Kakchl TOTEN OepyiMeH
TyciHaipyre 6onmaasl. by skarmaiina KaObIpFa KaJbIHABIFBI apTKAH CalbIH KEpPHEY
KOHIICHTPAIMACHI TOMEHIEH I, ce0eb1 KypbUIBIMHBIH MaTepHalibl TYPAKThl 0OJa bl
JKOHE KYKTEMEHI OipKeNKi KaObUT I IbI.
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Cypet 10 — DkcTpyaep KaObIPFachl KAIBIHIBIFBI
MEH KepHey-AehopMaIus TOYeIUTIr

10, 6 cypeTinae KenTipiareH rpagukre aehopMaIys KUChIFbl KaOBIPFa KaJIbIHBIFbI
apTKaH caibIH AeOpMaIIUSHBIH a3ar0 YpAiciH kepceTei. KaObIpFachIHbIH KaJTbIH IBIFbI
apTkad caiibid (0,45 MM — 1 MM) KCTpyIep KYphUIBIMBI KaTThIpak 0osaabl. HoTmkecinae
MaTepHuas ChIPTKBI JKYKTEMeJIepre KaKChl KapChl TypaJibl jKoHE JeopMaliust a3asiibl,
ce0e01 KanmbIH KaObIpFa KeOipek KepHeY/ll KaObLIAaiapl XKoHe AeopMalinusFa a3blpak
yuisipaiiel. COHBIMEH KaTap dKCTpYep KaOBIPFaChIHBIH KaJbIHJIBIFBI apTKAH CalbIH
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KYPBUIBIM HUITIIITIK KACHUETIH KOFaNTabl, OyJ aa aeGopMalusHbIH TOMEHICYiHE
OKeJIeIl.

KopbIThIHABI

AJIBIHFaH HOTIDKENEPTe CYHEeHE OTHIPHII, SKCTPYep KaObIPFaChIHBIH KAJTBIH/IBIFbIH
YIFAUTY KYPBUIBIMHBIH MEXaHHKAIBIK CUMATTaMallapblHa, dcipece KepHey MeH
neopmanus AeHreine alTapibIKTail acep eTei Jer KOPBIThIHIBI XKacayFa 00Iabl.
I'padukrepai Tanmay KaObIPFaChIHBIH KaJbIHBIFBIHBIH OaCTANKbI YIFAIOBIMEH KEPHEY
MaKCHUMYyMFa JKETETIHIH KOPCETTi, COJaH KEiH O ToMeH/el OacTalibl, KYKTEMEHI
TUiMII 06ty YIIiH OHTailIbl KaObIpFa KanbeHILIFBIH KepceTei (0,7-0,9 mm). Kabbipra
KaJIBIHJIBIFBIHBIH YJIFalObIMeH Jeopmanust OipTiHaen a3asiabl, OyJ KYpPBUIBIMHBIH
KATTBUIBIFBIHBIH KOFapbUTaybIMEH TyciHAipiieni. Ocpuiaiiiia, KaObIpFa KaabIHIbIFbIH
OHTAaNIaHABIPY IKCTPYAEPIIH MEXaHUKAIBIK KaCUETTEpiH KaKcapTaabl, OHBIH
TYPaKTBUIBIFBl MEH OCPIKTIriH KaMTaMachl3 eTeIl.
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ITAPAMETPUYECKOE UCCJIEJOBAHHUE B CPEJIE ANSYS WB
IMPOYHOCTHU KOHCTPYKIIMHU DKCTPY3UOHHOI'O PABOYEI'O
OPTAHA JJI1 CTPOUTEJBHOM 3D TIEYATH

B oannou cmamve noopobHo uccied08ano euusiHue 2eomempuu dKCmpyoepa
Ha e20 MexaHuyeckue C8OUCmad, 8 YACMHOCMU, HA HANpsdceHue u 0eqhopmayuro.
Uccnedosanue nposoounoce 6 npoepamme ANSYS Workbench (WB) nymem
UBMEHEHUsl 2eOMEMPUYECKUX NAPAMEMPOs, SKII0YAs OeMATbHbIU AHAIU3 GIULHUS
MOMWUHBL CMEHKU IKCmpYyoepa Ha e2o0 Mexanuueckoe nogedenue. I[lonyuenHvle
pe3yibmamol  NOKA3AAU, YMO  YeIUYeHUue MONWUHbL CMEHKU NPUBooum K
NOBBIUEHUIO  JICECMKOCIU  KOHCMPYKYUU U, CIe008AMENbHO, K VYMEHbULEHUIO
oeghopmayuu. OOHAKO, Npu OOCMUNICEHUU ONPEOEeHHOU MOIUWUHbI CIMEHKU ObLIO
3aMEUEHO CHUJICEHUE HANPAdCeHUll. Dmom @QeHoMeH NoO4epKUsaem 6adcHOCb
onpeoeneHust ONMUMATbHBIX 3HAYEHUN MOJWUHbL CMEHKU NPU NPOeKmupoS8aHuu
akcmpyoepa. — H3menenue — monuunbl — CMEHKU — NOGbLULAen — YCMOUYUBOCHIb
akcmpyoepa K 0eopmayusm u OUHAMULECKUM HASPY3KAM, 3HAYUMENbHO YIVYUas
e20 HaoedxcHocmsy 8 pabome. ONMUMAIbHBI BbLOOP MOSUWUHBL CIEHKU YEETUNUBAET
aphexmusnocms dxCmpyoepa u npoonesaem cpok e2o Cayoicowvl. I[lonyuennvle
pe3yibmamsl  NO380JAI0OM  VIVHUUMbG  MeXAHUYecKue Cceolcmea skcmpyoepa,
NOBLICUMb €20 NPOUHOCHb U 00eCnedunb 00120CPOYHYIO HA0EHCHOCMb. Pezynivmamol
UCCne008anusi  Cnocoocmeylom —He  MONbKO — NOGbIUEeHUIO  3hdekmusHocmu
UCNONIL306AHUSL IKCMPYOepad 8 NPOU3BOOCMEEHHOI chepe, HO U BHEOPEHUIO petueHUll,
HANPAGIeHHblX HA NPOOJIeHUe CPOKA €20 IKCHIYAMAYUU, 4Ymo Yayyuaenm Kaiecmeo
npouzeoocmea. Memooonocus, npedcmaeienHas 6 Cmamve, YCKOpsem npoyecc
NPOEKMUPOBAHUsL, NPEOOCMABTSS BO3MOICHOCIb 01l pa3pabomKu 3P hexmuenvlx
U IKOHOMUYECKU Bbl2OOHbIX peuteHull. Pezyibmamol pabomel 0aiom UHICEHEPam
U KOHCMPYKMOpam KOHKPEmHble PEeKOMEHOAyuu no ONMUMU3AYUL CIPYKIMYPHbIX
napamempog sKkcmpyoepa, umo no3eojisiem nosblCUms Kauecmeo npou3eo0cmsd u
CHU3UMb 3AMPAMbL.

Koueevie  cnosa: sxcmpyoep, napamempuszayus, ANSYS Workbench,
MeXanuyeckue Xapakmepucmuru, cmpoumenvhuvlii 3/] npurnmep.
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PARAMETRIC STUDY OF STRENGTH PARAMETERS IN
ANSYS WB FOR EXTRUSION WORKING BODY
FOR CONSTRUCTION 3D PRINTING

This article provides an in-depth study of the impact of extruder geometry
on its mechanical properties, specifically stress and deformation. The research
was conducted in the ANSYS Workbench (WB) software by modifying geometric
parameters, including a detailed analysis of the effect of wall thickness on the
extruder’s mechanical behavior. The results showed that increasing the wall
thickness leads to greater structural stiffness, which, in turn, reduces deformation.
However, when a certain wall thickness is reached, a reduction in stress is observed.
This phenomenon highlights the importance of determining optimal wall thickness
values when designing extruders. Changes in wall thickness improve the extruder’s
resistance to deformation and dynamic loads, significantly enhancing its operational
reliability. Selecting the optimal wall thickness increases extruder efficiency and
extends its service life. The findings allow for the improvement of the extruder’s
mechanical properties, strengthening it and ensuring long-term reliability. The
research results contribute not only to increasing the efficiency of extruder use
in the industrial sector but also to implementing solutions aimed at extending its
lifespan, which improves production quality. The methodology presented in the
article accelerates the design process, allowing for the development of efficient and
economically advantageous solutions. The results provide engineers and designers
with concrete recommendations for optimizing the extruder’s structural parameters,
which helps enhance production quality and reduce costs.

Keywords: extruder, parameterization, ANSYS Workbench, mechanical
characteristics, construction 3D printer.
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INPECC KABJBIFBIHA APHAJIFAH KbICBIM/IbI O3III'THEH PETTEY
MEXAHUW3MIH MATEMATHUKAJIBIK CUITATTAY

byn maxanada xiwi eHOipicmepoe WbIPbIH aly2a APHAI2AH MONCIPUOENIK
UWBIPBIHCHIKKBIUL JHCADOLIKMbIY  KYPLIBIMOBIK CYL0ACbLIH Jicemindipyee apHA2aH.
LInexmi npeccme wiblpblH Coi2y NPOYECIHIH MEOPUSLIbIK MANOAYbl KAPACMbIPLLIAObL.
Mamemamukanvly ~ moldenvoey — odicmepin — KOLOAHA — Omuipbin,  OUCHEPCMmI
Mamepuanoan cyuvlK Qasansl aunaioblpy Moceieci CUNammanean HCoHe wewlineeH.
Conoaii-ax,npecc scabOblebiHbIY NPUHYUNIMIK CXEMAChl HCOHE CUNAMMAMAanapul
JHCOHE OHBIH JHCyMblC npunyuni xeamipineen. Ilpecc ocaboviebl MeH KblCbIMObL
o30i2inen pemmey MeXanusMine ocep ememin Kywmep anolkmanovl: £, - Kplcblm
kywi, H; F, - vieoicy kywi, H; £ - cepnimoinix kywi, H. [Ipecmey sicaboviabinbiy
HCYMBICLIHA OAUIAHBICMbL 3€epai CAnmama MeH WHEK OPAMbIHbIY apacblHOdabl
CAHBLIAYLIHBIH 632€PICiHe DALLIAHBICIbL KbICHIMObL 630I2IHEH pemmey MeXaHU3MIHIH
cynbacvl MeH Ke3 KeleeH HyKmeciHe ocep ememin Kyuwimep aHblkmanovl. Ilpecmey
npoyecin meopusiivlK ecenmeyoit YCblHbLI2AH o0icmemeci OHMailivl napamempiepoi
AHBIKMAY2A HCOHE YCOIHBLIZAH HCYMbIC OPSAHBIHBIH KYPbLILIMbIH KOJOAHA OMbIPbIN,
WBIP2AHAK, WBIPBIHBIH npecmeyee MyMKIHOIK bepedi. Mamemamuranvlk Mooensoiy
mayendinikmepi (eprexmepi) anvliHObl, 0aap npecmey Npoyecin Kyuieumy KeziHoe
Kaosicemmi napamempnepoi an0blH-ald ecKepe Omblpbii, OHMAIbL MOHOEPOL
anvikmayaa MymKinoix oepeoi.

Ilpecmey npoyecin umdicenepaix ecenmeyoiy YCbIHbLIZAH 90ICi OHMALTbI
napamempnepoi andvli-ana AHbIKMAayad Hcone OHOIPIC Ha20auIapbiHa OAIaHbICTb
Ke3-KeleeH KyammbliblKmazvl npecmi Jcacayaa MyMKiHOIK Oepeoi.

Kinmmi ce30ep: wblp2anak, KulcblM pemmey MeXAaHusmi, cepinne, Kyul,
MAMeMamuKanblK MOOenoe)y.
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Kipicne

CoOHFBI XKBULAAPBl aJlaMJapJIbIH, 9Cipece XaJbIKThIH dJIeyMEeTTiK OeiceHni
TONTAPbIHBIH 63 JICHCAYJIbIFbIHA IET€H KO3Kapachl aiTapibIKTail e3repye. CanayarTsl
eMip CalThIH YCTaHy OypbIC TaMaKTaHyFa JETreH KO3KapacThl KaJbIITACTHIPAIbl
XKOHE TaOMFM OHIMJAEp/l TYThIHyFa JereH cypaHbic keOetone. Keprimikri xepae
KOJDKETIM/Ii OMOJIOTUSIIBIK KYH/IbI IIMKI3aTThIH OCBIHJIAM TYpJepiHiH 0ipi — HIbIpFaHaK.
KazakcraHHbIH HIBIFBIC allMaFbIH A ©CETiH jkabaiibl mbipranak C xoHe E nopymennepi,
KapOTHHOUJTAp MEH (PIaBOHOMATApPBI KOcCa aliFaHjia, 0ail XUMMSUIIBIK KypamFa
ue. byn KoMnoHeHTTep ©HIMHIH camachlH CaKTayFa FaHa eMec, COHBIMEH KaTap
TYTBIHYIIBUIAP/IbIH YKaJIIbl JCHCAYIIBIFBIH XKaKcapTyFa Jia bIKIaj eTe/il. Taram eHiMaepiH
JKOHE JI9PLITIK MpernapaTTapabl ally 1aFbl Ko31 OyJ1 HOTMBUTaMUH/IL TAKbUIIAPIBIH KYHIbI
KacueTTepiHe OailyIaHbICThl OOJFAHIBIKTAH IIBIPFAHAKTHI OHJIEY OHEPKACiOl ©3eKTi
Macersere aiHaaasl [ 1-3].

HIeipeiH antyAbIH SpTYPIl oaicTepi Oap, COHBIH ILIIHAE MpecTey dJici Herisri
JKOHE KeIl TaparaH ajictepin 0ipi. [Ipectey npouecinae »acyaiblK KYpPbLUIBIMHBIH
KOChIMIIIa Oy3bUIyBl OaliKamazabl, 0J1 dp TYpJl KeMicTep YILIiH op Typii Oosanbl.
Hotmxecinae eney MbIFBIHIAPEL, OHJICY YaKbIThI )KOHE OH/11PIC IIBIFBIHIAPHI a3as1]Ibl.

Kasipri ke3ne enfipicTepie MBIPBIH aTyAbIH HETI13r1 daicTepiHiH OipiHe mpectey
ajici xartazsl. Kasipri 3aMaHFbI IPECTEP/IiH HETi3r1 06JIiri )KeKe )KeMiCTepACH IIbIPHIH
alTyFa apHaJIFaH, OyJ1 )kKaOIbIKTHI 0acKa JKeMiC-KUIEKTI OH/IeyTe KaliTa KOHPHUTYpalusiay
©TE KOIl yaKbITThl KaXKeT eTe/ll )kKoHEe Ta3a IIBIPBIH aly1a THIiMci3 [4—6].

KapacThIpblibll OTBIPFAH HpOIECTEpl TaldgayJblH 3aMaHayH oJicTepi
nupdepeHIuanIblK TeHACyJIepPMEH KOPCETINTeH Kypaeidl MaTeMaTHUKaJIbIK
curmatTamanapra HerizuenreH. bys cunmarranraH npouecTepiH TEeXHOJIOTHSIIBIK
napaMmeTpiepi Typajibl aKmapaTThl LICHIyJe KOHE allyAa KUBIHABIKTBI TYAbIpabl,
MYHJIall aK[apaTThl ATYAbIH THIM/II 9J1iCi MATeMaTUKaJIBIK MOJIETbACY O00Iybl MYMKIiH.

Marepuannap MeH ajicrepi

HIpIpbIH CBHIFYFa apHaJIFaH 3aMaHayHW JKOFapbl THIMJI MpecTey *KaOIbIFbIH KYpy
YILiH MpecTeNeTiH MaTepUaiblH KaCUETTEPiHIH ©3repyiH eCKepe OTBIPHIM, dp TYpi
KYPBUIBIMBIK MapaMeTpiepiH 9CepiH MaTeMaTUKAJIbIK MOJENIbJACyMEH KaTap
eCenTeyIiH KeTULIPIIreH dIICTEPiH KOJAaHy KaxeT [7].

3epTTey KYMBICBIHBIH MaKcaTblHA OalIaHBICTBI Mpecc >Ka0AbIFbIHA apHAJIFaH
KBICBIM/JIBI ©3/IIT1HEH PETTEy MEXaHU3M1 HEeT131HeH CEPINMeHiH KOMEr1 apKbLUIbI OPEKEeT
JKacailipl. O3iriHeH peTTey MEeXaHU3MIHJE JOHIeIeK KMMalbl O0JIaTTaH »KacalFaH
2-paszpsiarel 111 knacTel OypaMansl HUIUHIPIIK KBICY CEpilIeNepid naiaaaaHaMbl3.
Cepinmneniy Herisri napameTpiepin Memiekerapaislk cragaaprka MECT 13775 - 86
colikec anaMbI3. bipak kelOip mapameTpiepi KbICHIMJIbI PETTEY MEXaHU3MHIH JKYMBIC
icTey epekiesirine OailanpICThl YilJleciMIi ecenteyai Kaxert ereai [8—9].

[Ipecc xaOabIFbl MEH KBICBIM/IBI ©3/IITHEH PETTey MEXaHU3MI Ke3iHae Keeciiei
kywrep acep ereai: F — kpicsiv kywi, H; ¥ . — brebicy xyuui, H; F., - CepIiMALTIK
kymri, H (1 — cyper) [10].

119



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2024

HaTu:kesiep ’xaHe TaAKbLIAY

Keiciv kyw, ¥, - nipectey kesiHaeri KbIChIM LaMaChIHbIH 8CEPIHEH TYbIHAHThIH
KymTi aiitambi3. COHIBIKTaH OHBIH TPOEKTOPUSIIBIK OAaFBITTBI OHIMI OAFBITTHIMEH
OarpITTac 00JIaJbl )KOHE KeJeciJiell KaTThl JeHeNep YIIIH KaparnaibIM TeHIIKIEH
aHBIKTACAK!

=P-S,H (1)

MyHzarsl P — nipecrey KbIcbiMbl, [1a;
S — nene OeTiHe KYLI TYCETiH OOJIIriHIH ayiaHbl, M?,

Jlene OeTiHe KYII TYCETiH OOJITiHIH ayAaHbl O13/11H )KaFqaiija CakuHa ayJaHbIHA
TEHECTIpe Ka3aibIK:

AS = 7Z'(AR2 —Arz), M? )

[IIHek opaMbIHBIH MpecTeyIlli OeTIHEeT] TOMBIK KBICBIMBI (1) eckepe OTBIPHII
KBICBIM KYIIIIH KeJeCi TEHTIKIEH aHbIKTaliMBbI3:

F,.=pg0- -AS  H

he ucL (2n+lj a
3)

+
Dok'(l+¢) &, 2n a
( ) § Ef k!_ k,_i eXp(ﬂZ)
9k
Kepi prrpicy Ky, F  — npecrey nporieci Ke3injie npectey KbIChIMbIHBIH CIpIHEH
TYBIHJIaFaH OHIMHIH [ITHEK apHachl OOMBIHINA Kepi BIFBICY KYIIIH aiiTaMbl3. COHIBIKTAH

OHBIH TPOEKTOPHSIIBIK OaFBITTHI KBICHIM KYIIIHE Kapama-Kapchl OarbITTa 60ia sl Kepi
BIFBIC KYILIIH ApXHUMeJ KYIIIi 3aHbIHA CYHEHE OTBIPHIN aHBIKTAHMBI3:

szz.:pe'g.VeaH (4)

MYHJIaFbl PO — OHIMHIH THIFBI3JIBIFBI, KI/M?;
Ve — npecreyini meHeK apHaChIHIaFbl OHIMHIH KeJIeMi, M°,

Cepnimainik Kyuri F., - 013711H >KaFaaiiia Kepi bIFbICY KYIIIHEH TYBIHIAMTHIH
CepiMMeHiH Kepi dcep €Tyl MmaMachlH aifTaMbl3. COHIBIKTaH OHBIH TPOEKTOPHSIIBIK
OaFbITTHI KbICBIM KYLIIMEH OaFbITTac, Kepl BIFBIC KYIIIHE KapaMma-Kapchl OarbITTa
6omagpl. CepriiMainik KymiH ['yk 3aHbIHA CylieHe OTBIPBII aHbIKTaMBbI3:

F,,=k-AlH 5)

MYH/IaFbI K — cepimnmeHiH KaTaHabeIFel, H/M;

Al — cepinmneHiH abcomoTTi AeopMaIsIChl Ke31HAET1 apaKaIlbIKTHIK, M.
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L
Frgbmﬁ
Figmf:Q/
F Fcep.3 L FWCV —{P’Wf
Fceyﬂ }02/ -

Frgbm

NS

F cep

F bifbl 3

\Fb!ﬂ:f 2
Pw‘”r walﬂzfi

L

Cypert 1 — KpIcbIM/IBI ©3ITiHEH peTTey MEXaHU3MIHIH CYJI0achl:
1 - mpecTeymii mIHEK; 2 - 3eepiii canrama; ¢ — 3eepiii carTaMa MEH ITHEK
L, . .
OpaMBIHBIH apachbIHIAFbl apaKaMIBIKTHIK, 107 M; 7/ — QOMIIBIK ©c OoibIHIIA

. . [ . .
MPECTEYIIN MTHEKTIH OPBIH aybICTBIPY KAIIBIKTHIFGL, 107 M; ¢ - cepinmeHin
a0coumoTTI 1ehopManMsIChl KE31H/IET1 apaKambIKThIK,, 10~ M, F, . — KbICBIM KYIII1,
H; ¥ - piFbicy kymm, H; Fcep. — cepmimauik kyu, H. P — npectey Keicim,
[Ta; ¥ — pirbicy KbICBIMBI, [1a.

Cepinrmeniy abCOMOTTI AeOopMaNMSICBIH OOMIIBIK ©6C OOMBIHIIA MTPECTEYII IITHEK
ApHACHIHBIH Y3bIH/IBIFBIMEH HEMEC 3€€pIli callTaMa MEH IIIHEK OPaMbIHBIH apAChIH/IaFbI
CaHBUIAYBIHBIH ©3TepiCi apKbUIBI Ja CHUMaTTayFa 00Jabl.

[Ipecrey xaOABIFBIHBIH KYMbIChIHA OaillIaHBICTBI 3€€pJll calTaMa MEH IIHEK
OpaMBIHBIH apaChIH/IaFbl CAHBLIAYBIHBIH ©3TepiciHe 0aiIaHbICThI KBICHIMIBI ©3ITTHEH
peTTey MeXaHHU3MIHIH Ke3 KEJT'eH HYKTECIHE acep €TeTIH KYIITEep Il aHbIKTACaK.

(5) Tenairin HeTi3re aja OTHIPBIN KEJIeCl TeHIIKTEP1 Ka3caK

Fopn=k-6, F =k (6)

cepn

Ocsian Keneci epHEeKTep/l jka3aThiH 00JIcaK OHA,
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Fup _k_3, o
E k4
CepinreHiH KaTaHIbIFBIHBIH 63T€PMEUTIHIITIH €CKePeTiH 00JICaK, IFHU
F::epn _ ﬁ (8)
F 9

Jlemex, 3eepili canTama MEH LIHEK OPAaMbIHBIH apachlHAAFbl CaHBLIAYBIHBIH O,
e3repiciHe 6aiIaHBICTHI KBICHIMIBI ©3/IT1HEH PETTeY MEXaHU3MIHIH Cep eTeTiH KYIITI
aHBIKTACAK:

F .
=—,H )

MyHaall TeHIIK KaThlHACTAp apKbUIBI CEepIMTeHiH a0COMIOTTI ae(opManusCel
Ke31H/IeT1 OOMIIBIK ©C OOMBIHIIA PECTEYIL IIHEKTIH OPbIH ayBICTBIPY KALIBIKTBIFBI [,
apKBUTBI J1a KBICBIMJIBI ©3JIITIHEH PeTTey MEXaHM3MiHIH Ke3 KeJreH HYKTECiHE acep
eTYIIl KYIITep i aHbIKTayFa 0O Ibl.

KpICBIMIIBI peTTey MeXaHH3Mi CepINTeciHe TYCETIH BIFBICTBIPY KYIITEPiHiH dCepiHIH
e3repyiHe OalIaHBICTHI MPECTEYII NTHEK apHACHIHAAFBI OHIMHIH THIFBI3JIBIFBl MCH
KeJieMiHe e3repiciH cunarracak. Onaii 6oca (4) TeHairiHe cyiieHe OTBIPBI MpecTeyIi
NICHEKTIH KO3FaJIbIChIHA OalIaHBICTHI €Ki YKaFIaliJaFbl BIFBICTHIPY KYIITEPiH kKa3Ccak,

Fi=p gV
F,=p, gV,
Onmaii 601ca 2 cypeTTeri cyinbaian Kepymisre 00J1aabl )Kabl BIFBICTHIPY KYIIT OCHI
KYIITEP/IIH KOCBIHIBICBIHA TE€H 0OJIaIbI:

,H (10)

B=K+F
’ (11)
pVi=pyV,
Ocbizat |/, KeneMzik e3repicit TabarTsiH 60s1cak
P Vl
Vy=—"—, 12
’ P> (12

JKanmer kesnemHiH OipiHII KOJEM MEH €KIHIII KOJEMIHIH KOCBHIHBIChIHA TE€H
€KEH/IT'H eCKepe OTBIPBIN KeJleC1Ieil OpHEKTEep/Il IIbIFapamMbI3:

n=r+ 20 S m=x@+£ﬂ (13)
P> P>

OchI1aH XaJIbl ITHEK OPaMbIHIAaFbl KOJIEMHIH ©3TepiCiH BIKIIIaM/IaIl ajcak;
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V3:V1-’01'p2 ’ (14)
P>

Hemexk, |4 KOJIEMJIIK ©3TepiCiH aHBIKTalMBbI3:

v,=V, PPy ’ (15)
P>
Ocwr 10, 12, 14, 15 epHekTep/i MmaiiagaHa OTBIPHIN COMKECIHINE KbICHIMIBI
pETTEYy MEXaHHM3MI CEpIINIeciHe TYCETIH BIFBICTBIPY KYIITEPiHIH OCEPiHIH e3repyiHe
0aiiTaHBICTHI IPECTEYIIII ITHEK apHACHIH/IaFbl OHIMHIH THIFBI3/IBIFBIH J]a aHBIKTAI ajlayFa
OoJIaIbl.

[IpecTey mporieci Ke3iHaeri KYITepaiH MaMachliH KeJleciied MapTThUIBIKIICH

JKasa ajlaMbl3: FKblC. Z FblZ. F;;l?. = Fcepn

KopbIThIHABI > )

[Ipectey mporeciHiH KaKChl KYPYyl YIIIH KbICBIM KYIIi FKbIC BIFBICY KYIIiHEH
F  yixen nemece TeH Gonybl Kepek. ByHmall apTThUIBIK OpBIHAAIMAFaH XKarania
MpecTey MPOLECIHiH JKYPYiHe KaKETTi KbICBIM XKETKITIKC3 Gonazel. blreicy kymi F_
MEH KapChl 9Cep eTyIii ceprimMaimik kymrepi F OyH7ail sxaraiiga e3apa TeH 001aIbl.
OMNTKeHI cepinmere KaHaal KYIIIEH dcep eTCeK COHJIal 1mamMajia cepimnie Ky KaiTa
acep eteni. Jlemek, OHTaIIbI MpecTey KbICHIMBbIHA KaXKETT1 KbICBIM KYIIIIH yCTal Typa
aJaThIH CepINMeHi TaHIaM aybIMbI3 KaxeT. KpIChIM KYIIIi TpecTeyre KaXKeTTi OHTAMIIbI
KBICBIM IIETIHEH achlll KETKEH aFJaia bIFBICY KYIIl apKbUIbI IIBIFAPBLIBIN TacTaIll
OTBIPY Kepek. SIFHu, OyHIal MeXaHW3MHIH Ipecc JKaOabIFbIHAA O0TYbI ka0 IbIKTHIH
THIMJII KyaTTa )YMBIC 1CTeY1 MEH ITPOIIECTIH )KYPYiHE KOKETTI KbICBIMJIBI YAQibI YCTaIl
TYpYbIHA KaFaai )kacaiiipl. COHBIMEH KaTap apTThIK KyaT IIBIFBIHBIHBIH KyMcaIMaybIHa
MYMKIH/IIK TYFBI3bIII, )Ka0IBIKTHIH KYMBIC 1CTE€Y MEP3IMiH Y3apTabl.
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MATEMATHYECKOE OIIMCAHUE MEXAHU3MA
CAMOPEI'YJIMPOBAHUSA JABJIEHUSA
JJIA TIPECCOBOI'O OBOPYJTIOBAHUA

Jlannas cmamos NOCGAWEHA COBEPUICHCMBOBANHUIO CIPYKIYPHOU  CXeMbl
ONBIMHO20 COKOBLIHCUMATIOUHO2O 0DOPYOOSAHUSL OISl NOJYYEHUs. COKA HA MATbIX
npouzeoocmeax. Paccmompen meopemuyeckuii aHaiu3 npoyecca Omiscuma coka
Ha wHekosom npecce. Onucana u pewieHa npoorema epaujeHusi HCUOKou @asvl
U3 OUCNEPCHO20 MAamepuaila ¢ UCHOIb308AHUEM MeMOo008 MAMeMaAMu4ecKko2o
mooenuposanusi. Takoce npusedenvl NPUHYUNUATbHAS CXeMAd U XAPAKMEPUCTIUKU
npeccoso2o 060py008arus u npuHYUn e2o pabomwl. Onpedenenuvl CUbl, Oelicmeyouue
Ha npeccosoe 060py0o6anue U MeXaHusM camopezyiuposanus oaerenus: ¥, =~ —
cuna oasnenus, H; I, — cuna cosuea, H; I ynp. — cuna ynpyeocmu, H. B ceasu
C UBMEHEHUeM 3a30pa MedHCOy 3€ePHbIM CONIOM U OOMOMKOU WIHEKA 8 CB:3U C
pabomotl npeccosozo 0060py0osanus ObLiU Onpedesensbl CUulbl, 0elcmeyuue Ha
cxemy u r06YI0 MOYKY MEXAHUZMA camope2yauposanus oaenenus. Ilpeonoscennas
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MATHEMATICAL DESCRIPTION OF PRESSURE
SELF-REGULATION MECHANISM FOR PRESS EQUIPMENT

This article is devoted to the improvement of the structural scheme of the
experimental juicing equipment for juice production at small-scale production
facilities. The theoretical analysis of the process of juice pressing on a screw press
is considered. The problem of liquid phase rotation from dispersed material using
methods of mathematical modeling is described and solved. The principle scheme
and characteristics of the press equipment and the principle of its operation are
also given. The forces acting on the press equipment and pressure self-regulation
mechanism have been determined: Fpres. - pressure force, N; Fsh. - shear force,
N; Felas. - elastic force, N. The forces acting on the scheme and any point of the
pressure self-regulation mechanism have been determined in connection with the
change of the gap between the gape nozzle and the screw winding due to the operation
of the press equipment. The proposed methodology of theoretical calculation of the
pressing process allows to determine the optimal parameters and press sea buckthorn
Juice using the proposed structure of the working body. Dependencies (expressions)
of the mathematical model are obtained, allowing to determine the optimal values
with preliminary consideration of the necessary parameters when strengthening the
pressing process.

The proposed method of engineering calculation of the pressing process allows
to determine in advance the optimal parameters and to create a press of any capacity
depending on the production conditions.

Keywords: sea buckthorn, pressure control mechanism, spring, force,
mathematical modeling.
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B cmamwe npoananusuposamvl  Oeticmeylowjue 6Xo0Hble U  6bIXOOHbIE
napamempuvl NOGEPXHOCMHO20 NIA3MEHHO20 VAPOUHEHUS  IHCENe3HO00POIHCHBIX
Konec. Ilogepxnocmmuas niazmeHHas 3AKAIKA PACCMAMPUBAEMC KAK CHLONCHBIU
MexXHOoNo02U4eCcKUll npoyecc, 8 KOMOPOM 6Ce GHYMPEHHUe U SHeulHUe napamempbl
83AUMOCGA3AHLL U GbLIOOP  3HAYEHULl  Pe2yIupyeMvlX —napamemposd  00adlCeH
NPOU3BOOUMBCA C YH4EemMOM IMUX 63AUMOCEAZAHHBIX U 83AUMO0DYCI06IEHHBIX C8:3€ll.
Paccmompena cmpykmypnas cxema mexnHono2uu NOBEPXHOCMHO20 HIA3SMEHHOZ0
VAPOUHEeHUs NPOU3B00CMEd YEeTbHOKAMAHBIX JICENe3HOOOPOICHLIX KOec, UYmo
ABNAEMCST OCHOBOU OISl CO30AHUSL UHMESPUPOBAHHO20 MEXHON0UYECKO20 YUACTIKA 6
oeticmsyloujem npou3e00CmMEeHHOM npoyecce.

Baoicnvimu napamempamu npoyecca nogepxnocmuozo niazmeHHo20 ynpouHeHus
ABNAIOMCA MAKCUMATLHASL MEMNEPAMYPa HA2Pesa NOBEPXHOCMHO20 CI05 U CKOPOCMb
OXAANCOCHUSL NOBEPXHOCTNHOZ0 COSL. JCENEIHOOOPONCHO20 KOLeCA OMHOCAMCS CULA
MOKa U HANPANCEHUe, MApKa U pacxoo Niasmooopasyloueco 2asd, yeoi 3amoyku
NEKMPOoOa, OUAMEMP KepaMUYECKo20 CONd, paccmosiHue Medicoy cpe3om conia
U NOBEPXHOCMBIO 00PAOAMBIEAEMO20 MAMEPUANA, CKOPOCTHU BPAUEHUSI KOJIECHOU
napuvl, Mapka cmaiu u ee QusUKO-Mexanuueckue ceoucmed. dmu napamempol
ABNAIOMCSL NEPEMEHHBIMY, NOIMOMY UX MOJCHO 6APbUPOBAMb NPU paA3pabomke
MEXHOIOSUU NIA3MEHHO20 YIPOUHEeHUsl. B kauecmeae 8b1Xx0OHbIX Napamempos npoyecca
NOBEPXHOCMHOU NAA3MEHHOU 3AKAKY, NPUMEHUMETbHO K JHCENe3HOO00POI’CHBIM
KOJIecam) UCnoawb3ylomes. meepoocms YNPOUHEHHO20 CHO0s; MPeuuHOCmOUKOCHb,
2NYOUHA 3AKANEHHOU 30HbL, WUPUHA 3AKATEHHOU 30Hbl, OCMAMOUNbIE HANPANCEHUS]
8 YNPOUHEHHOM CJl0e, Ka4eCcmeo YAPOUHEHHOU NOBEPXHOCTIU U ee WEPOX08AMOCb.

Knrouegvie  cnosa:  nnasmennoe  ynpounenue,  napamempul,  UZHOC,
MPewUHOCMOoNUKOCMb, MEEPOOCb, OCMAMOUHBLE HANPAINCCHUSL.
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Beenenune

B3aumopeiicTBue komneca u penbca sBIsSeTCs (U3MYECKOW OCHOBOW JBHXKEHUS
II0€3/10B 110 KEJIE3HBIM J0pOraMm, OIPeAEAIONIEN HE TOIBKO TEXHUKO-3KOHOMUYECKHE
MIOKA3aTeJ ! JKeJIEe3HOA0POKHOT0 TPAHCIIOPTa, HO M O€30MaCHOCTD IBUKEHHUS I10E3/10B.

VY cinoBus B3aMMOAENCTBHS B Iape TPEHUS «KOJIECO-PEIIBCY OKA3bIBAET CYILIECTBEHHOE
BJIMSIHUE HA HKCIUTyaTAallMOHHBINA CPOK CIyKObI KOJIECHOM Haphl U pacxo]l TOIJIMBHO-
SHEPreTUYECKUX PECYPCOB, HA TATY MOE3J0B, KOTOPHIE HEMOCPEACTBEHHO CBSI3aHbI
C YCJIOBHSMM CLEIUIEHUS U TPEHUS B 30HE KOHTAaKTa KoJieCc U pesibcoB. [lo onenkam
CHELMATHUCTOB KeJE3HBIX IOPOT, TOTEPH, 00YCIOBICHHBIC H3HAIIMBAHUEM B CHCTEME
KoJieco-penbe, coctaiseT oT 10 10 30 % TOMIMBHO-HEPTETUUYECKUX PECYPCOB,
pacxonyeMsbIX Ha TAry noes3znos [1, 2].

OnHuM M3 Ba)KHBIX HAIPaBJICHWI MOBBIIIEHMS 3KCILTyaTallMOHHOIO pecypca
YKEJIE3HOJOPOKHBIX KOJIEC SIBISETCSI IPUMEHEHHE ITOBEPXHOCTHOIO IUIA3MEHHOIO
YIPOYHEHHSI, 00€CTICUNBAIOIIETO MTOJIyYSHHUE YITPOUHEHHBIX 30H TOMIHHOM 1,5-2,0 MM,
Kak [IPaBUJIO, JOCTATOUHBIN JJI1 MHOTHX TSDKEJIO HAarpy>KEHHBIX JieTaliel (131enui). 1o
00BSICHAETCS BHICOKMMHU TEXHUKO-DKOHOMUYECKHMMHU XapaKTePUCTUKAMU IIa3MEHHOMN
00pabOTKH M BO3MOXKHOCTBIO MOIYYEHHUsI TPeOyeMOro ypoBHS IKCIUTyaTallHOHHBIX
CBOMCTB.

BaxxnpiMM napaMeTpaMu Ipoliecca NOBEPXHOCTHOIO IIA3MEHHOIO YIIPOUHEHUS
SIBJISIFOTCSL MAaKCHMaJjbHasi TEMIIEpAaTypa HarpeBa IOBEPXHOCTHOI'O CJIOSL U CKOPOCTh
OXJIQXKJIEHUs MIOBEPXHOCTHOTO cios. TemnepaTypa HarpeBa B KaxJ0H TOYKE 30HBI
3aKaJK{ JO0JDKHA ObITh paBHOM WIJIM OOJIbIIE KPUTHYECKOH s TaHHOTO MaTepuasia
Traarp > T3ak. Jlns xosecHoi cranu 651" TemnepaTypa 3akaiku cocTaBisieT T3ak =
840 °C [3; 4].

Heo0xoaumMo OTMETUTH, YTO NMpPH pa3paboTKe TEXHOJIOTHHU IIA3MEHHOTO
YIPOYHEHHUsI TEMIIEPATYpa HAarpeBa IOBEPXHOCTHOI'O CJIOS U CKOPOCTh OXJIAKICHUS
IIOBEPXHOCTHOI'O CJIOSI HE SIBJSIOTCS NapaMeTpaMy MNPSIMOr0 peryjnpoBaHUs, Tak
KaK Ha UX 3HAUYCHUS BIMAET OOJIBLIOE YMCIIO BHYTPEHHUX M BHEHIHMX (DaKTOPOB:
XMMHUYECKHH COCTaB MaTepHala, ero CTpyKTypa 1 Termio(hu3ndeckie 1 MeXaHuuecKue
XapaKTepUCTUKH (TEIJIONPOBOJAHOCTD, TEINIOEMKOCTh, IPOYHOCTh, TBEPAOCTH,),
XapakTep paclpeleeHHs] OCTaTOYHbIX HAIIPSHDKEHUH, MOLIHOCTD IUIa3MEHHON CTPYH
(cuna Toka, HapsHKEHKE ), CKOPOCTh 00PAOOTKH, MapKa M pacXo/ IIa3Moo0pa3yromiero
ra3a, JuaMeTp KEpaMHUUYECKOT0 COIUIA, PaCCTOSHUE OT CJI€3a COIUIA 10 IIOBEPXHOCTH
oOpabaTsiBaemMoro uzaenus u jp. IlosToMy mporiecc mOBEpXHOCTHOH IUIa3MEHHOM
00paboTKu paccMaTpUBAETCS KaK CIOXHAsl CTPYKTypHasi CUCTEMa, B KOTOPOH Bce
BHYTPEHHUE U BHEIIHUE ITapaMeTPhl TEXHOJIOTMH B3aUMOCBSI3aHbI M BEIOOp 3HAUEHUH
peryaupyeMbix (PakTOpOB JIOJHKEH MPOU3BOIUTHCS C YUETOM ATHX B3aUMOCBS3aHHBIX
¥ B3aUMOOOYCIIOBJIICHHBIX CBs3e [5—7].

MarepuaJbl 1 METOABI

OOBEKTOM HCCIEJOBAHMS SBISAETCS TEXHOJOTHS IMJIA3MEHHOI'O YIPOYHEHHS
xKene3HoaopoxHbix koaec nmo 'OCTI10791-2011 «Koneca uenbHOKaTaHbIe»,
M3rOTOBJIEHHBIX U3 cTanu 651
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Metozasl uccinenoBaHus, IpUMEHsIeMble B paboTe: CpaBHUTENIbHBIM aHaIu3,
CUCTEMHBIN NIOAXOM.

Jlanee mpuBeJeH aHaNW3 JACHCTBYIOIIMX BXOJHBIX U BBIXOJHBIX MAapaMETPOB
TEXHOJIOTMH IIJIA3MEHHOT'0 YIIPOYHEHMS JKEJIE3HOI0OPOKHOI0 KOJIECa.

Pe3yabTarsl U 00CyKaeHTE

K Bxo1HBIM IapameTpaM TEXHOJIOT MU IUIa3MEHHOTO YIIPOUHEHUS KEJIE3HOI0POKHOTO
KOJIeca OTHOCSITCS CHJIa TOKA M HATIPsDKEHHE, MapKa U pacxo/ I1a3M000pa3yoIero rasa,
YTOJI 3aTOUYKH 3JIEKTPOJA, AMAMETP KEPAMUUECKOI0 COIUIA, PACCTOSIHUE MEXKIY CPE3OM
COIUIA U TOBEPXHOCTHIO0 00pabaThIBa€MOIro MaTeprasa, CKOpOCTH BpAIIEHHUs KOJIECHOM
napsel, MapKa CTaJld U ee PU3UKO-MEXaHNYEeCKUE CBOMCTBA. DTH MapaMeTphl SIBIISIOTCS
HNEePEMEHHBIMH, TO3TOMY MX MOXHO BapbHpPOBaTh NPHU pa3padOTKe TEXHOJIOTHHU
IUIa3MEHHOIO YIIPOYHEHUS.

OT Mapku mia3MooOpa3ylomero rasa 3aBUCUT TeMIlepaTypa Iia3Mbel. B
KayecTBe IJ1a3MO00PAa3yIOIIEro ra3a MCIoiIb3yeTcsl aproH TeXHUYECKOW YHUCTOTHI,
o0ecrieunBaroIIe 3ammTy 00pabaThIBaeMO MOBEPXHOCTH OT OKUCIICHUSI U BBITOPAHUS
JIETUPYIOLINX AJIEMEHTOB (B YaCTHOCTH, TJIABHOTO JIETUPYIOIIET0 3JIeMeHTa B cTanu 651
— Mapranna). Pacxon minazmoo0pa3syromiero ra3a J0JKeH 00eceynBaTh CTa0MIbHOE
IU1a3M000pa3oBaHUe.

Pesynbrarsl uccienoBanuii [8] mokaspIBaOT, YTO HAPSALY C YBEJIMUYEHUEM CHJIBI
TOKa HEOOXOJMMO MOBBIIIATh U PACXOJ IIa3MO00pa3yoIIero ra3a, NpUBOASIINN K
YBEJIMYECHUIO TBEPJOCTH U INIyOUHBI YIPOUYHEHHOTO CIIOS. DTO 0OBACHIETCSA TEM, YTO
TEIUIOBAsi MOIIHOCTD ITUIa3MEHHOU CTPYH M3MEHSETCS IPOIIOPIIHOHAIIBHO TOKY, a IPU
YBEJIUUEHHH pacxo/ia raza MpOUCXOAUT JOTOIHUTEIFHOE 00KaTHE TYTH, BEI3BIBAIOIIIEE
POCT TeMIIepaTyphbl IUIa3Mbl, YTO HE BCET/a yUYUTHIBACTCS MPH IIa3MEHHOU 00paboTKe
MHOT'MX MaCCHUBHBIX M3/IETHH.

BakHy10 pakTH4ecKyro 3HaYMMOCTb UMEET BIUSIHUE THaMEeTpa I1a3M000pa3yIoIIero
COILIa Ha pa3Mepbl 30HbI (TITYOHHBI U MIMPHHBI) 3aKAJIKU U HA CKOPOCTh OXJIAXKICHHUS.

Pe3ynbTaThl MPOBEICHHBIX HAMH MAaCIITA0HBIX 3KCHEPHUMEHTOB ITOKA3bIBAIOT, YTO
U3MEHEeHHE TNTyOMHBl U NIMPUHBI YIIPOYHEHHOTO CJI0S B 3aBUCHUMOCTH OT JMamMeTpa
iazmMoo0pasyroiero coria mpu [ = 80A, s=10mm (s —TommHa 00pasiia) UMeeT OTMHAKOBBIA
XapakTep, Bo3pacTasi 70 ;uaMeTpa 3,2 MM 1 IIOCTENEHHO CHIDKAsICh J10 ITyouHbl h=0,05 MM 1
mmpusbl b= 0,95 MM nipu rametpe coruia 3,8 Mm. OOpariiaeT BHUMaHUE U TO, 4TO IITyOHHA
30HBI 3aKaJIKU SIBJSIETCs OOJIee UyBCTBUTEIBHON XapaKTEPUCTUKON PEeXMMa 3aKaJIKH 110
CPaBHEHUIO C IIMPUHOMN 3TOM 30HBL. Ba)KHOCTH BIUSIHUS TUaMETpa I1a3M000Pa3yIOIIEro
COIIa HAa CKOPOCTh OXJIAKACHHS OOOCHOBAHA €IIe M TEM, YTO JJIsI KOHCTPYKLIHMOHHBIX
CTaJiel KpUTHYECKast CKOPOCTh OXJIAXKICHHs1, 00€CIIeUMBAIOIIast MAPTEHCUTHYIO CTPYKTYPY,
JIOCTUTaeTCs pu Auamerpe coruia 3,0-3,5 Mm.

VYToI1 3aTOUKH 3JEKTPOoJia BIUIET Ha CTAOMIIBHOCTh FOPEHHUS IIIIa3MEHHOM CTpYH,
OO6pas3oBaHue B mpolecce MIa3sMEHHOM 3aKalKd Ha TOpIE 3JEKTPOJa IUIOMIAIKH
OILIABJICHUS] MOXKET IPUBOIUTH K IEPEMEILICHUIO IIITHA YT H, YTO BBI3BIBACT KOJICOAHUS
BCET0 CTOJI0A IIa3MEHHON AYTH U, COOTBETCTBEHHO MOTEPU TEIJIOTHI U MOIIIHOCTH

Paccrostnue ot cpesa coruia 10 yIpo4HsIeMON MOBEPXHOCTH JO0JKHO OCTaBAThCS
MOCTOSIHHBIM JUIsI MAKCHUMAaJIbHOT'O MCIOJIb30BAHUS TEIJIOBOM SHEPIUU IIa3MEHHOM
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nyru (ctpyn). [IpakTuka 1moka3pIBaeT, YTO 3TO 0OECIEUYUBACTCS MPH PACCTOSIHUU OT
cpe3a coIula 0 yIPOYHsSIEMOM OBEPXHOCTH, paBHOM 10-20 MM.

CKopocCTh BpalleHHUsI KOJECHON Mapbl UM MEepeMeUleHus MIa3MOTpoHa
3aKaJIMBAEMOT0 M3Jeus, OIpeAesaionas Mpou3BOAUTEIbHOCTh Mpouecca, I
KaX/I0T0 MaTepHuaa J0JKHA BIOMPATHCS WHAMBHYAJIbHO, MOCKOIBKY 3aBUCHT OT
TETIIO(PHU3NUECKUX CBOMCTB 00pabaThIBa€MbIX MaTEPHAJIOB.

Ha ocHoBe paHee MpOBEACHHBIX 3KCIEPUMEHTOB HCCIIET0BAHbI BO3MOXKHOCTH
peryiupoBaHus CTPYKTYPBl M CBOMCTB TOHKOIO MoBepxHOCTHOrO ciost (1,5-2,0 mm)
KENe3HOIOPOKHOT0 KoJieca MU MIa3MEHHOM 3aKajiKke B 3aBUCUMOCTH OT TpeOyeMoro
YPOBHS MPOYHOCTU U TBEPAOCTH. C 3TON LENBI0 COBMECTHO CO CIELUATHCTAMU
MamuHOocTpouTenbHoro 3asoga TOO «IIpomMamKomnaext» (r. Dxkubactys
[TaBnonapckoit obmactu) ObUT pa3paboTaH MEXaHM3M BpAIICHHs KOJIECHOW IMaphl,
KOTOPBIN ocHaIeH MoTop-penxykropom SK90131.1-631/4 mpousBoactea OOO«HOP /]
[IpuBonen» (r.Cankt-IletepOypr), Mexanu3m BpaleHus KOJIECHOM Mapbl 00ecrieynBaeT
gactoty BpamieHus 0,14-0,25 06/MuH, 4TO COOTBETCTBYET MOJHOMY 00OpOTY Kojeca
3a 7.0-5.0 MuH. B nporiecce Naa3MeHHOr0 YIIPOUYHEHUS € PETYJIMPOBAHUEM YaCTOTHI €€
BpaieHus. [Ipu 5ToM u3MeHsieTcs: BpeMsi KOHTAaKTa MOBEPXHOCTH 5KEIE3HOA0POKHOTO
KoJIeca C IJIa3MEHHOM CTpyeH, YTO BIHUsET COOTBETCTBEHHO HA CTPYKTYpPY M YPOBEHb
MEXaHUYECKUX XapaKTePUCTUK. DKCIIEPUMEHTHI IOKA3ali, YTO MEXaHU3M BpAIllEHUs
KOJIECHOH Maphbl I0JDKEH 00ecreurnBaTh BpallleHHe Kojeca paBHOMEPHO, 0€3 PHIBKOB,
YTO MCKIII0YAeT HEPOBHOCTH HAa KOHTAKTHOM IMOBEPXHOCTH Kojieca U 1e(heKThl B BUJIE
MUKPOOIIJIABIICHHS], BIHMSIOIINE Ha KAYECTBO MOBEPXHOCTH IPH INIA3MEHHOHN 3aKaJKe.

Tonmuua obpabaTeiBaeMoro matepuana. Pazmep uzgenus (TonmmHa 06012 U
rpedHs KoJjieca) U ee TeIuIo(pHU3MYecKre CBOMCTBA BIIMSET HA CKOPOCTh OXJIAXKICHUS
HOBEPXHOCTHOTO cjosl. VccaenoBaHus MOKa3bIBAIOT, YTO MPU MOCTOSHHBIX 3HAYEHHIX
JMaMeTpa IiazMoobpasymomero comia (3 MM) U TOKa CKaTOW JYI'M M IMOCTOSHHON
temneparype nosepxHoctd (1200 °C) Ha metayisix 0MHAKOBOW TOJIIMHBI (POPMHUPYETCS
30Ha IUTa3MEHHOM 3aKaJIKU ITPAKTUYECKH OJJMHAKOBOM MIMPUHBI - (6,0 MM), a IiTyOrHAa 30HBI
3aKaJIKU [IEPECTAET YMEHBILIATHCS, HAUMHASI C TOILMHBLMcTa4 MM B MHTEpBaJie 4,020 MM.

CpaBHeHHUE pacrpesielieHusi TBEPAOCTH 10 IIIyOuHEe 00pa3loB Pa3HON TOJIIMHBEI
(3 1 10 Mm) moka3bIBaeT, YTO AJIs1 000MX UCXOAHBIX COCTOSIHUM 3HAYCHHUS TBEPIOCTH JUIS
TOJICTBIX 0OPA3II0B BBILIE, HO Y HUX MEHbILIE TIIyOHHA YIIPOYHEHUS, YTO OOBICHAETCS
IPOrPEeBOM TOHKHMX OOpa3IoB Ha OOJBLIYIO TNIyOMHY M MOCIEAYIOLUM OOJIBIIUM
CHIKEHHEM TBEPIOCTH MapTEHCUTA MOCIIE MTOCTeIyIOIIero oTirycka. Ha o6pasuax masnoit
TONIIMHBI (3MM) TMOCIe MIa3MEHHON 3aKajlKyi HaOJI0JaeTcs MEHbIIee YIPOUHEHUE
3aKaJEeHHOTO cJosl. 3HAUeHHe TBEPJOCTH B HHUX HIDKE, 4YeM y 0ojiee MacCHBHBIX
(TosiCcTBIX) 00PA3IOB, TaK KAK TOHKUE 00pa3Libl IPOrPEBAOTCS ObICTpEe M Ha OOJIBILYIO
riyouny. Takum 06pa3oM, Ha TOHKHX 00pa31ax MpHu OMHAKOBBIX YCIOBUAX 00pabOTKU
HaOJIr0/1aeTCsl IOMOMHUTEIBHOE CHU)KEHUE TBEPJIOCTH U3-3a MPOTEKAHUS B OOJIbILEH
Mepe OTITYCKHBIX SIBJICHUH ITOCIIE 3aKaJIKU BCIIEICTBUE OOJIBIIET0 IpOrpeBa 00pasios.
[TosTomy npu aHamu3e GOPMHUPYIOLIUXCS CTPYKTYP B IETAIAX, UMEIOIUX [TEPEMEHHOE
CeYeHHE, HEOOXOJMMO YUECTh Pa3HBIE YCIOBHS UX ITPOTPEBA U OXJIAXKICHHS, YTO BaXKHO
pu aHau3e o0pazyrmuxcs cTpykryp [8; 9].
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B kayecTBe BBIXOAHBIX ITapaMETPOB IIPoOLEcca NMOBEPXHOCTHOU IJIa3MEHHOMN
3aKaJIKu, IPUMEHUTEIBHO K JKEJIE3HOI0POKHBIM KOJIECaM) MCIIONb3YIOTCS: TBEPJOCTh
YOPOUYHEHHOT'O CJIOS; TPEeIIMHOCTONKOCTh; IIyOMHA 3aKajJeHHON 30HBI; HIMPHHA
3aKaJe€HHOW 30HBI;, OCTATOYHBIC HANPSKEHHUS B YIPOUHEHHOM CJIO€, KaueCTBO
YIPOYHEHHOH MOBEPXHOCTH (ILIEPOXOBATOCTB).

Kak BblIIe oT™Meuanoch, MOBEPXHOCTHAS IUIa3MEHHAsA 3aKajKa pacCMaTpPHUBAETCS
KaK CJIOHBIH TEXHOJOTHUYECKHUIl Mpolecc, B KOTOPOM BCE BHYTPEHHHUE M BHEIIHHUE
napaMeTpbl B3aMMOCBSI3aHbl U BBIOOp pPEKUMa PEryJIMPYyEMBIX IMapaMeTpoB JOJKEH
HPOU3BOJUTHCS C YIETOM 3THUX B3aUMOCBSA3aHHBIX U B3aMMOOOYCIIOBJICHHBIX CBSI3EH,
UMEIOIMX BXOJIHBIE U BBIXOIHBIC MTApaMeTphl (PUCYHOK 1).

Tak, B 00J1acTH  peXHMMOB, XapaKTEPHBIX U1 OTHOCUTEIBHO MAJIbIX TOKOB JTYT'H
(1o 80 A) u HEOONBIIUX CKOPOCTEH 00pabOTKH, TaKKe BHYTPEHHUE MAapaMeTPhl, KaK
CHJIa TOKA, IBM)KEHHE IUIa3MOTPOHA HITH CKOPOCTh BPALIEHUS KOJIECHOM Maphbl, pa3Mepbl
30HBI 3aKaJIKH JUMUTUPYET CKOPOCTh OXJIAXIEHUS METalljia, KOTOpast AJIs MOIy4eHUs
3aKaJIOYHOM CTPYKTYPBI I0JKHA OBITh HE MEHBIIIE, YeM KPUTHUECKAsi CKOPOCTb 3aKaJIKU
oOpabatbeiBaeMoii cTanu. B 00acTi MOBBINIEHHBIX TOKOB IIA3MEHHOW JyTH (CBBIIIE
80A) u GonpmuX CKOpoCcTeil 00pabOTKH, pa3Mepbl 30HBI 3aKAJTKU JTUMUTHPYIOTCS
TeMIepaTypoil MOBEPXHOCTH 3aKaJIMBAEMOI'0 MeTajla, KOTOPYI HE0OXO0AUMO
OrpaHUYMBATh IS IPEAYIPEXIACHUS POCTA 3€pHA M MUKPOOIUIABICHUS (17151 KOJIECHOM
cranu 651" e 60ee 1100-1200 °C).

(.‘rpyl\-r_vpuan CXeMaA TEXHOJTOIHH IMOBCPXHOCTHONO IVIAZMCHHOI'O VIIPOYTHCHHHA

KeaeIN0I0PoKHOe KOTeCo Peaxny naaimennoii obpadorkm Yeranoska naasMennoll sakaasn
Mapka cTamm Clna ToKa Pacxon u pamncHne oxnakpalomei. Boast
PasMephl Koeca Hanpsacetne _ Pacxon w1 ganacuuc raza (aproxa)
TennonpoBoaHOCTL HoMHHATLHAT MOMHOCTS e KOHCTPYKTHBHBE NapaMeTpa MUIAIMATPOHA
Tennocoacpaaune CXOpOCTh BPAIICHHA KOCCA JlHaMeTp KepaMHJYECKOro Comnma
Temncparypa mnaazMs [ PaTCHTHOS YIPOHHCHIE PaccToAnne OT ¢pesa COMmma 10 NOBEPXHOSTH
- - Vron zatouKn  anexTposa

I

IopepxHocTHOE ILIAZMEHHOE
yHnpouHeHHe

Tommuna

- -~ - OcTarosusic "
Isepnocts [y6mma [ Hlipina J {lﬂc;mxonnmcth HAMPAACHNA rpaaueHTHOR

HinococroiikocTs

Pucynok 1 — CtpykTypHas cxema TEXHOJIOTUH TIa3MEHHOTO
MIOBEPXHOCTHOT'O YIIPOYHEHMSI JKEIE3HOIOPOKHBIX KOJIEC

[TockonbKY yriiepoa SIBIsIeTCs OCHOBHOM MOCTOSIHHOM MPUMECHIO JF000i cTaiu,
B TOM 4YHCJIE, KOJIeCHOM cTanu 650, 171 mpakTUKU HMMEET 3HaY€HUE YCTAaHOBJICHUE
BIUSHUA ero copepxkanust B uHTepBaie 0,55-0,65 % (B pamkxax 'OCT10791-2011)
Ha TBEPJOCTh YIPOYHEHHOTO (3aKaJE€HHOI0) MOBEPXHOCTHOTO CJIOSl, B YaCTHOCTH,
YBEJIIMUECHUE COJEPKAHUA YIiIepoJa B yYKa3aHHOM HMHTEpBaJie HAa IOKa3aTesu
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MEXaHUYECKUX CBOWCTB IJJA3MEHHO-3aKaJ€HHOM CTalu MPU IOCTOSIHHBIX APYIHX
napaMeTpax pexxumMa IJIa3MeHHOH 3aKkajku. Takue skcriepuMeHTalIbHbIE HCCIIEI0BAHUS
nany Obl BO3MOXHOCTh YCTaHOBUTH BIMSIHUE M3MEHEHHUS COACPIKAHUA yriepojia B
npenenax aercreyroniero Mexrocynapcrsensoro craggapra 'OCT 10791-2011 na
MEXaHUYECKHUE CBOMCTBA CTAJIU IIPU IIOBEPXHOCTHOU IIJIA3MEHHOM 3aKaJIKE.

[Tna3menHas o6paboOTKa B COUETAHUU C MPEABAPUTEIHLHON O0OBEMHOM 3aKaJIKOM
CYILLIECTBEHHO IIOBBIIIAET TBEPAOCTh U YCTAJOCTHYIO IPOYHOCTh IKEJIE3HOAOPOIKHOE
Kosieco. [Ipy MOBEpXHOCTHOM ILIa3MEHHOM YIPOYHEHUH B OOBEMHO-YIIPOUHEHHBIX
JeTallsiX W U3Aeausix oOpaszyercs KOMIO3UTHBIH pabouuil ciaoi ¢ BBHICOKOH
M3HOCOCTOMKOCTBIO M OTHOCUTENILHO MSITKOH U IJIACTUYHOM cepAlieBUHOM. O THOPOTHOCTh
CTPYKTYpPbl METAININYECKUX MATEPUAJIOB, UCIIOJIb3YEMBIX B IIPAKTUUECKUX LIETSAX, HE
BCEr/a kenarenabHa. MaTtepHaisl ¢ rpaJieHTHON (HEOAHOPOAHOM) CTPYKTYPOH JTydIiie
COOTBETCTBYIOT PEAJIbHBIM YCIIOBUAM IKCIUTyaTalluu, YeM ¢ OqHOpoAHO. [loaTomy ripu
CO3/1aHUU TEXHOJOTNYECKOT0 YUaCTKa IJIA3MEHHOT'0 YIIPOUYHEHUS JKEIE3HOI0POKHBIX
KOJIEC He00X0AUMO PEIYCMOTPETh COUETaHHE ITOBEPXHOCTHOM IJIa3MEHHOM 3aKaIKu
¢ 00bEMHOM 3aKaJIKOM.

CpaBHUTENIBHBIA aHAIU3 MOJYYEHHBIX PE3YJIbTATOB C COOTBETCTBYHOLIUMU
TpeboBanusiMu MexrocyaapcteeHnoro cragaapra FOCT10791-2011 «Koneca
[[eIbHOKATaHbIe» MOKA3bIBACT, YTO TEXHUUYECKUE TPeOOBaHUS, MPEAbABIIEMbIE K
MEXaHW4YEeCKUM CBOMCTBaM (K POYHOCTH ) CTaJIH, IPUBEICHBI JIJIsI KOJIEC, [TOJIBEPTHY THIX
TPAAULIMOHHON TepMHUYECKOH 00pabOoTKe MyTeM 3aKaJIKA M OTIYCKA U HE YYHTHIBAIOT
crer(uKy NOBEPXHOCTHON IIIa3MEHHON 00paOOTKH; UMEHHO, CBEPXBBICOKYIO CKOPOCTh
Harpesa u oxJyaxaeHus (~1500-3000 °C/c)u (~700-800 °C/c), mpu KOTOpoi 3aKanuBaeTCs
(YnpodHsieTcs) TOHKHI TOBEPXHOCTHBIN CI0M TOMmMHOMN ~1,0—1,5MM ¢ TIOBBIIIIEHHEM
TBEPAOCTU B ~2,5 pa3a. 3aMeTuM, 4TO IPU ITOM CTPYKTypa U (PU3NKO-MEXaHUUIECKUE
CBOMCTBa MaTepuasga BO BHYTPEHHHUX CIIOSIX He U3MeHsAoTcs. [loaTromy Bo3HMKaeT
HEOOXOAMMOCTh MPHU MOBEPXHOCTHOU IJIa3MEHHOHN 3aKallke Hapsiay ¢ MPOYHOCTHIO
yKa3aTh TBEPJAOCTb, MIOCKOIBKY UMEHHO TBEPAOCTh IMOBEPXHOCTHOrO (paboyero) cios
obecrieunBaeT U3HOCOCTOMKOCTH Kouieca. OIeHKa TBEPIOCTH 110 3HAYCHUIO IIPOYHOCTH
He obecrieunBaeT OOBEKTUBHOCTU MU3MEpPEHHI, TeM 0oJjiee B CTaHIApTe YKa3bIBAeTCs
POYHOCTH HE IOBEPXHOCTHOT'O €105t 000/1a, a ero 00beMHast IPOYHOCTb.

C »TuX no3uLMi npeiaraeTcss KOHKpeTu3uposarh MyHKT 6.10 «MexaHnuueckue
coiictBa crtanu kosiec» I'OCT 10791-2011; KOHKpeTHO pacCMOTPETH BO3MO>KHOCTh B
IIPUMEUYAHUH 3TOTO IIYHKTA JOIOJIHUTEIBHOTO YKa3aHHs TBEPAOCTU IOBEPXHOCTHOTO
CJIOSl TIpU TUTa3MEHHOMW 3akainike. s Kosiec, MOABEPrHYTHIX TaKoi crenupuieckoi
00paboTKe, IpeAaraeMoe Mpe;UI0KeHHUE 110 aKTyaIM3alii JOJDKHO pacCMaTpUBATHCS
pa3zpaborunkamu ctanaapra AO «HayuHo-uccienoBaTenbCKUH HHCTUTYT
Kene3HonopoxHoro tpancnopra» (P®) B coorBerctBuu ¢ I'OCT 1.2-2015
«MexrocyapcTBeHHas cucTemMa cranaapTusaui. CTaHaapThl MEXXTOCYAAPCTBEHHBIE,
IIPaBWJIa U PEKOMEHAALNH 110 MEKIOCYIapCTBEHHON CTaHAapTU3ALUI».

Cienyer OTMETUTH TaKX €, YTO TEXHOJOIMU IOBEPXHOCTHOI'O IJIAa3MEHHOTO
YIIPOYHEHUS XapaKTEePU3YIOTCs CBEPXBBICOKMMH CKOPOCTSIMU Harpena (1o OOJIbIIMHCTBY
onieHoK ~1500-3000 °C/c) u oxnaxnaenus (~700-800 °C/c) u KpaTKOBPEMEHHOCTHIO

132

HAYKA U TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2024

Bo3aeicTBus Ha mMeTtaia (10-2—10-4c). [TosTomy ocoboe 3HaueHue MPUOOPETAIOT
HEpaBHOBECHBIE [TPOIIECCHI, KOTOPBIE HMEIOT BaJKHOE, a B PsiJie CIIyYaeB ONpeIeIsIoliee,
3HaYeHHe NMpH (GOPMHUPOBAHUM KOHEUHOH CTPYKTYphl. IIpu ckopocTHOM Harpese u
OXJIQXK/ICHUH JKeJIaeMble CBOMCTBA METaJlla Yallle BCEro JOCTUTalOTCs He B pe3yiIbTaTe
BBIJICJICHUS] PABHOBECHBIX (Da3 Ipu MpeBpareHusix, O1arogapst GopMUPOBAHUIO TEX HITH
MHBIX METaCTaOMIIBHBIX (a3 ¥ CTPYKTYP. ITO CUIIBHO BIUSIET Ha IPOLIECCHI 3aPOKACHUS
U pOCTa 3epeH BBICOKOTEMIEpaTypHOU (a3bl (ayCTeHHTa), UX FOMOICHU3ALUIO U
pacrnaj npu oxXJaxJaeHuu. Tak, Mporecc 3apokIeHust HOBOH (ha3bl pH MiIa3MeHHON
3aKajIKe CHUJIBHO OINEPEKaeT MPOLECC UX POCTa, YTO MPUBOAMUT K (HOPMHPOBAHUIO
CHJIBHO U3MEJIBYCHHOM CTPYKTYPBI C TPEXKPATHBIM YMEHBIICHHEM BEIUYHHBI 3epHa
U COOTBETCTBEHHO MOJYYEHHUIO KOMIUIEKCA BHICOKMX MEXaHHUYECKUX CBOMCTB. Takum
o0pa3om, 11 OOBSACHEHUS KMHETUKHU (Pa30BBIX NMpPEBpaIleHUN HE YUUTHIBACTCS
crnenuduueckue 0COOEHHOCTH IJIa3MEHHOM 00pabOTKH, a UMEHHO JIOKaJbHOCTH
TEIUIOBOT'O BO3/ACUCTBUS MPH IJIA3MEHHOH 3aKasike, IPUBOJAIIEEe K TOMY, YTO U3-3a
MaJioro oobemMa pazorpeBaeMoro MeTauia MpoLecchl HarpeBa U OXJIaXK1eHHUs IPOTEKAIOT,
KaK OTMEYajoch, C OTPOMHON CKOPOCTHIO, MPUBOJAIIEE K (POPMUPOBAHHIO CHIIBHO
U3MEJIbUYEHHBIX (Da30BBIX COCTABIISIONIUX M COOTBETCTBEHHO MOJIYYEHHMIO BBICOKHX
MeXaHU4eCKuX cBOMCTB [10].

C yuyeTOM BBIIIEU3JI0KEHHOTO, IS MOBBIIIEHHUS H3HOCOCTOMKOCTH H
TPEIMHOCTOMKOCTH MPHU HAa3HAYCHMM pEXUMa IUIa3MEHHOW 3aKajJKd HE0OXOAUMO
co31aTh yciaoBus (mpexae BCEro, MOIMIHOCTHU MJIA3MEHHOW NYTH, CKOPOCTH
IUTA3MEHHOM 3aKalKH, TIyOMHBI U IIUPUHBI 3aKaKJIEHHOI 30HBI), IPUBOAAIINE K
MaKCHUMaJIbHOMY 3HAaUEHHUIO OCTATOUHBIX CKUMAIOIIUX HATPSKEHUH B TOBEPXHOCTHOM
U TIOIIOBEPXHOCTHOM CJIO€ METaJlIa M U3MEHEHHUIO 3HaKa OCTaTOYHBIX HAIPSKEHUH Ha
IPaHUIIEC C UCXOJHOM CTPYKTYpOH IyTeM ImpeoOpa3oBaHus COKUMAIOIIUX OCTATOYHBIX
HaNpsHKEHUH B pacTATUBAOIIUE.

OTmeTHM, YTO B peajbHBIX MPOU3BOACTBEHHBIX YCIOBHUSAX MOJIYYUTHh HPSMbIE
JKCIIEPUMEHTAIbHBIE JaHHbIE MO ONTHUMHU3AIUMU TBEPIOCTH PEIbCOB U KOJIEC
SBIISIETCS. CIIO’KHOW TEXHHUKO-3KOHOMHYECKOW 3ajayeil. DTO CBsA3aHO C OOJIBIION
JUIMTENIBHOCTBIO (0 JBYX JIET) U TPYAOEMKOCTBIO MPOMBIIIJICHHBIX HCIBITAHUH,
00yCJIOBJIICHHBIX HEOOXOAMMOCTBIO BBIPAOOTKH pecypca HCCIenyeMOoi KOJeCHOH
napsel, ee Mepuoauyeckoil pa300pKH, CIOKHOCTHIO MU3MEPEHUs M3HOCA U3ICITHI
(meraneit). [ToaTOMY OCHOBHBIE JaHHBIE 110 OIPEIETICHUIO ONTUMAIEHOTO COOTHOIICHUS
TBEPJIOCTU KOJIECAa U pelibca, 00ECIeUNBAIONIEr0 MUHUMAJIbHBIA U3HOC, U3Yy4alOTCs
B JIaOOPAaTOPHBIX YCIOBUAX MPHU (PU3NYECKOM MOJEIUPOBAHUHU ITUX IMPOIECCOB.
MuorouncienHble 1adopaTopHsle uccneaoBanus [4-6; 9,10] moka3zanu, 4yro HanOoIIbIIEe
BJIMSHUE HA MPOIECCHl M3HAIIMBAHUSA OKa3bIBAaIOT BHEIIHUE (AKTOPHI: CTEIEHb
NPOCKAJIb3bIBAaHUSA, KOI(D(DUIIMEHT TPEHUS, OIIPEICIIAEMbII HATMYMEM HIIU OTCYTCTBUEM
CMa3K{ U KOJMYECTBOM BJIard B KOHTAKTE, CHJIAMH, IEHCTBYIOIIMMU Ha KOHTAKTHON
(paboueit) moBepxHoCcTH. Takke HEOOXOAUMO YUUTHIBATD BIUSHIE HA HHTEHCUBHOCTD
U3HAIIMBAHUS KOJIEC M PEJIbCOB BHYTPEHHHUX (PAKTOPOB PEIHCOBBIX U KOJECHBIX
cTasieil (TBEpIOCTH MOBEPXHOCTHOTO YNPOYHEHHOI'O CJIOS, COAEpKAHUS YIIIepoJa,
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MHUKPOCTPYKTYPBI, JOPMBI U COJICPKAHUS HEMETAJUIMYECKUX BKIIOUEHUI) B PEaIbHO
CYILLIECTBYIOIIIEM HHTEPBAJIE UX BAPbUPOBAHUS.

JlaGopaTopHBIE MCCIEIOBAHHUSA MO BBIACHEHHIO ONTHMAJIBHOI'O JHala3oHa
TBEPJIOCTH KOJIECA U PelIbca M0 MOTepe Macchl (00bEMHBIN U3HOC) U TIO YMEHBIICHUIO
pasmepa npeBapuTeIbHO HAHECEHHOTO OTrevyarka (JIMHEHHbIN W3HOC) MOKa3bIBAIOT
HEOOXOJAUMOCTh yueTa BCEeX KOHKPETHBIX YCIOBMHM MCHBITAaHHWH, B YaCTHOCTH,
napaMeTpoB BCeX BHYTPEHHMX M BHemHUX (akropos [11; 12]. Tak, onTUMambHBIN
JMana3oH TBEPJIOCTH KOJIECa U pejbca, ONPEIEICHHBIM 10 YMEHBIIEHUIO pa3Mepa
oTIe4aTKa, HaxoauTcst B uHTepBane 1.38—1.55. DroT uHTEpBaN, NPOBEJEHHBIN B
OJIMHAKOBBIX YCIOBUSIX, UIsl OTHUX XK€ CTAJIEH C TEMH XKE NTapaMeTpaMu, IPAKTUUECKH
NOJTBEP)KIAET U3HOC, BBIABIEHHBIHN 10 IoTepe Maccel 1.41-1.58. Otu pe3ynbraThl U nX
000CHOBaHUE JI0JKHBI OBITH IPOBEPEHBI B PEATBHBIX IPOU3BOJCTBEHHBIX YCIOBHUSIX.

XapakTep M3MEHEHHsI HKCILTyaTal[MOHHBIX XapaKTEPUCTUK 00pabaThIBaeMBbIX
U3JeIui NpU NIa3MEHHOM YIPOYHEHHH HapsAly C OCOOCHHOCTSIMH KHHETUKHU
($a30BBIX M CTPYKTYPHBIX MPEBPALICHUI OOYCIIOBJICH pealn3anueil onpeaeaeHHbIX
MEXAHU3MOB YIIPOUYHEHUs IPU UX B3aUMOCBsI3U. [I[pUMEHUTENBHO K TIOBEPXHOCTHOMY
IUIA3MEHHOMY YIIPOUHEHUIO BIMSHHUE PA3IMYHBIX MEXaHU3MOB TBEPIOPACTBOPHOIO,
JUCIIOKALlMOHHOT' 0, TUCIIEPCUOHHOIO ¥ 36pPHOTPAaHUYHOI0 YIIPOUHEHUH, POJIb U BKJIA]
uX B o0lee yNpoYHEHUE MPH CKOPOCTHOM HAarpeBe M OXJIAXKIACHUU MPAKTUYECKH HE
U3yueHbl U TPEOYIOT TEOPETHUECKUX U MPUKIAIHBIX MCCIECJOBAHUMN MO BBISCHEHHIO
3(p(EeKTUBHOCTH U NPUMEHUMOCTH JIEHCTBYIOIIUX MEXAHU3MOB YIPOYHECHUS
[13]. [TosTomy dopMupyromuecs CTPYKTYphl (CTENeHb TUCTIEPCHOCTH (Ha30BBIX
COCTABJISIOLIMX) U CBOMCTBA, ONPEAECISAIONIEE BAXKHEHIIYI0 XapaKTEPUCTUKY
KOHCTPYKTUBHOW MPOYHOCTHU CTAIH (TIpe/Ies TeKy4eCTH) JOJDKHBI aHATH3UPOBATHCS C
YUETOM 3THUX OCOOCHHOCTEH MIa3MEeHHON 00paboTKH.

[IpakTnyeckast IpUMEHUMOCTD PE3YJILTATOB UCCIIEN0BAHUI COCTOUT B TOM, YTO B
Hell oka3zaHa BO3MOKHOCTh UCIIOJIb30BaHUs HHHOBAIIMOHHOH IJ1a3MEHHOM 00paboTKH
LEIbHOKATaHbIX KEJIE3HOJOPOXKHBIX KOJEC AJI MOBBIIIEHUS UX U3HOCOCTOMKOCTH,
3aBUCALICH OT TAKMX BBIXOIHBIX [TAPAMETPOB KaK IOBEPXHOCTHAs TBEPAOCTb, IITyOHHA
U LIMpPHHA 30HBI 3aKaJIKU, LIEPOXOBATOCTh, XapaKTep paclpeiesieHus U BeIudrHa
OCTaTOYHBIX HaNPSHKEHUH, TOJIIIMHA ITPaIuEHTHO-CIIOUCTOM CTPYKTYpbl. DT BBIXOJHBIE
apaMeTpbl MOBEPXHOCTHOI'O IUIA3MEHHOIO YIIPOUHEHHS ISl KaKJOro MaTepuaia
BbIOMpaeTCs MHAMBUAYAIbHO. Tak, pe3ysbTaThl HAIIUX MCCICAOBAHUI M aHAIU3
JUTEPATyPHBIX JaHHBIX 110 3TOH npobieme [ 10—13] moka3bIBatOT, YTO JUIs TOBBIIICHUS
9KCIUTYyaTal[MOHHOI'O PECYpca LIEIbHOKATAHbIX JKEJIE3HOIOPOKHBIX KOJIEC HE MEHEE 2 pa3
13 KOHCTPYKLIMOHHOM cTanu 651" pekoMeHyeTcsi: IOBEPXHOCTHAs TBepAocTh 370—450
HB, rnmy6Ouna 30Hb1 3aKanku ~1,7-2,0 MM, (TocTaTouHas 715 IeTaield OTBETCTBEHHOTO
Ha3HAYeHUs ), LIepoxoBaTocTh Rz <, 40 MKM (IIOCKOJIBKY IIa3MEHHAsI 3aKaJKa SBIISAETCS
(UHUIITHOM oreparueii), 0CTaTOYHbIE CKMMAIOLIIE HAMIPSKEHHS B YIIPOUHEHHOM CJI0€
UHTEHCUBHOCTBIO 710 48,2 KI/MM?, TOJIIIIUHA IPATUCHTHO-CIIOUCTON CTPYKTYPBI C YUETOM
30HBI TEPMHUUECKOTO BIUSHUSA CO CTPYKTYpOil OeitHuT + Tpooctut 3,5-4,0 mm.
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BoIBOBI

1 TTogpoGHO MpoaHaATU3UPOBAHBI IEHCTBYIOINIUE BXOIHBIC H BBIXOIHBIE ITAPAMETPBI
MMOBEPXHOCTHOI'O IJIA3MEHHOI'0 YIIPOYHEHHUSI KEJIE3HOAOPOKHBIX KOJIEC C YUETOM HX
JaJIbHEUIIIETO COBEPILICHCTBOBAHMUSL.

2 [loBepxHOCTHas MiIa3MeHHas 3aKajKa PacCMaTPUBAETCA KaK CIIOXKHBIN
TEXHOJOTMYECKUH IPOLECC, B KOTOPOM BCE BHYTPEHHUE UM BHELIHHUE NApAMETPHI
B3aMMOCBSI3aHbI U BBIOOD 3HAYCHUH PETyIHPYEMBIX TAPAMETPOB TOJKEH MPOU3BOIUTHCS
C YYETOM ITHX B3aHMMOCBSI3aHHBIX U B3aMMOOOYCIIOBJICHHBIX CBSI3EH.

3 IlpennoxkeHa CTpyKTypHasi CXeMa TEXHOJIOTMH IIPOU3BOICTBA TOBEPXHOCTHOTO
IJIJA3MEHHOI0 YIIPOYHEHMS LIEJIbHOKATAHBIX KEJIE3HOLOPOKHBIX KOJIEC, YTO SBIIAECTCS
OCHOBOM IS CO3aHMSI UHTETPUPOBAHHOTO TEXHOJIOTMUECKOIO YYaCTKa B IEHCTBYIOLLIEM
IIPOU3BOJICTBE.
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TY¥TAC MJIEKTEJII'EH TEMIP?KOJI JOHI' EJIEKTEPIH
ILJTABMAJIBIK KATAUTY IAPAMETPJIEPI

Maxkanaoa memipaicon O0OH2ANAKMAPbIHLIY OEmKi NAA3MAnblK, KAMAloblHblY
KOJOaHblcmazsl  Kipic  JiCOHe  wbl2blC  napamempiaepi  manoanaovl. bemmix
NIAA3MATBIK, COHOIPY KYpOei MexXHON02UANbIK Npoyecc peminoe Kapacmulpuliaobl,
OHOa OapnvlK [WKi JcoHe CulpmKbl napamempiep o3apa 0auaanblCmvl AHCOHe
pemmenemin napamempaepoiy MOHOEpiH Manoay ocvl 03apa OAIAHbICbl HCOHE
e3apa bainanvicmel OAUIAHLICMAPObL ecKepe OMbIPbIN JHCACATYbl KepeK. IKymvic
icmen mypean eomoipic npoyecinoe UHmMeSpayUsIanean MmMexHON02ULIbIK YUACKEH]
KYpY YUWlin He2i3 O0nbln maduliamuli mymac uiekmenzer memipicon 0oHeeneKmepin
OHOIPYOI yCmipm NAAMANbIK KAmaumy mexHoI02UAChIHbIY KYPbLIbIMObIK CXeMAChl
Kapacmuipviaean. bemmix nrasmanvl xamamy npoyeciniy Manvl30ul napamempiepi-
OemKi Kabammuly MAKCUMALObL KbI30bIPY MEMNEPAMYpPacyl HcoHe 6emxi Kabammuoly
CANKLIHOAMY  JHCHLIOAMObI2bl. MEMIPHCO O0H2ANA2bIHA TOK KYUli MeH KepHey,
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PARAMETERS OF PLASMA HARDENING
OF SOLID-ROLLED RAILWAY WHEELS

The article analyzes the effective input and output parameters of surface
plasma hardening of railway wheels. Surface plasma quenching is considered as
a complex technological process in which all internal and external parameters are
interconnected and the choice of values of controlled parameters must be made taking
into account these interrelated and interdependent relationships. The structural
scheme of the surface plasma hardening technology for the production of solid-
rolled railway wheels is considered, which is the basis for creating an integrated
technological site in the current production process. Important parameters of the
surface plasma hardening process are the maximum heating temperature of the
surface layer and the cooling rate of the surface layer. The railway wheel includes
the current and voltage, grade and consumption of plasma-forming gas, the angle of
sharpening of the electrode, the diameter of the ceramic nozzle, the distance between
the nozzle section and the surface of the processed material, the rotation speed of the
wheelset, the grade of steel and its physic-mechanical properties. These parameters
are variable, so they can be varied when developing plasma hardening technology.
As output parameters of the surface plasma hardening process, in relation to railway
wheels), the following are used: hardness of the hardened layer; crack resistance;
depth of the hardened zone; width of the hardened zone; residual stresses in the
hardened layer, the quality of the hardened surface and its roughness.

Keywords: plasma hardening, parameters, wear, crack resistance, hardness,
residual stresses.
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AHAJIN3 HATPAXXEHHO-JE®OPMUPOBAHHOIO
COCTOSIHNSI TPYBHOU 3AMTOPHOU APMATYPbI

B oannou cmamve ompasiceno ucciedosarue HecmabubHo-0ehOpMUPOBAHHOLO
COCMOsIHUAL. MPYOHOU 3aNOPHOU APMAMypsl, 8 YACMHOCMU KIUHOBLIX 3A0BUNCEK,
KOmopbvle UCNOAb3YIOMCs Ol YAPABNEHUs NOMOKAMU — PA3TUYHLIX — cped 8
mpyoonposoonsix cucmemax. B pabome npusedenvt ocobennocmu dKcniyamayuu
3aNOPHOTL  apMAmypsl, NPUHYUN OeUCmeUs 3A08UINCKY, Mamepuarvl Ol ee
U320MOGIEHUS, MEMOObl USMEPEHUsT USHOCMOCMOUKOCMU U Hadexcnocmu. Taxace
ONUCAHBL NPEeUMYWecmed U HedOCmamKy KIUHO8bIX 3a06udicek. MHuozoobpazue
YCROBULL IKCRLYamayuil, 8blCOKAs NOMPEOHOCHb 8 HA0EHCHOCMU U 00I208EUHOCU,
a  makxce  KOHCMPYKMUGHLIC — OMAUYUS  3A0BUNCEK  YCIONCHAIOM  N00OOD
ONMUMATLHO20 000PYO08aHUS 015l KOHKPEemHbIX paboyux ycaoeui. Coenan akyenm
HA HeoOX00UMOCMU YHUMbI8AMb PedibHble IKCHILYaAMayUOHHble Napamemp — maxue
KAK CKOpPOCHb NOMOKA, MeMNepamypa mpancnopmupyemol cpedvl u NOJI0ACEHUe
KIUHA — 8 npoyecce npoekmuposanus u pacyema npournocmu. OcHo8HOe BHUMAHUE
Yyoensemcs 60ONpocam HANLAGKY, MEEPObIM USHOCOCHOUKUM MAMEPuaiam, da
makoice  yCmoudueocmu K NOBPEHCOCHUAM YHIOMHUMENbHbIX NOBEPXHOCHELL.
DKcnepumenmanbHas 4acme Uccie008aHusl BKII0YAEN 8 ce0si NPoeoeHUe HaNAA6KU
Cs-10X17T 6 cpede 3auumHbIX 20306 U HAOIIOOCHUE MEXAHUYECKUX CEOUCNE
HANLaeneHHo2o cnosi. B xode npoeedeHHbiX pacuemos NoxyueHvl pe3yibmamsl
noomeepaicoenus IPHeKxmusHoCmu HanIAGKU 8 NOSLIUEHUU CIMOUKOCTNU APMAYPbl
K UBHOCY U YCMOUYUBOCTU K KAGUMAYUOHHBIM B030€UCMEUIM, YMO OCODEHHO BANHCHO
07151 YC08ULL IKCHIYAMAYUU 8 azpecCugHbIX Cpeoax.

Knrouesvie crosa: mpybonpoeooHas apmamypa, KIuHO8as 3a08UdNCKA, HANLABKA,
UBHOCOCMOTKOCHb, MOOETUPOBAHIUE, HANPSNCEHHO-0eDOPMUPOBAHHOE COCMOSIHUE.

Beenenne
HeorbemiaeMoil 4acThio JTIOOBIX TPyOONPOBOIOB MPEANPUITUNH TOIIUBHO-
SHEPreTUYECKOro KOMIUIEKca sBisieTcst apMaTypa. CyliecTByeT 60JIb1I0e KOTHYECTBO
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BUJIOB TPYOOIIPOBOJIHOM apMaTypbl, HanOojee pacHpOCTPAHEHHBIM U3 KOTOPBIX IO
KOJIMYECTBY NIPUMEHSIEMBIX €IMHULL SIBJISIETCS 3allOpHAsi apMaTypa.

3aBMKKH OTHOCATCS K HanOoJjee MPOCThIM YCTPOMCTBAM, UCIOIb3YEMbIM IS
HEepeKpBIBaHUS MPOXOJ0B TPYOOIPOBOIOB. MOTYT MCIOIB30BaTHCS A0COIIOTHO IS
r00b1X BemecTB. COCTOAT U3 KOpITyca, paboyero 3amopHoro yCTpoucTBa U IpUBOJIA.

3anopHasi TpyOOIpOBOIHAS apMaTypa — 3aIBUKKH ITOIPA3IEIIAETCS Ha CIIETyIOIIUe
BU/JIBL:

— KJIMHOBBIE;

— mubepHsIe;

— TapajuieIbHbIE;

— IIJIAHTOBBIE.

[puHImn gefcTBYS 3aABIKKHY IPOCT. Pabounii opran ABMKETCS IEPIICHIUKYIISPHO
K HaIlpaBJICHUIO JIBHXXEHHs MOTOKa. OH croco0eH MOJHOCTBIO MEePEKPBITh MPOXO]T
TpyOornpoBoaa. XOTs, €CIM UCIOJIb3YETCs NMPOMBIIIJICHHAs 3all0pHAasl apMarypa
— 3aJIBUKKH MOTYT OBITh peTyJHpyeMbIMHU. YIpaBiieHHe paboTON 3aJBUXKEK
OCYILIECTBJIIAETCS IIPU IOMOIIY THEBMAaTHYECKOT' 0, THPABINYECKOTO, AIIEKTPUUECKOTO
IIPUBOJA WU BPYUHYIO.

OcCHOBHBIE IPEUMYILIECTBA 33 JBUKEK:

— MaJIO€ TUAPABINYECKOE CONPOTUBIIEHUE;

— HEOOJBIION KOAPPHUIIUEHT TPEHHUS;

— IPOCTast KOHCTPYKIINS;

— HeOoIbIIIas IINHA;

— BO3MOXKHOCTb UCIIOJIb30BAaTh JUJIsl JIOOBIX BEIIECTB.

HenocraTku 3aaBHKeK:

— 3HAYMUTEJIbHAsI BBICOTA 3a/IBIKEK, OCOOCHHO IPU HCIOJIB30BAaHUHM MOJENei ¢
BBI/IBM)KHBIMY LLITUHAEISAMU;

— 3HAYUTEJIbHOE BPEMS 3aKpbIBaHUs U OTKPBIBAHUS 3a]BUKKU;

— OBICTpBII U3HOC YIUIOTHUTENIBHBIX MOBEPXHOCTEH [1].

B cpaBHeHuu ¢ ipyrumu BuiaMu 3all0pHOM apMaTypbl KITMHOBBIE 331BHKKH (PUCYHOK
1) UMEIOT pAJ NPEUMYIIECTB (HE3HAUUTEIBHOE THPABINYECKOE COPOTUBIICHUE IIPH
HOJIHOCTBIO OTKPBITOM IPOXO0/I€, IPOCTOTA 0OCTY>KUBAHHUS, BO3MOKHOCTb I10JIa4H ChIPhsI
B JII00OM HampaBJICHUU H Jp.).

MHorooOpasue yclIOBHH 3KCIUTyaTallud apMaTyphl, BOIPOCHI €€ HAJeKHOCTH U
JIOJITOBEYHOCTH, pa3HOOOPa3HbIe KOHCTPYKLUH 3aTPYAHSAIOT HOA00p apMaTypsl I TEX
WIN WHBIX KOHKPETHBIX YCIOBUH PabOThL. DTOT MPOLECC OCIOKHIETCS TE€M, YTO MPU
IIPOEKTUPOBAHUM KOHCTPYKLNI KIIMHOBBIX 33/IBUKEK IPOYHOCTHOM pacyeT OTAEIbHbIX
JeTajei npoBOAT Oe3 yueTa peallbHbIX YCIOBHM IKCIUTyaTaIllH, TAKMX KaK CKOPOCTh
IIOTOKA TPAHCIIOPTUPYEMOI Cpesibl, TEMIIEpATypa U MOJIOKEHNE KIIMHA.

Bce 3a1BHKKH XapaKTepu3yOTCs HeOOJIBILIUM JIOITYCKaeMbIM IEpEeraioM JaBIeHUN
Ha 3aTIOPHOM YCTPOMCTBE, HEBBICOKON CKOPOCTBIO CpadaThIBaHMsI 3aIIOPHOTO yCTPONCTBA,
BO3MO>KHOCTBIO OJTY4YEHUS THAPABINYECKOTO y1apa B KOHIIE X0/1a, 00JIbIIION BEICOKOH,
TPYAHOCTBIO PEMOHTA HM3HOIIEHHBIX YIUIOTHUTEJIBHBIX IIOBEPXHOCTEHW 3alIOPHOIO
YCTPOICTBA IPHU 3KCIUTyaTallUH, CII0KHOCTBIO X U3TOTOBJICHUS.
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[Tpu BeIOOpE 3aMIOPHOTO U3ENUS PYKOBOACTBYIOTCS CIEAYIOIIMME TEXHUIECKIUMHU
XapaKTEPUCTUKAMU: MPUCOCIMHUTENbHBIN TUaMeTp, Ha3HAYEHHUE U MaTepual, U3
KOTOpPOT'0 M3TOTABJIMBAECTCA KOPIYC U pabodas 4acTh TPyOOMpPOBOIA, CKOPOCTH
3akpeITUs. CrienuanbHble TPeOOBAHMS: MIPOJOIIKUTEIBLHBIE CPOKH CITYKOBI, BRICOKAs
MPOYHOCTH, HAEKHOCTh, 0€30IACHOCTh, KOPPO3UOHHASI YCTOWYMBOCTh MaTepuaia K
paboueii cpenie, TepMETHYHOCTb, TPOCTOTA MOHTaXa M YAOOCTBO dKCILTyaTaruu [1].

1 — kopmyc; 2 — KJIMH; 3 — IINUHJIENb; 4 — KPBIIIKA; 5 — MaXOBHK
Pucynok 1 — 3anBukka cTanbHas KIMHOBAS C BBIBUKHBIM IINMUHJEIEM

Crnengyer oTMETUTBh, 4TO pabodas cpena TpyOONMpoBoJa JOCTATOUYHO OBICTPO
MOBPEXKAAET U3/IEIH 3aIIOPHOM apMaTyphl, IPOUCXOIUT UCTHPAHUE YITIOTHUTEIBHBIX
3JIEMEHTOB, U3HOC, KOPPO3UOHHBIE MPOIIECCHI, TO3TOMY HEOOXOJUMO CBOEBPEMEHHO
MPOBOJAUTH TEXHUYECKUN KOHTPOJIb 000pYAOBaHMUS, IPOMBIBKY CHUCTEM MarucTpaiei,
PEMOHT WJIY 3aMeHy u3aenus [2].

MarepuaJjbl 1 METOIbI

Marepuansl 1y1st 1eTajaeit TpyOOonpoBOHON apMaTyphl JTI0JHKHBI COOTBETCTBOBATh
YCIIOBUSIM KCIUTyaTalllH, yYUThIBasi pabouee JaBleHUe, TEMIIEpATypy U XUMUYECKUE
CBOIicTBa cpebl. Matepuainbl JOKHBI 00eceunBaTh JOCTaTOUYHYIO TUIACTUYHOCTD,
MPOYHOCTh M YCTOMYMBOCTh K KOPPO3UHU. ApMaTypa, HaXOAsMascs MO0/l 1aBICHUEM,
JIOJIKHA UMETh 3arnac MPOYHOCTU C YYETOM KOPPO3UH U 3PO3HH B COOTBETCTBHH C
I'OCT 9.908. YnmoTHUTENbHBIE MAaTEPHAIIBI JOJHKHBI OBITh YCTONYHMBBI K BO3/ICHCTBHIO
paboueit cpeapl ¥ BHEMTHUX (pakTopoB. J[omosHUTETRHO, TEXHUUECKHE TPeOOBaHUS K
OTJIUBKAM, TIOKOBKaM U APYTUM 3JIEMEHTaM JIOJIKHBI COOTBETCTBOBATH HOPMATHBHBIM
JIOKYMEHTaM.

bru1o mpoBeieHo Hccie0BaHUE U3HOMIEHHON YacTH KJIMHA KIIMHOBOM 3a/IBHXKKH,
yTOOBI OIEHUTH CTENEHb U3HOCA U BBIIBUTH MEXaHM3MbI pa3pyuieHus. KinHosas
3aJIBIKKa Oblja BHIOpaHa JJIsl MCCIeOBaHMs, TaK KaK OHA IIUPOKO HCIOJIb3YeTCs
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B TPyOOIIPOBOJHBIX CUCTEMax Oyarojaps CBOEH HaJekKHOCTH, TEPMETUYHOCTH U
crocoOHOCTH APPEKTUBHO PabOTaTh B YCIOBHUIX BBICOKHMX JABICHHH M TEMIIEPaTyp.
Oco0eHHOCTh KOHCTPYKLIMH KJTMHA 00€eCTICUUBAET IJIOTHOE NIEPEKPHITHE IIOTOKA, OTHAKO
IpY JUIATEIBHON SKCILTyaTallud BO3MOKEH U3HOC, YTO TpeOyeT AeTAIbHOrO aHaIu3a
JUISL TIOBBIILICHUS! TOJITOBEYHOCTH 000PYAOBaHHUS.

Knunel, kak 1 10001 MeXaHU3M, HYKJIal0TCS B PEBU3UU U peMOHTe. PeMOHT Beera
HAMHOTO BBITOJIHEE, YeM IOKyIKa HOBOM apmatypsl. [loatomy oguum u3 Hamboiee
pacIpoCTpaHEHHbIX IPOLIECCOB SIBIISETCS POLIECC BOCCTAHOBIIEHUS 3aII0PHON apMaTyphl.
KnunoBbIe 3a1BIKKH 0071a/1a10T HEOOIBIITNM THAPABIMYECKUM COIIPOTHBICHUEM, YTO
SBIISICTCS BaXKHBIM (DAKTOPOM JUIsI MAarHCTPAIbHOTO TPYOOIIpOBOIa, Iie HAOI0AaeTCs
BBICOKAsi CKOPOCTh IepEeMELICHUsI TOTOKa paboueit cpeibl.

Lenbto ABNIsETCS UCCIIEOBAHUE BIUSHUS PEKMMOB HAIJIAaBKU HA M3HOC OKPBITUI
CBAapOYHOU IIPOBOJIOKOM.

B kauecTBe HAIUIaBOYHOTO Marepuajia B paboTe MCIOJIb30Balach CBAPOYHAS
nposoiioka CB-10X17T I'OCT 2246-70, cienyromero XuMU4ecKOro cocrasa (Mac.
%): no 0,12 C, no 0,8 Si, go 0,7 Mn, no 0,6Ni, mo 0,025 S, no 0,035 P,16...18Cer,
0,2...0,5Ti, Fe — ocaoBa. CBapo4yHasi pOBOJIOKA HE OJIKHA UIMETh CIICJIOB PXKABUYHHEI,
Maciia ¥ Ipyrux 3arpsisHeHui. J[ByoKHCh yriepo/ia 10JKEeH [TOCTaBIATHCS B OaJUIOHAX.
B kauecTBe OCHOBHOI0O MaTepHalia UCIOIb30BaIN IPYTOK U3 ctanu 20 ntuamerpom 50
MM U 1iauHoi 500 MM.

[loBblIEHNE M3HOCOCTOMKOCTH M JOJTOBEYHOCTH MATEPUATOB SIBIAETCS
OJIHOM M3 BaXHEHIIMX 3ajay B mpou3BojacTBe. Hanuume abpa3uBHBIX 4YaCTHII,
pa3IMYHBIX MPUMECE B cpejie MPUBOIUT K U3HOCY YIUIOTHUTENIBHBIX MOBEPXHOCTEH
TpyOonpoBOIHOM apmaTypsl. PacnipocTpaneHHBIM U 3(Q(EKTHBHBIM CIIOCOOOB
SBJISICTCS HAIUIaBKa MeTauioB. HarutaBka TBepAbIME H3HOCOCTOMKMMHU MaTepualaMu
npeJHa3HauYeHa Ul MOBBIIIEHUS U3HOCOCTOWKOCTH YIJIOTHUTEIBHBIX U TPYIIUXCS
MOBEPXHOCTEH TPyOONPOBOAHOM apMaTyphl, pabOTAIOUINX B YCIOBUSAX arpecCUBHBIX
cpell, NMOBBILIEHHBIX U HU3KUX TEeMIEpaTyp WIM B Apyrux yciosusx [3]. Ilpu
UCTIOIb30BaHUH HAIUIABKH BOCCTAHABIIMBAIOTCS TEOMETPUYECKHE Pa3Mepbl H3HOILICHHBIX
JieTajeil, TakKe YINPOYHSIETCS OCHOBHOM METaJll MPH UCHOJIB30BAHUU JIEKTPOIHBIX
MaTepHaioB ¢ IPUMEHEHHUEM 3aIUTHBIX I'a30B, (IIIOCOB M AJIEKTPOIHBIX TOKPHITUH.

Bbu10 ycTaHOBIIEHO, YTO /IS 3aIUTHI OT U3HOCA YINIOTHUTEIBHBIX TOBEPXHOCTEH
TpyOOIPOBOJHON apMaTypbl MEPCIIEKTUBHO UCIOIb30BaHUE MOKPHITHNA, HAHOCUMBIX
JyTOBOH HaIlJIaBKOM, B CPeJie 3allIUTHBIX I'a30B CBapO4YHOM npoBosiokoi Ce-10X17T [1].

HccnenoBanue BBINOJHEHO B paMKax mpoekrta. I[lokpelTue HaHOCHUIM Ha
TOO «IlaBnomapckuii 3aBoa TpyOOHNpOBOAHON apMaTypbl» Ha CBApPOYHOM
ydacTke. TeXHOJOrMYeCKHil IPOoLecC BOCCTAHOBIEHUS T€OMETPUUYECKUX Pa3MEPOB
YIUIOTHUTEIBHBIX OBEPXHOCTEH TPyOOIIPOBOTHON apMaTyphbl, IpeAyCMaTpUBAaeT Psi/l
II0CJIEI0BATEBHBIX ONEPALIUMI.

OO6pa3zer] OCTYIAeT HA YYaCTOK JJISl HAIUIABKU C MEXaHUYECKH 00paOOTaHHBIMU
MOBEPXHOCTSIMH, ITOATOTOBJICHHBIMH JIJIsl HarU1aBKU. CHATHE CIIOSI HEOOXOIMMO /st
YCTpaHEHUs] HEPOBHOCTEM M HAarapTOBAHHOIO CiI0si MeTauia. TokapHyio 00paboTKy
HPOBOJIAT 10 «YUCTOTO METAIIa» (CHUMAeTCsl He MeHee 3 MM noBepxHocTH). O0paboTKy
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Ha CTaHKE BBINOJIHAIOT HA BCEH MOBEPXHOCTH. LIIepoX0oBaTOCTh MOBEPXHOCTH JeTalei
10 TapaMeTpy J10KeH ObITh He Oosiee Ral2,5 mxMm. TokapHas 00paboTKa IPOU3BOAUTCS
Ha TOKapHO-BHHTOpe3HOM cTaHKke 16K20. IToBepxHocTh 00Opasia mepen HaIulaBKOH
OYMIIAIOT OT BCEX 3arPs3HAIOIINX BEIIECTBU 00E3KUPUBAIOT AL[ETOHOM, YAl T-CIIUPUTOM
WIN JPYTUMH PaCTBOPUTEIISIMHU.

Boccranosienue noBepxHocTH 0Opasiia IpoBOIUTCS Ha M0JIyaBTOMATE CBAPOYHOM
KEMPII KEMPOMAT 4200 ¢ ropeakoii MM 42-4,5 M. BoccTaHOBUTENbHAS
HaIUIaBKa MTOJATOTOBJICHHOMN [TOBEPXHOCTU NPOU3BOAUTCS € IPUILYCKOM HA YHCTOBYIO
MEXaHHUYECKYI0 00paboTKy He MeHee 3 MM Ha CTOpPOHY. Bo Bpems HariaBKu BO3MOKHO
OXJIAKJIEHUE HaIUIaBisseMoro uszaenus. HamnaBka nmpousBoaMTCs NpU TEMIIEpaType
OKpy2karo1iero Bo3ayxa Bbile mwitoc 10 °C ¢ npeBapUTEIbHBIM U COLYTCTBYIOIIUM
MECTHBIM II0JIOIPEBOM rasoriaMeHHbIMH ropesikamu 10 400-450°C, temneparypa
JI€TaJIM IIOCTOSSHHO KOHTPOJIUPYETCS € MOMOIIBI0 TepMoNap WIW JAUCTaHIIMOHHBIM
nupomeTpom C-20.3. HacTpouTh cBapouHbIN ammapar Juisl [10J1yaBTOMAaTUYECKOU
HAIUIaBKU. Y CTAHOBUTH HEOOXOIMMBIN BBUIET 3JEKTPOJA, COOTBETCTBYIOIIUN €ro
nuamerpy. Ha manenu ynpaBieHus yCTaHOBUTh HEOOXOAUMBIE 3HAYCHHUS TOKA HAIUIABKU
Y HallpsDKEHUE cBapo4HOoil Ayru. HacTpouts BennunHy cBapo4HOro Toka s ¥1,2 MM
CB-10X17T I'OCT 2246-70.

PexxnMbl HalIaBKU:

— cua cBapoyHoro Toka 120—180A, TOK MOCTOSIHHBIH, MOSIPHOCTh 0OpaTHAs;

— HanpsbkeHue Ha ayre 18-22B;

— CKOpOCTh HaruiaBku 25-50 m/gac;

— BbUIET 3J1eKkTpoaa 15-20mm;

— pacxon yriekucioro rasza 10—15 n/muH.

PexxrMbl HaruIaBKH KOPPEKTHPYIOT BO BpeMsl MPOBEACHHS PaOOTHI.

HannaBky npousBoauThs npoBosiokoi cBapouHoit @ 1,2 mm CB-10X17T I'OCT
2246-70 B HUYKHEM 10JIO)KEHUH C HAKJIOHOM MYH/IIITYKa OT BEPTUKAJILHOTO IIOJIOKEHUS
15° B cTopony niepemenieHus. BeicoTa HarutaBieHHOTO ciiosi He 6onee 4 mm. HammaBka
IIPOU3BOAUTCS [10 BUHTOBOM JIMHMH, C IEPEKPHITHEM NIPEABLAYLIETO BaJlUKa. Bennuuna
HEPEKPBITHS OJHOTO BaJMKa JPYTUM JOJDKHA COCTaBIATh OT 1/8 no 1/2 mumpunb
Bajuka. [locie HamIaBky KakJoro BajMKa IIPOU3BOJUTH 3aUMCTKY HAIUIABJIEHHOTO
y4dacTKa JI0 METAJTMYECKOro OJiecKa MEeTAIUTMYECKON IETKOU, IUIAK YIANIATh U3 30HbI
nocJjenyroen HariaBku [1].

[Ipu 3aBepiIeHNN HATUTABKH POBOJUTCS TepMUUYecKast 00padoTKa HAaIIaBICHHOMN
noBepxHocTu. Ilponecc Tepmudyeckoir 06pabOTKU MPUMEHSIETCS I M3MEHEHHS
METAJTypTUYECKUX U MEXaHW4YeCKUX CBOMCTB. IIpomecc BKiIo4aeT B cedst HarpeB
U OXJaXxJeHHe Martepuaina. M3BecTHO, 4TO TBEpAOCTh, NOIYyUYEHHAsA B IIpoOLECcCe
YIPOYHEHHUs, CUIBHO 3aBUCUT OT cojepxaHus yrieponaa B ctanu. Teeprocts HRC
30-45. IlpucyTrcTBHE yriepo/ia B OCHOBE CTaJIbHOT'O CIUIaBa B 3HAYUTEIBHOU CTEIIEHU
HECET OTBETCTBEHHOCTh 3a MEXaHWYECKHEe CBOMCTBA [4].

Tepmuueckoii 00pabOTKOM SIBIIIETCSI HU3KOTEMIIEPAaTYPHBIH OTITycK. JlaHHBII BUA
00pabOTKN HEOOXOIUM JIJIsl CHATHUS BHYTPEHHUX HANPSKEHUH, BOSHUKIIHX B IIpoIiecce
HaIUIaBKH.
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OKOHYATENbHYI) MEXaHUYECKYI 00pabOTKy HAIUIaBICHHOW MOBEPXHOCTHU
MPOU3BOJISAT HA TOKAPHOM CTaHKe. [ eoMeTprueckue pa3Mepsbl T0JKHBI COOTBETCTBOBATH
3alaHHOMY 4epTexy. ['eoMeTpuuecKuii KOHTPOJIb HAIUIABJIEHHOM MOBEPXHOCTH
MPOU3BOJUTCS TP UCTOJIB30BAHUU KPOHIHMPKYJSA. HaruiaBneHHass MOBEPXHOCTh HE
JOJKHA UMETh BHJIMMBIX JI€(EKTOB B BUJIE TPEIINH, HEIIPOBAPOB, MOAPE30B, a TAKKE
yCaJOYHOM M Ta30BOM MOPUCTOCTH U HEMETAJUIMYECKUX BKIIOUYECHUU JIMHEUHBIM
pasmepom Oosiee 1,5 MM u B KoiudecTBe Oolsiee 5 mIT. HA Kaxasie 20 MM JUTHHBI
HaIUIaBJICHHOTO MeTauia [5].

Pe3yabTarsl H 00CyKaeHNE

[Tocne mpoBeneHus HarIaBKU Ha oOpasiie, ObUT MPOU3BEIEH 3aMep TBEPIOCTH
M0 CEUCHHIO HAIUJIAaBIICHHOTO o0pasma, OmpeeieH XUMHYECKHI COCTaB MeTaia
HATUTaBIIEHHOTO CJIOSl ¥ IPOBEICHO OIpe/ieJICHHE Ha UCTUPAHNE HATUIABJICHHOTO CIIOS.

TBepaoCTh HAIIABICHHOT'O CJIOS,, OCHOBHOTO METAJlJIa U OKOJIOIIOBHOUM 30HBI
ompeseNsiach 1Mo cedeHuro obpasna. [lo 3amepa TBEpAOCTH, ONPEACTUIN TITyOuHy
MPOIUIABIICHHUS] HATUIABIIEHHOTO CIIOSL.

I'myOuHa mporaBieHus YIOBIETBOPSET CPEIHUM 3HAUCHUSM IPH MPOBEICHHUH
HAIUIaBKU B 3alUTHBIX Ta3axX. 3aMep HIMPUHBI M BBICOTHl HAILIABIECHHOTO CJIOS
BbINOJIHsIICA mTaHrenuupkysem LII-1-125,c uenoit nenenus 0,1 mm (FOCT 166-89).

3amep TBEPAOCTH MPOU3BOJAUIICS MO pa3pabOTaHHON CXeMme 3aMepa TBEPIOCTH.
[Ipu 3amepe TBEpAOCTH, IO BBICOTE HATUIABIIEHHOTO CJIOS, [TO IIMPUHE HATUIABIEHHOTO
CJIOSl PAcCTOSTHUE MEXKIY TOUYKAMH 3aMepa He M3MEHsUIOCh. Takke ObLI MPOU3BEACH
3aMep TBEPAOCTH B 30HE TEPMUIECKOTO BIMSIHUS. J[7151 3aMepa TBEpIOCTH MPUMEHSIICS
tBepaomep Poksemna TP-150P. M3mepenus tBEpaoctu nposoauiocs o I'OCT 9013,
no cranaaptHoii mkane Poksemna (HRC) [6].

[Tony4eHHble TaHHBIC OBUIH CBEJICHBI B TAOIUILY MO BHICOTE HATUIABIEHHOTO CIIOS
B Tabnuie 1 u Tabauiy mo JuyiMHe cpe3a oOpasia B Tadiuiie 2.

Tabnuna 1 — TBepAOCTh MO BhICOTE HAMIaBICHHOTO ciiosi, B HRC

Touka
1 2 3 4

Ob6pa3zen

Nel 33,8 41,1 36,4 36,1

Tabnuna 2 — TBepaocTs no anuHe cpesza obpasua, B HRC

Touxka
Obpasen 1 2 3 4 5 6 7 8 9
Nel 37 32 31 34 30 33 38 33 40

Jlis omnpesneneHuss M UCCIEIOBAaHUS XUMUYECKOTO COCTaBa HAIUIABIEHHOTO CIIOS
OBLIO MPOBEICHO CIEKTPAILHOE UCCIIEI0OBaHNE 00Pa31IoB. XUMUYECKU COCTaB MeTalIa
B 30HaxX HAMJIABJIEHHOTO CJIOS U OCHOBHOT'O METajla MCCIIEeNIOBAIN C MPUMEHEHHEM
noptatuBHoro cnektpomerpa TheimoNiton XL [7].

Jlnst onpezeneHrs U3HOCOCTOMKOCTH HAIUIABICHHOTO CIOSI TIPH CYXOM TPEHHUH
MeTalia 0 MeTajll ucrojb3oBaicsa crnocod mo I'OCT 30480-97, Bxiarouaronuii B
ce0s BpallleHHe KOHTPOJIBHOTO Tejia C MOCTOSHHON CKOPOCTBIO U MPOpE3bIBaHUE B
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ucciexyeMoM oOpasiie maza B 30He KOHTaKTa, MPH MOCTOSTHHON Harpyske. JlaHHbII I — —
C11oco0 MO3BOJIAET TOUHEE OIPEAEIUTH H3HOCOCTOMKOCTD M YIIPOCTUTh UCIIBITAHKE [8]. S ST T [ N
B pesynbprare npoBeAEHHOrO aHajav3a Harpy>KeHUsl KJIMHA KJIMHOBOW 3aJBHXKKU '
B HCXOJHOM COCTOSHUHM U IOCJI€ PEMOHTA (HAIUIABKH) ObUIM IMOJIyYEHBI JaHHBIE O
pacripeielieHMH HapsDKeHUH, 1eopMaLuii 1 peakiuii Ha KOHTaKTHBIX TOBEPXHOCTSIX.
Ananu3 npoBoauics B moxyiu cucreMsl KOMITAC APM FEM [9].
HccnenoBanue BBIIOJHEHO B TPEX CPEAax, MPHU yCIOBUSAX, COOTBETCTBYIOLINX
pabounm mapamerpam TpyOOmpoBoa:
a) BoAa (PUCYHOK 2): IaBJIeHUE, MPHIOKEHHOE K KIUHY, cocTaBiseT 2,5 Mlla,
temneparypa cpeasl — 40 °C, nuneitHoe yckopenue — 2,5 m/c.

[Hamenonamne | |

R AMM

Y AMM

1974
188

1785
169.1
159.6
150.2
1408
1313
1219
124

Hamvenopanie Tun smavenme P— Hamvenonanue Tan r—

L a— SxeiBATeHTHOS RATpACHIC

e — SVM [Hine'2] 001992 51028257 e SVM [Hhor2] 0014901 45.696655 = [Tom T T Swmremne_| Tom anavenne snasenne
MAMM - MAMM e T [ = repoe - |SOM B 8 L

a) Kiun Ge3 HamnaBku 0) Kiun ¢ maruaBkoi

oz 1 Pucynok 3 — HanpsxkeHue 1 IuHelHOe nepeMernenre B cpenie «Bomay

s B) HE(TENPOAYKTHI (PUCYHOK 4): TaBlICHHUE, TPUIIOKEHHOE K KIIMHY, COCTaBJIseT 4

MlIIa, Temmniepatypa cpeasl — 150 °C, nuneiHOe ycKopeHue — 2,5 M/c
g 2t Hammenosanme Tan 3HAYEHHE Tan M AEREALE
‘ o Musecy SR 0.023684 76.017413 s SVM [HAn'2] 0034218 84672137
FAMM I M ANMM

76.02
7238
68.74

84,67
80.62
76.57
7252
68.47
64.42
60.37
56.32
5227
4822

4235

36.48
3243
28.38
2433
2028
16.23
12.18
8134

HamvenoBanue Tun 3HAYEHHE 3HAYEHHE

Tun snavenne

P
nepevemere

USUM [ana] 0 0.068027 Cynuapoe museiisioe USUM ] o 0063773

a) Kimun 6e3 HaraBku 6) Kiun ¢ HaraBkoi

Pucynok 2 — HamnpspkeHue u inHeliHOe nepemeltienue B cpene «Boga»

4084
003422

0) map (pucyHok 3): JaBieHUE, MPWIOKEHHOE K KIUHY, coctaBiser 10 Mlla,
temneparypa cpensl — 540 °C, nuneitHoe yckoperue — 70 m/c.

Hamvenopanue Tan smagemme Tan M HaueRHe

Cypnuaproe mumeiitioe. Cynuaproe mmeiizoe
it USUM ] 0 0.10065 e

USUM [ou] 0 0.107356

a) Kiun 6e3 HamnaBku 0) Kiun ¢ HannaBkoit
Pucynok 4 — Hanpspxenue u muHeliHoe iepemenienne B cpene «HedrenpoaykTsn»

Harpy3ku mpuiioskeHsl B HaIpaBJIEHUU OcH X, ¢ y4€ToM pabodeid cpenbl U eé
JUHAMHAYECKUX BO3/IEHCTBUI Ha 3JIEMEHTHI 3a/IBUKKH.

enpro aHamm3a ObUTO BBIABHTH KPUTHYECKUE YYACTKH KIIMHA, ITOJABEPKEHHBIE
MaKCHMaJIbHBIM HANPSDKEHHUSIM U AiehopMarusM, a TaKXKe OIICHUTh CTETIEHb UX BIHSHUS
Ha HaAEKHOCTh paboThl 3aaBmkku [10], [11].
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Ha ocHoBe mpoBeAEHHBIX UCCIEOBaHUI B Cpeaax BOja, Map U HE(PTEIPOTYKThI
MOKHO CJIeJIaTh BBIBOJ B BHJIE TaOJHUIIBI, KOTOPAs MOKA3bIBAET BIHUSHUE yCIOBHIMA
SKCIUTyaTaluu (IaBJICHUs], TEMIIEPATYpPbl, IMHEMHOTO YCKOPEHUs) Ha HANPSKEHUE U
JUHEHHOE MepeMelleHre KIIMHA KITMHOBOM 3aJIBIYKKH, KaK C HATUTABKOM, Tak U 0e3 Heé
(Tabmuma 3).

Tabnuna 3 — Pe3ynpTaThl TMHAMHYECKOTO aHAIHM3a KJIMHA KIMHOBOM 3a/IBIKKHU B
pas3HbIX pabouyux cpenax

Cpena Jasnenue | Temnepary- | Jluneiinoe | Hanpsoxenue | Hanpsokenue | Jlnneitnoe Jluneitnoe

(MIIa) pa (°C) yckopeHHe | 0e3 HamIaB- | C HaIUIABKOH, | IIEpeMEIIeHNUE | TepeMeICHUE
(m/c?) KH, H/mm? 0e3 HaIUIaBKM | C HAIUIaBKOM
H/mm?
Bona 2,5 40 2,5 51,03 45,69 0,068 0,064
ITap 10 540 70 190,05 197,41 0,269 0,255
Hedremnpo- 4 150 2,5 76,02 84,67 0,100 0,107
JTYKTBI

B xone npoBenenus ucciae10BaHuii, BbISIBICHO, YTO:

Bnusinue naraBku: HanpsbkeHue u nepeMenieHne KinHa ¢ HalJIaBKOM B KaKI0U
U3 CpeJl HIXKe, YeM y KJIMHa 0e3 HaIlIaBKH, YTO YKa3bIBACT Ha MOBBIIIEHNE IPOYHOCTH
U YCTOMUYMBOCTH K eopmanusim.

BozneiictBue Temmepatypsl u gapieHus: C MOBBIIIEHUEM AaBJICHUS U TEMIIEPATYPhbI
(manpumep, B cpeae «llap») Habmrogarorcs 60s1ee BHICOKHE 3HAYCHUSI HAMPSHKECHUS
U TepeMelIeHHs, YTO YKa3bIBaeT Ha HEOOXOJAMMOCTh YCUJIEHHS MaTepUaliOB U
KOHCTPYKLUU JJIsl SKCIUTyaTallii B arPECCUBHBIX YCIOBUSX.

JluneitHoe yckopenue: C yBenrmueHneM JUHEHHOT0 YCKOpPEeHHs (HampuMep, B Cpelie
«ITap» ¢ 70 m/c?) Takxe moBbIaeTcs aedopmanus KiuHa, 0COOCHHO 0e3 HaIlJIaBKH,
YTO CBHUJIETENBCTBYET O BAXKHOCTU CTAOMIIM3aLMU U YCUIICHHUS 3JIEMEHTOB KJIMHA JUIs
CHIDKEHUS TUHAMHUYECKUX Harpy3oK.

Tabmuma 3 u BBIBOABI JEMOHCTPUPYIOT, KaK pa3Hble padoune yCIIOBUS BIUSIOT
Ha MapaMeTphl KJIMHA U MOJITBEPXKIAI0T HEOOXOAUMOCTh HAIJIaBKU JAJIsl TIOBBIIICHUS
JOJITOBEYHOCTH 33JIBUKKH.

HNudopmanus o puHaHCHPOBAHUU

NccnenoBanus BBIMOIHIIOTCS B paMKax T'PaHTOBOI0 (PMHAHCHPOBAHUS HAYUYHbIX U
(wH) Hay9HO-TeXHUYECKUX TpoekToB Ha 2024—-2026 roast o mpoekty BR24993003
«Pa3paboTka KOMIlJIEKCa MEPONMPUATUN HUHCTPYMEHTAJIbHOTO oOecreyeHus
oOpabaThIBarONIUX OTpacieil 5KoHOMUKH PK».

BoiBoabI

B xone mpoBeneHus mcciaeaoBaHUKM OB ONEHEH U3HOC KJIMHA KJIMHOBOH
3aJIBUKKU U YCTAHOBJIEHO, YTO HarjlaBKa TBEPIBIMU U3HOCOCTOUKHMH MaTepuaiaMu
aBngerca 3PQPEKTUBHBIM METOJOM BOCCTAHOBJICHHS U MOBBIIICHUS JIOJITOBEYHOCTH
apMmaTyphbl, paboTaroliei B arpecCUBHBIX cpenax. [[pumeHenne cBapoyHOM IPOBOJIOKH
CB-10X17T B 3ammuTHOM Cpe/ie YIIIEKUCIIOro Ta3a MO3BOJIUIIO MOJIYYUTh Ka4€CTBEHHOE
HAIJIaBJICHHOE MOKPBITUE C BBICOKON TBEPAOCTHIO U CTOMKOCTHIO K HCTHPAHUIO.
Pesynprarsl mokasanu, 4TO HamjiaBKa 00eCleurnBaeT BOCCTAHOBICHHE T'€OMETPHUH
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JleTajei U MOBBIIIAET UX DKCIUTYyaTallMOHHBIE XapaKTEPUCTUKU 3a CUET YJIy4IICHHOU
W3HOCOCTOMKOCTH U CONPOTUBIIIEMOCTH KABUTALIMOHHBIM Pa3pyILIEHUsIM. DTOT METOJ
TaKXKe yBEJIMYMUBACT JIOJITOBEYHOCTh apMaTypbl, OCOOCHHO B YCIOBHUSAX BO3ACUCTBUS
abpa3uBHBIX YaCTHUI[ M BHICOKUX TEMIEpaTyp.

CIIMCOK HCIIOJIb3OBAHHbBIX NCTOYHNKOB
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KYBBIP/JbI BEKITY APMATYPACBIHBIH KEPHEY.JII
JTE®OPMALMSITIAHFAH KYWIH TAJTJIAY

bynmaxanadaxyovipiel 6eximy apmamypacwinbly mypaxcwlz 0e@opmayusianaam
Kyuin, aman aumkanoa Kyowulp gicylenepinoezi spmypii opmanaposly a2blHOAPbIH
backapy ywiin KOJIOAHBLIAMbIH CbIHAIbL bICLIPMALAPLIH 3ePMmeyi KOpCemiiceH.
JKymvicma — beximy —apmamypacvln  nauoanawy — epekuienikmepi, KIAnaHHuly
ACYMBIC NPUHYUNI, OHBL JHCACAYed APHAN2AH MAmepuanoap, mosyed Mme3iMOiNiK
nen cenimoinikmi emuey oodicmepi xeamipineen. ColHANbL  bICLIPMALAPLIHBIH
ApMUIKWLLIBIKMApyl — MeH  Kemulinikmepi  O0e  cunammanean.  Ilaiioanramny
AHCA20AUNAPLIHLIY dPMYPIINiel, CeHIMOINIK neH DepPIKMIKmily Hco2apbl KANHCEMMIniei,
COHOAU-aK, KNANAHOapovly KypuliblMObIK AUbIPMAUBLILIKIMAPEL HAKMbL  HCYMbIC
JHCA20AUNAPsl YUIH OHMAUIbL HCAOObIKMblL MAHOAyO0bl KublHOamaowl. JKobanay
JicoHe bepikmicin ecenmey npoyeciHoe HAKmvl NAUOAIAHY NAPAMEMpPIH — deblH
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ANALYSIS OF THE STRESS-STRAIN STATE IKOHOMUNY 6PEMIL U peCYPCDL.

B Oannoii cmamve nokazamvl npoyeccvl npoeKmupo8anus u MOOeIupoSaHs
3y0uamplx Konec 05l GeMpPOIHEPeMUYECKOU YCMAHOBKU ¢ BEPMUKATLHOU OCbIO
spawenus. 3ybuamvle napvl NpPeOCMAGIAION COOOU  BaAMNCHBIE KOMNOHEHNIb
MeXaHU4ecKux CUcmem U 6bINOJHAIOM KII0Ye8yI0 (PYHKYUIo 68 pabome pasiuuHbIx
mexanuzmos. IIpoexmuposanue u npouszeo0cmeo 3youamvix nap, 06ecneuu8aoujux
nepeoawy Kpymsue2o MOMeHmMa, 1excam 6 0CHO8e MAUUHOCIMPOUMENbHOU OMPACTU.
Teomempuueckuii pacuem 3y0uamvlx NAp MOXMCEM OCYWECMBIAMbCA ¢ NOMOWBIO
npocpammnozo obecneuwenus SolidWorks. Solidworks sensemcs npozpammuviv
komnnexcom CAIIP onsa agmomamuszayuu pabom npoMbluUIeHHO20 NPeOnPUIMUSL.
Hcnonvzyemes na >manax KOHCMPYKMOPCKOU U MeXHOI0SUYECKOU NOO020MOBKU
npoussoocmea. Obecneuusaem npoeKmMupo8anus uzoeauti 11000 CLOHCHOCU U
npeonasnavenus. B npocpamme npedcmasnaemcsi memoo 015 NPOEKMUpO8AHUs.
3y0uamulx Koec, Komopoe cnocoOHO NPOEKMUPOBANs PA3nuyHble MUnsl 3y04amuix
KOleC HA OCHOBE UCXOOHLIX 2eoMempuyeckux napamempos. Ecmecmeenno, ons
npoyecca nNpoeKmupo8anus HeoOXo0OUMAa KOMNEMeHMHOCHb —Noab308amenetl
8 OmHOWleHUU Mmeopembl O 3yOUAMOM Konece U MexXHONOSUU NPOU3B0OCMEd.
Paspabomannvie 3y0uamovie napvbl MONCHO NPUMEHUMb 6 PA3IUYHBIX OONACMAX

OF PIPE SHUT-OFF VALVES

This article reflects the study of the unstable deformed state of pipe shut-off
valves, in particular wedge valves, which are used to control the flow of various
media in pipeline systems. The paper presents the features of the operation of shut-off’
valves, the principle of operation of the valve, materials for its manufacture, methods
of measuring wear resistance and reliability. The advantages and disadvantages of
wedge gate valves are also described. The variety of operating conditions, the high
need for reliability and durability, as well as the design differences of the valves
complicate the selection of optimal equipment for specific operating conditions. The
emphasis is placed on the need to take into account real operational parameters —
such as flow velocity, temperature of the transported medium and the position of the
wedge — in the design and strength calculation process. The main attention is paid to
the issues of surfacing, hard wear-resistant materials, as well as resistance to damage
to sealing surfaces. The experimental part of the study includes the deposition of Sv-
10X17Tin a protective gas environment and observation of the mechanical properties

of the deposited layer. In the course of the calculations, the results of confirming mexnuKiL (POBOmBY, PaBouue MAUHE, MPAHCROPINbIE Cpedcmaa 1 m.d,)

the.eﬁf ecirveness .Of s.urfaczn.g i mereasing t.he resistance of fi ttmgs fo wear an.d Kniouesvie cnosa: 3youamas napa, npoekmuposanue, mooeauposanue, CAIIP,
resistance to cavitation, which is especially important for operating conditions in SolidWorks

aggressive environments.
Keywords: pipeline fittings, wedge gate valve, surfacing, wear resistance,

modeling, stress-strain state. Beenenne

3ybuaTeie nepenayu, N300pETEHHbIE THICAYH JIET HA3aJ, CIy)aT OCHOBOW IS
OOJIBIINHCTBA MEXaHUYECKUX CUCTEM. DTH IEepeadyu COCTOAT U3 JIByX MU Oojee
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3yOuaThIX KOJec, KOTOpbIe B3aUMOJICHCTBYIOT MEX1y CO00H, obecreunBas nepenady
JIBIDKEHUS M CWJIBI OT JIBUTATENIs K paboyeMy MEXaHHU3MY.

Hunuaapuueckue ¢ NpsAMo3yObIM 3alleNJIeHHEeM — HNPOCTEHIIUNA U caMblil
yYHUBEpCaNbHBIA THI mecTepHU. OOecrneunBaOT IJIaBHYI0 U TOYHYIO Iepenavy
BpallleHHs] MEeXAYy NapajjeiabHbIMU BasamMu. JlaHHBIM Tun 3yOuaToil mepenadu
UCIIOJIb3YETCS UL [IEpEAAYU CUIIbI BETPa MOLYJIBHOM BETPOIHEPIeTUYECKOU YCTAaHOBKHU
(MBDY) na reneparop (pucynoxk 1) [1-2].

Tleah npurien

2600

Lnpad ¥

2600

9600

{lodn_u Gama

3000

Baan. unl N° | il NP dydin

Aum, Macca |Macwmad
7

flodn v doma

arl e | W* Goxgrs | flodn|dama |

5

Avem [ Aucmod

Wb N nodn

Konupabar PLgoram As

Pucynok 1 — MoynibHast BETpOIHEPreTHIECcKasl yCTaHOBKA

MBDJY cocTtout u3 0T MOyJIei:

1 Jlonacte-nonyunuaap ¢ auametpoM 2200 mm, Beicota 2600 mMm;

2 Henoaswm:xHast ock, JinHa 2650 MM;

3 HmwxkHss HenmoaBrkHAs ock. JlmmHa 2650 mM;

4 TpyOa anst KperIeHus TeHepaTopa;

5 TpyOa 1t KperuieHus B pyHAaMeHT.

JUnist TaHHOM YCTaHOBKHU BBIOpaH TUX0XO/AHBIN 3 KBT reneparop ¢ o6oporamu 400
00/MuH. Marepuan mecrepHu — ctaib 45. Ilepenatounoe uucio u = 10, To ects 10:1.
4acTOTa BpalleHus mectepHu n, =40 MuH'', a yacToTa Bpauenus kojneca n, = 400 mun.
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Cpok ciy>k0bI iepesiauu mpu TpexcMeHHoi padote 3 rona. [lepenaua HepeBepcuBHas,
Harpy3ka IOCTOSIHHasl.

Ilenpro JaHHOTO MCCIENOBAaHUS SIBISAETCSA ONPENEIECHUE N€OMETPUUECKUX
napamMeTpoB 3y04aToil mapel 1 OBICTPOE MOAETHUPOBAHNE KOMIIBIOTEPHBIM CIIOCOOOM
JUTSI TIOCJIeYFOIIero aHann3a KoHTakTa 3yoneB (TCA).

MarepuaJjbl 1 METOIBI

Pacuer KOHCTpYKIIMH 3y0UaTOro Kojeca.

Hcnonp3yem He0OX0IUMYIO TEOpeMy O 3yOuaThIX KOJIecax, a TAKKe MaTeMaTHUECKIe
U MIPOU3BOJACTBEHHBIC HABBIKH, YTOOBI CIPOCKTUPOBATH MPABUIBLHOE COECIUHEHUE
3y6uaTsix nap [3—5]. B HacTos1ee Bpemsi B MUpe CYIIECTBYET MHOKECTBO CTaH/IapTOB
pacueTa u MpOEeKTUPOBaHUs 3y0UaThiX nepenad [6—8].

[epen nmpoekTrpoBaHuEM 3y04aTOi Ao /1e1aeM POBEPOUHBIN pacueT nepesadu
Ha KOHTaKTHYIO NMPOYHOCTh. B nanbHeiIIeM MOKHO MPOBEPHUTH 3yOuaTylo mapy Ha
IIPOYHOCTb, TUHAMHUYECKUE HATPy3KH, foirosedyHocts B CAE-cucremax. Takue 3anaun
MO>KHO BBITIOJIHUTE B Moy isax SolidWorks u Ansys [9-10].

[Ipu co3nanum 3y04aThIX KOJeC, KOTOpble UMEIOT CTaHJAPTHYIO T'€OMETpPHIO,
11e7IeCO00Pa3HO CO3/JaHNEe MaTEMAaTUIECKOTO pacueTa Ayt 00JIerdyeHus mpolecca pacyera
U orpeaeneHus mpoduiis 3yodaroro koneca (tadmuua 1).

Tabmuua 1 — YpaBHeHUs U1 pacyeTa FeOMETPHUECKUX MapaMeTPOB.

IMapameTp 3anenJieHus I'eomeTpHyueckne 3aBHCHMOCTH
Me:xoceBoe paccTosHHE A=m-(Z+Z)/2
Tlepenarounoe yuciIo i=7,1Z,
Bricora 3yba h=225-m
PanmanbHsIii 3a30p C=025"m
JlenuTenbHbIe AUAMETPhI d,d, (D,D)
HavanbHble TuamMeTpshI dw,, dw,
JlameTp OKpY>KHOCTH BEPIIHH 3yObeB de=d+2 -m(De,De)
JlameTp OKpy>KHOCTH BIIaJINH di=d-2-m(Di,Di)

[IpoexTupoBaHue 1 MOJCTUPOBAHHE 3yOUATHIX KOJIEC MPOU3BOIUIUCH B [IPOrpaMme
SolidWorks.

PazpaboTka mporpaMMHOro obecredeHus: OTKpblia OO0JbIIoi BEIOOP B 001acTH
IpOEeKTUpOBaHUs 3y00B, ObicTporo u touyHoro CAD-monenupoBanus. 3youarsie
napbl MOXKHO UCCIIEZI0BATh B JIIoO0oM nporpammHoM obecnieuenunt CAD/CAE, B Takux
kak: CATIA, Inventor u SolidWorks. Ontumuzanus Tomoysoruu 3y04aToro kKosueca
BBITIOJIHSAETCSI METOJIOM KOHEYHBIX JIEMEHTOB.

B nmanHom mpumepe ucrnosb3yeTcs nporpammuoe oOecreuenue SolidWorks.
C y4eToM pacCUMTaHHBIX reOMEeTpUYecKux (Tabmuua 1) mapameTpoB MOTYT OBITh
noctpoensl Mosienn CAITP. Crenanubie pacueTsl BOMBaeM B « Y paBHEHHS, TTI00ATbHBIE
IIEPEMEHHBIE U pa3Mepb» B IIporpamme (pUCYHOK 2). B nanpHeWIuM 3TH ypaBHEHHUS
ABTOMATH3UPYIOT MPOLECC MPOSKTUPOBAHUU.
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Pucynok 6 — ITpon3BOACTBEHHBIN YEpPTEX

Pe3yabTaTsl n 00CyKaCHTE

B nannoi# paboTe pacdeT U mpoeKTUPOBaHUE 3y0UaToil mapsl BETPOIHEPTETHUECKOM
YCTaHOBKH IPEJCTABJIEH B O3TATHOM BHJIE:

I-sTan. Pacuet KOHCTpYKIMK 3y04aToro Komieca;

2-3tamn. [IpoBepouHbIil pacueT nepenayn Ha KOHTAaKTHYIO MPOYHOCTb.
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3-stamn. IIpoexkTupoBanue U MOJEIMPOBaHUE 3yOUaThIX KOJEC B MPOTpaMMe
SolidWorks;

Pe3ynbTaThl JAHHBIX 3TAIOB MOTYT OBITH HCIIOIB30BAHBI IS JAJIbHEHIIIETo pacyera
Ha MPOYHOCTh, JUHAMMYECKUE HArpy3KH U JOJITOBEUHOCTh. Takike, MOJydeHHBIE
3D-mozenu MokHO ucnoss3oBath B CAM-cuctemax, OTIpaBUB IPOEKT Ha U3TOTOBJIEHUE
Ha crankax ¢ UIIY ais moxy4eHus OnbITHBIX 00pa3IoB.

Nudopmanus o puHaHCHPOBAHUM

HNccnenoBaHue NpoBENEHO B paMKaX BBIIOJHEHUS I'PAaHTOBON TEMBI,
¢unancuposannoii Komurerom Hayku MUHHCTEPCTBA HAYKH U BBICILIETO 00pa30BaHUs
Pecny6iinku Kazaxcran AP13068313 «Pa3paboTka HOBOI KOHCTPYKLMH MOJTYJIHHOM
BETPOSHEPreTUYECKON YCTAHOBKYU C HENOABUKHON BEPTUKAIIBHOU OCBIO».

BriBoabI

B 570l myOGnukanuy mokasaHbl IPOIECChl MIPOSKTHPOBAHUSA U MOACTUPOBAHHS
3y04aThIX KOJIEC U BETPOIHEPIeTUIECKON YCTAHOBKY C BEPTUKAIBHOM OChIO BPAILICHHUSI.
C moMmoIp0 JaHHON METOJIMKH MOXHO pa3pabaThiBaTh 3yOuyaThie Mapbl KOTOPHIE
MOYKHO IPUMEHHTD B PA3JIMYHBIX 00IACTAX MPOMBIIUICHHOCTH. JlaHHAs METO/IMKA HE
TpeOyeT OT MPOEKTUPOBIIKKA BEICOKOW KBaIH(pUKauUU B TaHHOH obmactu. [IpoBepka
OMEeHUS U aHAJIN3 COeIMHEHHsI 3yO0B MOTYT OBITh BBINOJIHEHBI Ha coXpaHeHHbIX CAD-
Mojiensx B iporpamme SolidWorks. 3Tu Mmoaenu MOKHO HCIIOIB30BaTh AJIS PA3IMIHBIX
UCCJICTOBAaHU KOHTAKTa 3yObEB.
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AKX BAFJAPJTAMAJIAPBIH KOJITAHY APKbIJIbI KEJI
JHEPI'ETUKAJIBIK KOHABIPFBIHBIH TICTI ) KYBbIHbBIH

I'EOMETPUSAJIBIK IAPAMETPJIEPIH ECEIITEY )KOHE KOBAJIAY

Aemomammanovipviiean dicobanay owcytieci (AXOK) opmypni  caranapoa
arcodbanay dcone 93ipaey npoyecmepinde Koadawviiaovl. byn scyiie scobarapow
KYPY npoyecmepin Jceyinoemyae, con apKblivl YaKblm nen pecypcmapovl ynemoeyee
MYMKIHOIK Oepeoi.

Byn maxana mix ocomi dcen smnepeemuxanvly KOHObIpabled apHaiean micmi
JoHeanakmapovly  acodacvl MeH Molenvoeyoi kepcemeoi. Ticmi ocynmap
MEXAHUKANBIK JiCYlenepOoiy Manbl30vl Kypamoac Oenikmepi Oonvln mabwliaodsl
JHCOHE OPMYPNT MeXaHusMOepoiy JHCYMbICLIHOA He2i32l (DYHKYUSIHbI OPbIHOAUObL.
Atinanovipyuivl Momenmmi Oepemin micmi JHcynmapovbl Kypacmvipy JHCoHe OHOIPY
MAWUHA  JHCACaAy CANAcbiHbIY Heeizi boavin  maodwiiadvl. Ticmi  dcynmapovly
2eomempusnvik ecebin SolidWorks 6az0apramanvix KypanviHvly Komecimen dicyseze
acvipyea 6onadwvl. Solidworks - Oyn eneprocinmix KoCINOPbIHHLIY JHCYMbLCHIH
asmomammanovipyea apraiean AXOK  6az0apramanviy  naxemi. Ownoipicmi
AHCODANAY COHE MEXHONOSUSIBIK OalblHOAY Ke3enoepinoe Koadanwuliaovl. Kes
KeneeH Kypoeniik new Makcammaaol OyublmMoapobly JH#co0ACbIH KAMMAMACHL3 emeo.
bazoapnama bacmankel eeomempusiivlk napamempiep He2izinoe Oepinicmepoin
opmypai mypaepiun skcobanrayea Kabinemmi Oepinicmepoi s#cobanay 90iCiH YCbIHAObL.
Opune, acobanray npoyeci nAuOAIAHYUBIHBIY Oepilic Meopemacvbl MeH OHOIpIC
MEXHON02USICHIHA KAmblcmbl Ky3vlpemminiein manan emedi. Kobaranean micmi
ACYNMap MexHoL02USHbIH JPMYPIL CANANAPLIHOA (POOOMMAD, HCYMbIC MAUUHALAPYL,
Kenikmep dcone m.0.) Koioamnyaa 601aovl.

Kinmmi ce30ep: micmi ocyn, sicobanay, mooenvoey, AXIK, SolidWorks.
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CALCULATION OF GEOMETRIC PARAMETERS AND DESIGN
OF A GEAR PAIR OF A WIND TURBINE USING CAD PROGRAMS

Computer-aided design (CAD) systems are used in various industries in the
design and development processes. This system simplifies the design process, thereby
saving time and resources.

This article shows the design and modeling processes of gears for a vertical-
axis wind turbine. Gear pairs are important components of mechanical systems
and perform a key function in the operation of various mechanisms. The design
and production of gear pairs that provide torque transmission are the basis of
the mechanical engineering industry. Geometric calculation of gear pairs can be
carried out using SolidWorks software. Solidworks is a CAD software package for
automating the work of an industrial enterprise. It is used at the stages of design
and technological preparation of production. Provides design of products of any
complexity and purpose. The program presents a method for designing gears, which
is capable of designing various types of gears based on the original geometric
parameters. Naturally, the design process requires user competence in the gear
theorem and manufacturing technology. The developed gear pairs can be used in
various fields of technology (robots, working machines, vehicles, etc.).

Keywords: gear pair, design, modeling, CAD, SolidWorks.
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DEVELOPMENT OF A METAL 3D PRINTER
USING A 3-UPU PARALLEL MANIPULATOR

This paper explores the potential application of a 3-UPU manipulator as a design
for a metal 3D printer. To determine the working area of the 3-UPU manipulator,
its inverse kinematics were investigated. Using the Denavit-Hartenberg method, the
required lengths of the manipulator’s prismatic pairs were analytically calculated
based on the coordinate system transformation matrices. The obtained results were
verified by numerical methods in MATLAB program and the correctness of analytical
solutions was confirmed. The study showed that the working area of the 3-UPU
manipulator is 800x800x600 mm, which is large enough for metal 3D printers. This
work area gives you the ability to print from small parts to large parts as well as
body parts. The precise positioning and dexterity of the 3-point manipulator ensures
sufficient precision in part production. This working area makes it possible to print
from small parts to large parts as well as body parts. The positioning accuracy and
dexterity of the 3UPU manipulator provides sufficient accuracy in part production.
This accuracy of part fabrication reduces the post-processing time of parts by
machining, resulting in less material consumption for chips and wear of cutting tools.

This research work can provide a scientific basis to enable the 3-UPU arm to be
used in metal 3D printers. Future research following this work is planned to explore
issues such as improving the dynamic model of the manipulator and increasing its
efficiency by optimizing control algorithms.

Keywords: 3-UPU manipulator, additive manufacturing, working area, metal
3D printer, inverse kinematic.

Introduction

In recent decades, additive manufacturing has revolutionized production and
engineering processes by enabling the fabrication of complex geometries with minimal
time and cost requirements [1-3]. Despite its numerous advantages, traditional 3D
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printers are limited by their constrained workspace and accuracy, making them less
suitable for tasks that demand higher precision and larger build volumes [4-6].

Parallel manipulators, particularly the 3UPU configuration, have emerged as
promising solutions to address these challenges by offering superior accuracy and an
extended workspace [7-8]. Investigating the kinematic and dynamic properties of 3UPU
manipulators is essential for their effective integration into practical manufacturing
applications [9-11]. Accurate modeling of the manipulator’s workspace and adapting
it for 3D printing have become significant areas of interest in current research [12].

Additionally, the application of metal-based additive manufacturing, which demands
high precision and stability, further underscores the necessity of employing advanced
robotic systems like the 3UPU manipulator [13—14]. This paper explores the use of
the 3UPU manipulator to drive a 3D printer’s print head along a predefined trajectory.
The inverse kinematics of the manipulator is calculated to evaluate its workspace and
adaptability to additive manufacturing tasks. These findings aim to contribute to the
advancement of 3D printing technology, particularly in the context of high-precision
and large-scale applications [15].

Materials and methods

Inverse kinematics of a 3-UPU parallel manipulator

A parallel manipulator (PM) 3-UPU (where U stands for universal and P for
prismatic kinematic pairs) consists of a triangular fixed base 4,4, 4, (Fig. 1), a moving
platform, and three closed kinematic chains (legs) of the UPU type, which connect the
moving platform to the fixed base. The absolute coordinate system 0, XY, Z, is attached
to the center of the three universal joints 4,4, 4,, located on the fixed base, while the
local coordinate system PUVW is fixed at the center of the universal joints connecting
the legs to the moving platform and moves along with it.

As stated in [16], this parallel manipulator (PM) has three translational degrees of
freedom, meaning that the moving platform of the manipulator will move parallel to
the base along the three axes of the absolute coordinate system O, XY, Z,, .

U joint, with 2DOFs

l P joint, with IDOF

U joint, with 2DOFs
4

Figure 1 — Kinematic diagram of the 3-UPU PM
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To solve the inverse kinematics problem of the PM, the position of the moving
platform in space is given, after which the positions of the active prismatic kinematic
pairs S, (i=1,2,3) are computed. The closure equations of the vector loops for this
manipulator are defined as follows

OyP+Ph; =0(A, ; +B, .. (1)

Fig.2 shows the vectors that are included in equation (1) for one leg of the PM, with
the others being defined in a similar manner.

3 4

Figure 2 — Closure equations of the vector loops for the 3-UPU PM

In solving the inverse kinematics problem, the left-hand side of equation (1) is given,
while the right-hand side is determined by constructing homogeneous transformation
matrices of Denavit-Hartenberg [17], which include all the constant and variable
parameters of the PM. Both sides of the vector equation (1) define the coordinates of
the centers of the universal joints attached to the moving platform.

The left-hand side of the vector equations (1) is defined through the relationship
between the absolute Oy XY, Z, and local PUVw coordinate systems as follows

x5 [110101x, |[Ug
e -
Yy, 0l1101 7Y, ||V
Bl s | =123, )
ZBi O:OLILZP WBi
1 0lo0tol o |1

where U, .V, .Wp — the coordinates of the points 5, in the local coordinate system PUVW.
Are determined as follows

VBi e sin(é’i)
il e e ,¢&; =072,1207,240°. 3)
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To determine the right-hand side of the vector equation (1), we construct the
following homogeneous transformation matrices from the absolute coordinate system

0, X,YyZ, to the local coordinate system O 2 iXaiYaiZai
1) O Xo¥oZy > O X 12,

cos@i ! 0 ! smHi ! 4 cosHZ
R R T
sing, | 0| —cosf, | r, sinb, . Y Y
Top; =| %= e pofoo—k ,i=1,2,3,6, = 0°,120°,240°.
0L o i1f o | o : )
""" [ A Bl
0 1ol 0
2) O X1 2, > 0,X,Y,7,
Toz, = Tor,i T2, (5)
where
B | . | I 7]
cos@y; | —sing ;| 010
sing . | cosp . 1010
1,i 1,i .
IR Al B
0 1 0 1oil
3) 0,X,Y,Z, - 0, X;Y,Z,
To3,i = Toz,i T3, (7)
where
0101110
U R I
- 1101040 )
Bottiotolf
—T T
010001
3)03X3Y325 - O, XY, 2,
Tos; =Tz, T34, 9)
where
r | | | T
Cos @, | —sing,; | 015, cosg,,
sing, | cosp,. 101 sing,
Ty =| - 2 _’__i______z’_’__i___i__l____g’_’_ ,i=1,2,3. (10)
0 | 0 1 0
““““ I P
0 I 0 101 1
L | | | _
rom the matrix Ty, » the coordinates of the universal joints are determined as follows
Xg 1 [0
|0 (11)
= 34.i-
1 1

From equation (11), taking into account equations (2), the coordinates of the center
of the moving platform can be determined as follows
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Xp =r-cosf; +S; -sinb; -sing,. - S; - cosb); - cosp,, -sing,;,
Yp =r-sin; - S; - cosb; -sing,, - S; -sind; -cosp,, - sing, ;, (12)

Zp=15; - COSQy; - COSPy.,

where r=r,—r,, r,,r, the distances from the centers to the vertices of the base and the
movable platform, which have a triangular shape, S, the input parameters of the stroke
of the linear actuators, #;;-#»; the angles of the passive universal joints attached to the
base, which determine the orientation of the three legs of the PM.

Numerical examples of solving the inverse kinematics problem

The following constant parameters are given:
r, =400, r, =200, X p =100, Yp =100, Zp =500, 6, =0°, 6, =120°, 6; =240°. A program was
developed that automatically selects the solutions to the equations (16), (17), and (18)
for the correct determination of the positions of the PM.

Results and discussion

By adding the first and second equations of the system (12), after multiplying them
by cosf; and sind,, respectively, we obtain

Xp -sing; =Y, -cos; = S, -sing,,(13)
The system of equations (12) is rewritten in the following form
Xp—r-cost; -S; -sinb; -sing,, = -S; -cos; -cosp,, -sing,;,
Yp —r-sind; +5; - cost; -sing,, = -S; -sinb; - cosp,, -sing;, (14)
Zp =5;-COSQ;; - COSP,;.
From the sum of the squares of the three equations of the system (14), taking into
account the equations (13), we obtaigl )
S7-(2-sin“g,, —1)=2-(Xp -sinf; — Ypcos6,;)” + (15)
PP Xp Yy +Zp—2-r+(Xp sind; — Yy -cosf,) = 0
From the equations (13), we determine sing,;, and substituting this into the equations
(15), we obtain a single equation with one unknown S, After some straightforward
transformations, we obtain the following solutions

S, =+ r2+X12,+Y}§+ZIZ,—2-r~(XP-cos<9i—YP-sinGi). (16)

In this problem, the movable platform is positioned in the positive direction of the
Z,-axis, so only positive values of S, will be used for the calculations.
Solving the equations (13) for the variables ¢,,, we obtain the following two solutions

. [ Xp-sinf. —Y, -cosO; . [ Xp-sinf. —Y, -cosO.
(/;Zi(l):arcsm[ L lS. L ’J,gazl.(z):rc—arcsm{ P lS‘ P ’J. (17)

1 1

Solving the third equation of the system (14) for the variable #;, we obtain the
following solutions

Z Z
@1i(1) = Tarccos [S—P} @1j(2) = —arccos [—P] (18)

; *COSP,; S; - co8p,;
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In solving the inverse kinematics problem of the parallel robot, the position is
specified, i.e., the coordinates of the center of the moving platformx .Y, Z, , while the
coordinates of the passive universal joints X ai i Zai attached to the movable platform
are determined by the equations (2). Based on the equations (16), (17), and (18), the
variable parameters ¢;;.¢,;.5; are determined, as well as the positions of all the moving
links. This is how the workspace of a metal 3D printer is defined.

Numerical examples of solving the inverse kinematics problem

The results of numerical methods of problem solving show the reliability of the data
obtained analytically. Fig. 3 shows the assembled manipulator based on the solution of
the inverse kinematics problem.

Based on the inverse kinematics problem, the workspace of the PM was determined.
The values of x,, v, were varied from -400 to 400 with a step of 50, and z, was varied
from 0 to 600 with a step of 50. Additionally, constraints were set on the minimum and
maximum values of the input parameters S; (100 <S; <500)

600 i
500 - _,’;;:'%x
/ = 500

400 /
/ 400

Z
Sl 300 4

200

200

100 100 -

0 -

400

-200

X ¥ X

Figure 3 — Solution of the inverse kinematics problem and the workspace

Thus the working area of the 3D printer was defined as 800x800x600 mm. Which
1s large enough for 3D printers printing metal materials. And also found the geometric
parameters of the 3upu manipulator, which is the design of the metal 3D printer.
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Conclusions

This study investigated the feasibility of using the 3-UPU manipulator as a
design of a metal 3D printer. Specifically, the potential of the 3-UPU manipulator’s
movable platform, which has three degrees of freedom, to guide the print head along
a preprogrammed digital trajectory for metal additive manufacturing was explored.
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Since one of the most critical characteristics of a 3D printer is its workspace, this study
focused on determining the workspace of the 3-UPU manipulator.

To achieve this, the inverse kinematics problem of the manipulator was solved. The
manipulator’s motion characteristics were analyzed using an analytical approach based
on vector loop equations. The Denavit-Hartenberg method was employed to calculate
the required lengths of the manipulator’s prismatic joints (P) through transformation
matrices between coordinate systems. This approach enabled precise determination of
the manipulator’s geometric parameters.

The analytical results were verified using numerical methods in MATLAB. The
numerical validation confirmed the accuracy of the analytical calculations. Based on
the geometric parameters of the manipulator, its workspace was determined to be
800x800x600 mm. This workspace is significantly large for metal 3D printers and
allows for the production of a wide range of parts.

The findings of this study demonstrate the suitability of the 3-UPU manipulator
for use in 3D printing applications, particularly for metal additive manufacturing.
Future research should focus on improving the dynamic model of the manipulator and
optimizing its control algorithms to further enhance its performance and reliability in
industrial applications.
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3-UPU HAPAJIVIEJIb MAHUITYJIATOPBIH METAJIJL
3D IPUHTEPI PETIHJAE KOJIJAHY bl 93IPJIEY

byn maxanaoa 3D memann npummepiniy xoncmpykyusicel peminde 3JUPU
napaiienrs  MAHUNYIAmopwvlH  KOAOawy MymKinOiei xapacmuipvinadel. 3UPU
MAHURYAAMOPBIHBIY JCYMBIC AUMASHIH AHLIKMAY YW OHbIH Kepi KUHeMAmuKacyl
sepmmendi. [lenasum-Xapmernbepe o0iciH KOIOAHA OMbBIPLIN, KOOPOUHAMMAD
Jcytiecin  mypaeHoipy Mampuyaiapvl Heeizinoe MAHUnYIsmopowly NPU3MAIbIK
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AHCYNMAPLIHBIY  KAXCEMMI  Y3bIHOBIKIAPLl  AHATUMUKATLIK, mypoe ecenmeneo.
Anvinzan  nomuoicenep  MATLAB — Oaz0apramacvinoa  camovly — o90icmepmeH
meKcepinoi Jcone aHATUMUKATBIK Weuimoepoiy Oypblcmblabl pacmanovl. 3epmmey
xepcemkenoetl, 3UPU manunynsmopoinwiy scymoic aiimazvl 800x800x600 mm, oyn
memann 3D npunmepnep ywin aumaprvikmai yaken 0onvin maowiiaovl. Mynoai
ACYMBIC aliMazvl wasvii Oonuekmepoer yaKen boauexmepee, COHOAl-aK, KOPnyc
bomuexmepine dellin bacvin wvleapyea Mymxinoix 6epedi. 3UPU manunynsimopuiHvly
nozuyusiiany 0ondiei men enminiei Oonumexmepoi Hcacayobly HCemKILiKmi 0o10i2iH
Kammamacwlz emeoi. Bynoai O0ondiknen Oomuexkmepdi oHOipy Oomuexmepdi 3D
bacnadan Ketlinei oyoey yaKblmvlH A3atmaovl, Oy Kecy KypaioapblHvlly Mo3ybl MeH

oemaneil. MexXaHu4eckou o00pabomkou, uYmo npUEOOUM YMEHbUEHUI) PACX00
Mamepuanos Ha CMpPYrHCKY U USHOC PENCYUUX UHCIPYMEHNO8.

Oma uccredosamenvckas paboma modcem obdecnedumv HAVYHYIO OCHOBY,
no3eoasawylo  ucnorvzoeamv — mauunyasmop  3-UPU @  memaniuueckux
3D-npunmepax. I[lnanupyemcs, umo 6 OYOVWUX UCCIC008AHUAX NOCTE IMOU
pabomul 6YOym uzyueHvl maxue 60Npochl, KAK COGEPUIEHCINBOBAHUE OUHAMUYECKO
MoOeny MaHUNnYIamopa u nosviuleHue e2o IPhexmusHocmu 3a cuem onmumMu3ayuu
AneOpPUMMO8B YRPABLEHUSL.

Kouesvie cnosa: 3UPU manunynsmop, adoumusHoe npou3eo0cmeo, pabouas
30na, memannuveckuti 3D-npunmep, 0bpamuas KUHEMAMuKda.

JHcanKaea Kememin Mamepuaroap WelblHbll a3aimaoul.

byn sepmmey ocymvicor 3-UPU manunynsimopvin memann 3D npunmepnepoe
KOJOaHy2a MYMKIHOIK Oepemin eblibiMu He2i30l KamMmamacwvls eme aniaovi. byn
aHcymvlcman  Keuinei Oonawax sepmmeyiepoe MAHUNYIAMOPOblY OUHAMUKATIBIK
MOOeNIH diceminoipy dcone backapy aneopummoepin OHMAllaHObIPy aApKblibl OHbIH
MmuimMoiniein apmmaolpy cekinoi mocenenep zepmmenedi 0en HOCHaApIaHyod.

Kinmmi ce30ep: 3UPU manunynsimop, adoumusmi 6HOIPIC, HCYMblC alimaesl,
memann 3D npunmepi, kepi Kunemamuxa.
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PABPABOTKA METAJIVIMYECKOI'O 3D-IIPUHTEPA C
HNCITIOJIb30BAHUEM ITAPAJVIEJIBHOI'O MAHUITYJIATOPA 3-UPU

B oaunoii  cmamve  paccmampusaemcs — 803MONCHOCMb — NPUMEHEHUs
manunyasmopa 3UPU 6 kauecmae KoHCmMpyKyuu 015 Memaniuyeckoz2o 3D-npunmepa.
Jlna onpedenenus paboueti 30muvt manunyasmopa 3UPU oOviia uccredogana ezo
obpamnuas xunemamuxa. C nomowpio memooa Jlenasuma-Xapmenbepea Ha 0cHOge
mMampuy npeoopas0sanus Cucmemvbl KOOPOUHAT AHATUMUYECKU PACCYUMAansl
HeoOXo0uMble  ONUHBL  NPUSMAMUYECKUX nap manunyasmopa. Ilomyuennvie
pe3yrvmamul ObLIU NPOGEPEeHbl YUCIeHHVIMU Memodamu & npozpavme MATLAB
U NOOMEePIHCOeHa KOPPEKMHOCb —aHanumuyeckux pewenutl. Hccnedosanue
nokasano, umo pabouas 30na manunyismopa 3UPU cocmasnsem 800x800x600 mm,
umo 0oCcmamouro Oonvuiol 0si memaniuveckux 3D-npunmepos. Takas pabouas
30HA daem 803MONCHOCHb NeYamams 0m MAieHbKux oemaiei 00 6onbuux demanetl,
a maxoice xopnycuvix oemaneu. Tounocms nosuyuonuposanue u asoskocms 3SUPU
Manunyasmopa obecnedugaem 00CMAMOUHYI0 MOUYHOCHb U320MOGAEHUs 0emaell.
Takas moynocms u320moeieHue Oemanell YMeHbUulaenm 6pems Nnocmoopabomxu
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PLANNING AND EXPERIMENTAL STUDIES
OF THE ELECTROSLAG SURFACING MODE
ON THE DEPTH OF PENETRATION OF THE WELDED TEETH

The article focuses on the results of a study of the effect of electroslag surfacing
modes on the penetration depth of restored teeth, conducted on the basis of a full
factorial experiment (FFE) type 2°. The welding current and the voltage on the
slag bath were selected as factors. Each experiment was repeated three times,
and the results were analyzed to build a regression model that takes into account
all interactions of factors. The article describes in detail the process of encoding
variable factors, constructing a planning matrix, calculating the coefficients of the
regression equation and checking them for significance using the Student’s criterion.
The adequacy of the experiment was confirmed by calculations using the Fisher
criterion (F,, . <F ). According to the results of the experiment, it was found
that the stress on the slag bath has the most significant effect on the total depth of
penetration. The optimal mode has been determined (welding current 400 A and
voltage on the slag bath 45 V), which provides the required penetration depth (4.63
mm) of a large-modulus tooth. The convergence of the results of the full-scale test
with the results of planning a full factor experiment of type 2° was revealed, which
made it possible to determine the optimal surfacing mode. This study can be used to
optimize the parameters of electroslag surfacing, which will lead to an increase in
the quality and efficiency of restoration of worn teeth.

Keywords: electroslag surfacing, surfacing mode, penetration depth, welding
current, welded tooth.

Introduction

The electroslag surfacing method is used to create products or repair parts [1; 2].
The process of electroslag surfacing is characterized by the use of liquid slag. Liquid
slag melts the filler material that is supplied to it and melts the edges of the surface of
the product [3; 4]. The molten metal sinks to the bottom of the slag bath and crystallizes,
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forming a molten surface. One of the key problems encountered in electroslag surfacing
[5; 6] is to ensure the initial process of guiding the slag bath and ensuring the stability
of the electroslag process itself. The stability of the electroslag process is also critical
to ensure the uniformity and quality of the deposited layer, which affects the durability
and reliability of the restored parts [7; 8].

This study examines the optimization of electroslag surfacing modes in order to
achieve the required penetration depth of a worn tooth. The main task is to create a
mathematical model of the electroslag process, taking into account the influence of
various surfacing modes. The model is checked for adequacy using the Fisher criterion,
and the results are analyzed and compared with the predictions of the model.

Field experimental studies

To plan a full-scale experiment in the welding laboratory of the Karaganda Technical
University named after Abylkas Saginov, an electroslag surfacing unit was manufactured
and tested and samples of teeth with a 20 mm module were obtained (Fig.1). Each mode
used in the experiment was repeated three times.

1 -400 A; 50 V;2-350A;50V;3-400A;45V;4-350A;45V
Figure 1 — The results of the experiment

Mathematical modeling

To study the effect of the electroslag surfacing mode on the penetration depth of the
deposited teeth, experiments were carried out according to the FFE plan 22 [9]. Welding
current (z1) and slag bath voltage (z2) are the factors influencing the penetration depth
y (mm) [8]. (Table 1)

Table 1 — The initial planning matrix of the FFE 22

Experiment Studied factors Results of the experiments

N" Zl Z2 yl yZ y3
1 + + 46.3 45.8 47
2 - + 33.7 34,8 31.5
3 + - 39 41.4 42
4 20 21.3 22.1

When encoding variables, it is required to indicate the center of the variables,
the range of variation and the dependence of the encoded variable xi on the natural zi
(Table 2).
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Table 2 — Coding of factors

Factors | Upper | Bottom | Center | Variation | Dependence of the
level level z interval encoded variable
Zi+ z Ai on the natural one
Z 400 350 375 25 L z,—37,5
1 25
Z 50 45 47,5 2,5 .- z, —47,5
P25

Average sample results for each experiment is determined with the formula [10]:

_ 1 & . —
Y; :_Zyji’]zl’n' (1)
m‘S

The results of the construction of the planning matrix in coded variable factors,
taking into account paired interactions, are indicated in Table 3.

Table 3 — Planning matrix for processing results

Experiment | Factors Interactions Results of  the | Average

No experiments of
results

X1 X2 X1X2 Y1 Y2 Y3 fj

1 + + + 46,3 | 45,8 | 47 46,3

2 - + - 33,7 | 34,8 | 31,5 36,3

3 + - - 39 | 414 | 42 40,8

4 - - + 20 | 21,3 | 22,1 | 21,13

The coefficients of the regression equation show the strength and nature of the
influence of independent variables on the dependent variable and characterize the
degree of significance of individual variables to improve the accuracy of the model.
The coefficients of the regression equation are calculated using the least squares method
[10], the calculation results are shown in Table 4:

1 &
by==2.7; @)
n‘s
1 <& _ . —
biz—Zxﬁyj, i=1Lk, (3)
ns
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1 _ — =
b., :;ijrxjpyj, r<p,r=Lk, p=1k. (4)
j=1
Table 4 — Coefficients of the regression equation
bo b, by b
36,13 7,42 5,17 -2,42

The obtained coefficients are checked for significance using the Student’s criterion;
if | b|> tkp Scoeﬂthe coefficient of the regression equation is considered significant; if

|D|<1,,S.,. the coefficient is considered insignificant and is assumed to be zero
in the regression equation. The critical point t_ is located in the Student’s distribution
table [10]. The mean square deviation of the coefficients S¢oer depends on the variance
of reproducibility of the results for all conducted experiments S {zy} and is calculated

by the formula:
g2
S =42 (%)
coeff n * m

where S{2 T variance of reproducibility.
y

To check by the Stuﬂ‘e#t) 'sarfrﬁgfjidfﬂ, (wé (ﬂe@ﬁiﬁz the variance of reproducibility
which characterizes the error of the experiment:

2
S{y}
2 __1 2

S{y} ~n 7]'1=1S]' (6)

here, the internal amounts S are the sample variances of the experimental results
for the j-th experiment (j=1, ..., n). The results of the sample variances are shown in

Table 5.

Table 5 — Calculation of sample variances

] N y2 y3 J7j (yjl_.)_/j)z (yj2_.)_;j)2 (yj3_.)_}j)2 sz
146,345,847 (463 |0 0,25 0,49 0,37
2133,7134,831,5|36,3 |6,76 2,25 23,04 16,025
3139 [41,4(42 |40,8 |3,24 0,36 1,44 2,52
4120 |21,3]22,1]21,13]1,28 0,03 0,94 1,125

Internal amounts §?
] .

4
Z S? = 20,04.
j=1
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Calculation of the variance of reproducibility by the formula (6):

2 _
SZ, = 5,01.

Next, we determine the mean square deviation of the regression coefficients using
the formula (5):

Seoey=0,646142

From the Student’s distribution tables by the number of degrees of 8, at the
significance level o= 0.05, we find t_=2.31.

When comparing the obtained value 7S, =2,31*0,65=1,5015 with the
coefficients of the regression equation shown in Table 4, the significance of all
coefficients was established. Then the regression equation in the encoded variables
takes the form:

v=36,13+7,42x; +5,17x2-2,42 x; x> (7)

The adequacy of the obtained regression equation with significant coefficients
is checked using the Fisher criterion: if FC < F

alculated table
adequate; if the equation is considered inadequate.
q F;alculated > Eable q q

The calculated value of the criterion F’

the equation is considered

it is determined by the formula:

calculated

S2

_ Mres
F;alculated - S2 ’ (8)

where §2 - residual variance.
res

The residual variance is determined by the formula:

m -, .
Sres =ﬁ2(yj =¥ ®)
—r 4

The values of the studied parameter are determined according to the obtained
regression equation, while taking into account the influencing factors:

v, = 46,3;
v, = 36,3;
Vs = 40,8;
Vv, = 21,12
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Residual variance:
S,ges = (0,0001.
Then, the calculated value of the Fisher criterion:

Feaiculatea = 5,99 * 107>,

The tabular value of the Fisher criterion is established from the tables of critical
points of the Fisher distribution at the significance level and is accepted by F, ,, =35,32
.According to F, , . . <F . . the regression equation is adequate.

To obtain a mathematical model in natural variables zi, their expressions from
the encoded factor must be substituted into the regression equation instead of xi. The
regression equation is written out in natural variables, substituting their expression zi
instead of the encoded factor and the equation is converted into natural variables:

y=-142,24+2,132,+3,52 7z, — 0,04 z, z» (10)

After obtaining the regression equation in natural quantities, dependences were
obtained (Fig.2, 3) that characterize the correlation between the factors and the depth
of penetration.

Voltage, x, =45V

w B
v o un;

[a%]
u

=
un

Penetration depth, y (mm)
= )
o (<)

o u

340 350 360 370 380 390 400 410
Welding current, x, (A)

—y]l —y2 y3

Fig. 2. The dependency between the penetration depth and the welding current at

X2=45B
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Voltage, x, =50V

u
o

|

Penetration depth, y (mm)
= (o] w
o (=] o

o

340 350 360 370 380 390 400 410
Welding current, x, (A)

—y] E—iy2 y3

Figure 3 — The dependency between the penetration
depth and the welding current at X, = 50 B

Results and discussion

During the preparation of the article, a comprehensive review of the literature was
conducted and a search for similar experiments to compare the results. However, despite
careful efforts, it was not possible to find works directly related to the topic under study
and using similar methods.

The analysis of the data showed the following: Interpretation of the regression
equation (10): the constant -142.2 indicates a displacement of the entire regression
function and means that the base level for the variable y is in the absence of z, z,
effects. The coefficients for z, and z, (2.13 and 3.52, respectively) show the influence
of each independent variable (z, and z,) on the dependent variable y. In this case, the
coefficient of 2.13 for z1 and 3.52 for z, means that as z, and z, increase, y will increase.
Considering the coefficients, z, has a stronger positive effect on y than z .

The interaction of z , z, (-0.04) is negative and indicates that, with an increase in
both z, and z, at the same time, the effect on y will be somewhat weakened. This means
that the combination of high values of both parameters leads to a slight decrease in the
value of y.

As the parameters of the factors increase (Fig.2, 3), the penetration depth increases.
The intersection of the lines on the graph (Fig.3) at X, = 50 V can be explained by the
fact that at high parameters, instability of the electroslag surfacing process occurs.

Conclusions

1 During the study, a mathematical model describing the process of electroslag
surfacing was successfully developed, which allows us to take into account the influence
of the surfacing parameters (I, U) on the penetration depth of a worn tooth.
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2 The regression equation (10) obtained as a result of the analysis shows that both
surfacing parameters (z, and z,) have a significant effect on the penetration depth. The
coefficients at z and z, (2.13 and 3.52, respectively) indicate a positive effect of these
parameters on the resulting variable y. However, the parameter z, has a more pronounced
positive effect on the penetration depth compared to z,.

The negative coefficient of interaction between z, and z, (-0.04) indicates that with
a simultaneous increase in both parameters, the effect on the penetration depth will be
somewhat weakened. This means that high values of both parameters will not lead to
a proportional increase in the penetration depth, but rather, on the contrary, they can
reduce it.

3 The developed mathematical model and the established dependencies provide
valuable recommendations for practical application in production processes related to
the restoration of worn teeth. Based on the interpretation of the model, it was determined
that with a welding current of 400 A and a slag bath voltage of 45 V, a penetration
depth of 46.3 mm is achieved.

4 To restore large-modulus worn teeth by electroslag surfacing, it is recommended to
use welding current modes of 400 A and a slag bath voltage of 45 V. The results obtained
can be used to optimize the processes of electroslag surfacing, which will improve the
quality of the restored parts, as well as increase their durability and reliability.
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IINIAHUPOBAHUE U DKCIIEPUMEHTAJIBHBIE HCCJIEJOBAHUA

PEJXKAMA DJIEKTPOILIAKOBOM HAILJTABKH HA ITYBAHY
ITPOIIVTABJIEHM S HAIIVIABJIEHHBIX 3YBBEB

B cmamve paccmompenvt pesynvmamul uccie008anus GIUSHUSL DPEHCUMOB
INEKMPOULIAKOBOU HANLABKU HA 2TYOUHY NPONLABTIEHUS 80CCNANOBIEHHbIX 3Y0bes,
npoedeHHble HA OCHO8E NOJHO20 (pakmopHo2o sxcnepumenma (I1PD) muna 22 B
Kayecmee Gaxmopog Owliu 6b10panbl CGAPOYHBINL MOK U HANPSANCEHUE HA UIAKOBOU
sanne. Kaowcowiil sxcnepumenm Ovlnl nogmopen mpuoicovl, u pe3yibmamovl OblLiu
NPOAHATUUPOBAHBL 0TI NOCMPOECHUSL PeePeCcCUOHHOU MOOeIU, Y4umuleaioujell ace
g3aumooeticmsus akmopos. B cmamve nodpobro onucamn npoyecc KoOuposamus
NepeMennblX (axmopos, NOCMPOEHUs MAMPUYbl NIAHUPOBAHUS, GbIYUCLEHUS
KOI(ppuyuenmos ypasHenus peepeccun U Ux NPOGEPKA HA 3HAUUMOCMb C
ucnonvzoganuem  kpumepusi ~ Cmwrodenma.  Adekeamnocmv — NPOBEOEHHO20
IKCHepuMenma nOOMeEepIHcOeHa pacuemamu ¢ npumenenuem xKpumepus Duwepa
(F 1o <F i) 1I0 pesynmomamam sKcnepumenma ycmarnoeneno, wmo naubonee
BHAUUMENbHOE GIUAHUE HA CYMMAPHYIO 21YOUHY NPONIAAGLEHUs OKA3blaem
Hanpscenue Ha wnaxoeotl eanne. OnpedeiieH ONMUMANbHBIN PedHcUM (C8apOUHblIL
mok 400 A u nanpsicenue na winaxkosou eanne 45 B), obecneuusarowuii mpebdyemyio
enyouny nponnasnenus (4,63 mm) KpynHomooyavrnoco 3yoa. Buisignena cxooumocmo
PE3YILMAMO8 HAMYPHO2O UCHBIMAHUS C Pe3YIbMmamamu NIaHUPOBAHUs NOJIHO20
ghaxmopHozo sxcnepumenma muna 27 4mo no360aUI0 ONPeOenums ONMUMATbHbLU
pesicum  Hanaaexu. Jlannoe ucciedosanue moogcem Ovlmb  UCTIOAb308AHO  OJis
ONMUMUZAYUY  NAPAMEMPOE  INEKMPOULIAKOBOU HANAABKU, YMO Npusedem K
NOBBIUEHUIO KAYeCmBa U IPDEeKmugHoCmu 0CCMAHOBNEHUSL USHOULEHHBIX 3)0bes.

Kniouesvie cnosa: snexmpouinakogas HAniaeKd, pedcum Haniaéxu, 2r1youna

nponiaeierusl, CGCZPOIIHbZZZ MoK, HANa81eHHbIl 3y6
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BJINSIHUE JIA3SEPHOWU PE3KN HEIMPEPbLIBHbIM 1 UMITYJIbCHbIM
MU3JTYYEHUEM HA MEXAHWYECKUE CBOACTBA OBPA3L0OB 13
CIJTIABA CUCTEMbI AL-MG-LI

B oannou cmamve npedcmasneno ucciredogamue npoyecca ia3epHou
PE3KU  ABUAYUOHHBIX ~ ANIOMUHUEBO-TUMUEBHIX Cnuagog cucmemvl Al-Mg-Li ¢
UCNONIL308AHUEM UMNYIbCHOO U HENPEPLIBHO20 UsyHeHusl. JlazepHas peskaaensemcs
BbICOKOIPDEKMUBHBIM —~ MEMOOOM — 00pAbOMKYU — Memainios, 00ecneyusarouum
BbICOKYIO  CKOpocmb U Kawecmso pesa. OOHAKO 01 ANIOMUHUEBbIX CNIABO8
npoyecc OCNONCHACMC UX BbICOKOU MENIONPOBOOHOCHbIO U OMPANCAMENbHOU
cnocobrocmuio. B cmamue coobwaemces o pe3yismamax MexaHuieckux ucnolmanuil
06pazy08 U3 ATOMUHUL-TUMUEB020 cnaasa cucmemvl AlI-Mg-Li, nonyuennvix iazepHoil
De3KOU Henpepbi6HbIM U UMNYIbCHBIM usnyuenuem. Jlna pesku ucnonvsoeanca CO -
nasep. Pesxa umnynvcnvim usnyuenuem npouzgoounace npu yacmome cie008anus
umnynvcos 40 kly npu 0OHOBPEMEHHOM B030€UCMEUU HA MAMepual 1a3epHO20
UBTYYEHUS U NAA3Mbl ONMUYECKO20 PA3psaod, CO30A6AeMO20 JIA3EPHbIM U3LYUEHUEM 6
cmpye mexHoi02uyecko2o 2asa (apeoua). Paspeszanuce iucmol monwunoii 1,5 mm npu
cpedHell MOwHOCmU 1a3epHo2o usiyuenus 1,5 kBm u daenenuu apeona 0,05 Mlla.
Onpeodenen Ouanazon cKopocmetl pe3Ku, 8 KOmMOopoM 30HA MEPMULECK020 GIUAHUS
Ha KpomKe pe3a umeem MUHUMATbHYIO eeauduny. 1lo pezynemamam ucnvlmanuii
HA MAloOYUKIO8Y0 YCMALOCHb 00pasey, GblPe3aHHbIl UMNYIbCHBIM U3TYYeHUEM,
gvloepoican 6 2.6 paza 6onvuie YUKIO8 HASPYICEHUsS NO CPABHEHUIO ¢ 00pa3yom,
BbIPE3AHHBIM HENPEPLIGHBIM U3LYHUEeHUEM NPU NPOYUX PABHBIX Ycaosusx. Mcnvimanus
Ha pacmsdicenue He 8bIAGUNIU KAKO20-TUOO0 GIUAHUS MEMOOA Pe3KU HA NPOYHOCb.

Kniouesvie cnoea: amomunuii-numuesvlii  Cnaas, J1a3epHas pesKkd, 30Hd
MEPMUYECKO20  GIUAHUS, MATOYUKIO08ASL YCMANOCMb, UMNYIbCHOE U3TVYeHue,
JlazepHoe usyyeHue.

Beeaenne

[Ipu na3epHOi pe3ke METAJIIOB MPOMCXOAUT JIOKAIBbHOE IUIABJICHUE MaTepHaja
c(hOKyCHpPOBAaHHBIM JIa3epHBIM JydoM. OOpa30oBaBIIMIiCS pacIliaB yJnajseTcs U3
00J1aCTH B3aUMO/ICHCTBHSI IOTOKOM TEXHOJIOTHYECKOI'0 ra3a, Ipu MepeMelieHNH TyJya
OTHOCHTEJIFHO Pa3pe3aeMoro Jimcra oopasyercs pes. JlazepHas pe3ka coueTaer BBICOKYIO
CKOpOCTB C BBICOKUM KauecTBOM 00paboTku. Kpurepuem kauecTBa asist OOJIBIIMHCTBA
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IIPUMEHEHUH BJISIETCS OTCYTCTBUE I'paTa (3aTBEPAEBILNX KaIlellb pacIulaBa Ha HUKHEN
KPOMKE pe€3a) U MaJlas IIepOXOBAaTOCTh IOBEPXHOCTH pe3a. biarogapst BICOKOMY
KauyeCTBY, JIa3epHas pe3Ka JIMCTOBBIX MAaTEPUAJIOB IPUMEHSETCS B Pa3HBIX OTPACIAX
HPOMBIIIJICHHOCTH B Ka4eCTBE (PMHUIIHOM ONepaliii U3rOTOBICHHS JeTaJeH.

AJIIOMUHHMEBBIE CIUIaBbl UMEIOT BBICOKYIO TEIJIONPOBOJHOCTh U BBICOKUM
K03(ppULIMEHT OTpaKEHNUS JTa3epHOT0 U3TYUYCHHUS, UTO OCIOKHAET UX Ja3ePHYIO PE3KY.
Bo-nepBbix, TpeOyeTcs MOBBIILICHHAs MOITHOCTh JIa3epHOTo u3inyueHus. Kpome toro,
OO0JIBILION MOTOK TEIIa B OCHOBHOW MaTepual OXJIAXAaeT 30Hy pe3a, YTO MOBBIIIACT
BA3KOCTh M KO3(D(PUIMEHT MOBEPXHOCTHOTO HATSXKEHMsS paciulaBa U 3aTPyAHSET
yJaJIeHue paciiiaBa MOTOKOM TEXHOJIOTHYECKOro rasa. Jist a¢¢pexTuBHOrO ynaneHus
pacriaBa He00X01uM OOJIBILION PAacXo/ Ta3a, U pe3Ky Jaxe TOHKUX (1...2 MM) TUCTOB
QIIOMMHUEBBIX CIJIAaBOB MPOBOJAT IMpH OONBIIOM JaBieHHH rasa, mo 1...1,5 Mlla
[1-3]. Haunyudmiee kauecTBO pe3a JOCTUrAeTCs NPU MCIIOIb30BAaHUU B KauyeCTBE
TEXHOJIOTMUECKOro ras3a aprosa [4; 5].

OOBIYHO JIa3€PHYI0 PE3KY MPOM3BOAT HENPEPBHIBHBIM H3iTyueHueM. B [6; 7]
co001Ianoch 0 BO3MOXKHOCTU JOCTHXKEHHSI BBICOKOT'O KAaueCTBa pe3a aTIOMUHUEBBIX
CIUIaBOB IIPY HU3KOM JABJIEHUU aproHa, €CJIM JJIsl PE3KU UCII0JIb30BaTh UMITYJIbCHBIN
CO,-nazep ¢ MoaynsAuuel HOOPOTHOCTH. B yCIOBUAX MHTEHCUBHOTO MCIAPEHUS
MaTepuaia Ha paclulaB JE€HCTBYET cuila JaBlieHUs oTAauu napos. Kpome Toro,
B IIPOLECCE PE3KU IPU KAXKIOM JA3€PHOM HMIIYJIbCE IMPOUCXOAUT ONTUUYECKUM
npo0Ooii raza u GOopMUPYETCS ONTHUECKUN paspsia B aproHe [8], mpu 3ToM co3gaercs
00JacTh BBICOKOTO JaBJIEHUs BOJM3U MOBEPXHOCTH paciuiaBa. JlomosHuTenbHOe
CWJIOBOE BO3/IEHCTBHE HA PACILIaB IIPU PE3KE UMITYJIbCHBIM M3JIYyYEHHEM I103BOJISIET
IIOHU3UTH J1aBJIEHUE TEXHOJOTMYECKOIo ra3a. Pa3pe3anuch JUCThl aBUALMOHHBIX
QATIOMUHHUI-TUTHEBBIX CIUIABOB TOJIIMHON 10 2 MM, TIOJy4YeH pe3 0e3 rpara ¢ Maoi
LIEpPOXOBATOCTBIO IOBEPXHOCTHU pe3a Npu AasiieHuu aprona 0,05 Mlla [6; 7].

AIOMHUHHUEBBIE CIUIAaBbl IIMPOKO IPUMEHSAIOTCS B aBUAlUUHU. ABHALMOHHAs
HPOMBIIIIEHHOCTh MPEABABISAET MOBBIIICHHbIE TPEOOBAHUS K MEXaHUYECKUM
XapakTepucTUKaM JeTtanieil. B Hacrtosmel pabore uccieayercs NpoYHOCTh Ha
pacTsHKeHHE M YCTaJOCTHAsl JOJITOBEYHOCTh 00PA3LIOB, BHIPE3AHHBIX M3 aIOMUHHIMA-
murueBoro crtasa 1420 cucrembr Al-Mg-Li nsnyyennem ummyinscaoro CO,-nasepa
C MOJIyJISIUe 10OPOTHOCTH HEMPEPHIBHOTO Jla3epa MPHU UCIOIb30BAHUU aproHa B
KaueCTBE TEXHOJOTNYECKOTO rasa.

MarepuaJbl 1 METOABI

Pa3pe3anuce aUCTHl antoMUHUR-nUTHEBOrO ciiaBa 1420 cucremsr Al-Mg-Li
TomuHOu t = 1,5 MM. XUMUYECKHUI cOCTaB CIlIaBa MpHUBEICH B Tabmuie 1.

Tabmuna 1 — Xumuueckuii cocras ciiasa 1420
Maccosas J0JId 3JICMCHTOB, %
Al Li Mg Zr
OCH. 2,1 5,2 0,1
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JUi1st pe3Ku UCIOIB30BAJICS ABYXKOOPAMHATHBIN CTOJI C HU(PPOBBIM IPOIPAMMHBIM
yIpaBIEHUEM, JI€TAJINCh NpsMbIEe pe3bl. Pe3ka npousBoaniach B CTpye aproHa Ipu
nasiienun 0,05 MIla, ctpys raza ¢popmupoBagach KOHUYECKUM COIJIOM C BBIXOJHBIM
JIUaMETpPoM 2,5 MM.

Pe3ka nmpousBouIacs UMITyJIbCHO-TIeproanuecKkuM CO,-1a3epoM ¢ HENPEPBIBHOM
HAaKayvKol 1 MEXaHW4eCKoi Moaysitueit toopotaoctu [9; 10] mpu cpenHeit MOIHOCTH
usnyuyenus 1,5 kBT u yacrore cnenoBanus umnyiscoB 40 kI'n. KauecTBo s1azepHoro
my4xa 6imsko k TEM , moze, BPP =4,7 mm ‘Mpan. B kauecTse Moty nisTopa 100poTHOCTH
B JIa3€pE€ UCIOJIB3YETCS BPALIAIOLINICSI MEIHBIM JUCK C pope3simMu. Ocuuiuiorpamma
Ja3epHOI0 MUMITyJIbCca IIOKa3aHa Ha pucyHke 1. IInkoBas MOIIHOCTH MMITyJIbCA paBHA
(4,2...4,6)-10* Bt, pe3yabTaT MOJyYeH YHCICHHBIM HHTETpUpOBaHUEM. Takike
MPOM3BOIMIUCH PE3bI ITPU HENPEPHIBHOMH JIa3€PHOM MOIIIHOCTH 0€3 ICKa-MOIYIISITOpA.
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W, oTHOCKTENbHbIE ean HUUbI

W — MTHOBEHHAS Jla3€pHasi MOITHOCTb
Pucynok 1 — Ocuunorpamma j1a3epHOTo UMITyJIbCa

JlazepHBIil Ty4OK (POKYCHPOBAJICS JIMH30H ¢ (POKYCHBIM paccTossHHEM 63,5 MM.
Pacnipenenenre MHTEHCUBHOCTH 110 CEUEHHIO (POKATBHOTO MSITHA OJIM3KO K TayCCOBY.
Juametp (oKaTbHOTO TSTHA, PACCYUTAHHBIA KaK CyMMa TU(PPAaKIIMOHHOTO pa3Mepa
U yIIMpeHus u3-3a cepudeckoit abeppammu, paBeH 110 MkM. DTOMY COOTBETCTBYET
ycpeaHeHHas 10 (GOKaTbHOMY ISITHY HHTEHCUBHOCTH 4,7 10® Bt/cMm?. IHTEHCUBHOCTD
U3JIy4eHUs: B (POKAJIbHOM IISITHE MPEBBIIIAET MOPOT ONTUYECKOTO MpoOOsi aproHa
1,4 -10® B1/cm?, 1 pe3ka pOU3BOAMIIACK TIPH OTHOBPEMEHHOM BO3/ICHCTBHU Ha MaTepHall
JIA3epHOTO M3JIYYSHUS W TIJIa3Mbl ONTHYECKOTO paspsiaa [8] B aprone. Takoit meTon
OTJIMYAETCS KaK OT OOBIYHOM JIa3€pHOM PE3KHU, TaK U OT IJIA3MEHHOM pe3KH, U MOXKET
OBITH Ha3BaH JIA3€PHO-TUIA3MEHHOM PE3KOH.

Jns BeIsiBIIEHUs! 30HBI Tepmudeckoro BiusiHus (3TB) oOpasisl moaBepraiuck
TpaBiieHHIO B pacTBope Kemnepa. M3mepeHus 1mepoxoBaToCTH MOBEPXHOCTU pe3a U
mmpuHbl 3TB Mpon3BOIMITICE P IIOMOIIH JIa3epPHOTO KOHPOKATEHOTO CKAHUPYIOIIETO
mukpockora Olympus LEXT. IlepoxoBarocts u mmpura 3TB u3mepsinack B Tpéx
ceyeHusx — Ha paccrostauu 0,2t, 0,5t 1 0,8t OT BepxHEil MOBEpXHOCTH JINCTA, B KAYECTBE
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XapaKTEePUCTHKU 00pa3la MpUHUMANach CpeAHss BequuyuHa. [l MexaHH4YeCKuX
UCIIBITAHUH 00pa3oB MCIOJIb30BANACH IJIEKTPOMEXaHUYECKas yHUBEpCaJbHAs
ucnbITarenbHas MamuHa Zwick/RoelZ100.

Pe3yabTaThl M 00Cy:KI€HUE

IIpu pe3ke uMITyIbCHBIM M3i1y4eHueM ciuiaBa 1420 romuHoi 1,5 MM nosyueH pes
6e3 rparta npy cKopocTsx 2,5...4 M/MuH, IpU MEHbIIEH CKOPOCTHU HNOSABISIETCS TPpat, IpU
Ooutb1Ieit ckopocTH HabmronaeTcs Herpopes. LLlepoxoBaToCTh0 MOBEPXHOCTH B 00J1aCTH
6e3rpaToBoro pesa He mpesbiaeT 2.6 MxM. [Ipu pe3ke HenmpepbIBHBIM H3ITyYeHUE TaKKe
npu nasienuu aprona 0.05 MIla Ha oOpa3ax Bo BceM quana3oHe CKOpOCTeH pe3Ku
IpUCyTCTBYET rpaT BeicoTol A0 0.5...0.6 MM.

Ha pucynke 2 noka3ans! HUTH(BI pe30B IpU pe3Ke UMITYJIbCHBIM M HEPEPHIBHBIM
u3nydenueM. [Ipoune mapamerpsl pe3ku Obutn ouHAKOBBIMH. OOpasiibl BhIPE3aHbI
npu ckopocTd 4 mM/muH. Ha oGpasie, BbIpe3aHHOM HENPEPBIBHBIM H3Iy4YCHHUEM,
BUJICH I'paT, Ha 00paslie, BEIPE3aHHOM UMIYJIbCHBIM H3JIy4€HHEM, I'paT OTCYTCTBYET.
30Ha TEPMUYECKOTO BIIMSHUS C U3MEHEHHOW CTPYKTYPOH IPOSIBJIEHA B BUJIE CBETIIBIX
oOnacTeli BOJIM3M MMOBEPXHOCTH pe3a. 3aBUCUMOCTD IEPOXOBATOCTH R moBepxHOCTH
pe3a oT ckopocTu V Ipu pe3Ke UMITYIbCHBIM U3IyYEHUEM I10Ka3aHa Ha PUCYHKE 3.

300 mKMm

300 MmKm
i

(6)

pe3Ka UMITYJIbCHBIM (2) U HEMPEPHIBHBIM
(0) m3my4eHHeM, TEXHOJIOTHYECKUI Ta3 — aproH

Pucynok 2 — TpaBiensie nUugbl KPOMKHU pe3a
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Ha pucynke 4 nokasana 3aBucumocTh mupunsl h 3TB ot ckopoctu npu peske
MMITYJIbCHBIM M3JIy4eHHEeM. BenndnHa 30HbI TEPMUUYECKOTO BIMSHUS YMEHBIIAETCS C
POCTOM CKOPOCTH H ITPU CKOPOCTH BhIIIE 2,8 M/MUH U3MeHsieTcs ciiabo. Takum o0pazom,
30Ha TEPMHUUECKOTO BIMSHUSI UMEET MUHUMAJIbHYIO BETUUNHY BOJIH3M MaKCUMAaJIbHON
CKOPOCTH pe3ku mpu V = 3...4 M/MUH.

3.0 Mpar . Henpopes
| ] -

2,54 [ ]
g
= 504 Cnnas 1420
u:?" t=1,5mm

1,5

1,0 . . ‘ . .

1,5 2,0 25 3,0 3,5 4,0
V, M/MUH

PucyHox 3 — 3aBUCUMOCTD IIEPOXOBATOCTU R, TIOBEPXHOCTH Pe3a OT CKOPOCTH PE3KH

250 1
200
Cnnae1420
s t=15mm
=
= 150
=)
100 4
.\_\——_
50+ L
1,0 1:5 2:0 2:5 3:0 3:5 410
V, M/MUH

Pucynok 4 — 3aBucumMocTh IHUPHUHBI h 30HBI TEPMHYECKOTO BIUSHUSL OT CKOPOCTH PE3KH

[IpoBeeHbl HCTIBITaHKS HAa MAIOLIMKIIOBYIO YCTAJIOCTh U UCIIBITAHUS HA PACTSKEHUE
00pasIoB, BbIPE3aHHBIX UMIYJIbCHBIM M HENPEphIBHBIM H3aydeHueM. OOpa3ibl
JUIsL UCTIBITAaHUM BBIPE3aUCh MPU CKOPOCTH 3,8 M/MHH. DTa CKOPOCTh OJM3Ka K
MaKCHUMaJIbHOHM, MPU 3TOM IIEPOXOBATOCTh MOBepxHOCTU pe3a U 3TB He cuibHO
IPEBBIIAIOT MUHUMAaNIbHBIE BeTMunHbl. Ha pucynke 5 nokaszansl poTo o0pa3uos amis
ucnbITanui. [1lupuHa NpsAMOIMHENHHBIX Y4aCTKOB paBHAa 6 MM IIPHU UCHBITAaHUSX Ha
MaJIOLMKIIOBYIO YCTAJIOCTh M 12 MM IpH MCIIBITAHUSAX Ha pacTsokeHue. [IpsiMonuHelinbie
y4acTKH 00pa3lioB ¢ OJHOM CTOPOHBI OBLIM MOABEPTHYTHI pyuHOIl nuMdoBKe Ha
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r7TyOMHY 30HBI TEPMHUYECKOT'0 BIMSHUSA, HAa JPYToi CTOPOHE ObLIa COXpaHeHa CTPYKTypa
nazepHoro pe3a. O6pasisl nzroraBnusainck B coorserctue ¢ [OCT 1497-84 (MCO
6892-84) ¢ Toi1 pa3zHuLIeil, YTO 01HA 13 OOKOBBIX KPOMOK ObLiIa ITOIBEPrHYTa HLTH(OBKE.

(@) ©)

Ha MaJIOIMKJIOBYIO YCTAJIOCTh (a) U Ha pacTsbkeHue (0)
Pucynoxk 5 — OGpa3ibl A1 UCTIBITAHUT

HcnbrTanus Ha MaTOIUKIIOBYO YCTAJIOCTh IPOBOAMIIUCH ITPH AMIUTUTYI€ HATPY3KH
ot 50 mo 400 MlIla c yacroroi 0,25 I'm. Takoil peXUM He MO3BOJIAET ONPEACTUTH
KJIACCUYECKYI0 YCTAJOCTHYIO JOJTOBEYHOCTH OOpa3IloB, BHIPE3aHHBIX B Pa3HBIX
YCIIOBHUSIX, HO Ja€T BO3MOXXHOCTh CPAaBHUTH HUX CONPOTHUBJIIEHHE yCTATOCTHOMY
pa3pyILICHUIO B Tpejienax HEeCKOJBbKUX JEeCATKOB ThICSY ITUKIOB Harpykenws. Kak
MOKa3ajyd Pe3yJIbTaThl UCIBITAHUN (PUCYHOK 6), KOJTUYECTBO ITUKIOB TPU PE3KE
HUMITYJIbCHBIM HM3JIy4eHHEM B 2.62 pa3a MpeBhIIIaeT COOTBETCTBYIONIYIO BEIMUNUHY MTPU
pe3Ke HeMPEPHIBHBIM HU3ITyYCHHUEM.

20000 18930

15000

10000
7235,5

N I
0

MmnynscHoe HenpepbisHoe
uanydeHue uanyveHue

KonuuecTso unknos

PucyHok 6 — Pe3ynbTarhl MCIBITAHUM Ha MAJIOLUKIIOBYIO YCTAJIOCTb,
KOJIMYECTBO LIMKJIOB JI0 Pa3pyLICHUs

Ha pucynke 7 noka3aHbl IOBEpXHOCTH M3JI0Ma ITPU UCIIBITAHUSIX HA MAJIOLIUKIIOBYIO
yCTaaoCcTh 00pa3l0oB, MOJYUYEHHBIX MPHU PE3KE UMITYJbCHBIM U HENPEPBIBHBIM
u3ny4deHueM. JIeBas CTOpoHa U3JI0Ma COOTBETCTBYET OOKOBOH IMTOBEPXHOCTH, KOTOpast
ObUIa Mepe]] UCTIBITAaHUEM TTOABEPTHYTa NUIN(OBKE, paBasi CTOPOHA — MOBEPXHOCTH,
rje Obljla cOXpaHEHa CTPYKTypa JIa3epHOro pe3a (MPUCYTCTBYIOT XapaKTEpHbIE
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060p03/1bl B UMITYJIbCHOM pPEXUME, OOPO3bl U TpaT B HEMpEphIBHOM pexume). Ha
MOBEPXHOCTSAX M3JIOMa XOPOIIO BUIHBI 00JIACTU YCTAJIOCTHOIO paspyueHus. OHu
IPECTABISAIOT COOON OKPYTJIIbIE CBETJIBIE MATHA, TI0 OOJIBILIEH YaCTH IEpUMETpa YETKO
pasrpaHHMYEeHHBIE C TEMHO 30HOH g0osoMa. CyIIeCTBEHHBIM SIBIISICTCS TOT (PAKT, UTO IPU
Ja3epHO-IUIa3MEHHON pe3Ke 00pa3Iibl HE TOJIBKO BBIEPKUBAIOT 3HAYUTEIHHO O0JIbIIE
IIUKJIOB Harpy>KE€HUs, HO U pa3pylIaloTCs HE OT CTOPOHBI pe3a, a OT TOM CTOPOHBI, TJIe
CJI0i MaTepuasia BOJIU3U MMOBEPXHOCTH pe3a ObLT yaasieH nuugoBkoi. B To xe Bpems
00pa31ibl, OJyYEHHBIE PE3KON HEMPEPHIBHBIM U3ITyYEHUEM, Pa3pYIIAIOTCS CO CTOPOHbI
IIOBEPXHOCTH JIA3EPHOI0 Pe3a, B MECTE CKOIUIEHHUS I'paTa. JTO 1a€T OCHOBAHUE ClIeaTh
BBIBOJI, UTO CO3/1aBaE€Mbl€ PE3KOIl MMITYJIbCHBIM U3TyYEHUEM U3MEHEHHs CTPYKTYPbI
MaTepHala B 30He TEpPMHUUECKOT0 BIMSHUS U U3MEHEHUS IOBEPXHOCTH 10 CPABHEHUIO
C MOJUPOBAHHOW HE YXYAIIAIOT YCTAJIOCTHYIO MPOYHOCTH oOpasua. [Ipu peske
HENPEPHIBHBIM M3JIy4Y€HHEM MTOBEPXHOCTh Pe3a B 00JIACTH CKOIUICHUS Irpata sIBISIETCS
UCTOYHUKOM 3apO>KIACHUS YCTAIIOCTHOM TPEIIMHBL.

@ . (©)

(a) — ma3epHO-1Ia3MeHHast pe3ka; (0) —1azepHas pe3Ka HeMpPePbIBHBIM U3ITyYEHUEM

Pucynok 7 — I3710Mbl IpU UCHIBITAHUSIX HA MAJIOLIMKIIOBYIO YCTAJIOCTh.
Jleasi cropoHa o0Opasiia moABepruyTa pyqHor NuudoBKe,
Ha MPaBOi CTOPOHE COXPaHEHA IIOBEPXHOCTH JIA3EPHOIO pe3a

Cratnyeckue MCHBITAaHUS HA Pa3pbIB MPOBOJMUIIUCH MPU CKOPOCTH JABMXKCHUS
HOJABWXXKHOMW TpaBepchl 1 MM/MuH, aedopmanus U3Mepsiach KOHTAKTHBIM
9KCTEH30METPOM. B HCIIBITaHUX HA pacTsDKEHUE AMarpaMMbl HArpys>KeHUs1 00pasIioB,
BBIPE3aHHBIX UMITYJIbCHBIM U HETTPEPBHIBHBIM U3Ty4YE€HUEM, TOYTH COBMAAIOT (PUCYHOK
8). McnpIThIBasCs Takke odpasel], 00e CTOPOHBI KOTOPOTO MOABEPrHYTHI HITU(OBKE.
[Ipu 5TOM NPOYHOCTH HA PACTSKEHUE 00PA3LIOB, BEIPE3aHHBIX JIA3€POM, U IIPOYHOCTh
HUTM(OBaHHOTO 00pa3la UMEIOT MPUOIU3UTEIHLHOTO OJIMHAKOBYIO BETUUUHY. Takum
00pa3oM, CyIIECTBEHHOTO BIMAHUS CII0C00a pe3KH (MMITYJIbCHBIM MM HEMPEPhIBHBIM
U3ITy4YeHUEM) He 00OHAPYKEHO.
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Pucynok 8 — /IluarpamMmma Harpy>keHus IIPU UCIIBITAHUSAX HA PACTSKEHHUE

HNudopmauus o puHaHCHPOBAHUU

Pabota BeimosHeHa B pamkax rocyaapctBennoro 3ananus UTIIM CO PAH (Ne
roc. peructpamuu: 124021500015-1). Mexanuueckue UCHBITAHHUS BBITIOJHEHBI C
UCIIOJIb30BaHueM obopynoBanus MHcTutyTa ruapoannaMuku M. M. A. JlaBpeHTheBa
CO PAH.

BoiBoabl

[Ipou3sBeneHO 3KCHEPUMEHTAIbHOE CPaBHEHUE MEXAaHHMYECKUX XapaKTEPUCTHUK
00pa31oB, BBIPE3aHHBIX M3 CIlaBa cucTeMbl Al-Mg-Li Tommunoit 1,5 MM aByMst
METOIaMH — OOBIYHOM JIa3€PHOM PE3KOH ¢ MCTIONb30BaHeM HenpepbiBHOro CO -naszepa
U METOJIOM JIa3epHO-IIa3MEHHOM PEe3KH, KOTr/a pe3Ka MPOU3BOAUTCS HUMITYJIbCHBIM
Ja3epoM C MOJYJIMPOBAHHOW TOOPOTHOCTBIO B CTpyE aproHa mpu OJHOBPEMEHHOM
BO3/ICIICTBUM Ha MaTepuall JIa3epHOr0 U3JIYUYEHUS U IJIa3Mbl ONTUYECKOrO paspsja.
B xauecTBe TEXHOJIOrMYECKOr0 ra3a UCIO0JIb30BaJICs aproH npu gasienuu 0,05 MlIla.

MeTon nazepHo-IIa3MEHHON PEe3KHU MO3BOJIMII OJIYYUTh 00pasiibl 0e3 rpaTa, B TO
BpeMs Kak Ha oOpa3iax, BbIpe3aHHbIX HENPEPBIBHBIM J1a3€pOM, BCEr1a IPUCYTCTBOBAI
rpat. lllupuHa 30HBI TEPMUUECKOTO BIUSHUS MPU JIa3epHO-IIJIa3MEHHON pe3Ke
YMEHBIIAETCSI ¢ POCTOM CKOPOCTH, MPU CKOPOCTH Oosiee 3 M/MHUH 3aBUCHMOCTh
CTAHOBHUTCS Ciaboif, rpat oTcyTcTBYyeT. OOpasmpl 1T MEXaHMYECKUX HCIBITAHUN
BBIPE3aJIUCh MPU CKOPOCTH 3,8 M/MUH. B HCHBITAaHUSAX HA PACTSHKEHUE HE BBISBICHO
KaKoW-1100 pa3HULIBI B IPOYHOCTH O0OPA3IOB, BbIPE3aHHBIX ABYMs MeronaMu. [Ipu
UCTIBITAHUSIX HAa MAJIOLMKIIOBYIO YCTaJIOCTh 00pa3ell, BRIPE3aHHbIi Ja3epHO-IIa3MEHHOM
PEe3KOM, BBIEpKaT 10 pa3pylieHus B 2,62 pa3za 00JIbIIe UKIOB HATPYKEHHS I10
CpaBHEHUIO ¢ 00pa310M, BEIpE3aHHBIM HENPEPBIBHBIM J1azepoM. [Ipu aToM ycranocTHas
TpelrHa Ha 00pasiie, MOJIy4YeHHOM METOOM JIa3epHO-TNIa3MEHHOM pe3KH, 3apOoAHIach
Ha CTOpOHE 00pasia, Ie MPUIIOBEPXHOCTHBIN CJI0M ObUT yaasieH nuindoBKoi. Takum
o0pa3omM, Ji1azepHO-IJIa3MEHHasl pe3Ka He OKa3bIBAaeT CYLIECTBEHHOT'O BIIMSHHS Ha
YCTaJIOCTHYIO JOJITOBEYHOCTh BBIPE3aHHOTO 00pasiia.
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Y3AIKCI3 ) KOHE UMITYJIBCTIK COVYJIE HIBIFAPY JIASEPJIIK
KECYJIIH AL-MG-LI )KYWECIHIH KOPBITIIACBIHAH AJIBIHFAH
YJIT'VIEPAIH MEXAHUKAJIBIK KACUETTEPIHE OCEPI

byn maxanaoa umnyiecmi dicone y30iKCi3 coynenenyoi KOIOaHa OMbulPuIn,
Al-Mg-Li xcytieciniy aguayusnvl artOMUHUL-TUMUL KOPLIMNALAPbIH 1A3EePIiK Kecy
npoyecin 3epmme)y ycviHbla2aH. Jlaszepaik Kecy-dco2apvl HCbLIOAMObIKIMbL HCOHE
Kecy canacvlh Kammamacwl3 ememin Mmemanoapovl O6HOeyOiH Hco2apbl Mmuimoi
a0ici. Anauda, anoMuHUll KOPLIMAALApbl YUWIH NPOYECcC ONaAPObIH HCO2APbL HCHLILY
OMKI3IUMIZIMEH JHCOHE UABBLILICYbIMEH KUblHOAUObl. Makanaoda al-mg-Lisicytieciniy
ATOMUHUU-TUMUL  KOPLIMNACLIHAH  Y30IKCI3  JHCOHE UMNYIbCMIK —COYIeNeHYMeH
JIa3epiiK Kecy apKblibl AlblH2al Ya2inepoi MEXaHUKATIbIK CHIHAY HOMuUMcenepi mypaisl
aumoinaoel. Kecy ywin CO, nasepi konoaninovl. Umnyibcmix coyneneHymen kecy
MEXHOIOSUSILIK, 243 (AP2OH) AcbIHbIHOA NIA3EPAIK COVAeNeHy Homudicecinde naoa
OONambIH 1a3ePAiK COVIENIeHy MeH ONMUKANBIK PA3PA0 NAAZMACHIHbIY MAMEPUATbIHA
0ip mezeinde ocep emrenoe 40 kly umnyrbcmapoviy Jcypy dHcuinicinoe sHcypeizinoi.
Opmawa nasepnix coyneneny Kyamol 1,5 kBm swcone apeon Koicvimol 0,05 MIla 6or2an
Ke30e Kanviyovlewvl 1,5 mm napaxmap xecindi. Kecy amcolioamoviebiibly, OUAnazoHsl
AHBIKMANObL, OHOA KecCy JHCUeciH0eci mepMusivlK ocep emy aumazbl MUHUMALOb
monee ue. Tomen yuknodik wapuiayosbl ColHay Homudicenepi OOUbIHUA UMNYIbCNIK
coyneneHymen Keciieen yaei backa mey oicaz0aiiapoa y30iKciz coyieleHyMeH
Kecineen yneimen camvicmuvipeanda 2.6 ece Kon jcykmeme yuxiine moemen 6epoi.
Cosbiny colHakmapol Kecy 90ICiHiy Oepikmikke ocepin aHbIKMA2aH HCOK.

Kinmmi  ce3dep:  amomuHuii-tumuil — KOPLIMNACHL, — 1A3epliK  Kecy,
MepMUANLIK dcep emy aumazvl, a3 Yukiobl Wapuay, UMnyIsCmiK coyie uvleapy,
Jazepuix coyne wwvlaapy.
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This article presents a study of the laser cutting process of aviation aluminum- IORCID: https://orcid.org/0000-0002-5371-2939
lithium alloys of the Al-Mg-Li system using pulsed and continuous radiation. Laser 2ORCID: https://orcid.org/0009-0007-7641-5922
cutting is a highly efficient metalworking method that ensures high cutting speed 30RCID: https://orcid.org/0000-0002-1352-5821

and quality. However, for aluminum alloys, the process is complicated by their high
thermal conductivity and reflectivity. The article reports on the results of mechanical
tests of aluminum-lithium alloy samples of the Al-Mg-Li system obtained by laser
cutting with continuous and pulsed radiation. A CO, laser was used for cutting.
Pulsed cutting was performed at a pulse repetition rate of 40 kHz with simultaneous
exposure to laser radiation and plasma of an optical discharge created by laser

*e-mail: akramov60@mail.ru

CHANGE IN THE PROPERTIES OF BRASS LAF 94 -0.5-0.15 DEPENDING
ON FROM THE CONTENT OF MODIFYING COMPONENTS

radiation in a jet of process gas (argon). Sheets with a thickness of 1.5 mm were cut
at an average laser radiation power of 1.5 kW and an argon pressure of 0.05 MPa. A
range of cutting speeds has been determined in which the zone of thermal influence on
the cutting edge has a minimum value. According to the results of low-cycle fatigue
tests, the sample cut by pulsed radiation withstood 2.6 times more loading cycles
compared to the sample cut by continuous radiation, all other things being equal.
Tensile tests have not revealed any effect of the cutting method on strength.

Keywords: aluminum-lithium alloy, laser cutting, zone of thermal influence,
low-cycle fatigue, pulsed radiation, laser radiation.
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The article presents the results of a study of changes in the properties of brass
LAF 94-0.5-0.15 depending on the content of modifying components. Four samples
of brass LAF 94-0.5-0.15 with the addition of aluminum and phosphorus modifiers
were obtained by casting. The elemental composition of the obtained samples was
determined by atomic emission spectroscopy and X-ray diffractometry. Maps of the
distribution of modifiers on the surface of the obtained samples were compiled by
electron microscopy. The microhardness of the samples was determined.

It was found that with an increase in the concentration of the modifier -
aluminum, the microhardness of the samples decreases. By changing the content of
the constituent components of brass and adding modifying elements to it, it is possible
to optimize its reflective and mechanical properties. Homogeneous distribution of
modifier elements is shown in a photograph in reflected electrons BSE, obtained
with a scanning electron microscope, show that the sample is homogeneous and the
modifying elements are distributed uniformly over the entire surface of the sample.

Keywords: brass, modifier, microhardness, reflectivity, X-ray diffractometry.

Introduction

It is known that the basis of brass is copper and zinc, and the remaining components
are very small and can be classified as impurities. To optimize the mechanical,
electrical, light-reflecting, chemical properties of castings, as well as to obtain various
brass products, manufacturers sometimes change the concentrations of the constituent
elements. Brass has a shiny golden appearance. Therefore, it is a popular material for
making art products such as various sculptures, dishes and other products. We obtained
samples for analysis by casting. We have studied the casting properties of brass LAF
94-0.5-0.15, which is used as an imitation of gold ZISrM585-80 for the manufacture of
jewelry and art products by plastic deformation methods quite well [1]. Colored gold
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alloys, which provide the opportunity to create unique jewelry and decorative elements,
are discussed in detail in the works of V.P. Urvachev, V.V. Kochetkov, N.B. Gorin, 9.
K. Yonemitsu and others [7-9].

Previously, we investigated some optical properties of samples such as diffuse
reflection and transmission of brass samples LAF 94 -0.5-0.15 from the content of
modifying components depending on the content of modifier components as a gold
simulant, which we studied and presented at international conferences [2; 3 and 4]. To
continue the research in this article, we will present the results of studies on changing
other properties of brass LAF 94 -0.5-0.15 from the content of modifying components.

Materials and methods

The object of the study is brass LAF 94-0.5-0.15 of the following chemical
composition, %: 94.1 - 94.5; Cu3.7-7.57Zn; 0.4 - 0.7 Al; 0.1 - 0.25 P.

The brass was melted in an induction furnace, as well as in a resistance furnace
using a graphite-chamotte crucible. Copper grade M1 (99.90% Cu), ligature Cu - 25%
Zn, aluminum grade A99 (99.99% Al) and ligature Cu - 10%, phosphorus P were used
as charge materials. The charge composition was determined by calculation and samples
for research were obtained by casting. Pure copper was loaded into a crucible heated to
600-700 °C, melted under a layer of graphite scrap and overheated to 1150 °C. Then,
Cu - P and Cu - Zn ligatures were successively introduced into the copper melt. After
their melting, the melt temperature was gradually reduced and at a temperature of 1060
°C it was alloyed with aluminum. The temperature of the liquid metal was measured
using a chromel-alumel thermocouple in a steel casing. The finished alloy was poured
into molds at a temperature of 1160 °C and cast samples were obtained to study the
casting properties.

As aresult, to solve the tasks set, we obtained four experimental samples modified
with different concentrations of modifiers.

Atomic emission spectroscopy, diffractometry, electron microscopy,
spectrophotometry were used in the studies and the microhardness of the samples was
determined:

—the chemical composition of the cast samples of brass alloys was determined using
atomic emission spectroscopy on the Spectrolab-M, Termo ARL 9900 quantometers;

— an X-ray apparatus, a modernized diffractometer.

DRON-3 with software, was used for a more accurate determination of the chemical
composition of the obtained samples.

Using the DRON-3 diffractometer, an X-ray powder diffraction pattern was obtained
under the following conditions: copper anode, nickel filter for the beam, counter speed
— 1 degree/min.

To determine the chemical composition, a polished preparation in the form of
polished sections was made from the sample. To obtain a diffractogram, a thin powder
material was obtained from several small pieces of the sample. Morphology of the
obtained samples using a JSM-35 scanning electron microscope under the conditions
of analysis U=20kV, I=1nA.
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Microhardness of the samples was measured using a PMT-3 device calibrated for
NaCl, with a load of 10 g, by 10 measurements, average VHN = 97.2 kg/mm?2, with a
spread of 75 — 122. Polished preparations (in the form of polished sections and checkers)
were also studied in reflected light using a Polam P-112 ore (metallographic) microscope.

Diffusion reflectivity of the samples was measured using a Cary — 500
spectrophotometer in the wavelength range of 250 — 2500 nm.

Results and discussion

Modifiers were introduced into the melt based on batch calculations. To determine
the chemical composition of the experimental samples, quantometers operating on the
basis of atomic emission spectral analysis “Spectrolab -M” “Termo ARL - 9900 and
a DRON-3 diffractometer with software were used. The general appearance of the
installations and devices is shown in Figure 1.

X-ray machine «TERMO
ARL-9900»

Scannin electron
microscope JSM-35CF
JEOL

PMT-3 device for
determining micro
hardness

Figure 1 — General view of installations and devices

When preparing the surface of samples for analysis, polishing the grooves is
a difficult task. This produces the so-called screening effect, which reduces the
fluorescence intensity. As expected, the intensity reduction is more significant for light
elements when the primary radiation is perpendicular to the grooves and weaker when
they are parallel. To obtain the desired surface finish, special precautions must be taken
even during grinding and especially during final polishing. For quantitative analysis,
samples must be prepared in the same way as standard samples, i.e. reference samples
used to calibrate the spectrometer [5; 6].

The spectrometer has the Analyst Assistant program installed. The program
allows you to create an analytical program using the most suitable spectral lines and
analytical parameters of the device regarding sensitivity, element selection and possible
overlapping of lines. It finds a list of potential problems that arise during analysis and
finds solutions to these problems. Those analytical lines of elements that are missing
from the memory store of the device are automatically created by the program using
the necessary parameters. In addition, a reference template is created that can be used
to construct matrix data.
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The program «Analyst Assistant» is a program that is based on a knowledge table
that contains analytical parameters and potential overlaps for each possible elemental
line [6].

The analyzed elements and their detection range of the Termo ARL - 9900
quantometer for copper-based alloys are given in Table 1.

Table 1 — Determination range of the Termo ARL - 9900 quantometer
for copper-based alloys

HAYKA U TEXHUKA KASAXCTAHA. ISSN 2788-8770. Ne 4, 2024

Element Range of definitions Selected items
Cu Base Cu
Fe 0.0001-5.00 Fe
\Y 0.0010-0.20 \%
Mg 0.00010-11.00 Mg
P 0.0050-1.00 P
Zn 0.00050-12.00 Zn
Ti 0.00050-0.50 Ti
Si 0.00010-15.00 Si
Al 0.0010-3.00 Al
N1 0.0050-3.00 Ni

Usually the work of the quantum meter is overestimated by many factors, such as
environmental characteristics and others. Therefore, before analyzing our samples, we
have recalibrated the device. After recalibration, the graph of the calibrated device is
shown in Figure 2.

The obtained results of the analysis of our samples are given in Table 3.
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Figure 2 — Graph for calibration of the goniometer spectrometer
The Institute of Geology, Earthquake Engineering and Seismology of the National

Academy of Sciences of the Russian Federation obtained energy-dispersive spectra of
the samples. The energy-dispersive spectrum of sample Nel is shown in Figure 3.

Full scale = 60 cps Cursor: 20.1675

0 2 4 6 8 10 12
keV

Figure 3 — Energy dispersive spectrum of sample Ne 1
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X-ray diffraction patterns of sample Ne 3 in comparison with reference samples
from the instrument database are shown in Figure 4.
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Figure 4 — X-ray diffraction patterns of sample Ne 3

The distribution of modifying elements on the surface of the analyzed samples can
be observed using photographs obtained with an electron microscope. Figure 5 shows
a photograph of the distribution of elements on the surface of sample Ne 4.

Figure 5 — Map of the distribution of modifier elements
on the surface of sample Ne 4.
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The BSE reflected electron image obtained with a scanning electron microscope
shows that the sample is homogeneous and the modifying elements are distributed
uniformly over the entire surface of the sample.

The microhardness of the samples was measured on a PMT-3 device calibrated
for NaCl, with a load of 10 g, for 10 measurements, the average VHN = 97.2 kg/mm?,
with a spread of 75 - 122 (Fig. 1c). The results of the microhardness analyses are given
in Table 3.

The results of the analyses of the obtained samples for the main elements and alloy
bases are given in Table 2.

Table 2 — Results of analysis on the DRON-3 diffractometer

Sample Ne 1 Sample Ne 2
Elmt Spect. Element Atomic Elmt Spect. Element Atomic
Type % % Type % %
CuK ED 9295 92,93 CuK ED 94,10 94,09
ZnK ED 6,34 6,28 ZnK ED 5,30 5,30
ALK ED 0,53 0,52 ALK ED 0,50 0,50
P K ED 0,17 0,18 P K ED 0,10 0,10
Total 99,99 99,93 Total 99,99 99,93
Sample Ne 3 Sample Ne 4
Elmt Spect. Element Atomic Elmt Spect. Element Atomic
Type % % Type % %
CuK ED 94,00 94,00 CuK ED 93,60 93,59
ZnK ED 5,30 5,30 ZnK ED 5,30 5,30
ALK ED 0,60 0,60 ALK ED 1,00 1,00
P K ED 0,10 0,10 P K ED 0,17 0,10
Total 99,99 99,93 Total 99,99 99,93

Thus, the complete chemical composition of the obtained experimental samples
was determined by spectral and X-ray methods and they are combined in Table No. 3.
The measured average value of micro hardness is also included in this table.
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Table 3 — Elemental composition of the obtained experimental samples

Sample Nel Sample Ne2 Sample Ne3 Sample 4
Cu (Base) 92,95 94,10 94,00 93,60
Fe 0.0017 0.0017 0.0017 0.0017
\Y 0.0012 0.0012 0.0013 0.0012
Mg 0.0011 0.0011 0.0010 0.0011
P 0,17 0,10 0,10 0,10
Zn 6,34 5,30 5,30 5,30
Ti 0.00050 - 0.00050 -
Si - - - -
Al 0,53 0,50 0,60 1,00
Ni <0.0050 < 0.0050 <0.0050 <0.0050
Micro hardness
(VHN ) 97,2 92,4 87,3 83,7

For all four samples, the coefficients of diffusion reflection and transmission in the
wavelength range from 250 nm to 2500 nm were determined. The influence of aluminum
as a modifier on the reflectivity of the experimental samples was established. Figure
6 shows the graphs of the dependence of the reflection coefficient on the energy of
incident waves in electron volts and wavelengths in nanometers for the experimental
samples. For comparison, the same graph shows the reflectivity of pure gold (Table
data). It can be noted that samples No. 1 and No. 3 show the closest reflectivity in the
visible range of the spectrum compared to the reflectivity of pure gold. [3].
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Figure 6 — Comparative graph of the reflection from the energy
of incident light of gold (yellow curve) and our objects
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Conclusions

Four samples of brass LAF94-0.5-0.15 with the addition of aluminum phosphorus
modifiers were obtained by casting. The elemental composition of the obtained samples
was determined by atomic emission spectroscopy and X-ray diffractometry. A map of
the distribution of modifiers on the surface of the obtained samples was compiled by
electron microscopy. The micro hardness of the samples was determined.

It was found that with an increase in the concentration of the modifier - aluminum,
the micro hardness of the samples decreases. The modifier elements are distributed over
the entire surface of the sample equally.

The addition of aluminum as a modifier in certain concentrations improves the
reflectivity of brass LAF94-0.5-0.15.

The aluminum content from 0.4 to 0.6 % gives a spectrum very close to the spectrum
of gold.
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U3MEHEHUE CBOVICTB JATYHHU LAF 94 -0.5-0.15 B 3ABUCUMOCTH
OT COAEPKAHUA MOJUPULUPYIOIINX KOMIIOHEHTOB

B cmamve npeocmasnenvt pezynvmamsl uccie008aHus UMEHEHUs CEOUCME
aamynu LAF 94-0.5-0.15 6 3aucumocmu om cooepiicanus mMoOuuyupyrouux
Komnonenmos. Memooom numvs Ovliu noayyensvt yemvipe obpasya asamyuu LAF
94-0,5-0,15 ¢ 0obasrenuem mooughuxamopog anomunus u pocghopa. dnemenmuulii
COCMAB NOMYYEHHbIX 00pasyos Obil onpedenen Memooamu amoMHO-IMUCCUOHHOU
CREKMPOCKONUU U PEeHM2eHOBCKOU Ougpakmomempuu. Memooom 21eKmpoHHOU
MUKPOCKONUU ObLIU COCMABIEHbL KAPMbL PACHPEOeNeHUsi MOOUPUKAMOpos Ha
NOBEPXHOCMU  NOJYYEeHHbIX 00pasyos. beiia onpederena muxpomeepoocmo
obpazyos. Ycmanoeneno, umo ¢ yeeiuueHuem KOHYEHMpayuu Moougukamopa
- QUIOMUHUS MUKDPOMEEPOOCmb 00pasyos cHuxcaemcs. Hsmenss cooepoicanue
COCMABNAIOWUX KOMIOHEHMO8 JamyHu u 000asisiss 6 Hee Moouguyupyrowue
SNIeMEHMbl, MOJCHO ONMUMUSUPOBAMb €€  OMPANCAMeNbHble U MEeXAHUYecKue
ceoticmea. OOHOpoOHOe pacnpedeieHue 1eMeHmMo8-MoOUDUKAMOpo8, NOKA3AHHOE
Ha ¢omoepaguu 6 ompadicennvlx snekmponax BSE, nonyuennoii ¢ nomowwio
CKAHUPYIOWe20 2NeKMPOHHO20 MUKPOCKONA, NOKA3bléaem, 4mo oopasey 0OHOPOOeH
U MOOUGuUYUpyowue 1eMeHmbl PABHOMEPHO PACNPEOeleHbl NO 6Cell NOBEPXHOCMU
obpaszya.

Knrouesvie cnosa: namyms, Moouguxamop, MUKpomseepooCcms, OmpaicamenbHAs.
CNOCOOHOCTb, PEHM2EHOBCKAS OUDPAKMOMEMPUS.
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MOOUDUKAMOPIAPOLIMAPATLY KAPMALAPBLHCACANObL. YI2INepOIH MUKPOKAMMbLIbLEb FEATURES OF OBTAINING A MAGNETRON COATING ON

anvikmanovl. Mooughuxamop — antoMuHull KOHYEHMPAYUACLIHLIY HCOSAPBLIAYbIMEH
YA2iNepoiy MUKpOKAmmblibiabl MOMEHOCUmini anblkmanovl. Xe30iy Kypamoac
OONIKMEPTHIH MA3MYHbIH 632ePIY HCOHE 020H O32ePIMY UL dNEMEHMMEePOL KOCY APKbLIbL
OHBIY WASLLILICINBIPATNBIE  JHCOHEe MEXAHUKANbIK Kacuemmepin OHmauianovipyaa
oonaovl. Cxanepneyui 91eKmpoHObl MUKPOCKON APKbLIbL AlblH2AH wavlivicKan BSE
INEKMPOHIAPBLIHOA2HL (POMOCYpemme Kopceminzen MOOUGUKAmMop dIneMeHmmepiniy
OipkenKki mapanysl yiciHiy OIPKeNKi eKeHIH JHcoHe MOOUDUKAMOP INeMEeHMMEPIHIH
yaeiniy Oykin bemine Oipkenxi OonineeHin Kopcemeoi.

Kinmmi  ce3dep: oice3, MoOugukamop, MUKPOKAMMBLIbIK, — UASLLIbICY,
peHmeeHOIK Ouppaxmomempusi.

TI-6AL-4V ALLOY WITH VARIOUS COPPER CONTENT

Inthe modern world, metals play an invaluable role in various industries. Medical
engineering has become an important area of development in modern metallurgy.
The disadvantage of Ti-6A1-4V alloy is microbial colonization on its surface, as well
as the release of toxic aluminum and vanadium metals into the surrounding tissues,
so research on improving the anti-corrosion and antibacterial properties of Ti6AI4V
alloy is currently a serious problem. Two-component metal coatings based on
Cu-Ta and Cu-Nb were obtained by magnetron sputtering with joint spraying of
targets made of pure metals Cu, Nb, Ta. It was found that coatings with a thickness
of 10 microns demonstrated a different degree of antimicrobial efficacy during two
days of testing: the maximum inhibition zone of the Ta-Cu coating reached 24.0 mm
for S. Aureus and 17.0 mm for C. Albicans. For the Nb-Cu coating with a thickness
of 10 microns, the maximum inhibition zone reached 25.0 mm for S. Aureus and
15.5 mm for C. Albicans. It has been shown that with the same thickness, Ta-Cu
coatings are better suited to protect the endoprosthe-sis from microbial infections
than Nb-Cu coatings.

Keywords: magnetron, metals, alloy, coating, copper.

Introduction

In the modern world, metals play an invaluable role in various industries. Medical
engineering has become an important area of development in modern metallurgy. The
emerging metal processing technologies have given a powerful impetus to innovations
in this industry. One of them is based on the emergence of five-axis machines and
carbide tools based on tungsten carbide. The second is associated with the emergence
of additive technologies based on principles that are completely new to metallurgy.

The active use of metals and their alloys as materials for implantation is due to their
high strength and load-bearing capacity. They are commonly used to replace some load-
bearing applications, such as hip joints, plates, knee prostheses, pins, dental materials,
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screws and cardiovascular applications [1]. At the same time, metal implants do not
always fully meet the requirements of corrosion resistance. The destruction of a metal
implant occurs at the implant-tissue interface due to poor adhesion at the interface,
which leads to the formation of a non-adhesive layer and movement at the tissue-implant
interface. Chemically inert platinum and gold are expensive, so a special role is given
to rare metals and alloys based on them. Ti alloys, which do not contain any cytotoxic
elements, are considered promising. Among the important mechanical properties,
special attention is paid to alloys with low Young’s modulus to avoid stress shielding
after implantation. Many Ti alloys have been developed, consisting of biocompatible
elements such as Zr, Nb, Mo and Ta, which have shown excellent mechanical properties
and low Young’s modulus [2]. In order to reduce the cost of products, low-cost alloys
are being developed that have a minimum amount of rare earth elements such as Ta,
Nb, Mo and W, which tend to be partially replaced by Fe, Mn, Sn and Si.

Titanium alloy Ti-6Al-4V is one of the most widely used in medical implants due
to its excellent biocompatibility, good fatigue strength and low Young’s modulus, as
well as its weight, which is almost half that of stainless medical steel. Commonly used
titanium alloys are divided into three main categories: alpha and near-alpha/alpha+beta/
beta and near-beta. Another popular multi-component titanium alloy is the Ti-6Al-7Nb
variant. This is an a-f alloy originally developed for orthopedics, which has excellent
mechanical properties compared to pure Ti [3]. This alloy with niobium is resistant to
corrosion, and its biological properties are acceptable due to the absence of vanadium.

The disadvantage of the Ti-6Al-4V alloy is microbial colonization on its surface,
as well as the release of toxic aluminum and vanadium metals into the surrounding
tissues, therefore, research on improving the anti-corrosion and antibacterial properties
of the Ti-6Al-4V alloy is currently a serious problem. To prevent these phenomena,
multifunctional coatings with bactericidal and barrier-protective properties are used
[4]. The use of magnetron sputtering of protective coatings on the surface of implants
and other medical products can create a solution to this problem. Coatings obtained
by magnetron sputtering in a vacuum have high purity indicators, which is especially
important for medical products. Magnetron sputtering is a flexible technology that
allows you to control the sputtering process and obtain coatings with specified physical
properties.

The article [5] reports the antibacterial effect of titanium and copper (Ti—Cu) thin
films obtained by three different plasma-assisted magnetron sputtering methods: direct
current magnetron sputtering (dc-MS), dual magnetron sputtering (dual-MS), and dual
high-power pulsed magnetron sputtering (dual-HiPIMS). The antimicrobial effect is
due to the release of copper from the Ti—Cu metallic films, which was measured by
atomic absorption spectroscopy. The aim of this study is to obtain single-layer two-
component Cu-Ta and Cu-Nb coatings of different thicknesses on Ti-6Al-4V titanium
alloy substrates.

Materials and methods

Magnetron sputtering of Cu-Ta and Cu-Nb coatings on titanium alloy disks was
performed using an EPOS-PVD-440 setup (EPOS-Engineering, Russia) equipped with
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three direct current magnetrons (magnetron-479, Beams&Plasmas) and an 11-400 ion
source (Beams&Plasmas, Russia). The targets were made of pure copper, tantalum and
niobium and had the follow-ing dimensions: 472x132x18. Monolayer coatings were
sputtered using simultaneous co-sputtering of two direct current magnetrons. The modes
and conditions of magnetron sputtering were as follows: argon was used as the working
gas; the flow rate of the working gas (argon) was 62 ml/min; the base pressure in the
chamber was 7¢10-6 mbar; the working pressure in the chamber was 2¢10-3 mbar. The
distance H from each of the targets to the substrate was the same — 210 mm (Figure 1).

The Cu-Ta and Cu-Nb coatings were deposited for 90 and 180 minutes to obtain
coatings 2 and 10 um thick, respectively. The modes for Cu-Ta coatings were: For a
tantalum target, the discharge current was 3.0 A; dis-charge voltage was 315 V. For
a copper target, the discharge current was 0.6 A; discharge voltage was 400 V. The
modes for Cu-Nb coatings were: For a niobium target, the discharge current was 3.0
A; discharge voltage was 285 V. For a copper target, the current was 0.6 A; discharge
voltage —374 V. Titanium alloy Ti-6Al-4V was used as a substrate, in the form of rods
in the delivery condition with a diameter of 10 mm, from which disks with a thickness
of 2 mm were cut on a CTX 510 ecoline CNC machine (DMG MORI AG, Germany).

Immediately before magnetron sputtering, the samples were cleaned in distilled
water in a Stegler 22DT ultrasonic bath (Shenzhen Bestman In-strument Co., Ltd.,
China) for 30 minutes and dried in air for 40-60 minutes, then cleaned with an I1-400
ion source (Beams&Plasmas, Russia) installed in the vacuum chamber of the magnetron
setup, with the following parame-ters: base pressure in the chamber — 7¢10-6 mbar;
working pressure in the chamber — 1.8¢10-3 mbar; working gas flow rate (argon) — 124
ml/min; dis-charge voltage — 280 V, discharge current — 1.7 A, distance from the ion
source to the sample — 350 mm; processing time — 20 minutes, after which magnetron
sputtering was carried out.
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Figure 1 — Experimental setup diagram

The effectiveness of the obtained protective copper coatings was assessed using
the example of the impact of two types of bacteria:

— Staphylococcus aureus (latin name Staphylococcus aureus, hereinafter referred to as
S. Aaureus) is a type of spherical gram-positive bacteria from the genus Staphylococcus;

— Candida albicans (latin name hereinafter referred to as C. Albicans) is a diploid
fungus (a form of yeast-like fungi). The antimicrobial activity of the samples against
C. Albicans and S. Aaureus strains was determined as follows:

1) The test strains were initially cultured in meat-peptone broth (MPB). MPB is a
nutrient medium used in microbiology for culturing microorganisms. It is prepared from
meat extract, water, peptone and sodium chloride. The finished MPB is a transparent,
light yellow liquid.;

2) incubated at 37°C for 24 hours in a thermostat;

3) a fresh suspension was prepared with a cell concentration of 3-x107 colony-
forming units per ml (CFU ml!) for Staphylococcus aureus and 1x10° CFU ml-1 for
Candida albicans. These concentrations correspond to the bacterial turbidity standard
of 0.5 according to McFarland;

4) the resulting suspension was evenly distributed in the form of a «ga-zone» over
the surface of a Petri dish containing 0.1 ml of a nutrient medium - meat-peptone agar
(MPA), using a sterile microbiological spatula. MPA is a general-purpose medium that is
non-selective and suitable for cultivating a wide range of undemanding microorganisms.
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Results and discussion

It is known that titanium alloy VT6 belongs to the titanium — aluminum (6%) —
vanadium (4%) system [6]. Chemical composition of grade VT6 in % according to
GOST 19807-91: Ti (titanium) 86.45-90.9; Fe (iron) up to 0.6; C (carbon) up to 0.1;
Si (silicon) up to 0.1; V (vanadium) 3.5-5.3; N (nitrogen) up to 0.05; Al (aluminum)
5.3-6.8; Zr (zirconium) up to 0.3; O (oxygen) up to 0.2; H (hydrogen) up to 0.015. It
is a deformable two-phase a+f3 alloy, where a is a solid solution of aluminum (and
vanadium) in a-Ti with an hcp lattice; § — solid solution of aluminum (and vanadium)
in B-Ti with a bece lattice Titanium is a polymorphic metal. Alloying the VT6 alloy
with aluminum strengthens and stabilizes the a-phase, increases the Ac3 temperature,
and reduces the specific gravity of the alloy. Vanadium is a -stabilizer. It reduces the
temperature of the o+p— P-transition, which for the VT6 alloy is 960—-1000 °C. The
Ti6Al4V alloy is the most common titanium alloy, has excellent mechanical properties,
and is considered the strongest and toughest titanium alloy [7]. Titanium alloy VT6
belongs to the Ti-Al-V system alloys, the most important ternary system underlying
most industrial general-purpose titanium alloys. In this case, aluminum provides high
strength and heat resistance, and vanadium, in addition, increases ductility. The results
of the study of the antimicrobial activity of the titanium alloy after applying a copper
coating of varying thickness are presented in Tables 1 and 2. The efficiency of the
obtained Ta-Cu and Nb-Cu coatings was assessed using the example of suppressing the
growth of bacterial strains of various natures. According to the data in Table 1, when
obtaining a coating 2 pum thick, an inhibition zone of more than 20 mm is observed on
the Ta-Cu sample, while there is no inhibition on the Nb-Cu sample, as well as on the
control sample.

Table 1 — Zones of growth inhibition of two-day test cultures of S. Aureus bacteria

Samples of tests Inhibition zones, mm
Ta-Cu 2 um 20.010
Ta-Cu 10 pm 24.010
Nb-Cu 2 pm 0
Nb-Cu 10 um 25.0
Control PP No inhibition
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Table 2 — Zones of growth inhibition of two-day test cultures of C. Albicans

Samples of tests Inhibition zones, mm
Ta-Cu 2 Mmxm 12,0
Ta-Cu 10 mxm 17,0
Nb-Cu 2 MKkM 0
Nb-Cu 10 Mxm 15,5
Control PP No inhibition

Photographic visualization of the growth of test bacterial strains on metal disks with
the coatings under study, including images of the control polypropylene (PP) disk, is
shown in Figure 2.

a | b
Figure 2 - Ta-Cu coating on a Ti-6Al-4V alloy disc and a control poly-propylene
disc in a nutrient solution of S. Aureus (a) and C. Albicans (b)

The Staphylococcus aureus inhibition zones observed in this experiment for the
10 um coatings were up to 24.0 mm for Ta-Cu and up to 25.0 mm for Nb-Cu. For the 2
um coatings, the Staphylococcus aureus inhibition zones were up to 20 mm for Ta-Cu and
0 mm for Nb-Cu. For Candida albicans, the 2 pm Ta-Cu coatings showed a significant
antifungal effect, creating a delayed inhibition zone up to 12 mm long. The 10 um Ta-Cu
coatings were even more effective, with inhibition zones ranging from 13.0 to 17.0 mm.
The 10 um Nb-Cu coatings showed a moderate antifungal effect against Candida albicans
strains, creating a delayed inhibition zone up to 15.5 mm long. Nb-Cu coatings with a
thickness of 2 um did not exhibit any antifungal activity against Candida albicans.

The results of the study of the Ti-Al-V surface morphology after the study on the
effect of S. Aaureus bacterial strains using scanning electron microscopy are presented
in Figure 3.
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Figure 3 — Scanning electron microscope images of the Ti-Al-V alloy sample
surface with magnification varied in the range from 100 to 2000x

The images of the titanium alloy sample surface are shown with magnification
varied in the range from 100 to 2000x. It is evident that the particle size varied with
different magnifications from 10 to 100 em, and the surface of the studied samples is
represented by spherical concretions with ideally balanced loads. The influence of the
protective coating thickness on the degree of bacterial growth during longer exposure to
an aggressive environment will be continued and presented in the following publications
of these authors.
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Conclusion

The results of the study of the surface morphology of Ti-6Al-4V alloy with applied
antibacterial coatings in the form of Cu-Nb and Cu-Ta of different thicknesses on
substrates made of biomedical titanium alloy are shown. The properties with respect
to Staphylococcus aureus and Candida albicans (in vitro) for the applied coatings were
assessed. Comparison of the inhibition zones of Staphylococcus aureus bacteria observed
in this experiment for coatings with a thickness of 10 pum: up to 24.0 mm for Ta-Cu and
up to 25.0 mm for Nb-Cu showed that for coatings with a thickness of 2 pum the inhibition
zones were up to 20 mm for Ta-Cu and 0 for Nb-Cu. Ta-Cu coatings with a thickness
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of 2 microns effectively inhibited the growth of bacteria up to 20.0 mm and fungi up to
12.0 mm, while Nb-Cu coatings of the same thickness did not have an inhibitory effect
on either bacteria or fungi. Part of the study was previously described in detail in the
authors’ previous work in [8]. The obtained results are consistent with the results of
[9; 10], and are promising for the development of technologies for obtaining coatings
for medical implants with increased bactericidal and biocompatible surface properties.
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MBIC K¥PAMBI TYPJII TYPJII TI-6AL-4V KOPBIMACBIHA
MATHETPOH/BIK KABBIHY AJIY EPEKIIEJIIKTEPI

Kaszipei onemoe memandap spmypiui canarapoa basa dcemnec poji amkapaosi.
Meouyunanvix mawiuna scacay Kazipei MEmaniypeusiHbly Mayul30bl OAMY CAIACHIHA
atinanovl. Ti-6A1-4V kopvimnacvlnoly kKemuiiniei oHbly OeminOe2i MUKpOOmMapouly
KOJIOHU3AYUSACL, COHOAU-AK KOpwlazan minoepee Yivl ANIOMUHULL MeH BAHAOUl
MemandapviHbly 001iHYI 606N MadwLiadsl, conovikman Ti6Al4V KopvimnacviHbly
KOppo3usiaa Kapcol JcoHe Daxmepus2a Kapcevl Kacuemmepin jdcakcapmy 0otblHua
sepmmeynep Kazipei yakeimma Kypoeni mocene 6oavin maboliaovi. mocene. Cu,
Nb, Ta maza memanoapoan dHcacaiean HuvlCAHAIApovl OIPIKMIpin OYPKY apKblLivl
mazcnemponowt wawvipamy apiwlivl Cu-Tascone Cu-Nb nezizinoezi exi KomMnoxenmmi
Memann dHcabviHoapsl anviHObl. Kanviyoviavl 10 MUKpon 6oaamulH jHcabbiHOAp eKi
KYHOIK CbIHAK, 6apblCblHOa MUKPOOKA KAPChl 9Cepoily OACKA 08pelceciH KOPCemKeHi
anvikmanovl: Ta-Cu dcabblHbiHbIY MAKCUMAIObl medceny aumazvl S. Aureus yuiin
24,0 mm-ee scone C. Albicans ywin 17,0 mm-ee scemmi. Kanvinovizvl 10 mukpon
oonamein Nb-Cu owcadbvinbl ywin makcumanovl medcey avmazol S. Aureus yutin
25,0 mm-ee oicone C. Albicans ywin 15,5 mm-ee ocemmi. [[on 0cbiHOQll KAAbIHObIKMA2bl
Ta-Cu srcabvindaper Nb-Cu sicabvinoapuina Kapasanoa SHOOnpome30i MUKpoOmulx,
UHGEKYUATAPOAH KOp2ayead HCAKCHIPAK 601amblHbl KOPCeminoi.

Kinmmi ce30ep: macnempon, memanoap, KOpblmna, HcabbiH, MblC.
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OCOBEHHOCTH INOJIYYEHUSA MATHETPOHHOI'O ITIOKPBITHUS HA
CIUIABE TI-6AL-4V C PA3JIMYHBIM COAEP KAHUEM MEJIN

B cospemennom mupe memannivl ueparom HEOYEHUMYIO POIb 6 DASTUUHBIX
ompacasx npomviutieHHocmu. MeOuyunckas mexHuKa cmaia 8aNCHbIM HANPasieHUeM
passumusi coepemennou memaniypeuu. Heoocmamxom cnnasa Ti-6A1-4V seisnemcs
MUKPOOHASL KOTOHUZAYUSL HA €20 NOBEPXHOCMIU, A MAKICE 8blOCTICHUE 8 OKPYICAIOUUE
MKAHU MOKCUYHBIX MEeMAN08 AIOMUHUSL U 8AHAOUS, NOIMOMY UCCLEO08AHUSL NO
VAYUULCHUIO AHMUKOPPOZUOHHBIX U AHMUOAKmepuanvisix ceovicme cnaasa Ti6Al4V
6 Hacmosiyee 6pems SGIAOMCA CepPbe3HoU npobiemou. [[8yXKOMNOHeHmHble
memannuyeckue nokpvimusi Ha ochose Cu-Ta u Cu-Nb Oviiu nonyuenvt memooom
MAZHEMPOHHO20 PACNBLICHUSL ¢ COBMECMHbIM PACNbLICHUEM MUUEHEel U3 YUCIbIX
memannoe Cu, Nb, Ta. Ycmanosnewo, umo noxpeimusi moawunou 10 mxm
NPOOEMOHCIMPUPOBATU PATUYHYIO CMENEHb AHMUMUKPOOHOU 3¢ dexmusnocmu 6
meuenue 08YX CYmMoOK UCHbIMAHULL: MAKCUMATbHAS 30HA UHSUOUPOBAHUSL ROKPULMUSL
Ta-Cu oocmueana 24,0 mm ons S. Aureus u 17,0 mm ons C. Albicans. /{nst nokpeimus
Nb-Cu moawunou 10 mxm makcumanivras 30Ha uHeubuposanus oocmueana 25,0 mm
ons S. Aureus u 15,5 mm onst C. Albicans. Ilokazano, umo npu 0OUHAKOB0U MOIUUHE
noxkpoimusi Ta-Cu ayuuie nooxoosm Ons 3auyumsl SHOONPOmMe3d Om MUKPOOHBIX
ungexyuil, uem noxpoimus Nb-Cu.

Knouesvle cnosa: macnempon, Mmemainvl, CRias;, NOKpblmue, Meob.
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KECKIHOEPLI BUHAPU3ALMNSINIAYObIH
3AMAHAYW S4ICTEPIH TAJIGAY XOHE CbIHAY

byn makanaoa Konoanvicmaavl OuHapuzayusLay Keckinoepin maioay sdicmepi
ycviHvlizan. Kazipei 2anvimoap sicacazan OUHApU3AYUsIAy KecKiHOepOiy opmypii
90ICMepIiH anbIKMay JHcoHe cunammay OolbIHUA depeKmep JHcylieneneet. 3epmmeyoin
makcamul 601ammoiH KypuLIbIMObIK MAPKALAPLIHbIY YACLIEP] MbICATBIHOA MEMAN0ap
MeH KOPbIMNAnapobly MUKpOKYPbIIbIMOAPbIHbIY KeCKIHOePIH OUHApU3ayusiiayObly
OHMAIbl B0ICMeEpPiH  AHLIKMAY JICOHe 3aAMaHayu OuHapuzayusiay oodicmepin
coiHay 6010bi. Bunapuszayusnayoviy xeneci 90icmepi Kapacmvipbiidobl: Opmauid
ooicimen  ounapuzayusinay, C-mopiz0i Kucwlk apkwiivl oOunapuzayusiay, Oyy
(Omca nemece Omcy) o0ici, mynvmu-Oyy 80dici, adanmusmi OUHAPUIAYUAIAY,
grcepeinikmi Ounapuzayusiay o0ici, meduana 90ici, Niblack ancopummi, Sauvola
a0ici dcone Bernsen odici. Ocvl Ounapusayusiay 90icmepoiy apmulKUbLILIKINADb
MeH Kemuwlinikmepi cunamman2at. AKnapammolK-yu@pavlk Memaniioepagusibk,
manoayoa 00an opi KOIOAHY MAKCAMbIHOA KYpuLIbIMObIK 0Ooaam yaciiepiHiy
MbLCATBIHOA OOIAMMAp MeH KOPblMNAiapObly MUKPOKYDBLILIMOAPbIHbIH KECKIHOEPIH
6HOey Ywin Oipxamap Koidauvicmaeabl OUHAPU3AYUAIAY d0ICmeMeNepPin KOTOAHbIN
CblHAKmMan emxizineen. bunapuzayusiayoviy opmypii 90icmepin KOJLOAHA OMblpbin,
ANbIH2AH KeCKiHOepOiy canacvl OOUbIHWA 3epmmey HOMUNCeNepl YCbIHbLI2AH.
bonammap men xopuimnanapovl axknapammuelK-yupivl maioayoa 00aH opi
KONOAHY ~MaKcamolHOA OONammapovly MUKDPOKYDBLILIMOAPLIHbIY — KECKIHOEpIiH
Ounapuzayusnayobly ey Koaauibl OHMaiivl odicmepi aHblKmanovl. 3epmmeyiep
Memanodap MeH KOpulmnaiapobl MEemaniloepausiiblk maioay 90icmepin 00an opi
YUuPpAaHObIpy Ywin nepcnekmuganbl O0abln madwvLIaobl.

Kinmmi ce3zdep: Ounapuzayusnay, Keckin, 6onam, KypbliblM, AKNapammolK-
yugpvix manoay.

Kipicne

Mertaiut canachlH OaKbLIayAbIH HET13T1 TYpIepiHiH Oipi METalI canachlH KYpPbhUIbIMbI
OolibiHIIa OakbuTay OONBIN TaOBIIAIbI, OUTKEHI METal KYPBIIBIMBI METAJIBIH
MEXaHHUKaJIbIK KaCUETTEPiHIH COHFBI KEIICHIHE )KayarThl HEr'13r1 KopceTKImTep i 0ipi
60u1bIn TaObUIA B, MeTalll KYpbhUIBIMBIHBIH OaKbLIay KOPCETKILITEPIHIH HEer131 peTiHe
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TYHIPLIIKTEPAIH oJmemaepi (TYHIpIIKTiH 6asibl), OHBIH O1pKeIKLIri (TYHipLIIiKTepaiH
CO3BUTYBIHBIH JKOHE JKOJAKTap/blH HEMECe CBI3BIKTapbIH 00JIMaybl), METANl eMecC
KOCBIHJIBIIIAD MEH KapOUATEpAiH (HeMece HUTPUATEPiH) 00ybl OOBIN TaObLIAIbI.
Kepcerinren napamerpiepai 6akpiiay aaicremeci keaeci MEMCT-aa tuicti metenmik
aHayiorrapMen Oipre ycoiHbUIFaH: 5639-82; 1778-70; 54570-2011; 21073-75 xone
R ISO 643-2015. bapablk oaicTepaiH HEri3iHie ONTUKAIBIK HEMece CKaHepJeymli
(pacTpJibIK) MUKPOCKOII apKbUIbI AIBIHFAH METAJLT KYPbUIBIMIaPbIHBIH KECKIHACpIMEH
(MHKpO(]OTOCYpETTEpPMEH) KYMBIC iCTEYT€ HET13/1€/reH.

Oneparop-0akpliaymIblIapAbIH CyOBEKTUBTI KOJI €HOEriHEH KYPBbUIBIMIbI
OeitHeney OOMBIHIIIA METALT CalmachlH OAKbUIAYIBIH aBTOMATTAHABIPHUTFAH HUA(PIIBIK
(dopmaThIHa KeIlly 1l KaMTaMachl3 €Ty MaKCaThIH/a )KYMbIC aBTOPJIAphl MeTaliap MeH
KOPBITIATIapAbIH KYPBUIBIMIAPBIH aKIMaPATTHIK-IU(PIIBIK TANAAY SICTEMECIH d31pIIe/i.
Byn Gakputay bl )Ky3ere acblpy YILIiH HEri3ri mapT METall KYpbUIBIMBIHBIH Oapabap
U PIIBIK KECKIHIH aTy )KOHE OHJeY OOJIbIN Ta0bLIa b, MyH/1a KECKIH KAPKBIH bLIBIFbI
(GYHKIUACKHI €Ki aliHBIMAJIBIHBIH MATEeMATUKABIK (DYHKIHSICHI PETiH/Ie KAPacThIPhLIA/IbI.
OchI mAPTTHI CaKTail OTBHIPHIN, KOMIBIOTEPIIK OaFgapiaMaiblK KaMTaMachl3 €TyAiH
OapIbIK MaTeMaTHKAIIBIK alllapaThiH, OHBIH imriHae Matlab-Tel KOIgaHy MYMKIHIIKTEP1
aIlIbLIa b,

bunapnsik Mopgonorus (OMHapU3apibIK KECKiH) Ke3-KeJIreH MaTeMaTHKaJIbIK
Tangayra MYMKIHZIK Oepeni. THiciHIe, MeTall KYpbUIBIMBIHBIH J9CTYPil KECKiHIH
TOJIBIK TYCTI HEMece Cyp PEHKTI Kapa-aK opMaTKa ayJapraH Ke3e KeCKiHIK CaH IbIK
MaTeMaTHKAJIbIK Tajafgay MYMKiH Oomanel. Ocbl MakcarTap yiliH OMHapu3aiusiay
IpoIeTypachl KOJAAHbBLIAIbI.

KypbuibiMaapaplH KecKiHAepiH OnHapuzanusiiay — OyJa KapaHFbl JKOHE allbIK
NHUKCEIIePIeH TYPAaThIH OMHAPJIBIK (€K1 TYCTI: Kapa IeH aK) KECKIHI'€ KYPBUIBIMIAp/IbIH
TYPJI-TYCTI HeMece Cyp MHKpodoTocyperTep (KeCKIHIEpiH) aynapy Mpoleaypachl.
Bunapuzanusiinay nporecine JeiiH MUKPOCKONTAH aJbIHFaH TOJBIK TYCTI (TYpJIi TYCTi)
KECKIHII CYp PEHKTepre ayAapy orepanuschl )Kacaaabl.

OpTYpJii HBICAHJAP/BI 1371€y, COUKECTEHIIPY, KalaFajay jkoHe OaKbLIay CHUSKTBI
npoleaypaiapa KOMIbIOTEPIIIK KOpy OlepanusuIapblH KEHIHEH KOJIJaHy MEH €HT13y/11
ecKepe OTBIPbIN, OMHapH3auusiIay d9JICTEpIH d3ipiey MEH XETUINIPYAiH YJIKEH
KQKETTUTIr TYBIHAAIBI.

CoHbIMEH, KOMIBIOTEPJIK Kepy asichlHAa OMHapuszanusiay oObEKTiHIH
IIeKapaIapbIH )KOHE OHBIH MILIIHIH J19J1 aHBIKTaY Tpolieci 601k Tabbu1aapl. Ochuiaiiiia,
JTypbIc OMHapU3alMsIay MEXaHU3MIH TaHJIAM ajiFaH OJIIIey HOTHKEICPiHiH JIIIrH
KamTamachI3 ereqi. [1; 2].

Marepuannap MeH aaicrep

3epTTeneTiH MaTepuanaap peTiHae ChiIHaMa JalbIHay1aH 6TKEH KOHCTPYKIHSIIBIK
Oonat MapkaiapbiHbIH 0oiat yiariiepi 6osnasl. ChlHaMa JaiiblHAAy YATiHI IIpecTey,
COHJIali-aK OHBI TETICTEY, KBUITHIPATy JKOHE yJay omnepanusiapblHaH TYpAbl. YJITiHi
npectey SimpliMet 1000 (Buehler) npecrey mammuaceinga xxyprisinai. Tericreyre
naiteia yari Struers TegraPol-11 KypbUTFBICBIHIA TETICTEINII )KOHE JKBUITHIPATHUIIBL.
MHUKpOKYpPBUIBIM/IbI aHBIKTAY YIL1H 3T CIIUPTI MEH a30T KbIIIKBUIBIHBIH 3 MaNbI3/IbIK
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epITIH/ICIHEH )KacaJlFaH PeakTHB Maiiiananbuiabl. bonaTrapapiH MUKPOKYPBUIBIMIApBIH
3epTTey KOHE OJIApJBIH KecKiHAepiHiH Mukpodorocyperrepin any JEOL JSM-
5910 (OKamonus) ckaHepiiey MHUKPOCKOIIBIHBIH KOMETiMeH KYpriziiai. Opi Kapaii,
CKaHepJICYIIl MUKPOCKOIITHIH KOMETIMEH aJIbIHFaH MUKPOKYPBUIBIMAAP IBIH KECKIHAEPI
6011aT KYpBUIBIMAAPBIH aKMapaTTHIK-UU(PIIBIK TalJay/IbIH OHTANIbI 9/IICIH aHBIKTAY
YILLIiH 8pTYpial OMHapU3aysIay 9ICTepiHE YIIBIPAIbI.

HaTu:kesiep ’xaHe TaJaKbLIAY

JKanmpbl, anantuBTi OMHApU3aLMsIay, )kahaHIbIK OMHApH3aLUsIIAY KOHE HEHPOH IBIK
JKeJIep Heri3iHAe KeCKiHl OMHapU3asIay IbIH HET13T1 aJropuTMIEpl aHBIKTAIIbI.

XKahanapik OuMHapu3anysiay alropuTMiHAE MIEKTI OeT TYpaKThl )KapbIK LIeri 6ap
Ka3bIKTBHIK OOJBIN TAOBUIABI JKOHE IIEKTI MOH OYKUI KECKIHHIH T'MCTOrpaMMachiH
TaJljay HEri3iH/e aHBIKTaJa/bl )kKoHe 0acTanKpl KeCKIHHIH 0apiIblK MUKCeNAepl i
6ipneit 6omaapl. XKahanapik OnHapH3aLUsIayAbIH Al TapIIbIKTal KeMIILIiri 6ap: 6ipkemnki
eMec KapbIKTaHIbIpY/ia KECKIHHIH HaIIap >KapbIKTaHAbIPBUIFaH alMaKTapbl MEH OYKiJI
KECKIH aJIJIBIHFbI KaTap/a TYpPFaH CUAKTHI aHbIKTana b1, JKepriTikTi Ounapuszanusiay
Ke31HJIe MEeKTI MoH Oenrisii Oip HyKTe OpHaJlacKaH aiMaKThIH Oenrii Oip 6enriepine
Heri3JledreH KecKiHHiH Oenrini Oip HyKTecl YuIiH e3repeai. MyHaal TypiaeHIipy
ITOPUTMIHIH KEMILLIIr KECKIHHIH 8p HYKTEC] YIIIiH IIEKTi MOHEepAl KaiiTa ecenreyre
0ailTaHBICTHI TOMEH JKYMBIC KBUIIaM/IBIFBI OOJIBIT TaObLIA/IbI.

bunapuzanusiiayra acep €TeTiH MaHbI3/Ibl ACHEKTUIepre MUKPOILTH(TI JaiibIHAay
camnachl, MUKpOLUTH(PTI KeCKiHaey MOpP(OJIOTUACH, YATIHI yJIayJIblH JKUALIIT1 KoHe
MHUKPOQOTOTYCIPUTIMHIH I9JIIIT1, COHAAN-aK TaH1aJIFaH MUKPOCKOI JKaTajbl. 1-cyperre
CYpP PEHKTI MUKPOCKONIIEH aJbIHFAH JaNbIHJBIKIIEH MHUKPOKYPBUIBIMHBIH KECKiH1
KOPCETUIreH.

Oprama snicnen OuHapu3anusuiay — Oyl KeCKiHHIH OapJibIK MUKCENIepiHiH
KapBIKTHIFBIHBIH OpTallla MOHIH TaHJayFa HETI3/IeJIeH €H KaparaibIM KoHE KeH
TapajFaH 9ici.

Bapinbik nmukcenaepaiH KapKbIHABUTBIFBIHBIH OSIT1ITi O1p OpTalia MoHI aHBIKTAIA IbI,
aJl OpTalla MOHHEH YJKEH KapKbIHJBUIBIK aK TYCKE, ajl OpTalla KapKbIHJBUIBIK Kapa

Cypert 1 — a) Cyp peHKTepAeri TalbIHABIKICH
MUKPOKYPBUIBIMHBIH KECKiHI
Cypert 2 — 0) Oprama aictieH OnHapu3aIusaay KeCKidi
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C-Topi3ai KUCHIK d/1ici — S 00BEKTIIEPiHIH aylaHBIHBIH oJapblH P nepumerpine
rpaduKanblK TOyenAuri (3-cyperTi KapaHsl3), CypAblH OYKUI TUama3oHbl apKbLIbI
6enrini 6ip k KagampIMeH OMHapU3aLusIIay MIETIHIH 19HEeKTi @3repyiMeH aHbIKTaIa bl
[3]. KuchikTars MakcuMyM (KHCBIKTBIH ULTY IIBIHBI) OMHAPH3ALUSIIAY bIH KPUTUKAIIBIK
JieHreii 00Jbin TadbUIA b
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a, T, )X — KYpBUIBIMJIAPAbIH OacTamnKbl KeCKiHaepi; 0, 1, 3 — C-Topi3ai KUCBIKTAp;
B, €, U — C-Topi3l KUCHIK d/IiCiIMEH OMHapHU3alusIaHFaH KeCKIHAepi;
Cypert 3 — C-Topi3i KUCBIK d/1iCIMEH OMHApU3allUsIaHFaH KeCKiHAep

Ony (Otca Hemece OTcy) oaici YATiIHI TaHy >KOHE KECKiHIl ©HJey YIIiH
KOMIIBIOTEPIIIK TEXHOJOTHANIApia KOJIJAHBIATBIH JKapThlIall PeHKTI KECKIH YLIiH
OMHapH3anusIay MEKTi aHbIKTayFa MYMKIH/IK O€peTiH aaropuT™ OOJIbIN TaOblaa bl

By anroputm nukcenaepi eki canatka 0eiyre MyMKIiHJIIK Oepelii — «Imaijanbn
XKOHE «(OHIBIKY, KJIacc 1MIHIET] TUCTIePCHs MUHUMAJIbI O0NTAaThIH IIEKTi ecenTenai
(4-cypeTTi KapaHbI3).
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Cypert 4 — Omy oaiciMeH OMHapU3alUsIaHFaH KeCKiH

Oty d1ici KJ1acc iMiHAer1 TMCIepCHUsHbI a3alTaThIH IIeKT1 Taba b1, by nucnepcus
€Kl KJIacc AUCTIEPCUSIIaPBbIHBIH ©JIILIEHT€H KOCBIH/IBICHI PETIH/IE aHBIKTAIAbl:

o (t)=o(t) ol (t)+w,(t) o3 () (1)

MYHJa (0§ — OyJI t meriMeH OeJIiHTeH €Ki KITaCThIH BIKTUMAJIIbIFbI;
Oj — OCBI KJIacTap/IblH JAUCHEPCHUSICHI.

a)l(t)+a)2(t)=1 (2)

3)
Omy knacc imiHAeri AUCTEPCUsHBl a3ailTy KiacTap apachblHAAFbl JUCIIEPCHUSHBI
MaKCUMM3alUsIayFa TeH eKeHIH KOpCeTTi:

0, (0)=0" —o; ()=, (), ()[4, (0) = 1, (O)F “)

OJ1 (0 BIKTUMAJIJIBIFBI JKOHE |1 KIIACBIHBIH apU(METHKANIBIK OPTaIlla MOHI apKbLIbI
OPHEKTEIe 1.

Oy apiciHiH MOHI Keneciiel: cyp peHkrepaeri G MOHOXPOM/IbI KECKiHI Oap, OHbI
KeJeci )KOJIMEH Tajjiay Kepek.

KeckinnepaiH KapKbIHIBUIBIFBIHBIH Op JEHTeH1 YIIiH p(i) KECKiH THCTOTPaMMachl

skoHe N(1) KHULIITr ecenTeneui: o
max (G .
Ny =300 i) 5)

w1(0), w,(0), p1(0), n(0) Gacranksr moumepi aHbIKTANAIEI.
OpOip t - KapThlIall TOH MOHI YIIIH W1, Wy, My, HpKaHa MOHAEPI €CENTENEI].

o, (t) _ Z:lop(’) _ Ztil . N(i) (6)
a)z(t)ZI—a)l(t) (7)
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Hr =

max(G) . .
Zi:o Nl * p(l) _ Zln:le;x(G)l * N(Z) (8)
T

- S pl) TN o

- Ny * o, t) a)l(t)

1, (0) =4 _‘;(2) () (10)

ConaH KeliiH, Glz)(t) ecenTernesii, oJ1 6acTanksl MOHTE KAaThICThI YJIKEH IIamMajia
colKec t IeT1Her] KJlacTap apachIHJIaFbl JUCIIEPCHSHBIH MAKCUMYMBI OOJIBII TAOBLIAIbI
[4].

Mynbtu-O11y 81ici — KeCKiHHIH OipHeIIe AeHT eiliH ycTaln TypyFa MYMKIH/IIK OepeTiH
Oy diCiHIH XKETUAIPIITeH HYCKaCHI.

Keckinai M knacrapeiHa ykcac Oenyni ky3ere acelpy ymid M - 1 meri
anpkranmane {t;, ty, ..., ty—q 1 Gy [1, ., 4], Co [ty +1, .ot oo,
Ci [ti—1 TL, ..., ti], ...,xeHe Cy [tym_q Jrl2 ..., L],oHTaline mexTep

a— 3 kimacc; 0 — 4 xitace; B — 5 Kjacc
Cyper 5 — mynbpTH-O11y 9/1iciMeH OMHApHU3aIUsITAHFAaH KECKIHIEP

AnantuBTi OMHapu3amusiay (6-cypeTTi KapaHbI3) carachl3 KapThlIald TOHIBI
KEeCKiHJepal (CKaHepJICHTeH KeCKiHAep) OHJeYy YIIiH YCHIHBUTYBl MYMKiH, MyHZIa
aleTTeri OuHapu3anusiay Oipkenki emec (poHFa OaiIaHBICTHI HAIIAp HOTIDKE Oepe/Ii.
Konimri Ounapusanusuiaygan alblpMalIbUIBIFGl, OHAA KECKIHHIH OapiblK aliMaKTaphbl
naijgananymel OeiriyiereH Oip MEeKTI MOHTe OWHapU3amUsIIaHAAbl, aJalTUBTI
OuHapuzanusuiay KesiHae OarmapiaMa KECKiHHIH 9pTypil aliMaKTapblH TaJJaiabl.
Hoetwmwxkecinae anantuBTi OMHapH3aLUsUIayAaFbl KECKIHI TericTey (pyHKIMSACHI KOChIMIIA
cy3rurepi naiaananOail KaHaFaTTaHAPIIBIK HOTHXKE Oepe/ti.

I (X, y) KeCKiHHIH 9p IHKCeJIi YIIiH KeJeCi alrOpUTM OpPBIH/AIAIbI:

1. XKexke mrekTi ecenrey T: r paguychel 0ap MAKCEIs MaHBIHAA OCPIITeH TUKCEIbIe
toH T meri ecenrenesi.
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2. bunapuzanmsnay: Erep I (X, y) HHKCenb XKapbIKTHIFBIHBIH MOHI T mieri MeH
C TypaKTBICHIHBIH KOCBHIHJIBICBIHAH aChIll KeTce, OHJa HOTIkere 1, oirnece 0 MoHi
Oepineni.

Keprinikti OuHapu3anusAIayIbIH KapamnaibiM dICTEpiHiH Oipl — opTala aic
(6-cyperti Kapanpi3). On r paguychIHIAFBl OEpiIreH MUKCENbIIH (X; y) KBaapaT
MaHbBIH/IAFbI ITUKCEJTh )KaPBIKTHIFBIHBIH OpTallla MOHIH aHBIKTAl 6! (KEPTUTIKTI 9/1icTepre
apHaJIFaH MbIcajiap/ia CTaHAapTThl paanyc 15 maiigananbiiasl).

MeaunaHanblK 9/iC opTama 9Jicke yKcac. Aunaiina, Oepiiares r paauychsl 6ap
MHUKCENbIiH (X; Y) alfHaIackl YIIIiH opTaIia apu)MEeTUKAIBIK MOHHIH OpPHBIHA METUAHAIIBIK
M®OH eCelTele/Il, COIaH KeiliH OMHapHu3anusiay KeCKiHl YIIiH KoJaiaHbu1a sl (7-cyperTi
KapaHbl3).

Cypet 6 — XKeprimikri opTaia Cypet 7 — Keprimikri MeIuaHaIbIK
9JIICIMEH OMHapHU3alUsIaHFaH KECKIH 9JIICIMEH OMHapu3alUsIaHFaH KECKIH

ChIpFpIMalibl IIEKKE HET13/ieJIreH OMHapu3alusiiay/ bl TaHJay/1aFbl HET13I1 Macelie
YKAPBIKTBUIBIK TUCTOIPAMMACHIH KYpPY YILUIH OHTAMJIbl KOpUIUIEC eIeM Il aHbIKTaY.
Erep O6yn mapamerp nypoic TagmanMaca, GOHIBIK MUKCENIePAIH OMHApU3ausUIaybiHa
OailyTaHBICThI JKaJIFaH HbICAHAAp Maiiaa 00yybl MYMKIH, OJIapAbIH alfHalachblHa HAKTHI
00BEKTLIeP/IIH MTUKCENIepl KIpMEU/II.

MyHail skanfaH HbICaHAApAbl CErMEHTTEY KEe3€HIHJE OJIapAblH Ke3JeHCOK
cunartbiHa OallyIaHBICTHI AJIBII TaCTayFa OOJaThIHBIHA KapaMacTaH, KOpIIijieC allMaKThIH
OHTAMNJIBI OJIILIEMIH TaHAAay KeOlHece HaKThI JKaFAainapibIH KUl 00JIbIN TaObUIaThIH
CBIHAK KECKIHJEPIH KOJAaHa OTBIPBII, SKCIEPUMEHTTIK TOCUIAL KaXKeT eTe/l.

bunapuzanusnayapiH MaMaHIaHIBIPBUTFAH 9ICTEPl Oap, ojlap 9pJallbiM TOJIBIK
OosmMaca J1a, 11y MEeH >KaJIFaH 3aTTap/IbIH Naii1a 00I1ybIH a3aiiTyra MyMKIHAIK Oepeni. by
9JIICTEP P SJICKE TOH HAKTHI KOd(PPUIIHEHTTEP] Oap TEHIEYTe KOChIMIIIA TEPMUHIED
KOCY apKblIbl CTaHAAPTThIAH epekiieneHeai. Jlam ockl ailbpMalIbUIBIKTap OJIapFa
0acka Heri3ri 9/11CTep/IEH apTHIKIIBUIBIK Oepei.

Niblack anroputmi eH TaHbIMaa KepriuaikTi OMHapu3aUMsuIay 9AICTEpiHIH Oipi
Oombin TadbbLIaAb! [S]. Byn oicTiH MOHI JKEpPruliKTI CTAHAAPTThI aybITKY HETi31HAE
KECKIH >KapbIKThIFbIHBIH IIEKTI MOHIH HYKTE/IEH HYKTETe IMHAMUKAJIBIK ©3r€pTy apKbLIbI
aHBIKTay OOJIBIN Ta0bUIA I (8-CypeTTl KapaHbI3).
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(X, y) KoopauHaTTaphl 0ap HYKTE YIIiH )KapbIKTHIK ILIET1H ecenTey Keneci popmya
11 GoiibIHIIA 5KY3€Te achIPbLIaIbL:

B(x,y)= pulx, y)+k*s(x, ) (11)

MYHJa (X, y) — opTamia, aji s(X, y) — KeHOip YIIiH YJAriHiH opTala KBaJpaTThIK
AyYBITKYbI KOPIIUTIK HYKTEJIEPI.

XKeprinikri agantuBTi OuHapuzanusuiayasiH Niblack aici KeckiHal eHACYAIH
YKOFapBbI KbUIIAM/IBIFBIH KAMTaMachI3 €TETiH 1CKe achIpyAbIH KapanaibIMIbUTbIFBIMEH
cunarranaasl. by afic jKOFaphl Iy MEH KapbIKTBUIBIKTBIH TETIC aybICYJIaphl KOK
KEeCKIHJepAeri KOHTPAaCTThl OOBEKTIIepl KblIJaM TaHJIay YILIiH MPAaKTHKAJIBIK
TarchIpMaap/a KoJJaHbUIa bl

JuadparMaHblH OHTAMIBI €MIIIEMIH LIYJbIH 9CEPIH a3aiiTa OTBHIPHII, KEPTiTiKTI
KECKIH O6JIIIIeKTepiHiH CaKTalTyblH KAMTaMachl3 €TETiHIeH TaH1ay Kepek. k mapamerpi
OOBEKTIHIH 031 PETiH/AE JKIKTENETIiH 00BEKT MIEKAPACHIHBIH YJIECIH aHBIKTalIbl. k=-
0,2 MoHI Kapa HbICAaHIAPABIH THIM/1 06IliHyiH KaMTaMacki3 eteli, ain k=+0,2 MoHi ak
HBICAH/Iap YILIH >kapaMsl [6].

Teric »apbIKTHIK aybICyJIapbl Oap sKepiepie dIiC XKallFaH, TOMEH 11y 0ObEeKTIIepiHe
oKeyl MyMKiH. Toxipubene 9HiCTiH KeH Tapalybl OHBIH KEWIHT1 OHJIey Ke3CHIMEH
MHTErpalysuIaHybIHA OaliIaHbICThI, OJ1 OHACY JKbUIAMBIFBIH YIII €Ce TOMEHETCE JIe,
Karenep canbiH 20% - Fa azaiiTyra MyMKiHaik Oepeni [7].

Sauvola aaici — Niblack axiciHiH KeTiAIpUIreH HYCKACHL, OJI IIyJIbIH 00BEKTIre
dcepiH OoiaplpMayFa >koHE OHBIH (DOHIBIK TaHJAYbIHBIH ASJIITIH apTThIpyFa
OarpITTasIFaH (9-CypeTTi KapaHsl3).

roeday

,_"5 ST s

Cypert 8 — Niblack »xeprinikTi 81iciMeH Cypet 9 — Sauvola >xeprimikTi
OnHapu3alusIaHFaH KeCKiH 9JIiCiIMEH OMHapHU3alUsATIaHFaH KECKiH

Oic HeriziHeH R panuycel 6ap KOHIIEHTPIII Tepe3eHi MaiJaaHbl KECKiH Il OHAeyTe
HET13eNTeH, OJ1 9ACTTe MIapIIbl MinIiHai. Tepe3e KecKiHHiH OOMBIMEH COJaH OHFa
JKOHE JKOFapblJaH TOMEHIre Kapail JoWeKTi TypAe >KbUDKUIBI, OyJ KajaM Tepe3eHiH
nuametpine TeH. Tepese yuin T mieri ¢popmysna GOMbIHIIA aHBIKTATABL:
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T=mx 1—k*(1—(%jj (12)

MyH/1a kK HbICAaHHBIH Oap €KEHIH aHBIKTANIbI, TYPAKTHI )koHe kKui 0.5 MOHIH anajbl.

R — nuHamMuKasbIK MOH, KECKIH/II OHJICY paJnycChl; 91eTTe 128-T¢ TeH.

Sauvola aaici aliKbpIH X0HE KapaMa-Kapchl KECKIHJIEPMEH KYMBIC 1CTEy Ke31He
Niblack agiciMen canpICThIpFaHIa )KOFaPhI OHJCY JKBULIAM/IBIFBIH KOPCETCE /e, )KAPBIK
YKETKUTIKC13 KECKIHIEP 11 OHJIEY 1€ KHBIHIBIKTapFa Tan 0oJaasl. MyHIail s)karainapa,
acipece 00BEKTIHIH IMUKCETh MOH IEP1 O1p-01piHe KaKbIH O0JIFaH Ke31€e, 9/ICTIH JdJIIIT1
tomeH el 1l. COHBIMEH KaTap, KIHIINIKE KUBLUIBICATBIH CHI3BIKTApP/Ibl OHJCY Ke31HJe
y3imictep maiga 00aysl MYMKiH, OyJl OHBIH ycak OesmiekTepi 0ap oObekTiiepre
KOJIJIAaHBUTYBIH MIeKTew 1 [8].

byn macerneHi menry yiriH KeCKIHHIH KOHTPACTBIH JKOHE ITYBIH KAJIBITIKA KEATIPY
APKBUTBI KEPTUTIKTI MIEeKTI MOH 11 aHBIKTalThIH Christian 9/1ici YCBIHBUIIBIL:

T=(1—k)*m+k*M+k*(%j*(m—M) (13)

myHaa k=0,5; M - OYKiJ KeCKiHHIH MUHUMAJIBI CYp MaHI; R - )KeprimikTi Tepe3eieH
CYp MOHHIH MaKCHMAJIJIbl OpTallia KBaJAPATTHIK aybITKYBI, OJIap THCTOrpaMMa HeTi31H/e
AHBIKTAJIA]IbI.

Byn apic >korapelia cUNATTaIFaH YII JKEPTUTIKTI MIEKTI dIICTepAiH iIIiHae eH
KaKChl OMHapHU3alMsIay HOTHXKeIepre Kol )keTkizeni. Anaiina, Christian aicinae cyp
(OHIBIK MOHACPAIH alTapibIKTall e3repyiMeH KeCKIHAETi THIMALIIT aTapibIKTai
temeHaekl [9].

Bernsen ajici cxemanblK jXoHe KapTorpadusuIblK KECKiHAep YIIiH KeHIHeH
Komaubuis! (10-cyperTi KapaHsi3).

% 1=
OF RV
Sani .
ot M )
v o --
A "

Cypet 10 — Bernsen »xepriiikTi 91iciMeH OMHapU3alUsIaHFaH KECKiH

Op MUKCENb YIIiH (X; Y) )KapbIKTHIK IIET1 TaHIaJ1a Ibl:
T=(T, +T,.)/2 (14)

min
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mypma T T . — THUICIHIIIEe, TUKCENB/IIH KBaJIpaT aifHANachiHAH (X; y) MUKCEIh
JKAPBIKTHIFBIHBIH €H TOMEHT'1 )KOHEe €H )KOFaphl JeHreii. by a/1icTi )ky3ere aceipyra a3
yaKbIT KeTeli, OyJl OHBI OacKa /icTep apachlHa 6Te THIMI eTeIi.

OnicTiH OipkaTap KemiuiikTepi 0ap. bipkenki »KapbIKTHIFbI Oap aiiMaKTap.ibl
OHJICY alTapJIbIKTal Mapa3uTTIK KeJeprijiepre, COHIai-aK Keinoip jxaraiapaa xaaraH
KapaHFbl aiiMaKTapAbIH Naia 0oybIHAa d9Kelyl MYMKiH. byn kemmrinikrepi a3zaity
YIIiH KOChIMINIA OHJLY (KeHIHT1 oH/Iey) KOMAaHbUTYbl MyMKiH. OCBIFaH KapaMacTaH,
OyJ1 9/1iC KEHIHT1 OHIey KOKETTUIIMH eCKepe OTBIPHII, 0acKalapMeH CaJIbICThIpFaH/a
eH JKbu1aM 6osbin Kana 6epeni [10].

Bonarrap MeH KOpbITHanapAblH KYPBUIBIMJIAPBIHBIH KECKIHAEPiHE KAaTBICTHI
OuHapH3aLsIIayIbIH 3aMaHayH 9/IICTEpPIH TAJAY KOHE ChIHAKTAH OTKi3y KOpCEeTKEeHACH:

— KapaHFbI HBICAHIAP/BI AIIPEK TaHJAay YIIiH >kahaHABIK OMHApU3ALUSIAY IbI
KOJIJaHy KepeK;

— HBICAH/AAP/bI TYCl OOMBIHIIA JBIIPEK TaHJAy YIIIH MYJbTHPU3ALUAIAY dICI
KOJITaHbUIAIbI;

— TYHIPIIIK MeJIIEPiH JAdJIIpeK aHbIKTay YIIIH — OOBEKTUIEP/IiH IIeKapaniapbiH
KaliTanay »xoHe 0eJly YIIIH JKeprijgikTi OMHapu3auusuiay 9Jici OHTAUIBl OOJIBII
TaObLIAIBI.

KapkbutanasIpy Typajsl aknapar

Ocbl Makaaja KeTipuIreH 3epTreynepaid Hotwkenepin Kazakcran PecriyOnukacer
FbutbiM skoHE kOFaphl 011IM MUHUCTPIIITIHIH FpulbIM KOMUTETI Kap KbutaHasIpb! (I'pant
Ne AP15473350).

KopsbIThIHABI

bunapuzanusiiay Oeitrene e, OTOKECKIHIE /1€ KECKIHAEP/ Il aKIapaTThIK-IIU(PITBIK
TajAayablH HEri3ri Kypajabl 060bin TaObuiaabl. OchiFaH OaiIaHBICTHI OTEPATOPABIH
JIIBIHAA TYPFaH TarcblpMara OaiIaHbICThI KECKiH/1I OMHApU3anusiay dJIiCiH qYpbIC
TaH1ay MaHBI3]IBL.

FrumpiMu Makanaa KoJiJaHbICTaFbl OMHApU3ALIUSIAY SAICTEPIHE TAIAY KACAIIBL,
OoJiaT yIriepiHiH MbICAIBIH/A KOPBITIIATIAPABIH MUKPOKYPBUIBIMAAPBIHBIH KECKIHIEPIH
OHJIey MaKcaThlHJa OMHapH3alusiaay dJicTepiHiH Oenriii Oip Typiepi TaHIaJabl
KOHE CBhIHAJABI. 3e€pPTTEYiH FBUIBIMH >KaHAJIBIFBI 9PTYpPJl FaJbIMAAp YChIHFaH
OuHapu3auMsIay dJICTEpiH XKYiHeney; OChbl 9IICTEpPAiH OH JKoHE Tepic KaKTapbl
AHBIKTAJIJIBI )KOHE OJIAp/IbI 91 Kapail aKnapaTThIK-IU(PIIBIK TAAAY YIIiH O0IaTTap MeH
KOPBITIIATapAblH MUKPOKYPBUIBIMIAPBIHBIH KECKIHAEPIH OMHapHU3ausiay MacelIeciH
HIENTy YILIiH OHTaiJIbl OMHapHU3anusIay daicTepi Tanaanabl. JKyMbICTBIH IPaKTHKAIIBIK
MaHBI3IbUIBIFbI METAIIAp MEH KOPBITIATAP IbIH KYPBUIBIMAAPHIH aKNaPaTTHIK-LIU(PPIIBIK
METaJUIOrpa(UAIIBbIK Talgay dICTEMECIH KeTUIIIPY MYMKIHAITIHEH TYpabl.
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AHAJIN3 1 AITPOBALIMA COBPEMEHHBIX
METOJIOB BUHAPU3ALIMU N306PAKEHUM

B oannoii cmamve npedcmagnen ananus cyuwecmayouux Menmooos OuHapu3ayuu
uzobpascenuil. Cucmemamusuposanvl OaHHble NO ONPeOeleHUr) U ONUCAHUIO
PA3TUYHBIX MEMOOUK OUHAPUZAYUL U300PANCEHUT, PA3PAOOMAHHBIX COBPEMEHHBIMU
yuenvimu. Llenvio uccre0o8anuil Cayicuiu anpobayus COBPEMEHHbIX Memooo8
OuHapuzayuu u onpedenenue ONMUMAIbHLIX Memo008 OUHAPU3AYUL U300PANCEHUU
MUKPOCMPYKIMYD MEMAailog U Cnideog Ha npumepe obpazyo8 KOHCMPYKYUOHHbIX
mapox cmanei. Paccmompenwt cnedyrowue memoodsl Ounapusayuu. OuHapuzayus
Memoodom cpedHnezo, ounapusayus ¢ nomowwbro C-obpasznoii kpusot, memoo Oyy
(Omca umu Omcy), memood myremu-Oyy, adanmuenas Ounapuzayus, memoo
JOKANbHOU OuHapusayuu, memoo meduar, areopumm Niblack, memoo Sauvola
u memoo Bernsen. Onucanvl 00CMOUHCMBA U HEOOCMAMKU OAHHBIX MEmOOUK
ounapuzayuu. Ilposedena anpodbayus npumenerus psoa cyuwecmsayroumux Memooux
ounapuzayuu 0as1 06pabomKu U300PaANCEHUN MUKPOCMPYKMYP cmaiell U CHiagos
Ha npumepe 00pA3Y08 KOHCMPYKYUOHHBIX CMANEU ¢ Yeablo OdlbHeuue20 ux
npumenenuss 8  UHGOPMAYUOHHO-YUPPOBOM — MeMAIIOSPAPUUECKOM — aHau3e.
Ilpeocmasnenvt  pe3ynibmamsl  UCCAEO08AHULL N0 KA4eCmsy — NOJIYYAeMbIX
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INVESTIGATION OF THE INFLUENCE

OF TECHNOLOGICAL FACTORS

IN THE SMELTING OF LOW-ALLOY

STEEL ON RESISTANCE TO HYDROGEN CRACKING

ANALYSIS AND TESTING OF MODERN
IMAGE BINARIZATION METHODS

This article presents an analysis of existing methods of image binarization. It
systematizes data on the definition and description of various methods of image
binarization developed by modern scientists. The aim of the research was to test
modern binarization methods and determine optimal methods for binarization of
images of microstructures of metals and alloys using samples of structural steel grades
as an example. The following binarization methods are considered: binarization by
the mean method, binarization using the C-shaped curve, Otsu’s method (Ots or
Otsu), multi-Otsu method, adaptive binarization, local binarization method, median
method, Niblack algorithm, Sauvola method and Bernsen method. The advantages
and disadvantages of these binarization methods are described. A test was carried
out to apply a number of existing binarization methods for processing images of
microstructures of steels and alloys using samples of structural steels for the purpose
of their further application in information-digital metallographic analysis. The
results of studies on the quality of the obtained images using various binarization
methods are presented. The most suitable optimal methods of binarization of images
of steel microstructures are determined for their further use in information and digital
analysis of steels and alloys. The research is promising for further digitalization of
metallographic analysis methods for metals and alloys.

Keywords: binarization, image, steel, structure, information-digital analysis.

In the last decade, the oil and gas industry has been in dire need of seamless steel
pipes resistant to corrosion destruction, which is associated with the development of
oil production containing large amounts of hydrogen sulfide and other aggressive
impurities.

A key role in achieving high indicators of resistance to hydrogen cracking is
given to the development and use of methods for controlling the type, quantity, size
and morphology of non-metallic inclusions, forms of impurity presence, precipitation
of non-metallic excess phases or strengthening structural components.

The authors analyzed the current technology for smelting and casting of 13HFA
steel at the KSP Steel PB LLP enterprise and developed a set of technological
measures for smelting, extra-furnace treatment and casting of 13HFA steel, ensuring
a high level of resistance to hydrogen cracking.

A series of melts carried out according to the developed technological indicators
ensured the achievement of the main HIC indicators at the level of CLR and
CTR = 0 %.

The research was conducted within the framework of grant funding from the
Science Committee of the Ministry of Science and Higher Education of the Republic
of Kazakhstan under the competition for grant funding for scientific and (or) scientific
and technical projects for 2024-2026 under the project AP23487674 «Complex
processing of bauxites of Kazakhstan with additional extraction of iron by alternative
reducing agents in the implementation of the low-carbon development strategy».

Keywords: low-alloy steel, hydrogen cracking, smelting, out-of-furnace
processing, continuous casting.
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Introduction

In the last decade, the oil and gas industry has been in dire need of seamless steel
pipes resistant to corrosion destruction, which is associated with the development of
oil production containing large amounts of hydrogen sulfide and other aggressive
impurities [1-4].

In Kazakhstan, the urgency of this problem was clearly demonstrated during the
organization of oil production at the Kashagan field [1].

Analysis of the literature [5; 6] shows that in recent years, the requirements for the
quality of products manufactured from high-quality mass steel grades have increased
significantly. The requirements for the level and stability of the service properties of
steel are constantly growing. There has been a multiple increase in the requirements for
corrosion resistance, cold resistance, operational reliability and other service properties,
provided that they are weldable. It is possible to note another important tendency, that
if earlier, during development of steel, requirements were imposed mainly on the level
of one of the properties, then at present and, especially, in the future, it is necessary to
increase to the highest possible level the whole complex of properties, as a rule, difficult
to combine, for example, strength, plasticity and stampability, strength and corrosion
resistance [6].

The above-mentioned tendencies have led to the necessity of using fundamentally
new approaches to achieve the required structural state, high indicators of technological,
mechanical, physicochemical characteristics of metal. The key role among them is
given to the development and use of methods for controlling the type, quantity, size and
morphology of non-metallic inclusions, forms of presence of impurities, precipitation
of non-metallic excess phases or strengthening structural components, which should
provide [6]:

— a sharp decrease in the content of traditional non-metallic inclusions;

—elimination of the possibility of formation of non-metallic inclusions, which have
a negative impact on technological, service properties of steel, including its corrosion
resistance and sorting by various types of defects;

—obtaining non-metallic precipitates that provide an increase in the level and stability
of mechanical and other service properties of steel;

— ensuring the required content and forms of presence of harmful non-ferrous and
uncontrolled impurities.

It is important to note that the formation of certain non-metallic inclusions is largely
determined by the adopted technological scheme of production, the type of charge
materials and the type of manufactured metal products. For example, the formation
of corrosion-active non-metallic inclusions (CANI) is associated with the technology
of extra-furnace treatment, namely the conditions of the deoxidation and modification
processes.

The mechanism of CANI formation is described in [5—12]. When introducing large
portions of aluminum into overoxidized steel at the outlet, all possible combinations
of aluminum and oxygen concentrations arise in various zones of the melt, leading to
the formation of not only corundum inclusions, but also a large number of herzenite
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inclusions FeO Al O3 with high adhesion to the melt and extremely difficult to
remove during subsequent extra-furnace treatment. When aluminum and silicon are
simultaneously introduced into the overoxidized metal at the outlet, not only an excess
amount of herzenite inclusions is formed, but also a large number of difficult-to-remove
mullite inclusions 2AL 0O, SiO,.

Despite the fact that herzenite and mullite inclusions, under certain optimal
parameters of modifying treatment with calcium-containing materials, are transformed
at the final stage of extra-furnace treatment with the formation of inclusions of calcium
aluminates CaO Al O, and 3CaO Al O,, which are liquid at the temperatures of
steelmaking processes and should be easily removed from the steel into slag, the required
degree of metal purity for corrosion-active inclusions such as calcium aluminates is
not achieved due to their significant quantity and the lack of time required for their
enlargement and removal from the melt [8]. As a result, in the metal of continuously
cast billets (CCB) and rolled products, CANVs of the composition CaO AL O, and
3Ca0 Al O, are found, which, despite the favorable morphology, did not have time
to be removed from the melt. Also, large portions of lump aluminum, released at
the tap, actively interact with the ladle lining to form magnesia spinels MgO ALO..
Magnesia spinels, solid at the temperatures of steelmaking processes, are also poorly
removed during out-of-furnace processing. On the surface of magnesia spinels, calcium
aluminates are released at subsequent stages of phase formation, and at the last stages of
solidification, sulfide inclusions precipitate on the surface of such multiphase inclusions,
as on the substrate. Such conglomerates are corrosive and in this form are often found
in NLZ and rolled metal [5-9]. Based on the above, it can be concluded that at present
in Kazakhstan there is an urgent problem of developing a technology for producing
high-quality rolled products and pipes that satisfy the entire range of properties required
by consumers of these products.

Materials and methods

The authors analyzed the current technology of steel smelting and casting at the
enterprise PB LLP “KSP Steel”. The object of the study was steel grade 13HFA,
regulated by GOST 8732 and GOST 8731.

Table 1 — Chemical composition of steel 13HFA, %

Chemical C Si Mn P S Cr Ni Cu \ Al N,
elements
min 0,13 0,17 0,45 - - 0,50 - - 0,05 0,020 -
max 0,16 0,23 0,51 0,013 0,010 0,56 0,20 0,20 0,08 0,040 0,008

Steel was smelted in 60-ton electric arc furnaces (EAF) using a single-slag process
with steel finishing in a ladle-furnace unit (LFU) and a ladle vacuum degasser.

The 60-ton electric arc furnaces were equipped with wall-mounted oxy-fuel burners,
coal tuyeres, an eccentric bottom discharge system, and a system of bins for storing,
weighing, and adding the necessary materials when tapping metal from the furnace. The
lining of the furnace working layer is made of periclase-carbon refractory materials,
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which ensure a service life of more than 250 melts between repairs. If necessary, the
lining of the walls is gunned with refractory masses using a special gunning machine.

The LFU was used to finish the steel according to chemical composition and
temperature, desulfurize the steel, remove non-metallic inclusions, homogenize,
modify, and microalloy. The plant was equipped with a system of bunkers for storing,
weighing and adding ferroalloys, tribological devices for introducing wire with various
powder fillers into the metal, a unit for blowing powdered materials (coke, lime) into
the metal and onto the slag. For supplying argon for mixing, 2 slotted blow-off plugs
are installed in the bottom of the steel-pouring ladle. The lining of the steel ladles is
made of individual periclase-carbon products.

The metal charge for the EAF is received and processed in the charge preparation
shop (CPS).

The following are used for carburizing the metal: carbon-containing material; coke
breeze according to GOST 11255-75; electrode scrap (pieces no larger than 50 mm);
scrap of cast iron parts.

Iron ore pellets with an iron content of at least 60 % are used as an oxidizer. Freshly
fired lime with a content of active oxides CaO+MgO of at least 85 %, fluorspar according
to GOST 29220 are used as slag-forming agents. It is permitted to use broken fireclay
bricks that have been in use (crumbs, fraction 0—5 mm).

For deoxidation and alloying, ferrosilicon manganese according to GOST 4756
(FeMnSi), ferrosilicon according to GOST 1415 (FeSi 75A11), silicocalcium according
to GOST 4762 (SK20, etc.) are used. For pipe steel grades, the following are also used:
ferromanganese according to GOST 4755, aluminum AB - 97 GOST 295, screenings
AKS (aluminum-corundum mixture), silicon carbide SiC, aluminum rod GOST 13843.

The fraction of materials fed through their feed system is 5-50 mm. The moisture
content in slag-forming materials and solid oxidizers is no more than 1.5 %. The moisture
content in ferroalloys and coke breeze is no more than 0.5 %.

The melt is charged based on obtaining a carbon content in the metal by the beginning
ofthe oxidation period above the lower limit of the specified steel grade by 0.20-0.30 %.

To obtain the required carbon content in the metal upon melting in the furnace,
coke nut (coke breeze) is added before the first batch. The total amount of lime and
carbonaceous material added during the melting period is 30-35 kg per ton of metal
charge. After 90-95 % of the metal charge has melted, a metal sample is taken for a
complete chemical analysis.

After the wells have melted, the slag is foamed by blowing carbonaceous material
through a tuyere or by adding carbonaceous material while simultaneously blowing the
slag with oxygen. The fluidity of the slag is maintained by adding fluorspar.

The primary slag is removed at a temperature of 1520—1540 °C. At this temperature,
60-70 % of the furnace slag is removed.

With a low carbon content upon melting, the metal is carburized by blowing graphite
(coke fines) in a stream of nitrogen, or by adding electrode scrap, graphite, or coke to
the furnace.
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The beginning of the oxidation period is considered to be the moment when the
bath temperature reaches 1540-1560 °C.

Carbon oxidation is performed with gaseous oxygen introduced into the furnace
through oxygen tuyeres. During the oxygen blowing process, the foamed slag is
maximally removed by gravity, preventing metal from coming off.

The duration of the oxidation period and the intensity of decarburization were
determined based on obtaining the carbon content specified for a given steel grade at a
temperature of 1630-1650 °C.

The mass fraction of sulfur and phosphorus in the metal before tapping was within
the limits for the given steel grade.

After obtaining the specified carbon content and temperature, the melt was tapped.
The metal was tapped from the furnace without slag.

The temperature of the metal before tapping was within the range of 1620-1635 °C
(1650 °C during the first melt). The metal was tapped from the DSP with subsequent
vacuumization at a temperature of 1650—-1660 °C.

The addition of ferroalloys and slag-forming materials was carried out during the
tapping of the melt through the bulk material feed system. Alloying of steel at tapping
was carried out to the lower limit of the alloying element content.

The addition of ferroalloys began after the tapping of 3—5 tons of metal for DSP-60.
The addition of slag-forming materials was carried out after the addition of ferroalloys.
To direct slag under the metal stream during tapping, lime in the amount of 200-300
kg and fluorspar in the amount of 40-80 kg were added. The slag thickness in the ladle
was maintained at 80-100 mm.

The metal temperature before the start of melt processing on the ACP was maintained
at 1560-1580 °C.

Metal processing on the ACP was carried out to adjust the metal by temperature
and chemical composition, average the metal by temperature and chemical composition
in the ladle volume, remove sulfur and non-metallic inclusions, degass the steel, and
coordinate the operation of the EAF and CCM. The metal processing time was 30-40
minutes. Argon purging was carried out throughout the entire metal processing cycle.

The arc heating stage of the ACP was selected based on the required metal heating
rate. When blowing without arc heating, the temperature decrease was 0.5—-1.0 °C/min.

The refining slag was induced by adding lime and fluorspar, and additionally, AKS
was used. Coke powder was applied to the slag surface for deoxidation and foaming.
Lump silicocalcium was used as a slag deoxidizer in an amount of up to 1.0 kg/ton of
liquid steel. The slag basicity was maintained at a level of at least 2.2.

The metal composition was adjusted in the following order: homogeneous liquid-
mobile slag was obtained in a ladle, ferroalloys were added, and the carbon content in
the metal was adjusted by adding coke breeze, USM, or graphite.

The element assimilation coefficients were as follows: manganese 100 %; silicon
90 %; coke carbon 50 %.

Aluminum rod was fed through a trib-apparatus, through which powder wire was
also fed to adjust the chemical composition for other alloying elements (vanadium, etc.).

233



KA3AKCTAH FblllbIMbl MEH TEXHUKACHI. ISSN 2788-8770.  Ne 4, 2024

After the introduction of aluminum, the metal was averaged by argon blowing for 3-4
minutes, after which the metal was processed with silicocalcium wire.

The temperature of the steel in the ladle was monitored after the start of blowing
the metal. The last temperature measurement was made immediately before feeding the
ladle for pouring. Intermediate control of the metal temperature was carried out every
5-10 minutes of operation under current, and after 10 minutes, when working without
arc heating.

3-5 minutes before the end of steel processing on the ACP, the metal was overheated
by 3-5 °C above the set temperature, arc heating was turned off and the metal was cooled
to the set temperature by blowing with argon.

At the end of the processing, a slag sample was taken for chemical analysis.
After processing on the ACP, the steel is processed on a ladle vacuumizer. During the
vacuuming process, the steel is purged with argon.

The processing mode included 4 stages:

— reducing the pressure to 175 mbar;

— reducing the pressure to 65 mbar. When the metal «boiled», the pressure was
maintained at about 133 mbar until the bath calmed down,;

— reducing the pressure to 5 mbar. During boiling, the pressure was maintained at
about 27 mbar (20 Torr) or the pump was switched to the previous position in order to
prevent the steel ladle from overflowing;

—reducing the pressure to a level below 1.33 mbar. The argon flow rate was 270 N1/
min to maintain the maximum possible foaming. The processing time was from 20 to 25
minutes to remove as much hydrogen, nitrogen, and oxygen from the steel as possible.

After vacuuming, the shut-off valve was closed and the pump was turned off. To
dilute the CO accumulated in the chamber, nitrogen was pumped into the chamber. After
the nitrogen was pumped into the tank, air was introduced until atmospheric pressure
was reached. The argon consumption for the purge plug was reduced to 60 N1/min.

Then the temperature was measured and the oxygen content was determined.

The final finishing of the metal was carried out by adding aluminum rod and wire
with powder fillers using a tribapparatus.

After adding the wire, the metal was purged with argon for at least 5—7 minutes, with
the flow rate set at 30 NI/min or less, preventing the metal surface from being exposed.

The temperature was measured, the hydrogen content in the metal was measured,
the argon supply was turned off, the metal surface in the steel-pouring ladle was covered
with a heat-insulating mixture in the amount of 40—60 kg, after which the ladle was sent
to the continuous casting machine.

A radial continuous casting machine with a bending sector radius of 10,000 mm
was used. The cross-section of the cast blanks was a circle from 150 to 300 mm. The
length of the blanks was from 5 to 12 meters. Continuous casting was carried out using
the “melt on melt” method through submerged nozzles with a closed stream.

When pouring steel with a flooded stream through submerged nozzles, a slag-
forming mixture (SFS) was introduced onto the metal surface in the crystallizer. The
surface temperature of the workpiece after drawing before the shears was 900 —950 °C.
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Results and discussion

Analysis of the influence of technological parameters of melting and casting of
13HFA steel on resistance to hydrogen cracking showed the following results.

At the stage of melting steel in the EAF, the following melting parameters were
changed:

— oxygen content in steel before tapping from the EAF was reduced to 1300 ppm;

— lime and fluorspar feed was increased at the tapping of metal from the EAF.

The main technological parameters and the achieved results in melting steel in the
EAF are given in Table 2 and Table 3.

Table 2 — Chemical composition of metal’s output from EAF

Chemical composition of metal’s output from EAF, % Temperature of

Melt number metal’s output

C Si Mn P S N, Cu Mo from EAF, °C
5160162 0,03 0,01 0,05 0,08 0,15 0,008 0,17 0,15 1641
5160163 0,04 0,02 0,04 0,07 0,18 0,011 0,16 0,019 1641
5160164 0,04 0,01 0,04 0,06 0,13 0,008 0,16 0,016 1644
5160165 0,04 0,01 0,05 0,07 0,14 0,0059 0,17 0,014 1647
5160166 0,03 0,01 0,06 0,06 0,14 0,0077 0,17 0,019 1638
5160167 0,03 0,01 0,06 0,07 0,14 0,0077 0,18 0,014 1643
5160168 0,03 0,01 0,04 0,07 0,14 0,0071 0,19 0,023 1643
6160154 0,06 0,01 0,05 0,06 0,19 0,013 0,16 0,11 1631
6160155 0,05 0,01 0,05 0,07 0,23 0,012 0,15 0,014 1629
6160156 0,04 0,01 0,05 0,06 0,27 0,0077 0,14 0,013 1632
6160157 0,04 0,01 0,05 0,06 0,3 0,01 0,15 0,011 1625
6160158 0,06 0,01 0,05 0,07 0,24 0,0085 0,15 0,016 1626

Tabnuna 3 — Quantity of materials added to the ladle metal’s output from EAF, kg

Melt number CaO FOMI FeSiMn SiAl FeCr
5160162 301 50 304 204 313
5160163 303 51 304 204 312
5160164 301 51 307 207 310
5160165 301 52 275 202 312
5160166 301 52 305 203 310
5160167 302 51 310 204 317
5160168 301 52 307 202 299
6160154 304 58 264 203 301
6160155 308 55 266 202 300
6160156 306 57 229 233 251
6160157 308 57 259 235 251
6160158 306 55 260 235 252
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These measures allowed to reduce the content of non-metallic inclusions in steel,
reduce the consumption of lime and fluorspar during the period of secondary treatment,
and as a result improve the results in terms of resistance to hydrogen cracking.

During the metal processing at the LCP, the following secondary treatment
parameters were observed:

—the duration of metal stay in the ladle was reduced to 160 minutes (from the release
of steel from the EAF to feeding to the continuous casting machine);

—the calcium content in the steel before feeding to the continuous casting machine
was maintained at a level of at least 0.0020 % (with the recommended ratio of Ca/S =
1.5-2.0).

These measures allowed to reduce the contact time of the metal with the ladle lining,
which led to a decrease in the content of magnesium oxide inclusions. It should be
noted that during steel smelting, the ratio of Ca/S = 1.5-2.0 was not always maintained.

The main steel processing indicators are given in Tables 4-7.

Table 4 — Quantity of materials fed to the ALF, kg

Melt number CaO CaF2 FeSi MT Al FeV
5160162 501 40 38 8 60
5160163 502 44 56 18 70
5160164 503 40 46 8 60
5160165 503 42 46 8 70
5160166 501 44 50 8 70
5160167 502 40 51 8 68
5160168 502 46 120 60
6160154 405 30 32 8 60
6160155 403 23 32 8 45
6160156 403 46 6
6160157 406 44 6
6160158 406 48 6

Table 5 — Treatment parameters on the automatic transmission

Melt number . . . Durability of s/k, number | Temperature of metal before send-
Duration of metal stay in ladle, min. . e
of heats ing to vacuum machine, °C
5160162 73 53 1725
5160163 74 25 1685
5160164 235 13 1695
5160165 38 54 1676
5160166 79 26 1689
5160167 86 24 1685
5160168 100 14 1685
6160154 76 25 1734
6160155 99 27 1729
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6160156 97 6 1730
6160157 103 40 1725
6160158 78 26 1725

Table 6 — Parameters of processing in a ladle vacuum degasser

The amount of materials added to the
Melt number Vacguming Achieved vacuum, ladle on the VaCUUT.TliZer, 2 ;;l;(z)t:elsililrrlzﬁo?tﬁz
duration, min mbar After vacuuming vacuum machine, min,
SiCA Alwr
5160162 22 0,88 55 60
5160163 20 0,84 55 40 65
5160164 20 0,86 60 59
5160165 20 0,88 60 48
5160166 20 0,82 60 57
5160167 20 0,88 60 41
5160168 20 0,87 65 10 54
6160154 31 0,9 150 47 72
6160155 30 0,91 150 45 58
6160156 35 0,95 140 44 55
6160157 30 0,95 130 45 56
6160158 30 0,85 130 42 61

Table 7 — Chemical composition of steel after processing in a ladle vacuum degasser, %

Melt Chemical composition of steel after vacuum treatment
number
C Si Mn P S Cr v Ca Al N,
5160162 0,13 0,2 0,47 0,09 0,09 0,51 0,052 0,0024 0,024 0,008
5160163 0,16 0,19 0,49 0,09 0,05 0,54 0,058 0,0025 0,031 0,0064
5160164 0,15 0,21 0,48 0,08 0,04 0,53 0,057 0,0034 0,032 0,0076
5160165 0,15 0,23 0,48 0,07 0,06 0,56 0,058 0,0023 0,029 0,006
5160166 0,13 0,2 0,46 0,06 0,07 0,51 0,058 0,0025 0,027 0,0067
5160167 0,15 0,22 0,5 0,09 0,08 0,53 0,062 0,0016 0,029 0,0074
5160168 0,14 0,19 0,47 0,07 0,04 0,52 0,07 0,0022 0,024 0,0071
6160154 0,13 0,3 0,45 0,07 0,07 0,53 0,054 0,0032 0,027 0,0076
6160155 0,14 0,31 0,47 0,08 0,08 0,5 0,052 0,003 0,027 0,0065
6160156 0,14 0,29 0,45 0,09 0,05 0,53 0,056 0,0038 0,031 0,0075
6160157 0,14 0,3 0,45 0,07 0,1 0,53 0,054 0,0034 0,029 0,0081
6160158 0,13 0,28 0,45 0,06 0,06 0,53 0,054 0,0036 0,029 0,005
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Steel casting on the continuous casting machine was carried out with the following Table 10 — Analysis of the macrostructure of the CCB
parameters changed: Melt number Macrostructure, score
— the parameters of the secondary cooling of the continuous casting machine were cp OHN CCT KT7
changed, with the aim of uniform cooling of the billet and reducing the temperature by section axial
. . . 5160162
heterogeneity of the billet surface to 40°C. 0 ! 0 0 0
. . . . . . 1601
The main indicators of continuous casting are given in tables 8—10. 2160163 0 ! 0 0,5 0
5160164 0 0,5 0 0,5 0
Table 8 — Continuous Casting Machine Casting Parameters S160165 ! ! 0.5 0.5 0.5
Melt number | [,qustrial L Section of Temperature of metal in tundish, °C 5160166 1 1 0,5 0,5 0,5
Liquidus L
ladle femperature the work- Pouring time, 5160167 0 1,5 1 1 0,5
tempféamre, oC ’ piiﬁan’ Start of pouring | End of pouring At min 5160168 0 1 0 0.5 0
5160162 1050 1518 210 1548 1338 10 18 6160154 0 ! 0 0.5 0
6160155 0 1 0 0,5 0,5
5160163 1102 1518 210 1565 1558 7 73 ’ ’
1601 1 0
5160164 1516 210 1548 1548 0 44 6160156 0 0 0.5
6160157 0 1 0 1 0,5
5160165 1517 210 1545 1543 2 73 ’
1601 1 1 0,5
5160166 1517 210 1545 1547 2 72 6160158 - 0 0.5 ’
5160167 1518 210 1542 1544 2 54 . L
Table 11 — Pipe characteristics
5160168 1518 210 1550 1542 8 85 Mol
(S
6160154 1139 1518 300 1565 1540 25 84 number Metallographic examination of pipes (non-metallic inclusions according to GOST Corrosion testing
6160155 1517 300 1543 1553 10 52 1778)
6160156 1518 300 1545 1540 5 61
so | po BS | PS | NDS S SN | PN | AN | OSR | CLR, [ CTR,
6160157 1517 300 1552 1540 12 73 % % %o
6160158 1518 300 1553 1549 4 74 5160162 | 55 2,5 2,5 2,5 2,5 2,25 1,5 1,5 1,5 0 0 0
5160163 | 55 2,5 2,5 2,5 2,5 2,25 1,5 1,5 1,5 0 0 0
Table 9 — Technological parameters for casting 13HFA steel 5160164 | 55 | a5 25 | 25 | 25 225 | 15 | 15 | 15 | o 0 0
Primary water: ~1800 1/min (&300). Water pressure 6.0 bar 5160165 25 25 25 25 25 225 15 L5 Ls 0 0 0
wection , ) ) . ) , , , ,
0.3 m/min 0,6 m/min 0,9 m/min 1,2 m/min 1,5 m/min 5160166 | 55 2,5 25 2,5 2,5 2,25 1,5 1,5 1,5 0 0 0
@300 mm
5160167
1 zome 29 Umin 60 Umin 90 min 120 Umin 151 Umin 25 | 25 25 |25 | 25 | 2% |15 |15 |15 | 0 o | 0
2 zone 18 I/min 40 I/min 58 I/min 77 I/min 98 I/min 5160168 | 5 2,5 2,5 2,5 2,5 2,5 1,5 1,5 1,5 0 0 0
3 zone 14 1I/min 28 1/min 41 1/min 77 I/min 68 I/min 6160154 25 25 25 25 25 25 L5 L5 L5 0 0 0
Application of the SFM SFM BF18AT 6160155 25 25 25 25 25 25 15 L5 15 0 0 0
. . . . . Temp. in Casting speed, m/ : ’ 7 7 7 7
The pourlng spe?d is set depending on the temperature of the metal in the tundish sle, °C min 6160156 2.5 25 25 25 25 2.5 1,5 15 1,5 0 0 0
within the range:
6160157
automatic mode of adjustment of the casting speed, the casting speed is set according 2,5 2,5 2,5 2,5 2,5 2,5 L5 L5 L5 0 0 0
to the results of discrete temperature measurements 6160158 2.5 2.5 25 2.5 2,5 25 1,5 1,5 1,5 0 0 0
. 1534-1540 0,4-0,55 String oxides SO, Point oxides PO, Brittle silicates BS, Plastic silicates PS, Non-deformable silicates NDS, Sulfides S, String
- section 300 mm nitrides and carbonitrides SN, Point nitrides and carbonitrides PN, Aluminum nitrides AIN
Further in the work the data on the content of non-metallic inclusions and HIC Conclusions
indices in seamless pipes obtained from steel grade 13HFA of experimental melts Thus, in the course of the work performed, a set of technological measures for
were analyzed. The analysis of the macrostructure is given in Table 10. The main smelting, extra-furnace treatment and casting of 13HFA steel was developed, ensuring
characteristics of the pipes are given in Table 11. a high level of resistance to hydrogen cracking.
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A series of smelts carried out according to the developed technological indicators
ensured the achievement of the main HIC indicators at the level of CLR and CTR = 0%.

The recommended parameters for smelting steel in the EAF are:

—reducing the oxygen content in steel before tapping from the EAF to 1300 ppm;

— feeding lime and fluorspar when tapping metal from the EAF.

These measures made it possible to reduce the content of non-metallic inclusions
in steel, reduce the consumption of lime and fluorspar during extra-furnace treatment,
and, as a result, improve the results in resistance to hydrogen cracking.

The recommended parameters for extra-furnace treatment are:

— reducing the duration of metal residence in the ladle to 160 minutes (from the
tapping of steel from the EAF to feeding to the continuous caster).

— the calcium content in steel before feeding to the continuous casting machine
should be at least 0.0020 % (with a recommended ratio of Ca/S = 1.5 - 2.0).

These measures made it possible to reduce the contact time of the metal with the
ladle lining, which led to a decrease in the content of magnesium oxide inclusions.

It should be noted that when smelting steel, the ratio of Ca/S = 1.5 - 2.0 was not
always maintained.

The recommended parameters for continuous casting are:

— changing the parameters of the secondary cooling of the continuous casting
machine, in order to uniformly cool the billet and reduce the temperature heterogeneity
of the billet surface to 40 °C.
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TOMEH JIETUPJIEHI'EH BOJIATTBI BAJIKBITY KE3IHJEI'T
TEXHOJIOT'UAJIBIK ®AKTOPJIAPBIH CYTEI'T KPEKUHI'THE
TO3IMAIVIITI'THE OCEPIH 3EPTTEY

Conebl OHIICHLIObIKMA MYHAL-2A3 CANACHL KOPPO3UA2a mo3imoi 601am HCiKci3
Kyovipaapea eme MyKmajic, 0Oy KypamvlHOA KyKipmcymek nen 6acka 0a azpeccusmi
KOCnanapowly Ken moeautepi 6ap MyHai 6HOIPYOiH 0aMybiHa OALIAHBLCHIbL.

Cymeei  KkpexuHneine — mO3IMOINIKMIK — Jco2apbl — KOpCcemKiwmepine — Kol
JHcemkizyoeei wewywi poar Memain emec KOCnauapowly mypiH, CaubvlM, MOauepin
JHCOHE MOPPONO2UACHIH, KOCNALAPOLIH OOy (OPMALAPbIH, MEmal emec apmoulk
Gazanapoviy 60niHYIH Hemece KypblibIMObIK KOMNOHeHmmMepOoi Hbleaimy 90icmepin
a3ipaey Jicone KOLOAHy O0bln madbLiaobl.

Aemopaap «KSP Steely JKIIC K® kocinoprvinoa 13xga dborammoer bankpimy
JHCOHEe KYI0ObIH KOLOAHLICMA2bl MEXHOA0LUSCLIHA MAN0Ay HCYpei3oi dcone cymeei
KpeKuHeine me3iMOLIiK KepCemKiumepiHiy Jcoaapobl OeHeliin KAMMAMACHL3 ememin
13x¢ha mapransr 6onammoel OAnKbLIMY, NEWMEH MbIC OHOEY HCOHEe KYIO OOUbIHULA
MEXHON02USIBIK IC-Uapanap KeuweHin o3ipaeol.

O3ipieHzern MEeXHONOLUANLIK KOpCemKiumep OOUbIHWA  JHCYPI3iNeel  JHCy3Y
cepuscel CLR ocone CTR = 0 % Oeneeiiinde HIC necizei kepcemxiwmepine Koa
2HCEMKIZYOl KAMMAMACHL3 emmi.

Pecnybnuxacet Folnvim scone srcoaapol Oinim munucmpiiei Folivim KOMUmMeminiy
2024-2026 orcvinoapaa apHani2an 2bliblMU JHCOHe (Hemece) ebliblMUu-MexXHUKAIbIK,
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THERMODYNAMIC MODELING OF THE
PROCESS OF SMELTING A COMPLEX

HCCIEAOBAHUE BJIUHAA TEXHOJOTHHMECKAX SPAKTOPOB ITIPH CHROMIUM-MANGANESE-SILICON-CONTAINING FERROALLOY

BBIIIJIABKE HU3KOOJIETUPOBAHHOM CTAJIM HA CTOUKOCTD K
BOJAOPOJHOMY PACTPECKUBAHUIO

This article presents the results of thermodynamic modeling of the process of
smelting chromium-manganese-silicon-containing ferroalloy from technogenic
raw materials of Kazakhstan. Thermodynamic modeling of chromium-manganese-
silicon-containing ferroalloy was carried out using the HSC Chemistry 6 sofiware
package (Outokumpu, Finland), based on the principles of minimizing the Gibbs
energy and thermodynamic variational principles. Thermodynamic analysis
for modeling the process of smelting a complex alloy was carried out in the
temperature range from 500 to 2000 °C for four real charge compositions (with a
5% deficiency of solid carbon, with a normal course of the regime, and with an
excess of solid carbon of 5% and 10% of the stoichiometry). The mechanism of
combined carbothermic reduction of silicon, manganese, chromium and iron was
studied using the Fe-Cr-Mn-Si-Al-Ca-Mg-C-O system. The calculations performed
allowed us to fully study all the physicochemical processes occurring during smelting
of chromium-manganese-silicon-containing ferroalloy using the carbothermic
method. Based on the thermodynamic data, the optimum consumption of solid

carbon per 100 kg of charge (chromium and manganese dust) was determined to be

fp oeedeHHagz cepu 5 7IA60K MO PAspaGOMaHHLM nfely_c;lzgﬂoeuuecxum 10.75 kg. The chemical composition of the ferroalloy at 1800 °C is, %.: Cr - 35.84;
noxazameniam obecneyuna OOCMuUdICeHUe OCHOBHLIX NOKazameneil Ha YpoeHe Mn - 24.47: Si - 16.25 and Fe - 22.63.

CLR u CTR = 0 %.

Hccnedosanusi nposoounucs 6 pamkax 2panmoso2o gunancuposanus Komumema
nayku Munucmepcemea nayku u gvicuie2o obpasosanus Pecnyonuxu Kasaxcman no
KOHKYPCY HA 2DAHMOB0E (YPUHAHCUPOBAHUE NO HAYYHBIM U (UIU) HAYYHO-MEXHUYECKUM
npoexkmam Ha 2024-2026 200vi no npoexmy AP23487674 «Komnnexcuas . . . .
nepepabomrka boxkcumog Kazaxcmana ¢ 0ousgneueHuem dxiceie3d aibmepHamusHbLMU Complex alloys are primarily composed of elements such as iron, chromium,
60CCMAHOBUMENAMU NPU PEATUZAYUU CIPAME2UU HUZKOY2TIePOOUCTIO20 PA3EUMUSY. manganese, silicon, aluminum, and others [1-2].

Kniouesvie crnosa: nuskonecuposannas cmaiv, 8000pOOHOE PACMPECKUSAHUE, In the theory and practice of producing chromium-manganese-silicon (Cr-Mn-Si)
niasKa, eHeneunas 00pabomKa, HeNnpPePeLlBHAsl PA3IUEKA. ferroalloys, the contributions of I. P. Kazachkov and N. P. Melikaev are particularly
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B nocneonue Oecamunemue Heghpmeeazosasi ompacib OCMPO HYAICOAEMCst
8 CMAIbHBIX OeCUOBHbIX MpyOax CMOUKUX K KOPPPOSUOHHOMY pPA3PYULEHUIO,
YUMo CeA3aHO ¢ pasgumuem 000biuu Hedmu cooepaicauels 60abUoe KOIUYECTNEO
€epoBooopooa u Opyeux azpecusnvblx npumecetl.

Knrouesas ponv 6 oocmudicenuu 6biCOKUX nOKasameneu nO CMOUKOCMU K
8000POOHOMY PACPECKUBAHUIO OTNEOOUMCS PA3PAOOMKE UUCHOIbIOBAHUIO MEMO008
VApasienus Mmunom, Koaudecmeom, pasmepom u Mopghoaocuell Hememaiiuieckux
BKTIOYeHUll, opmM  npucymcmeusi npumeceu, GblOeNeHUll HeMeMAaiIUuiecKux
U30BIMOYHBIX (a3 UAU YAPOUHAIOUUX CIPYKMYPHBIX COCMABIIOUUX.

Aemopamu npogeden ananuz oeticmayiouell MmexHoI02UY GbINIA6KU U PA3TUEK
cmanu 13XPA na npeonpusmuu 11 TOO «KSP Steely u paspabomarn xomniexc
MEXHOIOSUYECKUX MEPONPUAMULL NO GbINIABKE, 6HENEeUHOl 00pabomKe u pasiugKe
cmanu maprku 13XDA, obecneuusarowux 6viCOKULl YPOGeHb noxazamenei no
CMOUKOCMU K 6000POOHOMY PACPECKUBAHUIO.

Keywords: complex ferroalloy, carbothermic process, chromium-manganese-
silicon-containing ferroalloy, thermodynamics, reduction.
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significant. Their research led to the development of a one-stage alloy smelting process,
which is based on the reduction of iron, chromium, manganese, and silicon oxides from
a mixture of chromium and manganese ores using carbon [3—6].

According to [7-9], the reduction of chromium ores begins with the reduction of
chromite FeCr,0,+C according to the reaction:

FeCr,04+ C=FeCr,03 + CO (1)

The temperature at which the reduction begins is 1010 °C.
The reduction of magnochromite MgCr,O4 can proceed according to the reactions:

MgCr,04+ 13/3C=2/3Cr;C,+ MgO + 3CO (2)
MgCr,04+ 27/7C=2/7Cr;C5+ MgO + 3CO 3)
MgCr;O4+ 8 1/23C=2/23Cr»Ces+ MgO +3CO 4)
MgCr0s + 3C=2Cr + MgO + 3CO 5)

For a rough estimate of the temperatures at which the reduction of magnochromite
begins, the value of the change in the Gibbs energy of the reaction was adopted

MgO + CI'203:MgCI'204 (6)

within the temperature range of 0 — 1535 °C, i.e. the same 1225, 1265, 1310 and
1385 °C, respectively.

In the reduction of manganese, special attention is paid to the reduction reactions
from MnO and rhodonite MnSiO,, since higher manganese oxides tend to dissociate
at high temperatures with the release of oxygen. This means that as the temperature
increases, manganese oxides such as Mn,O, and MnO, can decompose, releasing
oxygen and turning into lower oxides, which plays a key role in the reduction process.
The reduction reactions of these compounds can significantly affect the efficiency of
manganese reduction in metallurgical processes. The following reactions are possible:

MnO + 10/7C=Mn,C;+ CO (7)
MnO +4/3C=1/3Mn;C + CO (®)
MnO + C=Mn + CO 9)
MnSiOs;+ 10/7C=1/7Mn;Cs + SiO, + CO (10)
MnSiOs;+ 4/3C=1/3Mn;C + Si0, + CO (11)
MnSiO;+ C=Mn + SiO,+ CO (12)

When considering the mechanism of silicon reduction, we note two important
reactions:

Si10,+ 3C=SiC +2CO (13)

S10, + 2C:Siliquid +2C (14)

Based on reliable experimental data [6], N.V. Tolstoguzov et al. demonstrated that

silicon carbide (SiC) can exist in equilibrium with a metal containing more than 22 %

silicon. In the case of smelting a chromium-manganese-silicon-containing ferroalloy
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with a silicon content of 10 %, the probability of reaction (13) is negligible. For reaction
(14), the temperature at which reduction begins is 1665 °C [10-11].

Materials and methods

Thermodynamic modeling of the Cr-Mn-Si ferroalloy production process
encompasses all thermodynamic principles related to chemical reactions, phase
equilibria, and heat exchange within the system [12].

The production of Cr-Mn-Si ferroalloys is achieved through the reduction of Cr,
Mn, and Si oxides with carbon.

Thermodynamic simulations of the Cr-Mn-Si ferroalloy process were conducted
using the HSC Chemistry software, which provides extensive thermochemical data on
enthalpy (H), entropy (S), and heat capacity (C) for over 29 000 chemical compounds.
This software follows the methodology of the SGTE (Scientific Group Thermodata
Europe) consortium, which consists of scientific institutions engaged in developing
58 thermodynamic databases for inorganic and metallurgical systems. The consortium
includes organizations from Germany, Canada, France, Sweden, the UK, and the USA,
and applies this data to solve practical engineering challenges. The work utilized the
Equilibrium Compositions module, which is based on the equilibrium calculation method
relying on the minimization of Gibbs free energy [12—13].

The principles for thermodynamic modeling of Fe-Cr-Mn-Si-Al-Ca-Mg-C-O
systems were established for the thermodynamic analysis [12—13].

The analysis was performed within a temperature range from 500 to 2000 °C. The
lower limit represents the standard state, and temperature variations up to 900 °C result
in minimal changes, while the upper limit corresponds to the final state, characterized
by the melting points of the components and the formation of the final reaction
products. This range defines the initial and final equilibrium states of the system. In all
calculations, a pressure of 0.1 MPa was assumed, which roughly corresponds to one
physical atmosphere, commonly used in most metallurgical processes, including those
involving the interaction of solid phases with carbon. The system’s volume is determined
by its thermodynamic state, and the system is considered to be in a closed state [ 12—16].

To establish the optimal consumption of solid carbon in the smelting of Cr-Mn-Si
ferroalloy, a thermodynamic analysis of four variants of the charge mixture composition
was carried out (Table 1).

Table 1 — Chemical composition of the charge mixture, kg

Ccﬁ%;nsg Cr:03 | FexO3 | MmOs | Si0, | ALOs | CaO | MgO | C | O/C*
Ne 1 12.66 | 7.84 850 |37.55| 6.31 | 1.39 | 1537 | 9.85 | 3,90
No 2 1244 | 7.71 833 | 3788 | 639 | 1.37 | 15.07 | 10.33 | 3,71
Ne 3 12.18 | 7.59 8.18 | 38.16 | 6.46 | 1.35 | 14.81 | 10.75 | 3,56
No 4 1140 | 7.44 8.51 3890 | 6.42 | 1.40 | 14.29 | 11.13 | 3,44

* _ ratio of the sum of oxides to solid carbon
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The following phases were adogted for the metallic phase: MnC,, Cr,
Fe, Mn, Cr,C, FesC, C, Cr;C,, Cr;Cs, FeSi, Cr;Si, CrSi, Fe;Si1, CrsSi;, Si,

CI’Siz, SIC, FeSiz, FC5Si3, Ml’lSi, MnSi”, MnSi1_727, Ml’l5Si3, Mn3Si;
The following phases are adopted for the slag phase:Cr,FeQ,, Cr,O;
SiOz, F601_056, MgSlO3, FCA1204, A1203, CaO*A%2(§3*2Si02, Mgé’*AbOg’,
CaMgSi206, CaO*MgO*28102, CaSiO;, MgZSiO4, MgCI'204,
(CaMg)o_ssiO3, (CaFe)0,5Si03, Mg2A14Si5018, CI‘zMgO4, FeSiO3, MgO,
*3A1203*2Si02, A14MgZSi5018, CaAIZSiO6, CaO*MgO*S1Oz, FeO,
CaO*A1203*Si02, CaO*CI‘QO3, Mg3AIZSi3012, CaMgSiO4, CaO*A1203,
*2FeO*Si10,, CaO*2Al,0s3, *2Ca0*MgO*28S10,, *2Ca0*S10,,
*2Ca0*AL03*S10,,  FeO*Si0O,, CaO, ALO5*2810,,  Ca;S1,07,
*3Ca0*2S810,, CaO*Mg0O, *3Ca0*MgO*2Si0,, *3Ca0*Al,05*3Si0,,
CazMgSi207, CaO*6A1203, F62A14Si5018, Ca38i05, FC3Alzsi3012,
*3CaO*SlOz, *2C30*A1203, MgCO3, CaFeSiO4, FCzMgO4, *3CaO*A1203,
MgFe1,415CI'o,63204,07, CaO*F6203, Ca3Fezsi3012, *2C30*F€203,
CaMg(CO3)2, Mg7A1904*A198i3036, Mg2A14SiO1(), Ca3(Alzsi208)3*CaCO3,
Mno.9554Ca0.0446Si03, Ca3Cr2(SiO4)3, CaFe305, MHO*A1203, MnO, Ml’lSiO3,
CaF6507, Fele’lO4, MnO*F€203, CaMg3(C03)4, *2CaZSiO4*CaCO3,
Ca3Si207*2CaCO3, *12C&O*7A1203, Fe3(CO)12, *4C30*A1203*F6203,
CI‘5012, Fez(CO)g, Ca(MnO4)2, Ml’leiO4.
~_The following Iéhases are adopted for the gas phase: CO(g), COz(g),

S10(g), Mg(g), Al(g), Si(g), AlO(g), MgO(g), Al,O(g), Mng), MnO(g).

Results and discussion

Results of modeling the process in the condensed phase.

As aresult of the modeling (Fig. 1 — 12), it was established that during the smelting
of Cr-Mn-Si ferroalloy by the carbothermic method up to 2000 °C, the formation and
some change of elements occurs, accompanied by their transition to a condensed phase.
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Figure 1 — Dependence of the change in slag phases on the temperature of the
charge mixture (Deficiency of 5% of stoichiometry)
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Figure 2 — Dependence of the change in metal phases on the temperature of the
charge mixture (Deficiency of 5 % of stoichiometry)
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Figure 7 — Dependence of the change in slag phases on the temperature of the
charge mixture (Excess of 10% of stoichiometry)
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Figure 8 — Dependence of the change in metal phases on the temperature of the
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The results of modeling the process in the gas phase.
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Figure 9 — Dependence of the change in gas phases on the temperature of the

charge mixture (Deficiency of 5% of stoichiometry)
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Figure 11 — Dependence of the change in gas phases on the temperature
of the charge mixture (Excess of 5% of stoichiometry)
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The following are the results of the analysis of the simulation and data presented
in Figures 1-12.

Charge mixture with a reducing agent deficiency of 5 %. The amount of the MgSiO,
phase in the temperature range from 500 to 2000 °C is 23-26 kg. The SiO, phase at
500 °Cis 16 kg, and at 2000 °C it decreases to 9 kg. The reduction processes leading to
the formation of metal begin at a temperature of 1200 °C, while the content of Fe and
Mn in the metallic phase reaches 5—6 kg at a temperature of 1300 °C. The amount of
the Cr,FeO, phase begins with 11 kg at 500 °C and decreases to 1 kg at 1100 °C. The
Cr,FeO, phase decomposes into Cr,O,, reaching 10 kg at 1100 °C. In the temperature
range from 1100 to 1300 °C, the Cr,O, phase decreases in the slag mixture, while the
amount of Cr in the metallic phase increases to 4 kg. The amount of MnC, is 8.5 kg
in the temperature range of 500-1200 °C, after which it decreases, and the amount of
manganese in the metallic phase reaches 5.92 kg. Starting from a temperature of 1100 °C,
the amount of solid carbon and oxide compounds decreases, and in the temperature
range of 1700 °C they reach minimum values. At the same time, as the amount of solid
carbon decreases, the content of COgas increases. The content of Fe in the temperature
range from 900 to 1300 °C is 2-5 kg, and at 2000 °C it reaches 4.38 kg. Silicon in the
metal is present in the form of phases Cr,Si,, FeSi, CrSi, Fe Si, Cr,Si, CrSi,.

The charge mixture according to stoichiometry. In this case, no significant changes
are observed between the phases. The SiO, phase at 500 °C is 17 kg, and at 2000 °C
it decreases to 8 kg. The reduction processes leading to the formation of metal begin
at a temperature of 1200 °C, while the content of Fe and Mn in the metallic phase is
5-6 kg at a temperature of 1300 °C. The amount of the Cr,FeO, phase begins with 11
kg at 500 °C and decreases to 1 kg at 1100 °C. The Cr,FeO, phase decomposes into
Cr,0,, which at 1100 °C is 10 kg. In the temperature range from 1100 to 1300 °C, the
Cr,0, phase decreases in the composition of the slag mixture, and the amount of Cr in
the metallic phase increases to 3 kg. The amount of MnC, in the temperature range of
500-1200 °C is 8.33 kg, after which it decreases, and the manganese content in the
metallic phase reaches 5.80 kg. Starting from the temperature of 1100 °C, the amount of
solid carbon and oxide compounds decreases, and in the