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KomMneHncanus oceBoM COCTABJIAIONIEN CUJIBI
pe3aHusd NPH HAPE3aHUHU Pe3b0 METYUKAMU

HMBanuna 1.B.

MockoBckuit rocyiapcTBeHHbIN TexHudeckuil ynusepcuter um. H.O. baymana
r. Mocksa, Poccuiickas ®enepauns
I-IVANINA@yandex.ru

Annomayus. Ha ocHOBe YCTAHOBJICHHOH B aHAJTUTHYECKOM
BH/Ie B3aHMOCBSI3M IHHAMHYECKNX XapaKTepHUCTHK, FreoMeTpuie-
CKHX M KOHCTPYKTHBHBIX NMAapaMeTPOB PeKylleld YacTH MHCTPY-
MeHTa, pa3pa0oTaHa MaTeMaTH4ecKasi MojAe/b, MO3BOJISIOIIAs
onpeJeJIMTh XapaKTep H3MEHEHHUs 0CeBOii COCTABJISIIOLIEH CHJIbI
pe3aHusl 10 Mepe Bpe3aHHsi MeTYHKa B 3arotoBky. IlpuBenena
pacyeTHas cxeMa OCeBbIX CHJI, JEHCTBYIOIIMX HA TIJaBHOM H
BCIIOMOTaTeIBHBIX PEKYIIHX JIE3BUSAX 3JIEMEHTAPHOIO PEKYIIero
npopuist. C neinpio MOATBEP:KIeHNs] NMPABUILHOCTH TeopeTHye-
CKHX pacyeToB NpPOBedeH CPABHHUTEIbHBIH aHAJIN3 Pe3yJbTaTOB
YHCJIEHHOT0 JKCMEPHMEHTA M M3BECTHBIX ONMBITHHIX JAHHBIX MO
BJIMSIHMIO IAPAMETPOB peskylleif YacTH MeTYHKa (IJIABHOTO yrJa
B IUIaHe W Iuara pe3b0bl) HA JHHAMHUYECKHE XapaKTePHCTHKH
npouecca pe3sb0oHape3aHus. B kadecTBe mpumMepa mpHBeleH
aJITOPUTM pacyeTa U BbIOOpPa YNpyroro 3jemMeHTa [1Jsl pe3bdo-
Hape3HbIX MAaTPOHOB, MO3BOJISIOIMIMNX KOMIIEHCHPOBATH BJINSIHHE
HU30BITOYHOI 0CEBOIi COCTABJISIIOIIEH CHIIBI Pe3aHMs.

Knioueevie cnoea: pe3nOoHape3aHHe, reHepaTopHasi cxeMa
pe3aHusi, MeT4YUK, [JAMHAMHMKA pe3b0OHape3aHus, OceBas
COCTABJISIIOIIAS CUJIbI Pe3aHUsl, KOMIICHCUPYIOLIMIA 3JIEMEHT.

BBEJEHUE

Pe3pba sABIAETCA pacHpOCTPaHEHHBIM BHIOM Pa3beMHBIX
COEIMHEHUH, MIMPOKO NMPHMEHSIEMOM B MallMHOCTpOeHHH. B
YCIOBUSIX MaccOBOTO, CEpHHHOr0, AaBTOMAaTH3UPOBAHHOTO
mpou3BoACTB 70 90% ot obmero o0beMa J€3BUIHON
00paboTku BHYTpeHHeHl pe3bObl  (pazmepom 10 M36)
OPUXOJUTCS HA MAIIHHHBIE W TacyHele Mmeruuku [1].
Pe3nOoHape3aHne, kak NPaBWIIO, SBISETCS OKOHYATEIbHBIM
BUOM O0OpabOTKH M €r0 TOYHOCTHh OKAa3bIBAeT CYLIECTBEHHOE
BIIMSIHUE Ha pabOTOCIIOCOOHOCTD M3/ACTHS.

B pabotax [2, 3] moka3zaHO, YTO YCIIOBHEM TOYHOTO (Hme-
anpHOTO) (hopMOOOpa3oBaHUs PE3bOOBOTO MPOQUIS HPHU Te-
HEpaTOpHOI cXeMe pe3aHus SABIETCs COOII0ICHNE ITapaMeTpa
BHHTOBOTO ABWKEHHs, T.€. OTHOIIEHHE OCEBOH momaun Vs K
OKPYXXHOH CKOpOCTH V HHCTPYMEHTa JOJKHO OBITH BEJHYH-
HO# TIOCTOSTHHOM, paBHO# mary pe3sbsr Vs/Vy = P = const u
OTCYTCTBOBATh CMEIIEHHE OCH Pe3b0BI B paJHalbHOM HaIlPaB-
JieHWu. BEITONHEHNE yCcIOBHS BO3MOXKHO IPU CHIOBOM DaB-
HOBECHH, KOT/Ia BHEIIHSAS OCEeBasi CHJa M OCEBasi COCTABIISAIO-
111asi CUJIbl PE3aHus PABHBI 10 BEJIUYUHE U IIPOTHUBOIOJIOKHBI
10 3HAaKy; pajalibHble BHEUIHUE CHJIBI OTCYTCTBYIOT, a paju-
JIBHBIE COCTABIISIOIINE OT CHJI PE3aHUs Ha TIPOTHBOJICHKAIIUX
3yOBbsIX B3aMMHO KOMIIEHCUPYIOTCS. JIJIsl peanbHBIX yCIOBHH
paBHOBECHE CHJI HE cOONI0AaeTcs, a HapyIIeHHe KHHEMaTHK!
BeIpaXkaeTcs B “pa3OuBke” npoduirst Hape3aeMoil pe3bObl.

CroCOBbI KOMITEHCAIIMW OCEBBIX CHJT
['maBHO# npuuKMHO# “pa3buBKu” pe3bObl B paboTax [2, 4-7]

Ha3bIBACTCA BJIMAHUC CyMMapHOﬁ 0OCeBoOit CHJIBI PXZ

(BHEUIHEN CHIIBI Px¢ , JEUCTBYIOIIECH HA MHCTPYMEHT CO CTO-
POHBI TEXHOJOTUYECKOW CUCTEMBI — CHJIbI TPEHUS U UHEPLUHY,
BO3HUKAIOIIECH IpU JBH)KEHUU LIIMUHJENI, aTPOHA, IPUCIIO-
coOJIeHHs U T.JI. U BHyTPEHHEH — 0CEBOI COCTaBIISIONIEH CHUIIBI

pesanus Px , IeiCTBYIOIEH MPOTHBOMONOKHO HAIPABICHHIO
nojaun). V3BecTHbIE TEOpETHUECKHE UCCIICAOBAHUS U Mpe-
JIO’KEHHbIE TeXHHYeCKHe perieHus (‘““kecTkass’” MpHUHYIUTEINb-
Hasl rmojaya MHCTPYMEHTa IpU HOMOIIM 3yOuaThix nepeaad,
rHJpoIiepeiaun, KOMPOB, Pe3b0OBOM Mapbl KanuoOpa; npumMe-
HEHHE IUIABAIONINX M KAdaloUIUXCsl MaTPOHOB, YUIMHEHHE
XBOCTOBHKOB METYHKOB ¥ T.11.) [2, 8-12] B OCHOBHOM peIIaroT

BOIPOC KOMIIEHCAI[MM BHEUIHUX CHJ PX®, nefcTByrOIUX Ha
HHCTPYMEHT CO CTOPOHBI TeXHOJOru4deckoi cucreMsl. Ocepas

cocrapisiomas  Px mpu pe3pO0OHape3aHNy BOCIPUHUMACTCS
OOKOBBIMH CTOPOHAMH PEe300BOTO MPOGUIIT METUNKA H TIPH-
BOJWT K WX TIOAPE3aHUI0 TIPU NPEBBIIICHUHA KPUTHICCKOTO
3HAYCHUS YICNBHBIX CHJ Ha OMOPHBIX MOBEPXHOCTAX PEXKY-
omx npoduieit. M3BeCTHH KOHCTPYKIIMH DPe3bOOHApE3HBIX
MAaTPOHOB ¥ HaNaJo0K [8], MO3BOJAIOIIME KOMIICHCHPOBAThH
BIIUSIHUE U30BITOYHON OCEBOM COCTaBISIOUICH CHIIBI PE3aHMS.

Px . B kauecTBe KOMIIGHCHPYIOIIETO 51EMEHTa B HHX HCIIONb-
3YIOTCS TIPYXHHA. J[JIs MPaBUIIBHOTO ONPENENCHHs MapaMeT-
POB MpPYKHHBI NATPOHAa HEOOXOAUMO MONYYHTh (YHKLHIO
M3MCHEHHS OCEBOH CHIBI Px B IpOLECCEe Pe3aHus B BHJC:
Px=f(i), rae i — MOPAAKOBBI HOMED SIEMEHTAPHOTO pe-
JKYIIETO TPOQILIIS.

VI3BecTHBIE AMIMPHYCCKHE 3aBUCHMOCTH COCTABIISIOIINX
CHJI PEe3aHusl, IOJIyYeHHBIE C HCIOJb30BAaHUEM MOJICIHPOBa-
HHS Tporiecca pe3bOoHape3aHus (TOKapHBIM Pe3LoM, pa3BepT-
Koif) [5,13-16] m TeopeTUdecKu, HCXO U3 aHAJOTHH MEXK-
Iy TIpoLieccaMH pe3bOOHApEe3aHust U CXOIHBIMU TEXHOJIOTHY -
CKHUMH mpoleccaMu [2], HOCAT NMPHUOJIMKEHHBIH XapakTep U
YUUTBHIBAIOT TOJILKO OTPAaHWYEHHBIH psiji (pakTOPOB: B OCHOB-
HOM 3TO BIIMSIHUE PEKHMOB pe3aHusi, (HU3MKO-MEXaHHMYECKUX
CBOMCTB Marepualia, U3 KOHCTPYKTHBHBIX ITapaMeTpOB. JAHa-
Metp mHCTpyMenTta 0 u mar pe3nbbl P, pexxe — 4ncio pexy-
X 3yObeB Z.

PACYET OCEBO COCTABJIAIOLIEN CUJIbI PE3AHUS

B ocHOBY mpennaraeMoii METOIMKU pacdera KOMICHCHPY-
FOIIETO JICMEHTa Pe3b00HAPE3HOTO MATPOHA MOJIOKEH METOJ
TOYHOTO ONPEACICHUS MApaMETPOB CCUCHHSI CPE3aeMOro CIIOS
MIPU Hape3aHUU Pe3b0 M0 TEHEPAaTOPHOM CXeMe C yIETOM BCeX
KOHCTPYKTUBHBIX W T€OMETPUYECKHX OCOOCHHOCTEH WHCTPY-
MenTa [17] u 00o06meHHble ypaBHeHHs [13], oTpakaroiiue
3aBUCUMOCTE COCTABJIAIOIIUX CUJI PE3aHUA OT JJIMHBI PEXY-
WX JIE3BUH.

Mawunocmpoenue: cemesoii 31eKkmponnvlii Hayunotii ncypuan. 2014, Tom 2, Ned 3
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PaccMoTpuM cuitbl, JEHCTBYIOIIHE HA i-OM SJIEMEHTapHOM
pexymeM mnpoduie MeTduka B OCEBOM HampaBieHuu. Ha
[JIABHOM PEXYILEM Jie3BuH i-oro mpoduns (puc. 1), cpesaro-
LIEr0 CJIOM TOJIIMHON &, NPOTHUBOIOJOKHO HaIpaBIECHUIO
MoJauu HMHCTPYMEHTa JAEHCTBYET OceBas COCTaBIAIOINas

ngi. IIpu pe3pOOHape3aHUM CHATHE CTPYKKU IMPOUCXOIUT

M0 CXEeME HECBOOOJHOrO pe3aHHs, M0ITOMY Ha BCIIOMOTa-
TENBHBIX PEXYIIUX JIE3BUSAX 3aXOMHONH M BBIXOJHOH CTOPOH
pexymiero npoduis Takke BOZHHKAIOT OCEBBIE COCTABJISIO-

mue — Py, Py coorserctsenHo. Bektopbl Py u Py

MPUIJIOKEHBI K CEPEANHE JIE3BUA W MPOTUBOIIOJIOKHBI I10
HalpaBJICHUIO.

Psz‘

Puc. 1. Cxema neicTBUS COCTABISAIOUINX CUIIBI PE3AHUS
Ha i-OM 3JIEMEHTAPHOM PEXYILEM MpoduiIe MeTINKa

Hampasnenue nedcTBUsi 0CeBOIl coOCTaBIsIOLIEH PX” Ha
BCIIOMOTATENIbHOM DPEXYIIEH KPOMKE  3aXOJHOM CTOpPOHBI
IpoQuIs COBMANAcT C HAIpABICHHUEM ICHCTBUS CHIIBI ngi

Ha TJIaBHOM PEXKYIIEM JIC3BUM. AxTHBHas JJIMHA BCIIOMOTI'a-
TCJBHBIX PEKYIINX JIe3BHI BBIXO,HHOP'I n SaXO,I[HOﬁ CTOpOH

npoduIs pe3bObl pa3nuyHbl (puc. 1), TO3TOMY BEKTOPHI ISX i

n ﬁX pi HE MOT'yT 6I)ITI) B3aMMHO YpPaBHOBECIICHBLI W JTOJI’KHBI
YYUTHIBATBCS TIPU OIPEICIICHUHN PEe3yIbTUPYIOIMIEH OCeBOM
COCTaBJISOLLIEH ISXi, JIEUCTBYIOIIEH Ha i-OM PEXYILEM IPO-
(ute MHCTpYMEHTa
Pxi ZZ(PXgi;PXIi;PX pi)'
KaxapIiM pexyIum npoQuiieM METYHKa CPE3acTCs CTPYK-

Ka OIpEeACTICHHOI'0 CE€UYCHUs, CJICA0BATCIIbHO, Ha KaKJIOM peE-
XKXYIIEM JIE3BUU BO3ZHUKAKOT PA3JIMYHBIC MO BEJIMYMHE COCTaB-

JIAOIHEe OCEBOM CHIIBI pe3aHus PXi . AGCOIIIOTHOE 3HAYCHUE U

HaIpaBJICHUE [EHUCTBUS BEKTOpPa CYMMapHOW OCEBOH CHJIbI

—

PXn i

TOJIIUHY Cpe€3a, MOXKHO OIIPENEIUTh KaK HAKOIUICHHYIO BEK-
TOPHYIO CYMMY

ISXni:ZIBXi' 1)
i=1

B MOMEHT Bpe3aHus i-0ro mpoQuiIs Ha pPaCUETHYIO

rje | — NOPSAKOBBI HOMED 3JEMEHTAPHOTO PEXYIIEro MPo-
(uns (0TCYET MO BUHTOBOM JMHMK); Py; — pesympTupyromas

COCTaBJIAIONIAsl CHJIBI PE3aHUs], ONpenessieMas mapamMeTpamMu
CEUCHUS CJIOSI, CPE3aeMOr0 i-bIM PEXYIIHM IPOQUIEM.

Hockoneky BekTopsr Py i, Pyjj, Py mapamienbher, 1o

BekTOpHAs cymMa (1) MoxeT OBITh 3aMeHEHa anreOpamdeckoit

Pyni = i Py @)
i=1

[Nomy4yeHHOE B aHAIUTHYECKOM BHIE ypaBHEHHE (2), MO3BOIS-
€T ONPEIEIUTh OCEBYIO COCTABIIAIOIIYIO CHIIBI PE3aHHs B JIFO-
00ii MOMEHT BpEMEHH W SBJISE€TCS MUCXOAHBIM JUIA pacueTa
KOMIEHCUPYIOIIETO 3JIEMEHTa pe3b00HApPE3HOT0 NaTPOHa.

C wenblo MOATBEPXKACHHS MPABUIBHOCTH TEOPETHYECKUX
pacyeToB ¢ MCHOJIB30BaHUEM ypaBHEHHMs (2), MPOBEIEH cpaB-
HUTEJBHBIN aHAIN3 Pe3yJbTaTOB YUCICHHOTO IKCIIEPUMEHTA
aBTOPA M OMBITHBIX AaHHBIX [5] MO BIUSHUIO MapaMeTPOB pe-
KyIIeld 4acTH METYMKa Ha JHHAMHYCCKHE XapaKTePUCTHKH
pe3bboHape3anus npu 00pabdotke cranu 45 (puc. 2).

P, H

1000

1.5 2 2.3 F,nma

Puc. 2. 3aBucumocts oceBoit cuibl PX ot mara pe3s0st P
[PH Pa3TNYHBIX 3HAYCHHUSX YTIia B IUIAHE ¢ [0 TAHHBIM:
1 -M.X.Tonsagensaa [5]; 2— aBropa

CpaBHeHHE pacyeTHBIX M JKCIEPUMEHTAJBHBIX J[AHHBIX,
HOJIyYEHHBIX MOJIETUPOBaHUEM pabOThl METYMKA MYTEM BbI-
pe3aHus TOTOBOTO pe3b0oBOro mpodwis 3eHKepoM (Oe3pe3b-
OOBBIM METYMKOM) IIOKa3aJio YIOBJIETBOPHUTEILHYIO CXOIH-
MOCTb: Kak ClIeflyeT U3 Tpa(HuKOB pHUC. 2, OTHOCHTEIIHLHOE
PacXoXXICHHE PACUYETHBIX M OIKCIIEPUMEHTANIBHBIX 3HAYCHHH
Px u1st raBHOro yria B miade ¢ = 6°-15° He mpeBbimaer
10%, npu OONBIIMX 3HAYCHUSIX @, — HAXOAUTCS B INpeAesax
15%, 4TO MOMYCTUMO B MHXKEHEPHBIX pacueTax.

BEIBOP KOMITEHCHUPYIOIIETO DJIEMEHTA
AmnmnpokcumManusi  ypaBHeHust (2) Mo MeTOy HANMEHBIIIHX

KBaJ[paTOB C UCIIOJIb30BaHIEM JIMHEITHON QyHKINM BHIa

Px(i)=a-i+b
MO3BOJISIET MOJYYUTh CHJIOBYIO XapaKTEepUCTUKY KOMIICHCHU-
PYIOILETO IEMEHTa

P(h)=a-i+b,
rae h — pabounii X01 MPYKHHBI; | —TOPSIKOBBI HOMEp pe-
Kymiero npodwis; a, b — 3HaueHns K0d3PHULHECHTOB JTUHEH-
HOW PEerpeccuH.

Mawunocmpoenue: cemesoii 31eKkmponnvlii Hayunotii ncypuan. 2014, Tom 2, Ned 4
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B kadecTBe mprMepa ONpEIENUM IapaMeTpbl KOMIICHCH-
PYIOIIETO 3JIeMEHTa — MPYKUHBI IS HAPE3aHUs! pe3bObl TpeX-
3y6bM MeTunkom M12 (puc. 3).

Fx, P,

2

H
300

M4
Puc. 3. I'paduk m3MEHEHNUS OCEBOH COCTABIISAIOMICH CHIIBI
pe3anust Py 1mo Mepe 3axoza pexxyIei 4acTH MeTUNKa

B otBepctre (MeTank M12, P = 1,75 MM, ¢ = 190);
MapaMeTpbl U CUIIOBAs XapaKTePUCTHKA TPYKUHBI

Ha rpaduke (puc. 3) OTMEUCHBI MCXOJHBIC BEIUYHUHBI IS
OIpeZeNieHHs] MapaMeTpoB NpyxuHbl: P; = Ppin = 0 — cuna
NPYXXHUHBI TIPH TpeiBapUTENbHOI nedopmann; Py = Pray =
= 375 H - cuna npyxuHsl Ipu padoueit nedopmarin, coot-
BETCTBYIOILAsl TIOJIHOMY BPE3aHMIO PEXYIIEH 4YacTH WHCTPY-
MmeHTa. [Ipu pacuere nprHHUMaeM, YTO WHEPLIMOHHOE COyaape-
HHE BUTKOB OTCYTCTBYET; BBIHOCIMBOCTH B IIMKJIAX, HE MECHEE
10°%; marpyskeHHe LHMKIMUECKOe M cTaTHdeckoe; h = 4,1 Mm -
pabounii Xoa MPyKUHBI COOTBETCTBYET JJIMHE PEXKYIIEH 4acTh
uHCTpyMeHTa. Cuila IpYKMHBI TIPH MaKCUMAJIbHOM nedopma-
mun Pz = P, / (1-0) = 395...500 H, rue 6 = 0,05...0,25 — oTHO-
CHUTEJIbHBIA HHEPLMOHHBIH 3a30p U1 IPYKHUH cxxaTus [18].

ITo TOCT9389-85 BeiOpana npyxxuna cxkatus |l kmacca,
paspsiga 1, HoMmep 455 co cieayrmuMu apaMeTpamMu BUT-
ka: P3 = 500 H; mapyxubIi guametp npyxussl D = 14 mwm;
JuameTp IpoBoJoKH 0 = 2,8 MM; )KECTKOCTh OJJHOTO BHUTKA
z, = 437,5 H/mMM; Haubonbmmii mporud oxHoro Butka f3 =
= 1,143 mm. OcranbHble XapaKTePUCTHKHU MPYKUHBI (pas-
MepHl, Aedopmanus, mar, radaputel y3ma Hy, Hp, w T.1.)
OTpezeNsoTcs 1Mo (GopMmyiaM, HOpMaTHBaM U crocobam
pacuera pabotsr [18].

3AKJIIOYEHUE

1. B aHamuTHYECKOM BHIC MOJyYeHAa MaTeMaTHUYeCKas
MOJIeJIb U3MEHEHUS] OCEBOW COCTAaBJISIIOLIEH CUJIBl pe3aHus,
YUHTHIBAIOIIAsS KHHEMATHKY pe3bO0OHape3aHus: H3MCHECHUE
(hopMBI M pazMepoB cpe3aeMoro MpHUILycka, MOCIe0BaTEIb-
HOCTh BCTYIUIEHUS B PaboTy pexymiux mpoduieit; Gopmy
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Compensation of the Axial Component
of the Cutting Force when Tapping
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Abstract. Based on the established relationship in the analyti-
cal form of dynamic characteristics, geometrical and structural
parameters of the cutting tool, mathematical model has been
developed that allows to determine the variation of the axial
component of the cutting force as the insertion of the tap into the
workpiece. Desigh scheme of axial forces acting on the main and
auxiliary cutting blade cutting elementary profile is shown. In
order to validate the theoretical calculations carried out a com-
parative analysis of the results of the numerical experiment and
the known experimental data on the influence of the parameters
of the cutting part of the tap (the entering angle and pitch) on the
dynamic characteristics of the process of threading. As an exam-
ple of an algorithm for the calculation and selection of the elastic
member for threading cartridges to compensate for the effect of
excessive axial component of the cutting force.

Keywords: threading, cutting oscillator circuit, tap, tapping
the speaker, the axial component of the cutting force, compensat-
ing element.
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MeToabl HIUPOTHO-UMITYJIHCHON MOAYJJISLIUA
MOIIHBIX AKTHBHBIX BBINIPAMUTE/ICH NPU
HECUMMETPHUM HANIPSKCHU A

Xpammmn T.P., Kpyouos /1.C., Kopaumnos I'.I1.
MarauToropckuii rocy1apcTBeHHbIN TexHuueckuid yausepeureT uM. I'.11. Hocosa
r. Marnutoropck, Poccuiickass ®enepanus
korn_mgn@mail.ru

Annomayus. MomHble IJ1aBHbIe JJI€KTPONPHBOAA INPOKAT-
HBIX CTAHOB BBINMOJIHSIOTCS, KAK NMPABHJIO0, MHOTONYJIBCHBIMH C
HCIO0JIb30BAHUEM CHHXPOHHOIO JABHrarte/ss U mpeodpasoBaresei
YacTOThl, COCTOSILIMX M3 AKTHBHOIO BBINPSMHUTE/s] H ABTOHOM-
HOr0 HHBEPTOpa HANpsixKeHHsl. MHOromy/JbCHbIe CXeMbl NMO3BO-
JAKIT Hcnoab3oBats Meroabl IHNM, ofecnmeuynBamomue MNpu
HM3KOH 4acToTe KOMMYTAUMH CHJIOBBIX KJIIOYeld NpueMJeMblid
TApMOHUYECKHUH COCTAB CeTeBBbIX TOKOB TPaHC(hOPMATOPOB U
HANPSKEHUSI B TOYKe 00LIero MOAKJIIYeHHsl. ITO NOCTUIaeTcsl
0s1arofapsi CBOMCTBY MHOIONYJBCHBIX CX€M, a TaKXKe CBOHCTBY
Tpex(a3HbIX CHCTeM, o0ecleYuBalolIeMy OTCYTCTBHE FAPMOHMK
KpPaTHbIX TpeM. JlaHHble CBOMCTBAa CHpaBeJlJIMBbI TOJbKO NpHU
CHMMeTPHH HANPSI’KeHii, M0ITOMY B HeCHMMETPHYHBIX PeKH-
Max B TOKaX MOSIBJIsieTCS] BeCh HeYeTHbIH CINeKTP FAapMOHHMK H
NpUMEHeHHe MeTO0B ¢ HU3KOHl 4YacTOTOH KOMMYTAaUH# CTaHO-
BUTCS HeJONYCTHMbIM. B cTraTbe mnpeacTaBieHbl pe3yJbTaThbl
HCCIeJOBAHMSI HA MAaTeMAaTHYECKON MoJesH IJIABHOr0 NpUBOAA
crana 2000 xosogHO¥ MpoKaTKH pa3aM4YHbIX MeTonoB IIIMM B
CHMMETPHMYHOM H HECHMMETPHYHBIX pekuMax padorel. Pac-
cmotpenbl Meroabl HHIMM ¢ nsiThbi0 NepeKk/IIOYEHUSIMM 32 4YeT-
BepTh nepuoaa (¢ ynanenuem 11, 13, 23, 25 rapmoHuk), ¢ geBsi-
ThI0 NePeKJIIOYEHUSIMH 32 YeTBEPTh nepuoaa (¢ yaajienuem 3, 5,
7, 9, 11, 13 rapmonuk), metoa LHIUM c oxHMM nepeKII0YeHHEM
3a YeTBePTh NMepuoaa u kiaaccuyeckuii meroq IIUM. B cummert-
PHMYHBIX pexxuMax padorsl Handosaee 3gpexTuBen meron UM
¢ yAajieHHeM BblIeJeHHbIX FTAPMOHHUK C NSATHIO NepPeKJIIYeHns -
MH 32 4eTBepTh mnepuoga. Ilpu HecMMMeTpUM NHTAIOLIEro
HANPSKEHUSI CXOXKHe Pe3yabTaThl JAalOT KJIAaCCHYeCKHil MeTox
M u meron UM c ynaneHueM BblIeJE€HHBIX TAPMOHHK C
JeBATHIO NMePeKJII0YeHNIMH 32 YeTBepTh NMepuoaa. [Ipumenenue
JaHHBIX MeTOA0B B HECHMMETPHUYHBIX pe:KMMaX padoThl Npes-
NMOYTHTEIbHee 10 CPABHEHHIO € 0CTAILHBIMH.

Kniouesvre cnoea: IJIaBHBII NnpuBoJ, AKTHBHBIH
BBIPSIMHTENb, IIHPOTHO-UMMNYJbCHAS MOIYJSAIMA, MPOBAJ
HANPSKEHUs, HECUMMeTPHUS HANIPSIYKEHUS .

BBEJIEHUE

I'naBubre nmpuBoga (I'TI) coBpeMEeHHBIX MPOKATHBIX CTAHOB
BBITIOJTHSIOTCS. Ha 0a3e BBICOKOBOJBTHBIX MpeoOpa3zoBaTeneid
gactoTsl (ITH), cocTosimux U3 akTUBHBIX BIIpsMuTeneil (AB)
¥ aBTOHOMHBIX HHBEPTOpoB Hampsokerns (AVH), n cuaxpoH-
ueix aeurateneit (C/I). B crpykxrype T4 npumeHsIoT mosHo-
CTBIO YIpaBIIEMbIE TIOIYIPOBOIHUKOBBIE BeHTHIH. CHIIOBBIE
cxemsl ['T] BBINONHAIOTCSA, KAK MPABUIIO, MHOTOIMYIbCHBIMHU C
UCIIOJIb30BAaHHEM MHOTOOOMOTOYHBIX TPaHC(HOPMATOPOB HIIN
HECKOJIbKMX JBYXOOMOTOUYHBIX TpaHC(OPMATOpPOB C pas3iuy-
HBIMH Tpynmnamu coequHeHHss oOMoTok. [Tockombky MY siB-
JISIFOTCSA BBICOKOBOJBTHBIMHU, TO CHJIOBBIE KIIFOYM HE IMO3BOJIS-
I0T NPUMEHATh AJITOPUTMBl MIMPOTHO-UMITYJIbCHONM MOMIYJS-
mun (IHMM) ¢ BeIcOKO# wacToTOl mepekirodeHuil. [loatomy

ucnons3dyrores meroasl LIMM, nozBosstoniye npu HU3KOM
4acTOTe MEePEKITIOUeHIA, 00SCTIeYNTh IPUEMIIEMBIH TapMOHU-
YEeCKUI COCTaB B TOYKE OOLIETO MOAKIIOUEHHS W MHUHUMH3H-
pOBaTh TEIJIOBBIE TTOTEPU B IpeoOpa3oBaTeNbHbIX TpaHchHOp-
MaTopax. JTO JOCTUTaeTCs Oyiaroaapsi OTCyTCTBHIO B MOTPEO-
JIIEMOM TOKE TapMOHMK KpaTHBIX TpeM, a TakKe IIyTeM HcC-
MOJIb30BaHUS U3BECTHBIX CBOMCTB MHOTOITYJIbCHBIX CXEM. O}l-
HAaKO OTCYTCTBHE B TOKE FapMOHUK, KPAaTHBIX TPEM U CBOMCTBA
MHOTOITYJILCHBIX CXEM CIIPABEIIMBBI TOJIBKO ITPU CHMMETPHY-
HOM HampspkeHuH. [103ToMy akTyalbHBI HCCIICIOBAHUS Tap-
MOHHYECKOTO COCTaBa HANpsDKEHHS M TOKa MpeoOpa3oBaTeis
IIPY HECUMMETPHH MUTAIOLIET0 HANPSHKECHHS.

CUJIOBASI CXEMA I'JIABHOI'O ITPUBOJIA CTAHA 2000
I'maBubiil npuBox crana 2000 XoJOIHOM MHPOKATKU BbI-
MIOJTHEH IO JBEHAIaTUITYJILCHOM cXeMe ¢ TIOCIe0BaTeIbHBIM
COCTMHCHUEM MEPBUYHBIX 0OMOTOK Tpancdopmaropos [1]. B
CHJIOBBIX cxeMax TpexypoBHeBeIX AB n AVH uncnosns3yrorcs
MOJHOCTBIO yrpasisemble THpUcTOpbl IGCT. 3BeHO MOCTOSIH-
Horo Toka obmee 1yt nByx I14 (puc. 1).

318 % %/E/EJ
AB; ﬁ} 415} AB,
gt
AVH, fﬁ} Ai‘f} AUH,

CA

Puc. 1. CunoBas cxema riaaBHoro npusojia kiaetu crasa 2000
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METO 1 HIMM C YAJIEHUEM BbIJIEJIEHHBIX TAPMOHUK 1
ITATBIO IIEPEKJIIOYEHWAMMU 3A YETBEPTD IIEPUOJIA
Ha I'TI crana 2000 ucmons3yercs IIIMM mo mertony ynma-
JIeHUs BBLICJICHHBIX TapMOHUK C IATHIO NMEPEKIIOYCHUAMH 32
getBepTh nepuona [2]. Hampsikenne Ha Bxome AB dopmupy-
eTcs B BUZIE€ IPAMOYTOJNBHBIX HMITYIICOB (pHC. 2).

UAO
Ugl2 3 EN
/2 n ot
| (Qlﬁ &, ' 3n/2 2n
U2 | a2

~_

Puc. 2. ®dazHoe HanpspkeHHE Ha Bxone AB oTHOCHTEIRHO
HYJIEBOW TOYKH 3BEHA ITIOCTOSIHHOTO TOKa

B cuny cuMMerpuu OTHOCUTENIBHO Hayajla KOOpPJAUHAT
HanpspkeHue Ha Bxojie AB conep)XUT HEueTHBIM CIIeKTp rap-
MOHMK, aMIUIMTYZAbl KOTOPBIX 3aBUCAT OT KOJIMYECTBA MM-
IIyJIbCOB 32 YETBEPTh IIEPUO/A U 3HAYCHUN YIJIOB IIEPEKII0YE-
HUA O

u= Z A, - sin(nwt),
n

2 Udc
mn

n
rae A, = . Z(_l)iH cos(na;)[,n=1,3,5...
i=1
VYTibl MEpeKIOYeHUsT 0. MOXKHO MOA00paTh TakuM oOpa-
30M, 4TOOBI B KpHUBOW HampspkeHus He 0but0 N—1 rapMoHUK,
rae N — 9KCIo YIrioB MEpeKiloYeHuil 3a YeTBEpTh MEepPHO/IA.
[epBasi rapMOHHKA [IPU ITOM COXpaHSETCS HA YPOBHE, 3aja-
BaeMoM Ko3(hdunuentoM Moayssiuuu (U = A, - 1/2 - Uy,).
Homepa rapMoOHHUK, MOIJISKAIIMX HCKIIOYCHUIO, OTpeje-
JSIFOTCSL CUIIOBOM cxemoit AB. B curnane 3ananus ¢asHoro
HANpPSDKEHUS] MPUCYTCTBYIOT FApMOHUKK KpaTHbie Tpem. Oj-
HAaKoO B CHJIy M3BECTHOTO CBOWCTBa Tpex(asHbIX lerneil B Ju-
HEWHOM HANPSHKEHUH TAPMOHHKH KPAaTHBIE TPEM OTCYTCTBY-
0T, IPU YCIIOBUHM CUMMETpUYIHOCTH 1eniei. [Ipu ncrnons3osa-
HUH JIBEHAATUITYJILCHOW CXEMBbI B CIIEKTPE MPHUCYTCTBYIOT
TOJIBKO TapMOHMKH, KparHble aBeHamuatd (12-n £1). Pac-
CMOTPHM, YeM OOYCJIOBICHO OTCYTCTBHE TapMOHHK KPATHBIX
HIECTH B JBCHAIIATUIIYIBCHOW CXeMe Ha MPUMEpE MATOU rap-
MOHHUKH (puc. 3).

Uvas)

Ubs) U.acs) “UYA(5)

240°/ Yo

-150° \

V3 Uac)

-Usps)

U acs) Ussas) PO
a 6 6 ©

Puc. 3. IIaTas rapMOHHMKa B HaNpsHKEHUSIX TpaHCHOPMaToOpoB

Hanpsoxenus Ha BXOA€ aKTUBHBIX BBIIPSIMUTENEH MO HEp-
BOM rapMoHuKH caBuHYTH Ha 30°. B macmrabe 9acTOTHI Isi-
TOW TapMOHUKH DTOT CHBWUT B TATh pa3 Ooibine. [ToaTomy

a0
200 -
-300 1
-400
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HanpsbkeHne U ,s) MATON rapMoHUKH Ha Bxoje AB; orcraer
oT HanpsukeHus Uyys) NATOH rapMOHMKM Ha BXxoiae AB, Ha
150° (puc. 3, a). Hanpsokerne ¢aser B 10 mepBoii rapMOHUKH
oTcTaeT oT HampsbkeHus ¢a3zel A Ha 120°. B macmTabe msToit
TapMOHMKH HampsokeHue (a3l B oTcTaeT oT HampshKeHHS
¢da3er A Ha 120°-5 = 360° + 240° = 240° (puc. 3, 6). Hampsoxe-
HHE Ha epBHYHON 0OMoTKe Tpanchopmaropa Y/A ompemens-
eTcsl KaK pa3HOCTh IBYX (asHbIX, ¢ yuyeToM KoadduimeHra
Tpanchopmanuu (puc. 3, ). C yudeToMm TOro, 4ro Kod3GhGhuirm-
eHT TpaHcdopmaruu tpancopmaropa Y/A meHblie K03hdhu-
uuenta Tpancdopmarmu tpanchopmaropa Y/Y B V3 pas
HanpsokeHust U,y 1 Uyys) Haxoaarcs B mpotuBogase, TeM
CaMBIM KOMIICHCHPYIOT IpyT Apyra (puc. 3, 2). AHAIOTHIHBIE
paccyXIeHHS BEPHBI IJIsl TPOYMX TaPMOHHK KPAaTHBIX IIECTH.

Takxum o6pazom, Ipu pacdere yriioB ynpasieHus AB cie-
nyet ymausats 11, 13,23 u 25 rapmMoHuKH.

IIo merony IINM ¢ ynaneHHeM BBLACIEHHBIX TaPMOHUK
(11, 13, 23, 25) moay4eHbl 3aBUCUMOCTH YIJIOB INEpEKIIOYe-
HUs o 0T K03 duimenta Moy sauu | (puc. 4).
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90 - 0'5\
75 +—oy —_—
60 +—03——
45 ay
30
15
Oy
O T T T 1
0,6 0,7 0,8 0,9 M

Puc. 4. I'padux 3aBHCHUMOCTH YTIIOB MEPEKIFOUCHUS
ot k03¢ urnerTa MOy IAIUN

HccnenoBanus rnaBHoro npusoja ctana 2000 BBIIOIHEHbI
C HCITONIb30BaHUEM MaTEMaTHYECKOW MOJeNu TpaHchopMaTo-
poB u mMarematuueckoit momemu AB [3, 4], mpu sTom AVH u
C/I yunThIBatoTCS B BHJIE HATPY3KH UCTOYHUKOM TOKA.

B pesynbrate momydeHbl KpUBble MTHOBEHHBIX 3HAYEHUI
MepBUYHBIX TOKOB TpaHc(opMmaTropoB (puc. 5) mpu cUMMeT-
PUYHOM HATPSHKEHUU CETH.

I, A
500

oo, . L . T L1 PR L A
3ok Y [E¥ LEPSTETN P I SO | SO
ook .. . ......
1001 : :

1 i I i 1 1 i I i
0.455 0.46 0.465 0.47 0.475 0.48 0.485 0.43 0.435 o5 tc

Puc. 5. KpuBast MrHOBEHHBIX 3HAUEHU IEPBUUHBIX TOKOB
TpaHC(HOPMATOPOB

IIpu pa3nosxxenuu Toka B psa Oypee 3a cUET UCHOIB30BaHUS
WM c ynanenuem 11, 13, 23, 25 rapMOHUK NEpBBIMU 3HAYU-
MBIMH TapMOHHKaMHu B Toke octatorcst 35 u 37. Ilpu aTom 06-
it ypoenb THD 1o Toky cocraBmnser 6,54% (puc. 6).
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Fundarnental (50Hz) = 426.3 , THD=654%

[} = (4]
T T T
L L L

3%
T
L

Mag (% of Fundamental)

D - a (| | - Mol . i L
0 ] 10 15 20 25 30 35 40
Harmonic order

Puc. 6. l'apMoHMYecKuii CIEKTp MEPBUIHOTO TOKA
TpaHcopMaTopoB B CHMMETPUYHOM peKHME paboThI

Tabmuma 1
lapMOHHYECKHH COCTAB MEPBHYHBIX TOKOB TpaHC(HOpMaTo-
PpOB, TipH GOPMHUPOBAHUH HampspkeHust AB mo MeTony ynaie-
HUSL BBIZIEJIEHHBIX TADPMOHUK C 5 TIEPEKITIOUCHUAMH

Ne BapuaHTa

I 1 2 3 4 5 6|7
I, A 426 441 454 469 471 -l -
I3, % 0 I .
lg, % 0 I
l1s, % 0 - -
I21, % 0 0,6-0,8 0,8-1,6 2,349 0,9-2,7 -1 -
l27, % 0 1,1-1,3 1,2-25 09-25 1,7-2,7 -1 -
I33, % 0 19-25 1,3-2,2 0,7-1,6 0,6-1 - -
I3, % 0 0 0,7-0,9 1,3-15 1-13 - -
Is, % 0 0,6-0,7 0,6-0,9 09-2,8 1-1.2 - |-
l7, % 0 0 1,9-24 -I 2,9-35 - -
I, % 0 0 0 0 0 - -
li3, % 0 0 0 0 0 -l -
li7, % 0 0 0,9-1,2 1,7-2,7 1-14 - -
l1o, % 0 12-14 3,7-53 3,8-4,7 1,7-2,3 - |-
I3, % 0 0 0 0 0 - -
I2s, % 0 0 0 0 0 - -
l29, % 0 0 1,2-14 0,7-1,3 0 - |-
I3, % 0 0,5 18 1,5-3,8 1,7-19 - -
I35, % 6,1 3,6-7,2 1,6-2,1 0,7-1,3 0,9-11 -l -
l37, % 2 1,9 0,8-1,2 0,7-2 18 - -
THD, % | 6,5 | 13,2-14,6 | 24-258 | 354-39,9 | 21,3-223 | - | -

OTcyTCcTBHE TapMOHHMK, KPaTHBIX TPEM M KPAaTHBIX IIECTH,
KaK TOBOPHJIOCH paHee, 00YCIIOBJIEHO CBOHCTBaMHU Tpexdas-
HOW CHCTEMBI M JIBEHaIATHUITYJILCHOW cxeMbl. OJHAKO IpH-
BCICHHBIC 000CHOBaHHUS BEPHBI TOJIBKO IIPHU YCJIOBUHU CUMMET-
puM HanpsDKeHUH Ha Bxozxe AB kak mo ¢ase, Tak u 1o aMIniu-

tyzae. IIpyn HeCUMMETPUM NMUTAIOIIETO HANPSDKEHMS AJIST KOM-
TIEHCAIlMM TOKOB OOpaTHOM MOCIIEA0BATEILHOCTH YHPaBIISIO-
mee HanpspkeHne AB comepKMT cOCTaBISIOIIME MPSMON U
0o0paTHOH TIOCTIeNOBATEIBHOCTEH, a, CIEeJOBAaTEIFHO, TOXE
Oyner HecumMeTpuuHbIM [5]. ITosTomy B Toke TpaHcdopma-
TOpoB OyIeT NMPHUCYTCTBOBATh HEUYCTHBIH CHEKTP T'apMOHUK.
J171s OIEHKH NCKa)KeHMSI TOKOB IIPH HECUMMETPHH MTUTAIOIIETO
HampsDKeHUs] POBEICHBI UCCIIENOBAHMS JUIsl CIICAYIONINX Ba-
PHAHTOB COCTOSIHUI HaNPsKEHUsI CETH:

1. HanpsHKEHNE CHMMETPUYHO;

. mpoBai B ¢aze A Ha 10%;

. ipoBai B ¢aze A Ha 20%;

. mpoBain B paze A Ha 30%;

. mpoBai B paze A Ha 10%, B paze B Ha 20%);

. mpoBai B paze A Ha 15%, B paze B na 30%;

. mpoBax B paze A Ha 20%, B paze B Ha 45%);

Pesynbrath nccnenoBaHuil mpuBeIeHs! B Ta0. | 1 Ha puc.
7, Toe n300pakeHbl BapUAaHTHl HAYMHASI CO BTOPOT'O 110 TTOPSi -
Ky. B Tabn. 1 mpencraBneHsl AMama3oHbl NPOLEHTHOTO CO-
JIep’KaHMs BBICIIMX TAPMOHHK B TOKE, TOCKOJBKY IIPU HECHM-
METPHHU COJIepKaHUe BBICIINX TaApMOHUK 110 (hazaM pas3Hoe.

W3 Tabun. 1 ciexyer, 4To Mpu HECUMMETPUH HAIPSDKEHUS B
TOKE TpaHC(hOpMAaTOPOB NPUCYTCTBYET BECh HEUETHBIH CHEKTP
TrapMOHHUK, 3a uckimouenuem 11, 13, 23, 25 rapMOHUK, KOTO-
phle yramsioTes ucnoib3dyembiM MetonoM IIIMM. HaubGonee
3HauuMble 31ech 3 U 15 rapmonuku. Ilpu 3ToM 3 rapmMoHHUK
npu opHOo(Ma3zHOM npoBaiie npessbiaet 30% 0T HOMHHAIBHO-
ro 3Ha4yeHus Toka. Kpome Toro, mpu mpoBayiax HampsDKEHHS,
COOTBETCTBYIOIINX BapuaHtaMm 6 u 7, AB mpekparur paboty,
13-3a HEJOIYCTUMOI'O CHMKEHHS KOd(QQHIMEHTa MOIYIISIINN
(menee 0,65).

~N N BN

B 1%
30
25
20
15

10

3

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39

Howmepa rapmonuk

Puc. 7. 'apMOHHYECKUY CIIEKTP NIEPBUYHBIX TOKOB
TpaHcopMaToOpoB B HECUMMETPUYHBIX PEXKUMax pabOThI
TIPU 5 TIEPEeKITIOYEHNUSX 3a YETBEPTh MepHoia

Takum 00pa3om, UCTIONB30BaHKE JAHHOTO BapuaHTa HEIO-
IIyCTUMO H3-3a BBICOKOTO COJEpPXAHUS BBICIINX T'apMOHUK
TOKa U HEJOCTaTO4YHOM ycroiumBoctd AB k Hecummerpuu
MTUTAONIETO HATIPSIKCHHUS.

B kauecTBe ambTepHATHBBI PACCMOTPUM CIIEAYIOIIHE Ba-
puantsl HTNM:
a) [IM c oHIM nepeKIFoueHNeM 3a YeTBEPTh EPHOa;
6) IINM c neBATHIO MEPEKITIOYCHNUSIMH 32 YETBEPTh MIEPHO/IA;
B) kiaccuueckuii meroy LM (cpaBHEeHHE ¢ MHIIOO0pA3HBIM
HATPSKEHUEM).

[Ipu 5TOM pacCMOTpPEHHBIN BapHaHT MPUMEM 3a 0a30BBIH.
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METOo 1 HIMM C OJHUM IIEPEKJIKOUEHUEM
3A YETBEPTb IIEPMOJA

Hawubonee npocThiM U3 MEPEUNCIICHHBIX BBIIIE BApUAHTOB
spigercs IIMM ¢ ogHUM NEpEeKIIIOUEHUEM 3a YETBEPTh NEpU-
ona. [IpencraBnseT uHTEpeC CPaBHUTH OCHOBHBIE ITOKA3aTeNN
pabdotsr AB — THD, u koaddunnerT Mmomymsmym L ¢ 6a30BBIM
BapUaHTOM M APYTUMH MOANGUINPOBaHHBIMH (0 U B).

Hampsoxenue Ha Bxoge AB cocTOUT U3 OTHOTO MMITYJIbCA
Ha TIOJIOKUTEJILHOM MOJYBOJHE U OJTHOTO UMITYJIbCA HA OTPH-
aTeNBHOH MOITyBOIHE (pHC. §).

Uno
Ugc/2

0 : v Snf2 <

72 21
-Uge/2

Puc. 8. ®a3noe HanpsokeHne Ha Bxonie AB ¢ omaIM
MEPEKITIOUYCHUEM 32 YeTBEPTh IEPHOIa

Tabmuma 2
T'apMoHuYecKuii cOCTaB MEPBUYHBIX TOKOB TpaHCc(hopmaTo-
poB, ipu popmupoBaHNH HanpsbkeHus AB mo meroxy HIMM
¢ | mepexmoueHreM 3a YeTBEPTh NEpUoIa

Ne Bapuanra
|
1 2 3 4 5 6 7
LA | 425 | 437 | 452 | 467 | 268 | 404 533
ls, % 0
lo, % 0
l15, % 0
15
% | 0 | 1729 | 35 | 16 | 2 | 23 | 0724
06- | 17-
L% | 0 o7 | 09 | 05 | 35 o609 | 06
0.8
s % | 0 o8 | 9% | os | os 0 08
0.6- | 06
o % | 0 R O s BT S R
00 | 3L
ls, % o w1z | 9% | ¥4 | 072 |41sa | 6792
I, % 0 | 0812 23% 49 | 182 | 332 | 558
7.0
% | 151 | 589 | 0%
s % | 48 | 88-94 | 29-9
0.7-
% | 0 | 0809|162 08 | %T | 36 | 0524
16 | 25 | 15-
e % | 0 0 LAY | v | re2s
s % | 16 | 22443 | 0 | 06 11% 0,5-1,6 1
s % | 36 | 1225 | 06 | 112 | 11 0 162
lyo, % 0 0 | o072 01'%1_ 111 | 1-13 0,6
05 | 06- | 07-
% | 0 o7 | G5 185 | 55 |os1s| o
0.6- | 08
. , , ] ]
% | 19 | o8 | 051 9% 1 0 |op0s| 0913
e % | O 05 0 |o071]| o5 0 08
T75- | 162- | 16.7- | 140- | 165
THDL% | 165 | g3 | 235 | 20 | 169 | 225 | 27425

3aBUCHMOCTb yIJa MHepeKstodYeHus o oT koddduimeHra

MOZYJISIIUH OIPENeIIIeTCs CIEAYIOINM BEIPaKCHUEM:
U=cosa.

B pesynbpraTe MOnenMpoOBaHUS IOIY4YEHbl TapPMOHHYCCKHE
CIIEKTPBI MEPBUYHBIX TOKOB TPaHC(HOPMATOPOB IJIsl CEMH CO-
CTOSHMH NHTAIOIIETO HANpPsDKEHMS, IIEPEUNCICHHBIX paHee.
PesynbraThl HccnenoBaHui IPUBECHBI B Ta0i. 2 U Ha pHcC. 9.

U3 Tabm. 2 cmemyeT, 9YTO B HOPMAITLHOM CHMMETPHYHOM
peXuMe paboThl B TOKE OTCYTCTBYIOT FapMOHHKH, KpaTHBIE
TpeM, a IPUCYTCTBYIOT TOJBKO TapMOHUKH, KpaTHbBIC JBEHA-
nuaty. [Ipu srom Hambosee 3Haunmast 11 rapMoHMKa COCTaB-
nsetr 15 %, a obmuit yposens THD, — 16,5%, aro Ha 10%
OoJIbllle, IO CPABHEHHIO C 0a30BBIM BAPHAHTOM.

Ih, %
35

3 5 7 9 11 13 15 17 19 21 23 25 27
Homepa rapmonnk

29 31 33 35 37 39

Puc. 9. 'apmoHHUeCcKuil CIEKTp NEPBUYHBIX TOKOB
TpaHc(opMaTOpOB B HECUMMETPUYHBIX PEXKHUMax pabOThI
npu | mepexroueHUH 3a YeTBEePTh Iepruoaa

B HecMMMeETpPHYHBIX peKHMMax paboThl JaHHBIH METOA CO-
XpaHsieT ycrolunBocTh AB maxe mpu riry0oKmX mpoBamax
HanpspkeHusi. [lpu riryOoKHMX mpoBanax HalpsDKEHHs 3HAYHU-
TEJIHO BBIPAcTaeT TOK TpeTbeil rapMoHuku (1o 38%). Kpome
TOrO NpH ABYX(a3HbIX MpoBaiax nossisitores 9, 11 u 13 rap-
MOHHKH Ha ypoBHe 10 16 %. IlosToMy moxasaTenu AaHHOTO
BapHaHTa SBISIOTCS HE3HAYUTENIFHO OTIMYHBIMH OT MIEPBOTO.

HIMM C YAAJEHUEM BBIJIEJIEHHBIX TAPMOHUK 1 JIEBATBHIO
NEPEKJITOYEHUSMU 3A YETBEPTH ITEPUOJA

ITockonbky nBa paccMOTpeHHbIX paHee Merona LIMM
HMEIOT BBICIINE FAPMOHMKH B HU3KOYACTOTHOW O0JIACTH CIIEK-
Tpa, MPEATIOKEHO YBEIHIUTh KOJMUYECTBO MEPEKIIOYeHUI 10
JIEBSITH U yIANATh BBICIINE TAPMOHMKH IO MOPAAKY: 3, 5, 7, 9,
11, 13. Hampspxenne Ha Bxone AB gopmupyercs B Buze nps-
MOYTOJIHBIX UMITYJLCOB (pHcC. 10).

i

N VAN ;

Puc. 10. ®a3Hoe HanpspkeHHe Ha Bxosie AB ¢ 1eBsIThIO
MEPEKITIOYCHUSIMH 33 YeTBEPTh IepHOIa

Uge/2

ITo nannomy Metony IIIMM nomnyueHs! 3aBUCUMOCTH yTJIOB
MEPEKITIOUCHAMS 0. OT KO3 durmenTa Moay sinun [ (puc. 11).

[Ipu pacuere yrinoB HanOOJBIMINK KOIPPUIUEHT MOIYIIsS-
uu coctaBisut 0,78, 9To HCKITI0YaNo0 ycTOWYHMBYIO paboty AB
IIpU MaJIBIX NpoBajiax HampspkeHus. [loaTomy nenecoobpasHo
COXPAHHUTh TPEThI0 TAPMOHHKY HANpsOKCHHS Ha 3aJaHHOM
YPOBHE.
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PesynbraThl pacuera TapMOHHYECKHX CIIEKTPOB CETEBBIX
TOKOB JUIA PA3JUYHBIX BapUAHTOB COCTOSHUH ITHTAIOIIETO
HaTpsDKCHUS IPUBEACHHI B Ta0x. 3 1 Ha puc.12.

o, Tpaj
90
80 0
70 g
60
Oz
50 U
40 _— o
30 o
a’)
20 = o
10 oy
0 T T T T 1 u
0,45 0,55 0,65 0,75 0,85 0,95
Puc. 11. I'paduk 3aBUCUMOCTH YTIIOB EPEKIIOUCHHS
0T KO3 PUIIUEHTA MOIYJISIIUA TIPU 9 TEPEKITIOYCHHUIX
Tabnuna 3

["apMoHMYECKHii COCTaB IIEPBUYHBIX TOKOB TpaHC(HOpMATO-
poB, ipu popMEpoBaHuH Hanpsbkenus AB no merony ILIMM
C yIaJIeHUEM BBIJCJICHHBIX TAPMOHUK € 9 epeKIIoueHUsIMU

Ne Bapuanra
|
1 2 3 4 5 6 7
LA | 427 | 430 | 455 | 469 | a70 | a97 | s15
ls, % 0
lo, % 0
l15, % 0
1L 14-
0, ! - ’ - - -
los, % 0 | 17 | 1528 | 35 | 116 | 193 | 0726
I, % 0 | 2431957 | 254 ‘;2 1244 | 15-39
28 16-
Isa, % o | 2% | 2345 | 222 | 3 1 12,6
12- 2.3
lso, % 0 | 5% | 113 214 | 5% | o051 | 0507
ls, % 0 0 0 0 0 0 0
I, % 0 0 0 0 0 0 0
Iis, % 0 0 0 0 0 0 0
lis, % 0 0 0 0 0 0 0
32 | 05
0, ) ! - -
li7, % o | 06 2 | Gy | s13s | 2347
0.9- 51- | 2.1-
l1o, % o |95 |34 | 55 | Gy | 577 | 2594
25 | 2.23-
0, - Y ’ - -
by % | 111 a287 | 57| 3 | 2993 | 1129
18- 19- | 36
% | 59 | By | 246 | 35 | 55 | 221 | oss
23 | 10
0, - - ) ! - -
lpe, % o |13 | 1236 | &5 | 57 | 1216 | 119
T2 16-
lss, % o | Y4 |31 570 | 3 | 6687 | 493
ls % | 53 | 37-8 | 2535 | 2-32 2381 1619 | 1-15
% | 84 | 7 | 2641 | 15 2279 1114 | 07-1
74 | 174 | 176 | 2 | 192 | 206
THD, % | 16 | g5 | "p0 | 232 | 157 | 202 | 234

[Ipu cUMMETPUYHOM HANPSHKEHUH CETH B TAPMOHHUYECKOM
CIIEKTPE TOKA OTCYTCTBYIOT TAPMOHHUKH KPaTHBIC TPEM, a IPH-
CYTCTBYIOT TOJIbKO TADMOHHUKH KPATHbBIC IBEHA/LIATH, HAUYUHAS
¢ 23, xoTopas sBisiercst Hanbosee 3HaumMon (11%). O6mmit
ypoBerb THD, cocraBmser 16%, uto Ha 10% Oombiie, gem
pu 6a3oBoM Metoae LIINM.

25 1, %
20
15

10

o

0 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
Howmepa rapmonuk

Puc. 12. l'apMoHHYecKuii CIEKTp NEPBUYHBIX TOKOB TPaHC-

(hopMaTOpOB B HECUMMETPUYHBIX PEXKUMAX PabOTHI pH 9

TMEPEKIIOYCHUAX 3a YCTBCPTh NIE€pUOJaa

35 37 39

B HecummeTpuuHbIX pexxuMax JaHHbIA Meton LM nos-
BonsieT AB ocTaBaThes B paboTe MPU BCEX HCCIIEAYEMBIX ITPO-
Balax HampsokeHus. HermyOokume onpHOGasHbIE MpPOBAJBI
HaNpsDKEHHS BBI3BIBAIOT IOSBICHUE TPEThEH T'APMOHHKH, NPH
IIyOOKHX OZHO(A3HBIX NPOBaJIax U MPH ABYX(a3HBIX IMPOBaIax
HanOoJiee 3HAYMMOI CTaHOBUTCS IIITHAJANATas TapMOHHKA.
OOmmit ypoBeHp THD, mis Bcex BapHaHTOB HECHMMETPHU
HarnpsbKeHHs1 He npesbiaet 23%, 4to Gosiee NPeanoYTUTEIEHO
B CPaBHEHHHM C PACCMOTPEHHBIMH paHee ABYMsI BapHaHTaMH.

KIIACCHUYECKMiIT METO 1 IITUM

Knaccugeckas HIIM oriuuaercs OT paHee pacCMOTpPEH-
HBIX NPUHIUIIOM (OPMHPOBaHUS YIJIOB o. B nmanHoM meroze
yriiel 0 (POPMHUPYIOTCSI B PE3yJIbTaTe CPaBHEHMS ONOPHOTO
MUI000pa3HOTO HANpPsDKEHMSI ¢ HalpsDKEHHEM 3ajaHus, 0e3
KaKUX-JIM00 MpeBapUTeNIbHBIX pacueToB [6]. Jns Tpexypos-
HeBoro AB ucnonb3yroT gBa MMIIO00pa3sHBIX HAIPSKEHUH:
JUTSL TIOJIOXKUTEIBHBIX M OTPHLATENBHBIX TTOMYBOJH (puc. 13).

08

05

qlii i i i i i
0452 0454 0456 0462 0464 0465 047 t,C
Puc. 13. OnopHoe HanpsKeHUE U HAIPSKEHUE YIIpaBIeHUS

TUPUCTOpPAMHU

B uccnegopanusax npunara yactora LIIMUM 900 I'u, yto
COOTBETCTBYET 8 MEPEKIIFOUCHUSIM 32 YEeTBEPTh MEepHoaa (puc.
14). dns obecrieyeHUs] CHMMETPHH HANpPsDKEHUS! OTHOCHTEb-
HO Hayajia KOOPJMHAT, OMOPHBIC HATIPSDKEHHS COBHANAIOT IO
¢daze c HampspkeHueM ympamieHus. [Ipu ganHOM moaxonae B
CIEeKTpe HanpsKeHus AB OTCYTCTBYIOT YeTHBIE TApMOHHUKH.

Pe3ynbraThl pacuera BBICIIMX I'apMOHHUK CETEBBIX TOKOB
JUISL aHAJIOTHYHBIX BapHAHTOB COCTOSIHMI ITUTAIOIIETr0 HAIps-
JKEHUsI IpUBeIeHbI B Ta0J1. 4 u Ha puc. 15.
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UAO

LA e
SRR

Puc. 14. ®a3noe HanpskeHue Ha Bxoae AB npu ynpasieHun
KkiaccuueckuM Meronom HIMM

Uqd/2

-Ugel2

B cummerpuuyHOM pexuMe pabOThl B TapMOHHYECKOM
CIIEKTPE CETEBBIX TOKOB TPaHC(OPMATOPOB OTCYTCTBYIOT Irap-
MOHHKH, KPaTHbIE TPEM, a MPUCYTCTBYIOT TOJIBKO TAPMOHUKH
KpaTHBIC [IBCHAAUATH, HauWHas ¢ 13, KoTopas sBIsAETCS
Hanbosee 3HAYNMOM rapMOHHKOH (Ha ypoBHe 5%). OOmmuit
ypoBeHb THD, cocraBmser 7,8%, 4Tro com3mepumo ¢ comep-
JKaHHUEM BBICIINX TapMOHHMK B TOKE TPaHC()OPMATOpPOB NpH
HCTOJIb30BaHNH Oa3oBoro BapuanTa [INM.

Tabnuna 4
T'apMoHUYecKuii coCTaB MEPBUYHBIX TOKOB TpaHCc(hopMaTo-
POB, Tipu (OPMHUPOBAHUM HATIPsKEeHUS AB ¢ moMoIIpIo Kitac-
cuueckoro metona LIIMM

Ne BapuaHTa
|
1 2 3 4 5 6 7
I, A 436 451 468 484 484 511 552
I3, % 0 0 0 0 0 0 0
lg, % 0 0 0 0 0 0 0
lis, % 0
l21, % 0
l7, % 0 0 0 0 0 0 0
15 | 14 42-
l33, % 0 1-1,6 33 16 1,1-39 | 1,6-2,6 45
0,6- 0,5-
l39, % 0 0 14 1,8-2 1-1,6 1,2 23
Is, % 0 0 0 0 0 0 0
l7, % 0 0 0 0 0 0 0
li1, % 0 0 0 0 0 0 0
2,8- 0,9- 3,1-
l13, % 47 44 39 33 1,2-3,4
15 | 42-
l17, % 0 0,6 36 6.9 1,4-2,9
1,3- 8,3-
l19, % 0 17 5-7,3 95 3,3-6,5
1,6- 0,7-
0 , )
lo3, % 2,48 25 17 0,6 1,35 0,5 0
los, % 0 0 0 0 0 0 0
1,5- 0,6-
lo9, % 0 0 1-11 19 0,51-1 0,5-1,6 0.7
o | 0 [ o9 | 27 | 2T | o073 | 1841 | 135
2,6- 2,1- 1,3-
I35, % 3,4 52 23 16 2,2-31 | 1,8-23 1-1,3
0,7- 1,5-
0 ' ' : i i i
l37, % 33 37 24 2-2,4 2,4-2,6 1,3-2,8 0,9-1
11- 16,5- 21,4- 14,3- 18,5- 24,9-
THD:, % 78 115 17,5 23,6 15,6 20,1 29

B HecumMMeTpUUHBIX pexnMax paboThl KIIaCCHYEeCKUil Me-
tox IITMM mo3Bonsier AB ocraBaThCcsi B pa0b0OTe MpH BCEX HC-
ClieqyeMBIX IpoBaiax HampspkeHus. [Ipu sTom Hambonee 3Ha-
yuMOH siBiseTcs 15 rapMonHmka Ha ypoBHEe 10 17%. Ilpm
IBYX(a3HBIX IpoBajiaX HAIPsDKEHHS BO3pacTaeT ypoBeHb 19
rapmoHuKH u pocturaet 23%. O6mmit ypoBens THD, mms
BCEX BapHaHTOB HECUMMETPHM HAIPSDKEHHS HE IPEBBIIIACT
30%.

2591, %
20
15

10

3 5 7 9 11 13 15 17 19 21 23 25 27 29
Howmepa rapmonuk

31 33 3B 37 39

Puc. 15. 'apMoHnYeckuil CIeKTp MEPBUYHBIX TOKOB TPaHC-

(opMaTOpOB B HECUMMETPHYHBIX PEKUMaX PabOThI IIPU HC-
10JIb30BaHUU Ki1accuueckoro merona MM

BBIBOJIBI

1. IIpoBeneHs! uccienoBaHUA MOLTHBIX AB, BBITOJTHEHHBIX
[0 JIBEHAUATHITYJIbCHON CXEME, NPH pa3lIUYHbIX HapyIICHU-
SIX MIMTAIOIIETO HANPSKEHUs U 4eThIpex BapuanTtax [IIHMM.

2. IIpoananu3upoBaHO M3MEHEHHE COJEpKaHHU Hanboiee
3HAYUMBIX TapMOHHK ¢ 3 10 39, K03(hOHUIUEHT HCKaKECHUS
toka (THD)), a Takxke auana3oH U3MEHEHHs KOd(PQHIUeHTA
MOJIYJSINH, 00ECIICUNBAIONIETO YCTOHYUBBIN PEXXUM PabOTHI
AB.

3. IIpu CUMMETPUYHOM THTAIOIIEM HANpPsDKCHUH 0a30BbIi
Meton [IVMM (c mAThi0 MEpeKIIOUEeHUSIMH) SIBJIIETCS HauOo-
Jiee IPeANOYTUTENBHBIM, TaK KaK MepBOM 3HAUNMON SIBIIIETCS
35 rapMoHHKa, OJHAKO, B CIy4ae HECHMMETPHH IHTAIOIIEro
HanpspkeHus: ypoBeHb | HD 3amMeTHO mpeBbIIaeT Apyrue Ba-
pHUAHTHL

4. Ilpy HECUMMETPUYHBIX PEXHMMax MUTAIOLIETO Hamps-
JKEHHsT TpeTHi 1 4eTBepThid Metoasl LIIUM (c 9 mepekimoue-
HUSIMH W KJIACCHYECKHH) 00ecreynBaloT Hanboiee mpuemiie-
MBI€ Pe3yJbTAaThl O COAEPIKAHUIO BBICHINX FAPMOHUK, B CUM-
METPUYHOM PEXKHUME KJIACCHYECKUI MeTol o0ecrednBaeT
MeHbIllee uckaxkenue, ueM metox LIIMM c 9 nepexmroueHus-
MH.

5. B otHOomennu ycroitunBoct AB K HECHMMETPUYIHBIM
MIpOBaJlaM MHUTAIONIET0 HANPSDKEHHs BCE IEPEUUCIICHHBIE Me-
tomel IIIMM, kpome mepBOro, 00ECHEUUBAIOT IOCTATOYHBIN
YPOBEHb HaJAEKHOCTH.
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Methods PWM of Large Power Active Rectifier
under Unbalanced Voltage Operating Conditions

Khramshin T.R., Krubtsov D.S., Kornilov G.P.
Magnitogorsk State Technical University named after G.I. Nosov
Magnitogorsk, Russian Federation
korn_mgn@mail.ru

Abstract. Powerful main electric drive rolling mills are made,
usually multi pulses using synchronous motor and frequency
converters, consisting of active rectifier and autonomous voltage
inverter. Such schemes allow the use of PWM techniques that
provide low frequency switching power switches acceptable har-
monic structure of the network current transformers and voltage
at the point of common coupling. This is due to the property of
three-phase systems, ensuring the absence of harmonic multiples
of three. These properties are valid only if the symmetry of volt-
age, so unbalanced currents appear in all odd harmonic spectrum
and the application of a low switching frequency becomes invalid.
The article presents the results of a study on the mathematical
model of the main drive of a cold rolling mill 2000 different
methods of PWM in balanced and unbalanced modes. Methods
PWM five switchings per quarter period (removing 11, 13, 23, 25
harmonics), with nine switching quarter period (removing 3, 5, 7,
9, 11, 13 harmonics), a method of switching the PWM a quarter
of the period and the classical method of PWM. In symmetric
modes of the most effective method SHE PWM with five switch-
ing quarter period. When the supply voltage unbalance similar
results give the classic method of PWM and SHE PWM method
with nine switching quarter period. The application of these
methods in single-ended modes rather than the other.

Keywords: main drive, active rectifier, PWM, voltage dip,
voltage unbalance.
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CTpykTypa M XMMH4YECKHI COCTAB NMOBEPXHOCTH
KapOuJaa KpeMHHUSsI M0CJie MUKPOIIApanaHus
THTAHA

Hocenko B.A., Hocenko C.B., AsuiioB A.B., baxmar B.1.
Bomxkcknii nonmuTeXHUIeCcKnit HHCTUTYT ((prmna)
®I'BOY BIIO «Boarorpaackuii rocy1apcTBEHHBI TEXHUYECKHI YHUBEPCUTET»
r. Bomkckuil, Poccuiickas @eneparus
nosenko@volpi.ru, s.v.nosenko@gmail.ru, avilov@volpi.ru, verunchik1909@mail.ru

Annomayun. C NCNoOIb30BAHHEM ABYXJIY4YeBOI0 3J1eKTPOHHO-
ro mukpockona Versa 3D mHcciaenqoBaHO COCTOSTHUE IUIOINATKHA
H3HOCA KapOmaa KpeMHHSI NPH MHKPONAPANAaHUM THTAHOBOTO
ciiaBa BT1-00 kpucrasiom U3 kapouaa KpeMHHUs 3eJeHOr0 Ha
cKopocTH pe3aHusi 35 M/c M XUMHYeCKHIl COCTaB B HAHOCJOSX
nosepxHoctu. Iloka3aHo, 4TO NMpH MHKPOLAPANAHMM THTAaHA
BepIINHA KPUCTALIA MOYTH MOJHOCTBIO NMOKPBLITA METAJJIOM.
MeT010M MHKPOPEHTIeHOCHeKTPAILHOI0 AHAIN3a NMPHU pa3Jiny-
HOM YCKOPSIIOLEM HANpSKeHHU 3JeKTPOHOB B030y:xaeHuss U
HCCIe0BAH XHMUYECKHH COCTaB B HAHOCIO0AX IOBEPXHOCTH
KapOuaa KpeMHHMsI M Hajumnmero meramia. Ha Bu3yanpno 4m-
CTBIX Y4YAacTKaX IUIOIIAAKH HW3HOCAa KapOmaa KpeMHHsI TNIpH
U=5 kB o0Hapy:keHO NpUCYTCTBHE AaTOMOB THTAHA B KOJUYeCTBE
0K0J10 3% aTom. B THTaHe, HAJIMIIIIEM HA MOBEPXHOCTh KapOuaa
KpeMHHsI, Ha0/10/1aeTcsl HEKOTOpoe YBeJHYeHHe CojJep:KaHHe
KpeMHusi. B HaHOC/I051X KapOuaa KpeMHHsI MPUCYTCTBYeT U30bI-
To4yHble aTOMbI yriepoaa. C ypeauyeHneM U KoOHLeHTpauus
aTOMOB YIJIepo/la CHH:KAaeTcsl, 2 aTOMOB KPeMHHUsI — BO3pacTaer.
IIpu yckopsiromeM HanpsizkeHuH 20 kB aToMHble KOHIIEHTPaLHKU
KPeMHHSI ¥ YIJIepo/ia MOKHO CUMTATh oAMHaKoBbIMHU. Conepika-
HHEe aTOMOB THTaHA HanOoJiee HHTEHCHBHO CHI/KAeTCsl B JHama-
30He OT 5 10 15 kB, rie KOHUEHTpPaNUsl TUTAHA CHUKAeTcHA ¢ 2,9
10 0,6% atom. IIpuBeneHb! 31eKTPOHHBIe doTorpaduu ucciaeny-
eMbIX 00bEKTOB, MOJyYeHHble NMPU PA3THYHOM YBeJUYEHHH U
rpaguyecKkue MaTepuaibl.

Knrouesvle cnosa: wapouj KpeMHHMsl, THTAHOBBI CIJIaB,
MHKpoIapananue, IJI0MAKa H3HOca, MOP¢OI0rHsi MOBEPXHOCTH,
XAMHYECKHUI COCTaB, PEHTIeHOCTIEKTPAJILHBIIT MUKPOAHAIN3.

BBEJIEHUE

TuraH 3aHUMaeT 4eTBEPTOE MECTO IO HCIOIB30BAHHIO B
Ka4yecTBE KOHCTPYKIHOHHOIO MaTepHana BCIEH 32 XKEIE30M,
AIMIOMUHUEM W MarHueM. M3 TuTaHa H3roTaBIMBAIOT IIMPO-
Kyl0 TaMMy TUTAHOBBIX CIUIABOB, ONpPEIEISIONIMX TEXHUYE-
CKHH TIporpecc BO MHOTHX 00JacTSX HapOIHOTO XO3siicTBa.
brnaronapss HU3KOW IIIOTHOCTH, AOCTATOYHO BBICOKOU YHAEIb-
HOM IIPOYHOCTU U KOPPO3UMHON CTOMKOCTH TUTAaHOBBIE CILIA-
BbI HCIIOJIB3YIOTCSI B aBUALIUOHHOM, PAKETHOM U KOCMHYECKON
TEXHUKE.

W3 cnimaBoB Ha OCHOBE THTaHA M3TOTABIMBAIOT HauOoIEe
OTBETCTBEHHBIEC JETalM, K KAaueCTBY IMOBEPXHOCTU KOTOPBIX
NPEIBABISIOTCS BBICOKHE TPEeOOBaHUS, YTO OOecredmBaeTCs
Ha 3aKJIOYUTENBHBIX ONepanusx oOpaboTKH, K YUCIY KOTO-
pBIX OTHOCcHTCS abpasmBHas o0OpaboTka W nuMpOBaHWE B
YyacTHOCTH. B kadecTBe abpa3uBHOrO Marepuana Juisi numgo-
BaHUS THUTAaHOBBIX CIUIABOB TPHMEHSIOT KapOWI KpEeMHHA,
KyOmueckuid HuTpua Oopa m anma3s. Hambonee pacmpoctpa-

HEHHBIM W3 TIEPEYMCIICHHBIX MaTEpHAIOB SBISACTCS KapOwn
KpPEMHHS, HCIOJb3YEMbIi Ha CKOpPOCTAX UHUIHM(OBaHUS OT
20 m/c u 6omee [1-8]. ITo cpaBHEHHUIO, HAIPIMED, C KOPYHIOM
H3HOCOCTOMKOCTh KapOuaa KpeMHHs TO THTaHy Ha CKOPOCTH
nudosanust 25-35 mM/c Ha opsAOK GoJIbLIe.

[Ipn mmdpoBaHUK THUTAHOBBIX CIUIABOB HEOOXOIUMO 00-
paTuTh BHUMaHUE Ha OJHY M3 OCOOCHHOCTEH mpolecca, CBs-
3aHHYIO C 3aTyIUIeHHEeM Kpyra. Kak n3BecTHO, OCHOBHOH HpH-
YMHOW 3aTyIUIEHHs SBIsieTCs oOpa3oBaHUE Ha BEpIIMHAX 3e-
peH mIomanok u3Hoca. Ilpy mmmdoBaHUM THTAHOBBIX CIUIA-
BOB 3aTyIUICHHE Kpyra MpOMCXOAUT HE B pe3ylbTare o0pa3o-
BaHMS IUIOMIAJ0OK H3HOCA, a B PE3yNIbTaTe HAJIHMIIAHUS METala
Ha BEpIIMHBI 3epeH. DTO OTMEYaeTcsl BO MHOTUX paboTax,
MTOCBAIICHHBIX TpobieMe abpa3suBHON 00paOOTKM THTAHOBBIX
crutaBos [9-14].

OCHOBHOW TIPHYMHOHN TUTOXOW 00pabaTHIBACMOCTH THTa-
HOBBIX CIUIaBOB HUIU(OBAHHUEM SBISETCS BHICOKAs aJre3UOH-
Hasl aKTHBHOCTh THUTAaHA BO B3aMMOJCHCTBHU B aOpa3MBHBIM
marepuanom [2, 4, 12]. Uccnenoano enusinue COTC, pexu-
MOB 00pabOTKH 1 IPaBKH HA BBIXOJIHBIE MAPAMETPHI Ipoliecca
M KayecTBO 00paboTaHHOM moBepxHOCTH. K uncny MeHee uzy-
YEHHBIX BOIIPOCOB OTHOCSITCSI COCTOSTHHE MOBEPXHOCTH abpa-
3MBHOTO MaTepHaja IpH 00pabOTKe THUTAHOBBIX CIUIABOB.
Oco0y10 aKkTyaJabHOCTh AaHHBII BOIIPOC MPHOOPETAaET B CBA3M
C TMOSIBJIGHUEM 0oJiee COBEPIICHHBIX MHCTPYMEHTOB M METO-
JIMK KOHTPOJISL.

B cBs3u ¢ 3TUM 1enb AaHHON paboTHI 3aKII0Yaiach B HC-
CJICIOBAHNH COCTOSIHUS penbeda U XMMHUUECKOTO COCTaBa I10-
BEPXHOCTH KapOua KPEMHHS [OCiIe B3aUMOJICUCTBHS C THUTA-
HOM B YCJIOBHSIX IUIM(OBAHMS C MCIOJIB30BAHUEM ITOCIEIHNX
MHPOBBIX JIOCTHXXEHUI B 00JAaCTH KOHTPOJISI KauecTBO IIO-
BEPXHOCTH

METOJUKA UCCIEIOBAHUN

CocrosiHue penbeda U XUMHUYECKHI cocTaB 00paboTaH-
HOW MOBEPXHOCTHOCTH HCCIIECOBATIN HA PAaCTPOBOM ABYXITY-
4YEBOM DJIEKTPOHHOM MuKpockomne Versa 3D LoVac, coenu-
HUBIIETO B ce0e MOCIIeTHIE MUPOBBIC TOCTIXKEHUS B 00J1acTH
(U3MIeCKUX METOJ0B KOHTPOJIA KadecTBa. MUKPOCKOI OCHA-
IICH JIBYMsI KOJIOHHAMH: 3JICKTPOHHOW M WOHHOW. Hammdwme
JBYX KOJIOHH IO3BOJISIET OCYIIECTBISTH BCECTOPOHHEE BHU3Y-
AIBHOE MCCIIEIOBaHNE OOBEKTOB MPU PA3TMIHOM yBEITHUCHHH,
MPOBOJUTh XMMHUYECKUM aHAJIU3 B HAHOCIIOSIX TIOBEPXHOCTH U
MpenaprupoBaTh OOBEKTH HETIOCPEACTBEHHO B KaMmepe Mmpuoo-
pa, HanpuMep, MOCIOWHOE TPABJICHUE W OATOTOBKY IIUTHU(OB.

CocTosiHHE MMOBEPXHOCTH a0pa3WBHOIO MaTephalia Mocie
B3aMMOJICHCTBHS C THTAaHOBHIM CIDIABOM HCCIICIOBAIU MPU

* Pabora BeImoTHEHA IpH GHHAHCOBOW mojiepxkke rpanta PODU 14-08-97043
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MOJIIMPOBAHMM TIpoliecca HUIM(OBaHUS MHUKpOLapanaHueM
€/IMHUYHBIMU KPUCTAJUIAMH.

B kauectBe abpa3MBHOTO MaTepHana HCIOJIb30BATH Kap-
oun kpeMHus 3eneHslit nponsBoacTea OAO “Bomxckuit abpa-
3UBHBIN 3aBOJ” . VI3 KpYITHBIX KPHCTaJUIOB KapOuaa KpeMHUs
BBIPE3aJIM 3aTOTOBKH Pa3MepoOM 2X2X5 MM, BCTaBISUIA B CIIe-
[UaJbHBIC OMPABKU M 3aKPEIUISIM KOMIO3UIIMOHHBIM IIOM-
OMPOBOYHBIM MarepuasioM. BeplmHy Kpucrauia 3aTauduBaIy
Ha KOHYC C YIJIOM Ipu Bepiuze 120°.

MuxkponapanaHue OCYIIECTBISUIM Ha IIOCKOIUTH(OBAIbL-
HOM cTaHKe 1o Mmetonuke [15-17]. MunenTop (ompaBka ¢ Kpu-
CTAJIOM) YCTaHABJIMBAJIM B OTBEPCTHE, ClleNIaHHOE Ha repude-
pUH AWCKA, W TOLKAMAaNM BHHTOM. Jmametp amcka 235 mw.
Pajuyc TpaekTopuu BpallleHHs BEPLIMHBI MHACHTOpa COCTaB-
a1 125 mm. Takum oOpa3oM, MOJEIMPOBaIN padOTy eANHUY-
HOTO 3epHa nuMMGOBANEHOTO Kpyra. CKOpOCTh BpalleHHUs
LIMUHAES HUHdoBaIbHOro cranka N = 2740 06/MuH, 4TO CO-
OTBETCTBYET CKOPOCTH MUKpope3aHus 35 m/c.

IToBepxHocTh THTaHOBOrO cruiasa BT1-00 mepex mukpo-
napamnaueM o0pabaThIBAIM KPYTOM U3 KyOHMYECKOTO HUTPHUIA
Oopa Ha OakeIMTOBOW CBs3Ke xapakTepucTuku 1A1 250x20%
76,2x5 JIKB30B107100 MB35 m/c TOCT P 53923-2010.
[IlepoxoBatocTh moBepxHOCTH ciuiaBa Ra 0,15 MM morygamu
BBIX2)KHMBaHHEM.

3arem, BMECTO 3Jb00POBOT0O Kpyra YCTaHaBIMBAIH METAI-
JMYECKUI ANUCK, B KOTOPBIH BCTABIISUIN M 3aKPEIUISUTH BUHTOM
UHJEHTOp. MuKpolapananue OCYIIECTBISUIM C MPOJOJIbHON
nojaucii croyna Ha ckopoctu 7 mM/mMuH. [lepBoHauanbHas TIIy-
OWMHa MHUKpOLapanaHus COCTaBsIIa 15 MKM.

PE3YJIbTATBI UICCJIEJJIOBAHUIA

B cBA3u ¢ BBICOKOH aAre3MOHHOM U KOI'€3MOHHOU aKTHUB-
HOCTBIO THTaHA IUIONIaKa U3HOCA KPHUCTAIIa KapOuaa Kpem-
HUSI TIOKPBITa HAIMIIINM METaJUIOM. TpaeKkTopusi IJIaBHOTO
JBIDKEHHE BEPIIMHBI 3€pHAa Ha pHuc. |, a HampaBieHa CHU3Y
BBEpX NOJ yrioM oxono 40° OTHOCHTENBHO BEPTHKAIBHOU
ocu. OpHUEHTHUPOM HAIIPABJICHHS SIBISIOTCS JTHMHUHM CKOJIbXKe-
HUS, ¢HOPMHUPOBAHHBIE HAa MIOBEPXHOCTH HAJMIILIETO MeTalia
BOKpyr BepiinHbl 1. OOpasyromasics Ipy MHKpoLapanaHuu
CTpY)KKa CTEKaeT 10 HANpaBICHHUIO TPACKTOPUU TIIaBHOIO
JIBIDKEHUS 2 ¥ B OOKOBBIX HaIlpaBiieHUsxX 3 u 4.

[Ipu nmoBopote 0OBekTa BieBO Ha yros okosio 130° noumy-
yuiM u300paskenne puc. 1, 6. MeTamn mo kparo Hajauma Mpu-
JeraeT K OCHOBE, T.€. KapOWuay KpeMHUs, He IUIOTHO (OTMeue-
HO cTpenkaMu 1). Ha moBepxHOCTH KpHCTayIa MpOCMaTpHUBa-
€TCs TeMHasl JHMHUS 2, KOTOPYI MOXHO HHTEPIPETHPOBATH
Kak TpemuHy. B mpaBoM BepxHem yriy dortorpaduu Ha mo-
BEPXHOCTH KpHCTaJIIa 3aMETHA TpeluHa 3.

Ha puc. 1, 6 npencraBneHa BepxHssl HpaBas 4yacTh H300-
pakeHus1 MOBEPXHOCTH KapOupma kpemuus. [lpu yBenmmuennn
6500x TpemuHa 3 cTraHoBUTCs Oosiee 3ameTHOH. OHA MPOIOJI-
JKaeTcs ¥ O] HAIHIIIINM METaJNIOM, O YeM CBHIECTEIbCTBYET
TeMHas JIMHUs 5 Ha NoBepXHocTH Hanuna. Crensl eme oaHou
TPEUINHBI 6, MPOCTYIAIOIIEH Yepe3 HAIHIIIINN MeTaJll, BUIHBI
B npaBoii yactu ¢ortorpaduu. IIpu yBennuennn 8000% (puc.
1, 2) 3a30pbl | 1O Kparo HAJIUIIOB CTAHOBSTCS OOJee SBHBIMH.
Ha noBepxHocTH KapOuaa KpeMHUS NPU JaHHOM yBEIHYEHUH
Pa3NUINMBI CIIEBI BRIKPAIIUBAHU 2.

Puc. 1. CocTosiHuE pa3snuYHBIX Y4aCTKOB IOBEPXHOCTH
KpHUCTaja 1ocje MUKpoLapanaHus TUTaHa,
MOJy4EHHbIE IPU Pa3IMYHOM yBEIUUEHHUH:

a—1500%; 6—-3500%; &—6500x; 2—-8000x
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ConepxaHue XUMHYECKUX JJIEMEHTOB ONPENIEIISIA METO-
JOM DPETreHOCIEKTPaIbHOTO MHKpoaHanu3a. [l 3Toro Ha
BBIOpDAaHHBIH YYacTOK MOBEPXHOCTH HAIPABIAETCS IOTOK
3JIEKTPOHOB, BO30Y)KJAIOMIMX B aTOMax MaTepuaja peHTre-
HOBCKOE XapaKTEPHCTHUECKOE N3ITydCHHE.

Ha puc. 2, a BeIAENEHBI TPH YYaCTKa, B KOTOPBIX METOIOM
CKaHMpPOBaHUS NpU ycKopsitomeMm Hampspkennn U = 15 kB
MIPOBOAMIIN UCCIIEOBAaHUS XUMHYECKOTO COCTaBa B HAHOCIO-
X TOBEPXHOCTH. PasMephl mepBoro mpsiMoyrosibHuka (Area
1) — 2,4x1,7 mxm, Broporo (Area 2) — 1,8x1,6 MKM, TpeThero
(Area 3) — 1,7x1,8 mkM. Y4acTok ckaHupoBaHusi | BbIOpaH Ha
OTHOCHTEJIFHO YHCTOH NOBEPXHOCTH KapOuaa KpeMHHs, yda-
CTOK 2 — PSIZIOM C HaJHIIOM, YI9aCTOK 3 — HEOCPEACTBEHHO Ha
HaJuIe.
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Puc. 2. YyacTkn XuMHUYECKOT0 aHau3a (@) ¥ coepkaHue B
HUX XUMUYECKHUX 1eMeHTOB (0, 6, 2):
O — HOBEPXHOCTH 1; @ — MOBEPXHOCTH 2; Il — MOBEPXHOCTH 3

Copepxanue yriepoja B moBepxHoctsx Area 1 u Area2 ¢
Y4E€TOM JIOBEPUTEIHHOTO MHTEpBaJlia MOXKHO CUUTATh OJUHA-
koBbIM. ConepkaHue KpeMHHUs B oBepxHocTH Area 1 Ha 15%
6onpme. B coorBercTBHM ¢ xummdeckor dopmymnoit SiC aTto-
MapHOE CO/Iep)KaHNe KPEMHHS U yTepoa J0JDKHO OBITh OH-
HakoBBIM. Ho B 00enx MOBEpPXHOCTSAX conaepkaHHE yriepoja
6opmie cooTBeTcTBEHHO Ha 27 1 61%.

ITo mepe mpuONMXKEHNS K HANWIy KOHIIEHTpAlWs THUTaHA
Bo3pacraeT Oojee yeM B 1Ba paza ¢ 0,6 mo 1,3% arom (Area
2). B nanune (Area 3) OCHOBHBIM XMMHYECKHM 3JIEMEHTOM
CTAaHOBHTCS THTaH — OKoJlo 66% atom. KoHueHTpanus yrie-

pola B HajJMIle HO CPaBHEHUIO C IOBEPXHOCTBIO KapOuia
KpPEMHUS CHIDKaeTcs 0oJIee 4eM B JjBa pa3a M COCTABIISET OKO-
710 26% atom. B Hammme oOHApYKEHBI TAKXKe CIEIbl KPEMHUS
(6oiee 0,3% macc.).

B ucxoanom turaHoBoM criaBe BT1-00 konueHTparus
KpeMHHs He pobkHa mnpeBbmmats 0,08% macc. Hammunme
KpPEMHHS B HAJIUIIIEM TUTaHE OOBSACHSIETCS IEPEHOCOM €ro U3
KapOua KpeMHHUSL.

[oBeiIeHHOE copepXkaHUe yriepoja OOHapyXeHO B
HaJMIax THTaHa Ha BEpLIMHE KpHcTayula. B ycimoBusx muiu-
(oBaHMS TUTAHOBOIO CIUIABA KPYroM M3 KapOuga KpeMHHs
0€3 MCHOJIB30BaHUS CMa30YHO-OXJIAXKIAIOIINX TEXHOJIOTHYE-
CKMX Cpell B HAHOCIOSX 00pabOTaHHOH MMOBEPXHOCTH TaKKe
HaOJIfolaeTcs yBEIMYCHHE aTOMOB YIJepola, He CONOCTaBH-
MOE C M3BECTHBIMH (paKTaMH HEKOTOPOTO IPHPOCTa KOHLCH-
Tpauun kpemHus [12, 14]. ITosToMy OCHOBHOH NIPUYIHHON
YBEJIMYCHHUS COJEp)KaHUE YIIIEpOoaa CIeAyeT CYUTATh IEPEHOC
ero M3 BO3IYIIHOW Cpelbl W BO3MOXKHOE NOIAJaHHE Ha IO-
BEPXHOCTh OPraHMYECKHX BEIECTB.

ConepxaHue XMMHYECKHX 3JIEMEHTOB HENOCPEICTBEHHO
Ha BEpIIMHE KPUCTAJIa HMCCIIEA0BAIM B OTACIBHBIX TOYKAX
MOBEPXHOCTH (pHC. 3) MPH YCKOPSIOLIEM HANpPSDKEHUU DIIEK-
TPOHOB BO30YxmeHust 5 u 20 kB.

h 2
Puc. 3. HOBerHOCTB BCPHIMHBI KpUCTAJIJIa C BBIACIICHHBIMU
MUKPOYYACTKaMU JI1 XUMUYCCKOI'0 aHaJIn3a

Pe3ynbpTaThl MUKPOPEHTTEHOCTIEKTPAIBHOTO aHAJIN3a CBU-
JIETENLCTBYIOT O TOM, YTO ISl KaXKJOrO W3 YCKOPSIOUIMX
HaTPSOKCHUH CoJlepXKaHWe XUMHYECKHX HJIEMEHTOB B MHKPO-
o0Obektax Spot 1 u Spot 2 ¢ yueTom JOBEPUTENBHOTO HHTEP-
BaJla Ha CpeAHUE apu(pMETHUECKHEe 3HaYeHH MOXKHO CUMTATh
OMHAKOBBIM (pHuC. 4). DTO MO3BOJSAET BBHINOJHUTH 0OOCHO-
BAaHHOE YCpeIHEHUE KOHIIEHTpaIuii (puc. 5).

C yBenMYeHHEM YCKOPSIOLIETO HalpspKeHUs] HaOJo1aeT-
Csl yMEHbIIICHHE KOHIIEHTPALUU BCEX XUMUUECKUX IIEMEHTOB,
kpoMe kpeMHus. CojepxaHue yriaepoja cHuwkaercs Ha 17 %,
KpeMHHs — Bo3pacraeT Ha 39 %. B pesynsrate npu U=20 kB
KOHIIEHTPalU! YIiaepoja U KpEeMHHs C YYETOM JOBEPHUTENb-
HBIX WMHTEPBAJOB Ha CpelHHe apu(METHUECKHe 3Ha4YCHUS
MOJKHO CUMTaTh 3HAYMMO HE Pa3INYAOIIUMHUCS, YTO O3HAYAET
HX COOTBETCTBHE XUMHYecKoi popmyne SiC.

KonnenTrpamys TnTaHa, a30Ta 1 KHCIOPOJia yMEHBIIACTCS
B 8,51 10 pas.
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Puc. 5. Ycpennennast mo 1ByM MHKpOOOBEMaM KOHIICHTPALINS
XUMHUYECKUX DJIEMEHTOB C IIpU PA3JINYHBIX 3HAYCHUAX
YCKOPSIOIIETO HANPSDKEHUS JIEKTPOHOB BO30YKICHHUS:
o—-5kB; m—-20kxB

C yBeNIMYEHUEM YCKOPSIOLIEr0 HAMpPSKEHHsS BO3PAcTaeT
SHEPTUsl JIEKTPOHA U IITyOMHA €ro MPOHUKHOBEHUS B IIOBEPX-
HOCTHBIM CIOH HCCIEeIyeMOro MaTepuala, COOTBETCTBEHHO
riryOMHa M B 11€J0M 00BbEM 30HBI T€HEPALUH PEHTTEHOBCKOTO
XapaKTepUCTUYECKOI O U3ITYyUYEHUS.

Jns OneHKH MaKCHMallbHOW TIyOMHBI 30HBI T'€HEpaLUH
Bocrosb3yeMcst popmyiioli Kanaiisi-OkasiMbl, onpenesstoeit
MaKCHMaJIbHYIO AJHMHY NpoOera 3JIeKTPOHOB ISl 3aJaHHOTO
3Ha4YCHUs dHeprun 30674 [18]:

4277 (55 s
R:0,0276-—-(E0 —-Exp ) Q)
P
rae R — MakcuManbHas rHA mpodera AIeKTpoHa, MKM; Ey —
SHEPrys AJIEKTPOHA Bo30YyxieHus, KaB; Exp — sHEprus xapax-
TEPUCTUUECKOTO PEHTIEHOBCKOTO BO30YXIeHUs, k3B; Z —
CpelHUN aTOMHBIA HOMEp MaTepuana; A — cpeiHsAs aTOMHas
Macca; p — IIOTHOCTh MaTepuana, r/cm°. HeoGxoammo oTme-
TUTB, 4TO (hopmyna (1) oueHbp nmpuONKEHHAs M AaET JIMIIb
OLICHOYHOE 3HAYEHHE JAHHbIX BeaudauH [19].
[MonoxkeHre 3JIEKTPOHA B aTOME ONpeessieT 1 Heo0X01u-
MO€ MUHUMaJIbHOE 3HaY€HUE SHEPTUH JICKTPOHOB BO30YxkK1e-
Hus (Tadm. 1).

Tab6muma 1
3HeprI/I;{ XapaKTCPUCTUICCKOT'O PCHTTCHOBCKOI'O U3JIY4YCHU A
XHM. 3JIEMEHTBI YposeHb Exe, k0B

C Ko 0,282

N Ko 0,392

o} Ko 0,523

Si Ko 1,74

. La 0,452
Ti

Ka 4,952

Ipu U = 5 k3B mns atomor C, N, O, Si BO3MOXKXHO BO3-
Oy)XIeHHEe 3JIEeKTPOHOB, Haxonsdmuxcs Ha ypoBHe Ko, T.K.
9HEPrUsi UX XapaKTEPUCTUYECKOTO PEHTIEHOBCKOTO H3JIy4e-
HUsI HAMHOTO MeHble Eg. Y aToMoB THTaHa npu TakoM 3Ha-
yeHuHn Eqy OyayT Bo30yXIaTbcsi TOIBKO 3JIEKTPOHBI, HAXOJS-
muecs Ha ypoBHe Lo.

B cootBercTBuu co 3HaueHusIMU Eq u Exp 1o dhopmyne (1)
paccunTaHa MakCHMallbHasi IIyOMHA 30HBI T€Hepanuy, KOTo-
pyI0 TpPHHHMAaeM paBHOM MaKCHMalbHOM UIMHE Tmpobdera
AJIEKTPOHOB BO30YXIeHus (Tal. 2).

Tabmuua 2

MakcumanbHast JUIMHA TIpoOera 3IIeKTpoHa
B KapOuie KpeMHHUS, MKM

U, kB

r(Xa) 5 10 15 20

r(CKa) 0,324 1,034 2,035 3,288
r(SiKa) 0,270 0,980 1,081 3,235
r(NKa) 0,322 1,032 2,033 3,286
r(TiLo) 0,321 1,031 2,032 3,285
r(TiKa) 0,052 0,762 1763 3,016
r(OKa) 0,319 1,029 2,030 3,283

Kak mnokazamu pacuersl mo dopmyne Kanaiist-Okasmel,
mpu U = 5 kB rayOuHa 30HBI TeHepau peHTTeHOBCKOTO Xa-
PaKTEepUCTHYECKOr0 M3iMydeHus Ko st yriepona, KpeMHHS,
azora ¥ Kuciopoja He Oyner npesbimath 270-322 HM. Y aro-
MOB THTaHa BO30YXIaThCsI OyIyT TOIBKO AJIEKTPOHBI YPOBHS
L. MakcumanbHasi TiyOWHa TEHEpaluu PEHTI€HOBCKOTO Xa-
PaKTEPUCTUYECKOTO M3ITy4EHUsI HICKTPOHOB aTOMOB TUTaHa T1i
Lo Haxonmurest B 3THX ke npenenax. C ysenuuennem U B ue-
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ThIpE pa3a 1o 20 kB MakcumainbHas T1yOnHa 30HBI TeHEepauuu
aToMOB Bo3pacraeT o4ty B 10 pa3 u mpesbimaet 3000 HM.

[Ipu aHanm3e BH3yalbHO YMCTOH MOBEPXHOCTH KapOwmia
kpemans npu U = 5 kB ycTaHOBIEHO, YTO B HAHOCIIOE MaTe-
puana riyOuHoi, He npesblmaromeii 200 HM, MOXET conep-
*atbcs moutH 3% aToM. TMTaHa. Eciam momycTuts, 4To mepe-
HOC THTaHa IIPOM3O0ILNEIN B pe3ynbTare UM Py3un Win XUMH-
YEeCKOro B3aMMOJICUCTBHUS C KapOMJIOM KpEeMHHs, TO TIyOuHa
MOJU(UIMPOBAHHOTO CIIOSl HE JODKHA MPEBBIIATH JECATKOB
HaHOMETpOB. [103TOMY, B IPHIIOBEPXHOCTHOM CJIOE COZEpIKa-
HHE THTaHa Oy/eT 3aMeTHO OoJbllle, YeM B 00beMe reHepalin
PEHTTEHOBCKOT'O XapaKTePUCTHYECKOTO H3ITyUeHHS.

C yBenm4yeHHEM YCKOPSIOLIETO HANpsKEHUS HIEKTPOHOB
B030yxneHust B 4 pasa g0 20 kB rimyOuna ciost reHepanuu
PEHTTEHOBCKOIO0 XapaKTEepPUCTUYECKOTO H3IY4YEHUS aTOMOB
tuTaHa MoxeT focturatb 3000 HM. IToaTomy ¢ yBenuueHneM
U KOHIEHTpanus THTaHA CHUKAETCS, OCKOJIBbKY MOYTH TaKoe
K€ KOJIMYECTBO TUTaHA, CKOHIIEHTPUPOBAHHOTO B MIPUIIOBEPX-
HOCTHOM CJIO€, TETeph yCPEIHSETCA IO 3HAYUTEIBHO OOJIb-
meMy o0BeMy.

To e MOXXHO CKa3aTh B OTHOIIEHHHM aTOMOB KPEMHHS U
a30Ta, KOHLEHTPAIMA KOTOPBIX COTJIACHO IOJyYCHHBIM JaH-
HBIM CHHXKaeTcsl COOTBETCTBEHHO B 5 M 10 pa3. KoHuenTpauus
yriaepoga Takke CHIDKaeTcs, HO Bcero Ha 17%. OcHOBHOM
MPUYMHON CHIDKEHHS COePKaHMsI aTOMOB YIJIepoja sBIseTCs
JOCTaTOYHO OOJBIIOE UX KOJMYECTBO Ha IOBEPXHOCTH Mare-
puana. KoHieHTpanus 3Toro yriepoaa CHHXKAeTCsl B CBSI3U C
CYIIECTBEHHBIM YBEJIMUEHHEM aHaJIM3UPYeMOoro odbemMa Ma-
Tepuana. [Ipupoc KOHLIEHTpalMM yriepoja 3a CYeT €ro co-
JiepKaHMsl B KapOue KpeMHHs Oy/eT MpONopIHOHaNeH aHa-
nu3upyemMomy oowvemy. IToaTomy yriepox kapOuna KpemHus,
HE OTpa3WTCs HAa M3MEHEHNH KOHIIEHTpanuu. B ntore, Habmo-
JlaeTcsl CHIDKEHUE KOHIICHTPAIIH YTIIepoa.

JlanHble, peacTaBleHHbIE Ha PHUC. 5, 00BEAUHEHBI C TO-
nyderasiMd Tipu U = 15 kB Ha Hambonee yucToM ydacTke
MOBEPXHOCTH 0€3 BHAMMBIX CJIEA0B HAIMMIIETO MeTalla
(o0BexT Area 1). B pesynbrare moiydeHbl 3aBUCUMOCTH W3-
MEHEHHSI KOHIEHTPALMH XHMMHUYECKHX HJIEMEHTOB OT YCKOpS-
JOLIET0 HAPSDKEHMS 3JIEKTPOHOB BO30Y>kaeHus (puc. 6).

BEIBOJIbI

IIpu MukpomapanaHuu THUTaHa KPUCTAUIOM KapOuaa
KpPEMHHUS MTOYTH BCS MOBEPXHOCTH IUIOIIAKA U3HOCA MTOKPHITA
HAJIUIIIIUM MCTAJIJIOM.

Ha BI/I3yaJ'H>HO YUCTBIX y‘IaCTKaX IJIOIIaAKU U3HOCa Kap-
Omga KpeMHHS TpPU YCKOPSIOIIEM HAIPsDKEHUH JJICKTPOHOB
BO30YXIeHHA 5 KB 00HapyXeHO NPUCYTCTBHE aTOMOB THTaHA
B KoJinuecTBe OK0j0 3% aroM. B TuTaHe, HaIuIIlIeM Ha IO-
BEPXHOCTh KapOWaa KpeMHHs, HAOIMIOAAeTCs HEKOTOPOE yBe-
JMMYEHHE COepPIKaHUe KpeMHUs. B HaHOCIIOSIX KapOuaa Kpem-
HUS IPUCYTCTBYET U30BITOYHBIE aTOMBI YTIIepoa.

C yBeJlMYEeHHEM YCKOPSIOIIEro HamlpsHKEeHUs] KOHLIEHTpa-
1Msl aTOMOB YIJIEpOJa CHU)KAeTCs, a aTOMOB KPEMHHS — BO3-
pactaer. Ilpu yckopsitomem HanpspkeHnn 20 kB artomHbie
KOHHCHTpaHI/II/I erMHI/IH yrnepozla MOXHO CUHUTAaTh OJMHAKO-
BeiMH. CoJiepkaHre aTOMOB THUTaHA HaWOOJee WHTCHCUBHO
CHW)XaeTcs B Auama3oHe oT 5 mo 15 kB, rme xoHIeHTparus
TUTaHa yMeHbaercs ¢ 2,9 no 0,6% arom.
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Puc. 6. Bmustane yckopsttorero HanpsbkeHus: U Ha KOHIICH-
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Structure and Chemical Composition of a Surface
of Carbide of Silicon after a Microscratching
of Titanium

Nosenko V.A., Nosenko S.V., Avilov A.V., Bakhmat V.l.
Volzhskiy Polytechnical Institute (branch)
Volgograd State Technical University
Volzhskiy, Russian Federation
nosenko@volpi.ru, s.v.nosenko@gmail.ru, avilov@volpi.ru, verunchik1909@mail.ru

Abstract. With use of a two-beam electron microscope of Ver-
sa 3D the status of a site of wear of carbide of silicon in case of a
microscratching of VT1-00 titanium alloy is probed by a crystal
from carbide of silicon green on cutting speeds of 35 m/s and a
chemical composition in surface nanolayers. It is shown that in
case of a microscratching of titanium the peak of a crystal is al-
most completely covered with metal. By a micro x-ray spectral
analysis method in case of different acceleration voltage of elec-
trons of excitation of U the chemical composition in nanolayers of
a surface of carbide of silicon and the stuck metal is probed. On
visually pure sections of a site of wear of carbide of silicon in case
of U=5 kV presence of atoms of titanium in number of about 3%
atom is revealed. In the titanium who stuck to a silicon carbide
surface some increase the content of silicon is watched. Is present
at nanolayers of carbide of silicon excess atoms of carbon. With
increase U concentration of atoms of carbon decreases, and at-
oms of silicon — increases. In case of acceleration voltage of 20 kV
atomic concentration of silicon and carbon can be read the iden-
tical. The content of atoms of titanium most intensively decreases
in the range from 5 to 15 kV where concentration of titanium
decreases with 2,9 to 0,6% atom. Electronic photos of the re-

searched objects, the received in case of different increase and
graphic materials are provided.

Keywords: silicon carbide, titanium alloy, microscratching,
wear site, surface morphology, chemical composition, X-ray
spectral microanalysis.
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The Features of Designing of Rubber
Packers of High Pressure
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Abstract. . It is devoted to the rubber seals for oil and
gas industry called as packers. The attention in article is
given to operation of a rubber element, instead of a design
as a whole with the activation and deactivation device (also
called as packer). The operation of these seals has the fea-
ture. It is necessary to activate after installation of the
packer into the well, i.e. it is required to create the com-
pression force in a direction, opposite to action of external
pressure. In the standard (traditional) design of packer we
have no effect of self-packing of a rubber element of pack-
er external pressure as it happens in usual seals. The fea-
tures of operation of the packers for a high pressure are
considered in the article. The problems which are neces-
sary to solve at their designing are reviewed. The paths of
the solution of these problems are submitted. It is present-
ed the packer developed by authors for casing pipes. It
keep working capacity at external pressure to 700 Bar.
The basic problems of rubber seals was solved in the de-
sign of packer: self-packing and extrusion.

Keywords: designing, seal, packer, extrusion, rubber.

INTRODUCTION

For current technologies, particularly in the field of oil and
gas production, stationary seals, else referred to as packers, are
being widely used. Packers are shaped cylindrically, and can
be used to seal apertures in wells, long pipes, etc. It is charac-
teristic for packers, that in their unstrained (non-activated)
mode they easily fit the sealing aperture; therefore they can be
installed in hard-to-reach areas. Before running operation,
packers are to be activated, i.e. compressed in axial direction.
When compressed axially, the rubber element starts expanding
in radial direction, fully filling the aperture, so that the packer
acquires certain sealing quality. After use, the seal is deac-
tivated, axial compression is lifted, and the packer is recovered
from the aperture. Commonly, not only the rubber sealing el-
ement is referred to as a packer, but the whole module, includ-
ing strain-building system (activating mechanism), and all
metal fittings, enclosing the rubber detail.

For customary seal design, compression value of rubber
elements stays invariable, and is conditioned by shape of met-
al details (commonly, the bed depth). When using packers for
sealing, compression value can be varied by varying the acti-
vation force. For instance, such is the behavior of a cable-
clasping packer, hoisted down into a well. This type of seal is
commonly referred to as a “stuffing box”, however, essential-
ly, it is the same packer. The packer in review should be able
to run in three modes: 1 — non-active mode; 2 — low-active

mode, allowing for the sealing effect to occur, but not ob-
structing the cable haul; 3 — high-active mode. The third mode
is used to block and hold the cable. Most commonly known
packer configuration can be represented by a cylinder with
tapered edges (Fig. 1).

Packer outer diameter D, usually does not exceed given
value in non-activated mode. It is constructively defined both
for the rubber element, and for the whole module metal as-
sembly. The packer is set into an aperture with the inner diam-
eter D, and is activated by application of external force F, (see
Fig. 1).

Fig. 1. Packer configuration, known as “black cat” type:
a — non-activated packer, b — activated packer

CRITERIA OF WORKING CAPACITY OF PACKER

For the packer to be operating, the following conditions
should be met:
1. When activating, it is required to create pressure, acting on
inner surface of aperture D, and on inner surface of the packer
with diameter D;,, sufficient to ensure the sealing effect;
2. When activating, it is required to prevent rubber destruction.
Rubber destruction is basically caused by extrusion of rubber
into the gap, formed by two cylindrical surfaces with diame-
ters D, and Dy;
3. When disengaging the packer, it is required to return it into
its initial state.
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The first requirement is most easily fulfilled by procuring
higher value of activating force F,. Average value for pres-
sure, acting on the edge surface of the strained rubber element
Pa is calculated as a ratio of force F, to annulus area, sized D,
and D

pa = 42Fa 2 "
ﬂ-‘Da -D; i

This being the case, contact pressure along the outer radius
of packer D, shall be a little less than this value, while contact
pressure along the outer diameter shall be a little more than p,.
Therefore, if the external pressure Pegernar Satisfies the condi-
tion Pexernal + A < Pa, , then the packer is successfully function-
ing as a seal (value A depends on pressure, rubber properties
and design). Under current conditions of oil and gas produc-
tion pressure in the well can be up t0 Pexternar = 700-1000 bar.
Therefore, creating force F, at the required value is hardly
possible. The question now arises of whether packers shall
operate under such conditions? Particularly, the cause for con-
cern is that packers, such as “black cat” packers (Fig. 1), lack
the self-packing effect, or, else, contact pressure, that occurs
along the sealing surface “metal-rubber” does not increase,
when the external pressure increases. Leakage occurs inevita-
bly when the external pressure pPexernai €Xceeds the contact
pressure p,. As well as in case of conventionally used seals
with elastic rubber elements, only self-packing effect can en-
sure packers™ sealing capability in such severe conditions.

Self-packing effect can be achieved, for instance, by using
conically-shaped rubber elements instead of cylindrical ones.
In this case annular wedge gap is formed between the rubber
element and the sealing surface. When the packer is activated,
there is rubber extrusion into this gap. When external pressure
starts to grow, rubber is being extruded into the wedge gap
even more, which leads to increase of local contact stresses, in
other words, the self-packing effect occurs (Fig. 2).

P

external

f

Fig. 2. Design for a packer with the self-packing effect:
1 — soft rubber, 2 — stiff rubber, 3 — sealing area

THE DEVELOP OF THE DESIGN OF PACKER FOR HIGH PRESSURE

Similar effect can be achieved by using various anti-
extrusion accessories. For instance, the wedge effect can be
simulated by using a ring, made of helical bracelet spring
(Fig. 3). However, this solution does not always ensure the
necessary degree of reliability.

Fig. 3. Cylindrically-shaped packer with a spring

anti-extrusion ring for self-packing effect:
1 —spring ring, 2 — wedge, 3 — rubber

The task, set to the authors, was to ensure cylindrically-
shaped packer normal operation (Fig. 3). The only difference
of the packer from the one, previously in use, was its reduced
axial size. The new packer, updated in the above-described
way, stopped to operate properly. Moreover, some specimen
were operating properly, others, though virtually the same,
were not; also, there were some, operating by turns — now
sealing, then not.

The cause of such instability was retrieved by experiment,
analyzing the position of the so-called “sealing line”, in other
words, a closed line, that bounds the external pressure impact
area. To find the sealing line position, we were using special
paper that changes its color under different pressure. As it
turned out, the sealing line was neighboring metal springs, and
the sealing capability of the packer was achieved as a result of
the wedge effect. Instability of this effect was causing instabil-
ity of the whole packer system.

Second, packers™ sealing capability is conditioned by pre-
venting rubber extrusion into the gap. Characteristic of the
packers is that the gap between metal elements (between D,
and D, diameters) in some cases sizes up to 5-10 mm. (or even
more). The gap size cannot be reduced, as it is commonly pre-
conditioned by envelope dimensions of the whole construc-
tion. It is nearly infeasible to develop rubber stiff enough to
prevent its extrusion into the gap of such a size under external
pressure Pexternal = 700-1000 bar. To fix the problem, it is re-
quired to use various anti-extrusion appliances. As such, heli-
cal bracelet springs, commonly used in packers, can be con-
sidered (Fig. 2, 3). Metal springs are set in press molds; like it
is done for S-seals (see circumferences in Fig. 2). The ad-
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vantage of using springs is that rubber does not extrude into
the gap, therefore the process of seal disengagement does not
present difficulties. There are also weak points. First, rubber-
metal articles are difficult to make and cost more. Second,
when activated, the spring is significantly strained (much
more, than S-seal are), while metal-rubber adhesive bond is
wrecked, which reduces reliability and life time of the packer.

For packers, seldom retrieved from the bore (single-use
packers), L-shaped solid-metal rings can be used instead of
springs. When activated, the rings are straightening and pre-
venting rubber from extruding into the gap. The advantage of
this method is that the rings, not bound with rubber, can be
replaced. The weak point is that when the packer is activated,
rings are subjected to yield strain (plastic deformation). When
the packer is disengaged, they do not return to their initial
state, which makes it difficult to recover the packer from the
bore. Therefore, it is preferable to use metal details, which are
subjected only to elastic strain.

The same packer can be operating properly on surface and
not operating, when it submerged sub-sea. Due to additional
water pressure and friction on metal, rubber can get trapped,
when the packer is being engaged. One of the solutions is to
use grades of rubbers with low friction coefficient. However,
it should be noted, that reduction of rubber friction properties
derates static seals™ sealing capability. Another way to solve
this problem is to apply constrained tensile force on rubber
when the system is disengaged.

One of the possible examples of casing pack configura-
tions can be seen in Fig. 4.

Mz devistor stress Ogay 1

1.49000e+01
1.33000e+01
1.17000e+01
1.01000e+01
8.50000e+00
6.90000e+00

5.30000e+00
3.70000e+00
2.10000e+00

max & (1.66170e+01

min # 5.04040e-01

Fig. 4. Packer design:
1 —sealing surface; 2 — packer™ s body; 3 — rubber-made elas-
tic element; 4 — shaped sleeve; 5 — thruster; 6 — slotted nut; 7 —
double coil spring; rubber O-rings

Rubber element 3 is shaped as a cylinder with tapered cor-
ners. Activating force is applied downwards. When the packer
is being activated, the conically-shaped sleeve 4 thrusts the
rubber element 3 and deforms it (Fig. 5). When this happens,
the rubber element thrusts against the sealing surface 1 (casing

Stress Of
Max value 1.3651e-02

Min value -40804e+01

Fig. 5. Finite-element model of the packer elastic detail.
Main stress deviator field distribution and contact stresses along the outer cylindrical surface of the rubber element
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column bore surface). In the process, contact pressures occur
(Fig. 5), which do not depend on the activating force, but de-
pend on external pressure. That produces the sealing effect.
The value of activating force should be high enough to deform
rubber. Its dependence on the external pressure is negligible.
The external pressure is upwards-directed (Fig. 4). If this pres-
sure is on at the time of activation, then it shall only foster the
displacement of the rubber element in the required direction.

Anti-extrusion appliance is represented by a helical brace-
let spring 7 (Fig. 4). The spring is placed into a tapered metal
seat with variable cross-section. The packer is engaged (acti-
vated) as the thruster 5 travels against the shaped sleeve 4, and
the spring 7 thrusts against the sealing surface 1. In this con-
figuration the spring is set apart from the rubber element. In
the considered case spring deformation shall not inflict de-
struction of the rubber element. To prevent rubber extrusion
through slits, emerging between spread coils, it is suggested,
that a double spring should be used, that is, a lesser-diameter
spring should be placed inside of a bigger spring. To prevent
leakage, two additional rubber rings 8 are installed along the
internal diameter (Fig. 4).

The packer is disengaged when an upwards-directed force
acts on the shaped sleeve 4 (Fig.4). This force should be high
enough to overcome friction force between the rubber element
3 and the shaped sleeve 4.

The present design features considerable axial size. The
force, required for activation, is relatively weak, and, above
all, its dependence on external pressure is practically negligi-
ble. That is the principle advantage of the proposed design.
When the packer is activated, travel stroke of the sleeve is
rather considerable, more, than in case of conventionally used
packers. The system can be activated under the action of ex-
ternal pressure. When the packer is being disengaged, there
should be no external pressure. Deactivating force value is not
high, but it should be considered.

CONCLUSIONS
The authors have developed a method for packers™ design,
depending on their application, which is based both on finite-
element calculations with the use of original software, and on
results of bench-tests and field-tests.
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Oco0eHHOCTH IPOEKTHPOBAHUSI PE3MHOBBIX
MAKEPOB BbICOKOIO aBJICHUSA

[Tonouckwuii B.JI, Tropun A.IL.
Cankr-IlerepOyprckuii ['ocynapcTBeHHbIi [l0THTEXHIYECKHII YHUBEPCUTET.
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Annomayusa. PaccMOTpeHbl pe3MHOBbIE YIJIOTHEHMA
IJsi  o0GopyaoBaHus He(Tera3opoii NPOMBIIIEHHOCTH,
Ha3bIBaeMble NMaKepaMH. AKIEHT B cTaTbe AejaaeTcs Ha
padoTy pe3MHOBOIO 3J1eMEHTAa, 2 He KOHCTPYKINHU B LEJIOM
€ YCTPOHCTBOM AKTHMBALMM M AeAKTHBALMHU (TaKKe Ha3bl-
BaemMoii maxkepom). Oco0eHHOCTh PadoThl JAHHBIX YIUIOT-
HEHHH COCTOMT B TOM, YTO MOCJE CIYCKAa MaKepa B CKBa-
JKMHY ero Heo0X0JMMO AKTHBUPOBAThb, T.e. TpedyeTcs cO-
31aTh YCHJIME B HANpPaBJIeHHH, MPOTHBOMOJIOKHBIM Jefi-
CTBHI0 BHeUIHero JaBjieHus. B o0menpunsaroii (tpaguum-
OHHOI{) KOHCTPYKIHUM 3TO NPUBOAUT K HEBO3MOKHOCTH
CaMOYIJIOTHEHHUS] Pe3NHOBOIO 3JIEMEHTa NaKepa BHELIHUM
JaBJIeHHeM, KaK 3TO MPOMCXOAUT B OOBIYHBIX YNJIOTHEHH-
fx. B cratbe paccMoTpeHbI 0cO0eHHOCTH PaGoThl MaKepPOB
BBICOKOT0 JaBjeHUsi. OmnucaHbl OCHOBHbIe MNPOOJeMBI,
KOTOpbIe He00X0AMMO pPelIuTh NMPH UX NMPOEKTHPOBAHUU.
IIpenoxensl nyTH pemenns 3TuX npodJem. Ilpeacrasien
pa3pa0oTaHHBbIl aBTOpaMH HakKep I o0CagHBIX TPYO,

COXpaHAIOIMI padoTOCIIOCOOHOCTH NPH BHELIHEM JaBJe-
HuM 10 700 Bap. B koOHCTPpYKIMM NaKepa yIaJ0ch pelInTh
OCHOBHBbIE MNPpO00JieMbl Pe3UHOBBIX YIUIOTHEHMIi: caMo-
YILUIOTHEHHE U IKCTPY3Hs.

Kniouessle cnoea: npoeKTHPOBaHNe, YIIJIOTHEHNE, TAKeD,
IKCTPY3Hsl, pe3UHA.
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Kunemaruka ¢gpopMUpOBaHUSA KPOMOK
MArHUTHO-a0pa3uBHOU 00padOTKOM

I'eituyk B.H., I'aBpymikesud A 1O.
HanmonanbHbll TexHUYeckuit yHUBepcuTeT YkpauHs! "KueBckuit MOMMTEXHUYECKUH UHCTUTYT",
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Annomayun. BpINo/IHEHbI KCHepUMEHTAJIbHbIE HCCIeJ0Ba-
HHS MeXaHm3Ma (OPMHPOBAHMSI KPOMOK TWPH MArHHTHO-
a0pa3uBHOI 00padoTKe B KOJbleBOI BaHHe. B pesyibTare npen-
JIOJKeHAa cXeMa Cpe3aHHsl MaTepHa/ja Ha KPOMKe, MpeaAno/ara-
masi, 4YTo cheM MaTepHajia Ha BepUINHe KPOMKH HPONCXOAHMT B
OCHOBHOM 32 CYeT YIJIOTHEHHOI'0 NIEPBUYHOI0 IIOTOKA II0J YIJIOM
aTaku K o0pabaTbiBaemoii rpaHu. IIpHHATHI 1Ba OCHOBHBIX /10-
NyINeHUs: ABHKEHHe YACTHIbI MOPOIIKA BA0Jb KPOMKH He IMpHU-
HHUMAaeT y4yacTHsi B (popMUPOBAHMH KPOMKH; (opMa KpPOMKH B
HOPMAJILHOM CeYeHHH K TeopeTHYecKoil JTHHUH KPOMKH B 3a-
JIAHHOW TOYKe 3aBUCHT OT OTHOLICHHWi NpoeKUMi CyMMAapHO
CKOPOCTH pe3aHHsl HAa HOPMAJIb U OMHOpPMAJb, H 00pa3yeTcsl KaKk
JioMaHasi. JlomaHasi siB/IsieTcsl pe3yJIbTaTOM IepecevyeHus Tpaek-
TopHii a0pa3sHBHBIX YACTHL, ABHKYIIMXCS MOA YIJIAMH aTaKH K
NMOBEPXHOCTAM, 00pa3ylolIMM KPOMKY, U BHeApsATcs B o0pada-
ThIBaeMble NMOBEPXHOCTH HAa BeJUYHHY, 3aBHCSINYI0 OT MeXaHHU-
YyeCcKHX CBOHcTB Martepuana. Pa3paGorana maremaTu4eckas
MOJe/1b KHHEMATHKH Ipolecca KPOMOK CBOOOJHBIMHU adpa3uBa-
MH, NPHUIOAHAasA /ISl CPABHUTEIBLHOI0 AHAIN3Aa KHHEMATHKH
Mpo1eccOB MATHUTHO-a0pa3uBHOI 00padoTKU B KOJIbLEBOIi BaH-
He B yCJI0BUSAX 00JbIINX pa0o4uX 3230p0B M IINHHAEJIbHOI 00-
padoTku.

Knrwuesvie cnoea: MarHuTHO-a0pa3uBHasi  00padoTKa,
KOJIbLIeBasi BaHHA, 00JblIOH paldoumii 3a30p, KUHeMAaTHKA,
(dopMupoBanHe KPOMKH.

BBEJIEHUE

OmHUM W3 HaNpaBJICHUH TOBEIIICHAS KA4eCTBA PEKYIIETO
HHCTPYMEHTa B COBPEMEHHOM HHCTPYMEHTAIFHOM IPOH3BO/I-
CTBE SBIICTCS TIOMCK BO3MOXXHOCTEH KOHTPOIHPYEMOTO
YIPaBICHUS] MUKPOT€OMETPHEH UX pexylux kpomok [1-4]. B
T'OCT 31381-2009 ans mpenynpexaeHdss BOSHUKHOBEHHS U
Pa3BUTHA Pa3NUYHBIX THUIIOB MOBPEXICHUNA 3yO0UaTBIX KOJIEC
PEKOMEHAyeTCS Cpeid MHOTHX MEpONpHATHIl obecneueHue
Hannuus (acok MM OKpyIJIeHWH, OCOOGHHO Ha TOpLax H
BeplIMHax 3yObeB. HeoOXomuMocTh pemieHus MpoOsieMsbl
OKPYTJIEHUS KPOMOK MMEETCS U BO MHOTHX APYIHX OTPACIIX
MAIIMHOCTPOCHUs [5], HampuMep, NPEUHU3NOHHBIX AeTanen
THIIPOTOTUTMBHBIX arperaTtoB, 30JI0OTHHUKOBBIX U ILTYHKEPHBIX
nap, 9 T.II.

OmHUM W3 BO3MOXKHBIX METOJOB H3TOTOBJIICHUS KPOMOK
pa3IMYHOTO THIIA JeTaleidl SBIIETCS METOJ, MAarHUTHO-
abpasuBHON 00pabotkm [1]. OcOOEHHO NEpPCIEeKTHBHON B
9TOM HAIpaBJICHHUH SBISIETCSl 00paboTKa B KOJIBLIEBON BaHHE B
YCIIOBUAX OOJBITUX pabounx 3a30poB [2, 6].

AHAW3 PEABIAYIINX HCCJ’[E}IOBAHHVI
IIpouecc  ¢opmMupoBaHHs KPOMOK IPU  MarHUTHO-
abpasuBHOU 00paboTke (MAQO) B KOJBIIEBOI BaHHE C TOpIIE-
BOM 3arpy3Koii B ycIoBHAX OONBIINX pabovnX 3a30pOB HCCIIE-
noBajcs B [2, 6-8 u ap.]. @opmuposanuio kpomok pu MAO
B KOJIbLIEBOI BpalllalolleiCcsl BaHHE C paJualibHOM 3arpy3Koii
nocBsimeHsl padotsl [2, 9-11]. OTm paboThl B OCHOBHOM

HATIPABJICHBI HA YKCIICPUMCHTAJIBHBIC UCCIICTOBAHUS BIUSHHUS
TEXHOJIOTHYECKHX NapaMeTpoB npouecca MAO Ha KauecTBO
00paboTKN PEXYLIMX WHCTPYMEHTOB pPa3lIMUHBIX THIIOB (OCe-
BBIX, KOHIIEBBIX, MHOTOTPAHHBIX HEIEPETAUYNBAEMBIX ILIa-
CTHH), U Ha OKPYIJICHHE PEXYIINX KPOMOK B YacTHOCTH. B
pabote [2] BBHIOTHEHBI CPaBHUTENBHBIC WCCIIEIOBAHUS IMPO-
11eccoB (POPMHUPOBAHMS PEKYIINX KPOMOK CITUPATBHBIX CBEPIT
13 OBICTPOPEXYIICH CcTanu METOAaMH: TUAPOCTPYIHAs, Kpa-
neBaHue u OByMs crocodamMu MAO — B KOJBIIEBOI BaHHE H
BpallaloIIeiics KOJIbIIEBOH BaHHE Ha MOCTOSHHBIX MarHUTax
(unm, uHave, B MarHuTHO# rosoeke) [4, 10, 11]. B pabore [2]
OTMEYACTCs], YTO 3a3yOPEHHOCTh KPOMOK, 00pabOTaHHBIX THJI-
POCTPYHHBIM CIIOCOOOM, B/IBO€ MEHBILIE YeM B UCXOJHOM CO-
CTOSIHUM, HO BABOe Ooubiie, ueM mocie MAO. Kpariepanue
BOOOIIE HE MOBJIHKAIO Ha 3a3yOPEHHOCTh KpoMOK. Camast Hu3-
Kas 3a3yOpPeHHOCThH TOJIyYeHa IMociie 00pabOTKH B KOJBLEBOM
BaHHe. OOpaboTKa B MarHUTHOH TOJIOBKE JaeT OOJbIIHE pa-
JIUYCBHl OKPYTJICHHUS, HEXKEIN B KOJNBLEBOW BaHHE C TOPLEBOM
3arpy3Koil Jake MpH MPOHOIDKUTEIBHOCTH 00paboTku B 3-5
pa3 menbeii. OcoOeHHO OOJNBIINE PaINyCHI, ITOJyYaeMbIC B
MarHUTHOM rojioBKe Ha nepembruke: 112-114 mxm npotus 12-
17 MKM B KOJIbIIEBOM BaHHE. DTO MOATBEPKAAETCS U B [4], e
yKa3aHO, YTO IIPU 00pabOTKEe B MATHUTHOMN T'OJIOBKE BEIUYUHBI
panuycoB OKpyIJieHHs HaxoasTrcs B mpeaenax 30-50 mkwm.
ABTOp [2] cnipaBeIIMBO yKa3bIBaeT, YTO 3TO CBA3aHO C OCO-
OEHHOCTSIMH KHHEMATHKU YCTaHOBOK.

AKTYAJIbBHOCTb U LIEJIb PABOThI

TeopeTudeckux HCCICAOBAHUA, B YACTHOCTH KHHEMATHKH
mporiecca MAQO, HampaBIIeHHBIX Ha IPOTHO3HPOBAHUE (POPMBI
KPOMKH, B 3THX W JAPYIHX padoTax He oOHapykeHO. Taxwmm
00pa3om, rccieoBaHus KHHEMATHKH mporiecca MAO KpoMok
SIBISTIOTCSL aKTyalbHBIMH. [109TOMYy IeNbi0 JaHHOW pPabOTHI
SIBIISIETCA pa3paboTKa MaTeMaTHIeCKOH MOIETH KHHEMAaTHKH
(hopMUpOBaHUS KPOMKH MarHUTHO-aOpa3uBHOU 00pabOTKO B
KOJIbLIEBOW BaHHE.

YTOUYHEHUE MEXAHU3MA ®OPMUPOBAHN I KPOMOK B
KOJIBLIEBOM BAHHE M ITPUHSTBIE JIOMTYLLIEHUS

B HTVYY "KIIN" mpoBeaeHB! 3KCIEpUMEHTAILHBIE HCCIIe-
JIOBaHMsl MexaHuzMa (GopMmupoBaHus KpoMok mpu MAO B
KOJIBIIEBOM BaHHE Ha IPHUMepe 00pa3IoB U3 3aKAJIEHHOH CTalll
n nedopMupoBaHHOH Opon3bl. O6paboTke MoABEpraIuch 00-
pasubl B opme napasuienenunesna npu (GUKCHPOBAHHBIX yT-
nax HakJIoHa. MccnenoBanue pa3mMepoB, OPMBI ITONEPEUHOTO
CEUYEHHs M IIapaMeTPOB IIEPOXOBATOCTH KPOMKH IPOBOIMIINCEH
C TmoMompio npoduiomerpa-nipoduiiorpada, yCTAHOBKH
MicroCAD, 5>71eKTpOHHOTO MHKPOCKONIA W  IIPOTPaMMBI
AutoCAD. B pesynpraTe HcCIeOBaHUI NpeIokeHa cxema
cpe3aHHs MaTepuaja Ha KpOMKe, KOTopas IPeIIosaraeT, 4o
CHATHE MaTepualia Ha KPOMKE ITPOUCXOIUT B OCHOBHOM B TPEX
30HaX:
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- BEpIUMHA peXyIleil KPOMKHU IUIOLIaabpio S; cpe3aercst B Oc-
HOBHOM 3a CUET YIJIOTHEHHOTO MEPBUYHOTO IOTOKA MArHHT-
Ho-abpa3uBHOro nopomka (MAII) mox yriom araku y k obpa-
OaTpIBaeMO¥ TpaHy;

- Marepmal BIOJbh O0pabaThIBa€MO TpaHW Cpe3aeTcs IOJ
JEWCTBHEM IBYX HOTOKOB: IEPBHYHOTO MO YIJIOM aTakd ) H
BTOPUYHOT'O MOTOKA, HAPACTAIOMIET0 ¥ CIIOI3AOLIEr0 BIONb
oOpabaTbiBaeMON I'paHM K KPOMKE, C YIUIOTHEHHEM B 30HE
KpoMkH. OO aJeKBaTHOCTH 3TOTO HPEANOJIO0KEHHS TOBOPUT
(hopMa TOTMEPEUHOro CeueHHs 00pabOTaHHOW T'paHM - MOCTE-
MEHHOE YBEJIMYESHUE IUIOIAIH S, IPH JBHKECHUH K KPOMKE;

- 3a BEpIIMHOM pEeXyIeld KPOMKH IUIOIA/BI0 S3 3a cYeT BTO-
PHUYHBIX TIOTOKOB U BO3MYyIeHUH [6].

Bruto BeImonHEHO QoTorpadupoBaHHEe W U3MEPEHHUE BBI-
neneHHBIX B [12] mocie MAO GpoH30BBIX 00pa3oB MHKPO-
CTPYXKKH M Uemryek marepuana. OmnpenesneHo, 4To TOJIIHHA
CTPYKKH U HYEIIyeK COCTaBIsIeT 9-16 MKM, IIMpPHHA CTPYKKH
9-44 mxm, mmHA 160-300 MKM. OTH pe3yabTaThl OIHOTO TO-
psilika ¢ pe3ysibTaTaMy, HOJIy4YeHHBIMH B padoTax [13, 14], Ho
MO TOJIIMHE CTPYKKU Ha MOPSIOK OOJIbIIe YeM yKa3aHHbIEC B
pabotax [15, 16], 1 Ha MOPSAMOK MPEBBIIIAIOT BHICOTY MUKPO-
HEepOBHOCTEH 3epHa mopoiuka [17-19].

[onydeHHBbIE pe3yNbTaThl HKCIEPUMEHTAIBHBIX HCCIEN0-
BaHMI W aHAIN3 Pe3yNbTaToB pabor, Hampumep, [20, 21], cra-
JM OCHOBOW ISl IPUHATHIX AOMYLICHUH NpH pa3paboTKe Ma-
TeMaTU4eCKOH MoJieb KuHEMaTHKH npouecca MAO KpoMoOK:
- KpoMKa (hOopMHpyeTCsI B OCHOBHOM 3a CYET yIaJICHHs MaTe-
puana (pe3aHueM) IHOA JAEHCTBHEM IIEPBUYHOTO IIOTOKA Ha-
cturr MAITI o yrimoM aTaku yf K 00pabaTsiBaeMO TpaHH;

- IBI)KEHHE YaCTHIBI ITOPOIIKA BJOIb KPOMKH HE YUUTHIBACT-
csi Ipy POPMUPOBAHUH KPOMKH;

- YIJIBl QTaKK Ha PACCTOSIHUM, PABHOM BEJIWYHMHE 3€pPHHCTOCTH
MOPOILIKA, UMEIOT TE )K€ BEJIMYMHBI, YTO U HA KPOMKE;

- (opMa KpOMKM B HOPMAaJIBHOM CEYEHHHM K TEOPETHYECKOM
JIMHUM KPOMKM B 3a/JlaHHOM TOYKE 3aBUCUT OT OTHOLICHUI
MPOEKINHA CyMMapHOH CKOPOCTH pe3aHHd Ha HOpMasb U OH-
HOpMaJIb M 0Opa3yeTcs Kak JIoOMaHasl B pe3yJibTare repecede-
HUS TPAGKTOPHUH MepEeMEIIeHHs YaCTUI] HOPOIIKa MO yriIaMH
aTaku, BHEJPEHHBIX B 00padaThiBacMble TIOBEPXHOCTH MAKCH-
MYM Ha BEJIMYMHY £, .

KNHEMATHUKA ®OPMHUPOBAHI S KPOMOK TP MAO B
KOJIBLIEBOI1 BAHHE
Jns co3pmanus Mozaenu JBrkeHHs dactunel MAIL B
OKPECTHOCTHU TeKyHleI\/'I TOYKH KPOMKHU (TCOpeTH‘IeCKOﬁ JIMHUU,
KaK pe3yybTara MepecevdeHust AByX MOBEPXHOCTEH) HCIONb3Y-
€M HaTypalbHbId TPEXIPAaHHUK — HATYPaJbHYIO CUCTEMY KO-
opauHaT (puc. 1).

Puc. 1. HatypasibHas cuctemMa KOOpAWHAT JABMKYIIEHCS
yactubl MAII B OKpeCTHOCTH TEKyUIEH TOUKH pexyIIei
kpoMkH (Vs — CyMMapHas CKOPOCTh YaCTHIIBL; ) — YTOJI aTaKH;
n, b, T — HOpMaJk, GMHOPMAJb U KacaTelbHast K KPOMKE; Yn, Yo,
¥z — YTJIBI MEXAY BEKTOPOM CYMMAapHOW CKOPOCTH U
HOPMaJTbI0, ONHOPMAJIBIO U KacaTeIbHOM)

HexoTopble THIBI neTaneil MMEIOT HECKOJIBKO OJIHOBpe-
MEHHO 00pabaTbiBaeMbIX KpoMoK. Hampumep, 3yOuaTble KO-
neca, KaxJIbIi 3y0 KOTOPBIX UMEET YEThIPE OCHOBHBIX KPOMKH.
[ockonbKy KpoMKH 3y0a 3y04aToro koseca JieKaT B IUIOCKO-
CTH TOpIla, TO HAIlpaBlieHHEe OMHOpMantH OyAeT MMETh ecTe-
CTBEHHOE HalpaBJICHUE — MOJ0XKUTEIbHBIN NpH Z > 0 u oTpu-
natensHbIH pu Z < 0 (ock Z cucTeMbl KOOPAWHAT, B KOTOPOU
oIUCchIBaeTCs MpoduIIb 3y0a, HanpaBlieHa 10 OCH KOoJIeca).

HekoTtopble U3 MPUHATHIX AOMYIICHUH HMEIOT B MOJCIH
CJIETyIOLIYI0 TEOMETPUIECKYI0 HHTEPIPETALHIO:

- MIOCKOJIbKY ABI)KEHHE 3€PHA BJOJb TCOPETHUECCKOW JHHUH
KPOMKHM HE YYUTHIBAe€TCS NPH (OPMUPOBAHHH KPOMKH, TO
MOJIENb CO3JaHUSI KPOMKH B OKPECTHOCTH 3aIJaHHON TOUYKH
MOJKHO paccMaTpuBaTh B CHCTEME KOOPJIUHAT, 00pa30BaHHOMN
6unopmansio b (X) u rmasoit Hopmaisio N (Y) (puc. 2);

- TIOCKOJIBKY KpOMKa ()OpMHUpYETCsi B OCHOBHOM 3a CUET pe3a-
Huf, To yactuua MAII, nBumxymascs moja MOJIOXKHUTEIbHBIM
YIJIOM aTaku y K oOpabaTbiBaeMOW MOBEPXHOCTH IO MPSMOM
JIMHUY, UMEIOIIEH OAHY TOYKY IIEPECEUCHHUS C IONEPEYHBIM
CCYCHHUEM KpPOMKH, B (DOPMHPOBAHMU KPOMKH Y4acTHsl HE
MIPUHAMAET.

Y(n)

f
Ay1

_—
& st
RS =
5 . Tst2 \

Ax2l 5

o

Puc. 2. Cxema 00pa30BaHUs MOTIEPEIHOTO TPOQHIIS B
3a/IaHHOM TOYKE KPOMKH: @ — 0011ast cxema; 6 — cxema
(hopMHPOBaHUS CTAPTOBBIX TOUEK TPAEKTOPHUI YACTHII

3aBHCHMOCTE (OPMBI KPOMKH B HOPMAJBHOM CEYEHUH K
TEOPETUUECKOM JTMHUN KPOMKH B 33JIaHHON TOYKE OT OTHOIIE-
HU IIPOEKIMHA CyMMapHON CKOPOCTH pe3aHMsl Ha HOpMallb U
OMHOPMAITh CJIEYET U3 TOTO, YTO OT COOTHOIIEHHUS HOPMAaJTb-
HOM M TaHTeHLMAJIBHOW COCTaBJISIOLIMX CHIIBI, KOTOpas Aei-
CTBYET Ha YacTHIly NOPOILIKA, 3aBUCUT HAJUYUE WIH OTCYT-
CTBHUE pe3aHusl ITOM yacTulied. B KoiblieBOl BaHHE B YCIOBU-
SIX OOJIBIIMX PA0OYMX 3a30POB U MAIIBIX 3HAYCHUH MAarHUTHOM
MHIYKIUHU CUJIBl PE3aHUsl UMEIOT B OCHOBHOM JMHAMUYECKOE

Mawunocmpoenue: cemesoii 31eKkmponnvlii Hayunotii ncypuan. 2014, Tom 2, Ned 26



Russian Internet Journal of Industrial Engineering. 2014. Vol. 2, no. 4

npoucxoxacHue. B pabore [22] B kauecTBe MH(MOPMAIMOH-
HBIX KPUTEPHEB, XapaKTEPU3YIONINX B3aUMOICHCTBHE COBO-
KYIMHOCTH a0pa3WBHBIX 4acTHUI] ¢ 0OpabaThIBaeMOil TOBEPXHO-
CThIO, Ha OCHOBE BEPOSTHOCTHO-CTATHCTHYECKOTO METONA U
pE3yJIbTaTOB HCCJICAOBAHUM B3aUMOJNEUCTBUS WHIEHTOpa C
00pabaTbIBaeMO# MMOBEPXHOCTHIO BBIOPAHBI BEPOSTHOCTH pPe-

3aHus P,,, W TpeHUs P, W OTHOLIEHWS HOPMAIBHBIX P,

TaHI'CHIUAJIbHBIX PY CUJI B 3aBUCUMOCTU OT 3TUX BCPOATHO-

creir. OmpeneneHo, 94To Uil CKOpPOcTel 1-2 M/c 3TO COOTHO-
wenue cocrasuter P, /P, =0,32—0,35 1 yMeHbIIACTCS TPH

pOCTe 3epPHUCTOCTH IIOPOLIKA.

AJITOPUTM ®OPMUPOBAHU A KPOMKU
®dopmupoBanue kpomku mpu MAO coriacHo pa3paboTaH-
HOW MOJIETTH TIPOXOANT CIIEAYIOMINM 00pa3oM.
1. Berumcnsercss MakcumaibHas TyOWHa BHEJpEHUs Ya-
CTHIIBI TIOpoUIKa B 00pabaThIBaeMyI0 MOBEPXHOCTH IO 3aBH-
cumoctu [21]:

hmaxzz'Vef'R'Sin(Z)' (1)

rae Vo =Vy — oddexruBHas ckopocts yactuu; R — panuyc
YaCTHILBI, ¥ — YIOJ aTakH; p., — IUIOTHOCTH MaTepuaia 4a-

CTUlBL; kg — KO3(D(DULIUEHT, YUUTHIBAIOMMI BIMAHHE IIEPO-
XOBaTOCTH 00pabarhiBaeMoil MOBEPXHOCTH Ha (DaKTHICCKYIO
IUIOIA/Ib KOHTAKTa; C — K03 (HUIIMCHT, OLICHUBAIOIIUI HECy-
Iy CTOCOOHOCTh KOHTAKTHON MOBEPXHOCTH; O - Mpenel
TeKydecTH Marepuana feranu. CymMMmapHas CKOpocTs Vs

YIJIBI aTaky ) OMNPEAENSIIOTCA MO0 METOJUKE, W3JI0KEHHOH B
[23, 24].

2. PaznaraeTcs BEKTOp CyMMapHON CKOPOCTH Vs YacTHLBI
MOPOIIKA 10 6a3ucy {?, b,n }, rae 7, b, n - efMHAYHBIE BEKTO-

pHI (puc. 1).
2.1. ickomoe pa3ioxeHue BEeKTOpa UMEeT BH/I:

Vs=a-7+p-b+y-n. 2)
2.2. DTO BEKTOPHOE ypaBHEHHE OTHOCHUTENBHO a, S, ¥ JK-

BUBAJIEHTHO CHUCTEME TpEX JIMHEWHBIX YpaBHEHUU C TpeMmsd
HEU3BECTHBIMU:

(Z'TX+ﬂ'bX+}/'nX ZVEX
a'Ty-f‘ﬂ'by'f']/'l’ly:VEY . (3)
a-Ty "rﬁ'bz +}/-nZ :VZZ

2.3. Pemraercs cuctemMa JMHEHHBIX anreOpandeckux ypas-
HeHHH (3) OTHOCHTENBHO TIEPEeMEHHBIX a, 5, ¥ U TaKuM o0pa-

30M ONpeesIIOTCs KO GUIMEHTBI pa3iioKeHust Bektopa Vi
1o BeKTopam 7, b, 7 .
3. OnpepensieTcss MPOEKIHSI CYMMapHO#l CKOpoCTH Vy Ha

KoopauHaTHYI0 iockocTs XOY (bOn) (puc. 2, a) 1o BbIpa-
KEHUIO:

Vs =ex-p+eéy-r+ez-0, C))
rie €y,€y,ey — €AUHNUYHBIE OPTHl CHCTEMBI KOOPIHMHAT

XYZ.
4. PaccuuTbIBaeTCA Yron jp, MEXIy MPOEKIHeH CKOpo-

ctd Vyyy 1 0Cbto X M YION jp,p MEXIY OCbHO X U HepIeH-

JUKYJSIpOM K TIpSAMOH, HMeElomed yrioBod koddduiment

k= tg(lbn):
Vs Vs
). XY
X = arctg Ml il S} Xpnp = arctg b & , (5
xyZX xyZY

31ech U ganee uHAEKCH X, Y U Z 0003HAa4ar0T MPOSKINH BEK-
TOpa Ha COOTBETCTBYIOILUE OCH.

5. BeinonHsiercs cpes:

5.1. Beibupaercs BepmmuHa it cpe3aHus. s mepBoro
pesa MOA YIJIOM  ¥p,, — 9TO Touka ¢ koopaunatamu 0, 0 (puc.
2, a). 114 mocneayrommx pe3oB BEIOUpAeTCs O/lHA U3 BEPILUH
JIOMaHOW, CO3JIaHHOW NpPEbIAYIINMHU pe3aMu. BeprimHbl j0-
MaHO# 00pa3yloTcs mepecedeHueM NpsIMOil, poXoasiieH ye-
pe3 cTapToBy0 TOUKy Ti,; HMOA YIIOM ¥4, (pucC. 2, 6), ¢ u-
HusiMu Y = 0w X = 0 (manpumep, touku Tp; ;, Tp; 5), wim
C JMHUSAMH TIPEABIAYIIEro cpe3a (Hampumep, Touka 7p; ;). B
nanHoM ciydae auaud X = 0 u Y = 0 mpenctaBisioT coboit (¢
HEKOTOPHIM NPHONMKEHHEM) IMHUN, OTPaHUIHNBAIOIINE ceUue-
HHE KPOMKH 3y0a IMIMHAPHUYECKOTo 3yOdaroro kojeca. B
0oJie CIOXHBIX CIy4asX 3TO MOTYT OBITh HAKJIOHHBIE JIMHH
win kpusble. Kakaplii mocnenylomuil cpe3 MOXKET cpesaTh
OJIHY, HECKOJIbKO HUIH JaXX€ BCE MPEIBIAYIIHE BEPIINHBL. JTO
3aBHCHT OT yINa Jp,. U OT [IyOUHBI BHEAPEHUS yyy i -

5.1.1. Yepe3 nepByro BepLIMHY MPOBOAUTCA IMpsiMas MOJ
YIIOM Y py; -

y=k-x+b, (6)
e k= tg(ani); b=—k- (Tpi,I)X + (Tpi,l )y :

3aIl0MUHAETCSI HOMEP BEPIIMHBI B IEpeMeHHOU N, .

5.1.2. Tlo ypaBHeHuto (6) paccyMThIBaeTCsi 3Ha4E€HHUE Op-
JAHATEI [IPA X = (T Di ) AL Ka)XI0M U3 UMEIOIINXCS BEPUINH

(wanpumep  Tp; ;. Tp; 2, Tp; 3). Ecin y((Tp,-, j )X) <(Tpi, j)y
(JIMHUS IPOXOJUT HUXKE CIEAYIOIIEeH BEpPIINHBI), TO CIEAYIO-
IIyI0 BEPIIMHY BBIOMpaeM IJIS NMPOBEACHUS MPsIMOIl moxa Te-
KYIUM YTIOM Y p,; (MeHseM 3Ha4YeHHE CBOOOIHOTO 4WIEHA B

(6) va b=—k- (Tp,-)jH )X + (Tpl-,jH )Y U 3allOMHHaeM HOMeEp

BEPIIMHEL. B IPOTMBHOM Cily4ae HOMED BEPIIUHEI B N, HE
MEHSETCS.
5.13. Tlocne mpocMoTpa BCEX UMEIONINXCS BEPIIUH B Tie-

pGMCHHOﬁ Nvert OCTAHCTCSI HOMEP BCPIIMHBI, KOTOpAs JICIKUT

BBILIC BCEX BEPLIMH IIPH JAHHOM YIJIE Xp,. -
5.2. PaccunThIBarOTCS KOOPAWHATHI CTAPTOBOM TOUKH:
TSZ‘[J = Tpi’Nvert +AXYIN@0 ’ (7)
rae AXY — BeNWYHWHBI CMENICHUS HAYaJIbHOM TOYKH JTHHUH

Cpe3a OTHOCHUTEIHHO BBIOPAHHON BEPIIMHBI, 3HAUYEHHUS] KOTO-
PBIX ONPEAETSIIOTCS MO BBIPAYKEHHSIM:

(AXY; )y = sign(z) - By - COS( Xpnp; ) ; (8)
(AXY; ), = sign(z) - Bygy; - Sin Zpnp; ) » 9)
rae I NeO — HWHACKCHI JaHHBIX, HpI/I KOTOpBIX BBITITOJIHACTCSA

cpes, wiu no-apyromy, cmeuienuss AX u AY OTHOCHUTEIBHO
CTapTOBOM TOYKH HE PaBHBI HYJIO, YIUTHIBAsI 3HAUCHHUE OTpa-
HUYHTEIHFHOTO (hakTopa — COOTHOIICHHS HOPMAIBLHOW W TaH-
TEeHIUAJIbHON COCTaBJISIFOIIUX IMPOEKUHUA CyMMapHOM CKOpo-
cru Ha mwiockocts bOn (XOY) Vi, [V, ; sign(z) — 3uak koop-

JOUHATHI Z TeKymeﬁ KPOMKH.
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5.3. Uepes cTapToBYyIO TOUKY T, . NPOBOIAUTCS JHHUS pe-

ti,j
3a, ypaBHEHHE KOTOPOi 3amaercst depe3 Kodphuimentsr Ay,
B4, Cy:

A]'X+Bl'y+C1=0, (10)

(VXJ’EY )i’INeO

rae A;= By =~1; Cp=—4 '(Tsti,j)X +(Tsfi,j)y'

Voz i1 Nep

5.4. HaxoxmeHne TOYeK IMepecedeHus MpsSMON pe3a C OT-
pe3KaMH JIOMaHOM, KOOPAMHATHI BEPUIMH KOTOPOH HaXOASTCS
B ciucke, ¥ ¢ xuHusMuE X =0u Y = 0.

VYpaBHEeHHE NpsSMOM, NMPOXOAALIEH dYepe3 ABE BEPIIMHBI

Tp; n Ip; jyp:
AZ'X+BZ'y+C2 =0, (11)
(Tpl,j)y _(Tpi,j+])y

A=
e A (Tpi,j)X_(Tp[,j+1)X

G :_AZ'(Tpi,j)X +(TPi,j)Y?

By=-1.
KOOp}II/IHaTLI TOYCK HepeCG‘IeHI/IH HaxogsaTcs I1o B])Ipa)Ke-
HUAM:

B, C,-B,-C A;-Cy—4,-C
TpX: 1"~2 2 ]§TPY:_ 172 2 1_(12)
A;-By—4,-B; A;-By,—A4,-By
Ecnu HaliieHHBIE TOUKM IIEPECEUEHUS HAXOIATCS MEXKIY
BEpIINHAMU CYyLIECTBYIOILEN JIOMaHOU

((Tpi,j)Y <Tpy <(TPi,j+1)Y Wi (sz',j)Y > Tpy >(Tpi,j+1)y):
TO HalilCHHbIC TOYKHU IIEPECEUYCHHUS 3aHOCITCS B CIIHCOK BeEp-
IIUH.

Jnst KaxJ0i TMHUK pe3a HaXOIATCS TOYKH MEePeceUeHHs ¢
muausiMa X = 0 u Y = 0 (Hanpumep, 3To TOYKH TPy1, TP12,
TPz, TP22, TPi1, TPig):

__G. _0- —0 - -
il)y — ’ i1y =7 M, Vo 2 i
(Tp ])X _AI (Tptl)y 0 (Tplm))( 0 (szm)y G (13)

rze j = M — moCiIeAHUA HOMEep TOYKHU IS TEKYIIEro pe3a.

3aTeM pocMaTpuBaeTCs BECh CIIUCOK BEPLIMH U, €CJH I10-
JydeHHbIe Touku nepeceuenus ¢ uHuaMu X = 0u Y = 0 sB-
JSIOTCS KpAHHUMHE, TO OHH 3aHOCSATCS B CIIUCOK BEPIIHUH.

6. VckmodyeHue U3 CIMCKa BEPIIMH BCEX BEPILUH, JIekKa-
IIUX HIDKE JIMHUY Cpe3a M CPe3aeMOil BEpILIHHbI.

Jast aToro no ypaBHeHuIo (6) U1 TMHUU pe3a mpu k = A4;

u b=C; ompenensercs 3HaYCHHE OPAUHATHI I KaxKIOH
BCPUIMHBI ITPU X = (Tpl])X ", €CJIM OHA JIC)KUT BBIINIC JIMHUH

pe3a, TO Takas BepIIMHA HCKIIOYaeTcs U3 chnucka. Bmecro
3HaUYEHUH ee KOOpAMHAT 3alUChIBAIOTCS HYJIH.

7. [lanee BBINOJHAETCS YIJIOTHEHUE CIIMCKA BEPIIMH — U3
HEero YHaJsioTcs HyJeBble 3HadeHus. Ilocme 3Toro cmmcox
BEPIINH COPTUPYETCS MO BO3PACTAHUIO aOCIHCCHI (MM OpIH-
HaThI — BCE PaBHO JIOMaHas ABJSIETCS BBITYKIION).

8. BrImonHsieTcsl paciIMpeHre CIUCKa BEPIIMH HA OJHY
BepIIMHY. 3HAUYCHUS KOOPAMHAT JOTOIHUTEIHLHOW BEPIIHHBI
BBIOMpaeTcs TakuM 00pa3oM, 4TOOBI pacCTOSHHS OT Hadasia
KOOPJMHAT K TIEPBOYM W TMOCHEIHEH BepIIUH OBLTH OJMHAKO-
BbIMU. Takoil BepmIMHOW HA puUC. 2, a, ABISIETCS TOYKA C KO-

opaunaramu Pt = {sign(z) . ‘(Pt] )},‘ 0} UIM  TO4YKa

Pt = {0, —1-sign(z)- (Ptn )X} . Ecnn 3Ta BepminHaA JIEXKUT

Ha OCHu X, TO B 3aBUCHMMOCTH OT 3HaKa a6CIII/ICCLI OHa AOITHCHhI-

<0 ), WM B KOHEII

BaeTCsl B HAYalO CIIHCKA (szgn(Ptn + I)X

- I)X >( ). Ecnm ke BepIInHa JIS)KHUT Ha OCH
Y, TO OHa TONKCHIBAETCS B KOHEI[ CIIUCKA.

9. PaccunThiBaeTCa paanyc OyTH HACATBHONW KPOMKH IO
BBIPAXKEHUIO:

CTIFICKa (sign(Pt

R=(Pryf Vo + (Pryr (14)

10. dns ymoOcTBa aHaNMM3a W BU3yaJbHOTO KOHTPOJIS Mac-

CHB KOOPJHMHAT JIOMaHOH MEPEBOIUTCS C TPeThero (st z < ()

WM 4eTBepToro (i z > () KBaApaHTOB B IEPBbIH KBaJApaHT
KOOPJIMHATHOW TJIOCKOCTH MO BBIPAXKEHHSM:!

(Ptnpl_)X =R—(Pt;) ;(Ptnpi)y =R+(Pt;)y ;npu z>0 (15)

(Ptnpi)X =R+(Pt;)y s (Ptnpl,)y =R+(Pt;), ;ipn z<0 (16)

11. PaccunthbiBaeTcsi MakCHMajdbHOE OTKIOHEHHE (HOPMBI
KPOMKH OT AyTH WACAIbHON OKPYKHOCTHU C paguycoM R:

ORmax =Max(AR)/R (17)

roe Ag = {Arl, Ay, .. 4% .., 4y, Arn} — MHOXECTBO N OT-

KJIOHCHUH C(HOPMHUPOBAHHOTO KOHTYypa OT OYT'M HIEaJIbHOMN

OKPYKHOCTH paauycoM R, A7 =7 —R. 3HaueHue N BbIOMpa-

€TCS B 3aBUCHMOCTH OT TpPeOyeMOHl TOYHOCTH BBIYHCIICHHUS
BEJIMYUHBI Op —

MaKCI/IMaHI)HO BO3MOXHOC OTKJIOHCHHC KpOMKI/I HUMEECT
MECTO, KorJga OprrJ'IeHI/IC HC HpOI/ISOH.UIO. Tor;[ai
J2-R-R
SR04, (18)

5Rmﬂxmax

Ecnu cpes3 BBIONHEH MO IUAaroHadM KBajpara cO CTOPO-
Ho#t R — ot toukm Pt; x Touke Pt, . 1 (puc. 2), To MakcHMab-
HOE OTKJIOHEHHE COCTaBIISCT:

J2-R/2-R
§Rmaxmn :T=—0,293. (19)

Ecnu mpunste Benmuuny (18) 3a equHuily, TO MONXyduM

MaKCHMaJIbHOE OTKJIOHEHHE (DOPMBI KPOMKHU B Oe3pasMepHOM

BUIE — Op — +1,0 u og marmin = —0,71 COOTBETCTBEHHO.

B pesynbrate mpenBapHTENbHBIX PAacUETOB MO ANTOPUTMY
corjacHo mm. 1-8, MHHMMAalbHOE KOJIMYECTBO BEPIINH, 00pa-
3yIOIIeecs 3a MUK 00paboTKH (32 MOJIHBIA 000POT 3arOTOBKU
B JIBIDKEHMH OCHOBHOI KPYyroBOil IOJaul) MOXKET COCTaBHTh
N,eps = 2. 9710 OymyT TOUKH, Nexamye Ha THUAX X =0u Y =0

(B GoJiee CIOXKHBIX CIyYasx — TOYKH HepeceueHHs JIOMAaHHOM
C UCXO/JIHBIM KOHTYPOM CEUYCHHUSI KPOMKH). BhIuucieHue Beau-
YUHBI Op mae B 2TOM Cilydae IacT 3Ha4CHHE 0. B obmewm cuy-

qac pacyeT BCIIUYMHBI 5Rmax IO KOJIMYECTBY BECPUIMH IacCT

60NBIIYI0 MOTrPeuTHOCTh. [103TOMY A1 yBETTHMUEHHUSI TOYHOCTH
pacyera BENMYMHBI Op, .~ HYXKHO BBIIOJHUTH HHTEPIOJS-

[UI0 TIOJYYCHHOH JIOMaHOW W TIEpECUYUTATh e¢ 3HAuCHHE C
WHTEPBAIIOM H3MEHEHUs] HE3aBUCHUMOW TEPEMEHHON JoCTa-
TOYHO MaJIbIM JJisi MpHUHATOM ToyHOcTU. HO Mcmonb3oBaHue
CTaHIApTHBIX QYHKIMI HHTEPIIONAINH, HanpuMep, B Mathcad
Jlake MpH Mepexojie B MOJSPHYIO CUCTEMY KOOpIAUHAT, AAaeT
3HAYUTCIJIBHBIC TOTPEIMHOCTU B OKPECTHOCTHU 06H_II/IX TOYCK
HaKJIOHHBIX W TOPU3OHTANbHBIX WM HAKJIOHHBIX U BEpTH-
KaJIbHBIX OTPE3KOB JIOMAHOM.

IToaToMy pa3paboTan COOCTBEHHBIH aNTOPUTM HHTEPIIO-
JISILMU JIOMAaHOW € MPUMEHEHHEM MOJISIPHBIX KoopauHaT. OH
3aKJII0YAETCS B CIETYIONIEM.
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1. 3amaercs yrinoBo# mar A¢ U3MEHEHUS HE3aBUCHMOM TTe-
pemenHoit ¢ (puc. 2, a).

2. OnpepensieTcsl THIT y4acTKa JIOMAHOM: TOPH30HTATBHBIH,
BEPTHKAJIbHBIA WIIM HAKJIIOHHBIM, W NMPU3HAK THIIA 3alIOMHHA-
eTCsl B MacCHBE, MHIEKC KaXIOro 3JIeMEHTa KOTOPOro COOT-
BETCTBYET HOMEPY y4acTKa JIOMaHOH.

3. Ilpn xaxaoM M3MEHEHUM yria ¢ (He3aBHCHMOW mepe-
MEHHOH) ¢ 1maroM A¢ omnpexaensercs K KaKOMy THITY y4acTKa
OTHOCHUTCS TeKyIas TOYKa U JJIs ONPENIeNICHUs] Pagnyca TOUKH

n= ,[(pti )g( +(pti )f, BBI3BIBAETCS COOTBETCTBYIOLIAsT (yHK-

LIV
- 17151 TOPU30HTANBHOTO yYacTKa!

(Pti)y = (Ptn )Y ;
(pti)x =Pty )y /18(h), ecnm ¢y 20 (20)
(pt;)y =0, ecnu ¢ =90°;
- JUIsl BEPTUKAJILHOTO y4yacTKa!
(pti)y = (Pr,) . 1g(h) : 1)
-IJIsI HAKJIIOHEHHOTO y4YacTKa 1o 3aBucuMoctH (12), xoaddu-

IIUEHTBI KOTOPOH ONPEeeAI0TCS CIeAYIOIIM 00pa3oM:
Aj=1g(¢); By=—1; C;=0; (22)

P, —(Pr;
(Pt )y = (Pt )y iBy==1;Cy=—A,-(Pt;) 4 +(Pt;)y, . (23)

ALY Gl
? (Pt;)y = (Ptivs)y

Panmyc okpyrienns

40
3004
Z
Z 20
o
10 I\ M | AN
A ) TV
0
0 2 4 6 8
wa, pag/c
a
IIpodEAL KpOMEH
15— 00 Yaaoseie Toukn _

& IIpomexyTodHEIE TOYKH

10 \\

Y, memt

(7]

—— Popma KpoMKH

@i [[yra okpy:EHOCTH
| |

0 10 1

L
(¥

X, mrm

8

IIpu pacuerax paauycoB OKPYIVIEHUS U UX OTKIOHEHUH OT
JIyTH OKPY>KHOCTH Ba)KHBIM MapaMeTpoM, BIMSIOIIMM Ha Be-
JUYUHY paguyca, TOYHOCTh pacdera OTKIOHCHHH U IJIaBHOCTD
MOJTy4aeMbIX Tpa(UUeCKUX 3aBUCHMOCTEH, OMpeAeisIoNiee
3HAaYCHHE MIMEET BEJIMYMHA YTIIOBOTO Imara A¢ B ABIDKCHUH
OCHOBHOU KpyroBoii nogauu [23, 24]. OH ompezensieTcss Kak
YIJIOBOE PACCTOSHME MEXKIy IBYMS YacTHIAMH TOPOIIKa B
JBUKEHUH OCHOBHOM KPYroBOW MOJa4d 3arOTOBKU C yYETOM
3epHHUCTOCTH YaCTHI] TIOPOIIKA U €0 HACHIITHOM IO THOCTH:

Ap = i .3 Pk , (24)

"\ Pns
rie A — 3epHHCTOCTh MOPOMIKA; I' — pacCTOSHUE OT TOYKH Ha
KPOMKE 10 OCH BPALICHHUS; O, U ppg — MHKHOMETPHYECKAs

U HACBINTHAS IUIOTHOCTH IIOPOILIKA.

[lo pesynpraTam aHanu3a 3aBUCHMOCTEH pajnycoB M OT-
KJIoHeHuH (puc. 3) BeIOMpaeTcs pekuM 00pabOTKH, MO3BOJIS-
IOMIMH TOJTyYUTh TpeOyeMBIi paanyc OKpYIJeHHs U (opMmy
KpoMKH. OCHOBHBIM KOJHMYECTBCHHBIM KpUTEpHUEM BBIOOpa
ny4ineii GopMbl KDOMKH MOXKET CIIY>KUTh Pa3Max OTKJIOHCHUS

ROR =ORmax — ORmin TPOOUISA OT JyTH OKPY,KHOCTH, @ JIO-

HOJIHUTEIbHBIM — CPeJIHEE 3HaUeHHE Jp p (puc. 3, 6, 2).

OTrI0HEHAS

=8 b.cp =k d.vEE

1] 2 4 6 8
wa, pag/c

o

IIpodrab KPpOMKH

—— Popma KPpoMEKH
3 e [I¥Ta OKPYKHOCTH
1

oo Y&.".Imn blé TOYKH
2 IIpoMexyTOMHEBIE TOYKH
0 X . :
0 2 4 6 8
X, MEM

2

Puc. 3. [Ipumep pe3ynbTara pacdera KPOMKH IMPH 00pabOTKe MIITUHAPUIECKOTO 3y0UaToro Kojieca B KOJIbIIEBOH BaHHE (KpOMKa
Ha JIeBO# cTopoHe 3y0a; m =1,25 mm; z = 18; B = 10 mm; matepuan: BPAX9-4 nedopmupoannas; nopomok [IOJIMMAM-T;
A = 630 MKM; yroJ HaKJIOHa ocH Kojeca ¢ = 60°; ocHOBHast KpyroBas 1ojiaua s = +2-wp; CKOPOCTb I'NTAaBHOTO JIBUKEHHS
wp=1pan/c; 49 =5°, Aw, = 0,1 pan/c): a — 3aBUCUMOCTb pajuyca OKPYTJICHHUS OT JOMOJIHUTEILHON KPYTrOBOU IOIAYH (g,

6 — 3aBICHMOCTB OTKJIOHEHHH PAaINyCOB OT JOMOJIHUTEIEHOW KPYTOBOM MOJAUU (g,

6 — IPO(UIB KPOMKH NIPH 05 = 2.4wp. nax = 0.22, Inin = —0.31, Jgp = —0.11;

2 — Ipo(uUITE KPOMKH IPH s = 3.4 wp. dnax = 0.01, din = —0.11, g, = —0.05
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3AKJIIOYEHUE

Pazpaborana maTemMaTH4eckash MOJENIb KUHEMAaTHUKH IPO-
necca OKPYIJICHHS KPOMOK JeTajllied HpH  MAarHUTHO-
abpa3uBHON 0OOpabOTKE B KOJBIICBOH BaHHE B YCJIOBHUIX
0ONBIIIX pabovHX 3a30POB.

[IpemnosxxeHsl KpUTEPUH JUIsI BBIOOpa KUHEMATHYECKHX
mapaMeTpoB o0OpaboTKu 1Mo ¢opMe TMONEePEeyHOro CEeUeHUS
KPOMKH. B KkauecTBe OCHOBHOTI'O KOJIMYECTBEHHOTO KPUTEPHS
npeaIaraeTcs UCIIOJIB30BATh pa3max OTKJIOHECHUS
ROR = ORppuse ~ORmin TPOQUIA OT JyTH OKDPYXKHOCTH, & B
Ka4yecTBE JOMOJHHUTENBHOTO KPUTEPHsT — CPEIHee 3HauCHHE
Or op

Pa3paboraHHbIE MaTeMaTHYECKYI0 MOJIEIb U KPUTCPUH
npejiaraeTcs MCIOJb30BaTh s CPAaBHHUTEILHOTO aHAJIHM3a
KAHEMAaTHKH TIPOIEcCOB 00paboTKu CBOOOAHBEIMH a0Opa3mBa-
MH, TAKUMH KaK MarHUTHO-aOpa3uBHas oOpaboTka B KOJbLie-
BOM BaHHE B YCJIOBHSAX OONBIMIHX pabOYMX 3a30pOB W IIIIHMH-
JenbHasi 00paboTKa (TAroBoe NUIM(OBaHHE).
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Kinematics Edges Forming
Magnetic Abrasive Finishing
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Kyiv, Ukraine
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Abstract. Implemented experimental studies of the mechanism
of formation of edges by magnetic abrasive processing in a ring
bath. As a result, it is proposed the scheme of cutting edge mate-
rial, suggesting that the removal of material at the top edge oc-
curs mainly due to the compressed primary flow at an angle of
attack to the machined faces. Adopted two basic assumptions: the
movement of the powder particles along the edge does not take
part in the edge formation; the shape of the edge in the normal
section to the theoretical edge line at a given point depends on the
ratio of the projection of the total cutting speed on the normal
and binormal, and is formed as a broken line. Broken line is the
result of crossing paths abrasive particles moving at an angle of
incidence to the surface forming the edge, and penetrates into the
treated surfaces by an amount that depends on the mechanical
properties of the material. Developed a mathematical model of
the process kinematics edges free abrasives suitable for the com-
parative analysis of the kinematics of the processes of magnetic
abrasive processing in a ring bath in a large working clearance
and spindle machining.

Keywords: magnetic abrasive machining, ring bath, large
working air gap, kinematics, edge formation.
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Harpes 1J11 TEXHOJIOTMYECKUX ONepanuu

Kunos A.C.

OpeHOYprcKuii TOCyIapCTBCHHBIN YPUBEPCUTET
r. OpenOypr, Poccutickas deneparms
askilo8@rambler.ru

Annomayus. Jinsi HarpeBa Merajlla Bcé 06oJblle pacnpo-
CTpaHeHHe MOJy4aloT MPoLecchl NMPSMOro HarpeBa 3JIeKTpoO-
JHeprueii B 3JIeKTPOHArpeBaTeJbHBIX YCTAHOBKAX HMHAYKIHOH-
HOT0 MJIM KOHTAKTHOro HarpeBa. B paGore moka3zaHa BO3MOXK-
HOCTH NMPHMEHEHHS] TAKUX JJIeKTPOHATPeBATeJbHBIX YCTAHOBOK
ISl Pa3/IMYHBIX T€XHOJIOTHYEeCKHX MPOLECCOB, a TaK:Ke MOKa3a-
HAa BO3MOKHOCTb COBMeELIEHHsI HarpeBa (II0CJI€0BATEIbHOIO
JH00 MapaiieJbHOro) ¢ APYTHMH TeXHOJIOTMYeCKHMH Onepainu-
AMH (KOMOMHMPOBAHHOH 00padoTkmu). OnucaHa BO3MOKHOCTH
HCHOIB30BAHNS] HMHAYKIHMOHHO-3aKAJT0YHONW YCTAHOBKH NpPH
NPOBeAeHHH HCCJIEIOBAHMIT 0 YIPOYHEHUIO TBEP/BIX CIIJIABOB, a
TaKiKe MYTH HCKJIIOYEHHE 3AJTHIIAHUS 3ar0TOBOK IPH BBITPYy3Ke
ux u3 uHAyKTOpa. Iloka3saHo wWcmoab30BaHHMEe KOHTAKTHOTO
HarpeBa NpHU 3aKajiKe TBEPABIX CINIABOB M HarpeBe B 3JEKTPO-
JINTe, a TaKKe NMPH HATpeBe NMpoKaTa mepeqa o0padoTKoii KaBJie-
HHEM.

Kniouegvie cnoea: nHarpeB, 3J1eKTPMYECKUH, KOHTAKTHBIN,
MHAYKIHMOHHBII, le4H, COBMeLLeHHe ONepaluii.

BBEJIEHUE

HarpeB meramna mepex TeMH WIM MHBIMH BHAAaMH 00pa-
060TKM (KaK TEXHOJOTMYECKUMHU: JIMTEHHOE IIPOU3BOICTBO,
00paboTka MeTajuia JaBJICHHEM W CBAapOYHOE IPOU3BOCTBO,
TaK TEPMHYECKOH 0OpaOOTKOMN) siBNsieTcsi 00s3aTeNbHON TeX-
HOJIOTMYECKON OMNEpaluel W ero 4acTto MpOBOIAT B Iedax
(TTaMeHHBIX WM 3JIeKTpUYecKHx). V3BecTHO, 4TO HarpeB B
neyax xapakrepusyercs Hu3kuM KITI.

B mnameHHBIX medax TEmao MOTy4aroT 3a CYEeT XUMHUYe-
CKOH DHEPTHH TOIUINBA, & B DJIEKTPUUECKUX — 33 CUET Mpeol-
pa30BaHus 3JIEKTPUUECKON JHEPIUU B TEIUIOBYIO 3HEpruwo. B
3aBUCHMOCTH OT THIIa TOIUINBA, YCIOBUH M XapakTepa paboTh
COBPEMEHHBIX IUIAMEHHBIX KY3HEYHBIX Ie4ed H3-3a 3Ha4u-
TenbHBIX moTeps Termna ux KIIJ[ o6praHO HaxoguTes B mpese-
nax ot 10 mo 35% [1], B anekrpuueckux neyax KIIJ moxoaut
10 70%, T.K. B HUX OTCYTCTBYIOT OCHOBHBIE TEILUIOBBIE IIOTEPU
TUITAMEHHBIX Te4eil — ¢ yXOIAIHUMHU IPOTYKTaMH CTOPaHHUS.

B mnocnennee Bpemst Bc€ Oomblie  pacHpOCTpaHEHUE
MOIY4aroT MPOLIECCHl MPSMOrO HarpeBa 3JIEKTPOIHEPrHed B
AJIEKTPOHATPEBATENBHBIX YCTAHOBKAX WHAYKIIMOHHOTO WIH
KOHTAaKTHOTO HarpeBa. Takue yCTaHOBKU JIMIIEHB OCHOBHOTO
NperMYIIEeCTBa Neueil — X YHUBEPCAILHOCTH, T.K. Hauboiee
SKOHOMHYHast paboTa 3IEKTPOHArPEBATENBHBIX YCTAaHOBOK
NPOSIBIIIETCST TPM HAarpeBe KOHKPETHBIX 3arOoTOBOK, Ha
KOTOPbIE OHHM CIPOEKTUPOBAHBI, HO B TOXE BpEMs OHHU
JUIIEHBI 1 OCHOBHOT'O HeJocTaTKa neveid — ux Huskoro KIT/I.

HOBEIE BAPUAHTHI TIPUMEHEHWA
YCTAHOBOK MHJIYKIJUOHHOI'O HATPEBA
IIpu nmpoBeaeHHH HUCCIIEJOBAaHUHA MO YIPOUYHEHUIO TBEP-
JIBIX CIUIABOB [2, 3] B KaueCTBE HArpeBaTEIILHOTO yCTPOHCTBA
UCIOJIb30BAIA HHAYKIIMOHHO-3aKAIOYHYIO YCTAHOBKY [4].

Lenpro co3maHusi Takol MHAYKIMOHHO-3aKaJlO4YHOM yCTa-
HOBKH ObLIO oOecrieueHHe OE30KUCIUTENILHOTO HarpeBa M3-
JeTMid M3 TBEPABIX CIUIABOB NPU HX TepMooOpaboTkKe, 4TO
MIPUBENET K MOBBIMICHNUIO MX KauecTBA W SKCIUTYyaTAllMOHHOM
cToitkoctu. be3oknucnuTensHBI HarpeB ObUT TOCTUTHYT TEM,
YTO B KOJIBLEBOM MHAYKTOPE, COOCHO €My YCTaHOBIJIEH THIEJb
0e3 THa CO BCTAaBKOM M KPBIIKO#. THrenb, BcTaBKa W KPBIIIKa
BBINOJTHEHBI U3 YrIerpadUTOBOTO MaTepHaia, MEXIy HHAYK-
TOPOM M €MKOCTBbIO YCTaHOBJIEH LIHOEp U3 JIEKTPOH3OIISAIN-
OHHOTO MaTepuaa, BBIIIOJHEHHBIH C BO3MOXKHOCTBIO TTOBOPO-
Ta W TOJABOJA IOJ THUIellb, @ MEXIY THUIJIEM M HHIYKTOPOM
YCTaHOBJIEHA AJIEKTPOU3ONIAIMOHHAs npokiaaka (puc. 1). Uc-
M0JIb30BaHUE THIJISl, BCTABKU U KPBIIIKH U3 YIIIerpaduTOBOTO
MaTepraia 00eCIeYnBaeT B MPOIECCe HarpeBa BHYTPH TUTILI
BOCCTaHOBHTEIIbHYIO aTMocdepy, KOoTopas 3alluIaeT Harpe-
BaCMbIC U3CTIHUA OT OKHUCJICHHSA, U TCM CaMbIM O6CCHC'~II/IBaeT-
Csl IOBBIIICHUE MX KauecTBa M AKCIUTyaTallHOHHOHN CTOHKOCTH.
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Puc. 1. Cxema HHIYKIIMOHHO-3aKAIOYHON YCTAaHOBKH

WNHAyKIIMOHHO-3aKaJ09YHAs yCTAaHOBKA BKJIFOYACT B ceOs
HHAYKTOP 1 ¢ MHAYKTUPYIOIIUMH TOKONOJBOIAMH 2 U €M-
KOCTb C 3aKaJIOuHO# cpenoit 3. Mex/y HUMHU YCTaHOBJIEH IIH-
0ep 4 13 PIEKTPON30IAIMOHHOTO MaTepuaia. [lnbep 4 mMox-
HO CMeEMIaTh, OTHOCHUTEIBHO MHAYKTOpa 1 B TOPHM30HTANBHOM
TUTOCKOCTH.

Mexny BHYTPEHHHM IMAaMETpPOM THUIJsl 5 W BcTaBKOW 6
AMeeTcsl ¢ IBYX CTOPOH 3a30p 8, B KOTOPHIH YCTaHABIMBAIOT
m3genus 9 (HampuMep, MTAO0WKHU U3 TBEPIBIX CIUIABOB Ha OC-
HOBe KapbOuma Bosb(pama), mojBepraeMbie TEPMOOOpPaOOTKE
(3akasike), a MeXIy BUTKaMU HHIyKTOpa 1 m turiaem 5 ycra-
HOBJIEHA IEKTPOU3O0JISIIIMOHHAs pokiaka 10.

YcraHoBKa paboTaeT CleayromuM o0pa3oMm.

Wznenus 9, nmpeaHa3HayeHHBIE AU 3aKaJIKH (IITAOMKH W3
TBEPABIX CIIJIABOB HA OCHOBE KapOupaa Boib(dpama), ycTaHaB-
JIMBAJH B 3a30p 8, MeXIy THIJIeM 5 U BCTaBKoil 6 (U3 yrie-
rpaduroBOoro Marepuana) Ha muodep 4 (U3 AIEKTPOHUBOIAIHU-
OHHOTO Marepuaina). [Tocie 3anmonHeHnst TUIIA 5, €ro HaKpbI-
BAIOT KPBIIIKOIl 7 U 110 MHAYKTHPYIOIEMY MPOBOJY 2 TOJAIOT
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BBICOKOYACTOTHOE HANpsDKEHHE, 3a CYET Yero THUrelb S,
BCTaBKa 6 u m3zenus 9 HarpeBaroT 10 TpeOyeMo# TeMiepary-
psI (st TBepasix cruiaBoB Beimie 1100 °C). [pu nocTimkeHNH
TpeOyeMoil TeMIepaTypbl, HaNpsHKCHHE OTKIIOYAal0T OT HH-
nykropa 1 u mmbep 4 otBomar uz-nox Hero. Harpetsie usne-
st 9 majaT B €MKOCTh 3 ¢ HEOOXOIMMO 3aKajloqHOi cpe-
Joit (Boza, pacTBOPHI MOJIMMEPOB, MACTIO0), T/Ie IPOUCXOIHUT UX
3akanka. [llnGep 4 mogBOAAT MO THTEb 5, C HEr0O CHUMAIOT
KPBIIIKY / W yCTAaHOBKA TOTOBa K 3arpy3Ke HOBOM IOPIHH
u3zennii 9 ¥ MOBTOPEHHMIO IUKJIA.

Hcnonp3oBanue TUTIISE 5. BCTaBKK 6 M KPBIMIKK / U3 yrie-
rpauTOBOrO0 Marepuana oOEcIeuMBacT B IIPOIECCE HArpeBa
BHYTPH THUTJISL 5 BOCCTaHOBHTENBHYIO arMocdepy, KoTopas
3aIMINACT HarpeBaeMble M3 9 OT OKHCIICHHS, U TEM ca-
MBIM OOecIieunBaeTcsl MOBBIIIEHHE X KauecTBa M SKCIUTyaTa-
LIUOHHOM CTOMKOCTH.

Hcnonp30BaHue NpeasoxKEeHHON YCTaHOBKU yJOBIETBOPSI-
eT TpeOOBaHMAM MO Ka4ecTBY TepMOOOpabOTKH (MCKITIOYaeTCs
OKHCJICHHE HarpeBaeMbIX W3JENIHi, B YaCTHOCTH INTaOHKOB
U3 TBEPJBIX CIUIABOB HA OCHOBE KapOmpaa Bonb(pama), H TeM
caMbIM 0OecreunBaeTcsl MOBBIILICHHE UX JKCILTyaTallMOHHOW
CTOMKOCTH M Ka4ecTBa.

WHayKIMOHHOMY HarpeBy OBLIM TOCBSIICHBI pa3paboTKu
[5, 6] u oHM HampaBIICHBI HA MCKIIIOUCHUE 3TUIIAaHHUS OTHOCH-
TEJIBHO JIETKMX HAarpeThIX 3aroToBOK (KpaifHeW u mpexmie-
CTBYIOIIEH COCENIHEW), HampuMep, BTYJIOK M3 ITOPOIIKOBBIX
MaTepHajoB, B MOMEHT BBITPY3KHM M3 HHAyKTOpa. B cymie-
CTBYIOIIMX COJICHOMIHBIX HHAYKTOPaX METOANYECKOTro Harpe-
Ba 3aJIMIIaHUE 3aTOTOBOK IIPOUCXOAUT B pe3ylbTaTe NMepeKphl-
THSI PAa3HBIX 3arOTOBOK OJHHMM BHTKOM COJICHOHMZA 33 CUeT
HaJIOKEHHs HETIPEPBIBHOTO MATrHUTHOIO MOTOKa Ha Hux. Ilo-
CTaBJICHHAs IeNb OblTa JOCTUTHYTAa M3MEHEHHEM KOHCTPYK-
UM MHAYKTOpa [5] WM ymnpaBiieHHEM PeKUMOM pabOTHl UH-
nykropa [6].

[Ipu u3MeHEeHNH KOHCTPYKIMH WHAYKTOPA JUISI METOINYe-
CKOI'O HarpeBa M3JIeNHH B COOTBETCTBHHM C [5], comepraliem
MHOT'OBUTKOBBIN COJIEHOMJI, K KpaillHEMy C pa3rpy304HOrO
KOHIIa BUTKY OBUI IPHUCTHIKOBAH BEPTHUKAIBHO YCTAHOBJICH-
HBIIl JIOTIOJTHUTENBHBIA TTOYBUTOK, KOTOPBIH BBIIIOJIHEH BeEp-
TUKANbHO ¥ YCTAaHOBJIEH MapajUieNbHO JOTOJHUTEIHHOMY
BUTKY, IpHYEM KpaiHUI MONYBUTOK COEIMHEH C JOTOJIHH-
TEJIBHBIM BUTKOM M TOKOIPOBOJIOM coyieHouaa. Taxoe pacmo-
JO)KEHHE BUTKOB COJICHOWZA B KOHCTPYKIMH WHIYKTOpa
o0ecrieunBaeT HE TOJBKO PAaBHOMEPHBIH MarHUTHBIN INTOTOK
BHYTPH COJIGHOW/A, a, CJIEJOBATEIbHO, M PABHOMEPHOCTH
HarpeBa 3aroTOBOK, HO M HCKIIIOYAET 3aJMIIaHHe W3JeIUH B
MOMEHT BBITPY3KH HarpeThIX 3aroTOBOK.

Cnoco0 ympaBienus paboTol yCTaHOBKH MHAYKIIHOHHOTO
HarpeBa 1o [6] OCYIIEeCTBISIOT CIEAYIOIIIM 00pa3oM.

Uepe3 BKIIOUEHHBIH MHAYKTOP II0 HANpaBSOLUM B
OIpEeIeNIEHHbIE TPOMEXKYTKH BPEMEHH TOJKATEIeM MPOTaJIKH-
BAlOT HECKOJIBKO MEPHBIX 3aTOTOBOK, HAXOMSIINXCS B MHIYK-
tope. [lpn sTOoM HabmromaeTcss UX METOAWYECKHH HArpeB H
XOJIOAHAsI 3arOTOBKA, BTAJIKMBAaeMas C OJHOTO TOPIAa MHIYK-
TOpa, BBITECHSIET rOpsAYyH 3aroTOBKY C Apyroro topua. Jns
WCKITIOYCHHS 3aIHIMAHUS TOPSYeH 3arOTOBKU C OCTAJBHBIMU
U3-3a DJIEKTPOMATrHUTHOIO MOJIs, IPU AOCTHXKEHHUU TOJKAaTe-
JieM KpaifHero MOJIOKEHHUS NPH IMPOTAIKWBAHUH 3arOTOBOK,
UHAYKTOP KPaTKOBPEMEHHO OTKJIIOYAIOT OT MUTAOLIETr0 TOKa,
YTO O00ecredYrnBaeT BO3MOXKHOCTh BBITPY3KH HarpeToil 3aro-
TOBKM W3 HWHIYKTOpa C MCKIIOYEHHEM MPWINIAHUS €€ K

OCTaJIbHBIM 3aroToBkaM. Ha ycTaHOBKY BHOBB IOAAIOT TOK, H
OHa paboTaeT B PEKHME METOIUYECKOr0 HArpeBa MeEpHBIX
3arOTOBOK, @ TaK KaK OTKJIIOYEHHE MUTAIOIIEr0 TOKa KPaTKo-
BPEMEHHOE, TO TEIIOBOM PE)KUM HAarpeBa HE H3MEHSCTCS.

HOBBLIE BAPUAHTBI TTIPUMEHEHUA
YCTAHOBOK KOHTAKTHOI'O HAI'PEBA

KonrakTHBII HarpeB cuutaeTcs 3(QEeKTUBHBIM IIPU Harpe-
B€ JIMHHBIX W TOHKHX 3arOTOBOK WM IPH HAarpeBe MallbIX
YYacTKOB C OIUIABJICHHEM (MallMHbl KOHTAKTHOM CBapKH).
KoHTaKTHBIN HarpeB ¢ UCIONB30BaHUEM MAIINHBI KOHTAKTHOU
CBapK{ HaMH{ OBbLT UCIIOJIB30BaH U MPU MPOBEICHUU HCCIIE0-
BaHWH MO YIMPOYHEHHUIO TBEPIBIX CILIABOB. Mlcmonb3oBaHue B
YCTaHOBKE ISl 3aKaJKU TBEP/BIX CIIJIABOB B Ka4eCTBE Harpe-
BaTeJIBbHOTO YCTPOICTBA MALIMHBI [UTsl KOHTAKTHO# cBapKu [ 7],
10 CPaBHEHHUIO C CYIIECTBYIOLUIMMH YCTaHOBKaMH, obecrieun-
BacT MNOBBIIMICHNH KadecTBa 3aKaJCHHBIX H3Aenuil. ITO mpo-
UCXOJMT BBHJY TOTO, YTO KOHTaKTHBI HarpeB oOecredrBaeT
Ooiee paBHOMEpHBI CKOPOCTHOW HarpeB m Ooiee OBICTpoOE
MOMEIIIEHNEe HarpeTol 3aroTOBKM B 3aKaJouHYIO cpeay (0e3
MIepeHoca, MO ICHCTBUEM CHIIBI TSKECTH).

Crneunduyeckoil pa3sHOBHIHOCTbIO KOHTAKTHOTO HAarpeBa
MOJKHO paccMaTpuBaTh HarpeB B 3JIEKTPOIUTE, KOTOPHIH pac-
CcMOTpeH B pabote [8], MOCBAIIEHHONH COBMEIICHHUIO CKOPOCT-
HOTO HarpeBa M OXJIAKACHUE U3AETHI B OJTHOH cpere.

CoBMellleHHEe TEXHOJIOTHUECKUX OIepalui SBISIETCS OJ-
HUM U3 NEPCHEKTUBHBIX HANPABJICHUH B PELICHUH IPOU3BOJ-
cTBeHHbIX mpobiem [9, 10].

CyIHOCTh COBMEUICHHOW 00pa0OTKH 3aKiIto9aeTcss B 00b-
€IMHEHUH HECKOJIbKUX OIepalyii BO BPEMEHH H/WIH MpO-
cTpaHCTBE. [IpMEHAIOT TocnenoBaTeabHOE INO0 MapajuIeIb-
HOE COBMellIeHHEe (KOMOMHUPOBAaHHUE) ONepanuii.

CoBMeIeHne TEXHOJIIOTHYECKNX OTEPAL OCYIIECTBIIOT
B CaMbIX Pa3IMYHBIX OTPACISAX OT 00YYEHUsI U BOCIIUTAHUS JI0
MaIIMHOCTPOCHUS U CEIBCKOT0 XO3SHCTBA.

D¢ dexTHBHOCTH COBMENICHUS OmepaIyii (KOMOMHHUPOBaH-
HOI 00pabOTKH) B MEPBYIO OYEPEb 3aBUCHT OT cepbl NpH-
MEHEHHs COBMEILEHHMsI, HO BO BceX chepax oHa oOecrieunBaeT
pecypcocOepexeHre 1 MO3BOJISIET OBBICUTh IPOU3BOUTENb-
HOCTb, 3HAUUTEIBHO MOBBIMAET 3(P(PEeKTUBHOCTh HPOU3BOJ-
CTBa M Ka4€CTBO Pa0OT IPH UX BBINOJHEHHH.

CoBMeleHne TEXHOJIOTHYECKUX OIEpaliii MPOBOIAT IO
HECKOJIbKMM HAalpaBJCHUsIM, B TOM YHCIIE TyTeM CO3JaHHs U
IIMPOKOTO NMPUMEHEHHUS! BBICOKOIPOU3BOIMTEIBHBIX YHUBEP-
CaJIbHbIX KOMOMHHUPOBAHHBIX MAIIIMH ¥ OCHACTKH.

Co3taHne TeXHHYECKHUX CPE/ICTB ISl COBMEICHHSI TEXHO-
JIOTHUECKUX OTIepalnii BeeTCs HECKOIbKUMHE IMyTIMU. CaMblif
MIPOCTON MyTh — IOCIIEJOBATEIbHOE COSANHEHNE HECKOIBKHX
OJTHOOTIEPALIMOHHBIX CHEIMAIN3HPOBAHHBIX MAIIWH (OPYIHii)
B OJIMH arperar, TakKe BO3MOXHO, IS BBITIOJTHEHHST HECKOJIb-
KUX TEXHOJIOTHYECKUX ONEepanuii 3a OJMH MPOXOJ, pazMmelie-
HHUE Ha OJHOW pame Habopa pabouyMX OpraHOB WM CO3JaHUE
CIEUHAJbHBIX PAa00YMX OPraHoB, MPOU3BOIAIIMX OIHOBpE-
MEHHO JIB€ 1 O0JIee TEXHOIOTHUECKHUX ONepaIii.

CymrectBytoniue crmocoObl COBMEIIEHHs] HarpeBa W IIO-
BEPXHOCTHOH 3aKalIkKi B JJIEKTPOJINUTE MO3BOJISIIOT OCYIECTB-
JIATh UMb JUIS AeTaneil quameTpoMm He Oonee 10 MM (u3-3a
HeJlocTaTKa MOITHOCTH). HenocTaTkoM M3BECTHBIX YCTPOMCTB
JUIsl HArpeBa BBINIPSMIICHHBIM TOKOM B 3JIEKTPOJIUTE, C UCTOY-
HUKOM HanpsbkeHus 220 B aBnsiercs orpaHU4eHHbIE TEXHOIIO-
rMYECKHEe BO3MOMKHOCTH, TaK KaK HAJIMYUE IIyJIbCAllMH TOKa
OTpaHMYMBAET MPOLECC HarpeBa o JUaMeTpy 3aroToBku. [Ipu
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BBINIPSIMIICHUH OJHO(A3HOTO HAaNpsHKEHUs] NEPHOABI OTCYT-
CTBHSI TOKAa Ha KaTOJAE BEChbMa 3HAYMTEIILHBIC M COCTABISIIOT
HOJIIIEPUO/Ia CHHYCOUBI (pUC. 2, @). JIJIs MOBBIICHHUS TIOIBO-
VMO K 3arOTOBKE MOIIHOCTH, 00ECIIeUeHNsI pABHOMEPHOCTH
Y TIOBBIILICHNSI CKOPOCTH HarpeBa 3aroTOBKH B pa3pab0TaHHOM
YCTpOHCTBE Il HarpeBa 3aroToBku [11] moakmodeHo K
tpexdazHoit cetn (380 B) u conmepkut, M0 MeHbIIEH Mepe,
IBa OJOKa BEIMPSIMUTENEH, Ha BXOJaX KOTOPBHIX oOecredeH
C/IBUT COOTBETCTBYIOIMX (ha3. [Ipu MCTONIB30BaHNH HECKOJIb-
Kux OJOKOB BBIIpSMHUTENCH (IO MEHBIOICH Mepe, NBYX) ¢
HaJIMYMEM CJIBUTA COOTBETCTBYIOIIMX (ha3 COKpaIlaeTcs nepu-
OJl IyJIbcauy (OTCYTCTBHUS TOKa Ha aHOJE), YTO oOecIiednBa-
€T COKpAallleHHEe BPEMEHH U TOBBIIIAET PABHOMEPHOCTh Harpe-
Ba (puc. 2, 6). DTO TMO3BOJSET HATPEBATH 3aTOTOBKU JTHAMET-
pom 10-15 MM, npuyem, mociie HarpeBa 10 TeMIepaTyphl 3a-
KaJIKH W TI0CJIE OTKIIIOUEHHS TOKa, 3aKaJlKa OCYIIECTBIIACTCS B
TOM *ke 3ekTponure [10-12].

—+

Puc. 2. Tleprobl OTCYTCTBHSI TOKA Ha 3aTOTOBKE
npu ogHoGaszHoM (a) u TpexdasHom (6) Toke

O0paboTKe 3arOTOBOK B 3JICKTPOJIMTE MOCBSINCHA U pado-
ta [13]. CymHOCTS MpeIosKeHHOTO crioco0a MOMyIeHUsT TOH-
KHX IUIGHOK Ha CTaJbHBIX JETANAX 3aKII0YaeTcsl B TOM, YTO
00paboTKy IPOBOAT B BOJHOM PACTBOPE, COAEPIKAIIEM MO-
JTUOJCHOBBIN aHTUAPHUA B JIEKTPUYECKOM IIOJE€ C Pa3HOCTHIO
noteHuuanos 2-20 B, npuyem aeranb SABISETCS KaTOIOM, a
YTOJIBHBIN 3JIEKTPOA — aHOJOM, IIPH 3TOM IPOAOIDKHUTEIb-
HOCTb 00paOOTKH ONPENEISIIOT U3 OTHOIICHHS 3MINPHYECKO-
ro kodp@uureHTa K HayaJbHOW KOHIEHTpPAIMW HOHOB MO-
nuO/ieHa B pacTBOpeE.

[TapannensHoe COBMeIIEHHE ONepanuy HarpeBa ¢ o0pa-
00TKOI1 naBneHueM (IITAMITIOBKOM) AJISI IUIOCKHX 3aroTOBOK
ObUTO peann3oBaHo aBTopamu pabort [14, 15] npu usrortosie-
HUU THYTHIX AeTaneil V-o0pa3Hoil (OpMBI U3 TOJICTOIHUCTOBOH
KOHCTPYKLIMOHHO# CTaJIM TOJNIIMHOMN OOJbIIe 5 MM.

Hanpumep, npu n3roToBieHHH AeTamH “pedpo KECTKO-
cTi” U3 CcTanu 35 TONIIMHOW 6 MM MpH Je(OPMHUPOBAHHH Ha
3aKJIIOYUTEIEHOM JTane THOKH W KaIMOpPOBKH TpeOyroTcs
3HA4YUTENbHbIE YCHIH. Y 3TO IPUBOIUT K TOMY, YTO IITAMII
paboTaeT B )KECTKHX YCJIOBHSIX W HE MCKIIOYEHA HEI0CTaTo4-
Has CTOMKOCTh IIyaHCOH-MAaTpPHI[BI B MeCTe€ KOHIIEHTpaTopa
HanpssKeHUM. BO3HUKHOBEHHE TpPEUIMH HE MCKIIOYEHO U B
caMoif 3arOTOBKE B MECTE M3rnoa.

C menpio mpefoTBpalleHus 00pa3oBaHMs TPEUIMH B 3aro-
TOBKE M T'MOOYHOI ITyaHCOH-MaTpHIle, 3a CUET CHIIKCHUS He-
obxomumoro ycuiust aeGopMupoBaHUS U KaJduOPOBKH, OJTHO-
BPEMEHHO C BBIpYOKOI M TMOKOW BJOJb OCH I'MOKH 110 3aro-
TOBKE MPOIMYCKAIOT UMITYJIC TOKa s Tu(depeHIIPOBAHHO-
ro Harpesa. 3aBeplIaloIIy0 IHOKY, ¥ B KOHIIE €€, KAIMOPOBKY
JIeTaju Ha KECTKOW ONpaBKe MPOBOJST C HArPETOW JETANIbIO
[14].

i TOTO B IITAMIME IS M3TOTOBJICHHS THYTHIX JeTaseit
MPWKAM — CbEMHHK BBITIOJIHEH U3 HE3JIEKTPOIIPOBOIHOTO Ma-
Tepuaia (AUAJICKTPUKA) U B HEM C MPOTHUBOIOJIOXKHBIX CTOPOH

B IUIOCKOCTH CHMMETPUH ITyaHCOH-MaTPHLBl YCTaHOBJICHBI
TOKOMOABOSIINE KOHTAKTHL. MIMITyJIbC 3JIEKTPHUECKOTO TOKA
MOJBOAAT K 3arOTOBKE TOJBKO B MOMEHT BIpyOkH. OKoHUYa-
TesbHas BBIPYyOKa MPONUCXOIUT B yIaCTKaxX HaJl OChIO THOKH 1
JIMHUSL OCH THOKM HarpeBaeTcsi MakcUManbHO. 1o oKoOHYaHUH
BBIPYOKHM HMITyJIbC TOKa Hpekpamaercsi. Pazorperas, rHyTas
3aroTOBKa KaJIMOpyeTcs o (opMe IeTallil Ha KECTKOM ompas-
ke [15].

Tarxoke ObUIM TIPOBEACHBI HCCIIEA0BAHUS 110 00ECTICUEHHIO
MIOCJIEIOBATEIFHOIO COBMEIICHUS Ollepalyii HarpeBa s
IUIOCKHX 3arOTOBOK ¢ 00pa0OTKOM JaBiIeHHeM (ILITaMIIOBKOM).
PesynbpTaTel npuBeaeHs B paborax [16-19], B KOTOPBIX MOKa-
3aHa BO3MOJKHOCTH NPHMEHEHUsI KOHTAKTHOTO HarpeBa B COB-
MEIIEHUH ¢ 00pabOTKON AaBIeHHEM (IITAMITOBKOM).

MeTtoandeckuii HarpeB MpoKaTa 00ECIIEYNBAIOT ITyTEM IIe-
PHOANYECKOTO MEPEMEIIEHHSI €r0 MEXIY TOKOIMPOBOASIINMHI
KoHTakTamu [16].

Crioco0 3MeKTpHYecKOro KOHTAKTHOTO HarpeBa JJIEKTpPO-
MPOBOJHBIX 3aroToBOK [17], peamu3yemblii ¢ [TOMOIIBIO
ycrpoiictea [18] , mpeaycMaTpuBaeT paciIMpeHUE TEXHOIOTH-
YECKUX BO3MOXKHOCTEW KOHTAKTHOTO HArpeBa 3a CUeT HarpeBa
B 3arOTOBKE CIUIOMIHOW MOJIOCHI, JIMOO JIOKANBHBIX 30H, MOJ-
nexanpx o0paboTke NaBICHHEM MyTEM pa3InuHOrO BKIOYE-
HUSI IPUKAMHBIX KOHTAKTOB B 3JIEKTPUYECKYIO IIeTh (puc. 3).

[ = e —
— - L
N & S— — - -

Puc. 3. BapuaHTBI IOZIBOJ]a TOKA K KOHTaKTaM JJIs obecre-
YEHHS CIUTONTHOTO FITH JIOKaJTbHOTO HarpeBa 3arOTOBKH

Cnoco6 mpexycMaTpuBaeT IOJBOJ TOKA K HPY>KAMHBIM
KOHTaKTaM BepXHeH 1 W HIKHEW 2 rpyI OTHOCHTEIBHO 3aro-
TOBKH 3 TIOCPEJICTBOM TOKOIIOJIBOJIOB 4 M IIYHTHPYIOIIEH Ie-
PEeMBIYKH 5 1100 K OTHOMY M3 JAaHHBIX KOHTaKTOB.

PaBHOMepHBIIT HarpeB oOpabaTsiBaeMbIx 30H 1 X OM/L, B
KOHEYHOM CYeTe, BBUTETCS B MOBHIMICHUH NTPOU3BOAUTEIBHO-
CTH M KAaueCTBa I0Jy4aeMbIX OTBEPCTHH ¢ (ackoii [19].

KoHTakTHBIA HarpeB OBUT MPUMEHEH M B CIIOCO0E CTHIKO-
Boii cBapku orutaBienneM [20], KOTOpbIH Takke OMHUCAH B
pabore [21]. CymHOCTh H300PETEHUSI 3aKIFOYAETCS B TOM, UTO
JIeTalId 3aKUMAlOT B KOHTAKTaxX MAILIMHBI JJIsI KOHTAKTHOM
CBapKH, CBOAAT UX JI0 00pa30BaHMs 3JIEKTPUIECKOT0 KOHTAKTA
U TIPOITYCKAIOT Yepe3 HUX ANEKTPUUECKHH TOK, IPH 3TOM OJIHY
3aroTOBKY ITOBOPAYMBAIOT OTHOCUTENbHO aApyroi. Ilocre
OIUTABJICHHS KPOMOK 3arOTOBKHU CIaBIIMBAIOT, 00pa3ys AeTajlb.
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TMocnenoBareibHOE COBMELIEHHE ONEPALIMM HATpeBa ¢ 00-
paboOTKOMN pe3aHreM peaar30BaHo aBTopaMu pador [22, 23]. B
HHUX HArpeToii MacTep-MOIENBI) BBDKUTAIOT (BBIILIABIIAIOT)
CJIOJKHBIE PYYbY Ha MOJIENH ISl TIOJYYEHHS OTIIMBKH.

BbIBOBI
B paboTte moxa3zaHa BO3MOKHOCTH 3aMEHBI MaJlod(pQek-
THBHOTO NIEYHOT'O HAarpeBa Ha HAarpeB B BHICOKOI((PEKTHBHBIX
JJIEKTPOHArpeBaTEIbHBIX YCTAHOBKaX (KOHTaKTHBIX M MHIYK-
IIMOHHBIX) U BO3MOYKHOCTh COBMEIICHHUSI HarpeBa ¢ pasiny-
HBIMH TEXHOJIOTHYECKUMH OTICPALHSIM.
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Heat for Process Operations

Kilov A.S.
Orenburg state University,
Orenburg. Russian Federation
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Abstract. To heat the metal still more prevalent direct
heating processes in electric power plants induction or contact
heating. The paper shows the possibility of such electric
installations for various processes, as well as the possibility of
combining heating (serial or parallel) with other technological
operations (combined treatment). Described the use of
induction-hardening plants in research on hardening of hard

alloys, as well as ways of sticking pieces exception when
unloading them from the inductor. Shows the use of contact
heating for quenching carbide and heating the electrolyte and
by heating rolled before pressure treatment.

Keywords: heating, electrical, contact, induction furnace,
the combination of operations.
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Oco0eHHOCTH POPMUPOBAHMA HIEPOXOBATOCTH
NPU TOKAPHOU 00padoTKe AeTaIu
NePEMEHHOI0 PO PUJIs

[Teramkun B.®., bopmosa JI.B., Ileramkuna E.B.
HwkHeTaruinbCKkuil TEXHOJIOTUYCCKUN HHCTUTYT Y PajabCcKOro (eIepaJbHOTO YHUBEPCUTETA
uM. nepsoro IIpe3unenta PO b.H.Ensiuna
r. H. Tarun, Poccuiickas ®@enepanust

pvf@ntiustu.ru

Annomayun. CTaTbsi MOCBSIIeHA H3YYeHHIO mpouecca ¢op-
MHPOBaHHSI MUKPOHEPOBHOCTEH HAa INOBEPXHOCTH AETAIH IPH
MexXaHH4YecKoil 00padoTke aeTaju mepeMenHoro mpoguis. Ilo-
Ka3aHo, YTO NMpH paGoTe ¢ MOCTOSIHHBIM 3HaueHHeM (aKTHYe-
CKOIi 1M01aYH HIEPOXOBATOCTD MOJIY4YaeTcsl OAUHAKOBOM MO BCeMy
npopuiaw aeranu. ITo JaeT BO3MOKHOCTL MOJYYUTh MICHTHY-
HYI0 LIEPOXOBATOCTh IO BceMy NPO(HII0 y BcexX H3Ae/Mil map-
THHM, YTO YJy4YlIaeT a3pPoAMHAMHYECKHe CBOWCTBa H3/eIHUs.
IIpeacraBieHO aHAJMTHYeECKOe pelleHHe 3aJa4Hd OIpeae/IeHHs
1IepPOXOBATOCTH MOBEPXHOCTH /[eTAIH IepeMeHHOro Mo /JIHHe
npouis nocje TOKApHoi 06padoTKH, NO3BOJIsSIIOLIEE YIIPABJISTH
MPOLECCOM pe3aHHs C 1eJbI0 MOJy4eHUs WIEHTHYHOIl HIepoxo-
Baroctu. IlpuBegeHbl MaTeMaTHYeCKHe MOJEIH VISl ompesneJe-
HUSI MUKPOHEPOBHOCTel B 3aBHCHMMOCTH OT IPOJ0JbHON Moga4yu
JJIs cjiy4aeB 00padoTkH 0e3 pery/iMpoBaHHs N0JA4YM HA CTAHKE B
npouecce 00padoTKu U ¢ peryaupoBanueM. /laHbl pe3yJbTaThbl
CTATHCTUYECKOr0 AHAJIN32 IIEPOXOBATOCTH NPO(HIBHBIX MO-
BEPXHOCTel AeTaseil B IPOM3BOACTBE.

Knruesvie cnosa: o0paboTka pe3aHHeM, TEXHOJIOTHS
MAaIIHHOCTPOEHHsI, IIEPOX0BATOCTH TOBEPXHOCTH, MepeMeHHBbI
npopub.

BBEJIEHUE

JUis  ydaydmieHHs  SKCIIyaTallMOHHBIX — XapaKTePUCTHK
a’pOJMHAMUYECKHX OOBEKTOB HEOOXOIUMO CTPEMHThCS K
Goiee COBEpIIEHHON a’pOJUHAMUYECKON (opMe C IeNbIo
obecrieueHns] UIEHTHYHOCTH TpaeKTopuil Ha moJjere. YToOb
JOCTHYb 3TOW IENH, He0OXOJMMO MMETh IOCTOSIHHOE 3Haue-
Hue kod(pduimenta 1060BOro conpotuBieHus. Ero BennunHa
3aBHCUT OT yIJla HyTaIlMd M KadecTBa 0OpabOTKU HapyKHOU
MOBEPXHOCTH M3JeNHs. AMIUINTYAa KojieOaHWs yIJIOB HyTa-
IIMM Ha TPAeKTOPHH HEBEJMKA, 03TOMY KodddurmeHT n060-
BOTO COIPOTHBJICHUS B OCHOBHOM 3aBHUCHT OT IIIEPOXOBATOCTU
Hapy>KHOW MOBEPXHOCTH.

TIOCTAHOBKA 3AJIAYN

Ipouecc GhopMuUpOBaHUsI MEKPOHEPOBHOCTEH Ha MOBEPX-
HOCTH JIeTadd TPU MEXaHMYEeCKOH 00paboTke 3aBHCUT OT
Gonbuioro xonuuyectBa (Gaktopos [1, 2]. Tlockonbky Kopmyc
u37enus uMeeT (purypHoe odepraHue, TO (haKTHUECKHE 3HA-
YEHUsI 3TUX MapaMeTpoB OYAyT HENPEPHIBHO MEHSTHCS B CO-
OTBETCTBHE C M3MEHEHHEM TI'€OMETPHYECKHX XapaKTEPUCTHK
obpabatsiBaeMoro KoHTypa (puc. 1).

[Ipu 3TOM MEHSIFOTCS U BBICOTA, M (hOpMa MUKPOHEPOBHO-
CTeH, a 3TO 3HAYWT, YTO Ha Pa3HBIX YYaCTKAX JICTAIH HIEPOXO-
BAaTOCTh MOBEPXHOCTH OyAeT MMETh pasHyio Benuuuny [3, 4].
V3meHeHne MIepoXoBaTOCTH MOBEPXHOCTH BJOIb 00pasyro-

mieil KopIyca NpUBOIUT K TOMY, YTO IpoLecC OOTeKaHUs H3-
Jenusi HaOeraroluM MOTOKOM BO3JyXa CTaHOBUTCS HeECTa-
OuwnbHBIM. [lo3TOMYy TP HOPMHPOBAaHHH PEXHMOB pE3aHHUs
HE0OXOJMMO MPOTHO3UPOBAaTh BO3MOXKHOCTH OOECIICUCHHUS
TEXHUYECKUX TPeOOBaHHI MO IMIEPOXOBATOCTH, HPH 3TOM
HEOOXOAMMO CTPEMHUTHCS K TOMY, 4YTOOBI Ha pa3HbIX y4acTKax
npoQuIIs IEPOX0BATOCTh OblIa UIEHTUYHOH.

So3= S

S'si ®s

Puc. 1. 3sMeHeHne KOHTYPHOU TOjauH

PEILIEHUE 3AJIAUN

[Tpon3BOACTBEHHBIH ONBIT OKA3BIBAET, YTO IPH OONBIINX
3HAUEHMAX I10JIau HanOoJIblllee BIMSHUE Ha BEIMYHHY IIEpO-
XOBaTOCTH OKa3bIBaeT M0j1a4a S U reoMeTpUsl HHCTPYMEHTa, a
IpU MaJIBIX NOAa4ax U CKOPOCTSIX PE3aHUsi HAHOOJbIIee BIIH-
sIHHE Ha KayeCcTBO MOBEPXHOCTH OKAa3bIBAIOT JIpyrue (GakTopsl,
COMNpOBOXKAatOIIMe Tpouecc o0padorku. [TosToMy pexomeH-
JyeTcst Ipy OOJIBINX 3HAYCHUSX (AKTUUECKOM MoJiauu Sq AJIst
pacyera OXXHJaeMOW ILIEPOXOBATOCTH IOJb30BATHCS pacyer-
Hol popmyoii (puc. 2).
i

0 i (O I )1
V

peser
obpabatsiBaeMast
[IOBEDXHOCTH

Puc. 2. Cxema pacyeTa yriioB pe3aHus

s Se < 0,5 MM/00 B citydae 00paboTKu 0€3 perynuposa-
HUS OCEBOM MMOa4YM BEJINYMHA IIEPOXOBATOCTH B I-M CCUCHHUH
OIIPEACISAETCS 3aBUCUMOCTBIO
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4XR .G YR . VR (0, — w: PR
Ro — Cr-t;" -S4 (§0+a)|) ((91 a’l)
Zi = ,
rR .cos YR . g,
a mpu pa60Te C PCryJIMpOBaHUEM BCIINYNHBI OceBOﬁ rnogavyu C
[ETBI0 TIOMIEPXKAHKSA TTOCTOSIHHOTO 3HAYEHHs (aKTHIECKOM
noga4yn

CrotiR-S R (p+ @y )R (o) — oy 'R
Zi — rkR )
rae Cr, Xr, YR, Zr, Kr — ammmpuyeckne kodddurmentsr; t —
riryOMHa pe3aHusi; ¢, @1 — IJIaBHBIH M BCIOMOTaTeNIbHBII YIIIbI
B IUIAHE, (B — YrOJ HAKJIOHA KacaTelIbHOH K oOpasyromiei 00-
pabaTbiBaeMOit MOBEPXHOCTH B I-M CEUCHHUH; I — paguyc HpH
BEpILHHE pe3la.

INockoneKy mpu OONBIIMX 3HAYCHUAX IOJAYM DPa3HUIA
Mexny (aktudeckoir Rz m pacuetHolt Rzp BRICOTON HEpOBHO-
CTel He3HAUUTeNbHa, IpH mogade S¢ = 0,5 MM/00 peKkoMeH Ty-
eTCsl I ONPEACIICHUS OXKUAACMOU IICPOXOBATOCTH IOJIb30-
BaThCSI PACUETHOH (HOPMYIIOH.

Jnst paccMaTpuBaeMbIX BapUaHTOB 0OpabOTKH ypaBHEHHS
MOYHO 3aIIHCaTh B CICIYIOIIEM BHIIC.

[Ipu pabote Oe3 peryarpoBaHMs BEIMYUHBI OCEBOW TO/1a-
Yu:
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S
(¢ + w; ) > arcsin Sic
u
S
(¢, - @;)> arcsin -2
2-r

[, 2 a2
Rzi=r—05-44-1" -85

st mpoBepKHM aIeKBATHOCTH IOJIYYEHHONW MaTeMaTrhye-
CKOH MOJENHU IIEPOXOBAaTOCTH IOBEPXHOCTH CIIOKHOTO MpO-
¢unst ObUIM MIPOBEJCHBI PAcUEThl C HCIIOJIb30BAaHHUEM IIOJIY-
YEHHBIX 3aBUCHMOCTEH Il 0OTEKaTelsl KOpIyca M3ACINs Ha
Ollepalliil YHUCTOBOW 00pabOTKM HApYKHOH ITOBEPXHOCTH.
[onydeHHbIe 3HAYCHUSI CPABHUBAIUCH C DKCIIEPUMEHTAJIbHBI-
MH JaHHBIMU paHee B peajJbHOM IIPOU3BOJCTBE. Pe3ynbrarhl
CTAaTHCTHYECKOTO aHAIN3a MPUBEICHBI B Ta0O.

Tabauna
CraTucTuyeckKue XapaKTECPUCTUKHN PACIIPCACIICHUA
MUKpPOHEPOBHOCTEN
Cpennee CpenHekBaipaTi
Ceuenune oOTeKaTest 3HAYEHHE, | YHOE OTKJIIOHCHHE,
MKM MKM

—T 69,9 12,5
A
| B 32,2 12,6

251 13,9

W3mepenns: 11epoxoBaTOCTH MPOBOAWIIMCH B TPEX 30HAX
MOBEPXHOCTH 0OTEKATENs: y TOJIOBHOTO cpe3a (ceueHue A), B
cpenneit yactu (ceuenne b), y ocHoBaHms (ceuenue B). Beero
6bu10 M3Mepeno 100 oOTekaTenel, B3SITHIX Hayral U3 TEXHO-
JIOTHYECKOTO MOTOKA B TEUEHUE MecsIa.

Jusi cpaBHEHHS SKCHEPUMEHTAIBHBIX M TEOPETHYECKUX
JIAHHBIX OBLI MOCTPOEH rpadyK, NOKa3aHHbIA Ha pUC. 3.

IS
] SO
40 \\&

30

20

A B B
ceueHHe 0DTe KaTeIa

Puc. 3. I'paduk ©3MEHEHUS IIEPOXOBATOCTH
0 IJIMHE KPUBOJIMHEWHON OBEPXHOCTH:

B - TeopeTHYecKash KpHBas U3MEHEHHs LIEPOXOBATOCTH INpH paboTte
0e3 peryMpOBaHus MPOOILHON Mo1aun; 4 - TEOPETHIECKAS KPHBAs
M3MEHEHHs LIEPOXOBAaTOCTH MPU paboTe ¢ PerylInpoBaHUEM IIPOI0IIb-

HOM rmojiaun; @ - SKCIePUMEHTAIbHBIC 3HAYCHUS [IIEPOXOBATOCTH

AHanu3 pe3ylbTaTOB pacueTa IoKas3al, YTO IMOJy4eHHBIE
OTKJIOHEHHS HE NPEBBIIIAIOT BEJIMYMHBI JOBEPUTEIHLHOTO WH-
TepBana, CICOBATEIbHO, PACXOXKICHHE MOXKHO CYHTATh HE-
CYIIECTBEHHbIM, a MOIYYCHHYI0 MAaTEeMaTHIECKYI0 MOJEIb
aJIcKBaTHOM.

U3 rpaduka ciemyer, 9To IpH paboTe C IIOCTOSHHBIM 3HAYCHU-
eM (haKTHIECKOH IT0/1a9H IIEPOXOBATOCTh MOTYIAECTCs OANHA-
KOBOI 110 BCeMy MPOQUITI0 KPUBOTHHEHHOI MOBepXHOCTH [5].
3T0 1aeT BOZMOXKHOCTH MOJYYHUTh WACHTUYHYIO IIEPOXOBa-
TOCTb 110 BCEMY MPO(UITIO y BCEX M3ICTHI MAPTHH, YTO YIIyd-
LIaeT a3pOJMHAMUYECKHIE CBOHCTBA U3/IEIIHS.

3AKJIIOYEHHUE
IpencraBneHO aHANTUTHYIECKOE PELICHHE 3aqaqd OIpeie-
JICHHS IIEPOXOBATOCTH MOBEPXHOCTU JETATH MEPEMEHHOTO IO
JUTMHE TpodwIis Mociie TOKapHOH 00paboTKH, MO3BOJIAIONIEE
VIIPABJIATH IPOLIECCOM PE3aHMSI C LEBIO MONYICHHS HICHTUY-
HOIi IIEPOXOBATOCTH MO BeeMy MPOGIIII0 Y BCEX W3/CIMil map-
THH, YTO YIy4IIAeT a3POJUHAMUICCKIE CBOMCTBA U3/ICITHS.
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Special Aspects of Forming Roughness on Turning
Process of VVariable Profile Parts
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Abstract. The article is devoted to the study of the formation
of voids in the surface when machining parts of variable profile.
Shows that when working with a constant value of the actual
filing of roughness is the same throughout the profile details. This
makes it possible to get an identical roughness around the profile
of all the party products that improves the aerodynamic proper-
ties of the product. Presented analytical solution of the task of
determining the roughness of a surface of a detail of alternating
along the length of the profile after turning cutting process puts
you in control with a view to obtaining identical roughness. The
mathematical models for determining the microroughnesses de-
pending on the longitudinal feed for processing without control
on the machine during processing and management. The results
of the statistical analysis of the roughness profile surfaces of parts
in production.

Keywords: machining, mechanical engineering technology,
surface roughness, alternating profile
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Abstract. The article describes problem of friction unit sur-
face layer parts wear resistance assurance based on control of
geometrical and physic mechanical properties to be formed the
machining. The researches of stored energy of deformation in the
surface layer of the sample after turning are presented. Correla-
tion wear rate with equilibrium parameters of roughness and
degree of work hardening of the surface layer of machine parts
based on thermodynamic approach is obtained. The analysis of
the results of the calculated and experimental determination of
the wear rate of the samples of steel 45 under the conditions of
the equilibrium state of the surface layer is shown. The correla-
tion stored energy of the surface layer of machined part with the
parameters of the degree of work hardening and dislocation den-
sity is obtained. Equations for calculation of roughness parame-
ter and degree of work hardening based on correlation with ma-
chining conditions are shown.

Keywords: friction, wear, surface layer, quality parameters,
machining, stored energy

INTRODUCTION

Machine components wearing is characterized by destruc-
tion of a contact surface layer in which physicochemical alter-
ations and fatigue changes occur as a result of parts mating
surfaces interaction. Wearing destruction has accumulative
character and grows out of repeated accumulation of damages,
therefore the wear resistance is rather sensitive to insignificant
changes of materials properties.

The normal operation of a unit is characterized by the min-
imal wear rate of the material and the simultaneous forming of
balanced geometrical (roughness) and physicomechanical (rate
of the mechanical hardening of a surface layer) parameters of
a surface layer of machine components [1-3]. Duration of
break-in period of interfaced machine components depends
upon the difference between the initial quality parameters and
optimal parameters of the surface layer. Therefore during
manufacturing of vital units optimal quality parameters of the
surface layer are to be technologically provided on the surfac-
es of the machine components.

Existing techniques of wear rate calculation have the fol-
lowing differences: in some of them the wearing ratio is esti-
mated according to the specified quality parameters of the
surface layer; in others wearing ratio is estimated according to
the specified machining modes. That doesn’t provide forming
of balanced quality parameters of a surface layer of the ma-
chine components, which are necessary for normal operation
of the unit. So it is necessary to develop the mathematical
model that matches technological machining conditions with
balanced quality parameters of a surface layer of machine
components.

THEORETICAL PART

Any crystal body possesses inner and surface energy.
Changing of an inner energy is determined by the formula of
specific energy of deformation accumulated in the material as
a result of dislocations forming. The issues of calculating the
stored strain energy were solved, as many of the above men-
tioned researchers, on the basis of dislocation approach on
deformation hardening of metals and alloys. So, based on the
analysis of various theories of dislocation strengthening metals
(Taylor, Zeeger, Bazinskii, Mott and Hirsch, Coolman-
Wilsdorf) the following dependence was obtained that links
specific stored strain energy W, J/m* with the parameters of
the curve strain hardening:

w-—

27/
where Q — the coefficient of proportionality, accepted Q = 1;
G — a displacement module of an examined material; oy — pa-
rameter of interdislocation interaction; op, — Yield strength
conditional with the tolerance on value of plastic deformation
at stressing 0,2 %.

G'(O'—Uo_z)z (1)

Table 1
The correlation of the parameter «, and
type of distribution of dislocations [5]
Type of distributions of dislocations oo

Long-range stresses and dislocations in the slip planes according to 0,16
Taylor G

The accumulation of dislocations in the slip planes according to 0,7
Mott and Zeeger

Punching of dislocations through the forest and other obstacles. 032
Cutting of forest dislocations 016
Moving of steps followed by dislocations 016
Recombination of dislocations >0,32
Bridging the fields of internal stresses caused by the dislocation of 1

the forest without the reactions

Formula (1) demonstrates the impact on the value of the
stored energy of the dislocation mechanism of strain hardening
estimated by parameter o, which is a parameter of the
interaction of dislocations with the lattice, with each other and
with other defects in the crystal structure. The success of the
calculation according to correlation (1) depends on knowledge
of the specified parameter oy, which varies within wide limits,
which does not allow even an approximate direct selection of
o without any experimental work to determine the density of
dislocations (table 1).
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Carbon structural steels are used in the friction units due to
rather high complex of mechanical properties at relatively low
impact toughness. After quenching and tempering parts made
of these steels can work in conditions of friction at high static
and vibratory loads (bearing shafts, guides, cams, and so on).
For example, steel 45 is less sensitive to alternating loads,
well-handled by cutting tool, can be exposed to various types
of heat treatment and plastic deformation (rolling, roller,
knurling flute, thread and others).

So to determine the parameter of the steel 45 experimental
researches were performed on the tensile samples (Fig. 1)
followed by its cutting by means of method of electric erosion
machining (Fig. 2) for measurements of microhardness and the
stored strain energy. Preparation of samples for measurement
of microhardness was performed on semi-polishing-grinding
machine TegraPol-11 company Struers (Fig. 2). Measurement
of microhardness depth of the surface layer processed by the
turning of the sample and the surface of the sample subjected
to the stretching was carried out on automatic microhardness
tester Durascan 20.

The stretching strain work A, (J/m*) was determined by
area under the curve of hardening by the following formula

2

G,MFa

1{ -

0 0.05 0.1 0.15 €

Fig. 1. Diagram of the stretch tensile specimen made of steel 45

The specific stored energy of deformation stretch tensile
W, (/Im®) was calculated by using the curve of strain
hardening (figure 1) according to the following formula

@)

Equations (2) and (3) were solved with respect to
parameter o that when W, / A, = 0,1 (i.e., 10 % [4]) is equal to
a = 0,23. The specified coefficient was used to calculate the
stored strain energy in the specimen volume Wyy, J, deter-
mined by microhardness testing, according to the following
formula

NG

for steel 45 o = 0,23; d — sample diameter, m; L — sample
length, m; HV — microhardness by Vickers of hardened mate-
rial, Pa; HV, — microhardness by Vickers of raw material, Pa.
For the studied samples of steel 45 compressive strain,
calculated with respect to formulas (3) and the geometry of the

sample, is equal to
. Q)

Calculated by the formula (5) is A, = 150,9 J. The stored
strain  energy calculated by the formula (4)
Why = 16,58 J, and their ratio A, /Wy = 0,11 (i.e., 11 %).
Thus, the above calculation is practically confirms the possi-
bility of determining the stored energy of deformation on the
distribution of hardness along the depth of the surface layer of
the samples.

Fig. 2. Polishing-grinding machine TegraPol-11 (a) cut along
sample (b) and samples of steel 45prepared for measuring the
microhardness after stretching (c)

After turning of the sample of steel 45 it is necessary to
know the absolute value of the stored energy of the W5 strain
in the surface layer of the sample, taking into account its ge-
ometry and the hardening depth of the surface layer H, which
can be calculated according to the following correlation

- (6)

Experimental researches of turning carried on the machine
tool NH22 cutter with hard-alloy plates T15K6. Tool geome-
try: ¢ = 45°, ¢, = 20°, o = 10°, y = 18°, r = 0,3 mm.

Variety of hardening value changing with depth of the
surface layer of samples (N, mm) of steel 45 after turning in
figure 3, while table 2 presents the processing modes, the
results of the research of cutting forces in turning (using
dynamometer UDM-600) and the results of the calculation of
the stored energy of deformation, the degree of work
hardening and the dislocation density in the surface layer of
the samples after turning samples of steel 45.

Fig. 3. Variety of hardening value changing with depth of the
surface layer of samples of steel 45 after turning
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