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EeﬂopyCCKuﬁ HaquHaJlebluv mexHuYecKuu YHUsepcumem

OnekTponuTHO-Ia3MeHHas oopadorka (DI10)
MIUPOKO TMPUMEHSIETCS TSI OYUCTKU IMOBEPXHOCTH,
CHIDKEHUS IIEPOXOBATOCTU U CHATHS 3ayCEHIICB Ha
W3IENUSX, U3TOTOBJICHHBIX U3 Pa3IMYHBIX METaJl-
nnueckux Matepuanos. JIIO sBnsercs 6Ge3zomac-
HOI u OoJiee MPOU3BOMUTEILHOW TEXHOJIOTHEH I10
CPaBHEHHUIO C QJIbTCPHATUBHBIMUA BHJAMHU (DJICK-
TPOXMMHYECKAs, MEXaHHYECKasi 00paboTKa).

CymHocTh mporecca 3aKitodyaercs B Cleaylo-
meM. Bokpyr moBepxHocTH oOpabaTeiBaeMoOil Jie-
Taau-aHoJla, MOTPYKCHHOM B DJICKTPOJIHT, MPOHC-
XOJIMT JIOKAJIbHOE TUICHOYHOE BCKUTIAHUE JIEKTPO-
JuTa W 00pa3oBaHUE CTaOMJIBHOM MaporazoBOi
o6omnouku (III'O). Chopmuposasasicst Takum 00-
pasoM o0oJiouKa M3 mapa M raza OTKUMaeT dJIeK-
TPOJMT OT TOBEPXHOCTH JETAIM U 3HAYUTEIHHO
YBEJIMYUBAET 3JEKTPUUYECKOE CONPOTHUBICHUE B
Henu JIeTanb — JMEeKTponuT. [Ipu 3ToM cuna Toka
PE3KO YMEHBIIACTCI M HaMpPsDKCHHWE HCTOYHHKA
MUTaHUSI TIOYTH TIOJHOCTBIO TPUKIAIBIBACTCS K
oOpasoBaBiieiics mapora3oBoii obonouke. Takum
00pa3oM, M3-3a BHICOKOM JIOKaJIbHOM HampsKeHHO-
CTH 3JIEKTPHUUYECKOrO TOJSi BO3HUKACT YaCTUYHAS
WOHU3aIMs Taza C MPOTEKaHHEM JIIEKTPUYECKOTO
TOKa 4Yepe3 Mapora3oByl0 00ONOYKY B BHUJAC HM-
MyJbCHBIX B TUGQY3HBIX 3JICKTPUUCCKUX paspsi-
noB [1].

OKcrepuMeHTalbHbIE HCCIEIOBAHUS TTOKA3aIH,
YTO TP YBEIMYECHUU MpoAonkuTensHoctu D110
BO3MO)XKHO TPHUMEHEHHE TEXHOJOTHU IJIsi TOYHOU
pa3MepHOil 00paboTku neraned BpamieHus. Pas-
MepHas OI10 He TpedyeT co3JaHusl CIIOKHBIX CXEM
00pabOTKKM U OCYIIECTBIISICTCS B OOBIYHON BaHHE-
KaTojie 0e3 MCIOIb30BAHMUS JJIEKTPOJOB — HHCTPY-
MEHTOB crenuanbHol ¢opwmbl. [Ipu sToM B oTIH-

4YHre OT pa3MEpHON AIEKTPOXUMHUYECKOH 00paboT-
KA He Tpedyercss OCYIIECTBISATh MPOKAYKY SJEK-
TPOJIHTA Yepe3 MEKIIEKTPOTHOE IPOCTPAHCTBO.

[Ipon3BOANTENBHOCTh Pa3MEPHOIO CheMa IMpHU
OI1O MOXHO OXapaKTepU30BaTh CKOPOCTHIO aHOJ-
HOTO PAcTBOPEHHUs MeETajla, BhIpa)kaeMoW B JIH-
HEHHBIX (MM/MHH) HIH B OOBEMHBIX (MM’/MHH)
enuannax. llpm oOpaboTke neranell BpalieHHS
1enecoo0pa3Ho HUCMONb30BaTh OOBEMHBIE ellu-
HULBL.

Pa3paboTka Momenu pa3MepHOro chemMa Ma-
Tepuania. J[ns KOIWYECTBEHHOW OLIEHKU pa3Mmep-
Horo cbema B mpouecce D110 ycraHOBUM CBA3b
MHTEHCUBHOCTH pa3mepHor OIIO ¢ TexHomormde-
CKHMH TIapaMeTpamu Ipolecca U reomerpueii 0o-
pabaTbiBaeMoii aetanu BpauieHus. B xauectBe ne-
TaJIM BPaLIEHUs] pACCMOTPUM LIFITUHJIP.

CornacHo 3akony @apazes Macca (MU 00beM)
BemiectBa AV, pacTBOPEHHOr0 Ha 3JIEKTPOAe, Mps-
MO TPONOPIHMOHAJBHA 3JIEKTPUUYECKOMY 3apsiaiy,
mpomenueMy 4epe3 3JeKTpodut. [lpumeHnTens-
HO K TPOIECCaM 3JICKTPOXUMUYECKONW 00paboTKHy,
B ToM umucie u ana IO, 3axon Dapanes MOKHO
MPEACTAaBUTH B CIEAYIOIIeM BUAE [2]:

AV =k, It, (1)

rae ky — oObEeMHBINH SIEKTPOXUMHYECKAN HKBUBA-
NeHT BemecTsa, cM/(A-MHH); 1, — KO3DDUIHEHT
BBbIX0Ja 1Mo TOKy (a1 mpoueccoB IO cocraBusier
0,215); I — cunma Toka, TPOXOMAIIETO Yepe3 dIeK-
TponuT, A; ¢ MPOIOKUTENBHOCTE  00paboT-
K{, MUH.

W3 3akoHa ciiemyer, 4TO ¢ NOBBIIICHUEM CHJIBI
TOKa, MPOXOMAMIEro 4yepe3 oOpabaTbiBaeMylo IO-
BEPXHOCTD 32 OJMHAKOBBIA MPOMEKYTOK BPEMEHH,
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pa3MepHbIii cbeM MeTaiuia yBenunuuBaercs. CooT-
BETCTBEHHO YeM BBIIIE TUIOTHOCTh TOKA, TEM HWH-
TEHCHBHEE HJET Tporecc o0paborku. [losTomy
IUIOTHOCTh TOKA SIBIISIETCSI BETMYMHOW, ONpEIes-
IOIIei MHTEHCUBHOCTH Pa3MEPHOI0 CheMa MeTallia
B nporuecce JI10.

[110THOCTE TOKA B CBOKO OYEPE/b ONpelelsier-
Csl TEXHOJOTMYECKHMMHU TapaMeTpamH Ipoliecca
OIIO (HampsbkeHHe, TemIiepaTypa dIeKTPOIHTa,
rIyOuHa TOTPYKCHUS, KOHIIGHTPALUS DJICKTPOJIH-
Ta), a Takke hopmMoii 00pabaThIBacMOM MOBEPXHO-
CTH. 3aMEUeHO, YTO 00pabOTKa Ha BBICTYIAIOIIMX
YacTsX 3arOTOBOK, TAKMX KaK OCTpPbIE KPOMKH, 3a-
YCEHIIbI, 3aKpYIJICHHS, MIECT 3HAYUTCIBHO MHTCH-
CHBHEE, YeM Ha IUIOCKUX M TeM 0ojee BOTHYTHIX
y4yacTkax. [IpuueM cKopocTh cheMa MeTajia 3aBu-
CHT OT pajauyca KPUBHU3HBI: YEM MEHBIIC PaanycC
KPHUBHU3HBI, TEM MHTCHCUBHEE CheM. DTO SIBIICHUE
3aTpyIHSIeT pacydeTsl mporeccoB hopmMoodpas3oBa-
HUSl LJTHMHIPHUYSCKUX TTOBEPXHOCTEH METOIOM
pasmepnoit JI10, mockonbKy mpu Takod oopadoT-
K€ MPOUCXOJMUT MOCTEICHHOE YMEHBIICHHE Paany-
ca NWJIMHIpA U U3MEHEHHE CKOPOCTH CheMa.

OnpenenuMm 3aBUCHMOCTB, XapaKTepPHU3YIOILYIO
BJIMSIHUE KPUBU3HBI 00pabaThiBaeMOW IWIIMHIPH-
YEeCKOM MOBEPXHOCTH HA IIOTHOCTB TOKa. J{J1st 3TO-
ro pacCMOTPHM aHOJ, Ha KOTOPOM MPUCYTCTBYIOT
OpsMO- W KPUBOJMHEHHBIH ywacTku (puc. 1).
Tonumna [1I'O Ha npsMonuHEHHOM y4yacTke /o, Ha
KPUBOIIMHEIHOM /.

Puc. 1. PacueTnas cxema

Byaem cuntaTh, 4TO rHApOCTaTHYECKOE JaBie-
HUE, NeWCTBYIOLIEe Ha MaporasoByl0 O00OJOUKY
BOKPYT' BCEX yYacTKOB aHOZa, OAMHaKoBo. Cucre-
My aHop — [I'O — snexTponut Oyznem paccMmaTpu-
BaThb KaK IUIOCKMH KoHAeHcaTtop. Ha mnmockom
Yy4acTKE BHEIUIHEE TUAPOCTATUYECKOE JaBJIEHUE
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KOMIICHCHPYETCSl JaBJIICHUEM p,, CO371aBacMbIM
CHWJIOM BO3JICHCTBUS TOBEPXHOCTH aHOAA C IIO-
BEPXHOCTU DJICKTPOJIUTA, KOTOPOE OMPEILNsieTCs
o hopmy-
e [3]

e U’
p 0 = 2 > (2)
215
II€ € — OTHOCUTEIbHASA AUAJIEKTPUUECKAs MPOHU-
naemoctsb [1I'O; €y — anekTpuUecKasl MOCTOSHHAS,
U — nanpspxeHue, IpuioKeHHOE K aHOTY.
Ha xpuBonuHeMHOM ydYacTKe TUIPOCTaTHUYE-
CKOE€ JIaBJICHUE KOMIIEHCUPYETCS JaBIEHUEM P

ge U>
T ®
1

2

U JaBICHHEM p,, CO3aBa€MbIM CHJIOW TOBEpX-
HOCTHOT'O HaTsSKEHHSI, KOTOPOE JUIsl TOBEPXHOCTH C
HapY>KHBIM PaIlyCcOM ¥ COCTaBHUT

Ps="> (4)

c
r
rae 6 — K09 (QUIMEHT MOBEPXHOCTHOIO HaTsIKe-
HUSL

Hasnenue p, npuxumaet [1I'O x nmoBepxHOCTH
aHoja, T. €. JICMCTBYEeT B HAIIPABJIEHUH, IPOTHUBO-
oJI0’kHOM p ;. IToaToMy Tonmuna I1I'O Ha kpuBo-
JMHEHHOM YYacTKe MOBEPXHOCTH OyIeT MEHbIIE,
4eM Ha TPSIMOJIMHEHHOM /| < /.

Hcxonst u3 cka3aHHOrO BBILIE CIPABEIINBO pa-
BEHCTBO

Do =D~ Ps- Q)

IloacraBuMm B paBeHCTBO (5) 3HAYEHUS po, Pi
u ps u3 popmyn (2)—(4). Ilocne npeobpazoBaHmii
MOJTyYNM YpaBHEHUE
o ©
20 21y egU'r
PaccMoTpuM  yuyacTOk TIpsIMONMHENHHON TO-
BepXHOCTU Momaabpio ASy, yepe3 KOTophii mpo-
Tekaer Tok cuioi /y. [I1oTHOCTH TOKa Ha MpPSIMO-
JIMHEHHOM Y4acTKe jo COCTaBUT

1y

Jo
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Bocnonb3oBasmucs 3akoHoM OMa, (7) MOXKHO
3amnMcaTh B BUJIE

Jo=7 (8)

rae Ry — CONpOTUBICHUE Mapora3zoBOd 00OIOYKH
Ha NpSAMOJINHEIHOM YJacTKe.

Bripasum comporusnenue I1I'O uepe3 ynens-
HO€ COMPOTHUBIIEHHE MTAPOra30Boii 000IOUKH P

ly
=p——. 9
Ry=p AS, ©)
[Tocne moacranoBku (9) B BhIpaxkeHue (8) u
npeoOpa3oBaHus NOITYYUM

Jo=— (10)
ply

[I10THOCTE TOKAa Ha KPUBOJIMHEIHOM y4acTKe
j1 MOXKHO IIPEACTaBUTH aHaIOrn4aHoO (10)

U

== 11
ol (11)

Ji

BeipazuB u3 (10) u (11) 3Hauenus [ u /; u
noAcTaBuB UX B (5), mocie npeobpa3zoBaHus MOIy-
qUM

(12)

Anammz ypaBHenudd (10) m (11) mosBomser
YTBEPKJIaTh, YTO MIPOU3BEIEHUE TNIOTHOCTH TOKa U
TOJILIMHBI TAPOTa30BOM OOONOYKM SIBIISETCA paB-
HOW BENMYMHOW ISl JIIOOOr0 y4acTKa MOBEPXHO-
cru. HazoBem a1y Benmuuny k. Torna

k= joly = jil Z%- (13)

U3 (13) BbIpasuM yzaenbHOE CONPOTHBIICHUE
4yepe3 HampsbkeHHe M KodpHUIHMEeHT k U mojcTa-
BUM B BeIpaxkenue (12). [Tomyunm

(14)

Hannas gopmyna onuceIBaeT BIUSHNE paanyca
KPUBHU3HBI 00pabaThiBaeMOil TOBEPXHOCTH U pado-
Yero HamnpsHKEHHUS Ha TUIOTHOCTh TOKa M TO3BOJISIET
ONPEIENHUTh MJIOTHOCTh TOKa BOKPYT LMJIMHAPHYE-

CKOW MOBEPXHOCTH Ha JIIOOOW CTaauM pa3MepHOH
00paboTKH.

Bennunna j, xapakrepusyeT IIOTHOCTH TOKa
Ha TJIOCKOW MOBEPXHOCTU NPH PaBHBIX C LWJIMH-
JIPUYECKON TOBEPXHOCTHIO YCIOBUSAX 00paboTKH
(Temmepatypa 3JeKTponuTa, pabodee HanpsHKEHHE,
riyOnHa norpykenus). Ee 3HaueHue ompenensier-
Csl U3 TIONYYEHHBIX DKCIEPUMEHTAJILHBIM ITyTeM
HOMOTPaMM B 3aBUCHMOCTH OT HAIPSDKEHUsI, TEM-
nepaTyphl U TITyOHHBI OTPyXeHus (puc. 2).
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Puc. 2. 3aBUCHMOCTD jj OT TEMHEpaTypbl >IEKTPOIUTA
1 TITyOWHBI IOrpy>KeHns 1pu pabodem Hanpspxernu 280 B

J71s1 3KCTIEpUMEHTAIbHOM MPOBEPKH 3aBHCUMO-
ctu (14) mpoBoguiaM M3MepeHHe padodero TOka
npu 00paboTke LUIMHAPUYECKUX O00pas3loB U3
cramu 12X18H9 mmunoit 50 mm mauamerpom 0,5;
1,0; 1,5; 1,8; 2,0; 2,5; 4,0 u 6,0 mm. OOpaboTKy
ocyiecTBILIN B 4%-M pacTBope cyiabdaTa aMMO-
Hus npu pabodem Hampspkennu 280 B. Temmepa-
Typa 3nektponurta coctaBmsia (80 £ 2) °C. I'my-
OvHa mOrpyKeHuss oOpas3loB B JIIEKTPOIUT —
20 mMm. M3mepenus cuibl TOKa MPOBOIWIM C TO-
MOUIBI0 H(POBOrO aMmepMerpa, MmocieoBaTeNb-
HO BKIIIOYEHHOTO B LICMb.

[To n3MepeHHBIM 3HAYEHUSIM CHJIBI TOKa Oblia
paccurTaHa IJIOTHOCTb TOKa JUISl KayKAOro 13 00pas-
1noB. Ha ocHOBaHMM MOMY4YEHHBIX AaHHBIX MOCTPO-
€Ha 3aBHCHMOCTb, XapaKTepHU3yIollas BIHSHHUE
paaumyca KpUBHM3HBI Ha IUIOTHOCTH TOKa (puc. 3).
OKcnepuMeHTalbHas 3aBUCUMOCTD MOATBEPKIAET
JaHHbIe, IOJYYECHHBIE PAcUeTHBIM METOJOM IIO
¢dopmyne (14). Ilpu pacuerax BenuynHa jo coryiac-
HO BBILICMTPUBEACHHON HOMOrpamMMe (puc. 2) mpu-
HuManack paBHoi 0,21 A/CMz, a TaKXKe HCIIOJIb30-
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Bajca KOdQHUUUEHT m = , COCTOSIIUN W3

€€,
IOCTOAHHBIX BeIU4UH. Ero 5sKclepuMeHTalbHO

YCTAaHOBJIGHHOE 3HaueHue cocTapser 8,02 - 10°.
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Puc. 3. DxcriepuMeHTalIbHAS M pacdeTHAs 3aBUCUMOCTH
IUTOTHOCTH TOKa OT PaJNyca KPUBHU3HBI:
1 — 3KcnepuMeHTaIbHBIE; 2 — PaCUCTHEIC JaHHBIC

U3 popmymner (1) cnenyer, uTo 0ObeMHAs CKO-
POCTh pa3MEpHOro CheMa MpU 00pabOTKe COCTaB-
JeT

v=1Ikm,. (15)

3amenuB B (15) cuiny Toka [ mpousBeacHHUEM
IJIOTHOCTH TOKA j; HA TMJIOUIa/b MOBEPXHOCTH LIH-
JUHJIPA, TTocTie TPeo0pa3oBaHMid OTYIUM

Oy = 21rLkym,

rae L — anvHa UuiInHapa.

BreiBenem Qopmyny s pacdera MpOmOIDKH-
TENBHOCTH pa3MepHoi oOpaboTku. Ilycth 3a mpo-
MEXKYTOK BpEMEHH df ¢ IMINHIPUYCCKON MOBEpX-
HOCTH PaJnyCOM 7 yIaisercs OSCKOHEYHO Mabli
CJI0H MeTaJuIa TONILIUHOMN dr.

OOBEeMHYIO CKOPOCTh Pa3MEPHOr0 CheMa MOX-
HO TIPEJCTaBUTh KaK OTHOIIEHHE O0beMa yJaise-
MOTO CJIOS K MPOMEXYTKY BPEMEHHU, 3a KOTOPBIU
3TOT CIOU yaaseTcs:

2nrLdr
Vin = 7 (17)

[Mocne moncranoBku (17) B (16) u mpeobpaso-
BaHUS MTOJYIUM

(18)

OOmee Bpems, HeoOXOAMMOE IS CheMa Me-
Tamia ¢ MUIMHAPA C UCXOAHBIM PaguycoM Ry 110
KOHEUYHOTO pajauyca R, onpenenuTes no popmyiie

Ry

- 1 .[ dr . (19)
kyn, & 2, 2kc
Jo U’ee,r
B bIB O [l bl

1. TlpoBeneHHBIE TEOpPETUYECKHE U IKCIEpU-
MEHTAJIBHBIE MCCIENOBaHUSA pPa3MEpPHOrO CheMa
MOKa3bIBaIOT, YTO IJIOTHOCTh TOKA SIBJISIETCS BENU-
YUHOM, ONpEAeNsIoieldl MHTEHCUBHOCTb MOCIEN-
HEro.

2. IInoTHOCTH TOKa 3aBHCHUT OT TEXHOJOIHYe-
ckux nmapamerpoB npouecca 11O u ymeHbpmaercs
C POCTOM TEMIIEPATyphl U MOBBIICHHEM PadOYero
HanpsbkeHus. C yBeTMUeHHEM TITyOMHBI MOTpyKe-
HUS IUIOTHOCTH TOKA BO3pPAacTaeT.

3. dakTopoM, OKa3bIBAIOIIUM OCHOBHOE BIIHS-
HUE Ha IUIOTHOCTh TOKAa HAa pa3MEpHBIN ChEM INpHU
OIIO mMnIMHAPHUYECKHX TNOBEPXHOCTEW, SIBIACTCA
paanyc KpHUBU3HBI. 3aBHCHMOCTh IJIOTHOCTH TOKa
OT pajguyca KPHUBHM3HBI HOCHT THIIEPOOTHYECKHUN
xapaktep. IIpy ymeHblIeHUN paguyca KPHUBH3HBI
3HAYUTEIFHO YBEJIWYMBAETCA IUIOTHOCTH TOKA.
IIpu Temneparype snekrponuta 80 °C, rimyOune
norpyxenus 20 MM U pabouem HanpsokeHnn 280 B
IUIOTHOCTh TOKA JJISl LWIMHAPA AUAMETPOM 6 MM
coctapiasger 0,28 A/CMz, a A UUWIMHIpA JUaMET-
pom 1 mm — 0,50 Alem?.

4. IlonydeHHbIe MaTEMaTHUECKUE 3aBUCUMOCTH
MO3BOJIIIOT BBIMIOJHSTH PacyeTsl IpU pa3paboTke
TEXHOJIOTMYECKHX TMpoLeccoB (GpopMoodpa3zoBaHus
TOUHBIX aAeraned BpameHuss merogom OIIO. Pe-
3ynbTaThl paboThl OBUTM HMCIOIB30BAaHBI MPH CO-
3JaHUM TEXHOJIOTMHM W3TOTOBJIEHUS WMJIMHApPUYE-
CKHUX MHOTOCTYIEHYATBIX YIbTPa3BYKOBBIX BOIHO-
BOJIOB JUIsl pa3pyLIEHHUs TPOMOOB.
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