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Pedepar. B nocnenHee BpeMsi B IPOMBIIIICHHOCTH MOSBUIACH TEHCHIMS UCIIOJIB30BAHUS METO-
JIOB 3JIEKTPOXMMHIECKOH 00pabOTKM, OCHOBAHHBIX HAa IMPHMCHEHHH MWIIA- U MUKPOCEKYHJIHBIX
HMITYJIbCOB PA3IMYHON MOJIPHOCTH M aMIUTUTYABl BMECTO HMOCTOSHHOTO TOKa. [IpuMeHeHne UM-
MyJbCHOTO TOKA MO3BOJIIET BO MHOTHX CIIy4asix MOJYyYHTb HeoOXoauMblid dddext Goiee nere-
BEIMH CpPE/ICTBaMH M OOECIEUHTH JIOMOIHHUTEIBHYIO YHPABIISIEMOCTD 3JIEKTPOXHMHUYECKAM IpPO-
ILIECCOM 3a CUET PEryJIMPOBKH BPEMEHHBIX IapaMeTPOB UMITYJIbCOB TOKA, CHU3UTh SHEPTeTHUECKHE
3aTpaThl Ha MPOIECC MOJIMPOBAHNS U OYMCTKH MOBEPXHOCTEH MO CpaBHEHHIO ¢ 00pabOTKOI mpn
TIOCTOSTHHOM TOKE, ITOBBICUTEH 3()(hEeKTUBHOCTH 00paOOTKH, NP KOTOPOH CKOPOCTH CIIIaXKMBAHUS
MHUKpPOHEPOBHOCTEH 00pabaTeiBaeMOil OBEPXHOCTH, OTHECEHHAs K 00IEMy CheMy MeTalla, 3Ha-
YHUTENBHO Bo3pacraeT. Hampumep, IpiMeHeHHe OUITOISIPHBIX HMITYJIBCOB IIPH MOJINPOBAHHN MHO-
IMX METaJUIM4EeCKUX MAaTepHalioB IO3BOJIIET OTKA3aThCAd OT HCIOJIB30BAHMSA JTOPOTOCTOSIINX
U BPEIHBIX XPOMCOAEPIKALMX IEKTPOINTOB. [IpUMEHEHHE NMITYJIBCHOTO PEXHUMA P HIEKTPO-
JIMTHO-IUIa3MEHHOM ITOJMPOBAHUN MTOMOTAeT JOOWTHCS CHW)KEHHSI SHEPronoTpeOeHHs W MOBHI-
menus 3G GeKTHBHOCTH HpoLiecca MPY COXPaHEHUH BBICOKOH MHTEHCUBHOCTH, KayecTBa 00paboT-
KU U DKOJIOTHYECKOW Oe3omacHOCTH. [l McClieJOBaHUS BIWSIHUS BPEMEHHBIX IIapaMeTpOB HM-
MYJIBCOB TOKAa, @ TAaKOKe JUIMTEIBHOCTH I1ay3 MEXIy HMMH Ha XapaKTEePUCTHKH ITOBEPXHOCTH
JeTanel U3 pasiIM4YHbIX METAUIMYECKUX MAaTepUaoB B MPOLECCE HICKTPOXHUMHUYECKOH 00paboTKH
U TIPH IepexoJie MIPOLECCOB B 00JIACTD INEKTPOIUTHO-IIA3MEHHON 00pabOTKH NPH MOBBIICHUH
HaNpsDKEHUS] CMOJIENUPOBaH, pa3paboTaH W W3TOTOBICH CIEHUANBHBINA MCTOUYHMK MUTaHUA, 00ec-
HEYUBAIOLINIL BO3MOXKHOCTb PErYJIMPOBAHUS YaCTOTBI, JUTUTEIBHOCTH MOJIOKUTEIBHOTO U OTPULIA-
TENHHOTO MMITYJILCOB, a TAKKe I1ay3 MEeXy HUMH B IINPOKOM Axana3one. PazpaboraHHbIH HCTOU-
HUK OUTaHHUA TO3BOJIsIET (JOPMHUPOBATh UMITYJIbCH TOKa 10 50 A npu Hampspkeruu ot 0 1o 400 B
TIOJIOXKUTEIIBHOW M OTPHLATENBHOM MOJSIPHOCTEH M CHOCOOEH PeryiupoBaTh MX JUIMTENEHOCTH
B amamasone ot 10,0 Mxc 10 8,1 ¢ Ipu BO3MOKHOCTH M3MEHEHHs! COOTHOIICHUS JUIUTEILHOCTH
UMITYJIECOB ¥ Tay3 oT 1:1 1o 1:9.

KimoueBble cjioBa: HCTOYHUK IUTaHuA, 6I/IHOJ'I$IpHOC UMITYJIBCHOC JJICKTPOXUMHUYECKOE MOJIUPO-
BaHUEC, DJICKTPOJIUTHO-IUIA3MEHHOC IMOJIMPOBAHUE, HaCTOTA, aMILJIMTYAa
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Abstract. Recently, there has been a tendency in the industry to use electrochemical processing
methods based on the use of milli- and microsecond pulses of different polarity and amplitude
instead of a direct current. The use of a pulsed current in many cases makes it possible to obtain
the desired effect by cheaper means and to provide additional controllability of the electrochemi-
cal process by adjusting the time parameters of the current pulses. This also ensures reduction
of the energy costs of the polishing and cleaning process of surfaces as compared to direct current
processing and increasing the efficiency of processing when the rate of smoothing the surfa-
ce microroughness referred to the total removal of the metal rises significantly. For example,
the application of bipolar pulses in polishing of many metallic materials eliminates the use of ex-
pensive and hazardous chromium electrolytes. The use of pulse mode during electrolyte-plasma
polishing makes it possible to achieve the reduction of energy consumption and to increase
of process efficiency while maintaining high intensity, processing quality and environmental sa-
fety. In order to study the effect of pulses parameters and the duration of a pause between them
on the characteristics of the surface of parts made of various metallic materials in electrochemical
and electrolyte-plasma processing modes the special power supply was modeled, designed and
manufactured. The power supply provides the possibility of regulation frequency, the duration
of the positive and negative pulses and the duration of the pauses between them a wide range.
It makes it possible to generate current pulses up to 50 A at a voltage of 0 to 400 V of positive
and negative polarities and is able to regulate their duration in the range from 10.0 ps to 8.1 s
with the possibility of changing the ratio of the pulse duration and pauses from 1:1 to 1:9.

Keywords: power supply, bipolar pulse electrochemical polishing, electrolyte-plasma treatment,
frequency, amplitude
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BBenenue

HccnenoBaHusi Mokasaid, YTO JIEKTPOXUMHUECKHE IPOLECCHI, CBA3aHHBIE
C aHOJAHBIM PAacTBOPEHHMEM M IacCUBallMell, pa3BUBAIOTCA HE cpasy, a ¢ pas-
JTTIHOW TUHAMHKOW B MUKPO- M MIJUTMCEKYHIHOM JHMama3oHe Bpemenu [1, 2].
ITosToMy, BappHpys aMILITUTYIOH, MOJSIPHOCTBIO U UIUTEIBHOCTHIO UMITYJIBCOB
TOKa B 3TOM BPEMEHHOM JIHana3oHe, MOXXHO c()OPMHUPOBATH AaHOAHBINA MOTEHIIU-
ail, o0ecrevnBalOMNi ONTHUMAIBHOE COOTHOLICHHE CKOPOCTEH pacTBOPEHHS
Y TIACCUBAIIMOHHBIX MPOLECCOB. ITUTEIBHOCTU Tay3 MEXKAY UMITYIbCaMHU TaKKe
OKa3bIBAIOT BIMSHHUE HA MPOTEKAIOINE MPOLECCHI, PH 3TOM B ay3ax MPOUCXO-
IST XUMHUYECKUE IPOLIECCH], a BO BPeMs IPOTEKaHHs TOKa — 3JIEKTPOXUMHUYE-
ckue. JInsg Kaxaod mapbl «aHOAHBIM MaTepUall — JJIEKTPOJUT ONPEIEICHHO-
r0 COCTaBa» CKOPOCTH pa3BHUTHA IporeccoB pasuble [3]. Taxke oTimyaroTcs
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Y ONTUMAJIbHBIE BETTMYMHBI MOTEHIIHAIOB ISl DJIEKTPOXUMUYECKOW 00pabOTKH.
CoO0TBETCTBEHHO PA3JIMYHBI ¥ aMIUIUTYIHO-BpEMEHHBIE TTApaMETPhI UMITYTIHCOB
TOKa (aMIUIUTYIHAS MJIOTHOCTh TOKA, UTHTEIHFHOCTH UMITYJIhCa U May3bl MEXIY
UMITyJIbCaMH), OOECIIeUNBAIONIIE, HAIPUMEpP, HAUBBICIIYIO CKOPOCTh pacTBOpe-
HUsI MaTeprana WIH KauyecTBO CIIIAXHBAHUS MHUKpOpesbeda MOBEPXHOCTH MpH
3JIEKTPOXUMUYECKON OTUpPOBKE [4].

[Ipu cpaBHuTENbHO HU3KHMX HampsokeHusx (mo 40-50 B) B snextponute
NPOHUCXOAAT OOBIYHBIC 3JIEKTPOXMMHYECKHE mpouecchl. Ho Tpu HampsbkeHHH
6omee 200 B Bokpyr aHoma oOpasyeTcss yCTOWYMBAs IaporazoBas O0OJIOYKa,
XapaKkTepu3yroniasics BHICOKOYACTOTHBIMH KOJIEOAHUSIMU TOKA MPU TTOCTOSTHHOM
pabouem HampsbkeHud. B aToii obnactu Hanpspkenuit (200-350 B) mpoucxonut
MPOIIECC DJICKTPOIMTHO-TUIa3MeHHOH 00pabotku [5-8]. CoBMecTHOE BO3/CH-
CTBHE HA MOBEPXHOCTH JETAJM XUMHUYECKH aKTHBHOW CPEIbl U DIIEKTPUUECKUX
pas3panoB co3maeTr 3ddekt nomuposanus uzaeani: [moTHOCTE TOKAa yMeHbIIa-
etcst 10 0,1-1,0 A/em®. Critomsas maporasosasi 000J04Ka BOKPYT aHOA MMEET
TONLIKHY Nopsinka 50 MKM H MOCTOSHHO U3MeHsieT cBoto opmy. Ilpu 3Tom Bo3-
HUKaeT MHOTO(a3Hasi CHCTeMa «METaJll — IUTa3Ma — Ta3 — SJIEKTPOJIHTY», a SBJe-
HUSI, TIPOUCXOJISAIINE B NPUIICKTPOJHON 001aCTH, HE OMKCHIBAIOTCS B paMKax
KJIACCUYECKOHN ANIEKTPOXUMHU. MIMIYyJIBCHBIM PEKUM, B TOM YHUCIE C NIPUMEHE-
HUEM OWTOJISPHBIX UMIIYJIbCOB, MOXKET MTPUMEHSATHCS M JUII HAHECEHHS MOKPHI-
TUW HA METaJIBI [9].

BonbIIMHCTBO BBIMyCKAEMBIX B HACTOSIEE BPEMSI MOLIHBIX HCTOYHUKOB TIH-
TaHuA, GOPMHUPYIOLIMX UMITYIBCH TOKA TPeOYEMBIX apaMeTPOB, HE MO3BOJISIOT
NOJy4aTh UMIYJIbCHl B HYKHOM JHUAara3oHe HanpsDKeHUH B OUITOJIIPHOM PEKH-
M€ C BO3MOKHOCTBIO Pa3AEIbHOIO YIPABJIECHUSA IIUTEIBHOCTHIO MMITYJIHCOB H
nay3 Mex 1y HuMd. [loaTomy 11t MiccieoBaHus BIUSHHUS BPEMEHHBIX MapaMeT-
POB MMIYJIBCOB TOKA, a TAKXKE JUTUTEIHHOCTH May3 MEXy HUMH Ha XapakTepu-
CTHKH TOBEPXHOCTH W3ACTHH M3 PA3IUYHBIX METAUTNYECKHNX MaTepHaloB B
nporiecce dJIEKTPOXUMUIECKOW 00pabOTKM U IMpH IEepexojie MpOoIeccoB B 00-
JacTh JJIEKTPOJIIMTHO-TUIa3MEHHOH OOpaOOTKM NpH MOBBIIICHUN HaNpPSHKEHUS
CMOZENNPOBaH, pa3paboTaH M HM3TOTOBJICH CIELUAIBHBIA HUCTOUYHHK MUTAHUS,
MO3BOJIAIOIIUI PEryJIHpOBaTh 4acTOTY, JJIUTEIBHOCTH IOJIOKUTEIBHOTO U OT-
PHULIATEIIEHOTO UMITYJIBCOB, @ TAaKXKe ATUTEIBHOCTD Hay3 MEXAY HUMH B LIHPO-
KOM JIMarna3oHe.

PesynbTaThl HcciieqOBaHMI N 00CyXKIeHUe

brok-cxema pa3pab0OTaHHOTO WCTOYHWKA IMUTAHWS IMPHBEACHA Ha puc. 1.
Jns obecrniedeHust HOpMHUPOBAHUS UMITYITHCOB MPOTUBOTIONIOKHON MOJSPHOCTH
C BO3MOXXHOCTHIO HE3aBHUCUMOM PEryIUPOBKH KX aMIUTUTYIbI B CXEME YCTa-
HOBJICHBI JIBA HCTOYHUKA TIOCTOSTHHOTO HAIPsDKEHUS M OJIOK yrpaBieHus. biok
yIpaBiICHUS WCTOYHMKOM WHUTAHUS OTBEYaeT 3a (POPMUPOBAHHE HMITYIHCOB
MOJIOKUTEIIEHOM H  OTPUIATENLHOW IOJIAPHOCTEH MPSMOYTOJIBHOH  (op-
MEI (puc. 2).
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Puc. 1. bnok-cxema OUMOJISIPHOTO UMITYJICHOT'O UCTOYHHMKA TUTAHUS

Fig. 1. Block diagram of a bipolar pulse power supply
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Puc. 2. dopma umnynbcoB Toka, GOPMHUPYEMbIX OJIOKOM yIpaBiIeHHS HCTOYHUKOM MHTAHUS

Fig. 2. The shape of the current pulses generated by the power supply control unit

OyHKIMOHATHHO OJIOK YIPaBJICHUS! UCTOYHUKOM MUTAHUSI COCTOUT U3 Clie-
Oyromux Moayien (puc. 1):

1) remeparop — WMEET IBa HE3aBUCHMBIX IEPEKIIIOYAEMBIX MOIYIS: TIep-
BBII — KBapIIeBbIM, cTa0MIM3UPOBaHHbI HA 2 M, BTOpoii — RC-reneparop c
BO3MOKHOCTBIO IJIABHOM HACTPOUKHU YaCTOTHI T€HEPALIUU;

2) QpOBON NENHUTENh YaCTOTHI — TO3BOJISET MEPEKII0YATh IHTEITHHOCTh
0a30BOTr0 UMITYJIbCA BBIXOJHOTO CUTHANA ty, 0T 10,0 Mkc 0 0,9 ¢ mpu momorin
MATUPA3PSATHOTO IH(PPOBOTO TEPEKIFOYATENsI, PACIIONOKEHHOTO Ha TepeqHe
TIAHEIH;

3) 610k popMUpPOBaAHHUS ATUTEITHHOCTH UMITYJIBCOB — ITO3BOJISIET C TIOMOLIBIO
YeThIPEXPa3psiAHOTO IU(POBOro TepeKiIoyaTeNns pasJelbHO YCTaHABIWBATh
MHOKHTENb JUINTEBHOCTH B Tipefenax oT «1» mo «9» (roe «1» cooTBeTCTBYyET
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MEPUOAY CHUTHAJNA ;) CIEAYIOIIAM YEThIpeM 3HAYCHHSM BpPEMEHH CHTHa-
na (puc. 2):

— JUTUTENBHOCTD MOJIOKUTENTFHOTO UMITYbCa 1,;

— JUNTUTEIIEHOCTD Tay3bl MEXK/TY MOJOXKUTEIHHBIM U OTPHUIIATEIIBHBIM HMITYJIb-
camu 1,

— IITUTENFHOCTh OTPHUIIATEIHHOTO UMITYNIbCa Ty

— INTATENIbHOCTD Tay3bl MEXIY OTPULIATEIBHBIM H MTOJIOKUTEIBHBIM IMITYJIb-
caMu T,;

4) onTpoH — HEOOXOUM [T TAIbBAHWYECKOW Pa3BsI3KUA CXEMbI OT ITATAHUS
KIIIOUeH ¥ 3alUThl YIPaBISIOMMUX OJIOKOB MprOopa OT mpo0osi IpH HEUCTIPaB-
HOCTH KITFOUCH;

5) OJIOK AIEKTPOHHBIX KIIOYEH — TO3BOJISIET BKIIOYATh HArpy3Ky Ha 3ajaH-
HOE BpeMs (TIOJIOXKHUTETHHOE WIIH OTPUIIATENIFHOE HAMIPSDKEHUE) C aMIUIUTY IHBIM
3HaueHueM Toka 10 50 A.

Uctounuk nmutanus moakiatovaeTcst K TpexdasHoi cetn 380 B/50 ' mepe-
MEHHOT'0 TOKa. PerynmupoBka BBIXOAHOTO MOJOKHTEABHOTO M OTPUIATEIEHOTO
HANPSKEHUS] OCYIIECTBISIETCS C MOMOMIBIO. Tpex(a3HOro aBTOTpaHCcoOpMaTo-
pa, TOIKIIOYEHHOTO K MEPBUYHBIM OOMOTKAM Tpex(ha3zHOTO TpaHc(hopMaTopa.
[Tony4yeHnue BEIIPSAMIIEHHOTO HANpsHKEHUS 00mbIoi aMmmuTy sl (1o 400 B) npu
Toke 10 50 A ¢ ManbIMU MyJIbCAIMSIMU BbIXOIHOTO HAIPSDKEHUS MPEACTABISCT
co00i1 ompeAeNneHHyI0 CII0KHOCTh, TaK KaK IJs CTUIXHUBAHUS MyJIbCAIMA BbI-
MPSIMIIEHHOTO HATPSDKEHUST TOCTIE BBIMPSMHUTENHHOTO MOCTa TPaJUIIMOHHOM
CXEeMBI TpeOyroTCsI KOHIEHCATOPHI 60mbimoi emkocTd (20000-50000 Mxd) mpu
pabouem HanpsbxeHun 6osee 400 B.

[Tockonbky TpeOyeTcs 00ecleunTh KauyeCTBEHHOE BBIPSIMIIEHHOE HAIpsKe-
HUE NpH OONBIIONH BBIXOAHOH MOIIHOCTH, MCIOJB30BaHAa cxema Tpex(asHoro
BEITIPSIMUTEIIS «IIeCTh MOCTOB (24 muoxa)». OHa COCTOUT M3 ABYX TpeX(ha3HBIX
TparcpopmaropoB. [lepBudHbie 0OMOTKM OJHOTO W3 HUX BKIIFOYAIOTCS «3BE3-
JOW», APYrOoro — «TPeyrojibHUKOMY», 4TO co3naeT caBur ¢a3 B 30°. Lllects BTO-
PUYHBIX OOMOTOK MOAKIIOYAIOTCS K IIecTH MocTaM (24 nuona). MocThl BKITIO-
YaroTcs napauiesibHo (puc. 3). Takas cxema BBIIPSIMUTEIS [TO3BOJISET MOTYYUTh
BBINIPSAMJICHHOE HANPsHKEHNE ¢ HaMMEHBIINMH ITyJbCAIMSIME Taxke 0e3 mpruMe-
HEHUS CTIKMBAIONMX KOHAEeHCATOpoB. [Ipu 3TOM TpebyroTcs nuoas co cpe-
HUM TOKOM, IIOYTH BUETBEPO MEHBIINM, YeM B cxeMe JlapuoHOBa, M BIBOC
MEHBIIINM, YeM B CXEME «TPH MapaUICIbHBIX MOJIHBIX MOCTay. JTa CXeMa M03BO-
JISIET TIOCTPOUTH BBIIPSIMUTEIH OOJIBIION MOIIHOCTH Ha 3JIEMEHTax Majoi MOIIHO-
ctu [10]. st 1OTTOTHUTENBHOTO CTIAKUBAHUS ITyJIBCAIIN BBITIPSMIIEHHOTO HAall-
PSDKEHHS HCTIONB3YIOTCS 3JIEKTPOITUTHYECKIEe KOHAEHCaTOPhI eMKOCThI0 5000 MKD.
st orpaHUYeHNsI UMITYJICHOTO TOKA, KOTOPBIM BO3HMKAET MPH 3apsiiKe KOHCHCa-
TOpa MPH BKIIOYEHWH WCTOYHUKA MHUTAHUS, B JJEKTPUUYECKYIO LIEMb TOCIeaoBa-
TENBHO J0 KOHJEHCATOpa MOJKIIOUEHO MolqHoe compoTtuBieHue R1 = 0,13 Owm.
OrpaHnurBaTh TOK UCTOYHHKA MMUTAHUS C MTOMOIIBIO JIOTIOTHATEIHHOTO COMpPO-
TUBJICHHA HEOOXOIMMO HM3-32 BO3HWKAIOIIETO TMPH 3apsAe KOHAEHCATOpa MOII-
HOTO UMIYJIbCa TOKA, KOTOPBIH MOXET IOBPEAUTH BBIIPSIMUTEIBHBIC JTHOJIBI.
JJis 321U Thl ICTOYHMKA MUTAaHHUS OT NEPErpy3KH Ha BBIXOJE MCIOIBb3YIOTCS 3a-
LIMTHBIE aBTOMAaTUYECKUE BBIKITIOYATEIH.
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Puc. 3. Cxema Tpex¢a3HOro BBIIPSIMUTEIS «IIECTh MOCTOB (24 nuona)»

Fig. 3. Three-phase “six bridges (24 diodes)” rectifier circuit

Jloruka paboThl U(POBOM YACTH AIIEKTPUIECKON CXeMBbl OblIa CMOJICINPO-
BaHa Ha KOMIIBIOTEPHOH BUpTyanbHOW mogenu [11] B mporpamme Multisim u
cobpana Ha OpicTponeiicTBytommx CMOS mukpocxemax cepunt 74AC, obecrieun-
BaroIMX (opMHUpOBaHHE TPeOyeMOH MIUTENFHOCTH MMITYJILCOB HEe MeHee | MKc.
[IpumeHneHne MoJENMPOBAHUS C UCIOIB30BAaHUEM YIPOIIEHHBIX MOJENEH KOM-
MIOHEHTOB LU(PPOBBIX MUKPOCXEM U JUCKPETHBIX KOMIIOHEHTOB, COAEPIKALINXCS
B 0asze JaHHBIX, MO3BOJNMIO UCKIIOYUTH CTAAMU pa3paOdOTKH, CBSI3aHHBIE C CO-
30aHUEM MOJPOOHBIX BUPTYAJIbHBIX MOJEJICH 2JI€MEHTOB M MX MaKeTHPOBaHUEM
C LIEeJIbIO TPOBEPKH NPABHIIBHOCTH PAOOTHI HU(PPOBBIX TOTHYECKUX CXEM.

Brok reHepaTopa 4acTOThI TOCTPOEH Ha OBICTPOACUCTBYIOIIUX IU(PO-
Beix CMOS mMukpocxemax [12]. Momyns reHepaTopa COCTOUT U3 ABYX HE3aBHCHU-
MBIX T€HEPATOPOB, OJMH U3 KOTOPBIX HMEET KBapLEBYIO CTAOMIN3AINIO YaCTOTHI
U mocTpoeH Ha uHBepTopax 74AC04, a BTOpPOl MMEET BO3MOXKXHOCTH ILIaB-
HOW MOJCTPOWKU 4acTOThl U coOpan Ha Tpurrepax Illmuara 74AC132 [13, 14].
O0a reHepaTopa MOT'YT MOJIKJIIOYATHCS K MOIYJIO JETUTENs ¢ TIOMOLIBIO Iepe-
KJTFOYaTeIsl.

Jenutens yacToThl coOpaH HA MATH JBOWYHO-ICCATHYHBIX PEBEPCHUBHBIX
cuetunkax MC74AC190 ¢ penBapuTenbHON 3aMuchi0 HHPOPMAIIHH B PETHCTP
cyera u omHoM /Jl-tpurrepe MC74AC74, obecrnieunBaroIieM ACACHHE YaCTOThI
Ha ABa ¥ (OPMHPOBAHHE HMIYJIbCOB ¢ KodpduuueHnroMm 3amnonHeHus 50 %.
CyeT4yrK UMEET IMATh Pas3psiioB U 00ECIIEUNBACT MEPEKII0YaEMbIi KOI(PPUIIUEHT
nenenus ot 1 go 99999. KoadduieHT nejaeHns yCTaHABIMBAETCSA C MOMOIIBIO
MSTH TUQPOBBIX KOJAOBBIX MEPEKII0UaTeNeH, pacloOKEHHBIX Ha MEpeaHen ma-
Henn Tipubopa. OHu (HOPMHUPYIOT HYETBIPEXPa3psiIHBIA JABOMYHBIA IH(POBOI
KOJ, KOTOpBIH TofaeTcst Ha MHQOPMAIIMOHHbBIE BXO/bl CYETUUKOB, ITOAKIIOYEH-
HBIX B peskuMe oOpatHoro cuera. YactoTa n KodPUIMEeHT AeneHus mogoopaHsl
TaK, 4TO YMCIO, IOKa3aHHOE Ha KOJOBBIX MEPEKIH0YATENsIX, COOTBETCTBYET IIe-
prozny xosjeOaHUi Ha BBIXOZE AEIUTENS B AECATKAX MUKPOCEKYHI.

Cxema Onoka (GopMHpOBaHHS AJUTEIBHOCTH HMITYyJIbCOB [15] cobpana c
npuMeHeHneM 1At cuetynkoB 74AC192, pemmdparopa-aeMyIbTHILIEKCO-
pa 74AC139, getsipex Jl-tpurrepoB Ha nByx mMukpocxemax MC74AC74 u He-
CKOJIBKMX BCTIOMOTATENbHBIX JIOTHUECKUX MHUKpocxeM (puc. 4). Pabouwmii mukm
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CXEMBI COCTOUT M3 YETHIPEX BPEMEHHBIX OTPE3KOB, [UTHTEIHHOCTh KaXIOTO U3
HUX peryimpyercsi Hu(pPOBBIM KOJOBBIM IEPEKITIOYATEIEM, PACTIONIOKEHHBIM Ha
nepeaHei ma"enu npuoopa. Kakmaelid w3 deThIpeX KOMOBBIX TepeKIIrodaTenei
3amaeT KOOQUIMEHT cYeTa OJHOMY W3 UYETHIPEX CUETYMKOB, PaOOTAONIUX B
peBepcuBHOM pexknMe. [I0CKOIBKY WCIONB30BaHBI AECITUYHBIE CUYETYUKH,
TO cxeMa obecrneuuBacT POpMHUPOBAHUE COOTHONICHHIA JUTUTEIIBHOCTCH YEThIPEX
craauil uMIysscoB ot 1:1 o 1:9. OnHako cxema 0J10Ka JaeT NPUHIUIHATLHYHO
BO3MOXXHOCTh YBEJIMYMBATh COOTHOIICHHE JUIUTEILHOCTEH HMMITYJIbCOB U Tay3,
HapalyBas pa3psAIHOCTh CUCTUNKOB. [lu(poBbIe KOAOBEIC MEPEKITIOYATEIH, 3a-
Jaronre KodQUIMEHT cueTa, PaciioioKeHbI Ha JIUICBOW MTaHENU B Psijl U 00pa-
3YIOT YEThIpEeXpa3psAHOe YUCIIO0, 0003HAYAOIIee COOTHOIIEHUE IIUTEIHHOCTEMN
UMITYJIBCOB U TIay3 IO TTOPSAIKY:

—nepBoe uncio D1 — mTenbHOCTh MOMOKUTEEHOTO UMITYIThCA;

— BTOpOo€ yuciao D2 — AnuTenbHOCTh MEpBOM Hay3bl (MEXIy MOJIOKUTEIb-
HBIM U OTPHIIATEIHHBIM UMITYJTECaAMH );

— TPETHEC YUCJIO D3 - AJIATCIBHOCTD OTPHULATCIILHOI'O UMITYJILCA,

— geTBepToe unciio D4 — miuTensHOCTh BTOPOH May3bl (MEXIY OTpHUIIATEIb-
HBIM U ITOJIOKHUTCIBbHBIM I/IMHYJ'H:C&MI/I).

Puc. 4. KomnprorepHast Mozienb 01oka GOpMHPOBaHUS JIIUTEIBHOCTH UMITYJIECOB

Fig. 4. Computer model of pulse duration generation unit

JIMTenbHOCTh UMIYJIbCa WJIM Tay3a, COOTBETCTBYIONIAs 3HAUCHUIO «1»,
paBHA JUITMTENLHOCTH 0a30BOrO MMIYJIbCA, YCTAHOBJICHHON Ha MATHPA3PSIHOM
UG POBOM TEPEKITI0YATENIC TIepruoia KOJICOaHUi; a JITUTEILHOCTh, COOTBETCT-
BYIOIIIasl 3HAYCHUIO «2», paBHA yJBOCHHOW JUIMTEIBHOCTH 0a30BOTO MMITYJIbCA
KoJIeOaHMit reHepaTopa  T. 1.
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bnok ¢opMupoBaHusi ATUTENEHOCTH HWMITYJIbCOB BBIIAET Ha BBIXOJE JIBa
CUTHaJIa yTIPaBJICHUS Ha JIBa KIII0Ya, BKIIOYAIOIINE HA HATPY3Ky JBAa MCTOYHHKA
nuTaHus pasHoil nonspHoct (puc. 1). Ecnm Kirouu OTKpPBIBArOTCS OJHOBpE-
MEHHO, TO Yepe3 HUX UAET CKBO3HOM TOK, YTO HEM30EKHO MPUBOIUT K UX BBIXO-
Iy w3 cTpost. JIIsl MCKITFOUeHHsI TaKOTO COCTOSTHUS B cxeMe (opMupyeTcs: 00s-
3aTeibHasi HEOTKIIFOYaeMasl may3a MExay MMITyJbcaMu (puc. 5), a Ha BBIXOJC
JIOTIOTHATEIHHO TOAKIIOYAETCS OJOK JIOTHYECKOW 3aluThl, KOTOPHIA HE TIO-
3BOJISIET TIOTIACTH HA YIIPABIICEHUE KIIIOUYAMH JIBYX OJHOBPEMEHHBIX CHTHAJIOB Ha
OTIHUpPAHUE.

LTI L L T DL L]
e | RS S e |
Puc. 5. BupryanbHas ocuuiorpaMma
CHTHAJIOB Ha BXOJC (BEpXHsiS JIMHHUS) B o
1 BBIXO/JI€ (IBE HIDKHUE JTUHUH) T ’7
6510ka HOPMUPOBAHHUS [UTUTEIBHOCTH i ) < %
UMITYJIbCOB
Fig. 5. Virtual oscillogram nge T TE T T 5
of the signals at the input (upper ling) e | o= omor  oeonr | oom h 2 ao
and at the output (two lower lines) Bl T ve PRV G D e
of the pulse duration generation unit (] > [ s> S e W e O (G e ] 4 [E]

Bnok snekTpoHHBIX Kito4Yel coOpaH Ha MOIIHBIX #-KaHanbHBIX IGBT-Tpan-
suctopax IRGPS0B60PDPBF [16]. Jlis HenocpeacTBEHHOTO yIpaBiIeHHs MOIII-
HBIM TPaH3UCTOPOM NpHUMEHEHa crHenHaibHas MuUKpocxema apaiisep IGBT u
MOSFET Ttpan3ucropo [R2121, uMmeronias cxeMmy 3alUTHl Kitoya OT Iepe-
rpy3ku. Kaxnplil u3 AByX KIHOYEHl MMEET OTHENIbHBIM, ralbBaHUYECKU HE CBS-
3aHHBIM ¢ 3eMyield UCTOYHMK nuTaHus. [loaTomMy nns ranbBaHMYECKOW pa3BA3KU
C UUQPPOBBIMH YNPABISIIOUIUME CHUTHAJTaMH HWCIIOJIB30BaHbl OBICTPOACHCTBYIO-
mwe ontporbl HCPL-2601, koTopsie 3anmuTaHbl yepe3 cTabWIN3aTOphl HArpsi-
JK€HUS OT UICTOYHMKOB MTUTAHUS APaiiBEPOB COOTBETCTBYIOMMX Kitoueld. OHU xke
JAIOT 3alIMTy HMGPOBON YACTH CXEMBbI OT BO3MOXKHBIX HEUCIPABHOCTEH KITIO-
4ell, Tak KaKk HallpsbKeHUe MUTaHWs Ha KIIro4ax MoxeT gqocturats 400 B.

OO0muii BUj pa3padOTaHHOIO IKCIEPUMEHTAIBHOTO 000pYyIOBaHMSI JIJIS UC-
CJICZIOBAHMSI  UMITYJIbCHBIX MPOIIECCOB OHIONSPHOTO AIEKTPOXUMHUYECKOTO H
3JIEKTPOJINTHO-IUIa3MEHHOTO MTOJIUPOBAHUS METAUIMYECKUX MaTEpHajoB, BKIIIO-
yas HICTOYHUK MUTaHMs, IPECTABIIEH Ha pHC. 6.

Pa3paboTaHHbBIil HCTOYHHUK TUTAHUS TI03BOJISIET POPMUPOBATH UMITYJIBCHI TO-
ka 10 50 A npu HanpspkeHuu ot 0 o 400 B oboux mossipHOCTEH M criocoOeH
pETYJIMPOBaTh MX IMTEIBHOCTH B AuamazoHe oT 10,0 mxc mo 8,1 ¢ mpu BO3-
MOKHOCTH PETYJIUPOBKH COOTHOLIEHHS JTUTETFHOCTH UMITYJIBCOB | may3 ot 1:1
1o 1:9. HampumMep: ATUTENBHOCTE MOJOKUTENBHOrO UMIyJbca — 90 Mkc; aiu-
TEJIHHOCTh May3bl TMocie Hero — 50 MKC; ATUTEeNbHOCTh OTPHUIATEIHHOTO WM-
nyibca — 10 MKC; AJMTENbHOCTh May3bl MEXy OTPHUIATEIEHBIM U TOJI0XKUTEIb-
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HBIM HUMIIYJIBCAMH — 10 Mkc. MIcTOYHUK TTUTAHHS JacT BO3MOXHOCTb HUCCJIICIO-
BaThb JJICKTPOXUMHUYCCKHUEC U IJICKTPOIUIA3MCHHBIC TPOLECCHI B JJICKTPOJIMTEC KaK
B PEKNUME IMOCTOAHHOTO TOKa, TaK U B UMITYJIbCHOM PEXUME B IIHUPOKOM Auara-
30HE AJIUTECJIbHOCTU UMITYJIBCOB.

Puc. 6. O6mumit BUx pa3paboTaHHOTO SKCIIEPUMEHTAIBHOT0 000PYXOBaHHS

Fig. 6. General view of the developed experimental equipment

buronsapHsIil IMITyTECHBIA HCTOYHWK TMUTAHUS OBUT MCTIBITAH B PSAAE JKCIIe-
PUMEHTOB TIO AJIEKTPOXUMHUYECKOMY MOIUPOBAHUIO OOPAa3IOB W3 Pa3IMIHBIX
METaJIoB. B pe3ynbraTe HCHBITAHHNA YCTaHOBIEHBI HEKOTOPBIE OCOOCHHOCTH
00paboTKHM, Ha BO3HHUKHOBEHHE KOTOPHIX BIHSIIOT BPEMEHHBIE XapaKTePHUCTHKH
MMITYJIBCOB TOKA WITH [UTHTEIHHOCTH Tay3bl MEXITy HUMU (puC. 7).

Trig'd M Pos: 0B N |
Do Puc. 7. Ilpumep GopMEI IMITYIILCOB
HanpsHKeHHs, GopMUpPyeMbIX HCTOUHHKOM
MTUTaHUs B TIPOIIECCE INEKTPOXUMHUIECKOTO
[OJMPOBaHUS JETKOOKHUCIAEMBIX CILUIABOB:
BEPXHSISI TMHUS — HATIPSDKEHHE;
HIDKHSASL — TOK Harpy3K{

Fig. 7. Example of the shape
of voltage pulses formed by a power supply
during electrochemical polishing
of easily oxidized alloys: upper line is voltage;

O [EET Cr2 S

[100ns | 4
Math OFF CHI 7 560mi lower — one is load current

CosznaHne NCTOYHUKA MMUTAHHUS ¢ MEKPOCEKYH/THBIM JTHAIIa30HOM U3MEHCHHS
BPEMEHHBIX MMapaMEeTPOB HMITYJIbCOB TOKa OOJNBIIOH aMIUTATYIBI U OOJBIITHM
JIMATIa30HOM PETYJIMPOBKHU HATPSIKEHUSI OTKPHIBACT MIUPOKUE BOZMOXKHOCTH IS
pa3paboTKu M HCCICNOBaHMS MPUHIMIIMAIBHO HOBBIX IPOIECCOB 00pabOTKH
B AJIEKTPOJIUTAX C NENBI0 KaK IMOJIMPOBAHUS MOBEPXHOCTH, TAK U HAHECECHUSI 110~
kpoiTHii. Hanbonee menecoobpa3Ho mpuMeHeHHE pa3pa0OTaHHOW TEXHOJIOTHH
JUTsl 00pabOTKU JAETaleii TOYHOW MEXAaHWKH, MEAMIIMHCKOTO MHCTPYMEHTapus,
UMILIAHTATOB, JeTaneil nprubopoB. [IpuMepsl UMITYIECHOTO AIIEKTPOXUMHUYECKO-
ro MOJIMPOBaHUS O0PAa3lOB M3 Pa3IUYHBIX METAUITMYECKUX MATEPUAIOB TpE/I-
CTaBJICHBI HA PHC. &.
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Puc. 8. HpI/IMepI)I HUMITYJIBCHOT'O DJIEKTPOXUMUYIECKOI'O MOJIMPOBAHUSA 06p33HOB
13 Ppa3jIMYHbIX METATUIMYECKUX MATEPHUAJIOB C IPUMEHECHHUEM pa3pa60TaHHoro HUCTOYHHKA ITUTaHUA

Fig. 8. Examples of pulsed electrochemical polishing of samples
made of various metallic materials using a developed power supply

BbIBO/IbI

1. Pa3paboTaH MCTOYHMK MHUTAHHUSA AJISI UCCIICAOBAHUN B OONACTH UMITYJIb-
CHBIX AJIEKTPOXUMHUECKUX H AJIEKTPOIMTHO-TUIa3MEHHBIX MPOIECCOB, TO3BOJIS-
oy GOpMHUPOBATH UMITYJIECHI TOKa aMIUIMTYIOW A0 50 A mpu HanpsbKeHUH
or 0 no 400 B oboux momspHOCTEH M CIHOCOOHBIN PEryIHpOBATH UIHTEIIb-
HOCTH MIMITYJICOB U Tay3bl MEXAY HUMHU B nuanazone ot 10,0 mxc mo 8,1 ¢ mpu
BO3MOKHOCTH DPETyJHPOBKH COOTHOIICHHS UTUTEILHOCTH HMITYJIbCOB M Tay3
or 1:1 o 1:9.

2. Ilo pe3ynbTaTramM NpOBEACHHBIX MCIBITAHUN MCTOUYHUKA ITUTAHHUS YCTAHOB-
JICHO, YTO €r0 XapaKTEePUCTHUKU TIO3BOJIAIOT pa3padaThiBaTh U BHIMOJIHATH UCCIIE-
JIOBaHUS MPUHUIUIHUAIGHO HOBBIX BBICOKOA((EKTUBHBIX MMIIYJIbCHBIX MpOIEc-
COB NOJMPOBAHUS METATUUECKUX MAaTEpUAIOB HA OCHOBE JIEKTPOXHUMUYECKOM
U DJIEKTPOJINTHO-TIIIA3MEHHOM 00paboTku. braromapst Bo3aMoxHOCTH (OpPMHUPO-
BaHMS PETYJIUPYEMBIX MO JUINTEIBHOCTH M aMIUIUTYJE MMITYJIBCOB TOKa OOJb-
IO MOITHOCTH B. ITPOIIECCE IIEKTPOXUMHUECKON 00pabOTKH OOeCIIeunBacTCs
BO3MOYKHOCTB:

— YBEIMYHUTH CTA0MJIBHOCTH T'€OMETPHYECKHX M  (UIUKO-XUMHUECKUX
CBOWCTB pabodell MOBEPXHOCTH «AETallb — 3JCKTPOJIMUT) 3a CUET yAaleHHUs Ka-
TOIHBIX OTIIOKEHUII;

— BBITIOJIHATE 00pabOTKy ¢ OonbiIol 3()(PEKTHBHOCTHIO, IPU KOTOPOH CKO-
POCTh CTIQKUBAHUSI MUKPOHEPOBHOCTEH 00pabaThiBaeéMOli MOBEPXHOCTH, OTHE-
CEeHHasl K 00II[eMy CheMy MeTajlla, 3HAYUTEeIbHO BO3PACTaeT;

— MOJUPOBATH MaTEPHaJbl B YHUBEPCAJIBHBIX SIEKTPOIUTAX MPOCTHIX COCTa-
BOB Ha OCHOBE COJIEH M KHCIIOT 0e3 100aBIeHUs] XPOMOBOI'O aHTHIpUIA U Mpe-
BapUTEJILHOI'O HarpeBa 3JIEKTPOJINTA;

— TONHMPOBaTh TPYAHOOOpaOaThIBaéMble MaTepHajbl B COJIEBBIX PacTBOpax
0€e3 NpUMEHEHUs UIABUKOBON KHCIIOTHI.



10. I'. Anexcees, A. IO. Koponés, B. C. Hucc, A. D. llapwymo, E. B. Copoxa, A. C. Byonuyxuii
256 WcTovuHNK ATaHUS UT UCCIIEAOBAHMS UMITYJILCHBIX JIEKTPOXUMHICCKUX MTPOIIECCOB

3. [IpuHIKTIHANBHBIE CXEMAaTUYECKUE pPEIIeHUsT pa3pab0TaHHOTO MCTOYHHKA
MUTAHUS C PErYJIUPYEMBIMH HMITYJIbCAMH MOTYT OBITh TIOJIOKEHBI B OCHOBY
MPOMBIIIUIEHHOTO 000pYNOBaHUS JUIA DIEKTPOXHUMHYECKOTO TOIUPOBAHMUS,
TJISTHIIEBAaHUS TTIOBEPXHOCTH, a TAK)KE yIaJeHHUs 3ayCEHIIeB Ha M3/IENNSIX, TIpUMe-
HSEMBIX B TPUOOPO- U MAIIMHOCTPOCHUH, Ha U3JCIUAX MEIUIMHCKOTO Ha3Ha-
YEHWSI U3 PA3IMIHBIX METANTHIECKIX MaTepHAIIOB.
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