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1. BBeoeuue 
0AHHM 'H3 nan6onee nepcneKTHBHbiX TeXHOJIOIWieCKHX npon;eCCOB pa3AeJieHIDI 

cnq:iKHbiX ·cMeceii xBillleTcx MeM6paHHax _«lJHJibTPauiDI·. CpeAH ncnOJihJyeMhlX B HHX 

MaTepHaJIOB .BIDKHOe MeCTO 3aHHMaiOT _TPeKOBbie .MeM6paHb,I (TM.), IlOJI)"'aeMbie 

o6nyqeHHeM HOllHMepHblX IlJieHOK nyqKQM BhlCOKO:!lHepreTHqHbiX TX)Kt:iJibiX- HOiiOB 

H noerreAyiDIUHM xnl.mqecKiui _ 1-prumeHneM ~eKOB ·:nux qacTmi- AO _ nonyqeHIDI 

CKBOJHbiX nop [1, 2]. EnaioAapx PAAY c-BORCTB, npe)l{Ae Bcero·.Manoii TOJIIIJ;HHe n _ 

BbiCoKoii OAHOpOAHOCTH nop, TM HMeiOT HeJHaqnTeJibHOe conpoTnBJieHne .Teqe- ·_ 

HHIO «iJHJibTpyeMOH cpeAbi, BbiCOKYIO ceneKTHBHOCTb pa3AeJieHIDI, HH3KYIO aACOp6- , 

UHIO pacTBopeHHblX.BeiiJ;eCTB H nerKOCTb pereHepan;HH. Bee 3TH CBOHCTBa Bhll'OAHO 

OTJIHqaiOT TM OT Apyrnx «iJHJibTpyiOIUHX MaTepHaJIOB H o6yCJIOBJIHBaiOT HX IIIHpO~. 
KOe npnMeHeHHe B MeAHUHHe, 6HOTeXHOJ1011lH, MHKp03JleKTpOHHKeH- pMe Apyrnx. 

o6nacTeR TeXHHKH. 
HecMoTpx Ha _ 6onbiiiHe npenMymecTBa, TM-o6naAaiOT n HeKoTopbiMn HeA<icTaT-

KaMH. TaK, OTHOCHTeJibHO HH3Ka51 IlOpHCTOCTb (AO 10%) B pMe CJI)"'aeB. He -o6ec

neqnBaeT He06XOAHMOR ' IlpOH3BOAHTeJibHOCTH IlpOUCCCOB. IlOilbiTKH UOBbiiiieHIDI 

nopncTocm -TM Ja cqeT yBennqeHIDI IlJIOTHOCTH nop npnBOMT K. cHH)KeHHIO pe- . 

neK:rHBHOCTH, TaK · KaK · B 3TOM cnyqae YBeJIHqHBaeTCX ,BepOXTHOCTb HaJIO)KeHIDI 

nop. B CBXJH c _ 3THM pa3pa6oTKa MeTOAOB nony-.leHIDI BhlCOKo3«lJ«lJeKTHBHbiX ~
KOBbiX MeM6paH, o6naAaiOIUHX noBbiiiieHHOR YAeJibHOii npon3BOAHTeJibHOCTbiO, XB

J151eTcx BeCbMa aKTYaJibHOii JaAaqeii. CymecrByiOT paJJinqHbie nyTn peiiieHIDI 3TOii 

Ilp06JieMbl. 0){HH H3 HHX COCTOHT B H3MCHeHiiH reoMeTPHH IlOp B npon;ecce H3I'O

TOBJieHIDI ....: co3AaHHe acHMMeTpnqHbiX TPeKoBbiX MeM6paH. Ilpn cneulianhHbiX yc- -

noBIDix TpaBJICHIDI (KoiiueHTPaUIDI TPaBHTeJ151 paJJinqHa c paJHbiX cropoH iineHKH) , 

MO)KHO non:0IaTb TM c nopaMH B BH){e yce'IeHHoro KOHyca [3]. IlpHJtaHHe nopaM 

MeM6paH _ KOHycoo6pa3HOR «iJopMbl IlpHBOAHT K IlOBbiiiieHHIO npOH3BOAHTeJibHOCTH •

npon;ecca «iJHJibTpaiJ;HH Ja- cqeT paCTa ofueMHOH IlOpHCTOCTH.- 0AHaKO H3I'OTOBJie~ 
HHe IlOA06Hbix MeM6paH CJIO)KHO n CBXJaHO c pMOM TPYAHocr'eii B _ TeXHOJiornqec

KOM o«iJopMnCHHH •. C HCilOJib30BaHHeM cnen;HaJibHbiX -npneMOB o6JI)"'eHIDI (qep~3 
MacKy, npeACTaBJ151IOIIJ;yiO co6oii IlJiaCTHHY c OTBepCTIDIMH) MO)KHO nonyqaTb TM 
C TOHKHM «iJHJibTPYIDIUHM cnoeM [4]. «l>opMHpOBaHHe «lJruibTPYIOIUero CJIOX IlpH 

3TOM npOHCXOAHT OAHOBpeMelUIO' C CO]AaHHeM KOJIOAIJ;e06pa3HhlX . yrny6neHHH •. 

3«lJ«lJeKTHBHOCTh MeM6{laH B 3TOM CJI)"'ae IlOBhliiiaeTCX Ja cqeT yMeHbiiieHIDI TOJI~ 

IIJ;HHbl «iJHJibTPYIOIUero CJIOX. 
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,Upyroe, 6onee rrepcrreKTHBHoe Ha Harn BJ~. HarrpaBJieHHe JaKJiroqaeTCll B Mo-
. 'l(H<llHKai.{HH CTpyKTypni TpeKOBbiX MeM6paH. lfJBeCTHO, qTQ IIpH 06pa6oTKe IIOJIH

MepOB, B qaCTHOCTH IIOJIH3THJieHTepeq>TaJiaTa (I13TCI>), B IIJiaJMe HeiiOJIIIMepHJYIO

ll.{HXC.si ra3on rrpoHcxol(HT TPaBJieHHe rronepxHocm [5, 6], corrpono)!(J.{aiOII.{eec.s~ 
y6niDblO MaCChi H Bb.{l(eJieHIIeM raJ006paJHbiX rrpol(yKT(>B. B pa6oTe (7] IIOKaJaHO, . 

qTQ o6pa6oTKa TM HJ II3TCI> B TJieiOII.{eM pa3pMe BOJll:yxa MO)KeT 6niTb HCIIOJib
JOBaHa B KaqecTBe 6eJpeareHTHoro MeTol(a TPaBJieHHl! rrop. IlpH HcnoJII.JOBaHHbiX 

riapaMeTPax paJpMa aBTOpbi Ha6nro.QanH, ~o TPaBJieHHe npoHCXOli:IIT paBHoMepHo 
no nceii MHHe nop, npHqeM UHJIHHl(pHqecKa.si cpopMa rrop. coxpaH.sieTcl!. YnenHqe

HHe l(HaMf?Tpa nop nOBbilliaeT IIpOHJBOl(HTeJibHOcTb' npii cpHJibTpaUIIII, HO CHII)KaeT 
CeJieKTHiiHOC'f!> pa3l(eJieHHl!. 

l(eJib HaCTO.siii.{ero. HCCJiel(OBaHHll - C IIOMOII.{blO MeTOl(a raJOpa3p.sil(HOI'O TpaBJie

HHll MOli:HcpHUHponaTb rroponyro. CTPYKTYPY :rpeKo~I.IX MeM6paH 6e3 yxyl(rnerrllii IIX 
. CeJieKTHBHbiX CBOHCTB. PerneHHe 3TOI'O BOrrpoca JaKJIIOqaeTC.si B Bbi6ope pe)KIIMa 

TpaBJieHHl!: .Uarrrra.s~ pa6oTa nocB.siii.{eHa ycTaHoBJieHHIO rrapiiMeTpoB II1HiJMerrnoro 
pa3p.sll(a, npH KOTOpbiX rrpouecc ra:iopciJp.sll(HOro TpaBJieHHl! rrpHBOl(HJI 6bl K o6pa-
30BaHHID TpeKOBbiX MeM6paH C OIITllMaJibHOH CTpyKTypoii. . 

' , •• • "j ' ' • 

2. MemoouKa 3KcnepuMeitma ' . ~ . ,' ' . . ' ... -

.06oeKTOM HcCJiel(oBaHHii' CJiy)KiuiH II3TCI> TM, :rronyqerrHI.Ie o6nyqerrneM 
IIOJIH3THJieHTepecpTaJiaTHbiX IIJieHOK ycKopeHHbiMH HOiiaim KpHIITOHa (3Hephm 

3 M3B/rryKJioH) H cpHJHKO-XIIMHqecKoii o6pa6oTKoii no MeTOl(IIKe [2]; 06nyqerrHe 

rrpOBOl(IDIH Ha I.{HKJIOTporre Y-400 Jla6opaTOpiiii .sil(epHbiX peaKI.{IIH· HM. r.H.CI>ne

pona 06oel(HHeHHoro HHCTIITyTa .sil(epHbiX HCCJiel(OBaHIIii. lfJMeperriie. HK"cneKT

pon 06paJI.{OB MeM6paii· (8] noK<lJaJIO, qTo CTeneHb. Kf>IICTaJIJillqHOCTH nOJIHMepa 1 

COOTBeTCTByeT 40%. 06pa6oTKy B IIJiaJMe IIpOIIJBOl(HJIII Ha IIJiaJMOXHMIIqecKOH: 

ycTa!I.OBKe, ocyll.{ecT!iJUIIOmeii Bq-M:arneTPOHHbiH pa3p.sil( Ha imcTOTe 13.56 Mru. 

06paJUbi. MeM6paH paJMepilMH 1 Ox 10 eM · noMeri.{anH rra IIJiocKHii 3neKTpol(-IIOlJ:-

. JIO)KKOl(ep)KaTeJin .. BoJl(eiicTBHIO uiiaJMbi IIOl(Beprrum · OlJ:Hy · CToporry · MeM6paH. B 

KaqeCTBe ·. IIJiaJM006paJyiOII.{ero raJa' liCIIOJibJOBaJIH BOJl(yX . H · CMeCb aJOTa C · KUCJIO- · 

po.n:oM B paJJIIIqrroM cooTrrorneHHH. IIapaMeTpbi pa3pMa (ll:aBJieHue raJa B BaKyyM

Hoii KaMepe, · MOII.{HOCTb · pa3pMa) H ;:viHteJibHOCTb · BOJ,n:eiicTBHll napnuponanH. ·Me

TOlJ:UKa o6pa6oTKH u .cxeMa. IIJiaJMOXHMHqecKoii ycTaHOBKH rrol(po6rro.onncarrbi B 
pa6oTe [9]. . 

. ·. XapaKTepiiCTIIKH · ,IICXo,n:rroii u MOli:HcpHUHpOBaHHbiX B IIJiaJMe MeM6paH onpe,n:e

Jll!JIII · npu. IIOMOII.{II p.sll(a BJaHMOl(OnOnH.siiOII.{IIX MeTO.D:IIK. lfJMeHeHHe TOJIII.{IIHbi 
MeM6paH perncTpiipOBaJIII c .. IIOMOII.{blo OIITHMeTPa HKB-3: . raJonpOHHI.{aeMOCTb 
1.leM6paH (IIOTOK BOJ,n:yxa, npornel(lliHH qepeJ MeM6paHy) UJMepiDIII npn Jal(aHHOM 

IIepenal(e l(aBJieHHl!, IIJ BeJIIIqiiHbi KOTOpoii paccqiiTbiBaJIII 3cpcpeKTIIBHbiH AHlll;IeTP . 

nop [10LPacrrpel(eneHne nop,nopaJMepaM H cpe.n:HHii paJMepnopouerrnBaJIII Ha 
npu6ope Coulter Porometerl/ (Coulter.Electronics Ltd) . .U!IaMe:rp nop rra nonepx

HOCTII MeM6paH OIIpel(eJil!JIII .C IIOMOII.{blO CKaHupyiqll.{erol ~JieKtpOHHOIU MIIKpoc~· 
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KOIIa JSMc840 (JEOL); · nepeA npOCMOTpOM o6paJUbi HaiibiDIDIH B · BaKyyMe TOHKHM 
CJIOeM JOJIOTa. IlpH IIcCJiel(oBaHmi c.fpyKTypni nop AeJiaJIII cKOJibi MeM6parr, M.si 
qero MeM6paHbl npel(BapiiTeJibHO OXJI~aJIII l(O TeMnepaTyphl )!(IIl(KOI'O· aJOTa .. 
Cl>opMy nop MeM6paH IICCJiel(OBaJIII· MeTO)J.OM MeTaJUHf'!eCKIIX·peiJJIIIK;' B· KaqeCTBe· 

MaTepHana peiiJIHK ncnoJibJOBaJIH Mel(b .. MexarruqecKyro npoqrroCTb MeM6pan · on1 

pe.U.eJI.siJIII no nepenal(y naB.rreHII.si, npH KOTOpOM o6pineu, IIOMell.{eHHblll B i:lep)Ka:. 

Te.rib c ~pymniM oinepcrm!1.i: miomMnlO 1 cM2
; paJpylliaeTc.si.· IIporruuaeMoCTb )J)Ul . 

no.u.ni. HJMep.siJIH npH onpe.rif?JieHHOM nepenMe . .u.aBJieHHl! · rra o6paJuax ~IIJIOII.{MblO 
254 MM2 (IICIIOJibJOBariii npe.u.napHTeJib.HO oq~II.{eHHYIO cpHJibTpau!Ieii qepe3 TM c 

.U.IIaMeTpOM nop 0.05 MKM .U.HCTIIJUIHpOBaiinyro BOAy). ·• ·.r ;. 

PeJyJII.TaTbl IIJMepeHIIll. o6pa6aTb!BaJIH; HCII<lJibJY.si ' MeTO)J.bl MaTeMaTuqecKOH 

CTaTHCTIIKII [11 ], ,!J.OBepHTeJibHbiH IIHTepBaJI COOTBeTCTByeT JHaqeHIIIO Hal(e)KHOCTH 

0.95. 

3. Pe3JAbmambt 3KcnepuMenmoB u 'ux o~cyJKoenue · 
' ; ' . . ' ·. ,·, .··,' ' 

3.1. UcCJie):(oBaHHe U3Meneumr CTPYKTYPLI u nonepxuocTu · DOJIU3TUJieHTepe!llTa-
JiaTHLIX TpeKoBLIX MeM6pau npu uoJileucTuuH: 'rumJMLI uo3):(yxa 1 .. 

HccneAOBarrue · H3MeHeHH.si c:rpyKTYPbl ·II nonepxnocTH noJIH3THJieHTepecpTanaT

HbiX TpeKOBbiX 1-ieM6paH.IIpi1. B03)J.ellCTBIIII IIJiaJMbl BOJ.U.yxa npoBe,!J.eHO rra:ntmMe

pe II3TCI> TM c l(HaMeTpo~ nop 0.2 MK~ (IIJIOTHOCTb nop 2 ·108 
CM-

2
). Q6paJUbl 

MeM6paH o6pa6aTb!BaJIII npii paJJIIIqHOH MOII.{HOCTII pa3pMa II ,!J.aBJieHIISI BOJ.U.yxa B 

TeqeHHe 10 MIIH. Ilo OKOH'laiiiiH o6pa60TKII IICcliel(OBaJIII HJMeHeHII.si OCHOBHI>IX 

xapaKTepiiCTIIK MeM6prui: TOJIII.{IIHbl, l(HaMeTpa nop, MeXaHHqeCKOll ripoqHOCTH. 

IIonyqeHnnie peJynnTaTI.I cBeAeHI.I B · Ta6JIHUY 1. 06o6II.{eHHI.Je iliumiie mmi6cTpH
pyroTcSI puc. 1 H 2, Mo)KHO BHl(eTb, qTo M.si ncex o6pa6oTaHHbiX B IJJiaJMe. o6paJ

UOB MeM6paH rra6JIIO,!J.aeTC~ yMeHbllieHHe HX TOJIII.{IIHbl, YBeJIIIqeniie 3cpcpeKTIIBHO

ro )J.IIaMeTpa llOp II yMeHbllieHIIe MeXaHIIqeCKOll npoqHOCTH. 
YMeHI.rnemie ,TOJIII.{HHbi, II3TCI> TM · B npouecce HX o6pa6oTkH B ImaJMe CBIIAe

TeJibCTByeT o TOM,' . qTo rrpoucxo.u.HT TpaBJierrue noilepxrroc:rrroro CJio.s~ MeM6pan . 
CKOpOCTb TpaBJieHH.si; KaK MO)KHO Blll(eTb (pHC. 1, KpHBble J H 2), JaBIICIIT OT na

paMeTpOB pa3pMa. BOJ.u.eiiCTBHe IIJiaJMbi Bhi3I.JBaeT, · KppMe Tom, JrraqiiTeJibHble 

MopcponornqecKHe. IIJMeHeHH.si nonepxrrocTH. Ha nepn(n~aqani.no rJIMKOii noJIII

Mepnoii IIOBepXHOCTH nOSIBJISIIOTC.si MHOroqiiCJieHHbJe KpaTepbl - . OKHCJieHHO

l(~CTpyKTIIpOBaHHble o6nacm. IIonepxm:icTI. • MeM6parr CTaHOBHTC.si rnepoxomiToii 

(pHc. 36). PaJMepbl KpaTepon npii napnliponarrHII yCJioBHii o6pa6oTKH n Minen~-. 
nocTH BOJAeiicTBH.si · pa3pMa HJMeH.siiOTC.si. PaJBHTHe 3pOJIIII nonepxHOCTH o6oSIC

H.sieTC.si TeM, qTo OKJICJieHIIe B aMOp~HbiX II KpiiCTaJIJiHqeciHX o6JiaCT.siX • llOJIHMepa 

IIAeT c paJJIIIqrroii cKopoCTI.IO [12]. Ilpii HHJKnx napaMeipax paJpS!Jla (p11d~ .Cpn
na.s~ 2) cyll.{eCTBeHHbiX HJMeHeHHll B TOJIII.{IIHe MeM6paH ; He H·a6JJIO,!J.aeTC.si.'. Hec' 

JHaqHTeJibHa.si IIOTepSI 'MaCChi o6paJUOB BO BpeM.si o6pa6onui B pa3pMe. II IIJMeHSI
IOII.{IIftC.si penbecp IIOBepXHOCTII MeM6paH yKaJbJBaeT. na TO, . qTo ':rpaBJieHHe B 3TOM 

' ' . . 
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, CJiyqae npORCXO.[{IIT npenMymecrBeHHO B aMOpcpHbiX' 06JiaCTHX, npnqeM CKOpOCTb 
npouecca.Kpaiiue HRJKa... . 

YBenuqeune 3cpcpeKTRBHoro .[{RaMeTpa nop (D3f/J) MeM6pau, no.[{BepmyTI>IX o6-
pa60TKe . B nJiaJMe BOJ.D:yxa, CBR.[{eTeJil>CTBYeT 0 TOM, qTo npn BOJ.[{eHCTBRR nJiaJMbl 
nponcxo.[{RT TaK)!(e u TPaBJieune noBepxHoCTR nop •. CKopoCTI> 3Toro npouecca 
TaKXe JaBHCRT OT napaMeTpOB prupH.[{a (puc. 2, KpHBl>Ie 1, 2). B pa60Te [7], KaK 
yJKe 6I>mo OTMeqeuo, Hall.[{euo, qTo o6pa60TKa TI3T<I> TM B rneromeM prupH.[{e B 
BOJ.[{yXe He npnBo.nuT K UJMeHeHUIO cpopMbi nop. B CBHJU C 3TRM npe.[{CTaBJIHeTCH 
BaJKHbiM Bl>IHCHUTh,- npORCXO.[{RT JIH RJMeHeHne !flopMbl nop TPeKOBbiX MeM6paH 
npii BOJ.[{eHCTBUH Bl>ICOKoqaCTOTHOro pa3pH.[{a; Jlrui perneHRH 3TOIU BOnpoca Ql>IJIO 
npOBe.[{eHO UJMepeune. cpe.[{Herc) J(RaMeTPa nop Ha nopOMepe; .[{aiOII{ero HH!fJOpMa
l(RIO o .[{HaMeTpe B • uaH:6onee YJKOM ceqeuRH KaHMOB nop. PeJyJII>TaTI>I HJMepe-
uuii npuBe.[{eHbl B Ta6n. I. · 

Ta6Jiuua 1. I13Meueune xapaKTepncrnK TI3T<I> TM c .D:HaMe-rpoM nop 0.2 MKM B npo
uecce 1-paRJieullil: B UJiaJMe Bo:myxa; .IUinieni>HOCTh o6pa6oTKu 10 MHH 

IlaEaMeTEbi EaJEliJla < ra3onpomt-. 3<J!<J!eKTHB- CpeJlHUii PaJpyrna- Bo.nonp~Hu-
No .naBJienue M9111H0Cfb uaeMocrb, HbiH .nna- .AUaMerp 10111ee uaeMocrb, 

B03Jlyxa pa3pli.Aa M' = 0.1 ar Merp nop nop J{aBJieHue ~p = 0.7 ar 
(Topp) (BT) (MJI!MUH) (MKM) (MKM) (aT) (MJI!MUH·CM2

) 

200 0.220 0.195 2.70 '4.75 
2 - < '8·10-4 70 220 0.225 0.196 2.65 5.45 

< ' 
I 

,3 10:3 
) <' 

-70 235 ·0.230 q.I99 2.55 5.75 
4, 10-3 100 260 0.235 0.204 ·2.45 ~ 6.45 
5 2:10-3 70 ,•,- 275 0.240 0.205 2.40· 6.95 
6 8 '.u}-2 70 360 0.255 o:221 2.25 9.55 
7_ 8 ·10-2 100 445 0.265 0.239 2.10 11.40 
8 8 ;10-2 ISO 470 0.275· 0.245 1.85 13.30 
9 8 ·10-2 200 650 0.295 0.262 1.55 17.05 

: 3aMeTRM, q-j-o paJJiuqu{: JHaqeu~ii 3!fl!fleKTIIBHOro u cpe.l(Hem CD;p) .[{HaMeTPOB 
nop MH ucxo.[{Horo · o6pruua nmBoJIHeT ctJHTaTI>, <iTo Kauani>r MeM6pau irecKOJII>Ko 
CYJKRBaiOTCH K .cepe.[{RHe·. 06 3TOM )Ke CBR.[{eTeJil>CrBJeT _ 3JieKTPOHHO-MHKpOCKOllU
qecKoe ucCJie.[{osruiue o6pa3ua - MaMeTP nop na noBepxuocrn MeM6paHbl. (D: • ..,) 
COCTaBJIHeT 0.26 MKM •. no;io6noii 'Koi!ycnocru: He nil6JIIO)laeTCH y MeM6paH,. nony
'IeHHMX xuMutJe_cKuM TPaBJieuueM TPeKosnouos 'Kceuoua. llpuquuoii 3Toro HBJIH

eTcH 6onee · HUJKM .uJ6npaTeni>HOCTI> rpaBJieHHH TJ>eKOB HOHOB Kpnmoua, Koi:o
pi>Ie HMeiOT MeHI>IIIHe y.[{eJII>Hble. , noTepu 3Heprnn B nOJiuMepe no cpasueuuro c 
uou~m Kceuoua; Jlmi MeM6pau No 2-5 cpe.ziunii .[{RaMeTp nop ocraeTCH rrpaKTR-
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Puc. I. Puc. 2. . 

Puc. 1. 3aBHCHMOCTb TOJlliiHHbl II pa3pyillaromero J{aruleHilll I13Til> TM < c J{HaMe-q)oM nop 
0.2 MKM. OT BeJlHqlfl!bl MOIIIHOCTH pa3pl!Jla B BOJJ{yxe npn P803 = 8 ·10-

2 
Topp (1, 3) H 

P.Ol = 10-3 Topp (2, 4); BpeMli·B03J{ellCTBilll ITJ1a3Mbl 10 MHH 

Puc. 2. 3aaucnMOcTb 3cpcpeKTnBHOrO Jlll~t6-rpa nop u soJ{onpimnuaeModn (naqanbHOe 3Ha
qeune) I13Til> TM.c J{llaMeTpOM UOJ? 0.2 MKM OT BeJl~HHbl MOIIIHOCTU pa3pl!Jla'B B03J{yxe 
npn P.OJ = 8. w-2 Topp (J, 3) II P.oo = w-3 Topp (2; 4); BpeMll B03J{~llCTBilll ITJ1a3Mbl 
10 MIIH . -

a .6 

Puc. 3. 3neKTpOHHble MHKpOcpOToipatpUH noliepxliocrei:i .llCX~J{I!OH < rr3Til> TM c . .niia
MerpoM nop 0.2 MKM (a).n o6pa6oTannoft B ITJlaJMe somyxa B Teqeune 10 MIIH npu Pso, =-
8 ·10-2 Topp 11 w =too BT <6) -
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qeCKH Ha HCXO~HOM ypOBHe, TO eCTb ~HaMeTp B HaHMeHbllieM ceqeHHH KaHanOB 
rrop 3THX MeM6pau ne HJMeWieTC.ll. 3To IIOJBOIDieT_JaKmoqnTb, qTo TpaRIIeHne rro
nepxnocruoro CJIO.ll nop B 3THX MeM6pauax rrpouJoumo na my6HHe, ue rrpeBbi
rnarorn:eii IIOJIOBHHY HX ~llHbl .. lJaCTb KaHana IIOp B 3TOM CJiyqae HMeeT HCXO~Hb!e 
pa3Mep H cpopMy, a qaCTb, KaK IIOKaJb!BaiOT ~aHHbie 3JieKTpOHHO~MHKpOCKOIIIfqec
KOfO HJyqeHH.ll CKOJIOB MeM6paH, IIpe~CTaBIDI:eT C060H KOHYC C OCHOBaHHeM Ha 
cropoHe, rro~neprnyroii o6pa6oTKe B IIJiaJMe. IloBbiUieHHe ~aRJieHH.ll IIJiaJMoo6-
pruyrorn:ero raJa If MOW:UOCTH propsma rrpHBO~llT K YBeJIHqeHHIO cpe~Hero ~llaMeT
pa rrop (MeM6paubr No 6-9). Qqen~Ho, TpaRIIeHHe B rropax 3THX MeM6paH rrpoH
Joumo ua my6Hue .npeBbiUiarorn:eii rronoBHny HX ~HHbi. )lrul MeM6paH No 6-8 
cpe~HHH. ~uaMeTP nop MeHbllie ~HaMeTpa rrop ua rronepxHoqH HCXO~Horo o6pro
ua, CJie~onaTeJibHO, qacrb KaHana rrop · 3THX MeM6pau He JaTpoHyTa B npouecce 
TpaRIIeHH.ll. )lrul MeM6paubi No 9 HMeeM: cpe~HHH ~HaMeTp ee nop paneH ~HaMeT
py IIOp Ha IIOBepXHOCTll Heo6pa6oTaHHOH B IIJiaJMe MeM6paHbl. 3TO 03HaqaeT, qTo 
TpaRIIeHHe B ee rropax rrponJoumo B~OJib ncero-KaHana. HecoBIIMeHHe D3f/> H Dcp 
B 3TOM CJiyqae yK~biBaeT ua cpopMHpoBauHe rrop B cpopMe yceqeuuoro KoHyca. 
06pa6oTKa II3T<I> TM B IIJiaJMe Bll-pa3psma B BOJ~yxe, TaKHM o6prooM, Bhl3hiBa
eT ll3MeHeHIIe cpopMbl UX IIOP. (B03HllKHOBeHHe aCHMMeTpim), TO eCTh IIpHBO~llT K 
MO~HcpHKa[(llll CTpyKTyphl TpeKOBbiX MeM6paH. 

· PHc. 4. CxeMa crpyKTypbi nop HCXO.IIHOii n3Tt:I> TM (a) H MeM6paH:, MO.IImpm.IH
poBaHHbiX B liiiaJMe BOJ.IIyxa s Te'leHHe 10 MHH npH P803 = 2 ·10-3 Topp, W-=310 BT 

2 . . '2 . . 
(6);P.a, = 8 ·10- Topp, W =70 BT (o); P803 = 8 ·.10- Topp; W =150 BT (z) , 

Ha puc. 4 npe~craB.rrena cxeMa crpyKTYPhi ncxo~noii TM. (a) u MO~UcpHuupo
nanm,!X B IIJiaJMe BOJ~yxa MeM6pan (6-z). HaH60Jiblllllii IIHTepec npe~CTaBIDIIOT 
MeM6panbr, y Ko-fophlx TpaRIIenmo no~neprrrach TOJihKO qacrb Kauanosnop (M:eM6-
pauhr 6, e) . . B peJyJihT<lTe rroopa3pll~noro TpaRIIeHH.ll B 6roe TaKHX MeM6pan cpop
MupyiOTC.ll Konycoo6paJHhre yrny6neHH.ll, ynenuqiinaiOrn:He · o6'beMuyro nopHCTOCTh. 
3TO 0Tpa%aeTC.ll Ha IIOBe~eHHll MeM6pau B npouecce cpHJibTpa[(HU. KaK nOKaJhi
BaiOT 3KCIIepHMeHTanbHhJe ~aHHble, npOU3BO~UTeJihHOCTh no BO~e aCUMMeTplfqHhiX 
MeM6paH Bhiine B cpanneHUU C HCXO)lHOH MeM6paHOH (puc. 2, .f!UHUU 3; 4). He Ja-
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TpoHyrhiiLB rrpouecce. 'fpaBJieHHR CJIOH;CTpyKTypa KOTOporo OCTaeTCR. 6e3 113MeHe
HllR, 6y~eT' onpe~eJIRTh ·ceneKTHBHhie cnoiicTBa MeM6pan~ CoxpaHeHHe lfCXO~Horo 
pa3Mepa IIOp ~aHHOfO · CJIOR 'He. Bhl30BeT CHif)KeHH.SI; CeJieKTllBHOCTll ;. pa3~eJieHHR;' 
BapbHpyR .napaMeTphl' propsma; MO)KHO · HJMeHRTh KaK · proMep. KoHycoo6prouoii 
qacTH nop, TaK II TOJIW:HHY crroJI;He JaTpoHyroro B rrpouecce o6pa6oTKII• B rrnaJMe. -
3TO ~aeT B03MO)KHOCTb,. IIOJiyqaTh 60JihlliOH accopTHMeHT 'TpeKOBhiX MeM6paH . C 
lliHpOKllM cneKTpOM xapaKTepHCTHK. 
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Puc, 5. 3asHCHMOCTb pa3pyuJalomero . .llaBJieHHll
oT nopHcrocrH Mll· n3Tt:I> TM· Heo6pa6oTim~ 
Hb!X. B 11Jla3MC (/) H liO.IIBCprnyn.IX 803.1\CllCT
BlfiO nna3Mb( BOJ.IIyxa (2) 

YnerrHqeniie 3cpipeKmnnmu_-~IIaM~Tpa nop Me~6pau, npiiBOM K _ noBhillleHHIO 
ofueMHOH· nopHCTOCTll, Bhl3biBaeT CHH)KeHHe HX.MeXaHifqeCKOH npoqno~TII. (piiC.l, 
KpliBbie 3, 4).· 3Kcnep~:~MennirrbHhie JnaqeifuJI propylllarorn:ero ~aRIIeHHJI (Ppa1p) ~JI 
MeM6pan, Mo~ucpH~upcmaHnhrx n nriaJ~te, HecKorrhKO nu)Ke Jnaqenuii, .onpe~enen
HhiX .II3 JaBIICHMOCTH Ppa1p OT nopHCTOCTII ~JI II3T<I> .TM. IIo.rio6Hhiii 3cpcpeKT 
ofuJICHJieTc~. nocB~HMoMy, n~mqueM nonepxnocnroro napylllenn9ro CJIOJI (co: 
nep)Karn;ero MaKpOMOJieKyJibl C. HII3KUM MOJieKyrrJipHbiM BeCOM), _o6pa3yrorn;erOCJI B 
npouecce nrraJMeniwii o6pa6oTKU~ .Uannhrii BhiBO~_ ~()rmicyeTcR c. pe3yJibTaTaMH, 
aBTOpOB pa60Thl [7], no 'ouenKe, KOTOpbiX my6una nO)l06HOfOr CJIOll 1 COCTaRJIJieT 
npuMepno 10-30 HM. Eorree cyrn:ecTnennoe pamuqlfe s MexanwiecKoii npoqnocTH 
MeM;6paH; o6pa6oTalllihiX ,npu 6oJihlliUX JnaqenuJIX napaMeTpon. pa3pR~a. no cpan
nennro c neo6pa6mannhi~m B nrr~JMe o6pa3uaM~I (puc. 5) cn~ererrhcTnyei' o6 o6, r 

pa3oBaHHU napyllleHHOfO CJIOll 60JibllleH . my6HHhl. IloTepJI _ npoqH()CTII., y , TaKHX 
Me~t6pan cyrn:ecTnenna, qTQ crrenyeT yquThiBaTb npu Bhr6ope omnMM.hHhiX' ycrro
nuii nponenenull IIJiaJMennoii o6p'a6oTKU. 

Bonpoc Bbr6opa pe)KUMOB TpaRIIenuR ll3T<I> TM B IIJiaJMe Bll-pa3pllna· noJny
xa, TaKHM o6pa3oM, · uMeeT ~na · acneKTa. C · o~noii 'cToponhr, on cnJIJari · c ycTanon
rrenneM napaMeTpoil p~3pJina, npu KOTophlx mMe~renmi B cTpyK'fype : ~teM6pan 
npmrcxonurru 6hi · 8 onpenenennoM · crroe Ii · npusonu.riu · K J~leTnoMy nonhrlllenmo' 
HX. y~eJJbHOH' npOU3BO~UTeJihiiOCTU. C ~pyroii CTOpOHhl,' neo6xonmto. Bbi6upaTb 
n~paMeTpbi pa3psma, npn KOT?PhiX · B npouecce · -ipaRIIeHHll ne • npo~rcx6i:umo 6i.r 
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3Ha'IHTeJibHOI'O CHH:JKeHIDI MeXaHH'leCKOH npO'IHOCTH MeM6pan. llpu Bbi6ope OIITH
MallbHbiX pe:JKHMOB TpaRJieHIDI, npHBo.wn~ux K o6paJosanmo MeM6pau co cnoeM, 
ue JaTpouyrLIM B npouecce TpaB.neurn~,noTep.si B MexauuqecKoii npoquocTn II3T<D 
TM COCTaBJI.sieT BCero 10-15%, B TO BpeM.si KaK Y.UeJibHa.si npOH3BO.!(HTeJibHOCTb no 
B03.UYXY n· BO.Ue YBeJIH'IHBaeTC.sl B cpe.uueM B 2 pa3a. 3To no3BOJI.sleT BeCTH npouec-

. Cbl pa3.!(eJieHIDI H O'IHCTKH C BbiCOKOH CKOpOCTbiO H cen:eKTHBHOCTbiO. . 

.Ta6.imua 2. lhMenenHe xapaKTepHCTHK Il3T<l> TM c .uuaMerpoM nop 0.175 MKM H 
0.045 MKM B npouecce TpaBIIeHH.si B IUiaJMe B03.Uyxa; )lJIHTeJibHOCTb o6pa60TKH lOMHH 

J]uaMeTp nop IlaEaMeTEbi EaJEll.lla J]HaMeTp nop MeM6pau nocne ·BoJlOIIpOHH-
No HCXOJlHOH .naBJieHHe MOll{HOCTh TEaBJieHHJI B IIJiaJMe uaeMOCTh, 

MeM6paHhi somyxa pa3pll.lla 3<lJ<IJeKTHBHbiH cpeJlHHH dP = 0.7 aT 
(MKM) (Topp) (BT) (MKM) (MKM) (MJI!MHH·CM2) 

O.I75 10-3 70 0.175 O.I38 1.60 

2 0.175 3 ·10-3 70 O.I80 0.139 1.80 
' 

3 O.I75 3 ·10-2 IOO O.I85 O.I46 2.20 . 
4 0.045 10-3 70 0.045 < 0.05 O.I5 

5 '0.045 3 ·10-3 70 0.045 < 0.05 O.I5 

6 0.045 3 ·10-2 100 0.050 < 0.05 0.20 

,llnHTeJibHOCTb B03.l{eHCTBH.sl IIJia3Mbl B HCnOJih30BaHHbiX pe:JKHMaX TpaRJieHH.sl , 
O.l{HaKO, .!(OBOJibHO 3Ha'IHTeJibHa, 'ITO .!(eJiaeT 3KOHOMH'leCKH HeBhii'O.l{HhiM npHMeHe
HHe .uauuoro MeTo.ua B TexuonornqecKoM . npouecce. YMeHLrnenue :JKe npoquocTn 
MeM6paH B pe3yJibTan! B03HHKHOBeHH.sl Ha HX nosepXHOCTH napyrneHHOro CJIO»: 
CHH:JKaeT · KaqeCTBO H3I'OTaRJIHBaeMbiX: MeM6paH. KpoMe TOI_D, HCIIOJib30BaHHe. yKa-
3aHHbiX pe:JKHMOB TpaRJieHIDI .ll:JI.sl · MO.UHcpHKaUHH II3T<D TM c ~eHblliHM .uuaMeT
poM nop Bhl3biBaeT ne3Ha'IHTeJibHble H3Meueurn~ B CTPYKType MeM6pau u, KaK 
CJie.l{CTBHe 3TOI'O, cpaBHHTeJibHO MaiiOe nOBblllieHHe HX npOH3BO.l{HTeJibHOCTH npH 
cpHnbTpaunu (.fa6n. 2). CKaJauuoe cTaBnT Ja.uaqy no omnMnJauuu napaMeTpos 
IIJla3MeHHOrO TpaRJieHH.sl C UeJihiO B03MO:JKHOCTH HHTeHCHcpHKaUHH npouecca; yMe
HbllieHH.sl noTepu npo'IHOCTH MeM6pau u Mo;iucpnKauuu CTPYKTYPLI II3T<D TM c 
.!(HaMeTpOM nop 0.05 MK~I H MeHee. 

3.2. 0nTHMH38UHJI npo~ecca fll30pa3pJI.ll:HOrO TpaWICHHJI . 

Anarru3upyH pe3yJihTaTbi, npe.ucraRJieHHbi~ B Ta6JI. 1, MQ:JKHO 3aMeTHTh, 'ITO no
Bbirnenue fillpaMeTpOB pa3p}l.l{a (KaK .l{aRJieHIDI B03.Uyxa, TaK H MOmHOCTH pa3pH.D:a) 
npnBOiJ:HT K. 6on_ee 3aMeTHbiM H3MeneHIDIM xapaKTepucrnK MeM6pau. Qqesn.uno, 
'ITo pacrnupenue .uuanaJoua napaMeTpoB pinpH.D:a B cropouy 6onhrnnx 3Ha'lenuii 
BLnos_eT ne TOJibKO 6onee 3H_a'IHTMLHhre CTpyKTypubre H3Meneurn~ B MeM6panax, . . . 
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HO H II03BOJIHT. COKpaTHTb BpeM.si o6pa6oTKH. ,lln.si Bbl.siCHeHIDI 3TOI'O BOnpoca 6LIDO 
npose.ueuo imueTH'lecKoe ucCJie.uosanue TpaRJieHIDI .II3T<D · TpeKOBhiX MeM6pan 
npu 6onee BhiCOKHX 3Ha'leurn~x .UaRJieuH.s! BoJ.uyxa (1.7 ·10-1 Topp) u MOmHOCTH 
pa3pH.D:a (250 BT) • .D:annLie Ta6JI. 3 HJIJirocrpupyroT pe3yJILTaTbl 3KcnepHMeHToB, 
Mo:JKuo sn.ueTL, 'ITO npose.ueuue npouecca TpaRJieHIDI B Te'lenue 5 MHH npHBO.D:HT 
K .uocraTO'IHbiM H3MeneHIDIM xapaKTepHCTHK MeM6pan. B 3TOM CJiyqae o6paJyeTc.si 
aCHMMeTpH'IHa.si TpeKOBa.si MeM6paua, npOH3BO.l{HTeJibHOCTh KOTOpOH Bhlllie B cpaB
HeHHH C HCxo.zinoii B 1.5 pa3a, noTep.si. :JKe MeXaHH'leCKOH IIpO'IHOCTH COCTaBJI.sleT 

· seem 5%. Bapbuposmme napaMeTpoB pa3pMa npu yKaJannoii npo.uoJI)I(HTeJih
uocru o6pa60TKH (Ta6JI~ 4) .uaeT B03MO:JKHOCTb' ITOJiyqaTb IDHpOKHH accopTHMeHT 
acHMMeTpH'IHhiX TpeKOBhiX. MeM6pau. Bb16op cooTBeTCTByromux napaMeTpOB, npu
BO.D:Hmnx K o6paJosanuro MeM6pan c neJaTpoHyrLIM B npouecce TpaRJieHIDI CJioeM 
(No 5-7), noJsomeT yserrn'IHTb nponJBO.UHTeJihHOCTh MeM6pan no B03.UYXY u so.ue · 
B cpe.uneM B 2 pa3a. lloTepH npoquocru. y TaKHX. MeM6pan ueJHa'IHTen:Lna. Cpas
HHTeJihHhie .l{aHHble IIO, H3MeHeHHIO MeXaHH'leCKOH IIpO'IHOCTH. MeM6paH, IIO.l{Bepr
HYThiX o6pa6oTKe B IIJiaJMe BOJ.Uyxa B Te'lenue 10 H 5 MHH, noKaJhiBaiOT, 'ITO npu 
.l{JIHTeJihHOCTH o6pa60TKH 5 MHH DOTep.si IIpO'IHOCTH y MeM6pan B.l{BOe HH:JKe. CJie
.l{OBaTeJibHO, COKpameuue BpeMeHH . o6pa60TKH B IIJiaJMe U03BOJI.sleT IIOBbiCHTb Me
XaHH'lec:Kyro IIpO'IHOCTb · aCHMMeTpH'IHhiX TpeKOBbiX MeM6pan. llo.uo6HbiH 3cpcpeKT 
Ofu.siCHHeTC.sl, IIO-BH.l{HMOMY, o6pa30BaH~eM. HapyrneHHOI'O CJIOH MeHbllieH rny6HHbi 
IIpH yMeHbllieHHH BpeMeHH B03.l{eHCTBIDI IIJia3Mhl. 

Tali.Jiuua 3. lhMeHeHHe xapaKTepHCTHK Il3T<l> TM c JlHaMeTpo~ nor 0.2 MKM ~ npouec
ce rpaBIIeHH.si B IUiaJMe BOJ.Uyxa; napaMerpLI pa3pH.D:a: P803 =1.7 ·10- Topp, W =250 BT 

BpeMJJ ·raJonpouu- 3<1J<IJeKTHB- Cpe)lHHH Ilopuc- Bo.uonpOHH- PaJpyma-
No o6pa60TKH uaeMOCTh, . HhiH )llla- 'JlHaMeTp TOCTh uaeMOCTh, romee 

(MHH) dP =O.I ilT MeTp nop nop , (%) dP = 0.7 aT )laBJienue 
(MJI!MHH) (MKM) (MKM) (MJI!MHH·CM2) (aT) 

I - 200 0.220 O.I95 7.6 3.0 2.70 

2 I 2IO 0.222 0.196 7.7 3.5. 2.70 

3 2 • 220 0.225 0.205 7.9 3.8. 2.65 

4 3 235 0.230 0.208 8.3 4.3 2.65 

5 5 260 O.i35 0.212 
., 

9.4 5.1 2.60 

McnoJIL30Jlanne paccMaTpunaeMoro .uuariaJoua naplilleTpOB pa3pH.D:a 8 BOJ.Uyxe 
.ll:JI.sl Mo,nucpnKall:nu CTPYKTYPhi II3T<D .TM c ,uuaMeTpOM · nop 465 ·A· noKaJLIBaeT: B 
3TOM CJiyqae TaK:JKe .l{OCTHraiOTC.sl H3MeHeHIDI · B crPJKTYpe MeM6pau, 'ITO Bhl3biBaeT 
ysen:H'lenue ux 3cpcpeKTHBHoro · .uuaMeTpa nop u CB.si3anuoe · c 3THM. noBbirneuue 
Y.UeJihHOH. ?POH3BO.l{HTeJihHO':fH (puc. 6). ~0 . .l{aeT OCHOBll!me .wlli 3aKrriD'leHIDI 0 
B03MO:JKHOCTU. npHMeHeHIDI MeTO.l{a ra30pa3p.sl.l{HOI'O TpaRJieHIDI AJU1 DOJiy'leHIDI 
acnMMeTpH'IHhiX TpeKOBhiX Me:M6pau c .UHaMeTpOM nop 0.05 ·Mni u i.reuee. · 
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·lhMeH~Hne cocrasa.IIJiaJMoo6p:nyromero raJa ·BJirrneT Ha cKopocTh TpaBJienmr 

I13T<I> TM. True; 3aMeH:a ·Bo3.n:yxa na :noT CHU)!(aeT cKcipOCTh TpaRrteturn: -· 3cpcpeK:
TUBHhiH• .IJ:UaMeTp' nap aCIIMMeTpnqHhiX' MeM6pall; llOJiytiaeMhiX B IIJia3Me Bq-pa3-
pMa s· :noTe, Ha 15~20% HII)Ke· .n:naMeTpa· nop ananornqHhiX: MeM6pan;' o6p:nye
MhiX B IUiaJMe:B.03.D:yxa. CKopocTn TpaBJieHrrn:, oueneHHhre ·n3 rpacpnKa 3aBIICIIMOC~
TII3cpcpeKTIIBHoro ·.D:IIaMeTpa nop OT BpeMeHII <TpaBJieHrrn: (piiC. 7), B IIJiaJMe B03-

.n:yxa -'- ' . 2:9 ·-10-3 MKM/Mnn,· B IIJiaJMe.'a3oTa BTpoe HII)!(e .·...:. 1.0 ·10-3 MKWMIIH 

(mMepeHrrn: npose.n:enhr npu .n:aBJieHnn -raJa •L7 ·10-1 Topp n Momnocl'n p:npa.n:a 

250 BT). ·He3HaqiiTeJibHhre II3MeHenrrn B nopucrocni M:eM6pan; · o6p:nyeMhiX B 
IIJia3Me a30Ta, · npn 3TOM He. Bbi3biBaiOT 3aMeTHOI'O llOBhiilleHiia IIX y,tieJihHOH npo

li3BO.D:UTeJihHOCTII.' AilaJIII3 KIIHemqecKmC' Kpnsi,rx · • noK:ni.maeT, · qT() · yJiemrqeHIIe 

3cpcpeKTIIBHOro .D:IIaMeTpa nop, . KaK B IlliaJMe so:i.il,yxa~· iaK xl: B nir:nM:e ·:noTa, npo
ucxo.n:nT y)!(e B nepBhle .MIIHYThi 'o6pa60TKII. H3M:eueHilll )!(e .B cpe.n:m!M .IJ:UaMeTpe 

nop.HacTynaiOT He cp:ny, T.K: TpaBJieHi1e njm MaJihiX speMeaax B03.n:eiicTBim IlliaJ-' 

Mhi nponcxo.n:rrT ua rny6une nop; He ·npeBhrrnaiomeii: ·nonosnHy ux .D:JIIIHhr. 

Ta6JJuQa 4. lhMeHeHIIe xapaKTepucTIIK II3T<l> TM c )l;HaMeTpoM nop 0.2 MKM B npo-. 

; uecce TpaBJie~ua B TIJia3Me. B03il:yxa; WIHTeJibHO~Th, o6pa6oTKII 5 MIIH -

IlaJ2aMeTJ2bl J2a3J2li.Lia . ra30IIpOHII- ~<!J<!JeKTHB- Cpe,~~nuii · Pa3pyma- BO,!IOIIpOHII-

No ,[laBJICHIIe MO!UIIOCTb uae~IOCTh, . Hbili .!IIia- ):IUaMeTp romee uaeMOCTb, 
B03.!1yxa pa3pll.!la l1P = 0.1 aT MeTp rrop rrop . ,!laBJienne l1P = 0.45 aT 
(Topp) (BT) _ (MJI!MHII) (MKM) (MKM) (aT) (MJI!MUH·CM2

) 

200 0.220 o:195 2.70 '2.i 

2 3 ·10-2 300 220 0.225 0.197 2.70 2.9 

3 7 ·10-2 . 200 235. 0.230 0.199 2.65 3.0 

4 10-1 ·' 250 '290' 0.245 '0.212 2.60 3.4 

~- 1.5 ·10-l 300 350 0.260 0.227. 2.45 3.8 

6 1.6 ·10-1 400 400 
' 

0.270 0.240 2.35 4.3 

7 3.5 ·10-1 400 460 0.280 0.253 2.25 4.9 

' . 
Baphuposarme cooTHOrnemm :noni u KIICJiopo.n:a B cocTaBe IlliaJMoo6p:nyrorue-

ro raJa_ ll0Ka3hiBaeT, qTO. npH llOBhillieHUII KOHUeHTpaUIIII KIICJIOpo.n:a npOHCXO)l;IIT 

YBeJIUqeuue CK,OpOCTll TpaBJieHrrn: HOp (Ta6JI. 5), TO eCTb aKTHBHOCTh IIJia3Mbi B03-
paCTaeT. Hcnnrih30BaHIIe )!(e B KaqecTBe IlliaJMoo6p:nyroruero raJa qucTOro KIIC
nopo)l;a ll03BOJI5IeT 3HaqiiTeJihHO llOBhiCHTh CKOpOCTh TpaBJieHII5I, qTQ llJJHBO.IJ:liT He 

T?JihKO K 6oJihlliUM H3Menenua,M B c.fpyKTYP~ MeM6pan u, KaK CJie)l;CTBne 3TO~, K 
CyrQeCTBeHHOMy YBeJiuqeHUIO UX npOII3BO.D:IITeJihHOCTH, HO II . .n:aeT. B03MO)!(HOCTh 
liHTeHcmllliUIIpOBaTh ;:iaHHhiH nporiecc .. Ha CaMOM .n:ene, UCCJie)l;OBaHIIe KIIHeTHKU 
Tp:uin:eurrn: I13T<I> TM · B IIJiaJMe KuCJiopo.n:a B 'paccMaTpnsaeMOM .n:uarr:noHe napa

MeTpos p:npMa {puc. 8 n 9) noK:nhrsaeT~ qTO cyruecrsenHhre H3Meneniur B cTpyK-
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Puc. 6. 3asncnMOCTb 3<lJ¢eKTnsnoro .!IHaMeTpa rrop (/) n BO.!IOrrponnuaeMocru (2) II3T<l> 
TM c i:ln'<ThieTpOM rrop 465 jC OT Bpi::\n!mi TpaBJieHllll B riiia3Me B03.!1yxa; napaMeTpbl pa3-
pll,!la: ,!laBJienne ~aJa 1.7 ·10-1 Topp, MOIUHOCTb pa3pll!:la 250 BT•' 

Puc. 7. 3asncuMOCTb 3<lJ¢eKTHBHoro (I u 3) n cpe.!IHero .!IUaMeTpa rrop (2 u 4)" II3T<l> 
TM C ,!IUaMeTpOM rrop 0.2 MKM OT speMeHu TpaRfieHUll B !Uia3Me BOJ.!IyXa (/ U 2) II aJoTa . . . . I . . 
(3 n 4); napaMeTpbr pa3pll.!la: .ua.BJienne. raJa 1:7 -10- Topp, MOIUHOCTb pa3pli.Lia 250 BT 
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Puc. 8. 3amrcHMOCTb 3<lJ<!JeKTnsnoro(/ u 3) u cpe.unero .!lllaMeTpa rrop'(2 n4) II3T<I> 
TM c .un'at.ieTpOM rrop 0.140 MKM OT speMeHI! TpaBJieHUJl B !Uia:i~!e KUCJIOpo.ua rrpu P .. ,c ·= 

. I. . . . .. . I . . . 
1.7 ·10- Topp, W = 500 BT (/11 2) u P ... c = 1.7 ·10- Topp, W = 400 BT (3 11 4). 

Puc.'9 •. 3asncHMOCTb .IlllaMeTpa :~op Ha nosep~HO~ll II3T<i>. TM' (I II 3) n pac'leTHofi 

my6unbl -ipaBJienrni (2 u 4) oT speMenu TpaBJieHUll B lU!aJMe KHCJiopo.ua rrpu P ... c"= 
1.7 -10- 1 

Topp. W = 400 BT (/11 2) 11 P ... c = 1.7 ·10- 1 Topp. W = 500 BT. (3 n 4). 
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Type MeM6paH HacTynaiOT npH cpaBHiiTeJihHO KOpOTKHX BpeMeHaX .(1-2 MHH) B03-

.UeHCTBml ruia3Mhi. ITpH'leM ysen:H'leHHe KaK 3cpcpeKTHBHOro, TaK H cpe.unero .UHa

MeTpa nop 'npOHCXO.UliT O.UHOBpeMeHHO C npn6JIH3IITeJihHO paBHh!Mli CKOpOCUIMH 

(Ta6n. 6). AHaJIH3 3KcnepHMeHTaJihHhiX .uanHhiX, npHse.uennhiX 8 Ta6n. 6, nOKaJhi· 

BaeT -CJie,UyiOIUee; BeJIII'll!Ha 'CKOpOCTII TpaBJieH~SI nop B KHCJIOpO.Ue Ha n~pS!,UOK 

Bhiiiie CKOpOCTII TpaBJieHIISI B BOJ.Uyxe; npu . YBeJill':leHliii MOIUHOCTH pa3pS!,Ua CKO

poCTh' TpaBJiennSI B03paCTaeT; yseJIH'lenHe .unaMeTpa nop na nosepxnoCTH ·MeM6-

pau npOHCXO.UIIT HeCKOJihKO miTeHCHBHee, '!eM YBeJIH'leHHe 3cpcpeKTHBHOro li 

cpe.unero 'imaMeipos nop: llocm!.uuee ofuSI~HSieTcSI TeM,_ 'ITO KouuenTpauuSI qac

TIIU ruia3Mhl y llOBepXHOCTII MeM6paH Bhiiiie, '!eM B ofueMe nop. 
'' . 

Ta6nHua 5. lhMenenne xapaKTepncrnK MeM6pan c .unaMeTpOM nop 0.4 MK~i· B npouecce 
Tpasm!nHSI B nJia3M:e paJJiwmoro cocTasa; napaMeTpbi pa3pll!la: Pra3 = 1.7 ·10-1 Topp, 
W = 400 BT, JlJUITeJibHOCTb o6pa6oTKn 5 MIIH 

CocraB !l11a3c faJonpomt- 3cpcpeKTHB- 0rHOCIITeJibHOe Cpenn11fi Bononpon11-
No Moo6paJyiO- uaeMoCTb, HbiH Alia- yBeJIII'!eHIIe AllaMeTp uaeMOCTb, 

mero raJa dP=0.05 aT MeTp nop 3cpcpeKTIIB!IOfO nop AP = 0.45 aT 
( MJ!/MIIll) (MKM) AllaMeTpa nop (MKM) (MJI/MIIH·CM2) 

(%} 

1 - 215 0.395 - 0.365 5.'4 ' 
I 

2-. N2 (100%) 300 0.435 10.0 0.395 8.4 

3 Nz.+ 02 (3:1) 350 0.455 '15.0 ·. 0.397 8.9 
' ' 

4 N2 + 02 (1:1) 365 0.460 16.5 0.399 9.1 

5 N2 + 02 (1:3) 375 0.465 18.0 0.404 10.0 

6 ' ,. 02 (100%) 630 . 0.540 35.0 0.493 17.9 

Taonuua 6. CKopocrb Tpas.m!nHSI nop ll3Tct> TM c nHaMeTpoM 
nop 0.140 MKM B nJI33Me imcnopona 

TiarilMeT2bl 2a32l1Aa . Ynenl!'leuue AllaMeTpa nop B npouecce 
t~aBJJeuue MOWHOCTb raJora32liJlHOro T2aBJJeHIIll 

raJa pa3pl1Jla 3cpcpeKTIIBI!Oro cpet~Hero Ha ITOBepXIIOCTII 
(ToEE) (BT) , .. • (MKMfMIIII) (MOO Mill!)· (MKWMIIH) 

1.7 ·10-1 400 1.3 ·10-2 t.i ·1o-2_. 4.4 ·10-2 

1.7.10-1 500 2.0 ·10-2 1.9 ·10-2 '5.4 ·10-2 

KoliuenTpauH~ . 'laCTmi ruiaJMhi s nopax, onpe.UeJISIIOIIuill cKopocu; TPaBJieHIISI 

B.UOJih nop II rny6nny npounKHOBeHIISI illla3Mbl B H3'1MhH,hlll MOMeHT, 3'aBHCHT OT 

.unaMeTpa nop MeM6panhi u napaMeTpos pa3pS!,Ua. C UeJihlo.onpe.uen:enliSI npo.uonh

uoi-i CKOpOCTII TpaBJieHIDl nop 6hiJIU rlOCTpOeHhl rpacpiiKU .33BIICIIMOCTH rny6iiHhl 
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TpaBJiei!IISI (pacqeTHhie 3Ha'lei!IIS!)OT BpeMeHH B03,Ue~CT~HSI illla3Mhl .(pHC. 9) . .[LJISI 
pactJeTa rny6nHhi TpaBJieHIISI B popax npHMeUSIJIH ypasnenHe • · 

h ·= 1. d~p- 2dcp + d3 M 

2 d3~- dcp 

r.ue h - my6nua TPasnenitSI; I - To.iuu.Hna MeM6pauhi; dcp - cpe.unHi-i .UHaMeTp nop 

. .uo ipaBJieniiSI B rui33Me; .d~ - .UHaMeTP nop na nosepxnoCTH MeM6panhi .no Tpas

neuHSI. B IIJiaJMe; d 'cp - cpe.UHHH .ziHaMeTp nop noCJie TpaBJieHIISI B DnaJMe. CxeMa, 

IIOliCHSIIOlllaSI BhiBO.U cpopMyJihl M.ll pac'leTa npHBe,UeUa Ha pHC. 10. 11CKOMaSI BeJIH

'llllla h, orrpe.UeJISIIOIUaSI my6Huy TpaBJiemrn, pasna: 

0~ 

~·. 
·.• 

h . d~p . l 
= 0 A = --- OA +- , 
· ' ' 2 · tga 2 

.me 

. . 1 . [· dcp 
. OA = -2· .. d. _· d 

3M cp 

Puc. 10. CxeMa, nol!CHl!IOWal! BbiBOJl cpop- . 
MYJibl ,llJill pac'!~Ta rny6HI!bl TpaBJJCHHll. nop. 

OueHKa CKopOCTII ipaBJienlU1 B.UOJih nop MH IT3T<D TM B ruiaJMe KIICJiopo.ua 
npnBO.UHT K cne.uyiOIUIIM pe3yJihTaTaM: npH PKuc = 1.7 ·10-1 Topp II W = 400 BT 

rrpo~OJihHaSI CKopOCTh TpaBJienii~ pasna 0.86 MKMIMHH, npR PKnc ;:, 1.7 ~ l(j-l Topp 

II W. = 500 B~ - 1.33 MKM!MHH. llOBhiill~HIIe MomnocTII pa3pJUia, TaKHM o6paJOM, 
Bhl3hmaeT ysenH'!en.IIe cKopocm TpaBJieHIISI s.uonh nop. 11cCJie~osanHe cpopMhi nop 

MeTO.UOM MeTaJIJIII'leCKIIX . peruiiiK II onpe.uen:eHHe 3KCnepiiMeHTaJihHOro 3HaqeuliSI 

my6HHbl TpaBJieHIISI .UaiOT 3Ha'leHII.ll, COBlla.l(aiOIUIIe C pacqeTHhlMH. 0Tpe3Kll, o6-

pa3yeMble npn 3KCTpanomu.(Hil npl!MbiX 2 H 4 (pHc. 9) na ocb OY, npe)l;crasmuor 

co6oii se.rni'!mlhr my6Iinhr Ha'!anbnoro npoHHKHoaeiiHll IUIIDMbi s nopbr. fipH 

Bhi6paiiHbiX ~apaMeTpaX pllJpll)l;a 3Ua'!eiulll 'Ua'!aJlbliOfO .. npOUHKHOBeUIDI .. IU1a3Mbl 
COBUa.l(aiOT. . 
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a- 6 

Puc. 11. 3neKTpOHHhie Ml!Kpo¢ororpaqmll 
l!CXO.I\HOii II3T<l> TM (a) 11 MO.IIll¢llnl!po
saHHhiX ~ IIJla3Me Kl!Cl!OpO.I\a llpll p KHC = 
1.7 ·10-1 :Topp, W = 500BT B . Te'lenl!e 
1 Mli.H (6) H 5 Ml!H (6) 

.. ~ t 

B 

'· Puc.}2._ Kpl!Bhie pacn_penenenl!JI -nop no · 
'J BeJill'll!He l!X · nmiMerpos 11cxonnoii II3T<l> 

TM (1) 11 o6pa60TaHHhiX B IIJla:IMe Kl!CJIO
pona np11 P~i.c =1.7 ·10-1 Topp, W =500 BT 
B Te'leHlle 2 Ml!H (2) ll 4 Ml!H (3) 

~ 3.5..--'~....;_--------:--1 

3.0 

~ 
~ 25 

0 
ci 20 
g 
~ 1.5 

g! tO 
~ 
~-

II .- ~ , : .. ::.. 1',. \ :~. ;; Jo. 

Ha puc. 11 npeACTaBJieHhi MUKpo¢oTorPacpuu ucxoAHOii TI3T<l> TM c iJ:UaMeT
poM IIOJ:> 0.14 MKM (a) U MeM6paH,IIO)J:BeprnyfhiX B03)J:ellCTBUIO IUia3Mhl KUCJIOpO)J:a 
B Teqeuiie 1 MUH (6} u 5 MIIH (a). Mo:Jimo BUAeTh, ~no o6pa6oTKa· B IUia3Me KIIC

nopoAa· npu Bhr6paHHhiX napaMeTpax pa3p.sma ue Bh13hiBaeT 3aMeTuoii: 3p031IU no-
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BepXIIOCTU (CKOpOCTU TpaBJieHIUI KpiiCTaJIJmqeCKOll II aMOp_l\JHOll l\JaJ, IIO-BlliJ:IIMO

My, paBHhl) II IIMeeT paBHOMepHhlll xapaKTep - oqepTaHIHI IIOp Ha IIOBepXHOCrn 
coxpaHHIOT CBOIO ¢opMy. H3Mepeuue pacnpeAeJieHUH nop no pa3MepaM nomsep)K~ 
)J:aeT BhiBOA 0 paBHOMepHOCTH TpaBJieHUH B 1Ula3Me. lfCXO)J:HaH MeM6paua H MeM6-

paHhi, o6pa6oTaHHhre B IUiaJMe, xapaKTep1I3JIOTCH UAeHTHqHhiMH noporpaMMaMH ..:.. 

l\JopMa KpiiBhiX COXpaHHeTCH, HO HeCKOJihKO JlliiipHeTCll (puc. 12). flpu HCnOJih30-
BaHIIH MeM6paH nO)J:06HOI'O TUna, OJlHaKO, CJie)lyeT yqHThlBaTh, qTo OHU- UMeiOT O)l-
Hy pa6oqyro CTopouy (no)lBeprnJTyro BDJAeiicTBuro IUiaJMhr). - · 

4. 3aKJlw,'leuue 

flpoBeAe~IHhle IICCJie~oBaHUH, TaKUM o6pa30M, 'noKaJhiB~T: npuMeueuue MeTo
Aa ra:30pa3pMHOI'O TpaBJieHUH B 1Ula3Me HenOJIIIMepU3YIOiuuXCH ·OOOB 'n03BOJIHeT 
HanpaBJieHHO II3MeHHTb CTpyKTypy TpeKOBhiX MeM6paH,- npii ·3TOM. B. 3aBIICUMOCTII 

OT BhiOOpa napaMeTpOB p:iJp»Aa 'fpaBJieHIIe MO)KHO np01I3BO)J:UTh JIH60 B qacrii Ka- ·, 

mum, nu6o no Bceii: JlJIIIHe KaHaJIOB nop. B o60IIX CJiyqa»x o6paJyiOTCH aciiMMeT-
, p1Iqnhre . MeM6panhi, o6na)J:aromue, nOBhiinen.Hoii: nopucTOCThiO II YJleJihHoii: npo1I3-

BOAIITeJihHOCThiO. HcnoJih30BaHIIe B KaqeCTBe llJia3Moo6pa3yromero raJa KIIcnopoAa 
n03BOJIHeT 3HaquTeJihHO- HHTeHCIIcpHU:UpOBaTh npou:ecc ra30pa3p51)l.HOI'O TpaBJieHUH; 

COKpameuue BpeM~HU . B03)J:eHCTBIIH 1Ula3Mhl npu 3TOM npiiBO)J:UT K o6pa30BaHUIO 

ua noBepxm)CTu MeM6pau· uapymeuuoro CJIOH MeHhmeii my61IHhi, qTo CHU)KaeT 
noTepiO B IIpoqHQCTU aCIIMMeTpUqHbiX TpeKOBhiX MeM6paH. 

ACIIMMeTpiiiiHhle TpeKOBhie MeM6paHhl C paJJIUqHhiMII XapaKTepHCTIIKaMII. MOryT . 

6hiTh nonyqeuhl KaK BapbupoBanueM' napaMeTpoB pa3p»Jla (AaBJieHU» IUiaJMoo6pa-

3JI011Iero raJa H MOliiHOCTH pa3pMa), TaK U H3MeHeHHeM BpeMeHH o6pa60TKH IIpH 

onpeAeJieHHhrx napaMeTpax pa3p»Aa.
1 

HcnoJih30Bauue 3Kcnepit:MeiiTaJihHhrx 3Haqe
uuii: cKopoCTeii: TpaBJiemm imp II03BOJI»eT nonyqaTh TPeKOBhie MeM6paHhi c JaAaH
uoii: KOHcpurypau:ueii: nop. 

' Aamopbl 6JZa2ooap.llm O.JI.OpeJZoau~ta 3a npoaeoetiue 3JleKmpom-w~.MUKp~~ 
CKOnU'leCKUX UCCJle006aHUU o6pa31J06 .Me.M6paH U H.B.J!HUHJ 3a npoaeoeHue U3.Me
peHUU Ha nopo.Mepe. 
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• HcCJtellOBaHIIe npouecca rpaMeHH~ OOJJII3TIIIIt:H~epe¢ 

· • ·: B IDHI3Me· HemymMep113}'JOWIIXCll 111308 •. 

. : .np~oeneHo ·_llcCJten~sa~e.' coo'H.cT8. no.riii;TIIII;J;I~e1 
rio;loepniyTLIX BOJlle~CTBIIIO Im:lJMLJ B'I-paJplina s'11en 

• c KfiCJtop_gnoM . s pa3nwii1Lix · cooTHowellllllx') .. HJ}"'e 
OCHOBHLie xapaJ>TepiiCTIIKH Mi:M6pa11: pa3Mep II ljlopMy I 

·-· Y~oruieHo/qro npll.llOJJleH~TBHH flnaJMLIIICCJIC)lOBal 
·nosepxHocrHoro~enoil, MeM6pa~~," conposoJK.IlaiDweed 
.paJMepa nop. CKopocrL'TpaRJieHIIll B UJiaJMe 3aBHCIIT u 

• s !laKyy;.moil· Kal.!epe; MouiHm:l-H pa3plllla) 8 cociasa WI 

paJps(ua il siiene1111e Klic.nopona B cocras l1l3a npHBOllH 

·-

lloKaJaHO: 'ITO, BOJ)leHCTBHe . niJaJMLi HenOJJHMepl 
o6pa30Ba!IHIO aCHMMeTpii'IHbiX MeM6pa11 ,-- ¢QpMa UOJ 
. .ioro TpaRJieHIIil, IIJMeHlieTcll. llpH'IeM 8 iasHCIIMOCTH1 o 

. npoHJBOJI#ITL J1116o 8 4acTII K.a~~ami, n116o no i.iceii ·.wu 
fpeK_oobi.e : MeM6g!tHLJ_,_ . o6nam110ui11e !JOBLJWeHHOif · Yll 

.MeM"6paH- n~)l06Horo TIID<! 003BOJili~T}Hil'IIITe.HLHO 'noB 
'· 
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Dmitrie~~S.N.d al. .• '.: . . .. 
·.1nvestigatio11 o{ the 'Process of EtchiniPolyethyl~nete1 

' 1 ~in the Plasma of Nonpolymefized Gasei ... · 

An ,in~esti~atio'~ ~i the.p~ope;i~s of p~GethyleneteJ 
to' the plasma RF-discharge treatlllerlt in m:nlpolymeriz, 

-various nitios).: The ~ffect of the treatment conditions 
. shape ofthfi inembr~es, theii porosity and ·flow rate~ 

" treaiing,the PETTM byth'e gases;the etching ofa sur 
·• acco~pariied by 'lessening parameters. (gas· pressure iri 

the ~onte~ts of the. pllisrria forming gas. Increase.in the. 
l~td tliegasJeadsJo increase of the etch rate. -

iUs J;howri thauhe treatment in plasma of th~!: 
. asynui!etric membrane~. i.e .. the ~shape 'of the PET TM l 
. c_harig~s: Depen~irlg on the sele~tion of the gas-dischar: 
eitherin a 'part. of the channel·orover the ~whole len 
asymmetric membrane~ ; are formed . w'hicli possess h 
membranes allows orie to .raise effectiveness of the filt 
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