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lllTaHbKO H.11. If .Lip. P18-99-281 
CBOHCTBa IlOJIHMepHbIX TpeKOBbIX MeM6paH, 
MO.Llmpm.(HpoBaHHbIX npHBHBKoii: nonH(2-MeTlfJI-5-BHHlfJinHpH.LllfHa) 
II noJIH(N-lf3onponlfJiaKplfJiaMlf.Lla) 

l13Y'IeHbl CBOHCTBa IlOJIHMepHbIX TpeKOBbIX MeM6paH (TM) Ha OCHOBe IlOJilf-
3TlfJieHTepeq>TaJiaTa (TI3TcJJ) II nonHnponlfJieHa (TITI), MO.Llmpm.(HpOBaHHbIX pa
.LIHaunoHHoii: npHBHBO'IHOii: noJinMepU3auueii: (PTITI) 2-MeTlfJI-5-BHHlfJinupH.LIUHa 
(2M5BTI) u N-lf3onponHJiaKPHJiaMU.Lla (HHTIAAM). YcrnHoBJieHo, 'ITO cKopocTb 
If npe.[leJibHrul BeJilf'IUHa npHBlfBKlf JIUHeii:HO YBeJIU'IlfBaIOTC51 C IlOBblllleHHeM ,[llfa
MeTpa nop. Onpe.[leJieHbl ra30.[llfHaMH'IeCKlfe If flf.LlPO.LllfHaMH'IeCKlfe .[lllaMeTpbl 
nop MO.Lllf(plfUHpoBaHHbIX TM. Bo.[lonpoHnuaeMOCTb TM, MO.Lllf(pHUHpoBaHHbIX 
npHBiiBKOH IlOJIH2M5BTI, B 3aBHCHMOCTU OT BeJill'IlfHbl npttBllBKlf npOXO.[llfT qepe3 
MaKCHMYM, KOTOpbIH COOTBeTCTByeT MaKClfMaJibHOH flf.LlpO(plfJibHOCTlf no ,[laHHblM 
yrJIOB CMa'IUBaHH.s!. YCTaHOBJieHO, 'ITO i;-noTeHUlfaJI TM, MO.Lllf(plfUHpOBaHHbIX 
npHBHBKOH IlOJIH2M5BTI, MeHXeT 3HaK C OTpHUaTeJibHOfO Ha IlOJIO)KllTeJibHblH. 
TionyqeHbl TepMO'I}'BCTBHTeJibHbie TI3TcJJ II nn TM npH PTITI HHTIAAM. MO.[lll
cpuunpoBaHHbie TM HCCJie,[IOBaHbl MeTO.[IOM ::meKTpOHHOH MHKpOCKOillflf If aTOM
HOH ClfJIOBOH MHKpOCKOillflf. 

Pa6oTa Bb!IlOJIHeHa B Jla6opaTOpHH .s!.[lepHblX peaKUlfH lfM.r.H.cJJJiepoBa 
OIDIH. 

TTpenpHHT 06be.UHHeHHOro HHCTmyra JIJiepH!,IX HCcne.uosaHHii • .!ly6Ha, 1999 

TiepeBO.[l aBTOpOB 

Shtanko N.I. et al. 
The Properties of Polymer Track Membranes Modified 
by Radiation-Induced Grafting with Poly-2-Methyl-5-Vinylpyridine 
and Poly-N-Isopropylacrylamide 

P18-99-281 

The properties of PET and PP track membranes modified by radiation-in
duced graft polymerisation of 2M5VP and NIPAAM have been studied. It was 
shown that the rate of gratfing and the limiting grafting value linearly increase 
with the increasing of the pore diameter. The gas and hydrodynamic pore diame
ters of the modified track membranes were determined. A track membrane modi
fied by grafting with 2M5VP shows a sharp increase in the water flow rate with 
the increasing grafting yield, and the maximum water flow rate corresponds to the 
maximum hydrofilicity on evidence of water contact angles. It was found that 
the membrane /;-potential changes its sign from minus to plus. Thermosensitive 
track membranes were prepared by radiation-induced grafting with N-isopropy
lacrylamide. The structure of the grafted membranes was investigated by scanning 
electron and atomic force microscopy. 

The investigation has been performed at the Flerov Laboratory of Nuclear 
Reactions, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna, 1999 



BBe~eHne 

B nocne.n;une ro.n;w JuaqnTem,uo B03poc nurepec K nollllMepHLIM TpeKOBLIM MeM6pamlM 

(TM), K0T0p1>1e Il0JIY'laIOTCll nyreM 06JI}"leHHll Il0JIHMepHI,IX IllleH0K ycKopeHHLIMH TlOKeJILIMH 

H0HllMH C nocne.n;yIOIIUIM TpaaneHHeM. y CTaH0BJleH0, ~o no.n;6opOM YCJI0BHH 06JI}"leHHll H 

TpaBJleHHll M0lKH0 nonyqaTh BeCbMa IIIHp0KHii acC0pTHMeHT nonHMepHI,IX TM C 60JlbWHMH . 

B03M0lKH0CTllMH ucnon1,3oaaHHll (6noTexHonornll, Me.n;HI-IHHa, 3KOll0rHll H T . .n;) [1,2]. 

Mo.n;mtrnuupoeaune Il0JIHMepHWX TM nyreM npHBHBKH pa3l1Hqff!JX Il0JIHMepoB .n;aeT 

B03M0lKH0CTb eme 6cinee pacmHpHT1>.c4>epy HX npHMeHeHHl!. Oco6eHHO aKzyam.Ha pa3pa6oTKa 

MeT0,ZJ;0B rn.n;po4>HJ1H3auHH Il0JIHMepHbIX TM. 8 cnyqae IJ3T<l>-MeM6pau BIDICHLIM llBJllleTCll 

rn.n;po4>HJ1H3auHll MeM6pau c MaJILIMH (<0,1 MKM) nopaMH, a B CJI}"lae Ilil-MeM6pau, Marepuan 

K0T0pWX rn.n;po4>06eH, HX HCil0Jlb30BaHHe Tpe6yeT rn.n;poclmnH3auHH MeM6pauLI He3aBHCHM0 OT 

,Zl;HaMeTpa nop_. BecbMa aKzyallbH0 Il0JI}"leHHe MO.n;Hi!>HUHPOBaHHIJX Il0llllMepHWX TM C 

HCil0Jlb30BaHHeM 11yMHbIX11 (smart, intelligent) Il0JIHMepoB, K0T0pLie pearnpyioT Ha He6ollb11IHe 

H3MeHeHHll B oKpyx<ruomeii cpe.n;e (TeMnepaTYpa, pH, H0HHall CHna H :1neripttqecKoe none). B 

3T0M CJI}"lae cne.n;yeT 0"lKH.!laTb Il0JI}"leHHe ynpaalllleMIJX TM. ~eJibIO ,Zl;aHHOii pa6oTLI_ llBHJI0Cb 

nonyqeHHe rn.n;poi!>Hllbff!JX H TepM0qyBCTBHTeJlbHIJX TM nyreM npHBHBKH m.n;po4>HJ11>Horo H 

IIIHp0K0 pacnp0CTpaHeHH0ro Il0JIHMepa - nonn2MSBII, a TaIOKe "yMHOro" TepM0qyBCTBH

TeJibH0ro Il0JIHMepa - IlOllHHH:IlllAM. ~ pemeHHll 3TOH 3a.n;aqu HCil0Jlb30BaH MeT0,ZI; pa.n;Ha

UHOHHOii npHBHBoquoii Il0JIHMepH3auHH, KaK 0.n;HH H3 BeC1>Ma YffHBepcallbHIJX. MeT0,ZJ;OB 

MO.n;H4>HUHpOBaHHll Il0JIHMepoB npaKTHqeCKH J1I06oii XHMHqecKoii nopo,Zl;bl [3,4]. llirrepec 

npe.n;cTaBJllleT TaKlKe HJyqeHHe BJIHllHHll. pa3Mep0B nop Ha HeK0TOpLie napaMeTpbl_ Pilil. 

Ciie.n;eHHll 06 Hcnon1,3ouauHH PIIII ,Zl;Jlll MOAH4>HuitpoBauHll _ TM uec1>Ma orpauHqenLI H 

uocl!T o6pIJBoquLiii xapruc-rep, X0Tll MacmTa6LI 3THX pa6oT HMeIOT l!BHYJO TeH.!leHumo K 

yeenuqeHHIO a nocne.n;uee a~eMll [5-8]. B pa6oTe [5] KpaTKo onHcaua PIIII HeKoropwx 

M0H0MepoB K Il3T<l> TM H HCCJle.n;ouaua np0HHUaeM0CTh xnopn.n;a X0JIHHa H HHCYJIHHa qepe3 

MO.n;H4>nunpouauH1>1e TM. B pa6oTe [6] Hccne.n;ouauo MOAH4>HUHpouauHe TM ua ocHoae 

nonHHMn.n;a nyreM PIIII CTHpona. 

B o63ope [7] npe.n;CTaBJleHLI ,ZJ;aHHLie no PIIII B naTeHTHbIX TpeKax, o6pa30BaHHbIX B 

Il0JIHMepHWX nneHKax npH o6nyqeHHH ycKopeHHLIMH Tl!lKeJILIMH H0HaMH. Pa6ora [8] IlOCBll.ll-le

Ha o6pa30BaHHIO reneii IIHHIIAAM a nopax TM Ha ocHoae Il3T<l>. 

CymecTBeHHO BIDKHblM llBJllleTCll TO, ~o MO.n;Hi!>HUHPOBaHHbie CJI0H, Il0JI}"leHHLie C no

M0ll-lblO PIIII, npoquo CBll3aHLI C Il0,Zl;Jl0lKK0ii, He OTMIJBaIOTCll HHKaKHMH paCTBopHTeJillMH H 

C0XpaHllIOT CB0H CBOHCTBa B TeqeHHe BeCbMa MHTeJibH0rO BpeMeHH. 



3KcnepeMeHTanLH8H '18CTL 

B P!l60Te HCITOJib30BaHhl TM, HJroToBJieHHhie H3 .llByxocHoopneHTHpoBaHHOH TT3T<l> 

nJieHKH Melinex H nn nJieHKH Torayfan clinpMhl Toray: napaMeTphl TM, HCilOJlh30BaHHhIX B 

pa6oTe, npHBeneHhl B Ti16JI.l. 

Ta6JIHQa 1. llapaMeTphl TpeKOBbIX MeM6paH, HCil0Jlh3yeMbIX .llilll npHBHBOqHoii IlOJIHMe-

O603Ha- N, dr, d,M, d., To.JimnHa · 
qeHneTM CM.2 l\lKM 'MKM MKM . L,MKM .. 

113T<l>-0.03 3x109 0.031' 
-

. 0.042 11.9 

5.7x109 - ·, 

TT3T<l>-0.03 0.029 0.045 10.8 

TT3T<l>-0.04 3x109 0.042 
-

0.055 11.9 

113T<l>-0.2 4±2x108 0.18 
-

0.23 9.7 ,. 

-
TT3T<l>-0.05 . 2x109 0.05 0.095 10.0 

- -
· rr3T<l>-0.05 2x109 0.044 · · 9.8 

-· -
TT3T<l>-0.06 2x109 0.058 9.8 

- -
TT3T<l>-0.08 2x109 · 0.078 9.7 , 

TT3T<l>-l.0 5x106 1.1 1.4 
- .. 8.6 ; 

-
TT3T<l>-0. l 3.2x108 0.12 0.18 IO.I 

-
113T<l>-1.0 1.5x107 1.2 LO 9.6 

- -
TT3T<l>-l.0 4.6x105 1.2 20 

- -
TT3T<l>-1.0 l.5x106 1.2 10.0 

-
nn-o.3 108 0.3 0.32 9.7 

-
nn-o.9 107 0.9 0.84 9.9 

IlpHMeqaHHJI K Ta6nm.1e: 

- dr, d,., d. - ,11HaMeTpbI nop MeM6paHbl, onpe.11eneHHb1e Mero,11aMH: ra:io,11HHaMHqecKHM, c noMOlllhIO 

3JieKTPOHHoro MHKpocKona, c noMOlllbIO Coulter Porometer II coOTBeTCTBeHHO. 

- L - TOJllllHtty MeM6paH H3MepllnH Ha TOJllllHHOMeTPe ITo-20 <j>HpMbl Tesa Tronik (llleeQHJI), norpern

HOCTb H3MepeHHH COCTaBJillJla ± 0.2 MKM. 

- N - qHCJIO nop Ha e,IIHHHQY noeepXHOCTH. 
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YAeJibHall npoU3BO.llHTellhHOCTh HCXOAHbIX H MOAH«liHQHpOBaHHhlX TM no rroy H BO.Ile 

HJMepimach CTaH.llapTHhll\lH MeTOAaMH [1]. 3qi4ieKTHBHhlH raJO.lll!HaM~eCKHH JlHaMeTp ncip 

paccqHTh!BaJIH no yttHBepCaJihHOMY anropHTMY, KOTOphIH B _cnyqae MaJihlX nop H l\laJihIX ,J;aBJie

HHII AaeT TaKHe )Ke pe3yJihTaThl, KaK H «tiopMyna KHynceHa .llilll CB060JlHO~l\lOJieKJlUlpHOrO Teqe

HHll rroa. Anll pacqern rHAPOAHHaMHqecKoro AHaMeTpa nop ncnOJih30BaJIH ypaBHeHne XareHa -

nyroeiiJill. 

. fHAPO«liHJihHbie CBOIICTBa noeepXHOCTH TM OQeHHBaJIH no H3M,epeHHlll\l Kpaeeoro yrna 

CMaqnBaHHll MeTOAOM CHAllmeii KanJIH Ha omnqecKOM MHKpocKone, Ha6yxaHne npHBHThIX no-

JIHMepoB H3yqaJIOCh MeTO.llOM rpaBHMeTpHH. 

ProphIBHh!e xapaKTepHCTHKH HCXOAHh!X H MO.ll.H4iHQHpOBaHHhIX TM HCCJieAOBaJIHCh C no-

MOmh!O pa3ph!BHOH ycTaHOBKH "Instron". 

Anll onpeAeJieHllll s·ITOTeHUHaJia H IlJIOTHOCTH 3JieKTpHqeCKOro 3apl!,na noBepXHOCTH H 

cTeHoK nop TM H3MepllnH _rlo-reHUHaJI 6.E, .rr~po)KJlae':'1hIB noTOKOM 3neKTpOrr.HTa qepe3 TM npn 

nepena.ne ,naBneHHl! 6.P. B KaqecTBe 3JieKTPOJIHTa HCIIOJih30BaJIH 0,01 N pacTBop KGI. 

Hccne,noBaHHe pacnpe.neneHHJI npHBHTOro noJIHMepa ~() 061,eM)' IlO.llJIOlKl(li npOBO,nHJIH 

Ha npHCTaBKe peHIT~Hociie~anhHOro'MHKpoaHaJIH3a LINK S,:}tem, 860/500 (BenHKo6pHTa-

HHll) K CKaHHpyiomeMy 3JieKTpOHHOM)' MHKpocKorry,SM-8.40, ucnonb3yll oco6bm pe)l(Hl\l pa6o

Thl Line Scan Profile (LSP), 'npH IlOMOIUH KOTOporo MO)l(HO HCCJie,noBaTh pacnpe.neneHHe npH

BHTOro CJIOll no ceqeHH!O (TlllKeJible aTOMhl no.na BBOJ:lHJIHCh nyT~M KBaTepHH3auHH nHpH.llHHO

BOro KOllhUa). Anll myqeHHll TeMnepaTJPHOH qyttCTBHTeJihHOCTH TM C npHBHThll\l TTHHllAAM 

HCil0Jlh30BaH KOHJ:lYKTOMeTpHqecKHH MeTO.ll, OCHOBaHHh!H lia pernCTpauHll H3MeHeHHll 3JleK

TpHqeCKOf0 conpOTHJiireHllll: IlpOilHTaHHOH pacTBOpOM 3JieKTpOJIHTa KCl MeM6pallhI, B 3aBHCH· 
. . . . 

MOCTH OT TeMnepaTJPhl. 

Pe1ynLTaTLI II o6cy;KJ:J.eHHe 

KuHeTHqecKHe KpHBhie npHBHBOqHOH nonHMepmaumr HMe!OT THnHqHhIH BH.ll C 3anpe.ne-

JIHBaHHeM KHHeTHqecKoH KpHBOH (pHc.l). TaKoH xo.n KpHBhIX o6'hllCHlleTCll nocTeneHHhll\l HC

qepnhIBaHH.eM aKTHBHhlX ueHTpOB npUBHBOqHOll nomIMepH3auHU, oco6eHHO B TOHKHX_ IlOJIH

MepHbIX i:ureHKax, co BpeMeHeM. ·Q6pamaeT Ha ce6ll BHHMaHHe 3HaqHTeJihHO 6onee BbICOKall 

CKOp0CTh '·npuBHBOqHOll IlOJIHMepH3auHH 2M5Bn no cpaBHeHH!O c HHllAAM. 3TO o6'hllC

HlleTCll 6oJiee BhICOKOH ciopocThio ,nH4i4iJ3HH H noBhilllemroil: BeJIHqHHOH Ha6yxaHHll TT3T<l> B 

· 2M5BTT no ·cpaBHeHHIO c 6onee KpynHoil: Moneeynoil: HHllAAM. Ba)l(Ho npHHl!Th B<,) BIIHMaHHe 

H 6onee BhICOKYJ<Yccip6i.iHid ·2M5B11 Ha noBepxHoCTH TM 3a cqeT KoMnneKcoo6prooBaIIHll Me-
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lK.1lY aTOMaMH ll30Ta IIHpH,!(HHOBI,IX KOJie!l 2M5BTT II Kap60KCIIJII,HI,IMH rpynnaMII, KOTOpb!e o6-

pll3YJOTCll B TM B npo!lecce HX IIOJI)"leHIIJI [l]. 8 pe3yJII,TaTe HMeeT MeCTO aKTHBa!lHll MOHOMe

pa n IIOBWeHHall CKOpOCTh IIOJIHMepH3a!lHH [ 11]. 
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Puc.I. K1rne-ruqecKne Kp~Bhle nocmpHBHBOqttoii: IIOJIHMepll3a!lllll 2M5BTT H Hl1TTAAM Ha 

TT3Tll> 11 nn TM. 3aBHCIIMOCTI, Bb!XO,!(a npHBIITOro TT2M5BTT Ha TT3Tll> (3,4,6,7,9,10) 

11 nn (8) TM (TeMneparypa 1Ip11BIIBKH 70°C) 11 npllBIITOro TTH11TTAAM (1,2,5) (TeMne

parypa 1Ip11BIIBKII 45°C), KOH!leHTPa!lllll COJIH Mopa 0,025% (MeTO,!( nocmpllBIIBOqHoH 

II0JIIIMep113a!lllll Ha B03,nyxe) OT BpeMel!H IIP0!lecca. 1-8 - TTepOKCll,!(Hblll MeTO,!(. ,[(031,1 

o6JI)"leHllll: 1-7 - l 80Kfp; 8 - 10Kfp. 9 - 10 - MeTO,!( npe,!(BapnTeJII,HOro o6JiyqeHllll B Ba

eyYMe, ,!(03a 06JI)"leHIIJI 50Kfp. MomHOCTh ,!(031,J 0.85 fp/c. ,[(HaMeTp nop (MKM): 1 -

0.03; 2,4 - 0.05; 3 - 0.04; 5,6,9- 0.1; 7 - 0.2; 8 • 0.3; 10 - 1.0 . 

Bal!Clll,IM llBJllleTCll TaKlKe II0BhlllieHHOe- pll3JIOl!CeHlle nepeKHCHI,JX rpynn, o6pll30BaHHl,IX B TM B 

npmtecce o6JI)"leHllll Ha B03,nyxe, 1Ip11 HX B3aHM0,!(eHCTBIIII C IIllpll,!(IIHOBI,JMH OCHOBaHHllMH 

2M5BI1 [12]. O6JiyqeHne I13Tll> B BaKyyMe se,!(eT K 6oJiee a1,1c0Koii Haqan1,Hoii cKopocm H 

npe,!(eJII,H0ii: BeJI11qmie npmillBKH, qTO 061,llCHlleTCll yqacmeM B IIpl!BIIB0q}IQH IIOJIHMepH3a!lllll 

cao6o,!(ln,IX pa,!(HKaJIOB ttenocpe,!(CTBeHH0 o6pll30BaHHhlX npH o6JI)"leHIIH TT3Tll> [13]. 11HTe

pee!ib!M llBJllleTCll TO, qTO HaqaJII,Hall CK0pOCTI, IIpHBIIBO~OH IIOJIHMCpH3a!lHH II npe,!(eJII,Hall 

4 

BeJiuq11Ha npHBHBKH JIIIHeHHO YMeHblliaIOTCll C IIOHHl!CeHneM ,!(HaMeTpa nop np11 npn6JIH3H· 

TeJII,HO 0,!(HHaKOBOH nopnCTOCTH (pnc.2). 
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P11c.2. 3aa11c11MoCTh cKopocm "' G 
l IIpHBIIBO~OH IIOJIIIMCpH· ~ 8_ 

3a!lllH II npe,!(CJII,HOH BC· ~ 5 5 e 

r 
!1 

r 

~ () 
Jlllq!IHI,J _ 1Ip11BIIBKH I]H.11- ~ 
I1AAM (1) 11 I12M5BTT (2) t: o I •-i:i- , , , , , Io 
Ha TM B nepoKCll,!(HOM 0.00 0.05 0. 10 0. 15 0.20 0.25 0.30 0.35 

MeTO,!(e OT ,!(llaMeTpa nop 

MeM6paH 
Pa3MBp nop,_ MKM 

3TOT q>aKT MOlKHO 061,llCHIITI, yaeJI11qeHIICM 3(jl(jleKTHBHOH IIJIOllla,!(H TM C YMeHI,lliCHlleM pa

,!(llyca nop npH II0Bl,JllieHIIII IIJIOTH0CTH nop, CJIC,!(0BaTCJII,HO, yaeJiuqeHIICM ,!(e(jleKTHOCTII MaTe

puana MeM6pan1,1. PocT KOJI11qecrna ,!(e(jleKTOB np11 H3rOTOBJICHHH MCM6pan C MaJihIMH nopaMII 

II 60JII,lli0ll IIJIOTHOCTI,IO nop npHBO,!(HT K CHHllCCHHIO K0H!leHTPa!lHH pa,nHKaJIOB npH o6JI)"le

HHH B pe3yJibTaTe MHrpa!lHOHHOro IIPO!lCCCa B HanpaBJICHHH o6pll30BaBlliHXCll rpaHH!l pll3,!(eJia 

(jlll3 [14]. B 3THX ycJIOBHllX o6JierqaeTCll npoTeKanlle peaK!lHII peKOM6HHa!lHH pa,nnKaJIOB II 

HMCeT MCCTO IIOHHlKCHHe K0H!lCHTPa!lHH aKTHBHhlX !lCHTPOB, HHH!ll!HpyIOlllHX npl!BHBO~yIO 

II0Jil!MepH3a!lHIO [14]. 

fuyqeHHe rll301Ip0HH!laeMOCTH npnBHTI,IX MeM6pan II0Kll3aJIO, qTO C poCTOM npl!BHBKH 

nponCXO,!(IIT _YMCHI,lliCHHe rll301Ip0Hl!llaeMOCTII (puc.3). 3HaquTeJII,HOe YMCHbllCHHe rll301Ip0 

HH!laCMOCTH H YMCHI,llieHHe rll30,!(IIHaMHqecK0rO pa,nHyca HMeeT MeCTO, HaquHall C onpe,!(eJieH-

HOll BeJIHqffHI,I npHBHBKH (puc.3,4,5). 
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Pnc.3. 3aBllCllMOCTI, OTHOCll

TeJibHOH noonpOHllUae

MOCTll no BOJ.!l)'XY TM OT 
. BeJinqllHI,J npllBllBKll 

TI2M5BTI. ,llllaMeTp nop 

(MKM): 1 ~ 0.04 (Il3T<J>); 

2 - 0.05 (Il3T<J>); 3 - 0.3 

(TITI) 

Pnc.4. 3aallCllMOCTI, ra:JO
JlllHaMHqecKOro 

AHaMeTpa nop (d,) 
nn TM OT BeJlllqll

Hbl npllBllBKll 

I12M5BTI. Hcxon

Hl,JH AllaMeTp nop 

0.3 MKM 

'?-
' 

J" 

.... 
I 

f' 

0.060 

0.055 

~ 
0.050 

~ 
.._ 0.045 

"tJ 

0.040 \ 
2 

0.035 

0.030 ·--... 
~ 
0 2 3 4 5 

BenwmHa np111a111BK111, % 

Pnc.5. 3aBllCllMOCTI, ra:JOAllHaMllqecKoro ,!J,llaMeTpa nop (d,) TI3T<l> TM OT aeJillqllHl,I npllBHB

Kll I12M5BI1. l1cxo,1Hhie AHaMeTP1,i nop:1 c 0.05 MKM; 2: 0.04 MKM 

3HaqHTeJibHOe yMeHbllle~m.e ra:JonpOHll_µaeMOCTll CBll3aHO C oco6eHHOCTl!Mll PTITI. no AaHHblM 

peHTreHOBCKOro MHKpOaHaJIH3a npllBHBKa I12M5BI1 Ha HaqaJII,HOM :nane npOllCXOAHT AOCTa

TOqHo paBHOMepHO no noaepXHOCTll MeM6paHbl n pa:JMepbl nop He MeHlllOTCJI, HO npll qnpene

neHHblX aenHqnHaX npHBHBKH llMeeT MeCTO yMeHI,llleHHe AHaMeTpa ornepcrnii H o6pa:JoBaHHe 

TOHKHX neperopOAOK BHYTPH nop. 3TH neperopOAKll o6pa:JoBaHl,I npHBHTI,JM nonHMepOM n xo

pomo BllAHhl npH HCCJie,IOBaHllll nop MeTOAOM 3JieKTpOHHOH MHKpOCKOnllll (pHc.6). 

PHc.6. 3neKTpOHHal! Ml1Kpo4>0TOrpa4>nJ1 CKOJia npHBHTOH I13T<J> TM (25% npllBHBKll 
I12M5BI1). Hcxo,IHI,IH AHaMeTp nop 0.1 MKM. Pa:JMep BHAHMOro nonJI 14.4x12.2 MKM

2 
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Bee 3TH 4>aKTOpb1 Ha•IHHa!OT npOllBJlllTLell TOJILKO npH onpe,n:eJieHHLIX BCJIH'mHax npHBHBKH, 

3aBHellll{HX OT HeXO,!IHOro ,n:m1Merpa nop. 

~ 

~ 
~ 

I 
~ 
e ::,,, 
•:s: :a e 
·~ 
:z:' O· 
~ 2 4 6 8 10 

Bem1'1"1Ha, npMBMBKM, % 

Pne.7. 3aaneHMOeTL KOHTaKTHoro yrna eMaqHBaHHll noaepxHOCTH rrrr TM OT BeJIHqffHbJ npH

BHBKH I12M5BI1, nexo,n:HLIH ,!IHaMerp nop 0.3 MKM 

Poer rn,n:poq>HJILHOeTH TM e yaeJIHqeHHeM BeJIHqHHLI npHBHBKH npHBO,!IHT K YMeHhlileHHIO 

KOHTaKTHoro yrna eMaqnaaHHll (pHc.7). I1pH BeJIHqHHe npHBHBKH 5 - 7% npOHCXO,!IHT era6H

JIH3aUHll rn,n:poqmJILHLIX clioiieTB, qro '<;BlllaHp C: ,!{OCraroqHo riOJIHLIM 3aITOJIHeHHeM noaepXHO· 

crnoro CJ!Oll npHBHTLIMH rien;:~ Il2¥5BI1~ 3;or -~,~~ H~~~-;im~~rn!O C ,n:pyrHMH npHBH-

TLWH eHcreMaMH [l 5]. ', • C. -:,,--::, .• : ., :._'· ·. ,,·: ·_ '. 

Mero,noM noreHU~~a u:~~~H~ H~CJl:,!IOBaHLI :lrrehp~tio~~pX~OCTHLie xapaKTepHCTHKH 

HCXO,!IHLIX H M0,!1H4lHUHp~~~~~1:·TM. mii;brk~. 'fl'~ HCXO;HLI~'~,e~6paHLI HMeJOT qJHKCHpo-
. ' , ·' ,· 

BaHHLIH orpnuaTeJILHLIH 3apll,n 3a cqeT_o5p;noa~Hll Kap69KCHJILHblX rpynn B npouecce npHro-
; .: , ,,:,, "": :,_ ~ . " . '•.. , .. 

TOBJieHHll MeM6paHLI [l]. 8 Ta6~, 2'npHBe,n:eHbl .ztaHHLie no noTeHUHaJiaM TeqeHHll H nJIOTHOCTH 
. . ., . . '~ •' .. ,· ."', -· . : : ' 

3apll,na OT BeJIHqffHbl npHBHBKH Ha MeM6prut~ )mi HCXO,!IIU,JX' 1:i" M(J,!IH4JHUHpOBaHHblX MeM6paH C 
• ~-t- •,':....,. • :,:c ;'' •,:~c' ~•••. ••:...•. • • ,•• • • • 

npHBHThlM I12M5BI1. :µ~xO,D;}Ial! :MeM_6paII,~ ,HMeeT ,'IeTKO, Bhipa)KeHHhlH OTpHUaTeJlbHhlH c;-
noTeHUHaJI. C nOBLILlleHH~~ BeJIH~~;I'.~p~Bb~~ hnoiH'oc~ ;ap~a )'MeHLIIlaeTell H MeHl!eTell 

. -, ._, :· •. •• ,:_:. ~ . ,>; ·, . ,\t" ; ·. J. ' ► 

3HaK noTeHUHaJia, q-ro eBJI3aHO •c" B3aHM0)1eiicTBHIC:M 'icap5oKCHllbHh!X rpynn C nHpH,!IHHOBblM 

KOJILUOM npHBHTOro nOJIHMepa. 

8 

J 
•' 

·'\ ij 
,, 

Ta6JIHUa,2. 3neKrpOnoaepXHOCTHble eaoiiCTBa I13T<l> TM MO,!IH4lHUHpOBa11HblX 
npHBHBKoii I12M5BI1 

Hexo.nHMH .!IHaMerp BeJIHqnHa npHBHBKH, c;-noreHrtHaJI, IlnomoCTL 3apll,lla, 
nop,MKM % MB KJi/M2 

0,05 0 -14,2 J,no•j 
0,05 1,32 -2,5· ;· 5,8·10-4 
0,05 7,90 +5,0 1,15· 10"3 

0,05 8,60 +9,3 2,1-10·3 

TaKHM o6pa30M, MOlKHO noJiyqHTL nOJIO)KHTeJlbHO 3apl!lKCHHble Me6paHIJ. 

Bo,n:onpoHnuaeMOCTb npHBHTLIX MeM6paH B 3aBHeHMOCTH OT BCJIH'lHHbl npHBHBKH HMeer 

l >:: 

6 

! 
I 
t 

I 2 

~ 
ra 

2 4 6 8 10 12 

Ben1,1'11ma npuauaKu, % 

14 16 

Pue.8. Bo,n:onpoHnuaeMocTL 

I1I1 TM B 3aBHeHMOCTH OT 

BeJIHqHHhl npHBHBKH 

I12M5BI1. 1-fcxo,nnb!H ,nHa

Merp nop 0.3 MKM, M' = 0.07 

MI1a 

MaKCHMYM (pnc.8), npH JTOM IlOJIO)KeHHe MaKCHMYMa CMell{aerCll B CTOpony 60JlbIIIHX BeJIHqffH 

npHBHBKH npH yaeJinqeHHH pa3Mepoa nop. Y cTaHoaneHo, qro rn,npoqJHJlbHLie I13T<l> TM c 

MaJILIMH nopaMH npH OIITHMaJILHOM co,n:ep)KaHHH npHBHToro I12M5BI1 yaeJinqnaruoT ao,n:o

npoHnuaeMOCTh B 3 - 4 pa3a no CpaBHeHHIO c HCXO,!IHblMH (pHc.9). CpaBHHBal! pnc. 4 n 8, H pHC. 

5 n 9, Heo6xo,!IHMO OTMCTHTh, qro Ha6JIJO,llaercl! qerKal! KOppeJillUHll Me)K,lly 3aBHCHMOCTllMH ra-

30,!IHHaMHqecKoro ,!IHaMerpa nop H BO,nonpOHHuaeMOCTH OT BeJIHqffHbl npHBHBKH. MaKCHMYM 

BO,nonpOHHUaeMOCTH ,!IOCTHraeTCll npH TaKHX BeJIHqHHax npHBHBKH, KOr,n:a ra30,!IHHaMHqecKHii 

,nnaMerp nop ell{e npannqecKH ocTaeTCll Ha nexo,nnoM ypoBHe. ,ll;Hana3oH aenHqnH npHBHBKH, 

npH KOTOpoM npoHCXO,!IHT YMeHLIIIeHHe ,!IHaMerpa nop (pnc.4 H 5), COOTBeTCTByer o6JiaCTH pe3-

KOro na,neHHll BO,nonpOHHUaeMOCTH (pne. 8 Ii 9). TaKHM o6pa30M, npouecc MO,!IHqJHUHpOBaHHll 
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CBOHCTB TM MOiKHO Pa:3.!lemITI, Ha .,!I.Be «pa:3bl: rrepBllll cpa:3a xapaicrepHJye-rc.11 TeM, 'ITO reOMeT

pH'leCKHe rrapaMeTpbl rrop H3MeH.IIIOTC.II He3Ha'IHTeJil,HO, HO IIOBepXHOCTHble CBOHCTBa (cMa'IH

BaHHe) rrpeTeprreBaIOT 3aMeTHble H3MeHeHH.II, 'ITO IIpH,!1.aeT MeM6paHe He06XO.!lHMble rn.npo

«pHJihHLie CBOHCTBa H IlOBhIIIIeHH}'IO BO,ll.OIIpOHHUaeMOCTh. MruccHMYM B0,ll.OIIpOHHUaeMOCTH co

OTBeTCTBYeT MaICCHMaJlbHOH rn.npocpHJihHOCTH no ,ll.aHHLIM yrnoB CMa'IHBaHH.11 (pHC. 7). 

~ 4.5 
0 a ::; .. 4.0 
(I) 
Ill 

? '3.5 
:z:: a 

3.0 @-
a 
§ 2.5 
Ill 
0: 2.0 
~ 

~ 1.5 

:s: 1.0 0 a 
~ 0.5 
Q 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

BenwmHa np11a11aK11, % 

Pnc.9. Bo.norrpoHnuaeMocTu II3Tll> TM B 3aBHCHMOCTH oT BeJIH'IHHhI rrpHBHBKH I12M5BTI. 

l-ICXO,ll.Hble ,!lHaMeTpbl rrop: 1 - 0.05 MKM; 2 - 0.04 MKM. t.P = 0.07 MTia 

BTOpllll cpa:3a xapaKTepH3yeTC.II cyiuecTBeHHblMH H3MeHeHH.IIMH re0MeTpH'leCKHX xapaKTe

pHCTHK MeM6paHbl H yxy.nmeHHeM 3KCIInyaTauHOHHhIX CBOHCTB. Cne.nyeT OTMeTHTh, 'IT0 rrepe

H0C lKH,ll.K0CTH '1epe3 MO.!lH«pHUHPOBaHHbie MeM6paHhI He H3MeH.11eTc.11 co BpeMeHeM xpaHeHIDI 

TM B o6bl'IHhIX ycnOBH.IIX 6onee ro.na. 

~yrnM rronnMepoM, rrpHBHBKa K0Toporo 6hlna nccne,ll.oBaHa, xBJI.1IeTc.11 IIHHIIAAM. OT

JIH'IHTeJibHOH occi6eHHOCThlO 3TOro IIOJIHMepa .IIBJl.lleTC.11 HaJIH'!He HHlKHeH KpHTH'leCKOH TeMrre

parypb! CMemeHH.11 (HKTC) B BO,ll.HOM paCTBope :noro II0JIHMepa. IlpH TeMrreparype 32°C B 

B0.!lH0M paCTBOpe HMeeT MeCTO cpa:30Bb!H rrepeX0,ll. IIO~HMepa, CB.113aHHhIH C pe3KHM H3MeHeHHeM 

MaKp0M0JieeyJILI H3 pblXJloro Kny6Ka B K0MIIaKTH}'IO rno6yny. 3TOT rrepexo.n o6ycJIOBJieH ycH

neHHeM pOJIH rn.npocpo6Horo B03,!leHCTBH.II rrpH II0BbllleHHH TeMrreparypb! [16]. CJie,ll.OBaJIO 

OlKH,!laTb H3MeHeHH.II rrapaMeTp0B TM C rrpHBHTbIMH ueII.IIMH TIHHTIAAM B 3aBHCHM0CTH OT 

TeMrreparyphI. 

10 

MeTO,ll.OM KOH,ll.YK'f0MeTpHH HCCJie,ll.OBaHa TeMrreparypHllll lJYBCTBHTeJibH0CTh TM C rrpH

BHTLIM TIHHTIAAM. ,lv!.11 HCXO,ll.HOii I13Tll> TM 3aBHCHM0CTh 3JieKTpH'lecKoii rrpoBO,ll.HMOCTH OT 

H3MeHeHH.II TeMrreparypbl HOCHT JIHHeiiHhlii xapaicrep, KaK .!lJI.11 rrpou_ecca HarpeBaHH.11, TaK H .!lJI.11 

oXJI~eHH.11. ,lv!.11 II3Tll> TM c rrpHBHThIM TIHHTIAAM Ha6n10.naeTc.11 cyiueCTBeHHOe YBe

JIH'leHHe 3JieKTpOIIp0B0.!lHOCTH B HHTepsane TeMneparyp 32 - 34°C rrpH HarpeBaHHH o6pa:3ua H 

B 3TOM lKe HHTepsane TeMneparyp pe3KO YMeHbmaeTCX 3JieKTpOIIpOB0.!lHOCTh rrpH 0XJiaJK,ll.eHHH 

(pHC.JO). 

0.025 

- 0.024 
:E 
0 0.023 

t 
g 0.022 
:i:: i 0.021 

@- 0.020 
0 
Q. . 
t: 0.019 

~ 
(I) 0.018 

0.017 

1 __ ... 
.---

2 

24 26 28 30 32 34 36 38 40 

TeMneparypa, oc 

Pnc.10. 3aBHCHMOCTb 3JieKTpH'leCKOH rrpOBO,ll.HMOCTH npHBHTOii TIHHIIAAM I13Tll> MeM6paHbl 

(BeJIH'IHHa rrpHBHBKH 5.6%) npH H3MeHeHHH TeMneparyphl cpe,!1.bl • .[{HaMeTp nop I MKM; 

L=20 MKM. N=4.6-10
5 

CM-
2
• 1 - 0XJiaJK,ll.eHHe, 2 - HarpeBaHHe 

3TOT TeMrreparypHblH HHTepBan COOTBeTcTByeT TeMneparype cpa:30BOro nepexo,ll.a IIHH

TIAAM, npH KOTOpOM rrpoHCX0,ll.HT cyiuecTBe1moe YMeHbllleHHe pa:3Mep0B MaKpO~IOJieKyJJ no

JIHMepa. IlpH IIOHHlKeHHH TeMrreparypbl npoHCX0,ll.HT o6paTHhlll npouecc. 

Hccne.nosaHa «pHJJhTpaUH.11 BO,ll.hI qepe3 I13Tll> TM c npHBHThIM IIHHIIAAM. YcrnHoane

HO, 'ITO rrpH H3MeHeHHH TeMrreparypbl OT 20°C .no 45°C npoHCX0,ll.HT 3Ha'IHTeJibHOe yseJJH'leHHe 

BO,ll.OIIpOHHUaeMOCTH B HHTepsane TeMneparyp 30 - 34°C (puc.11 ), 'ITO JJelKHT B npe,!1.eJJax TeM-
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rrepazyphl 4>a:10aoro rrepexo,!la. TaicHM o6pa30M IIOlly,IeHbl TepMO'l)'BCTBHTellbHhle TpeKOBbie 

MeM6plUlhl, pa:iMep rrop KOTOpbIX perynupyeTCJI TeMnepazypoii. 

i 4 
i' :s: 
~ 
~ 3 
:ii: 
~~ 
(.) 
0 2 
~ 
Cl) 
::r 
~ 1 
~ 
0 
§ 
m o 

15 20 25 30 35, 40 45 

TeMneparypa, °C 

Puc. I 1. 3aaucHMOCTh Bo,!lorrpoum~aeMocrn npHBHThIX IIHHIIAAM TM , OT TeMrrepazyphI. 

Af>=0.07 MIIa. L=IO MKM. N=),5·106 cM·2• BenH'nrna npHBHBKH (%): 1 - 3.4; 2 - 7.5 

C IIOMO!Ub!O CKllllHPYJO!Ilero JlleKTpOHHOfO MHKpOCKOIIa rrpoae,!leHO HCClle,!lOBlUIHe 

CTpyK'I)'phI MO.!lH«i>HUHpOBllllHhIX MeM6pllll. B pe3ynhTaTe PIIII HHIIAAM H3MeHJ1eTCJ1 CTpYKTY

pa IIOBepXHOCTH TM (pHc.12). MeM6paHa rrpHo6peTaeT 6onee rlla,!lKYJO rroaepXHOCTb 

[pHc.12(6,r)], He xapaKTepHYJO ,!llIJI HCXO,!lHOH I13T<fl-MeM6plUlbl. Ha6lIIO,!laeTCJI HeKOTOpoe 

YMeHb!IleHHe pa:iMepOB rrop 3a cqeT yaenuqeHHJI TOlIJUHHbl rrpHBHTOro ClIOJI Ha CTeHKax UHlIHH

,!lpHqecKHx ornepcrnii [puc.12(r)]. IlpHIIOBepXHOCTHhlii CJIOH rrpHBHTOii MeM6plUlhl HMeeT O,!l

HOpO,!lHYJO CTpyK'I)'py, OT)IHqHYJO OT ClIOHCTOii CTpYK'I)'pbl HCXO,!lHOll I13T<fl-MeM6pllllbl. ToJI

IUHHa rrpHBHTOii MeM6plUlbl rrpH BeJIHqffHe rrpHBHBKH 12,7% B03pOCJia rrpHMepHO Ha 2 MKM. Ha 

MHKpo4>0TOrpa4>HH OT,!leJihHO B3JITOH IIOphl [puc.12(r)] xopomo BH,!leH qacrnquo pa:ipymeHHblll 

IIO,!l JJieKTpOHHblM IIy,IKOM rrpHCTeHOqHblll CJIOH rrpHBHTOro IIHI1IIAAM. 3TO JIBlleHHe OTCYT

CTBYeT rrpH paCCMOTpeHHH IIOpbl HCXO,!lHOii I13T<fl-MeM6plUlbl [puc.12(a)] .. IlpHBHTOii IIHH

IIAAM pacrronaraeTCJI He TOJibKO Ha rroaepXHOCTH MeM6pllllbl u CTeHKax rrop, HO TlUOKe o6Ha-

12 

pylKeHo, '.fTO IIpHBHBKa rrpOHCXO,!lHT H Ha HeKOTOpOH rny6HHe OT rroaepXHOCTH MeM6paHbl 

[puc.12 (.!l,e)]. 

.. ,· .. · ,. :·'.n ;,,·'..• e 
PHc.12. MHKpo4>0TOrp!l«l>ltH I13T<fl TM, IIOlIY,.leHHble c IIOMOIUhlO CKllllHPYJOHiero JlleKTpOHHO

ro MHKpOCKOIIa. 'a, e - HCXO,!lHaJI TM c pa:iMepoM rrop I MKM; 6, r, A, e - TM c rrpHBH

TblM IIHHIIAAM. BeJI~quua rrpHBHBKn 12.7%. Pa:iMep BH.!lHMoro rronJ1 (MKM2
): a, 6 -

15xl I; B,r ,.ll- 5x3.8; e -2.Sxl.9 
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Pnc. 13. 'MnKpo4>~TOrpa~llll rm TM, 11onyqeHHb!e c 110MO!Uhl0 aTOMH0ro Cllfl0B0ro Ml1Kpo
CK011a: 1 - l!OBepXHOCTh llCXOJU!~H rm TM; llCX0.[IHhlH .[lllaMeTp ~op o.'9 MKM. 1-II -
npo4Jnnh llCXO.[IHOH nn TM. 2 - II0BepXH0CTb IIpllBllTOH nn TM (Benwrirna ITpllBllBKll 
6.5% TTHHTIAAM), tta6yxrneii B BO.Lie npn KOMHarnoii TeM11eparype; 2-II - coornercT
B)'IOIUllii 11po4lnnh II0pbl 11pllBllTOH TITT TM. 3 - 110BepXH0CTh 11pllBllTOH TITI TM (Benn
'IllHa 11pllBllBKll 6,5% TIHHTIAAM) C nporpeB0M B BO.Lie npn TeMneparype 50°C B Te'Ie
Hlle 30 MllH; 3-II - COOTBeTCTB)'IO!UllH ng~<lmnh II0pbl IIpllBllT0H nn TM 

14 

IloBepxHOCTh Mo,nn4>nnnpoBaHHhIX TM c 11pnBnThIMil ne~JIMll llHHIIMM 6i.ma nccne-
-, • . • ; I • 1~' • ; . ; 

.z:I0BaHa c 110M0inblO aTOMH0ro Cllfl0B0ro MllKp0CK0IIa (ACM). TpexMepHb!e ll306pIDKeHllJI 110-

BepXH0CTll nccne.nyeMbIX 061,eKTOB 6billll nony'leHbl 11pll KOMH!ITHOH T~M11epafyp'e Ha B03.z:lyxe C 

IIOMOIUhio CKaHnpykimero 30H,U0B0ro MllKpOCKOIIa Solver P4--SPM-MDT. ~ 110JI)"ICHllJI ll~0-

6pIDKeHllll B K0HTaKTH0M pe)l(JIMe .ll pelKllMe 6oKOBhIX cmi nc116nhJOBann KaHTennBepbI Si3N4 

.z:lflllH0H 85 MKM ll pe30HaHCH0H qacTOTOll 120 Kfn. B cnyqite KaHTenniiepa Si)N4 JOH.LI 11pe.n

CTaBnJ1n co6oil 'IeTbipe)(rpaHH)'IO IIllpaMll.z:IY BhIC0TOll 3 MKM C pa,nnyCOM KJlllBll3Hbl 0CTpllll 500 

A. ,gnll 11onyqeHl1JI TO'IHhlX MeTpll'ICCKllX .naHHblX B 11fl0CK0CTll XY ll306pIDKeHnii ~ccne.nyeMb!X 

II0BepXHOCTeil 11pn6op KOM6l1HllpOBanCJ1 iio aT0MapHbIM KapTllH~ noaepxH0CTll HOPG BhlC0-

K00plleHTllp0BaHH0ro 11nporpa4>nrn (TO'IHOCTh ll3MepeHllH no 0CJIM X ll y C0CTaBnlleT 1%), a 

110 ocii·z - 110 TCCT0BhlM o6pronaM (TO'IHOCTb ll3Mepelinii 110 BhIC0Te 10%). PaJMephl 11poTpaB

neHHhlX TpeK0B 011pe.nenJ1nll 110 11po4>nnJ1M rioBepXHOCTll. 

· Ha pnc.13 11pe.ncrnBneHhI MnKpo4>omrpa4>nn 110BepxH0CTll TM iI 11po4>nnn, nonyqeHHhle 

c 110M0Inbl0 ACM. Ilpn nepexo.ne OT pnc.13()) K pnc.13(3) Ha6mo.naeTCJI ll3MCHCHlle pa3MepoB 

11op TM. B pe3ynhT~n: Ha6yxattnll TM c 11pnB.llThIM TTHHITAAM nMeeT Mecm YMCHhIIIeHne 

proMepoB 11op [pnc. 13(2)]. ITporpeB o6pronoB TM c npnBllThIM ITHHITAAM conpoBoll{.z:laeTCJI 

4>rooBhlM n~pexo,uoM, n nophI pacKpi,rna10Tcii [Pnc.13(3)]. 

TaKnM o6prooM, B pe3ynhTaTe npoBe,neHHoro nccne,noBaHllll nonyqeHhI rn,npo4JnnhHhie 

TM C nonolKllTenhHh!M 3apll,n0M II0BepXH0CTll, a TaKlKe TepMO'JYBCTBllTenhHhie TM, pa3Mep 

110p K0TOpbIX 3aBllCllT OT TeM11eparyphl. 
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