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Obvekmom uccne0o8aHusi SBASIOMCS KOMNJIEKC-
Hble 0ByXC/I0UHbIE Mamepuansl, cooepmauiue mek-
CMUAbHLIG MKaHbIO CA0U U MeMOPAHHbILU MUKpO-
nopucmelili 2ybyameili ciol, umerowue pasauyHoe
COOMHOWweHUe MOoAUuUH 8X009UWUX 8 KOMNO3UM C/10-
e8 U pasnu4yHble Xapakmepucmuku COPOULOHHbIX U
MaccoobMeHHbIX C80LCM8 NoauMepa MeMOpPaHsI.

llpedmemom uccnedo8aHus H8SemMCs YPOBEHb
8000NApPONPOHULAEMOCMU MEMOPAHHbIX MEKCMUJTb-
HbIX MamMepuanos.

Llene pabomel - 8bisi8NEHUE 3AKOHOMEPHOCMU
U3MEHEeHUs 8000NapoNpPOHUUAeMOCmU MeEMBPAHHbIX
MeKCMUJ/IbHbIX MAamepuanos npu U3MeHeHUU mosi-
WUHbI U KO3gduyueHma macconpogooHocmu 8xo-
0AWUX 8 Ux cocmag MeMopaH 0/11 NPO2HO3UPOBAHUS
U €030aHUsi KOMPOPMHbIX yca08Ull PyHKUUOHUPOBA-
Hus yenoseka 8 odexae.

B npouecce pabomsi 8bIN0HEHO UCCIE0080-
Hue cmpykmypsl U QU3UKO-MexXaHu4Yyeckux ceoticme
KOMNJIEKCHbIX 08YXC/I0UHbIX Mamepuanos. [Ipose-
deHbl uccnedosaHus Mop@oaozuu, MoauHsbl, KO3¢-
duyueHma 800onaponpoHULAeMocmu MeMOpPaHHbIX
Mamepuanos, a makme MoauHsl U Ko3gouuyueHma
MacconpogooHocmu MeMObpaH, 8xo0auux 8 ux co-
cmas. Pesynemamel uccnedosaHuli conocmasnsiu
Mmexdy coboll.

Pe3synemam pabomsl - 8biS87€HO, YMO HaAU-
bosbluee 8USIHUE HA Nokazamess 8000NaponpoHU-
yaeMocmu Mamepuana 0kasbiearom ko3agpouuyueHm
MacconpogooHoCMuU MeMOPAHb! U OMHOWEHUEe KO3g-
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ABSTRACT

WATERPROOF MATERIALS, MEMBRANE, STRUC-
TURE, THICKNESS, WATER VAPOR PERMEABILITY,
MASS CONDUCTIVITY

The paper considers the influence of membrane
layer thickness, its sorption and mass transfer prop-
erties on the vapor permeability of membrane textile
materials for waterproof clothing. Two-layer textile
materials containing a textile woven layer and a
membrane microporous sponge layer made of hy-
drophilic, hydrophobic and combined polymers are
investigated. Images obtained by scanning electron
microscopy are presented characteristic of each of
the groups of samples under consideration. It was re-
vealed that despite the external similarity of the mi-
croscope observed structures of the samples grouped
according to the principle of membrane hydrophilic-
ity and hydrophobicity, the materials are character-
ized by different mass conductivity coefficients. The
authors of the article confirmed that the membrane
mass conductivity coefficient is a value that simul-
taneously takes into account both the ability to be
wetted by water and the properties of the porous
structure of the polymer membrane. The membrane
mass conductivity coefficient linearly correlates with
the water permeability of the complex material.
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GuyueHma mMacconposodHocmu MembpaHsl K obuieli
MOAUWUHE KOMNIEKCHO20 Mamepuand. YcmaHos neHo,
ymo He3asucumo om CcopbUUOHHbIX c8olicms no-
iumMepa MemopaHsl U CMPYKMypsl MeKCmuibH020
€105 0015 MOIUUHbI MEMBPAHbI 8 0bujeli moaujuHe
Komno3uma 8 nape ¢ Ko3gguyueHmom macconpo-
800HOCMU MeMbpaHbl onpedensom CcnocobHOCMb
KOMNJIEKCHO20 MeEMOPAHHO20 8000HENPOHUUAEMO20
mamepuana nponyckams Yepe3 cebs napsi 800bI.
Obnacms npumeHeHUs pe3yaLmamos - Mmek-
CMUbHAS U weeliHas NPOMbILWIEHHOCMb.

KauectBo npoaykumm dopMupyeTcs Ha BCex
3Tanax ee XM3HEHHOro LMKNa U HEPA3PbIBHO CBSI-
3aHO C YMEHWEM PaLMOHabHO UCMOJIb30BaTb CBOM-
CTBa NPUMEHAEMDIX NMPU €€ U3roTOBIEHUN MaTEPU-
anoB B COOTBETCTBMM C KOHKPETHbIMU YCIOBUSMU
3KcnAyaTaumun. B ¢BA3M C 3TUM OLHOM M3 BAXKHbIX
3apay, obecneunBalOWMX AanbHelLlee pa3BuUTUE
nerkom MPOMbBILNEHHOCTU, ABNAETCA MoNny4yeHue
M CcUCTEMATU3aLMS 3HAHMK O CBA3WM CBOMCTB Ma-
TEPUANOB U UX CTPYKTYPHbIX XapaKTepUCTUK A
obecneyeHns KayecTBa BbIMYCKAaEMOW MPOSYKLMM.
OcobeHHO BaXKHbI TaKMe 3HAHUS AN ONTUMMU3aL MK
MpPOM3BOACTBA KOMMIEKCHBIX TEKCTU/IBbHBIX MaTepu-
anoB, NOy4YeHHbIX 06beAMHEHWEM PA3HOPOLHbIX
3/1eMEHTOB CTPYKTYPbI, Belb COCTAaB KOMIMOHEHTOB,
MX B3aMMHOE pacrosiokeHue M cnocob coenu-
HEHUS OMpeaenstoT OCHOBHble MNOTpedbUTenbCcKue
CBOWCTBA KOHEYHOTO MPOLYKTA.

OYHKLMOHANbHOCTb U 3prOHOMUYHOCTb U3ENUs
ABNALOTCA 6A30BbIMM NOTPEOUTENBCKMMUM CBOMCTBA-
MM, KOTOpbI€ peLlatoT CyLLEeCTBEHHYIO Npobiemy co-
3[0aHUS [/ YENIOBEYECKOrO Tena v OpraHn3ma 3Ko-
NIOTMYECKU U 3PrOHOMMUYECKM KOMDOPTHOM Cpesbl.

(MopMUpoBaHME OMNTUMANILHOTO MUKPOK/IMMATA
perynvpyeTcs B NepByt o4epenb NPOHULAEMOCTbO
MaTepuanos. K Matepuanam gfisi BOLOHENPOHULA-
€MOI ofexabl NpenbaBASOTCS NPOTUBOPEUMBLIE C
TOYKM 3pEHMUS MPOHULLAEMOCTU TPeHOBaAHUSA: OHU
LOMKHbI 3aLLMLLATL TENO YeNoBeKa OT MPOHUKAHMS
BOAbl B MPOCTPAHCTBO MOA OLEXAO0W M OfHOBpeE-
MEHHO MO03BOMSTb Mapoobpa3Hoi Bnare Gecnpe-
NATCTBEHHO MOKMAATb ero. YkasaHHomy TpeboBa-
HUI0 COOTBETCTBYIOT BOLO3ALLMUTHbIE MEMOPaHHble
TEKCTWU/IbHbIE MaTepuasbl, COYETaloLMe B CBOEN
CTPYKType TEKCTUSIbHbIE U MOIUMEPHbIE C/IOM.
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ObvekTamMu nccnenoBaHMs SIBNFIOTCS MaTepua-
Nbl ANS BOAOHEMPOHMLAEMON OLEeX[bl, CoAepxka-
wue nonmadupHbIn (M) TEKCTUABHBIV CNOK, COeam-
HEeHHbIM TOHKMM CM/OLWHBIM COEM CBA3YIOLLErO C
MUKPOMNOPUCTbIMM MeMBpaHamu 13 rnapodobHbIX,
rMApOMUNbHBIX NMOAMMEPOB UKW UX KOMOMHaLUM.
Bce obbekTbl uccnenoBaHWs nonyyeHbl MeTOAOM
NAaMUHUPOBAHUS TEKCTUIIBHOW OCHOBbI MeMBpaHoM
M MCMONb3YHOTCS B KayeCTBe MaTepuanos Bepxa BO-
[oHenpoHuuaeMon opexabl. [MopoBasi CTpykTypa
00beKTOB MCCNeAOBaHMS 4Ype3Bbl4alHO pa3BuMTa,
NOSIMMEPHbIA MEMOPAHHDIV CIOM COAEPXKUT OrPOM-
HOe KO/IMYeCTBO MyCTOT, MOP, KAHANOB, CBA3AHHbIX
Mexay coboi u obecneunBaroLLMX BbiBeAEHUE
BMarM M3 NpOCTPaHCTBA MOA OAEXAON, MpU 3TOM
pasMep Nop He NO3BOASET Blare U3BHE NPOHUKATb
CKBO3b MaTepwuan.

BbicOkMi1 ypOBeHb MApOMNPOHULLAEMOCTU $IB-
NAEeTCs NPU3HAKOM KayecTBa U KOMPOPTHOCTU MeM-
6paHHOro matepuana ans ogexabl. Cpeamn 60nbLo-
ro uncna MeTOAMK, NMPUMEHSIEMbIX A1 OLEHKM
CNocobHOCTM BOA03ALUMTHBIX MaTePUAnoB Nponyc-
KaTb Napbl BOAbI, 40 CUX MOP He HalAeHa Takas, Ko-
Topas bbina Hbl NpU3HAHA MUPOBLIM COODOLLECTBOM
YYeHbIX B KaueCTBe YHUBEPCANbHOM UAN PEeKOMEH-
nyemoi. CTaHpapTHble METOAMKM, UCMOMb3yeMble
NS OLEHKM MaponpOHMLAEMOCTM MaTepuanos B
pa3/IMYHbIX CTpaHax, CYLLEeCTBEHHO Pa3nMyaoTCs
no yCn0BMSIM, CO34aBaeMbIM B MpoLiecce 3KCnepu-
MeHTa. [103TOMy 3HauYeHUs nokasaTenern nNaponpo-
HWLAEMOCTM BapbMpyKT B LUMPOKOM [ManasoHe.
B HacTofillee BpeMs M3BECTHbl Pa3HOBMOHOCTM
rpaBMMETPUYECKOro MeToAa onpeneneHus Kosb-
¢duumeHTa naponponuuaemoctn (ASTM E96-90,
JIS L 1099, TOCT P 57514-2017, ISO 8096:2005),
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Nno3BONIAKOLWME NOAYyYaTb pe3ynbTaTbl B €AMHMULIAX
2/(m?:24 w), 1 MeTonbl OnpeaeneHuns nokasare-
N COMPOTUBNIEHUS TENNOBOMY MOTOKY MCMapeHus
(ISO 11092:1993, ISO 1999, ASTM F 1868, EN
31092), KoTopble MO3BONSAKT NOAYYUTb PE3yNbTaT B
eanHuuax m?-Ila/Bm.

[NokasaTenb CONPOTUBAEHMS TEMOBOMY MOTOKY
ucnapexus Ret (Resistance Evaporative Thermique)
NOACYUTBIBAETCS UCXOAS U3 TOFO, CKOMbKO 3HEPrum
Haflo 3aTpauvBaTb Ha MOALEPXKaHWE MOCTOSHHOW
TeMMepaTypbl «MOTElOLLEeM» MeTa/IMYeckon nna-
CTUHbI. YeM OH MeHbLLe, TeM Bbille NaponpoHuLae-
MOCTb MaTepuana.

B HacToawee BpeMs npnbopHas 6a3a ans onpe-
[eneHns nokasartener NapornpoHMLAeMOCTU Tek-
CTUNIbHBIX MaTepUanoB NpeaCcTaBNeHa Pa3NnUYHbIMU
MO KOHCTPYKLUMU U METOAMYECKOMY obecneyeHuto
cpencrtBamu. OTCyTCTBME eOMHCTBA He Mo3Bonser
CpaBHMBATb 3HAYEHWUS NOKa3aTenen NaponpoHuLa-
eMoCTu Mexay cobon [1].

Ha Tepputopuun P® nccnenoBaHne naponpoHu-
LLaeMOCTM MaTepuanoB NS BOLOHENPOHWULAEMOW
opexabl nposogutcs cornacHo OCT P 57514-
2017 «TkaHM C pPEe3MHOBLIM WM MOJMMEPHbLIM
NMOKPbITUEM AJ11 BOAOHEMPOHULAEMOM OL4EXAbl.
TexHuueckne ycnosusa». [lokasaTenb BOAOMNApPO-
NPOHULLAEMOCTHM (CMOCOBHOCTM MaTepuana nponyc-
KaTb BOASIHOM Map, COXPaHas Mpu 3TOM BbICOKYH
CTeneHb BOLOHENPOHMLAEMOCTU [2]) LOMKEH CO-
CTaBnsTb He MeHee 360 2/(m?:24 u). B 6nukaiiwee
BpeMS 3TOT CTaHAapT OyaeT BBeAEH B AEUCTBUE U
Ha TeppuTopun PB.

[lns nonyyeHms BbICOKOrO YPOBHS NokasaTtenen
BOZLOMApPONPOHMLAEMOCTM  BOLOHEMNPOHULIAEMbIX
mMaTepuanoB ¢ MeMbpaHOM HeobX0AMMO M3YYWTb,
Kakue (DaKTopbl BAUSKOT Ha €ro BeNUYMHY, YTOObI
yNpaBnsaTb 3TUM CBOMCTBOM.

M3BecTHbl paboTbl aBTopos H). B. Ceetnosa,
T. U. Yanbix, A. B. Kynuuerko, M. B. Poguueson,
A. B. AGpamoBa, MOCBSAWEHHbIE TUIMEHUYE-
CKOM OLeHKe MaTepuanoB Ans ofexasl u oby-
BM [3-6]. B yKkasaHHbIX paboTax paccMOTpeHbI
OJHOCNOWHbIE TeKCTWbHblE MaTepwuanbl, HaTy-
panbHble U UCKYCCTBEHHbIE KOXM W Pa3NNYHble
nokasatenM WX NaponpoHMLAEMOCTH, onpene-
NnfemMble Npu  PasfiMyHbIX MOAENUPYEMbIX YCI0-
BUSIX, HO He cneunduyeckme Ons BOLOHENPO-
HUULaemMon opgexabl. WMccnepoBaHWMEM  CBOMCTB
BOLOHEMPOHMLAEMbIX MATEPUANIOB [N O4EXAbI,
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copepXawmx MembpaHy, 3aHMMAlOTCA  Y4eHble
G. R. Lomax, A. R.Tehrani-Bagha, A. Mukhopadhyay,
V. Midha, A. Gulbiniené, A. B. BepwuHuHa. OgHako
B3aMMOCBSI3b CTPYKTYpbl M CBOMCTB MaTepuasnos
npocnexuBaeTcs B yka3aHHbIX paboTax onocpeno-
BaHHO,11MB0 B MHTEpNpETaLMM pe3ynbTaToB Ucce-
[OBaHUI C MHOM LLEeNbH,NMMB0 Kak PYyHKLMOHANbHAN
3aBMCHMMOCTb, BbISIBNEHHAS MO pe3ynbTaTaM aHaiu-
3a pasmepHocTei [7-11]. B pabote aBTopa Eryuruk
S.H. nokasaHa TecHas KoppensaumoHHas CBA3b MeX-
Lly TEMNIOBbIM COMPOTUB/IEHUEM U TONLLMHOM, NAapo-
NMPOHMLAEMOCTbIO M CTOMKOCTbIO K BOASAHOMY Mapy
[NS MHOTOC/I0MHbIX MaTepuanoB AN ofexabl. Bbl-
SICHWUNOCH, YTO Ha TEeno- U BNarokoMhOpTHOCTb Cy-
LLeCTBEHHO BAMSET CTPYKTYpa CI0EB KOMMIEKCHOIO
matepuana [12].

M3BecTHO, 4TO  MacconepeHoc  sBASETCH
KOMMNNEeKCHbIM NOHATUEM, U B 3aBUCUMOCTHN OT
YCNOBWIA MpOTEKaHWUs MpoLecca, ero CBs3bIBakoT
nmbo ¢ mpoueccaMu NPOHULAEMOCTH, MBO C Ku-
HeTuKoM copbummn u HabyxaHuem, TMbo C pacTBo-
peHneM npuBeaEeHHbIX B KOHTAKT AByX a3, 1mbo ¢
nepepacnpeneneHMeM KOMMOHEHTOB BHYTPU MaTe-
puana [4].

MacconepeHoC MaTepuanoB MWCCIeaylT pas-
NMuHbIMKM cnocobamu. B uctounuke [3] npepno-
)KEHO M3y4yaTb MPOHMLAEMOCTb MaTepuanoB Mnpu
CTalMOHApHOM NepeHOCe MapoB BAarM Maccor m
M3 BO3AYLIHOrO MPOCTPAHCTBA CTakaHa B BO3AyLU-
HOe MPOCTPAHCTBO K/IMMATUYECKOM KaMepbl Yepes
NMoBePXHOCTb 06pasua naowaapto F TtonwmHon o
3a BpeMsl T MPU HaZMYMKU Pa3HOCTU NapLuUabHbIX
[aBneHui napos Bnarn AP B 3TUX NPOCTPaHCTBAX.
OnpenensieMyto BenMYMHY Ha3bIBAKOT YAENbHbIM
NMOTOKOM Macconepenadm — XxapakTepucTukom npo-
Liecca, Kotopasl, B CBOK OYepefb, ABASeTCs (PyHK-
uMer [OBYX XapaKTepUCTWK: pPa3HOCTM Mapuuanb-
HbIX AABMEHMI Napa B CTakaHe U B NPOCTPaHCTBE
Knumatudeckoit kamepsl P, - P_ 1 ko3dduum-
eHTa Macconepenaun K [3, 4]. Mpu 3Tom B cny-
yae crawgaptHoro onbita P - P__ = const, a
K03 duumeHT mMacconepesaun K onpepensetcs
NPUPOAHBbIMKU CBOWCTBAMM McCneayemMoro obpasua
MaTepuana, GopMOi M pasMepamMu MOBEPXHOCTH,
TONLWMHOM 06pa3ua, BUAOM OTAENKM NMOBEPXHOCTH,
CBOWCTBAMM HAMNONHUTENEW, UX KONMYECTBEHHbIM
coctaBoM. Paccumutatb ko3apduumeHT Macconepe-
naum moxHo no dopmyne (1) [3].

BECTHWMK BMTEBCKOIO FOCYAAPCTBEHHOIO TEXHOJSIOTMYECKOTO YHUBEPCUTETA, 2022, N2 1 (42)



TEXHONOTUSA U OBOPYAOBAHWME NEFKOM MPOMbIWIEHHOCTU U MALIMHOCTPOEHUS

1
=1, 8.1 ° @)
e 7+7
B % B
rne B, n P, - Ko3DOUUMEHTbI MaccooTaauM

Ha MepBOM W TpeTbeM 3Tanax nepeHoca napa,
K2/(m*cmm pm. cm.); Am - Ko3hdUUMEHT
MacconpoBOLHOCTM (MaponpOBOLHOCTH) BeLLecTBa
obpasua MaTepuana, Pusmyeckas KOHCTaHTa, onpe-
fensowas CBOMCTBa BEWeCTBa, kK2/(m c'mm pm.
cm.); 6 - TonwmHa obpasua Matepuana, m.

BeposTHO, KO3 @ULMEHT MaCCONPOBOAHOCTM
A, ABNSETCA TOW BENMYMHOM, KOTOpas y4WTbiBaeT
OOHOBPEMEHHO M CNoCOBHOCTb MaTepuanos CMa-
YMBATbCSA BOLOM, U CBOMCTBA NOPUCTOM CTPYKTYpbI.

bnarogaps paboram T.M. Yanbix B 06nactu
00yBHOro MaTepuanoBefeHWs YCTaHOBEHO, YTO
npoLecc NaponpoHULAEMOCTU B NOJMMEPHBIX NO-
pUCTbIX MeMBpaHax pasfiMuHbIX TUMOB Onpenens-
eTcs ABYMS MOTOKaMM — COPOLMOHHBIM MOTOKOM,
CBSI3aHHbIM C TMOMIOWEHMEM MapoB BOAbl MOMM-
MEpHbIM KapkacoM, U ($a30BbIM MOTOKOM, Xapak-
TEPU3YIOLLMM NPOLECC NepeHoca No ero CKBO3HOM
MOPUCTON CTPYKType. B MHOrocnomHbeIx cucremax
MaponpoHMLLAEMOCTb BCEro KOMIMIEKCHOTO MaTe-
puana onpegensieTcs CyMMOW OTHOLIEHMI Mapo-
MPOHMLLIAEMOCTU KaX[O0ro cnos K ero obbemMHOM
[0ne B cOCTaBe cuctemsl [4].

Mcxons M3 aHanusa MCTOYHMKOB NUTEpPaTypbl,
MOXHO cAenaTb BbIBOA, YTO BCe WCCNenoBaTenu
MaTepuanoB JIerkov MPOMbIWIEHHOCTM OTMe-
YalT BAUSIHWE NPUPOAbI MOAMMEpa W TOMLMHBI
CNnoeB, BXOASLWMX B MCCIedyeMbli mMatepuan, Ha
MaponpoHMLLAEMOCTb, HO COBpPEMEeHHble BOA03a-
WNTHble MeMOpaHHble MaTepuanbl He noaBepra-
JIUCb CreuManbHOMY UCCIef0BaHMI0 B3anMMOCBSI3N
COpPOUMOHHBIX, MAacCCOOOMEHHBIX M CTPYKTYPHbIX
XapakTepUCTUK MOAMMEPHbIX MeMbBpaH M HOBOMO
CTaHAAPTHOrO NnokasaTens BOAOMNaponpoHULIaEMO-
CTW, YTO NMOATBEPXAAET aKTyaNbHOCTb BbIOpaHHOW
TemaTuku. Beab 3Hag Hanepen onpegenstolime Bo-
[,0MapOonpoHMLLAEMOCTb MapaMeTpbl, MOXHO BAUSTb
Ha ypoBeHb KOMGMOPTHOCTM oAexabl 1mMbo B npo-
Liecce noabopa MaTepManos B NakeT oaexabl, nbo
Npy NPOEKTUPOBAHUM MATEPUANOB.

Lenbto paboTbl sBngeTcs BbiSIBNEHME 33aKOHO-
MEpPHOCTU W3MEHeHWs BOAOMapONpPOHMLAEMOCTU
MeMOpaHHbIX TEKCTU/IbHbIX MaTepUanoB Mpu us3-
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MEHEHUU TONLWMHBI M KO3bdULMEHTa Macconpo-
BOJLHOCTM BXOAALMX B MX COCTaB MeMbOpaH ans
NPOrHO3MPOBaHMUS U CO3AaHUSN KOMMDOPTHBIX YC/10-
BUI QYHKLMOHUPOBAHUS YEeNOBEKA B OAEXAE.

[lns peanusaumu Lenu paboTbl onpenensnv Ton-
LUMHY CI0€B KOMMJIEKCHOTO MaTepuana, npoBOANUN
nccnenoBaHme KoagduumeHTa BOAONAPONPOHULA-
emoct no MOCT P 57514-2017 v koadduumeHTa
MacconpoBOAHOCTM MO METOAMKE, U3/TOXKEHHOW B
nctoynuke [3]. Pesynbtathl uccnenoBaHuin comno-
CTaBASNIM Mexay COBOW, MCMONb3ys M3M0XEHHbIE
B NuTepatype [4] n npeanonaraeMble MHTYUTUBHO
3aBMCMMOCTU. TaK, U3BECTHO, YTO AN KOX C pas-
JIMYHOW TONLWMHOM AU DY3MOHHON TMIMEHNYECKON
XapaKTepUCTUKOM SBNSETCS TUMrponpoBOAMMOCTD,
onpefenseMasl Kak OTHOWeHWe Ko3IhduULUMeHTa
MacconpoBOAHOCTM K TOAWMHe. DTOT napameTp
No3BONSET OLEHUTb U CONOCTAaBUTb TMIMEHUYECKME
XapaKTePUCTUKM KOX C Pa3NNYHbIMU MPUPOAHBIMU
CBOMCTBaMM U TONWMHAMK. TakxKe aBTOpaMu CTaTbu
3aMeuyeHo, YTo A/19 MaTepuanoB, CoaepXKaLUMX rma-
pPOMOOHbIN MOPUCTLINA CNON, yBENUYEHUE A0AMU MO-
JIMMEpHOro MeMbpaHHOro Cnos B 06LLen ToNLMHE
MaTepuana NpMBOAMUT K YBEIMYEHUIO NapOMpOHU-
uaemoctu [13].

KoaddumumeHT MacconpoBOAHOCTM Onpenensnm
M3BECTHbIM METOAOM TeWnopa WM «BepTUKanbHO
CTOSILLEN YalUM», MPU KOTOPOM MUcCnenyemblii 06-
pasel, SBNSETC repMeTusmnpyrowen MembpaHon
cocyna, copepxalero soay. Cocyn ¢ o6pasuom no-
MEeLLAT Ha onpeaeneHHoe BpeMs B KOHTponupye-
Mble YC/I0BMS B 3KCMKATOP, YTOObI CO3AaTh Pa3HOCTb
KOHLEHTPaLUMKN BOASHbIX MAapoB No obe CTOPOHbI
OT uccnenyeMoro Matepuana. Ha gHe skcukaTopa
HaxoAWTCS KOHLIEHTPMPOBAHHAs CepHas KUCOTa,
HemnpepbiBHO nornowakwwas avddyHaupyowme
yepes obpazeL, MaTepuana napbl Boabl. Cocya ¢ 06-
pasLOoM B3BeLUMBAIOT A0 M NOC/e NPOBEAEHNS Onbl-
Ta. Micnonb3ytoT ABe aneMeHTapHble Npobbl 04HOrOo
M TOro e 06pa3sLia, Ho Pa3/IMYHOM TOMLLMHbI 5, 1 8.

B naHHOM cnyyae ncnonb3oBanu OTAENEHHYI0 OT
TEKCTUNBbHOrO €105 0bpasua memMbpaHy B OLHO 1 B
[1Ba CIOXeHUs, onpeaenss yobinb Maccbl BOAbI AA_II
M3 COCyAa, 3aKpbITOr0 OLHUM Cl0eM MeMbOpaHbl,
1 ybbiib Macchl BOAbI AM2 M3 COCYna, 3aKpbITOro
[BYMS CIOSIMM MeMBpaHbl.

Onpenenntb K03OPUUMEHT MACCONPOBOLHOCTH
A, MoxHo o dopmyne (2) [3]
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AM -6,
AP-Ar-F

©,6) 8, |

A, =(
AM — AM,

m

1)- )

YunTbIBas, YTO OTHOLUEHME TONMLMH INEMEHTAp-
HbIX Npo6 obpasua (8,/6,) cocTaBNAeT NOCTOAHHYO
BE/IMYMHY B AAHHOM OMbITE M PaBHO 2, a BEUYU-
Ha APATF sBnsetcs MOCTOSIHHOM M onpepensietcs
BpeMeHeM AT 3Kcno3uumu obpasuos (18 uyacos
nnmn 64 800 cekyHa), sKkcnoHUpyemoi nnowaapo F
(0,000491 m?) aneMeHTapHbIX NPO6 M Pa3HOCTbIO
AP napumanbHbIX AaBNEHUI BOASHOrO mapa npu
YCTaHOB/EHHbIX METOAMKOW ycnoBusax onbita (17,54
mm. pm. cm.), bopmyna npumet Bug, (3):

2-8M, .\ AM, 6

] e B
(AMl—AMZ 558,07

"

3)

roe AJ!_II Z AJl_lz - y6biNb BOAbI U3 COCYAOB, 3aKPbl-
TbIX COOTBETCTBEHHO OJHWMM U IBYMS C/IOSIMU MEM-
BpaHbl, 2; 6, - TO/IWMHA OHOrO CNOA MeMbpaHbI,
mMm.

CTpYKTYpHble XapaKTepucTuku 06pasLoB MC-
CnefoBaHbl C MOMOLLbIO PACTPOBOrO 3/1EKTPOHHOIO

Tabnuya 1 - Xapakmepucmuka 06pazuoe

mukpockona VEGA Il LSH MeTonoM ckaHupytoLei
3neKTpoHHOM Mukpockonuu (C3IM) B nabopaTtopum
benopycckoro pecnybankaHCKOro LEeHTpa 30HAO-
BOM MMKPOCKOMUU MHCTUTYTA MeXaHuKU MeTan-
nononuMepHbix cucteM mmenn B.A. Benoro HAH
benapycu, r. fomens (Tabnuua 1). YunTtbiBas HU3KYHO
3NeKTPONpOBOLHOCTb MCCIEAYyEMbIX MaTepuanos,
C LEenbl0 UCKIKYEHUS HAKanauMBaHUS 3apsiaoB U
Nosy4YeHUs AOCTAaTOYHO KOHTPACTHOM KapTWHbI Ha
NMOBEPXHOCTb 06PA3LLOB HAMbINANCA METaN C HU3-
KOV CTemneHblo OKUCNIEHUS, B JAHHOM C/lyyae 30/10-
To. HanbineHne npou3BOAMNOCh B CneLuanbHOM
BaKyyMHOM kaMepe MyTeM HarpeBa WM McCnapeHus
MeTanna B BakyyMe.

MccnepoBannio  nopBepranu  KOMMIEKCHbIE
[IBYXC/OMHble MaTepuanbl, COAepXalune TeKCTUb-
HblIl TKaHbIM C10M M MEMOPAHHBIY NOANYPETAHOBBI
MWKPOMOPUCTbIN rybyaTbli CNOM NPOM3BOACTBA
¢vpm Mikwang finetex, Ultrex, Hipora. M3yua-
NIV CBOWMCTBA MaTepuanoB, BbIAEPXMBAKOLWMX bOe3
NPOMOKaHWUS TMAPOCTaTUYECKOE AABJEHWE OKOO
100 xIla,a cnenoBaTeNbHO, UMEIOLLMX CXOXKME Xa-
paKTEPUCTUKM MOPUCTOCTU MeMBpaHHoro cnos [14].

MapodunbHOCTb M TMapodobHOCTL MeMOpaH,
BXOLSLMX B CTPYKTYPY KOMMO3WUTOB, YCTAHOB/IEHbI

Homep Tonwwmha, nx MoBepxHocTHas
o6pasia oBugan MeMBpaHbl | MNOTHOCTS, 2 I XapakTepucTuKa TEKCTUNBHOIO CNoS
06pa3supl ¢ rnapodunbHON MeMbpaHoM
1 0,138 0,08 98 13, nonoTHAHOEe nepenneTeHue
2 0,260 0,07 117 13, 0CHOBHbIM Nonypenc
3 0,250 0,09 142 13, nonoTHsHOE nepenneTeHne
4 0,200 0,09 101 13, nonoTHsHOE nepenneTeHme
5 0,195 0,04 110 13, nonoTHsHOE nepenneTeHne
0b6pasupbl ¢ rnapodobHON MeEMOpaHOM
6 0,237 0,13 142 13, cap>xeBoe nepenneteHme
7 0,245 0,12 126 13, KOMBUHMpPOBAHHOE NepenneTeHue
8 0,260 0,14 128 13, nonoTHsHOE nepenneTeHme
9 0,242 0,11 133 13, nonoTHsHOE nepenneTeHme
10 0,150 0,09 109 13, nonoTHsSHOE nepenneTeHme
11 0,220 0,1 160 13, nonoTHsHOE NepenneTeHme
obpaszeL, ¢ KOMOMHUMPOBAHHOM MeMBpaHOM
12 0,2 0,1 139 I3, KoMbUHMpPOBaHHOE NepenseTeHme
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Nno XapakTepy M3MeHeHWs matepuana nocie mno-
rpyxxeHus B Boay. O6pasupl, cogepxalime ruapo-
dOunbHYIO MeMbpaHy, nocie norpykeHus B BoAy
CKPYYMBAIOTCS B MIOTHBIN PyNOH MEMOPAHOM Hapy-
Xy (MeMbpaHa BNUTbIBAET BOAY M YBENMUYMBAETCS B
pa3mepax),a 06pasubl C rnapodobHON MeMbpaHo
NMBO CKPYYMBAOTCS TEKCTUbHBIM C/IOEM HApYyXY,
NMBO OCTaAKTCS NMPAKTUYECKM HEU3MEHHbIMMU.

TonwwmHy cnoes onpenensnu TONLWMHOMEPOM
MHAMKaTopHbiM TP-10-60 ¢ npepenom ponyckae-
mo#n norpewHoctn 0,01 mm. MembpaHy npenBapu-
TENbHO OTAENSN OT TEKCTUIbHOM OCHOBBI.

Ha pucyHkax 1,2 n 3 npencrasneHbl nsobpaxe-
HWUS XapaKTepHbIX AN KaXAoi rpynnbl 06pa3uos,
MofyYeHHble METOLOM CKaHWPYIOLEN 31eKTPOH-
HOM Mukpockonuu. MosepxHoCTb 06pasLoB Mo-
KaszaHa npu yBenuueHnun 4500 kpaTt, nonepeyHsblii
cpe3 - 900 kpart.

Ha pucyHke 1 xopowo BuAHa CTpyKTypa nop
MeMBpaHHOro cf10s 06pasLoB C rMAPOPUIBLHOWM
MeMbpaHoit (N21-5). lMonumep, MNOKpbITbIA Cce-
TbKO MENKUX nop C BbIXOAAWMMU Ha NOBEPXHOCTb
YCTbSIMU OMaMeTpoM He 6onee 5 mrm, B6AM3M
TEKCTUIBHOFO CNosi 06pasyeT KpyrHble MOMOCTU C
NMOPUCTBIMKU CTEHKAMU TaK, YTO 4151 HEKOTOPbIX MO-
nocrert GuUNaMeHTbl HUTEN, 0OPaA3YIOLLMX TEKCTUb-

SEM HV: 10.00 kV WD 45,0590 mm
View field: 88.19 ym  Det: SE Detector 20 pm
viadk Name: 1.tif

3
SEM HV: 5.00 kv
View field: 264.53 pm  Det: BSE Detector 100 pm
wiadk MName: 3.uf

VEGAW TESCAN g
Digital Microscopy Imaging u

HbIN CJION, ABNSIKOTCS CTEHKOM.

O6pasubl N2 6-11 c rugpodobHor MemMbpaHow
MUMEIOT MHOM XapaKTep MOpPUCTOCTM MeMOBpaHHOro
€Nnog (PUCYHOK 2): yCTbsl MOP Ha MOBEPXHOCTU MEM-
6paHbl 3HAUMTENIbHO MEHbLUE, OYEeHb PEAKO BU3Y-
anu3npyeTcs yCcTbe AMAMETPOM 2 MKM, OCHOBHAS
Macca nop MMmeeT AMaMeTp ycTbs MeHee 1 mkm,
a KpynHble nopbl KOHMYECKoM GOopMbl COCPeLoTo-
YeHbl B LEeHTpe MeMbpaHbl U He NMpUerawT K Tek-
CTUNBHOMY C/10H0.

Hanbonee wHTepecHa CTpYKTypa KOMOUWHMU-
pOBaHHOrO MeMbpaHHOro cnos obpasua N2 12
(pncyHok 3). Ero noBepxHOCTb MOKpPbITa MUKpOYa-
CTMLAMM NMOPUCTON OPraHOMUHbI, BHEAPEHHONW B
MOHOUTHbIN TMAPODUBHBIN CNON. YCTbS NMop Op-
raHOMMMHbI pa3MepoM MeHee 1 mMKkMm CIMBAKOTCS B
NPOTSXKEHHblE Pa3BETB/IEHHbIE TPELUMHbI, MPOHU-
3blBaloLLME BCHO MMKPOYACTWLY, CpeaHUi pa3mep
koTopor okono 10 mrm, N03TOMY YCTaHOBUTb AMa-
MEeTp YCTbeB NOp 3aTpyAHUTENbHO. [TopuncTas cTpyk-
Typa rMapodobHo YacTM MeMbpaHbl MOX0Xa Ha
CTPYKTYpYy 06pa3uos N2 6-11, otimumem gsnsetcs
HannMymMe OYeHb KPYMHbIX MOMOCTEN HAa rpaHuue
MeMbpaHa-TeKCTUb.

JKCNepUMEHT NpoBOAMIM Ha 0bpasuax, MMeto-
LWMX Pa3IMYHOE COOTHOLUIEHWE TOMLLMH BXOAALMX

WD TTTOH e e

VEGANW TESCAN g’
Digital Microscopy Imaging n

PucyHok 1 - [TosepxHocmeb u nonepeyHsili cpe3 obpazua N° 5 ¢ cudpogunsHoli MembpaHoli
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SEM HV. 10.00 kV WO 27.5370 mm SEM HV: 10.00 kV V\. 26.3440 mm

View field: 8818 ym  Det: SE Detector 20 pm VEGANTESCAN grl”  \iew field: 264.53 pm  Det SE Detector 100 pm VEGAW TESCAN g
wiadik Name MewmGpasa_nosepowocte_G 0 Digital Microscopy Imaging wiadk Name Cpea_1.tf Digtal Microscopy Imaging n

PucyHok 2 - [TogepxHocmb u nonepeyHsili cpe3 obpazua N° 11 ¢ 2udpogpobHoli MembpaHoli

SEM HV. 5.00 kY WD: 10.8580 mm L L P SEM HV: 5.00 kV WD: 20.0000 mm FT 1
View field: 52.91 ym Det: SE Detector 20 um VEGAW TESCAN g View field: 264 53 ym Det BSE Detector 100 pm VEGAW TESCAN g’
viadk Name: 13.tif Digital Microscopy Imaging n viadk Name: 2.tif Digital Microscopy Imaging n

PucyHok 3 - MosepxHocmeb u nonepeyHelli cpes obpazua N2 12 ¢ kombuHUpos8aHHol MembpaHoli
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B kOMNo3uT cnoes. ObLwas TonwmHa Matepmanos OT
0,13 mm po 0,26 mm, NOBEPXHOCTHAS NIOTHOCTb —
ot 98 2/m? no 160 2/m>.

NccnenoBaHve BOAOMApONPOHULAEMOCTM Ma-
TepuanoB nposBogunn B nabopatopuu kadenpbl
TEXHUYECKOro pEerynMpoBaHUS M TOBApOBeAEHMS
Butebckoro rocynapCTBEHHOrO TEXHOMOMMYeCKo-
ro yHuepcuteta no NOCT P 57514-2017 «TkaHu
C Pe3nHOBbIM WU MOAMMEPHBIM MOKPbLITUEM AJis
BOOOHENPOHMLIAEMON oAeXAbl. TeXHUYecKne ycno-
Bua». CTaHAAPTHbLIN METOA, peasiM30BaH C MOMOLLbIO
YCTPOMCTBA, OMMCAHHOIO B [2] M YCTaHOBIEHHOTO B
knumaTtuyeckoit kamepe YTH-408-40-1P (Tuantao,
KuTan). YcTpoicTBo no3BoOnsSeT npuaatb CTOAMUKY
C YCTAHOBNIEHHbIMU HAa HEM CTakaH4yMKamu € 06-
pasLaMM paBHOMEpHOe BpallaTeNibHOe [BUXEHue
A5 CO3[4aHMS MOCTOSIHHOTO MOTOKA BO3AyXa Hag
NMOBEpPXHOCTbI 06pasLoB. B cOOTBETCTBMM CO CTaH-
[LAPTHOM METOAMKOM cobntopanu cnepyome yco-
BMSI 3KCMEPUMEHTA: pacCTosiHMe OT rMagu BOAbl
[0 BHYTPeHHel noBepxHocTi obpasua 1 em, nno-
WaAb 3KCMNOHMPYeMOM MNoBepxXHOCTM obpasua
0,00053 m?, Temnepatypa 20%2 °C, BNaxHoCTb
655 %, Bpemsi mucnbiTaHust 4 yaca. B3pewwBa-
HMe CTaKaH4YMKOB C BOAOM M 0bpasuamu Ao U no-

Cfle YeTbIpex4yacoBOro nepuosa pasMelleHus B
KOHTPOSIMPYEMBIX YC/TIOBUSIX MPOBOAMAM HA aHaNU-
TUYECKMX 3N1eKTPOHHbIX Becax PA 214 C («OHAUS
Corporation», CLUA), knacc TouHoctn |. Koaddu-
uMeHT BogonaponpoHuuaemoctv (K, 2/(m?:24 1))
paccynTbIBaZIM UCXOASN M3 3HAYEHWMS MACCbl BOAbI,
UCMapUBLLEACS M3 CTakaHuMKa Yepes mniowanb
3KCMOHUPYeMOM NoBepxHOCTM 0bpa3ua 3a 4 yaca.

Mccnenyemblii  nokasatenb  BOLOMApOMpPOHU-
LLAeMOCTM JO/MKEH COCTaBnaTb oT 360 2/(m?:24 u)
(NS CbeMHbIX  M3Oenui  KpaTKOBPEMEHHOTrO
MCMONMb30BaHUS B COYeTaHuMM C paboueri opex-
OOV M Oo4eXAOM [ANs aKTMBHOIMO OTAbIXa) A0
560 2/(m?:24 u) (ons Bepxa pabouei omexnabl,
npefHasHayYeHHOMW [Ansg  NPOAO/IKMUTENbHOM  aK-
TUMBHOCTM B Tsbkenbix ycnosusax). Kak BMAHO no
pe3ynbTaTaM MCCIenoBaHus, Bce obpasupl nccne-
[yeMbIX BOAOHEMPOHMLAEMbIX MaTepUanoB COOT-
BeTcTBYOT TpeboBanusam FOCT P 57514-2017 no
[aHHOMY NOKa3zaTento.

Pe3ynbTathl MCCNenoBaHUS CBOWCTB MpPOHMLA-
eMoCTM 00pa3LoB MaTepManoB MNpencTaBneHbl B
Tabnuue 2.

AHanm3 faHHbIX Tabnuubl 2 NO3BONSET cAenaTb
BbIBOA, YTO NPW BHELUHEN CXOXEeCTU Habnoaaemblx

Tabnuya 2 - Pe3ynemamsi uccaedosaHus cgolicme ob6pasuy,08 Mmamepuanos

Homep KoadduumeHT MacconpoBoaHOCTM NonnMMepa KoadduumeHT BOogonaponpoHmMuaemMocTy,
obpasua MeM6paHbl, 2/(m*c'mm pm. cm.) K,2/(m?-24 u)
06pasupbl ¢ rmapodunbHOM MeMbpaHown
1 0,0009 689
2 0,0005 638
3 0,0019 916
4 0,0009 580
5 0,0001 624
o0bpasupl ¢ rnapodobHon MeMbpaHoM
6 0,0031 1415
7 0,0004 711
8 0,0006 804
9 0,0018 998
10 0,0002 560
11 0,0001 535
obpaseL, ¢ KOMOUMHMPOBAHHOM MeMbpaHoM
12 0,0007 746
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B MWKPOCKON CTPYKTYp 06pasLioB, 06beMHEHHbIX
B rpynmbl N0 NPUHLUMMY rMAPODUIBHOCTU U TMAPO-
$hobHoCTM MeMbpaH, MaTepuanbl XapaKTepU3YHOT-
CS pasnMyHbIMKM MO BenUUYMHE KOo3hduLMEeHTaMu
MacconpoBoaHOCTU. CpeaHuii ko3 ULMEHT BOAO-
naponpoHMLaeMocT 06pasuLoB C rMaPOPUIbHON
MeMbpaHoit coctaBnseT 689 z/(m?:24 4),c rugpo-
tobHoM - 837 2/(m?:24 ). O6pazel, ¢ KOMOUHU-
pOBaHHOM MeMOpaHOW MOKasan NpPOMEXYTOUHbI
ypOBeHb BogonaponpoHuuaemoctu. Obpasubl, cy-
WEeCTBEHHO PasnyaloWmecs no TOLMHe, UMe-
0T CXOXME 3HaYeHus BOLOMAPOMpPOHULLAEMOCTH,
HanpuMep, Kak B C/ly4ae CpaBHeHMs 006pasuoB
N2 1 1 N2 2. 1 HaobOopOT, y CXOXMX MO TOJLLMHE
MaTepuanos, Kak B ciy4dae obpasuos N2 6 u N2 7,
3HaYeHMs BOLOMNAPOMPOHMLLIAEMOCTU OTIMYAKOTCS
Ha NopsAoK.

Ha pucyHke 4 npencraBneHa 3aBUCMMOCTb BO-
[,0NaponpoHMLaeMoCTM MeMBpaHHbIX MaTepranos
Pa3NNYHbIX CTPYKTYP OT KO3hdULMEHTA MaCcconpo-
BOAHOCTU nonaumepa MemOpaHbl, NOayYeHHast no
pe3ynbTaTaM 3KCnepuMeHTa.

PucyHok 4 nokasbiBaeT, YTo NpY aHanu3e focTa-
TOYHO 60/bLIOr0 YMca 06pa3LOB B OTHOCUTENBHO

LWMPOKOM [ManasoHe BOAOMNAPONPOHULAEMOCTH
HabnaaeTcs NMHeHas ee 3aBUCMMOCTb OT KO-
duUMEeHTa MacconpoBOAHOCTM NosiMmepa meMbpa-
Hbl. DTO O3HAuaeT, YTO BEAYLLYH PO/b B CBOWCTBE
BOZOMNApPONPOHMLAEMOCTM MeMBpaHHbIX BOAO3a-
LUMTHBIX MaTepManoB UrpaeT UMeHHoO MeMbpaHa, a
He TeKCTUJIbHbIN CITON.

KoppensuMoHHbIM aHanu3 no3BOMMN  YCTaHO-
BUTb, YTO Haubonbluee BAMSHME HA MNOKasaTesb
BOA0MAPONPOHMLAEMOCTM  OKa3blBaOT KO3IPhu-
umeHT MacconposoaHoctv (B = 0,937) u oTHowe-
HWe ko3dduLMeHTa MacconpoBOLHOCTU MeMbpa-
Hbl K 0OLel ToNWMHE KOMMIEKCHOro MaTepuana
(k = 0,883),T0 ecTb runotesa, NnpeasioXKeHHas B Ha-
Yyane uccnefoBaHMs, NOATBEPAMNACh, U pe3ynbTa-
Tbl 3KCNEpPUMEHTA He MpoTMBOpeYaT BbIBOAAM
TWN. Yanbix n gpyrux uccnegosatenenn. Ans mem-
H6paHHbIX BOAO3ALLMTHBIX MaTepuasnos, CoAepKa-
WMX MOPUCTYID MeMBpaHy U MMEILMX CXOXKUE
XapaKTepUCTUKM MOPUCTOCTM MeMOpaHHOro cnos,
OLleHMBaeMble  YPOBHEM  BOAOHENPOHULAEMO-
CTW, HE33aBMCMMO OT TUMa NOAMMEpa CNpaBenIMBO
YTBEPXAEHUE, YTO MX BOLOMAPOMPOHMLAEMOCTb
JIMHEMHO 33aBUCUT OT KO3PduMLMEHTA MACCONPOBOA-

1600
5 v =2063495x +523.5
g 1400 R2=10.878 L
= 1200
4F]
S = 1000
==
% <800

=
S E 600
I 400
=]
2 200
o

0

0 0.0005 0.001 0,0015 0,002 0,0025 0.003 0.,0035
Kos¢¢puumenT MacconpoBOIHOCTH IOIHMEPAa MEMOPaHEL,

r/(M'C'MM PT. CT.)

PucyHok 4 - 3asucumocme 800onaponpoHULaeMocmu MemMOpaHHbIX Mamepuanos pasiudHeiX cmpykmyp om

K03 uyueHma Macconpo8ooHoCmMu NoauMepa MeMOpaHsl
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HOCTM MeMOpaHbl, BXOASLLEN B COCTAaB MaTepuana,
M IMHEMHO 3aBUCUT OT COOTHOLLEHMS KOIbDULMEH-
Ta MacconpoBOAHOCTM MEMOPaHbI M TONLLMH CIOEB
mMatepuana. To eCcTb [ONs TONLWMHbI MeMBpaHbl B
obLel TonWwmMHe MaTepuana B nape ¢ Ko3pduum-
€HTOM MacConpoBOAHOCTM MeMOPaHbl ONpesensoT
CNocobHOCTb KOMMIEKCHOrO MeMBpaHHOro BOAO-
HEeMpOHWLLAeEMOro MaTepuana npornyckatb yepes
cebs napbl BOAbI.
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