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OU3UKA

VK 541.64: 546.2

CTPYKTYPHBIE OCHOBBI MEXK®A3ZHOM AJTE3UU (HAHOAITE3HUH)
B JMCIIEPCHO-HAITIOJIHEHHBIX ITIOJIMMEPHBIX HAHOKOMITIO3UTAX

Nondun U.B.*, *loponkuna WU.I., 2ly6oeuuxas JI.JL, ‘Ko3ios I'.B.

1 Y .
Kabapouno-bankapckuii 2ocyoapcmeennutit ynusepcumem um. X.M. bepoexosa
2Poccuiickuii 20cy0apcmeennblii yuugsepcumem mypusma u cepeuca

*i_dolbin@mail.ru

Tokaszano, umo yposens medcghasnoil adze3uu 8 OUCNEPCHO-HANOTHEHHBIX NOTUMEPHBIX HAHOKOMNO3UMAX
3a8ucum om pasmepa UCXOOHbIX HAHOYACTUY U ObICMPO CHUdCAemcs no mepe ux azpezayuu. Ilepexoo om muxpo-
K HaAHONOBeOeHU0 HAHOHANOIHUMENS NPOUCXOOUM NPU OOCIUICEHUY 00Iel NosepXHocmell pa3oend HaAHOHANO-
HUMEeNb-NONUMEPHAS. MAMPUYA CEOEU KPUTNUYECKOU GeNIUYUNBI, KOTNOPAs CIYICUM Kpumepuem peanusayuu d¢-
pexma nanoaoze3uu.

KioueBble ciioBa: HaHOKOMIIO3HT, ,Z[PICHGpCHBIﬁ HAaHOHAITIOJIHHUTCIIb, MC)K(I)B,SHBJI aare3uvs, arperanusi, Ha-
HOaATe3us, IOBCPXHOCTh KOHTAKTA, IOBECPXHOCTHU pa3aciia.

THE STRUCTURAL FUNDAMENTALS OF INTERFACIAL FLHESION (NANOADHESION)
IN PARTICULATE-FILLED POLYMER NANOCOMPOSITES

'Dolbin 1.V., 2Doronkina I.G., “Dubovitskaya L.L., ‘*Kozlov G.V.

Kabardino-Balkarian State University
’Russian State University of Tourism and Service

It has been shown that level of interfacial adhesion in particulate-filled polymer nanocomposites depends
on size of initial nanoparticles and reduces rapidly at their aggregation. The transition from micro- up to
nanobehaviour of nanofiller occurs at achievement by fraction division surfaces nanofiller-polymer matrix of its
critical value, which serves as criterion of realization of nanoadhesion effect.

Keywords: nanocomposite, particulate nanofiller, interfacial adhesion, aggregation, nanoadhesion, contact-
ing surface, division surface.

Kax wn3BectHO [1], B3auMoIeliCTBHE HAHOHAIIOJIHUTENB-TIOIUMEPHAs MaTpHLa ONpeessieTcs] ABYMs TpyInamMu
(haxkTopoB: PU3NUECKUMU H/UITH XUMUYECKUMH U CTPYKTYPHBIMU. [I0BEpXHOCTD AMCIIEPCHBIX YacTHL] HAHOHAIIOIHH-
TeNs, ¢ KOTOPOH B3aMMOZEHCTBYET MONMMEpHAsi MaTpHIIA, SIBJSIETCS (PpaKTaTbHBIM 00BEKTOM [2]. DTO 03Ha4aeT, uTo
YHCII0 MECT KOHTaKTa HAHOHATIOJHUTENb-TIONIMMepHast Marpuria N, 3aBHCHT OT pa3MEpHOCTH JOCTYITHON JISl TAKOTO
KOHTAaKTa (HEOKPAHUPOBAHHOI) MOBEPXHOCTH YACTHIIBI Oy M OTIpEeNseTCs CleayronM odpasom [3]:

N, ~ R® (1)

azp’

rac Ragp — paanycC arperata UICXOAHbIX YaCTUI] HAHOHAIIOJHUTCIIA.



Honoun U.B., /loponkuna U.T., /[yooeuuyxan JI.)1., Koznoe I'.B.

Opnako, cootHomenue (1) qaetr Benmmuuny Ny TOJIBKO It OAHON YaCTHIIHI (arperaTa 4acTHUI]) HAHOHATIOM-
HUTEJIIS, TOTJIa KaK B PEAIbHOM HaHOKOMIIO3UTE CYIIECTBYET MX 00bInoe KonmmuecTBo. CyMMapHOE KOJIMYECTBO

mect kourakta N MoxHO onpenenuts cneayrommm o6pazom [1]:

N - N, @

u
(pll

rae ¢, — 00beMHOE CoJIepKaHNe HAHOHATIOIHUTETIS.

OrneHnTh ypoBeHDh MeX(pa3HOW aAre3uy B MOJMMEPHBIX HAHOKOMIIO3UTAaX MOXKHO C TIOMOIIBI0 Oe3pa3mep-
HOrO Tapametrpa D,, KOTOphIH AaeT HE TONBKO KOJMYESCTBEHHYIO, HO W KAUYECTBEHHYIO TPajalli0 YKA3aHHOTO
ypoBHs [1]. Tak, ycmoBue b, =0 onpexaensier oTcyrcTBHEe MexdasHoi aare3uu, 0,=1,0 o3HaUaeT COBEPIICHHYIO
(o Kepuepy) aaresuto u b,>1,0 naet kpurepuii peannsaiui TUITHYHOTO IS TOJMMEPHBIX HAHOKOMITO3UTOB 3(h-

cym
dexra — Hanoaxresun. Panee GbUT0 MoKa3aHo, yto yBenmuenne N mpusoauT x pocry b, cormacho coorHore-
auto [1]:

b, ~ N&™. 3)

ITo cymectBy, cooTHomenue (3) omnpenensier Bausaue Ha b, cTpykTypHOro dakropa. Ilenbo HacTosmeH
paboTEHI sIBIIsieTCsl UCCIIEI0BaHUE BIHMSIHUSL CTPYKTYPHOTO (PakTopa Ha ypoBEeHb MexX(a3HOH aare3uu B IUCIEPCHO-
HATIOJHEHHBIX MOJUMEPHBIX HAHOKOMIIO3UTAX.

B kawyectBe Marpu4HOro nojuMepa ucrnonb3oBaH nojunponuieH (I1I1) mpoMelnuieHHOTO MPOU3BOACTBA
mapku «Karter» 01030 co cpeaHeBecoBoil MOTEKyIApHOi Maccoit (2—3)x10° 1 MHIEKCOM TOTHANCIIEPCHOCTH 4,5,
B kadecTBe HaHOHAIONHUTENS MPUMEHSITUCH: HaHOpa3MepHbI kapOoHat kanbiws (CaCOs) B BuAe KOMITayH[IA
mapku Nano-Cal P-1014 (mpomsBozactBo Kuraii) ¢ pasmepom yactuil 80 HM U MaccoBbIM coziepkanuem 1—7 mace. %
u rnoOynsapHbid HaHoyriiepon (THY) npousBoacta rpynmnsl komnannii « O0beJMHEHHBIE CUCTEMBI», T. MOCKBa,
Poccuiickas @enepanus, ¢ pa3MepoM yacTul 5—6 HM, yaelIbHOU MoBepXHOCThIO 1400 M/I' 1 MaccoBBIM cozepxa-
nueMm 0,25-3,0 macc. %.

Hanokommnosutsr [1I1/CaCO; u IIII/THY mnonydeHsl cMemMBaHWEM KOMIIOHEHTOB B paciijiaBe Ha JIBYXIII-
HekoBoM 3kctpynepe Thermo Haake momenmn Reomex RTW 25/42, mpousBoacteo @PI'. CMmemBaHue BHIIIOTHE-
Ho nipu TeMnepatype 463—503 K u ckopoctu Bpamienus mHeka 50 06/MuH B TeueHne S MuH. O0pasupl U HCIBI-
TaHWH TOyYEHBI METOIOM JIMThS IO JaBjeHHEM Ha JIuTheBoi Marmue Test Sample Molding Apparate RR/TS
MP ¢upmer Ray-Ran (TaiiBans) nmpu Temmnepatype 483 K u qapnennn 43 MIla.

MexaHnuecKre UCIBITAHNS Ha OAHOOCHOE PACTSKEHHE BBIITOJHEHbI Ha 00pa3uax B popMe ABYXCTOPOHHEH
nonatku ¢ pazmepamu corsiacHo [OCT 112 62-2018. Mcnpitanus NpoBOAUIN HA YHUBEPCATBHOHN UCTIBITATEEHON
marmmae Gotech Testing Machine CT-TCS 2000, npoussojacteo ®PI', npu temneparype 293 K u ckopocrtu Jie-
dopmarm ~ 2x10° ¢,

Benuunny napamerpa b, MOXHO ONpPEAENUTh B paMKax MOJEKYJSIPHOU KOHIEIIINH YCUIICHHUS TUCIICPCHO-
HAIOJIHEHHBIX MMOJIMMEPHBIX HAHOKOMITO3UTOB C TIOMOIIBIO CIIEIYIONIETo ypaBHeHus [1]:

E, _,, 01W, b, n

E Dl/Z

M

rae E, u E,, — MOy b YIPYTrOCTH HAHOKOMITO3WTA W MAaTPHYHOTO MOJMMEPA, COOTBETCTBEHHO (oTHOMICHNE E,/E,
NPUHSTO HAa3bIBATh CTEINEHbBIO ycuineHus), W, — MaccoBoe cojepkaHue HaHOHAMOIHUTENS, |, — JJIMHA CTATUCTH-
YECKOr0 CerMeHTa ey MONMUMEPHON MaTpuilbl, D, — THaMeTp HCXOIHBIX YaCTUIl HAHOHATTOTHUTEIS.

Bemwuuna |, onpenensiercs caemyronmm obpasom [4]:

Icm = IOCoo’ (5)

rae lg — miHa ckeneTHOM CBA3M OCHOBHOM memnu, pasHas 0,154 um ms I1IT [4], C,, — XapakTepUCTHIECKOE OTHO-
HICHUE, KOTOPOE CBA3aHO C (hPaKTATBHON pasMepHOCTHIO Of CTPYKTYpBI HAHOKOMITO3UTA ypaBHEHHEM [4]:
2d, 4
C

_ 4 6
“Td(d-1d—-d,) "3 ©

riae d — pa3MepHOCTh €BKJIMI0BA MPOCTPAHCTBA, B KOTOPOM paccMarpuBaeTcsi Gppaktai (O4eBUIHO, B HAIIEM CITY-
yae d = 3).



CmpyxkmypHble 0CHO8b1 Medtcha3noil adze3uu (Hanoaoze3uu) 6 OUCNEPCHO-HANOTHEHHBIX NOJTUMEPHDIX ...

B cBot0 ouepesib, BennunHa 0; ompeensercs CoriacHo ypaBHeHuo [5]:
d, =(d—1)d +v), 7)

rae v — kodddunuent IlyaccoHa, olleHUBACMBIH IO pe3ybTaTaM MEXaHHYECKHX HCIBITAHUN ¢ TIOMOIIBIO COOT-
HoOTIeHMS [6]:

or _ 1-2v , (8)

E, 6(1+v)

r7ie Gr — Ipeiell TeKy4eCTH HAaHOKOMITO3HTA.

Jns onpeznesneHus: mapaMeTpoB, BXOAAIINX B ypaBHeHus (1) u (2), MCTIONB30BaHbl CIECAYIOMINE METOANKH.
JluameTp arperatoB 4acTHIL HaHOHAMOMHUTENS D, (R..,=D..,/2) onpezneneH ¢ MOMOLIBIO CIEAYIOIIETO ypaBHe-
Hus [7]:

1/3 1/3
kpp. =|| 22 P |5 |Des, )
W, 2
rae K(p) — mapaMerp arperaiyu, A — pacCTOSHUE MEXKAY MCXOJHBIMH YaCTHI[AMH HAHOHAIMOJIHUTEIS B MOJUMED-
HOM HaHokoMmIo3uTe. [ToapobHast MeToauKa onpeaencHus napamerpa K(p) npuseaena B padote [7].

Pa3mepHOCTh HEIKPAHUPOBAHHOW MMOBEPXHOCTH arperaToB YacTHI[ HAHOHAMONHUTENs O, ompeaensercs

ciemyromuM oopazom [3]:

d—d

d, =(d, 1)+ (10)

u
w
rae Oy — pasMepHOCTh TPACKTOPHi YacTHIl (B JaHHOM ClIydae — CETMEHTOB IMOJIMMEPHOW MAaTpPHIIBI), KOTOPYIO
MOJKHO OIPECIIUTh coryiacHo npaBuiny Aaponu — [llTayddepa [1]:

d,=d +1. (11)

B cBoro ouepenp, pa3MepHOCTb TIOBEPXHOCTH arperaroB 4acTHI] HAHOHANIOJIHUTENS O, ompesiensiercs ¢ mno-
MOIIbIO ypaBHEHUS [1]:

_ 3 pdy—d
S, =15x10°Ry"°, (12)
rae Sy — yJelbHasi TIOBEPXHOCTh arperaToB YacTHUI[ HAHOHATIOJIHUTEIS, KOTOpask MOXeT ObITh OINpe/eiicHa cie-
JyroruM oopazom [8]:
6
S — , (13)

" p,D

azp

Tac P, — IIIOTHOCTb HAHOHAIIOJIHUTECIIA, OIICHUBACMas AJIs1 HAHOYAaCTUI COIJIaCHO (I)OpMy.]'Ie [1]

p, =188(D, )", xri. (14)

B ypasnennsix (12) u (14) Benmunna S, naercs B M/T, Rep 1 D, — B HM.
W HakoHeI1, BETUINHY (9, MOKHO OTIPEICIIUTh U3 XOPOIIIO U3BECTHOTO ypaBHEeHHs [1]:

W
(I)” = L (15)

Pu

Ha puc. I npuBenens! 3aBucuMocts b, oT mapamerpa (Ny/@,), KOTOPbIH JaH B OTHOCHTEIIBHBIX eINHHIIAX,
quist Harokomno3utoB [IIT/THY u [I1/CaCO;. Kak MOXHO BUAETH, 3TH 3aBUCUMOCTH JOCTATOYHO XOPOIIO arl-
MIPOKCHMHUPYIOTCS MPSIMBIMH, MPOXOIAIIMMH Yepe3 Hayalo KOOPAMHAT, HO MMEIOUIMMH OYEHb Pa3IHNYaroLINiics
HakJIoH (Oosiee yeM Ha MOpsaoK). Hopmann3oBare 3TH 3aBUCUMOCTH MOKHO B MPEIIONIOKEHHH, YTO UX HAKIOH
omnpeJenseTcs AMAMETPOM HCXOAHBIX yacTul HaHoHamomHutens D,. Torma, momaras, uro BepxHss pa3MepHas
rpaHula MHTepBasia HaHo4yacTul paBHa 100 HM [9], momyunm:

- 3,78x10° (N, | (16)
D P,

y

b
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Puc. 1. 3aBucumoctu mapameTpa b, 0T KOMITIIEKCHOM XapakTepucTHKH Ny/@,
i Hanokommosuros ITII/THY (1) u ITIT/CaCOs (2)

Ha puc. 2 npuBeneHa 3aBHCHMOCTH b, 0T HopMHpoOBaHHOH mepemenHoit 3,78x10°%/D,(Nu/@,) s paccmar-
pHBaeMbIX HAHOKOMITO3UTOB. Kak MOXKHO BHAETH, B 3TOM CiIy4ae IMOJydeHa o0miast Koppemsius b, 1 ykazaHHOTO
CTPYKTYPHOTO mapameTpa, Ho it HaHokommnosutos [III/THY npu W, > 2 mace. % Benu4uHa b, yxe He 3aBHCUT
OT CTPYKTYpPBI HAaHOHAIIOIHUTENS U paBHA ~ 1,77-1,88. Jlnsa nanokommosutoB [1[1/CaCO3 3Ta Bapuamus npu Tex
ke 3HaueHusx W, taxxke HeBenuka u coctariser 1,02—1,63. Paccmorpum npuuunsl 3toro 3ddekra. Kak nssect-
HO [10], HAHOKOMITO3UTHI OT TPATUIIMOHHBIX KOMITO3UTOB OTJIMYAET OOJIbIINAsl JIOJIs TIOBEPXHOCTEH pasjeina das,
KOTOpasi SBJISIETCS peluaroiuM GaKkToOpoM B OIPEAETICHUN UX CTPYKTYPBI U cBoiicTB. [Ipeanonaraercs, 4ro B ciay-
4Yae HaHOKOMIIO3UTOB OTHOCUTEIbHAs J0JI IOBEPXHOCTH pasjena §a3 Q. = 0,5. Benmnuuna ¢,,,, onpenensercs
ciemyromuM oopaszom [10]:

3l
o pazo ut ! (17)
Dazp
rae |, — TonmuHa Mex(azHOro clos Ha TPaHUILE Pa3/iea HAHOHATIOJHUTEIb-TIOIUMEPHAs MaTPHIIA.
by
g A
A-1
4 A ©-2
A
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Puc. 2. 3aBucumoctb napameTpa b, 0T HopManM30BaHHON KOMIUIEKCHO XapaKTepHCTHKU
(3,78x10°%/D,)(Nu/,,) s Hanokommosuros ITI/THY (1) u IIT/CaCOs (2)

I[J'ISI pacuceTa BCINYNHDBI |M,1, CHa4dajla OIpeaACIACTCA OTHOCUTCIIbHAsA A0JId Me)i((ba3HLIX obnacreit QPugp € 1O~

MOIIBIO CIEIYIOUIET0 NEPKOSLMOHHOTO COOTHOLIEHus [1]:

? =1+11(p, +¢,,)*" (18)

M




CmpyxkmypHble 0CHO8b1 Medtcha3noil adze3uu (Hanoaoze3uu) 6 OUCNEPCHO-HANOTHEHHBIX NOJTUMEPHDIX ...

3aTeM MOXKHO PaccuuTaTh BeIU4uHYy |, UCTIONB3ys ypaBHEHHE [1]:

3
R_ +1 . (19)
azp M
= _— —l
(p,w‘b (Pu ( R J

azp

Ha puc. 3 npuBeneHa 3aBUCUMOCTb D, ((pq50) AT paccMaTpUBaeMbIX HAHOKOMIIO3UTOB. Kak MOXHO BUIETS,
I71s1 HAHOCHCTEM ((450=0,5) HabmomaeTcst ObICTpBIl pocT b, Mo Mepe yBenUUEHUS @5, TOTAA KaK [ MUKPO-
CHCTEM ((4:0<0,5) noBbIIIenue b, mo Mepe pocra @,y c1aboe u BeIndMHa b, B 3TOM CiIydae BapbUpyeTCs B IIpe-
nenax ~ 1,0-1,8 nist obonx paccMaTpuBaeMbIX HAHOKOMITO3UTOB.

b

| |
0 0,8 1,6

(Ppaad

Puc. 3. 3aBucumocTs mapamerpa b, 0T OTHOCHTENBHOM 0N TIOBEPXHOCTH pasjeiia
HAaHOHAIOHHUTENIb-TIOJIIMEPHAst MATPHULA ()50 1 HaHokommnosutoB [TII/THY (1) u II1/CaCOs (2)

XapakTepHo, UTO Iepexoj] OT HAHO- K MUKPOCHUCTEMaM MPOUCXoauT B untepane D, = 70 — 100 um, yto coot-
BETCTBYET YKa3aHHOMH BBIILIE BEpXHEH rpaHHIle pa3MepHOro HHTepBaia HaHovyacTHll [9]. HetpynHo BuieTh, 4TO TaHHbBIC
puc. 3 OOBICHSIOT IPHYMHY TOSBICHUS 3((PeKTa HAHOAITE3UH: TAKOBOK SIBJISIETCS YBEIIMUCHUE TTOBEPXHOCTH pazzierna
(ha3 HAHOHATIOTHUTENH-TIOJIMMEPHAs! MaTPHIIA BBIIIE TIPEACIILHOM BEJMYHHBI, IOIYCTUMOW JJIsl MUKPOCHCTEM.

Takum 00pa3oM, pe3ynabTaThl HACTOSIIEH paboThl MPOJEMOHCTPUPOBANIN, YTO YPOBEHb Mek(pazHOW ajre-
3UM B JUCIIEPCHO-HAIIOJHEHHBIX MOJUMEPHBIX HAHOKOMIIO3UTAX OMPEAEISIeTCs Pa3MepOM MCXOIHBIX YacTHIl Ha-
HOHAITOJHUTENSI, HO €ro BEIWYMHA OBICTPO CHMKAETCS 110 MEpe arperany yKa3aHHbIX dacTull. VHade roBops,
YPOBEHb MeK(a3HOH aAre3nn KOHTPOIUPYETCS XapaKTEPUCTUKAMU KaK MCXOIHBIX HAHOYACTHII, TaK U MX arpera-
ToB. [lepexos OT HaHO- K MHUKPOIOBEICHUIO HAHOHATIOJIHUTEIS ONPEISNeTCs] JOCTHKEHHEM MPEIeIbHON BeJH-
YHUHBI NTOBEPXHOCTH pa3jielia HAaHOHATIOJHUTENIb-TIOJMMEpHas MaTpHIA, KOTOpas SBISETCS KPUTEPUEM pean3a-
uu 3 dexTa HaHOATe3 M.
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3®PEKTUBHBIN MOAYJIb YIIPYTOCTH TAKTOUI0B
OPI'AHOJIMHBI B TIOJIMMEPHBIX HAHOKOMIIO3UTAX

lI[O.]'IﬁI/IH N.B.*, 2Ky[lpona E.Il'., 2)j[aBLmOBa B.B., "Kozos I'.B.

'Kaéapouno-Bankapckuii 2ocyoapcmeennutii ynugepcumem um. X.M. bepoexosa
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Poccuiickuii 2ocyoapcmeennblil ynugepcumem mypuzma u cepguca
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Tloxazano, umo mMooyns ynpy2ocmu HAHOKOMNO3UMO8 NOAUMED/OPLAHOSTIUHA He 3A8UCUN O COOMBEMCHI-
8yrowe20 napamempa 01 HAHOHANOJHUMES, a ONPeOelsencsl HCeCMKOCIbIO MexchasHbiX obracmel, komopas
npesvlulaem H#ecmKoCms NOAUMEPHOU Mampuysbl npumepHo Ha nopaook. Cmpykmypa azpe2amos (maxmouoos)
Op2aHO2UNbl (UHMEPKATUPOBAHHAS UNU ICHOTUUPOBAHHASL) CYUWECNBEHHO 6IUSEM HA UX MOOYIb YAPY2OCHU.

KiroueBblie cjioBa: nojauMep, HAHOKOMIIO3UT, OPraHOIJIMHA, TAKTOU, MOIYJb YIPYTroCcTH, Mexk(a3Hble 00-
JacTu.

THE EFFECTIVE ELASTIC MODULUS OF ORGANOCLAY
TACTOIDS IN POLYMER NANOCOMPOSITES

'Dolbin 1.V., ?’Kudrova E.G., 2Davydova V.V., *Kozlov G.V.

Kabardino-Balkarian State University
’Russian State University of Tourism and Service

It has been shown that the elastic modulus of nanocomposites polymer/organoclay is independent on corre-
sponding parameter for nanofiller, but it is defined by stiffness of interfacial regions, which is larger over one or-
der than stiffness of polymer matrix. The aggregates (tactoids) structure (intercalated one exfoliated one) influ-
ences substantially on their modulus of elasticity.

Keywords: polymer, nanocomposite, organoclay, tactoid, elastic modulus, interfacial regions.

Kak xopormo u3BectHo [1], BepXHsg rpaHHLIa MOAYNS YIPYTOCTH MOJMMEPHBIX KOMIIO3UTOB F, B paMKax
MHUKPOMEXaHUYECKUX MOJIEINEH Onpenensercs CIeayoIHM 00pa3oM:

EK = E.W (l_ (PH )+ EH(II‘I('pH ! (1)

rae £, u E,;, — MOIyJIN YIIPYTrOCTH MAaTPHUYHOTO MOJIUMEPA M HATIOJHUTENS, COOTBETCTBEHHO, (P, — 00BEMHOE CO-
Jiep>KaHNe HaMOTHUTEIS.

VYpasuenue (1) npeacrapnser co00i Tak Ha3pIBAEMYIO NMAPAIIICIEHYIO MOJIEIh, TIPEATIONATAOIIYIO0, YTO B 000MX
(hazax KOMMO3UTa pea3yeTcst OHOpoaHas nedopmanus. OIHAKO HA MPaKTHKE ypaBHeHUE (1) TaeT CHIIBHO 3aBBIIICH-
HBIE 3HAYECHUS MOAYJIs ynpyroctd E,. OmHON w3 mpudrH 3Toro 3ddeKra sSBIsSeTCsS arperanys UCXOTHBIX YacTHI] Ha-
TIOJTHUTEIISI, 0COOCHHO CHJIBHO BBIP2)KEHHAS Il HAHOHATIOIHUTENEH [2], KoTopas Bceraa cHibkaeT d(¢GeKTUBHBIN MO-
IyNb ynpyroct HanonHuTess. Kpome toro, cymectByeT 3h¢ekT repeHoca NpHIoKEeHHOTO MEXaHUYECKOTO HalpsHKEHHS
Ha Mex(a3HON TpaHUIle ITOJIMMEp-HAMOIHHUTENb, KOTOPBI TeM CHJIbHEE, YeM BBIIE YPOBEHb MEK(a3HOU ajre3nd Ha
ykazaHHo# rpanuie [3]. Llenpro HacTosmel paboThI ABISIETCS onpe/elieHre HaKkTOPOB, BIUSIONINX Ha d3QPEKTHB-
HBIH MOJTyJTb YIIPYTOCTH arperaToB (TaKTOMIOB) OPTaHOTJIMHBI B ITOJIMMEPHBIX HAHOKOMITO3UTAX.

Jist penieHus! MoCcTaBIeHHON 3a/1aun ObUTH OTOOpaHbI JTUTEPATypHBIE JaHHBIC JIJISl HAHOKOMIIO3UTOB TTOJIH-
Mep/OpraHorIMHA ¢ MAKCUMAJIbHO BO3MOXKHOM BapHallyiei MOyl YIPYroCTH MaTpuyHOro roimmepa £, Mcnomns-
30BaHbI JaHHBIC T 11 HAHOKOMIIO3UTOB TIOJUMEP/OPTaHOTIMHA Ha OCHOBE CJICIYIOIIUX TTOJTUMEPOB: TTOJTUBHUHHMII-
XJOPUAHBINA MIACTUKAT [3], MONMUATUICH HU3KOW IIIOTHOCTHU [4], TMHEHHBIN NOMUATUICH HU3KOU IJIOTHOCTH [5],
MOJIMJTAKTOHHASI KHCIIOTa [6], monumpomwieH [7, 8], moiud THieH BRICOKOH mioTHOCTH [9, 10], monuatunenTeped-
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tanat [11], nonmuamua-6 [12] u nonuumup [13]. Jns ykazaHHBIX MOJMMEPOB BelUYMHA F, BapbupOBajach B Mpe-
nemnax 64-3800 Mlla, T.e. mpumepHo B 60 pa3, a MOLyJIb YIPYTroCTH HAHOKOMITO3UTOB £, HAa X OCHOBE — B HHTEP-
Base 150-10 300 MIla.

ABTOpSHI [ 14] npenioXuin UCIoab30BaTh JIsl ONPEeAeIeHUs] MOIYNIS YIPYrocTd E, HAHOKOMIIO3UTOB MOJAH-
(unmpoBaHHBIN BapuaHT ypaBaeHus (1):

EH = E,w (l_ (‘pH ) + bEHaH(‘PH ! (2)

rae E, u E,,, — MOIyM yIPyrocTH MaTpHUYHOTO MOJMMEPa U HAHOHATIONHUTENS, COOTBETCTBEHHO, (0, — O0BEMHOE
cofiepykanne HaHoHANOMHUTENs, b<1 — ko3 UITHEHT, OTpaKAIOIHIA CTETIEHb PEATH3AIlMKA CBOMCTB HAHOHAIIOIHH-
TeNsl B MOMIMMEPHOM HaHokommosute. [lapamerp bE,,, TO CylecTBy mpeAcTapisieT coboit 3(pPpeKTHBHBINA MOIYIIb
HAHOHAIOJHUTENS WK, 00JIee TOYHO, €T0 arperaToB (B CIIy4ae OPraHOTIIMHBI — TAKTOUJIOB).

BenuunHy @, MOKHO OIIPEICIIUTE COTJIACHO XOPOIIIO U3BECTHOH (opmyie [2]:

W, ©)
P

¢, =

rae W, — MaccoBoe cojiepikaHue HAHOHATIOIHUTEIS, P, — €r0 INIOTHOCTh, ONpe/essieMast sl HAHOYACTHIL CIICTy 0-
M oopasom [2]:

p, =188(D, )1/3, Kr/M°, (4)

rae D, — muaMeTp UCXOIHBIX YACTHIl HAHOHAIIOJHUTES, KOTOPBIH JaeTcs B HM.

B cnyuae opranornunel napamerp D, onpenensercs Kak cpeaHeapu(pMETHIECKOe TPEX OCHOBHBIX pa3MepoB
€e TUTACTUHBI — JUTHHBI, IUPUHBI U TOJNIIUHEL, KoTOpbie paBHBI 100, 35 u 1 HM, COOTBETCTBEHHO [2].

JI1st TOJTMMEPHBIX HAHOKOMIIO3UTOB MEPEHOC MPHIIOKEHHOTO K 00pasily MEXaHMYECKOTO HAIpPSDKEHHUS Ha
Mex(a3zHOW TpaHWIle TOJIMMEpHas MaTpHIla-HAHOHAIOIHHUTENh OINpEeAeseTCs] ypOBHEM MexX(a3HOW aare3uw,
XapaKTepU3yeMbIM Oe3pa3MepHBIM mapaMeTpoM b, KOTOPBIH MOXKHO PACCUUTATH C TIOMOIIBIO CIECIYIOIIETO MEPKO-
JSAIIOHHOTO COOTHOMIEHUS [2]:

? =1+11(co,b, )" (5)
"

I/ie ¢ — TIOCTOSHHBIN Koddduiment, paBueiit 1,955 i nHTEpKATMpOBaHHOW OpraHoriuHbl U 2,910 — mist acdo-

TUMPOBaHHOM [2], a oTHOIIEHHE F,/E,, IPUHATO HA3bIBATH CTEIICHBIO YCHUIIEHUS HAHOKOMITO3HUTA.

Otmerum, uto mapametp b, 1aeT He TOIBKO KONMMYECTBEHHYIO, HO M KAYECTBEHHYIO IPAIaIlHI0 YPOBHS MEK-
(asmoii aaresun. Tak, ycmosue b,=0 o3HauaeT oTcyTcTBHE MeKbasHoi aaresnn, b,=1,0 — coBepurennyio (mo Kep-
Hepy) ajaresuio, a ycimosue b, >1,0 maet kputepuii peanuzarmu 3¢ dexra HaHoaare3uu [2].

Pacuer cornacHo ypaBHEHHIO (2) MPOAEMOHCTPHPOBAN OOJNBIIOE W3MEHEHHe NapameTpa bE,,, B Tpeienax
1,26-146 I'Tla mis paccMaTpyUBaeMbIX HAHOKOMITO3UTOB. HamoMHUM, 4TO Jis OpraHOrIvMHbI BenuunHa £,,,~400
I'Tla [2]. XapakTepHO, 4TO BeMYMHA HE,,, TEM BBIIIE, YeM OOJIbIIE MOY/Ib YIIPYTOCTH MAaTPUUHOrO mojuMepa £E,,.
[TosToMy OBLIO CHETaHO MPEATIONOKEHHE, YTO FIPPEKTUBHBIA MOIYJIb YIPYTOCTH HAHOHAIOIHUTENS bE, ,,, OnpenesieT-
cs IByMS TIapaMeTpaMH: YpOBHEM MeK(a3HON are3wu, XapaKTepu3yeMbIM mapaMeTpoM D, ¥ MOIyJIeM YIpPyrOCTH
COOCTBEHHO arperara (TaKTOWa) OPraHOTIIUHbI E,,,,.,. Torna ypaBHeHre (2) MOXKHO 3alHCaTh CIEAYIONINM 00pa3oM:

En = EM (l_ (pu )+ bOLEmaKm(Pu ' (6)

Ha puc. 1 npuBeneHo COOTHOIICHUE MOIYJIEH YIPYTOCTH TAKTOWU A OPTAHOTIUHBI £y, PACCIUTAHHOTO CO-
TJIACHO ypaBHEHUIO (6), 1 MOyl YIPYTOCTH MaTPUIHOTO mojauMepa E,, I paccMaTpruBaeMbIX HAHOKOMIIO3UTOB.
Kak cnemgyer W3 maHHBIX 3TOTO PUCYHKA, MEXAY mapamerpamu E,.., 1 E, HabmomaeTcs TuHEHHAsS KOPPETIns,
KOTOpasi aHATUTUIECKHU OMMCHIBAETCS CIICIYIONTUM IMITUPUIECKIM YPAaBHEHUEM:

Ema}(m = 8’33EM ' (7)
VYpaBuenue (7) npeanonaraer, 4yTo napamerp K., M0 cBoeMy (QU3NUYECKOMY CMBICIY SIBIISIETCS MOAYJIEM
YInpyrocTtu obOacrei noJmmepa MEXKIY MIIaCTUHAMH OPTraHOTJIMHBI B TAKTOU/JC, KOTOpLIﬁ BBIIIIC MOAYJIA YIIPYTOCTH

HCXOJTHOTO MAaTPUYHOro mosimmepa E,, 3a cueT n3MeHEeHUs1 KOH()OpMAIIMK TOJTMMEPHBIX IIeTeil B TAKOM OrpaHUYCH-
HOM TIPOCTPaHCTBE.
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Puc. 1. 3aBucuMocTs MOAYJS YIPYTOCTH TAKTOUAOB OPTAHOTIHUHBL £,y OT MOZYIIS
YIOPYrOCTH MaTPUYHOIO nonuMmepa £, Ui HAHOKOMITO3UTOB MOJIMMEpP/OpraHoTInHa

OtmeTnM, 9TO aBTOpHI [2] paccMaTpUBAIOT 3TH OOJACTH Kak Mek(aszHble, a UX ropasio 0ojee BBICOKHN
(TmouTH Ha MOPSAAO0K) MOIYJh YIPYTOCTH IO CPAaBHEHUIO C OOBEMHON MOJIMMEPHON MaTpHUIIeH [enaeT 3TH 00IacTu
TaKUM K€ apMUPYIOIIUM CTPYKTYPHBIM JJIEMEHTOM HAHOKOMIIO3MTa KaK W COOCTBEHHO HAHOHAIMOJHHUTENb. DTO
00CTOATENBCTBO MO3BOJIMIIO MOJIYYUTh CIEAyIolee MOAUGMUIHMPOBAHHOE ypaBHEHHE IS ONpPEAETeHHs CTEHNEeHU
ycunenus E,/E,, moJMMEpHBIX HAHOKOMITO3UTOB [2]:

EH

=1+11g, +¢,, )" (8)

M

I1€ @, — OTHOCUTENbHAS 1071 MeK(pa3HbIX 00aacTel, KoTopas B IEPBOHAYAIBHOM BapHUaHTe JUIS CIydas KOMIIO-
3UTOB HE YUUTHIBAIACH.

ABTOpHI [16] UCTIONH30BATI HAHOCKOTIMYECKHE METOAWKH JUIS SKCIIEPUMEHTANBHOTO OMPEEIICHUST MOy IS
YIpPYrocTH Mek(as3HbIX obnacteit £,y U MOTYYUIH CleAyIOIUe 3HaUYeHUs 9TOr0 IapaMeTpa Uil HAaHOKOMIIO3UTOB
OyTaJl1eH-CTUPONIbHbINA KaydyKk/HaHOIIYHTHT: E,;,=810-1147 MIla, KOTOpbIH CpaBHUM C MOJIYyJEM YNPYTroCTU Ha-
Homynruta E,,,=1485 Mlla u npesbimaer Moayne MaTpudyHoro monumepa (E,=135 Mlla) B 6,0-8,5 pa3, uro xo-
POIIIO coTiacyeTcs ¢ JaHHBIMHU puc. 1.

Ha puc. 2 npuBeneHo cpaBHEHHE MOTYYSHHBIX SKCIEPUMEHTAIBHO F, W PACCUNTAHHBIX COTJIACHO YPAaBHEHUSM

T v
(6) u (7) E, Benmmuun MOyJIst YIPYTOCTH /ISl HAHOKOMITO3MTOB TIOJIMATHIIEH BHICOKOM IIOTHOCTH/OpraHoriaa [9].

EHT, I'Tla
15
10 N A
AN
A
AN
05
I I I
0 0,5 1,0 15 £, IMTa

Puc. 2. CpaBHEeHHE TOTyYEHHBIX 3KCIIEPUMEHTANBHO £, M paCCYMTAHHBIX COTIacHO ypaBHEHUsM (6) u (7)
E! 3nauenmii MOIyIIs ynpyrocTH uis HAHOKOMITO3UTOB TIOJMATHIIEH BBICOKOH IUIOTHOCTH/OPraHOTIIMHA.

Kak M0OXHO BHIETH, OIYYEHO XOPOIIEE COOTBETCTBHE TEOPHU M IKCIEPUMEHTA 3a HCKIIOUEHHEM OJHOU
TOYKH JJAHHBIX, KOTOpasi [I0KA3a/ia 3aHIKCHHYIO BeNMunHy E| . YKa3aHHbI HAHOKOMIIO3UT HMEET 5C()OTMUPOBAHHYIO

CTPYKTYPY OPraHOIJIMHBI, TOTAAa KaK OCTAJIbHbBIC — MHTCPKAJIUPOBAHHYIO. CJ'IGI[OBaTeJ'IBHO, HU3MCHCHUC CTPYKTYPhbI
OpraHOIrJIMHbI B MOJMMEPHOM HAHOKOMIIO3UTE 03HAYACT CYIICCTBCHHOC (HO‘-ITI/I B J1Ba pa3a) U3MCHCHUC ITOCTOSAH-
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Horo K03 unpenTa B ypaBHeHUH (7), KOTOPBIH paBeH 8,33 115l HHTEPKAIMPOBAaHHOW OPTaHOTIIMHEI U ~ 16,5 — 1s
acdoaurpoBaHHoil. BeposiTHo, 3TOT 3¢hhekT 00ycnoBnIeH ropaszao JIydllInMH yCIOBUSIMH YIIAKOBKH (OPHEHTAIINN)
HOJMMEPHBIX Leneld Ha CBOOOIHBIX MOBEPXHOCTAX 3C(HOIMMPOBAHHON OPTraHOIVIMHBI [0 CPABHEHHUIO C «BHYTPH-
rajuiepelHbIMI» MPOCIOWKAaMHU TAKTOMIAa HHTEPKAJIMPOBAHHON OPTaHOITIMHBI, TA€ CYLIECTBYIOT CUIIbHBIE CTEpUYE-
CKH€ OTPaHUYCHHUSA JJIs YIIAKOBKH LETei.

Taxum 00pa3om, pe3yibTaThl HACTOALIEH PabOTHl IMOKA3aiM, YTO MOLYJb YIPYIOCTH HAHOKOMIIO3UTOB II0-
JMMEp/OpraHorIMHA HE 3aBUCUT OT MOAYJIS YINPYIOCTH COOCTBEHHO OPTaHOIJIMHBI, @ OIPEAEISIETCS JKECTKOCTHIO
Mek(paszHpix obnacteld. Kpome Toro, CylecTBeHHYIO pojib B YCHJICHUN yYKa3aHHBIX HAHOKOMIIO3UTOB, 8 UMEHHO, B
nepeHoce MEXaHMUECKOro HamlpsDKeHUST Ha Mexk(a3HO TpaHuIe MOJTUMEPHas MaTpUlla-OpraHOTJIMHA UTPaeT ypo-
BeHb Me(azHol anrezuu. [lokazaHo, 4TO MOAYNb yHOpyrocTd Mek(pa3HbIX 00JacTel IPUMEPHO Ha MOPSAAOK Ipe-
BBIIIAET COOTBETCTBYIOIIMI MOKa3aTenb il OOBEMHOM MONMMEPHONW MaTpHUIBI, YTO JENaeT yKa3aHHbIE 00IacTH
apMUPYIOIIUM 3JIEMEHTOM CTPYKTYpbl HAHOKOMITO3UTA Hapsily ¢ opraHorinuHoil. CyliecTBEeHHOE BIMSHUE Ha Be-
JMYUHY MOJIYJSI YIPYTOCTH TaKTOMAOB OPTaHOINIMHBI OKa3bIBAaCT €€ CTPYKTYpa (MHTEpKaJUpOBaHHAs WM 3cho-
JTUHUPOBAHHAS ).
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B pabome uccrneoosan npoyecc paspyuienus meepoozo Gewecmed, aHarioeUdHbil UCHAPEeHUIo Wi cyorumMayuu,
00bIUHO OCIONCHEHHbIU HaTU4UeM KOHOeHCUPOBAHHOU (hazbl 8 NpOOYKMax paspyuleHus (azepuas aoiayus).

Tonyuena 3agucumocms MoaUHbL AOTUPOBAHHO20 30 UMNYILC HOIUUMUOA HOO OeliCmEUeM U3LYUEHUsL IK-
cumepnwix ArF, KrF, XeCl u XeF nazepos kax ¢hynxyuu 0ozt 061yuenus.

Toxazano, umo nazepuas abasyus AGAAEMCL OOHUM U3 OCHOBHBIX MEXAHUZMO8 NA3EPHOU 0eCmPYKYul Noau-
MeEPO8 N0 Oelicmauem 1A3epHO20 U3YHeHUS.

KiroueBble ciioBa: nasepHas a0isius, Ja3epHoe o0IydeHue, oIUMepbl, NOIUMETHIMETaKpUIIaT, HOIUTET-
padTopaTHIIeH.

THEORY OF LASER ABLATION
'Kunizhev B.1., ?Torshkhoeva Z.S., *Polonkoeva M.M., *Kugotova A.M.

'Kabardino-Balkarian State University
’Ingush State University

In this work, the process of destruction of a solid substance, similar to evaporation or sublimation,
is studied, usually complicated by the presence of a condensed phase in the destruction products (laser ablation).
The dependence of the thickness of polyimide ablated per pulse under the action of excimer ArF, KrF, XeCl and
XeF lasers as a function of the irradiation dose is obtained.

It is shown that laser ablation is one of the main mechanisms of laser destruction of polymers under the ac-
tion of laser radiation.

Keywords: laser radiation, laser ablation, polymer, polymethyl methacrylate, polytetrafluoroethylene.

IIpu BO3/EHCTBUY Ja3€PHOTO M3TYUYEHHS Ha MOJUMEP OJHOBPEMEHHO MPOUCXOMAT MPOLIECCH TEPMHUUECKOIA,
TEPMOOKHUCITUTETILbHOH ¥ MEXaHMYECKOH JECTPYKIIMH, B Pe3yibTaTe Yero MpOMCXOIWT HCHapeHue (pparMeHToB
MaKpOMOJIEKYJI (BIUIOTb JI0 OJINTOMEPOB), @ B HEKOTOPHIX Clydasx HaOII0JaeTcs U OTPBIB YAaCTHII ITOJIMMEpa U Ha-
TIOJTHUTEIIS Ta30BOM WM Tu1a3MeHHol crpyeit [1, 2]. Kpome Toro, abmsimus BerecTBa COIPOBOXKIAETCS OOIBIINM
YHCIIOM COMYTCTBYIOIIUX 3 EKTOB: KOHACHC CaNNel napa, TUCIIepPTUPOBaAHUEM KHUKOW (a3bl U T. 1.

Bce monmumepsl B 3aBUCUMOCTH OT UX MOBEJCHUS IIPH OOIYYCHUH JIa3ePHBIM JTy4OM MOXKHO pa3OuTh Ha TpU
TPYIIIBL:

— TIOJIMMEPBI, KOTOPBIE TIABATCS U pa30phI3TuBatoTes (Tpymnmna A);

— TIOJIMMEPBI, 00pa3yolie Ha TOBEPXHOCTH CIOH Kokca (Tpymma b);

— MOJIMMEPHI, IEPEXOSIIUE B Ta3000pa3Hoe cocTosiHUEe Oe3 octaTka (Tpynna B) [3].

[HonmumeTniMeTakpuIIaT, TaKKe, KaK U TOJKUCTHPOI) IPUHAUICKHT U K TpyIine A, u K rpynie B.

B IOTMMETHIMETAKPHITATE PH HHTEHCHBHOCTH m3Tyderns | meree 5—7 Br/cM® qecTpyKiu BooGIe He Habmo-
naercs. [Ipu I>7-10 Br/cm? HaumHaeTCs nporiecc admsmu ¢ E,q>10 xJbx/r. Jlanee mpoucxoaut wHTEHCH(DUKAIMS
nporecca absIIuKi ¢ OTHOBPEMEHHBIM CHIDKEHHEM SHEPruM alOisyuy JI0 TOCTOSHHOTO 3HauyeHus B mpeaenax 3,3-35
kJx/r. Tlpr TOBBIIEHHBIX TEMIIEPAaTypax MMOBEPXHOCTH MEHSETCS MEXaHH3M Pa3lioXKeHHs1 3Toro mnoiumMepa. [Ipu ma-
JIBIX TUIOTHOCTSIX MOITHOCTH B CIIydae JIa3epHOU abJIsIy BEPOSITHEE BCETO PeaM3yeTcs MPOIIece pachaza MOTMMETHII-
METaKpHJIaTa ¢ dHeprueil aktusaryy 92 kJIi/MOIb, a PH MOBBIICHHH 3Haueruit I 10 50-60 Br/cM” 10MOMHUTETHHO
MHUALMHAPYIOTCS TIPOLIECCHI JECTPYKINH TI0 3aKOHY CITydasi M JIETIOTMMEPU3aIlii OCHOBHOM TMOJIMMEPHON 1IETH, TIPHYeM
JMHAMUYECKOE PAaBHOBECHE CIIBUHYTO B CTOPOHY Tipoliecca ¢ Oonbined dHepruedd axruBamum (252 xJ[k/MOIb).
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[NonmurerpadTOpaTHIIEH HMEET caMmoe MUPOKoe puMeHenne. OH NpUHAUISKUT K Tpymne B. s Hero Mox-
HO BBIJCIUTH TPU acIleKTa:

— aHOMAJILHO OOJIBIITUE CKOPOCTH MOTEPH MACCHL;

— n30uparenpHoe IeHCTBUE JTa3ePHOTO U3IydeHHs (B 30HE OOMYUYECHHUS! OCTAIOTCS TaK HA3bIBAEMbIE «HHUTHY,
UMEIOIIUE MOBBIMICHHYIO CTOWKOCTD K JIA3¢PHOMY HU3TYYCHUIO);

— HECOOTBETCTBHE KaYECTBEHHOT'O U KOJTMUECTBEHHOT'O COCTaBa MPOIYKTOB JIECTPYKLIMH TEMIIEpaType B 30HE
o0nyuenus [2].

Kaxk nmokazano B [4], 61049HBIH TOAUTETPAPTOPITHIICH MIPECTABIIET COOOH TBYXKOMIIOHEHTHYIO CTPYKTYPY:
MEHbIIasi 4acTb — «HHUTW» cocTaBisier npumepHo 10 % mo macce, obiamaeT BBICOKOH JTy4eBOW MPOYHOCTHIO
U abIupyeT Mo TEPMUUYECKOMY MeXaHH3My MOXHO MpPEAINOJIOKUTh, YTO MaKpPOMOJIEKYJIBI B 3TUX OOpa30BaHUAX
VIIOXKEHBI B HanOosee COBEPIICHHYIO KPUCTAIUTUYECKYIO PEIICTKY M COXPAHSIOT JajJbHUN MOPSIOK JIaXKe IMOCTe
TOYKH TUIaBJICHUsI. BoIbIas 4acTh HMeeT HU3KYIO JYYEeBYIO CTOMKOCTb, U JUTS Hee MpoIece ASCTPYKIMU MPOTEKAeT
B JIBE€ CTAQJMU: HArPEB O OTHOCUTEIBHO HEBBICOKHX TEMIIEPATyp U KackagHoe GoToBO30YKACHHE MAaKPOMOJICKYII
B KOJIe0aTeTbHOM KBa3UKOHTHHYYME BILTOTH JI0 AMCCOIMAIINY CBsizeH [2].

Moyeny, ucronb3yeMble B TEOPHUU JIA3ePHOW alOJISAIHK, ONPEICISIOTCS CIOXKHBIMI HETUHEHHBIME CUCTEMaMU
YpaBHEHUIA B YACTHBIX MPOU3BOIHBIX, PEIICHUE KOTOPHIX TPeOyeT MPUMEHEHHS YUCICHHBIX METOJIOB. JTO 00CTOSTENb-
CTBO 3aTpyIHSIET WHTEPIPETALIMIO SKCIICPUMEHTAIBHBIX pe3yJbTaToB. B TO e BpeMsi IOCTaTOUHO MOJHOE ONHCAHHE
TIPOIIECCOB JIA3ePHOM AOJAIMH YIACTCS MOTYYHTh, HCIONB3Ys PeAYIIMPOBAHHBIE MOJICIH, CBOJISIIHECS K PEIICHUIO CHC-
TeM HEJIMHEHHBIX OOBIKHOBEHHBIX M((hepeHIINaTbHBIX ypaBHEHHH. Takie MOJeIn OKa3bIBAlOTCsl YIOOHBIMH IS KO-
JIMYECTBEHHOTO aHAJIM3a SKCIIEPUMEHTATIBHBIX PE3YIbTATOB U TIO3BOJISIOT JIyUIIIe TOHSTH (PU3HKY siBIeHus [ 1].

[Tpu TeopeTUUeCKOM ONMUCAHUU AOJISIIUU TIOJUMEPOB MPH BO3JCHCTBHM HEMPEPHIBHBIM JIA3€POM HIIH J1a3e-
POM C MHJUTUCEKYHIHBIM UMITYJILCOM YaIlle BCETO MCIOJB3YETCS JaBHO M3BECTHASI «TEIUIOBAsI MOJEIBY», KOTOpas
XOPOIIO OMKCHIBAET KBAa3UCTAIMOHAPHBIN pekuM almsanuu. B nanHoe BpeMs HMIMPOKO HMCCIIEAyeTcs abisiuuu 1Mo
JIECTBUEM YIIbTPAKOPOTKUX JIA3ePHBIX HMIYIBCOB MUKOCEKYHIHOTO U (PeMTOCEKYHTHOTO JHANa30HOB. [ TaKux
UMITYJIbCOB HE JIOCTHTaeTCsl KBA3UCTAIMOHAPHBIN PEIKUM a0IISIIHH.

80 F

hi, HM

E, wflmclcw

Puc. 1. TomuyHa abIUPOBAHHOTO 33 UMITYJIbC MOJUUMU/IA IO/ JCHCTBHEM U3TyUSHHS DKCUMEPHBIX
ArF, KrF, XeCl u XeF nazepos (mmnsr Boan 193, 248, 308, 351 HM, COOTBETCTBEHHO)

Kunerunka temnoBoro HUCMAapCHUA KOHACHCHPOBAHHBIX TCJI OMMMCHIBACTCA 3aKOHOM:
T
V=V, e><p(—Ta , 1)

r1e U, ¥ T — KOHCTaHTHI.

ITpu BO3JEHCTBHHM JIa3ePHOTO UMITYJIbCA Temieparypa 7 M CKOPOCTb JIa3epHON albJsluu V U3MEHSOTCS CO
BpeMeHeM. M3meputh HenocpenctBeHHO T(t) u V(i) B IKcrepuMeHTax ¢ KOPOTKUMH JIa3ePHBIMU HMITYJIbCAMHU
Ype3BbIUaiiHO Ci10KHO. Kak mpaBuiio, ¢ JOCTaTOYHO XOPOIIEH TOYHOCTHIO MOKHO OIPEACIUTh TONIIMHY cios h,
yIAJIEHHOT0 33 MMITYJIbC MaTepHania, Kak QyHKIHIo 103kl 00myuenus E [1].

o0 rI
n= e, = Jf v(eydt; E= | I, @)
0 to
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Wuterpanphas kpusas h=h(E) manouyBcTBUTENbHA K U3MCHEHUIO MeXaHU3Ma aOJsimu. [103ToMy sKcre-
PUMEHTaNIbHBIE JAHHBIE MOXKHO yIOBJIETBOPUTEIBHO ONUCATh C IOMOIIBIO 3aKOHOB COXPAHEHUS, HE YUUTBIBAIOIINX
KUHETHUKY TpoLecca.

Jlyis MaTepuaioB, CHIIbHO TIOTJIONIAMONINX JIa3epHOe U3nyueHue, 3apucumocth h = h(E) cogepxxat Tpu xa-
pPaKTEpHBIX y4acTKa, OTHOCSIIUXCS K JgomoporosoMy mporeccy E < E,q,, a0msamus B HEMOCPEICTBEHHON OIIM30CTH
ot opora £ ~ Egg,, 1 pexxumy pazsutoii adsiuu 2.5 E, g, < E<5E,.

OOBIYHO TeMIepaTypa MOBEPXHOCTH JOCTUTAET MAaKCUMyMa B HEKOTOPBI MOMEHT BPEMEHU t,, (MTOpsIKa
JUTATEIHHOCTH JIA3€PHOTO MMITYIIbCA T, ) M TUTABHO MEHSETCS BOJTM3H MaKCUMyMa.

[To3TOMy TOMNIIMHY CIIOS BEIIECTBA, YIAJICHHYIO 32 OJMH MMITYJILC, MOKHO TPUOJIMKCHHO ONPEACIUTH 110
dbopmyne (ciaydait E ~ E ,):

3)

Ecnu BpemenHast hopma UMIynbca HE MEHSETCS, 2 H3MEHEHNE MHTEHCUBHOCTH M3JIyYEHHs JOCTHTaeTCs 3a
c4€T POKYCHPOBKH WM IPUMEHEHUS CIICIHATIbHBIX (QHIIBTPOB, TO B Ja3epHOH 00JacTH:

h~ 2w, /T_rﬂ exp(—Ej, (4)
rae B — xoHCcTaHTAa.

Brime mopora naseproi abmsmun (E>E,s,) 1S 10CTaTOYHO KOPOTKHUX JTa3ePHBIX MMITYJIBECOB M BBICOKHX
KOX(GUIIMEHTOB TOTJIONICHUS W3IYYCHUS HAONIOMaeTCs MPOMEXKYTOUYHAsl JIMHEHHAs 3aBHUCHMOCTH TOJIIUHBI
HCIIAPEHHOTO CJI0S OT J03bI 00JyUeHHS, CIeIyolas u3 0ananca sHepruu [1]:

h=~ %(E -E,..) (5)

rae R — xoopdunmeHT oTpakeHUs W3IydeHus; L — CKpbpITas TeIyioTa WCIApeHHs, MPUXOAIIascs Ha eIUHHILY
00beMa TBEPIOrO Tea.

I[Tpu BbICOKHX 103ax Ja3epHoro obnmydenus (E,;,<E<5E,;) Ha mporecc abisiuu CylnieCTBEHHOE BIIHSIHUC
OKa3bIBACT PKPAHUPOBKA MCHAPSAEMOM IMOBEPXHOCTH MAapOra3oBbIM OOJIAKOM MPOAYKTOB aOmauuu. B sTom cioydae
TOJIIMHA

h= iIn —E In(ag A) , (6)
a B

rie g —3¢dexTuBHbIN K03()(HUINEHT MOTIOMIEHUS N3TyYeHHUs B IIape, HOPMUPOBAHHBIN Ha MIIOTHOCTH TBEPJIOTO
Tena, u

T
A = amvpTy ;"ax
a

TemnepaTypy J1a3epHOH aOJIAIUN TPYIHO H3MEPUTH C XOPOIIEH TOYHOCTHIO, IIO3TOMY 0COOYIO aKTyalIbHOCTh
nproOpeTaeT 3ajjadya ee TOYHOTO BBIUMCIICHHA. JTa 3ajJava JOCTATOYHO CJIOKHA. BBIYmcieHus, OCHOBaHHbBIE Ha
peLIEHUH TMHEHHOTO YPaBHEHUS TEIIONPOBOAHOCTH, YEpECUYp YIPOIIEHBI M UHOT/IA HE TOASTCS Jaxke ISl Kade-
CTBEHHBIX OLICHOK. UHMCIIEHHbIE pacyeThl C MPUMEHEHUEM Pa3HOCTHBIX METOJIOB ISl YPABHEHUM B YACTHBIX MTPOU3-
BOJIHBIX TPOMO3JKH M HE BCErja MPHUrOJHBI JJIsi OBICTPOrO aHajKM3a SKCIIEPUMEHTAIbHBIX JaHHBIX. PaccMoTpum
pa3paboTaHHYIO MOJIENb, OMICHIBAIOIIYIO JIA3EPHYIO a0JIALNIO TUAIEKTPHUKOB ABYMS MTOCIEI0BATEIbHBIME YIbTPa-
KOPOTKUMH UMIyJbcaMu [5].

JlazepHBIil UMITYITbC TTaIaeT MEePICHANKYIIIPHO TTOBEPXHOCTH MaTepuaia 1mo ocu Z. Iloriomenne n3mydeHus
OTIMCHIBACTCS B PAMKaX MHOTOYPOBHEBOH MOJIEH CPEABI C YIETOM HHIYIIMPOBAHHOTO M3IYUCHHUS U O€3bI3TydaTelb-
HOU penakcaiun. CucteMa 0aJaHCHBIX YPaBHEHUH HACEIEHHOCTH SHEPTETHUECKUX YPOBHEH IS TPEXYPOBHEBOM MO-
JIEN Cpellbl peICTaBIeHa Ha puc. 2 (B MOJIENTM HE YYTEHO MHIYIIUPOBAHHOE M3IyYeHHE Ha MEepexoje MEKIy BTO-
PBIM B TPETHUM YPOBHSIMU):
ny

lrmj__n:)‘l'_

on, _ Vb"nl Oy,
tZL,

at ‘9z h@
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an: _ Ej'n: 014 T34 n; Ny
at —Vaz—hmfml—n=]+hmfn=—t21+t—3=.
Ny +M3 +M5 = nn, (7)

rae M,,f,.M,; — HACEJICHHOCTH YPOBHEW; 7o — KOHLEHTpauus XpoMoQoOpoB B Cpeie; — CEYCHHs MEepexOlloB;
21,132 — Bpems Ge3bI3MyuaTeqbHON penaKkcaly 31eKTPOHHO-BO30YKIEHHBIX COCTOSHMUIA; V — CKOpOCTh (hpoHTA

A0ITAIINN.

Lk

ozs

My

oI

e —— e

#H]
Puc. 2. TpexypoBHEBast MOJIETh IIEKTPOHHON CTPYKTYPBI XpoModopa

VYpaBHEHHs HalMCaHbI B CHCTEME KOOPJAMHAT, HA4aJlo OTcYeTa KOTOPOil pacrookeHo Ha (PpoHTe aOIsaLuH.
Pacnpenenenne HHTEHCUBHOCTH JIa3epHOT0 M3TydeHus | onpenensercss ypaBHEHHEM:

ol
E = _((712(”1 —n, )+(72§‘2 )I : 8
Pacnipenenenue Temnepatypbl T 3a1aeTcs ypaBHEHHEM TEILIONPOBOIHOCTH:
N = LRt ©
oz pe,(T)ez oz ] pc,(T)

r1e p — IJOTHOCTh; ¢,(T) — TemnoeMkocTh; k(T)— TEIIONPOBOJHOCTh; = hw( 2 /t n'." ) — MCTOYHHUK
nt
3z

TEIUTa, ONMCHIBAIOIINI HATPEeB MaTepHaa Mpu 0e3bI3TydaTeNbHbBIX IepeXxoax ¢ 3-To U 2-TO YPOBHEH.
CKOpoCTh IBUXKYIICHCS TpaHHIlbl (DPOHTA a0JIALKU JUIS TTOBEPXHOCTHOM TEIUIOBOM MOJEIH OMNpECIseTCs

COOTHOIICHHUEM:

Eact
V=V, exp T |
B's

rac kB — KOHCTAaHTa BOHLHMaHa‘ T = T _n — TEMIIepartrypa HOBCPXHOCTHU MaTCpHUalia, Eacti — DHEPIrud akTUuBalluu
> s z=0 9

paspyuieHust MOJIEKYJI MaTepuraa B mpolecce adisnuu; V, — KOHCTaHTa, OIr3Kast K CKOPOCTH 3BYKA.
Ecnu mmoTHOCTE SHEPTHHU KaXKI0TO U3 ABYX UMITYJILCOB HIDKE IMOpora abJsIiui, TO B TPAHUYHOM YCIIOBHH
JUISL ypaBHEHUS (8) SKpaHUPOBKY Ja3epHOTO M3IYUCHUS MPOAYKTaMH aOJIsSIIid MOKHO HE YIUTHIBATH:

I :nz.’,(t}

Z

rae 1, () — MHTEHCUBHOCTH MCXOJHOTO U3JIyYEHHUS B TIOCIEI0BATEIBHOCTH UMITYJIbCOB. [ paHHYHBIE YCIOBUS ISt
ypaBHEHUS TETIONMPOBOAHOCTH (9) UMEIOT BH/I;

k(T)%T\Z:O: PAHV,T(z > 0)=T_,
VA

rae AH — cyGnumanmonHas 3HTanbnuA (mpennoiaraercs, 4to AH He 3aBUCHT OT TEMIEPaTyphl).
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Kpowme toro, miis ypasuenuii (7) u (9) 3a1atoTcs HAYaIbHBIC YCIIOBHS:
n(t=m=n,t=0=0, Mt =0=ng,TE=0=T.

B Monenu abnauuy He yYUTHIBATKUCH H3MEHEHHE SHEPIHH aKTHBALIUH TIPH SJIEKTPOHHOM BO30YKICHUU MO-
7eKys1, 00beMHbIe 3(h(EKTHl M BIMSIHAE MEXaHUYEeCKUX HaNpPsDKEHUH Ha Ja3epHyto amsanuto [6].

3akiouenne

Berime mopora nazepuoit abmsun (E>E,q,) 17 10cTaTOYHO KOPOTKUX JIA3ePHBIX HMITYJIHCOB M BHICOKHX KO-
3¢ PHUIHMEeHTOB TOTIIOMIEHNST M3MydeHUsT HAOII0AaeTCs MPOMEXYTOYHAs JIMHEHHAs 3aBUCHMOCTH TOJIIMHBI HCIIa-
PEHHOTO CJIOsI OT J103bI 00Iy4eHUsl, cieayromas u3 Oananca sHepruf. [Ipu BRICOKHX 033X Ja3epHOro 00IydeHHs
(E46,<E <5E,) Ha mporiecc abJsIMU CYILIECTBCHHOE BIMSHNAE OKa3bIBaCT SKPAHUPOBKA UCIIAPSEMOI MOBEPXHOCTH
napora3oBbIM 00J1aKOM MPOAYKTOB abJIsIHu.

IMpusenena 3aBucumocth h=h(E) (TonmuHbl aGIMPOBAHHOTO 33 UMITYJIbC TOTHUMHUIA MO ICHCTBHEM H3-
myquennst skcumepHbix ArF, KrF, XeCl u XeF mazepoB) kak GpyHKIINN 10361 0OTyUeHHS.
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MOJEJIMPOBAHUE BJIMAHUA JJIMTEJIBHOCTHU HATYPHOI'O SKCIIOHUPOBAHMA
N MHTEHCUBHOCTU AKTUHOMETPUYECKUX TIAPAMETPOB HA U3MEHEHHUE
®U3UKO-MEXAHUYECKHUX IMOKA3ATEJIENA SIIOKCHAIHBIX TOJJUMEPOB
C YYETOM HUX BJIAT'OCOJEPKAHUSA

Y Husuna T.A.%, L Huszun JA.P., L2Censien B.IL., ‘Kanaesa H.C.
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IIpedcmasnenvl pe3yivmamovl aHAIU3A KIUMAMUYECKOU CIOUKOCMU 9NOKCUOHBIX NOAUMEPOB, NOTYUAEMBIX
HA OCHOBE MOOUPUYUPOBAHHOU cMobl Dman-247, omeepaicoaemon Iman-45M, noo Oelicmeuem HAMypHbIX KIU-
MAmuyeckux Gaxmopog 8 yCiosusx ymepeHHo-KOHMUHEeHMAIbHO20 Kiumama. Bulagneno enusanue 61a)cHOCmHO20
COCMOANUS, OTUMENLHOCIU KIUMAMUYECK020 CMApenus U UHMEHCUBHOCTHU AKMUHOMEMPULECKUX NApAMempos
Ha U3MeHeHUue npedena NPOYHOCMU U MOOYIS YNPY2OCTHU NPU PACHANCEHUU, OMHOCUMENbHO20 YOTUHEeHUs npu
MaxkcumanvHol Hazpyske u paspuige. Ilpednosicenvl mamemamuueckue MoOenu U OnpedeseHbl ux 4uciogwvle Koag-
Quyuenmoi, nO360AIOUUE C BBICOKOU CMENEHbIO OOCHIOBEPHOCIU ORUCAMb UMEHEeHUe YNPY2O-NPOYHOCTIHBIX
nokazamerell UcciedyemMoeo noauMepa 8 3asUCUMOCHU OM 61a20CO0ePIHCaAHUsl 00pa3yoe8, OIUMENIbHOCHU HaAMmYp-
HO20 9KCHOHUPOBAHUS U UHMEHCUBHOCU AKIMUHOMEMPUYECKUX NOKA3AMenel.

KunroueBble ¢j10Ba: 3MOKCHIHBIE TONTMMEPBI, KIMMATHYECKOE CTAPEHHUE, BIAaroCoAepKaHue, yIpyro-lpo4HOCTHBIC
XapaKTepUCTUKU, AKTHHOMETPHUYECKHIE TIOKA3aTEeNIN, MATEMAaTHUECKHE MOJCIIH.

SIMULATION OF THE EFFECT OF FULL-SCALE EXPOSURE DURATION AND INTENSITY OF
ACTINOMETRIC PARAMETERS ON CHANGE OF PHYSICAL AND MECHANICAL PROPERTIES
OF EPOXY POLYMERS TAKING INTO ACCOUNT THEIR MOISTURE CONTENT

L?Nizina T.A., “*Nizin D.R., **Selyaev V.P., *Kanaeva N.S.

'National Research Mordovia State University
“Research Institute of Building Physics of the Russian Academy of Architecture and Building Science

The article presents the results of the analysis of the climatic resistance of epoxy polymers based on the mod-
ified Etal-247 resin cured by Etal-45M exposed to natural climatic factors in a temperate continental climate. We
reveal the influence of the moisture state, duration of climatic aging and intensity of actinometric parameters on
the change in the tensile strength and modulus of elasticity in tension, elongation at maximum load and rupture.
We proposed mathematical models and determined their numerical coefficients, which make it possible to describe
with a high degree of reliability the change in the elastic-strength parameters of the polymer under study depend-
ing on moisture content of the samples, duration of full-scale exposure, and intensity of actinometric parameters.

Keywords: epoxy polymers, climatic aging, moisture content, elastic-strength characteristics, actinometric
parameters, mathematical models.

[TonmmmepHbIe MaTepuabl HAIIM MIMPOKOE NMPUMEHEHHE MPAKTHYECKH BO BCEX CYHIECTBYIOUIMX OOJIACTSIX
npoMmblIIeHHOCTH. [lo aHajmoruu ¢ ApyrumMu MatepualaMd OCHOBHOE TpeOOBaHHUE, IPEABSIBIAEMOE K U3ACTHAM U
KOHCTPYKLMSIM Ha TIOJMMEPHOW OCHOBE, 3aKJI0YaeTcs B oOecredeHnu OecriepeOoitHoOi paboThl Ha MPOTSHKEHUH
BCEro CpoKa 3KcruTyatanui. ONHAaKoO pelleHNe MOCTaBICHHOM 3a7auM KpaillHE OCJIOXKHEHO B YCIOBUSAX ACHCTBUSA
HATYpHBIX KIIMMATHYEeCKUX (DaKTOPOB, BIMUSHUIO KOTOPBIX [TOJIBEPKEHBI IIPAKTHYECKH BCE U3ACIHS U KOHCTPYKIMN
BHE 3aBHCHUMOCTH OT CBOET0 (DYHKIIMOHAJIBHOTO Ha3HAYeHHs. DTO OOYCIOBIEHO BBHICOKOH CIIOKHOCTBIO KIIMMAaTH-
YECKOro BO3JEHCTBUS Kak JUId aHalu3a, TaK M Ul BOCIIPOM3BEIEHHS B J1a0OPATOPHBIX YCIOBUSIX C JIOCTATOYHOM
TOYHOCTBIO U MOJTHOTOM [1-5].

ITockonbKy TOJTHOE BOCTIIPOM3BEACHNE ACHCTBUSA OKPY)KAIOIIEH Cpeapl B NCKYCCTBEHHBIX YCIOBHUSX B CHIY
3HAYUTEIILHOW BApUATHBHOCTH JICHCTBYIOMMX (HaKTOPOB M UX KOMOMHAIIMI HE MPEJICTABISETCS BO3MOXKHBIM, OC-
HOBHBIM MCTOYHHUKOM TIOJYYEHHUsI JIOCTOBEpHOH WHpOpMaIK O (peHOMeHaX, BO3HUKAIOIINX B CTPYKTYpE IOJIAME-
POB B TpoOIECCEe KIMMATUIECKOTO CTapeHus, ABJISIOTCS HATYpHbIE KIMMaTHueckue uccuenosanus [6—13]. Onun u3
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TakuX (PEHOMEHOB 3aKJIIOYAETCsl B 0OPaTUMOCTH M3MEHEHUS (PH3MKO-MEXaHUYEeCKUX CBOWCTB MOJMMEPHBIX Mare-
pHAJIOB B 3aBUCUMOCTH OT COJEp)KaHUsI copOMpoBaHHO Biaru. CoriacHo AaHHBIM, IPEICTABICHHBIM B HAYYHOU
JUTEpaType, a TAKKe aBTOPCKUM HCCIIEIOBAHUSIM, pa30poc MPOYHOCTHBIX MOKa3aTelel B MPEAeIbHbBIX BIAXKHOCT-
HBIX COCTOSIHUSIX (BJIATOHACBILICHHOM M BBICYIIEHHOM) MOeT fnocturatb 30 % sl MOJMMEPHBIX KOMIIO3UTOB U
50 % A HEHANOJNHEHHBIX TOJMMEPOB HAa OCHOBE JMOKCHIHBIX cMmoi [12, 14—17]. Kak cnenctBue, B mporecce
9KCIUTyaTalluy U3AETINH U KOHCTPYKLUI Ha IOJIMMEPHOH OCHOBE HEOOXOIMMO YUUTHIBAaTh HE TOIBKO HEOOpAaTUMBbIE
W3MEHEHUS CBOWMCTB, BBI3BAHHBIC JIETpaJalieil IOBEPXHOCTHBIX CIOEB U3aenus, GOoTONECTPYKIUEH U XUMUUECKHU-
MU IPEBPALICHUSIMH OJIMMEPHON MaTpUIbl, HO U 00paTUMble U3MEHEHUs, 00YCIOBICHHbIE IPOLIECCAMHU COPOLIMH
U ecopOuuu aTMocdepHoii Biaru.

Llenp paboThl 3aKimovaeTcsi B MOACIMPOBAHHU HM3MEHEHHUs (DH3MKO-MEXAaHWYECKUX IOKa3aTeNled 3MOKCHIHBIX
TIOJIMMEPOB HA OCHOBE KOJIWYECTBEHHBIX 3HAYEHWH MHTEHCHBHOCTH AKTMHOMETPUYECKHX MapaMeTpoB OKpY’KaroIiei
Cpelibl, a Takke Biarocoepxanus oopasnoB. OOBEKT HCCIEAOBaHMS MPEACTaBIseT co00l 00pa3ibl HEHAOJIHEHHOTO
ToJIMMepa Ha OCHOBE SMOKCHITHOM cMoITbl Dtan-247 u otBepautens Dtan-45M (nmpousBoautens — AO «OHIIL OI1U-
TAJI»). Cmona Otan-247 xapakTepu3yeTcss MacCOBOM 10JIel SMOKCUIHBIX Ipynn He MeHee 21,4-22.8 % 1 BA3KOCTHIO
no bpykdunsay (mpu 25 °C) B ananazone 650+750 CII3. Otepautens Dtan-45M npeacrasiseT co0oi cMeck apoma-
THYECKHUX U ATN(PaTUIECKUX AU- WIH MOJIMAMUHOB, MOJU(UIIMPOBAHHYIO CATIMIIMIIOBOM KUCIOTOM.

OKCIOHMpOBaHKWE 00Pa3LOB MPOBOAMIIOCH Ha HCIIBITATEIBHBIX CTEHIAX HAyYHO-HCCIENOBATENIBCKON J1a00-
paTopuy 3K0JIOr0-METEOPOJIOrMYECKOI0 MOHUTOPUHTA, CTPOUTENIBHBIX TEXHOJIOTHH U 3KcnepTu3 HamumoHansHOTrO
uccienoBarenbckoro MopaoBckoro rocyaapersenHoro yHuBepcutera uM. H.IL. Orapésa (r. CapaHck, yMepeHHO
KOHTHHeHTANbHBIN KiuMart) ¢ 05.01.2019 1. B Teyenue 765 cyTok. B xome HATypHOTO 3KCIIOHUPOBAHHS ITPOU3BOIH-
Jack (UKcaIMs OCHOBHBIX METEOPOJIOTHUECKUX (PAKTOPOB (TeMIepaTypa U OTHOCUTEIbHAS BIaXXHOCTh BO34yXa, JaB-
JIeHWe, 0CaIK1, CKOPOCTh U HANpaBJIEHHE BETpa U Jp.) ¢ 4acToToi 20 MUHYT, aKTHHOMETPHUIECKUX TOKa3aTenei —
10 MUHYT B KPYIJIOCYTOYHOM PEXUME.

Konnmunuonuposanue o6pas3uos ocymectsisuiock B cootBercTBur ¢ 'OCT 12423-2013 «Ilnmactmaccsl. Ye-
JIOBUSI KOHAWIUOHUPOBAHUS U MCIIBITAHUS 00pa3loBy». sl yCTaHOBJICHUS BIUSHHS BJIAKHOCTHOTO COCTOSHHS Ha
u3MeHeHue (PU3NKO-MEXaHMUECKHUX MoKa3aTeiell SIOKCUIAHBIX MMOJUMEPOB MO/ ICHCTBUEM HATYPHBIX KIMMaTHYe-
cKkuX (QakTopoB, cepus U3 36 mapajuieNbHO SKCIIOHUPOBAHHBIX 00Pa3lioB AEIMIach Ha 3 paBHbBIC MAPTHH, KOTOpPHIC
UCTIBITHIBAIIUCH: Cpa3y MOCJe CHATHS C UCTIBITATEIbHON TUIOIAAKH (cepusl «0e3 KOHAMIIMOHUPOBAHUS); TIOCIE YB-
JAQKHEHUS JI0 TIOCTOSTHHOM MacChl MPYU OTHOCUTEIHLHOM BIaXKHOCTH 98+2 % (cepust «BIaroHacHIIICHHBIC») U TIOCIIe
CYIIKH 10 mocTostHHOM Macchl tipu 60 °C (cepust «BbicyiieHHbie») B cootBercTBUE ¢ [OCT P 56762-2015 «Kowm-
MIO3UTHI OJIMMEPHBIE. MeTOA onpeiesieH sl BIarooryiomeHUs 1 PABHOBECHOTO COCTOSIHUS.

W3MeHenue 3HaueHWI Biarocoiep kaHus 00pa3IloB 3MOKCHUAHOTO IMOJHMepa cocraBa JTan-247/Jtan-45M
B 3aBHCUMOCTH OT JUIMTEJILHOCTH HATypHOT'O SKCIOHUPOBAHUS U BIQXKHOCTHOT'O COCTOSIHUSI cepuil 00pa3LoB mpu-
BelleHb! B Ta0i1. 1. Pe3ynbraThl n3MeHEeHuUs! CBOMCTB 00pa3LoB AMOKCUIHOIO MojuMepa (Ipeaei NPOYHOCTH U MOAYJIb
YOPYTOCTH NPU PACTSHKEHUH, OTHOCUTENIFHOE YAJIMHEHHE NIPY MaKCHUMAaJIbHOW Harpys3Ke, OTHOCUTENbHOE YAJIHHE-
HHE NIPH pa3pbiBe) coctaBa Jtan-247/3tan-45M B npoluecce HATYPHOTO SKCIIOHUPOBAHMS C YUE€TOM MX BIAKHOCT-
HOT'O COCTOSIHUSI TPEACTaBieHbl Ha puc. I, 2. YcraHoBneHo (puc. ), 9TO MOBBIMICHHE BIAKHOCTH KOHTPOJBHBIX
o6pasmos ¢ 0,79 mo 2,72 % (BIaroHachIIEHHOS COCTOSHHE) MPUBOANT K CHIDKEHHUIO TIpe/ieia IPOYHOCTH MPHU pac-
TsoxeHnu ¢ 37,3 mo 26,7 MIla, uto cOOTBETCTBYET OCTaTOUHOM MpoyHOCTH 71,5 % (OT KOHTPOJIbHBIX 3HAUYEHUI B
PaBHOBECHO-BJIAXKHOCTHOM COCTOSTHMM). HaTypHOoe 3KCIOHMpOBaHHE MOJIMMEPHBIX 00pas3lloB HCCIETYEMOrO COCTaBa
0e3 JONOIHUTENIFHOM CYIIKH M YBJIaKHEHHUS COMPOBOXKIAETCA CHIKEHHEM MPOYHOCTHBIX TOKa3areneil 3a BCE BpeMs
skcnioHupoBanus (765 cyrok) He Gonee yeM Ha 15 %. [Ipu 3TOM BraroHackllieHUe 0Opa3IOB CIOCOOCTBYET J0-
MOJTHUTETFHOMY YMEHBIIEHHUIO TIpeeNia MPOYHOCTH IPH pacTshKeHUH, nocturawomemy 24—-35 % oT MCXOTHOTO
3Ha4YeHM (70 Havajga HaTypHOTO AKCIIOHUPOBAHUS).

Tabnuna 1
Bnaroconepskanue o0pa3ioB SMOKCHIHBIX TOTUMEPOB B MOMEHT UCITBITAHUS
JITHTETBHOCTS HATYPHOTO Biaroconepsxaane 06pasnos (%) B MOMEHT HCTIHITAHUS:
SKCIIOHUPOBAHHUS, CYTKH 0€3 KOHTUITUOHUPOBAHUS BIIarOHACHIIIICHHBIC BEICYIIICHHEIC

0 0,79 2,72 0,00

67 0,67 2,09 0,00
151 0,69 2,44 0,00
306 1,09 2,18 0,00
531 0,79 2,19 0,00
765 1,35 2,23 0,00
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Puc. 1. I3MeHeHune yrnpyro-npoYHOCTHBIX XapaKTEPUCTUK MPH PACTHKEHUN
(a — mpezen MPOYHOCTH; 6 — MO/YJIb YIIPYTOCTH) MOJMMEPHBIX 00pa3ioB cocTaBa Dtan-247/Jtan-45M
B IMMPOLICCCC HATYPHOI'O KIIMMATUYCCKOI'0 CTAPpCHUA B PA3JIMYHBIX BJIAXKHOCTHBIX COCTOAHUAX
(6€3 KOHIUIIMOHUPOBAHHUS, BIIATOHACKILIICHHOE, BHICYIIIEHHOE)

[TpouHoCTHBIE TTOKA3aTeNN BBHICYHICHHBIX 00PAa3loB, [UIHTEILHOCTh HATYPHOTO KIMMATHYECKOTO BO3JEHCT-
BUSI KOTOPBIX He mpeBbimaeT 306 CyTOK, BbIIIE aHAJIOTWYHBIX MOKa3aTesled A o0paslloB, HE MOJBEPrHYTHIX
JOTIOJTHATENEHOMY BbICyIIMBaHHI0. [10700HOE BOCCTAHOBJIEHHE CBOMCTB OTHOCAT K OOpaTHMOMY H3MEHEHHIO
MPOYHOCTHBIX MOKa3aTeseld BCIEeICTBHE yaaNeHUsl CBOOOAHOM Biaru. [loMuMo 3TOTO, C YBEIHMYEHUEM UTUTEIHHO-
CTH HATypHOTO 3KCIIOHMPOBAHUS HAOJIIOJAeTCsl MMOCTENICHHOE CY)KEHUE IHMara3oHa BapbHPOBaHUS MPOYHOCTHBIX
noKa3arenel MOJMMEPHBIX 00pa3loB BO BIArOHACHIIIIEHHOM M BBICYIICHHOM COCTOSIHUSIX. JlJ1si BpeMEHHBIX HHTEp-
BanoB 531 u 765 cyrok paznuuue cocraBisieT Bcero 0,3-0,65 MIla (puc. 1a). Ilpu 3ToM nipenen MPOYHOCTH MPH
pacTsKeHUu Al 00paslioB, HE MOJABEPrHYTHIX IOMOIHUTENFHOMY KOHAMIMOHHPOBAHUIO, BBINIC aHAJIOTHYHOTO
MOKa3aTelIs B MPEJICIIbHBIX BIAXKHOCTHBIX COCTOSHUAX Ha 15-18 %.

O4eBHUIHO I JAaHHOM AJIUTENBHOCTH HATYPHOTO KIMMAaTHYECKOTO BO3JEMCTBUS HAJMYHE B CTPYKTYpe IO-
JMMEPHOM MaTpHUIBl COPOUPOBAHHOM BIIard BHICTYIAET B KAUECTBE MEXaHU3Ma, KOMIICHCUPYIOIIET0 HeoOpaTUMbIE
uzmenenus. [Ipu aTom a71st 00pasiioB B Bo3pacte Oosiee 531 cyTok OYeBHIHO HAJMYUE HEKOTOPOH TOUYKH ONITUMYMa
BJIAarocofiepKaHus, KOTOPOM COOTBETCTBYeT HauOoJiblliee 3HAYEHHE Mpejeia MPOYHOCTH Npu pacTsbkeHuu. [lo
aHAJIOTHH € TUIACTHOUIUPYIONIMM JCHCTBHEM BJIard MOXKHO TPEJIOI0KNUTh TOCTENICHHOE CHW)KEHUE BKIIA/Ia CH-
Hepretuueckoro 3¢ dexra, npoaHaIn3upoBaHHOro B padore [18], OT MakCUManbHOTO 3HAYEHHSI B TOYKE, COOTBET-
CTBYIOIIEH BJIATOHACBHILICHHOMY COCTOSIHUIO, IO HyJS B TOUKE, COOTBETCTBYIOIIEH BBICYILIEHHOMY COCTOSTHHIO.

Taxoke BBISIBICHO PE3KO€ CHHKEHHE 1e(OPMATUBHBIX XapaKTEPUCTHUK BBICYIIEHHBIX 0Opa3loOB HpH JOCTH-
JKEHUU CPOKOB HaTypHOro 3kcrnoHupoBanus 306 cytok u 6onee (puc. 2). Knumatudeckoe Bo3aelCTBHE HA BPEMEH-
HOM uHTepBaie oT 151 1o 306 cyTok XapaKTepu3yeTcsi ABYKPaTHBIM CHIDKEHUEM OTHOCUTENbHBIX YAJTUHEHUH MIPU
PacTsHKEHUM M pa3pbiBe BBICYLIEHHBIX 00Pa3LoB, YTO, MPEANOJIOKUTEIBHO, CBI3aHO C MX JONOJHHUTEIBHBIM OX-
pYIUMBaHUEM BCIIEACTBHE yJaJleHHss COPOMPOBAHHOW BJIard, Wrparolleldl B JaHHOM Cllydae poJib KOMIIEHCAaTopa
HEOOpaTHMBIX W3MEHEHUH, IPOUCXOAALINX B CTPYKTYpE MOJUMEPHOI MaTpHLbl B MPOLECCE HATYPHOTO KIMMAaTH-
YECKOT'0 CTapeHHUS.
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Puc. 2. I3smenenne neopMaTiBHBIX XapaKTEPUCTHK (2 — OTHOCUTENBLHOE YIJIMHEHHE
NpY MaKCUMAaJIbHOW Harpyske; O — OTHOCUTENIBbHOE YUIMHEHNE P Pa3pbiBe) CEpHUil OIUMEPHBIX
00pa3uoB cocraBa Dtan-247/3tan-45M B npolecce HATypHOTO KIIMMAaTHYECKOTO CTAPEHHUS B Pa3INYHbIX
BJI&KHOCTHBIX COCTOSTHHAX (0€3 KOHIUIIMOHUPOBAHMSI, BIarOHACKHIILEHHOE, BBICYLIEHHOE)
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Ha puc. 3 npuBenieHpl KpUBbIC KHHETUKN HAKOIUICHHS CYMMAapHOH CONTHEYHOW pajuallvd, a TaKKe YJIbTpa-
(hroneTOBBIX UNMyUeHHI auana3zoHoB A u B B mporecce HaTypHOTO dKCOHUpOBaHUs. V3 aHanm3a mpejcTaBicH-
HBIX JTaHHBIX BUJHO, YTO CKOPOCTh HAKOIUICHHS aKTHHOMETPUUYECKHX IOKa3aTelled CYIIECTBEHHO MEHSETCS OT
BPEMEHH T'0J1a, CHIDKASCh MPAKTHYECKHU 10 HYJIS B 3UMHHE U TIO3THUE OCEHHUE MECSIIBI U CYIECTBEHHO BO3pacTast
B BECCHHHE U JICTHUE KAJICHIAPHBIC MECAIIBI.
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Puc. 3. I3MeHeHnEe aKTHHOMETPUYIECKIX TIOKa3aTelnei (CyMMapHasi COJTHETHAsT PaTuaIlvis,
CyMMapHbI€ yIbTpaduoIeTOBbIe H3IyUEeHHUS 1uana3oHoB A u B) B mpouecce HaTypHOTO 3KCIIOHUPOBAHUS
(BCpTI/IKEUH)HI)IMI/I IOTPUXOBBIMU JIMHUAMHA CEPOro IBETA ITOKa3aHbl BPCMCHHBIC TOUYKH ChEMaA o6pa311013
Y IPOBECHUS UX MEXaHUYECKUX UCTIBITAaHHH)

be3 coMmHeHmi, QUKCHpyeMBbIE B ONPEACICHHBIE CPOKH YIPYTO-MPOYHOCTHBIE TOKA3aTeNd MPENCTaBISIOT
co0ol (YHKIIUH, 3aBUCSINUE OT JUIUTEILHOCTH W WHTEHCHBHOCTH arpecCMBHOTO BO3JCHCTBUS (AKTOPOB OKpY-
AKAIOIIEH CpeIbl, a TAKKe BIAKHOCTHOTO COCTOSIHUSA 00pa3uos. IIpoussenemM MoaenupoBaHue CBONCTB MOJIMMEPHO-
ro KOMIIO3UTA C TIOMOILBIO IIOJUHOMA BUAA:

Y(W,X)=Q'O+Q'1'W+G'2'X+O’12'W'X+ﬂ'11'wz+a22'XE, (1)

rae Y — uccliielyeMble ynpyro-lpoYHOCTHBIE MOKa3aTenn (Ipeiesl MPOYHOCTH ¥ MOIYJIb YIPYTOCTH NIPU PacTsDKe-
Hun (MIla), oTHOCHTEbHOE Y/UIMHEHUE NPU MaKCHMalbHOM Harpyske (%), OTHOCHTENBHOE YUTMHEHHE TIPU pa3-
poiBe (%)); W — Baroconep:kanue oopasnos, %; X — nepeMeHHbIH (aKkTop, OTOXKIAECTBISEMbII B 3aBUCUMOCTH OT
BUJIa aHATM3UPYEMBIX KPUBBIX C JUIMTEIBHOCTHIO SKcTioHUpoBaHus (T , CyTKH), CyMMapHOH COJIHEUHOH paauarueit
(Q, MJIxk/M?) WM CyMMapHBIM YIbTpadHoIeTOBBIM H3iydcHrneM auarmasona A (U, MIDk/M?), B (Ug, kIIK/MA);
ao, ai, daz, a2, ail, a2 — KodPUIMEHTH NOJIMHOMHAIFHOTO YPaBHEHHMS, ONMCHIBAIOLINE CTEIICHb arpeCCUBHOTO
BO3/ICHCTBHS IEPEMEHHBIX (PAKTOPOB HA N3MEHEHHE YIIPYTO-IPOYHOCTHBIX XapaKTEPHUCTHK SMOKCHIHOTO MOJIMMEpa.

JlaHHOE MMOJMHOMHAJIBHOE YPaBHEHUE ONMCHIBACT BIIMSHHUE BIArocojepKaHus 0OpasloB M OJHOTO W3 KIIH-
marnyeckux ¢pakropos (T, @, Uy, Ug) na nsmenenue cBONCTB SMOKCHIHOTO TOJIMMEPA B XOJE HATYPHOTO JKCIIO-
aupoBanus. YucnoBble 3HaueHUs Kodpduimentos nomuuoMa (1) u kodpduumentos nerepmunanuu (R?) npuse-
JeHbl B Tabn. 2. B nenom, ypoBHH K0 GUIIMEHTOB JeTEPMHUHAIIMY MAJIO MEHSIIOTCSI B 3aBHCUMOCTH OT Bapbupye-
MOTO KIMMaTHueckoro gakropa. [Ipr 5ToM Hauxyamas JOCTOBEPHOCTh MOMTyUYeHa MPHU ONMMCAHUN MaTEMaTHIeCKOM
MOJIENEI0 M3MEHEHHSI OTHOCUTENBLHOTO Y/UIMHEHHS MOJMMEPa NPM MaKCMMaJbHOM Harpyske (R? He mpesblmaet
0,583-0,597). KoaddunmeHTs! nerepMuHAIIMN s APYTHUX UCCIEAYEMBIX XapaKTepUCTHK BapbupyroTcs ot 0,717
1o 0,831.

Tabmuna 2

3navyeHust K0AQPUIMEHTOB MOJIMHOMHUAILHOTO ypaBHEHHS (1), OMMCHIBAIONIETO BIUSHHUE BIIATOCOACPIKAHUS
00pas3IOB, IMTENBHOCTH SKCIOHUPOBaHus (1 ), MHTEHCHMBHOCTH CyMMApHOH conHeuHol paguarmn ()

u ynbTpaduonerobix u3nydenuil ananaszona A (U,) u B (Ug) Ha n3amMeHeHne ynpyro-npo4HOCTHBIX
MoKa3aTelield SMOKCUAHOTO MOJIUMEPa B MPOLIECCE HATYPHOTO IKCIIOHUPOBAHUS

KoadduumenTsr noIMHOMUAIEHOTO KnumaTtnaeckuit pakrop
ypasrerus (1) T, cytku ‘ Q, MJx/M? ’ Uy, MJlx/m? ’ Ug, xJlx/M°
[Ipenen npoyHocTu npu pactsbkenun, Mlla
g 38,39 37,93 37,97 37,80
ay -3,34 —4,22 —4,28 4,23
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[Ipomomxenue TabauIBI 2

1 2 3 4 5
s 7,71 5,84 5,73 —5,59
X1 5,91 6,16 6,13 6,19
4 -10,35 -9,49 —9,48 -9,39
5 1,55 0,68 0,62 0,57
R 0,801 0,781 0,782 0,781
Mopyns ynpyroctu npu pactskennu, Mlla
! 21515 21411 2140,4 2140,0
s —433,2 —439,4 —439,0 —436,8
o5 -18,0 22,6 26,8 26,2
i3 30,8 28,7 28,0 27,0
tyy -123,4 -114,0 -114,1 -115,1
s —4,3 -23,0 -25,1 —24,6
R? 0,830 0,830 0,831 0,830
OTHOCUTENbHOE YATUHEHNE TPU MaKCUMAaNbHOM Harpyske, %
o] 3,90 3,85 3,86 3,83
oy —0,26 —0,43 —0,45 —0,44
s -1,53 -1,32 -1,30 -1,29
oy 1,18 1,26 1,25 1,27
B! —0,88 —0,74 -0,73 -0,71
@35 0,32 0,21 0,20 0,20
R? 0,583 0,588 0,587 0,597
OTHOCUTENBHOE YATMHEHHUE TIPH Pa3phIBE, %o

@y 5,91 5,38 5,40 5,31
oy 8,50 8,32 8,34 8,27
@ —4,56 —4,27 —4,23 —4,23
oy 0,91 0,90 0,89 0,91
0y —8,96 —8,72 —8,75 —8,65
o 1,56 1,48 1,46 1,49
R? 0,717 0,730 0,726 0,736

C 1enbio NOBBILIEHUS JOCTOBEPHOCTH MAaTEeMaTHYECKUX MoJiesIel ObuIa MPEANpPUHATA MOMBITKA 110 BKIFOUE-
HHIO B ITOJIMHOM TPEX BapbHpYyeMBIX (hakTopoB: Biaroconepxanue oopasuo (W); UIMTEIbHOCTh HATYPHOTO JKC-
norupoBaust (T) ¥ OHOrO M3 KOHTPOIMPYEMbIX akTHHOMeTpuueckux mokaszareneii (@, Uy, Ug). O6umit Bux mo-
JMHOMMAIBHOTO YPaBHEHUS, YUCIOBbIC 3HaUCHHUS KO3()(OUIIMEHTOB KOTOPOro NpUBEIEHBI B Ta0l. 3, UMEeT B!

YI:W,T,X) :ﬁ0+ﬁ1'w+ﬁ2'?‘+ﬁa'X+ﬁ12'W'T+
(2)
+ﬁ13.W.X+ﬁ23.T.X+JB11-W2 "‘J"?zz'T2 +ﬁ33'X2’

rne Y, X — 1o xe, uro u a1 (1); B4, Bi, B2, Bar Biz: Biz Bazr Bi1, B2z, f33 — K0dpdUIMEHTH TONMHMHOMHIATE-

HOI'0 YpaBHCHUSA, OIUCBIBAOIINEC CTCIICHb arpCCCUBHOIO BO3ﬂeﬁCTBHH NEPEMCHHBIX (baKTOpOB Ha U3MCHCHUC YyII-
PYTO-IPpOYHOCTHBIX XAPAKTCPUCTUK SITOKCUAHOIO MMOJIMMEpaA.
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Tab6muna 3

3HadeHus K03(h(GUIMEHTOB TOTMHOMHAIBHOTO YpaBHEHHUS (2), OMMUCHIBAIOIIETO BIUSHIE BIArOCOEPIKAHM

00pas3ioB, TUTEIBHOCTH IKCTOHUPOBaHus (1) ¥ aKTHHOMETPUUYECKHUX MOKa3areiell (HHTeHCUBHOCTh CYMMapHOM

coiHe4HoM paguannu () u ynerpaduoneroBsix usnydennii quanazona A (U,) u B (Ug)) Ha usmenenne
YOPYTO-MPOYHOCTHBIX TIOKa3aTes el SMOKCHIHOTO MOJUMEPA B IIPOLIECCE HATYPHOTO SKCIIOHUPOBAHHS

KoadduipueHTs MOTMHOMHAATEHOTO AKTHHOMETpPUYECKHE MTOKa3aTeln
ypasHeHus (2) Q, MTx/m? Uy, MJTx/m ‘ Ug, xJx/m
IIpenen nmpouHocTH npu pactsokeHuu, Mlla
Bo 39,04 39,10 38,94
B 1,12 1,35 0,84
B> -41,03 -36,03 ~49,29
B 36,85 30,92 47 54
B, ~12,02 -9.43 -10,43
P13 18,07 15,40 16,45
Bas —22,21 131,03 -215,91
Bi1 -13,15 ~13,06 ~13,20
522 41,48 44,45 148,85
[ —21,04 -87,15 62,77
R? 0,916 0,914 0,918
Mopyns ynpyroctu npu pactskenun, Mlla
Bo 2161,5 2159,5 2163,5
B4 —391,0 —385,1 —396,6
B, -1577,7 -1293,0 -1971,8
B 16134 1282,9 2117,6
B2 353,3 397,8 362,0
Bia -332,9 -376,9 ~3415
Basg -9019,1 —4277,4 -13350,2
B ~171,8 ~173,3 ~170,6
B3> 5432,3 27451 8078,1
Bas 3509,9 1500,5 5088,3
R? 0,877 0,878 0,878
OTHOCUTENbHOE YATUHEHNE TPU MaKCUMAJIbHOM Harpyske, %

Bo 3,93 3,95 3,89
By -0,02 -0,11 0,08
B> -2,20 ~1,64 -3,10
B3 1,53 1,00 2,52
B2 -5,18 -4,62 4,66
B3 6,45 5,86 5,91
P2a 11,13 32,86 -13,22
B -1.21 -1,18 ~1,23
B2z -1,80 ~13,84 11,03
Baa -9,65 ~19,26 1,71
R? 0,722 0,715 0,738
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OxoH4aHue TaOJIUIEI 3

OTHOCI/ITGJ'ILHOG yI[J'II/IHeHI/Ie HpI/I pa3pLIBe, %
Bo 5,12 5,09 5,12
B, 8,22 8,27 8,22
B, —4,42 ~1,66 -6,28
B 1,94 —0,44 3,60
Bio 2,55 4,08 0,32
Bia -1,70 —3,24 0,56
Boa ~78,52 -37,75 -80,16
Bi1 -8,56 -8,56 -8,58
B 45,45 22,90 47,11
B3 33,30 15,04 33,25
R? 0,747 0,749 0,746

Y CcTaHOBIEHO, YTO MEPEXO/1 K MOJIMHOMY, B KOTOPOM MTOMHUMO BJIarocoepanus 00pas3ioB U AJIUTEIbHOCTH
HaTypHOTO SKCIIOHMPOBAHUS, YUUTHIBACTCS €Il¢ M WHTCHCUBHOCTH BO3JICUCTBHUS OJHOTO M3 aKTHHOMETPUUYECKUX
MOKa3aTeNieH, MO3BOJSET MOBBICUTh KO3(duieHt nerepmuHanmu jgo: 0,914—0,918 nns mpenena MpoOYHOCTH,
0,877-0,878 mis momyins ynpyroctu npu pactsbkenuu; 0,715—0,738 miisi OTHOCUTENBHOTO YUIMHEHUS TPU MaKCH-
ManbHON Harpyske; 0,746—0,749 nis OTHOCHUTENBHOTO YIJIMHEHHS NMpHU pacTshkeHud. llodydeHHble pe3ysbTaThl
CBHJIETEJILCTBYIOT O IIEIECO00Pa3HOCTH KOMIUIEKCHOTO y4yeTa TpH pa3paboTKe MaTeMaTUUECKHX MOJIENICH, OMUCHI-
BAaIOIMX M3MEHEHHE CBOMCTB MOJIMMEPOB B MPOIIECCE HATYPHOTO KIMMATHYECKOTO BO3ACUCTBUS, KaK UTUTEIHLHOCTH
HATYPHOTO 3KCTIOHUPOBAHMSI, TAK U KOJMYECTBEHHBIX 3HAYEHU aKTHHOMETPHYECKIX ITOKa3aTeleH.

BriBoabI

Ha ocHoBe mpoBeneHHBIX UCCIIEAOBAaHUN YCTAHOBIICHO, YTO COJIEpKaHNe COPONPOBAHHOM BIIaru MPEICTABIISET
c000l OCHOBHOM MCTOYHHK OOPaTUMBIX M3MEHEHHI YIIPYTro-TIPOYHOCTHBIX MOKa3aTenel 00pasioB MOIUMEPHBIX Ma-
TepHajoB. Y aJeHHe U3 CTPYKTYpHI NonuMmepa cocTaBa Jtan-247/9tan-45M copOMpoBaHHOM Blard Ha HadajdbHBIX
dTarax HaTypHOTO SKCIIOHUPOBAHUS COMPOBOXKIIAETCS TMTOBBIIIICHUEM KaK €r0 MPOYHOCTHBIX, TaK U Je(OpPMaTHBHBIX
xapakrtepuctuk. [Ipu srom, HaunHas ¢ 306 CyTOK, /Ul BBICYIIEHHBIX 00pa3IioB HAOIIOAETC s MTPAKTUIECKU JABYKPAT-
HOE CHIKEHHE JIe()OPMATUBHBIX XapaKTEPHUCTHK, YTO, OUYEBU/IHO, CBSA3aHO C WX OoxpymuuBaHueM. [loBbiieHue 1u-
TEBHOCTH HATYPHOTO KIMMATHIECKOTO BO3JEHCTBUS 10 531 CyTOK M BBIIE MPUBOANT K U3MEHEHHUIO XapaKTepa BO3-
JIecTBUS COPOMPOBAHHOW BIIATW M HA MPOYHOCTHBIE IMOKA3aTENN HCCIEAYeMOro noinMepa. B gactHocTH, mpenen
MIPOYHOCTH TIPU PACTSDKEHUH 00pasIoB, MCIIHITHIBAEMBIX Cpa3y IOCIE CHATHS 00pas3loB C MUCTBITATENLHBIX CTEH/IOB
(6e3 AOMONMHNUTENHFHOTO KOHAMIIMOHUPOBaHUS), Ha 15—18 % BBIIIE MPOYHOCTHRIX TOKa3aTeleil B MpeAeNnbHBIX (BIa-
TOHACHIIIIEHHOM U BBICYIIIEHHOM) BIIQXKHOCTHBIX COCTOSIHMSIX. ClenaHo MpenrnooXKeHne, 4To, HauuHas C Ompesie-
JICHHOW JUTMTEIIFHOCTH HATYPHOTO KIIMMATHYECKOTO CTApPEHUs], HaJMYhe B CTPYKTYpPE MOIUMEPHON MaTpHIIBI COpOH-
POBaHHOM BIIary BBICTYIAET B KAYECTBE MEXaHN3Ma, KOMIIEHCHUPYIOIIETO HEOOpaTHMbIe N3MEHEHUSL.

IIpennoxeHsl MaTEMaTHYECKHE MOAEIH, TO3BOJISIOIINE C BBICOKOM CTENEHBIO JOCTOBEPHOCTH OINUCATh M3-
MEHEHHE YIPYyro-MpOYHOCTHBIX TOKa3aTesei SMOKCUIHOTO MoMMepa cocTaBa JTan-247/9tan-45M B 3aBUCHMO-
CTH OT BJIarocojiep>kaHusi 00pa3LoB, JUINTEILHOCTH HATYPHOTO 3KCIIOHUPOBAHUS U HHTEHCUBHOCTH aKTHHOMETPH-
YEeCKMX IMoKa3aTenel. JlokazaHo, 4YTO HaWIy4IIne Pe3yibTaThl JOCTUTAIOTCS MPH BKJIIOYEHUH B MOJTHMHOMHAIBLHOE
ypaBHEHHUE TPEX BBIMIENIEPEUHCICHHBIX TOKA3aTEeNeH.
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Obcydicoenvl ocobeHHOCmU 00pA306aHUS. UHMEPNOIUMEPHBIX KOMNIEKCO8 HA OCHO8E HUSKOMOAEKVISAPHOZO
XUMO3AHA U HEUOHO2EHHO2O0 8000PACNBOPUMO20 NOIUMEPA 8 800HbIX pacmeopax. Komniexcoobpasylowue cgoii-
CMea Uccie008amnsbl CHeKMpoPOMOMEMPULECKUM MEMOOOM C UCHONb308AHUEM B0OHBIX PACMEOPOS COJlell HU3KO-
Monexynapnuix snekmponumos CuSO, u CoCl, na kamuonwt CU** u Co®*. Hecnedosanue sagucumocmu onmuue-
CKOU NIOMHOCIU OM KOHYEHMPAYUU peazenma npogoounu 8 8blOPAHHbIX ONMUMANLHBIX YCIOGUSAX Ay, PH = CONSt,
yeenuueHuem KOHYeHmpayuu peazeHma 0151 NOIHOMbL CE:A3bI8AHUS UOHOE MEMAINI08 8 UCCIedyemblil Komniexc. [ns
onpeoeneHus cocmasa KOMNIeKca YCmanosieHo MUHUMANIbHOE KOUYeCmE0 peazeHma, Heooxooumoe 01 NOJIHO20
CBA3bIBANUS ONPeOeNieMo20 UOHA Memanna 6 Komniexc. Ilpusedenvt Oannvie MK-cnekmpockonuu nonyyeHHvix
KOMNIEKCO8.

KimoueBble ciioBa: XUTO3aH, MOHOMCD, IMMOJIMMEP, UHTCPIIOJIMMEPHBIC KOMIUICKCHI, IMOJIUIJICKTPOJIUTHI, I10-
JIMMEPbI, KOMIIJICKCBI.

PHYSICO-CHEMICAL PROPERTIES OF INTERPOLYELECTROLYTE
COMPLEXES BASED ON LOW-MOLECULAR CHITOSAN

Begieva M.B., Gudova Yu. Kh., Arkhagova Z.Z., Organokova A.A.,
Blyashev A.V., Begieva M.Kh., Kharaev A.M.

Kabardino-Balkarian State University

The features of the formation of interpolymer complexes based on low molecular weight chitosan and a
nonionic water-soluble polymer in aqueous solutions are discussed. Complexing properties were studied by spec-
trophotometric method using aqueous solutions of salts of low-molecular electrolytes CuSO4 and CoCl, for Cu**
and Co?* cations. The study of the dependence of optical density on the concentration of the reagent was carried
out under the selected optimal conditions Amax, pH = const, increasing the concentration of the reagent for com-
plete binding of metal ions into the complex under study. To determine the composition of the complex, the mini-
mum amount of reagent required for complete binding of the metal ion to be determined into the complex was es-
tablished. The data of IR spectroscopy of the obtained complexes are presented.

Keywords: chitosan, monomer, polymer, interpolymer complexes, polyelectrolytes, polymers, complexes.

WuTepnionumepHbie (MOTUMEP-TIONMMEPHBIE) KOMITIEKCHI 00pa3yroTcsl MPH B3aUMOJCHCTBHHM XUMHYECKU
CTPYKTYPHO KOMIUIEMEHTAPHBIX MAKPOMOIEKYJI.
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WzyueHne mpoueccoB B3aMMOICHCTBUSI MEKAY KOMIUIEMEHTAPHBIMH MakKpOMOIIEKYJIaMH € 00pa3oBaHHEM
uHTepnonuMepHbIx kommiekcoB (MIIK) Ha mpoTsbkeHHH MHOTHX JIET SBJSIETCS OJHOM M3 aKTyaJbHBIX 3313y XH-
MHUH U TEXHOJIOTUH NOoNuMepoB. OOYCIOBICHO 3TO COUETAHUEM YHHMKAJIBHBIX (U3UKO-XMMHUYECKUX, KOJIOMIHBIX
u mMexaHnuyeckux cBoict UIIK, Giarogapst KOTOpeIM 3TH COEIUHEHUS IEPCIEKTUBHBI KaK AJISI CAMOCTOSITEIBHOTO
UCIIOJIb30BaHMS B Pa3IMYHBIX 00JACTIX TEXHUKH, MEJUIUHBI U OHOTEXHOJIOTUH, TaK U B BHJIE MOJU(PHINPYIOIINX
100aBOK MPH CO3aHUM KOMIIO3HMLIMOHHBIX MOJMMEPHBIX MAaTEpUaIOB U ITOKPBITUIL, B TOM YHCIIEe IPU3BAHHBIX pa-
60TaTh B KOHTAKTE C YeIOBEYECKMM opranmsmom [ 1-10].

Oco0blii MHTEpec A1 MOCIEAHEr0 HANpaBlICHHUs MPEICTABISAIOT MOJWKOMILIEKCHI, CTaOWIN3WPOBaHHBIC
KOOIIEPATUBHON CUCTEMOM BOJOPOIHBIX CBSA3EH.

AKTyajbHOCTb MPOOJIEMBI COCTOUT B UCCIIEOBAHUM BO3MOXKHOCTH BCTYIIaTh B PEAKIIMU KOMIUIEKCOO0Pa30-
BaHMsI BOJOPACTBOPHMBIX MOJMKOMIUIEKCOB, COJEpXKalIiuX cBOOOTHBIE ()YHKIMOHAIBHBIE TPYIIBI ¢ HIOHAMH Tiepe-
XOJIHBIX METAJIJIOB, U CBSI3aHO 3TO HE TOJIBKO C TEXHOJOTHUSAMHU KOHIIEHTPUPOBAHUS U BbIIEIEHNSI HOHOB METAJIJIOB
U3 PacTBOPOB M BOJOOYUCTKH, HO TAKKE M C MpoOJeMaMu CO3AaHusl OMOJIOrMYecKUx cucreM. Menp, KOOambT,
cepedpo, JKeIe30 Ha3bIBAIOT «METaJUIaMH JKU3HNY, KOMIIJIEKCHI KOTOPBIX, UCIOJIB3YIOT B COCTaBe MeTAIIOpepMeH-
TOB, 00ECTIIEYNBAIOLINX HOPMAIBHBIA XOA OTPOMHOTO YMCIIa OMOXMMHUYECKHX PEaKIHi, CBI3aHHBIX C SBICHUSIMHU
KPOBOTBOPEHHUSI.

B cBs3u ¢ 3TMM Lenbio paboThl ABISUIOCH MOJyYCHHE WHTEPHOIMANIEKTPOIIMTHBIX KOMIUIEKCOB Ha OCHOBE
HU3KOMOJIEKYJISIPHOTO XMTO3aHa W HCCIIEJOBaHNE KOMILIEKCOOOPa3yIOIINX CBOWCTB MONYYEHHBIX KOMILIEKCOB Ha
WOHBI MEJIM ¥ KOOANbTa MPH HU3KUX KOHIIEHTPALHSIX PACTBOPOB COJICH.

1. Xumo3san — amuHocaxap, NpOU3BOAHOE JIMHEHHOr0 MONKCaXapuaa, MaKpOMOJIEKYJIbl COCTOAT U3 ClTydaii-
HO cBs3aHHbIX B-(1-4) D-raroko3amMuHOBBIX 3BeHbeB U N-aretusa-D-rimoko3amu. [lonydanu XUTO3aH U3 XUTHHA
peYHOro IMpecHOBOAHOrO paka Pontastacus cubanicus (Birst. et Win.) mo metoauke [11].

2. H3mepenue xapakmepucmuuecKkoil 6A3K0OCHMU ROAUMEPOS. XaPAKTEPUCTUIECKON BI3KOCTBIO [1]] Ha3bI-
BAETCs IIPE/IEIbHOE 3HAUYEHNUE OTHOLIECHHS 1 y,/C IpH KOHLUEHTpPALMU PacTBOpA, CTPEMSILEHCS K Hy0. XapakTe-
pHCTHYECKas BA3KOCTh OINpe/eNIieTCs MyTeM IpaduuecKkoit SKCTPanosaiy 3Ha4YeHUH 1)y,/C, MOITydeHHBIX I He-
CKOJIKMX KOHIIGHTpAIWid, K HYJIeBOi KoHIEeHTpauuu. OTHOCUTENbHBIE M YAEIbHbIE BS3KOCTH — Oe3pa3MepHbIC
BEJIMYMHBL, & IPUBEACHHAS U XapaKTEPUCTUYECKas BSI3KOCTH UMEIOT Pa3MEPHOCTH, OOpaTHbIe KOHUEHTpauuu. s
ompeeieHs] MOJICKYJISIPHOM Macchl MOJB3YIOTCS (Gopmynoli Mapka — XyBUHKA, BBIPKAIOUICH 3aBUCUMOCTH
XapaKTEPUCTHUECKOH BA3KOCTH OT MoJIeKyspHou macchl: [ 1] =1,38x10™ M®® rne K u o — koHCTaHTHI 71 1aH-
HOW CHCTEMBI ITOJIMMEP — PACTBOPHUTENb NPU ONpeaeieHHoN Temueparype. OObIYHO, B 3aBUCUMOCTH OT IPHPOJIBI
pacTBOpHUTENs BennuuHa o Kojebuercs B npeaenax 0,5:0,8. [locrosHHas ans naeaibHO FMOKUX LETHBIX MOJIEKYIT
paBHa 1/2. JIns TUIOTHO CBEPHYTHIX B IIAphl MOJIEKYJI OHA JOJDKHA OBITh paBHA HYJIIO, a JUUIS MOJIEKYJI C OrpaHUYCH-
HOW THOKOCTEIO 0. > 1/2. U3 ypaBHeHnss Mapka — XyBHHKA CIIEAYET, 9TO JIOTapHU(PMBbl XapaKTEPHUCTUIECKON BSI3KO-
CTH SIBJISIFOTCS JIMHEHHON (yHKIMel toraprdma MosiekysipHoit macesr: 1g[1] = IgK +d IgM [12]

3. Cnexkmpuvt HK-cnexmpockonuu. VIK-criekrpbl peructpupoBaiuchk Ha UK-Oyprbe criekrpomerpe IR- PRESTIGE
B o6macti 4000-400 cm”. TOHKO M3MENBUEHHBIH OOpasel] MONMMEpa CMEIIMBACTCS C MEIMIMHCKEM BasenuHoM PNe
0033/17 u momerarot Mex 1y mactuamu KBr ¢ tomuunoi nnactusst 0,6 oM, nporyckanue 95 %.

UccnenoBanusi koMImiekcooOpasyronux cBOUCTB monu-N,N-quammniaMuHO3TaHOBOM KHUCIOTHI C MOHAMHU
KoOanbTa U MeIW NpPU Pa3IUYHBIX 3HaueHHAX pH cpelbl, KOHIIEHTpAIMU pearcHTa W BPEMsI CTOSIHUSI PacTBOPOB
MPOBOJWIIM COrNIacCHO MeToauke [13].

HuskoMomeKy ISIpHBI XUTO3aH mojydanu o meroauke [11] u3 xutuHa pakooOpasHbix mo cxeme 1. Ilomy-
YEHHBIN XUTO3aH MMEET BHICOKYIO CTENEHb JealeTWinpoBanus — 92 %, HU3K0oe 3HauUe€HUEe MOJEKYJISPHON Macchl
(Mm) oxomo 945 k/la 3a cueT pa3priBa INIMKO3UAHBIX CBA3EH W YACTUYHOM JIECTPYKIIUH MOINMEpA.

CH,OH CH,OH
O\ deceleration H o
o - H }\
.’7 n
NHCOCH3 . NH
chitin chitosan
Cxema 1

[Mpu uccnenoanun UK-criekrpa xurtozana (puc. 1) TONYYEHHOTO NMpH JcalleTHUIMPOBAHUH XHTHHA OBLIA

1 1
oOHapy»KeHbI CIEAYIONINE XapaKTepPHBIE CUTHAIBI MOTJIOMICHHS, CM-: CUTHaI B obmactu 2918-2872 cMm-~ 3a cuer
BAJICHTHBIX KOJICOAHWI NMHMPAHO3HOTO KOJIbIIA W IpucoenuHeHHOro k Hemy — CH,OH, BBI3BaHHOTO BaJCHTHBIMHU
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KOJTEOaHMAMH METHICHOBBIX rpyri. CHrHAIBI MOrTomeHns B odmacti 1649-1588,3 cM ', HHTEHCHBHOCTD HOTIIO-
menus B o6mactu 1488-1560 cm ' (6NH,) 00ycoBIIeHbI BAICHTHBIMU KOJICOAHHAMH aMUIHBIX | 1 aMHIHBIX CBSI-
3eii 11, yMeHbIIIeHHe CUTHAIIA TTOTJIOICHHUS B 3TOM 00J1aCTH yKa3bIBaeT Ha MPOIECC JealeTUITNPOBAHHUS.

ITponyckanne, ¥

G%DD 3500 3000 2500 2000 1500 1000 250

BONHOBOE YKcIo, 1/cm
Puc. 1. UK-criekTp HU3KOMOJEKYJISIPHOTO XHUTO3aHA

VI3MeHeHHs] HMHTEHCHBHOCTH CHUIHAJIOB IOTJIOMEH!s B quanazone 900—1100 cM ' yKas3hIBaiH HAa yMeHbIIle-
HUE JJUHBI 1 MOJIEKYJIIPHON Macchl MOJMMEpPHOI nenu npu aeanerunupoBanuu. Ha MK-cnektpe xuTo3aHna He Ha-
6I1101aeM OJIOCH! HOTIIONIEH)s IpH 1654 cM ' XapaKTepHOE IS BAGHTHBIX KOJNeGAHHH KapOOHMILHON TPYIIIBI
(vC=0). ITonyuyeHHbIE TaHHBIE COTIACYIOTCS C JTUTEPATYPHBIMHU, U MOATBEPKIAIOT HAIlle MPEANONI0KEHNE O MOJTY-
YEeHUH HU3KOMOJIEKYJIIPHOTO XuTazaHa [14].

JJis omydeHusi MHTEPIONNAIIEKTPOIUTHOTO KOMILIEKCa ObUIa MCIIONb30BaHA MOJIEIbHAS CHCTEMA TOJHBH-
HuoBelii cupt (IIBC)-Boga mo npuHIMITy AeHCTBHUS BOAOPOCTBOPUMBINA MOJIUMEP, HEMOHU3UPYIOMINUNA B BOJTHOU
cpefie, CleloBaTeNbHO, JOJDKHBI OBITH 00pa3oBaHbl cab0 KOMIUIEKCOOOpa3yIolie Mapbl: HEMOHHBIH MOJIHMEp
IIBC-xuto3aH.

Hexotopsie 00pasisl UTIOK obnaganu mioxol pacTBOPUMOCTHIO, TO-BHIANMOMY, 3TO CBS3aHHO C 00pa30Ba-
HUEM MEXMOJIEKYJISIPHBIX U BHYTPUMOJEKYIApHBIX cBsi3eit B cucteme [IBC-xuto3an. Ha puc. 2 npencrasnen K-
cnektp BeieneHHbx UTIOK ¢ xoporieit pacTBOPUMOCTBIO B BOZIE, MOJIEKYJISIPHBIE MacChl, KOTOPHIX OBLIN OIpe/e-
nenbl B uHTepBaiie (MM=1145-12450) Bucko3nMeTpUIecKuM METOJIOM Ha ipubope Y Gerioe.
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Boanoroe incao, 1. cm

Puc. 2. UK-cnekxtp kommuiekca [I1BC-xuta3zan
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B cucreme IBC-xutasan (puc. 2) HaOIOJAIOTCS CICAYIONIHE XapaKTEPHbBIC MOJIOCHI TTOTJIONICHHUS: ITHPOKast
npu 3050 cm™” xapakTepHast IS — MPOTOHUPOBAHHOM rpymnsl — NHs" cM ™. OCHOBHBIC W3MEHEHHUS IPOHCXOMIST
B o6nactn 1550-1800 cM ', yKasbiBasi Ha B3aMMOJIEHCTBIE AMUHOIPYIII XMTO3aHA M TMAPOKCHIbHBIX Tpytin ITBC.
MHTEHCHBHOCTB MOJTOCH B 061macTi 1744 oM ', xapakTepHOM st KapOOKCHIIBHBIX M HHTCHCHBHOCTB MOJNOCHL B 06-
nacti 1654 cM ' XapakTepHbIX Ul KapOOHWIBHBIX rpynn (VC=0) Mbl He HaGmogaeM. DTH JaHHbIC ABISIOTCS
JIOTIOTHATENBHBIM CBHIETETFCTBOM O TMONYYEHHH XHTO3aHA C BBHICOKOHM CTENEHBIO NeareiipoBaHus. MHTEHCHB-
HOCTB TIOJIOCHI, XapaKTepHO# ans amuaa Il 3HaYMTENT HO yBEIMYMBAETCS, W IOJIOCA CMEMIaeTcsl K Ooiiee HU3KOM
4acTOTe, YeM B CIIEKTPE XHTO3aHa, YTO yKa3blBaeT Ha (opMupoBaHue HHTepronudeKTpoauTHbix (MIIDK) mpu
3IEKTPOCTATUIECKOM B3aUMOICHCTBUHM MEXIYy aMHHOTPYIIIIAMH XUTO3aHa U TUAPOKCHIbHBIME Tpymmamu [IBC.

KoMrtekcoobpasyiolrie cBoiicTBa Ha katnorsl Cu?* i Co®* B BOAHBIX pacTBOPax MPOBOJIMITH HCCIIEIOBAHH-
€M 3aBUCHUMOCTH ONTHYECKOH IJIOTHOCTH PAacTBOPOB OT IUITMH BOJIH, MICCIIEIOBAHHEM 3aBHCHMOCTH ONTHYECKON
TUTOTHOCTH OT KOHIIEHTPALIMHU peareHTa (BOAHBII pacTBOP MMOIAMEPA).

HccnenoBanne 3aBUCHMOCTH ONTHYECKOM TUIOTHOCTH OT JJTMH BOJHBI MPOBOJIIIN MPUTOTOBICHUEM CEPHU
PacTBOPOB B HHTEpBajie KoHIEHTpauu coneii merauior 0,01-0,1 M, 0,1-1,0 %-ro pacteopa UIIDK u pacrBopa
KOMILIEKCa ¢ HOHaMH MeTayutoB, pH pacTBOpOB MpHOIMKAIN K KHCIOTHOCTH PacTBopa KoMiuiekca ¢ peareHtoM (R).
B »1ux ycnoBusx ObUIM OnpeeneHpl MaKCUMAITbHBIE 3HAYCHUS JUTHH (Ay,x) ONTHIECKON TIOTHOCTH (A) BOIHBIX pac-
TBOPOB M KOMIUIEKCA, T/Ie Ha 3aBHCHMOCTSIX MOSBIISUICS OJIMH MHK IMOTJomeHns. MaremaTtndeckas o0paboTka pe-
3yJIhTATOB MPOU3BOIMWINCH METOJOM HAaMMEHBITUX KBaJpaToB. Kak BuaHO U3 puc. 3, 4 Hanbonee MakCHUMalbHbBIE
3HAYCHHS Ayax HAXOMATCS B UHTEPBAIC Aya = D90—625 HM AJI1 HOHOB CU*" ¥ Aoy = 450480 um st nonos Co™.
HccnenoBanne 3aBUCHMOCTH ONTHYECKON TNIOTHOCTH OT KOHIEHTPALIMHU peareHTa MpOBOMIN B BBIOPAHHBIX OITH-
MaJIbHBIX YCIIOBHSIX Ayax, PH = CONSt yBenu4yeHneM KOHLEHTpAKU peareHTa JUIsl TIOJHOTHI CBSI3bIBAHHS HOHOB Me-
TaJJIOB B MCCIEAYEMbIH KOMIUIEKC. Il 3TOr0 MPUTOTOBUIIM CEPHI0 PACTBOPOB M OMPENCIMIN 3HAUYECHHS ONTHYE-
CKOM TJIOTHOCTH, 3aTeM TocTpownn rpadpuk 3aBucumoctr D=f(C). 3aBHCHMOCTH ONTHYECKON IIOTHOCTH OT
KOHIIGHTpAIlMM BOAHBIX PAacTBOPOB cosied, (uKcupoBaHbIX 3HaueHWsx pH cpexbr (pH-4-5), a Takxke BpeMeHH
CTOSHHUSA pacTBOpa (48 4acoB) HOCUIIM JIMHEHHBIA XapakTep, YTO CBUAETENBCTBYET O OJYUHEHUHN aHATTU3UPYEMOTO
BeliecTBa 3akony byrepa — JlamOepra — bepa [15].

A A
020 | 0,25
3 020
015 |
L 0,15
0,10 3
0,10 r
005 | 2 005 |
1
2
0 . s . . 0 . : : :
200 400 600 800 A, HM 300 400 500 600 700 A, um
Puc. 3. 3aBUCIMOCTH ONTHYECKOH MIIOTHOCTH Puc. 4. 3aBUCIMOCTH ONTHYECKO MIIOTHOCTH pacTBOpa
pacTBopa oT JuHEI BoJHEL: 1 — 0,1 M pactBop coiu oT muHBI BoHEL: 1 — 0,1 M pactBop conmm menu
kobanbra CoCly; 2 — pactBop UIIDK; CuSQy; 2 — pactBop UIIDK; 3 — pacTBOp KOMILIIEKCa
3 — pacTBoOp KoMmIuIeKca ¢ HoHamu Co”" ¢ nonamu Cu”*

YBenuueHne U HEKOTOPOE CMEILEHHEe MaKCUMyMa TOTJIOLIEHHS CYIIECTBEHHO BIIMSET Ha MOJHOTY CBS3bIBAHUS
MOHOB METaJlIa B KOMILIEKC. JlanpHelie ncenenoBaHys 3aBUCUMOCTH ONTHYECKON TNIOTHOCTU OT KOHIIEHTPAIMH BO-
JIOPACTBOPHMOIO TIOJMMEPA POBOJIIIA B BHIOPAHHBIX ONTHMATBHEIX YCIOBUAX (A= 448 HM 11 HOHOB CO™ M Ay =
548 um 15t nonos Cu*® | ipu pH = 5-6).

B xoze uccnenoBanusi ObUIH OINpeneNeHbl MOJSIPHBIA KOG (GUIMEHT CBETONOIJIONICHHUS], COCTaB KOMILIEKCa
¥ KOHCTaHTa YCTOMYMBOCTH 110 hopmyiie €, = A/Cx| , rie &, — MOJSIpHBINA KOI((GHUIUEHT CBETONOTIIOIICHHUS JIydeH,
A — 3HaueHMe onTUYeCcKoil ioTHOCTH, C — KOHIIEHTpauus pacTBopa, | — TonmmHa cinost pacrBopa (1 cm) [15].
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Kak BumHO U3 Tabn. 1 u 2, ¢ yBeJIMYEHUEM KOHIICHTPAIMU PACTBOpPAa HU3KOMOIEKYJSIPHOTO 3JICKTPOJIUTA
3HAYCHUE MOJISIPHOTO KO3((HUIMEHTa CBETOMOTIIONICHNSI B KOMIUICKCE YBEIIMYUBACTCS, TIPH 3TOM HAOMIOAaeM pe3Koe
IOBBIIICHHE MOJSIPHOT0o KOd((HIHEHTa CBETOONIOMEH s st HoHOB Cu*? mpu pH = 10, uro CBUCTEIHCTBYET
0 TIOJTHOM CBsI3bIBaHMH HOHOB CU'2, i B manmbHelIeM HAOTI0[acM TTOMYTHEHHE ¢ 00pa3oBaHHEM OCAIKA.

Tabnuna 1

3HaveHHE MOJISIPHOTO KOd(h(PHUIHEeHTa ITOTIIOMIEHNS CBETOIOTIIOMICHIS
pactBopamu komiiekcoB (pH = 5,8, T = 25 °C)

KOHIICHTpAIHS PACTBOPOB

KOHIICHTpAIHS PACTBOPOB

N yepe3 48 yacos
&y/Pearenr, 1 % BoIHBIN pacTBOP
0,01 M pactBop 0,1 M pactBop 0,01 M pacteop | 0,1 M pactBop

CoCl, CoCl, CuSQO, CuSQO,
HU3KOMOJICKYJISIPHBINA XUTO3aH 4500 7600 4200 7300
ITBC: xuro3an (10:90) 3500 4000 3450 4000
IIBC: xuro3an (50:50) 2000 6500 2000 6100
IIBC: xuro3an (90:10) 2000 3000 2000 2800

Tabmuma 2

3HavyeHue MOJISIPHOTO KO3((HUIMEHTa CBETOIOTIIONICHHUS] pACTBOPAMHU KOMILIEKCOB
TP pa3HbIX 3HaYeHUAX pH-cpembt

&, /Pearent, 1 % BoxHBIN pacTBOp

Konnenrparus pactBopos
mpu pH=2,T=25°C

Konnenrparus pactBopos
mpu pH=2,T =25°C

0,01 M pactBop 0,1 M pactBop 0,01 M pacteop | 0,1 M pactBop
CoCl, CoCl, CuSQO, CuSQO,
HU3KOMOJICKYJISIPHBIN XUTO3aH 4500 5000 2500 3500
IIBC: xuTo3an (10:90) 5000 5000 2500 4000
[1BC: xuTo3a#n (50:50) 1867 2000 2000 4000
[IBC: xuTo3a#n (90:10) 1877 2500 3200 5000

Pacuer xommdecTBEHHOIO COACPIKaHUA KATUOHOB METAJUVIOB B KOMIUICKCE OIPEACTIAIN C ITOMOIIBIO Kanuo-

poBoYHOTO Tpaduka (Tadi. 3).

Tabmmna 3

Coz[epmaHI/Ie MAacCCOBOH J0JIM MEIHU 1 K0OaIbTa B KOMILJICKCE

g,/Pearenr,
1 % BOOHBIN pacTBOp

Maccosas noist Co B KOMITIEKCE
W(Co), MI/T; Ayax = 448 HM

Maccosas noist CU B KOMITIIEKCE
W(CU), MI/T; Ayax =548 HM

HU3KOMOJIEKYJIIPHBIA XUTO3aH 6,1 0,20
[BC: xuto3zan (10:90) 3,6 0,5
[IBC: xuTo3a#n (50:50) 55 2,2
IIBC: xuTo3a# (90:10) 5,2 1,5

W3 1abxn. 3 BumHO, 4TO HanboJee SPKO BHIPAKEHHBIE KOMIUIEKCOOOPA3yIOIIHE CBOMCTBA MPOSIBIISIET CUCTEMA
UIIAK cucremsr [IBC:xurosan (50:50) , Kak 11t HOHOB MeTauia kobanbra Co 2, Tak u st noHoB Meramma mexu Cu 2,

OcHOBHOI1 3a1a4eli B pa3padOTKaX HAHOCUTEM C Y4aCTHEM KaTHOHOB METAJUIOB SBJISETCS MOJIydEHHE YCTOHUIH-
BBIX HaHOJAMCIIEPCUI C BOCIIPOM3BOIMMBIMHU CBOMCTBaMH. BBHay M30BITOUHOI MOBEPXHOCTHOW 3HEPTHMH HAHOUYACTHII,
HAaHOAWCTIEPCHH TOJTy4aeMble MaTepHaiIbl I0OBOJIBHO HECTAOMIIBHBI U 3TO Po0OJIeMa 10CTaTOuHA aKTyallbHa.
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Cucrema I1BC: xuto3an (50:50) naubonee s3¢hexkTrBHA U H30UpPATEIBHO 00pa3yeT YCTONUNBbIE CTA0UITH3H-
POBaHHBIE KOMITIEKCHI ¢ HOHaMH KoOanbTa Co 2¥, 4T CBHICTENBCTBYET O BOSMOXKHOCTH HX JATBHEHIIIEr0 HCIIOITh-
30BaHMUSI B HAHOTEXHOJIOTHSIX U B OMOMHXEHEPHOW TEXHOJIOTHH, MTO3BOJISIS PACIIUPUTE CIIOCOOBI CO3IaHus THOPHI-
HBIX MaTepHaiOB OMOMETUITITHCKOTO HA3HAYCHUS.

Takxum 06pa3oM, MPOBEIEHHBIE HCCIIETOBAHMS TO3BOJIIOT 3aKIIIOYUTh:

1. AHanmu3 CIEKTPOMETPUIECKHUX TAaHHBIX CBHIETENLCTBYET O TOM, 4TO cuHTe-3upoBanHbie UI1OK Ha ocHOBe
HU3KOMOJIEKYJIIPHOTO XWTO3aHa OOJAJar0T JOCTATOYHO BHICOKMMH KOMIUIEKCOOOPA3yIOIIMMH CBOMCTBaMH Ha
JBYXBaJICHTHBIE KaTHOHBI MeTamioB Cu?u Co™?.

2. YcTaHoBJIEHa BO3MOXHOCTh PETYIMPOBaHUs mpolecca kommiekcoodpazosanus UITOK ¢ katnonamu me-
TaJIOB B ITUPOKOM MHTEPBAJIE BHEITHUX yCIIOBHIA.

Aemopul bnazooapsam compyonuxos L{KIT « Penmeenosckas ouacnocmuxa mamepuanosy u HOL] «Ilonume-
pot u komnozumery npu KBI'Y um. X M. Bepbexosa 3a okazanHyo HOMOWb 8 NPOGEOeHUU UCCe008AHUU.
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®HU3UKO-MEXAHUYECKHUE CBOVCTBA KOMIIO3UTOB .
HA OCHOBE II2HII 1 IIBT, MOANPUTIIUPOBAHHBIE OPI"AHOI'JIMHOU

1]30py1<ae13 T.A., 2CanamoB AX., IIaos A.X.

'Kabapouno-Bankapckuii 2ocyoapcmeennuiii ynugepcumem um. X.M. bepoexosa
Hnzywickuit 2ocyoapcmeeHnnwlii ynugepcunem

*horuk-chemical@mail.ru

Ionyuenvr kKoMno3umuvie MamepuaIbl Ha 0CHO8e NOIUIMULEHA HUSKOU NIOMHOCMU U NOTUOYymuieHmepep-
manama, mMoouguyuposanuvie opeanoenunoll. Mccredosanvl pusuko-wexanuieckue ceolicmada, NOTYUeHHbIX KOM-
nosumos. O6HapydceHo, umo 6edeHue 8 NOIUMEPHYIO CMeCb NOIUIMUILEH HUSKOU NJIOMHOCMU/NOAUOymunen-
mepegmanam op2aroMoOuGUYUPOBAHHOU UKL, NPUBOOUM K CYUECBEHHOMY USMEHEHUI0 OCHOBHLIX CEOUCMSE:
BA3KOCMU PACNAABA; NAOMHOCMU, MENIOCMOUKOCMU U 0epOPMAYUOHHO-NPOUHOCHIHBIX CB0UCME KOMNO3UMOS.
Ilpu smom uzmeneHue c60licme 00YCI06NIEHO GIUAHUEM OPLAHOTUHBL HA MOPDON02UI0 KOMNOZUMOE NOIUIMUTLEH
HU3KOU NIOMHOCMU/NoauOymuienmepegmanam.

KaroueBsble c10Ba: MONMATHIICH HU3KOH IUIOTHOCTH, OTUOYTHIIEHTEpe(TAIAT, CMECH, MOIU(PHUKAIIH, Op-
TraHOTJIMHA, CBOMCTBA.

PHYSICAL AND MECHANICAL PROPERTIES OF COMPOSITES
BASED ON LDPE AND PBT MODIFIED WITH ORGANOCLAY

'Borukaev T.A., Salamov A.Kh., Shaov A.Kh.

'Kabardino-Balkar state University
?Ingush state University

Composite materials based on low-density polyethylene and polybutyleneterephthalate modified with
organoclay have been obtained. The physico-mechanical properties of the resulting composites have been studied.
It was found that the introduction of organomodified clay into the polymer mixture of low-density polyeth-
ylene/polybutyleneterephthalate leads to a significant change in the main properties: melt viscosity; density; heat
resistance and deformation-strength properties of composites. At the same time, the change in properties is due to
the influence of organoclay on the morphology of low-density polyethylene/polybutyleneterephthalate composites.

Keywords: low density polyethylene, polybutyleneterephthalate, mixtures, modification, organoclay, properties.

Beenenne

B coBpeMeHHOI MPpOMBIIUIEHHOCTH 3()()EKTHBHO HCIOJB3YIOT MOIMMEPHBIE KOMITO3UTHBIE MaTepHaIbl, MOTy-
YEeHHbIE Ha OCHOBE Pa3IM4HBIX mojuMmepos [1]. Takoil moaxox mo3BojsieT MOTydaTh MaTepHaibl C ONpeaeTICHHBIMU
XapaKTePUCTUKaMH U CBOMCTBaMH, KOTOPBIE MOTYT OTBEYATh COBPEMEHHBIM TPEOOBaHUSM NPOMBIIUICHHOCTH [2]. On-
HAKO HE BCET/Ia JOCTUTAIOTCS OKUAAEMbIe PE3ybTaThl, T. €. TIOJMMEPHBIE CMECH HE BCETa IPEBOCXOISAT IO CBOUM
XapaKTepUCTUKaM HMcXonHble moiuMepsl [3]. Ilpuuem mcmonb3yemble UIs TOJTYYEHHS KOMIIO3MTOB, MCXO/HBIE
MOJIMMEPBI MOTYT OBITH TEPMOJWHAMUYECKHA HecOBMeCTUMBI [4, 5]. B Takux cinydasx Ha MpakTHKE HCIONb3YIOT
pasnuyHble JOOABKM — COBMECTHUTENM, KOTOPBIE YIY4IIaloT UX COBMEIIeHHE. B cBOIO ouepens, 5TO MPUBOIUT
K MOJyYEHHIO KOMIIO3UTOB C KOMIUIEKCOM CBOMCTB. OIHAKO 3TH YIY4IIEHHS HE BCET/Ia YAOBICTBOPSIOT TpeOOBAHUSAM
coBpeMeHHOH TexHuKu. [IpobieMy permnaroT TeM, 94To OIMMEPHBIE KOMITO3UTHBIE MaTePHAITbI HA OCHOBE TTOJTMMEPHBIX
cMecel To/IBepraroT MO M(UKAINK TTOCPEICTBOM BBEJICHUS Pa3MUYHBIX J00aBoK [6]. Moanbumpyronmpe 100aBKH
TIO3BOJISIFOT HAIIPABIEHHO U3MEHATh OCHOBHBIE IKCILTYaTAIlMOHHBIE XapaKTePHUCTHUKH KOMITO3UTHOTO MaTepHaia.

Crenyer OTMETUTD, YTO OJHUM M3 MEPCIEKTUBHBIX U 3()(HEKTUBHBIX MOJUPHULIMPYIOIINX J00aBOK, KOTOPBIH
B MIOJIMMEPHOM MTPOMBIIIJICHHOCTH HCIIOJB3YIOT — opranoMoanunupoBannas riuna [7]. [lpu 3Tom nobGaBka opra-
HOMOJU(HUIMPOBAHHOM TIIMHBI IPUBOAUT K 3aMETHOMY YJYUIIEHHIO OTHECTOWKUX, PEOJIOTHUECKUX U JedopMariu-
OHHO-TIPOYHOCTHBIX CBOMCTB MCXOJHOTO TMonMepa. B cBs3M ¢ 3TUM 1ebio HacToAIIel padoThl OBLIO HCCIIEeI0Ba-
HUE BIUSHHAS OPraHOMOAH(UIIMPOBAHHON TIIMHBI HA CBOMCTBA KOMIIO3UTOB, MOJYYECHHBIE HA OCHOBE MOJIMITHIICHA
BBICOKOH TJIOTHOCTH, TONMHOYTHIICHTepe(dTanaTa i COBMECTHTEIS.
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JKCNepUMEHTAIBHAS YaCTh

st momydeHns KOMIIO3UTHBIX MaTepHajoB, B KAYECTBE UCXOAHBIX TOJIMMEPOB HCHOJIB30BAIN MPOMBIIIICH-
HBIH moymaTuieH Hu3kod miotHocTr ([TOHIT) mapku 15813-020 (ITOCT 16337-2022) u nonmuOytunentepedranat
(ITBT) mapku B-0 (TY BY 700117487.170-2006, TepmoanacToruiact nonuddupHbii Moaudunuposanusii «be-
mact»). s myumero coBmerneHus neyx noimumepoB — [IOHIT u IIBT B paboTre mcmonb30Baai COBMECTHTENH
(CoBm.) «Compoline» mapku CO/LL 05. CoBMecTUTENh MPEACTABISACT COOO0M MONUATHIICH, MOJUPUIIMPOBAHHBIH
MaJIEMHOBBIM aHTHIIPUAOM MPou3BocTBa hupmel Auserpolimeri (Mramus).

B xagectBe mo6aBku B momumepHbie cuctembl [IDHIVIIBT B pabote mcmomszoBanmu rmHy. [locmemuss
npezacTaBisiia coool opranomoauduuposannsie Mapku iyl Dallite 43B, Dallite 67G (Mranus).

[ monmydeHusT KOMIIO3UTHBIX MAaTEpHaliOB CMEIIEHHMEM COOTBETCTBYIOLIMX KOMIIOHEHTOB B pacIUlaBe
B paboTe HCITOJIb30BaIM OJHOITHEKOBBIN dKCTPyIep, KoTopelid mMmen otHomerne L/D=20. Ilpu atom skcTpyanpo-
BaHUE CMECH MPOBOJWIN NPU TPEX30HHOM HarpeBe C paclpejaeneHueM Temnepatyp mo 3oHaMm 180, 230 u 210 °C
B I, II m III 30He, cooTBeTCcTBEeHHO. B cBOTO OUepens, BeIOOp Kommo3uToB [IDHIV/IIBT ayis Mogudukanmm opraHor-
JIMHOM OCYIIECTBISIIM HMCXOMs W3 TpeaBapUTENbHBIX McTbITaHui. CoaepikaHue OPraHOTIMHBI B KOMIIO3UTaX —
[ISHIVIIBT Bapsuposanu ot 1 1o 3 macc. %.

OO6pasupl A ONpeAeiIeHus] OTHECTOMKOCTH U (PU3NKO-MEXaHMUECKUX HCTIBITAHUH W3rOTaBIUBAIUCh METO-
JIOM JIUThS MO/ JaBjieHueM Ha 1uTheBod MamuHe RR/TSMP 2 ¢upmel RAY-RAN (Anrnus). [Ipu aToM pexuMBI
quths 11 [IBT, TIDHIT 1 KoMno3UTOB Ha MX OCHOBE CAEAYIOLIKE: TeMiiepaTypa uninnapa 220-240 °C, temnepa-
typa dopmel 50-70 °C, naBnenue nuths 8§ atM. [lepex MUTHEM KOMIO3UTHI CYIIMIM B BAKYyMHOM IHIKady MpH
temneparype 130 °C B Teuenue 4 4.

OruecToiKOCTh, MOTYYEHHBIX KOMIIO3UTOB OLIEHUBAJIH 110 MPOJOKUTEILHOCTH CAMOCTOSITENBHOTO TOPEHUS
obpasnoB cormmacao ['OCT 21207.83. [ns storo, u3roroBieHHsle maacTUHkH (100x10x1 MM) Ha OCHOBE MOJY-
YEHHBIX KOMIIO3UTOB 3aKPEIUISUIM B TOPU30HTAIBHOM MOJI0KEHUH. 3aTeM IUIACTUHKY MODKUTAIN TOPETIKON (TiaMs
TOpENIKY yCTaHaBIuBaeTcs oA yriom 45+1°). Uepes 10 ¢ mocine momxora MIACTUHKU TOPEIKY BBIKIIOYAIOT, OJHO-
BpPEMEHHO BKIIIOYAIOT CEKyHAOMEp. V3MepsIoT poJ0KUTEILHOCTD CAMOCTOSITEIBHOTO TOpeHUs 00pasia.

ITokazarens Tekyuectu pacmiasa (IITP) momyyeHHBIX KOMIO3UTOB ONpPEAEISUIN HA KalWUIIPHOM BHUCKO3H-
metpe MMUPT-M mpu cooTBeTcTBYyIOMKX TemmepaTypax u Harpyske 2,16 xkr (mnsa [I9HII ato 190 °C, nns kommo-
3utoB Ha ocHoBe [IDHIT u I1BT 230 °C), nuamerp Kamwisipa 2 MM.

Onpenenenne TermiocToikocTy 1o Brka nposoguocsk mo 'OCT 15088-2014 (CT COB 3760-82). Ucnbitanus
TIPOBOJIWITN B JKUAKON cpefie. JIJisi MCTIbITaHus. NCTIONB30BAIN 00pa3Ilbl B BUJIE IDIACTHUHEI ToMmMUHON OT 3,0 1o 6,4 MM
Pa3MepoM HCIBITATEIILHOM MMOBEPXHOCTH He MeHee 10 MM 10 JJTiHE CTOPOHBI IPSIMOYTOJIBHUKA MJIH THaMeTpa Kpyra.

[TpouHOCTHBIE XapaKTEPUCTUKUA U MOJYJb YIPYTOCTH KOMIIO3UTOB OMPEAEISUIA C MOMOIIBI0 YHUBEpPCAb-
Hol ucnbitatesbHod MamuHbl GT-2000, cootBercTBytomeir 'OCT 4648-2014. [Ins ucnblTaHus NPUMEHSIIH 00-
pasupl cornmacHo I'OCT 11262-2017. Ilepen ucnbiTanneM o0pa3nbl KOHAWIHOHUPYIOT B CTAaHAApTHOI aTMocdepe
no 'OCT 12423-2013 ue menee 16 4. Ilepen ucnbiTaHreM M3MEPSIM TOJIIUHY U MUpUHy 00pasnos no ['OCT
11262-2017.

VYnaphywo Bs3kocTh 1o M3omy onpenensuin Ha ycraHoBke Gotech Testin Machin GT-7016-A3, o 'OCT
19109-2017 (MCO 180-82). [y ucmbplTaHU# NpUMEHsUIM 00pasiibl ABYX THIIOB: C HaApPe30M u 0e3 Hazapesa. Jlu-
HelHble pa3Mepsl 00pas3os: 80x10x4 MM (tun obpasua 4 mo 'OCT 19109-84). B ciyuae ucnons3zoBanus odpasua
¢ Haape3oM ucronb3oBaics Tum Haapesa A (mo 'OCT 19109-84), T. e. KMUHOBUIHBIN Haape3 yriaoM B 45°, Toyou-
Hoit 0,85+0,05mm. KonudecTBo 00pa3iioB A KaXIOTO HCIIBITAHHOTO MaTepuana Obuto He MeHee 10. [epen uctbl-
TaHueM o0pa3ibl KouaumuoHuposa no FOCT 12423-2013.

TBepaOCTh KOMITIO3UTOB ONpeAessii Ha TBEpaomepe moaenu OS-2. KoHunk MHIeHTOpa HaxoJIuiics Ha
paccrosiHMM He MeHee 12 MM oT kpas oOpa3ua. K ornopHoil moBepXHOCTH NMpUKIabIBANIN JIaBIEHHE, 10CTa-
TOYHOE Uil 0OeCreueHrs HaJEKHOr0 KOHTAKTa ¢ 00paslioM. 3aTeM CHUMAJM TMOKa3aHUS WHAUKATOPHOTO
ycrporicTBa cirycts 15+1 ¢. Ecnu Heo6xommumMo nMpor3BecTH MTHOBEHHOE U3MEPEHHE, TO TTOKa3aHNe CHUMAIOT
B TeueHHe | C mocie mpuKaTHs OMOPHOM MOBEPXHOCTH K 00pasily. B aToM ciyuae 3ammchiBaeTCs MakCH-
MaJbHOE 3HAUYEHUE, KOTOPOE MOKAKET MHANKATOP Aropomerpa. [Ipu 3ToM npoBoanIIM ST U3MEPEHUIN TBEP-
JOCTH B Pa3HBIX MECTaxX MOBEPXHOCTU 0Opasiia, HO HA PACCTOSHUM HE MEHEe 6 MM OT TOUYKH MPEIbIAYIIEro
A3MEPEHU, U ONIPEAEIUIA CPEAHES 3HAUYCHUE.
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Pe3yabTaThl M HX 00CYKIEHHNE

HccenoBanme npomoibkuTebHOCTH TopeHnst kKomrto3utoB [IDHIT/IIBT/Cosm./I'miHa mokas3aimo, 9To BBEICHHE
el B onMepHyto cmeck [IDHI/TIBT/CoBM. puBOAXT K YBEMMYEHHIO MPOJODKUTEIIFHOCTH TOPEHUST 00pas3IoB
(tabm. 1). [Ipu 3TOM HEOOXOIUMO OTMETUTE Pa3IMIUe MPOIlecca TOPEHHSI HCXOTHBIX W MOAH(PHUITUPOBAHHBIX KOM-
MO3HUTOB. B wacTHOCTH, B TipoIiecce ropeHust 00pa3ioB Ha OCHOBE MCXOIHBIX MOJMMEPOB IPOUCXOIUT 00pa3oBaHHe
U KalaHWe pacIuiaBa Marepuana. B oTmuuue oT HUX, 00pasisl KOMIIO3UTOB, COCPIKAIINE OPTaHOTIIUHY, TOpAT 0e3
00pa3oBaHMs Karellb paciijiaBa MaTepualia, © 4TO HEMaJOBKHO, KOJHYESCTBO BBIJICILIFOMIECTOCS JbIMA 3HAYUTEIEHO
MeHbIne. Takoe MoBeJCHHE KOMITO3UTOB C OPTaHOTIMHOW, OYEBHIHO, CBSI3aHO C 00pa30BaHUEM HAa MOBEPXHOCTH
MaTepuraia KOKCOBOM KOPKH, KOTopasi 1 u3MeHsieT npouecc roperns [§]. Tak, kokcoBas kopka OyaeT IpernsTCTBO-
BaTh BBIXOJIy TOPIOYMX MPOJYKTOB B Ta30BYI0 (pa3y v MOCTYIUICHUIO TOPIOYMX T'a30B B INIAMEHHYIO 30HY. B pe3ynb-
TaTe 3TOr0 CKOPOCTh PACIPOCTPAHCHHUSI TUIAMEHN CHUYKAETCSI, YTO TPUBOJIUT K YBEIUYCHHUIO MTPOJIOJIKUTEIIEHOCTH
TOPCHUS MaTepuana.

Tabauma 1
[TponomKUTENBHOCTh TOPSHUS KOMIIO3UTOB

Ne ITpomomxk.
n/n Oopasut roiefmn, c

1 | IIDHIVIIBT 112

2 | 53,5 % IIDHII+33,5 % ITBT+10 % Cosm.+3 % I'n. (Dallite 43B) 183

3 | 72 % IIBHIT+21 % IIBT+5 % Cosm.+3 % I'n. (Dallite 43B) 184

4 | 89 % IIDHIT+4 % IIBT+5 % Cosm.+2 % I'. (Dallite 43B) 146

5 | 89,5 % IIDHII+4,5 % IIBT+5 % Cosm.+1 % I'n. (Dallite 43B) 140

6 | 78,5 % IIDHII+13,5 % IIBT+5 % Cosm.+3 % I'n. (Dallite 67G) 139

7 | 79 % IIDHIT+14 % IIBT+5 % Com.+2 % I'n. (Dallite 67G) 135

CrnenyeT oTMETUTh, 4TO BBeAeHne opraHoruHbl B cMech [IDHI/IIBT/CoBM. mpuBOIUT HE TOJIBKO K U3MeE-
HEHHUIO OTHECTOMKOCTH MaTepuaia, HO U K U3MEHEHHUIO OCHOBHBIX (PH3UKO-MEXaHHMUECKUX XaPaKTEPHUCTUK KOMIIO-
3utoB (Tabn. 2—4). Tak, uccienoBanre n3MeHeHNH moBeAeHus pacruiaBoB kommno3utos [IOHIT/IIET/Cosm./I'n. mo-
Ka3all0 yBEeJIMYECHHE BSI3KOCTH 00pa3IoB MPHU BBEJIEHUH TIUHBL [Ipy 3TOM 3HaYeHHE TETUTOCTONKOCTH KOMITO3UTOB
HIDKe, yeM y ucxonHoro II9HII u npaktuyeckn Ha ypoBHe Temoctorikoctu ucxoanoro I1BT (Tabm. 2).

Tabmuna 2
IITP u TBepnocts kommo3zuros [IIHIT/TIBT/Cosm./T 1.
o | T
1 | IIDHII 23" 116
2 | IIBT 25,3 94
3 | 53,5 % IIBHIT+33,5 % I[MBT+10 % Cosm.+3 % I'n. (Dallite 43B) 2,0 86
4 | 72 % TIDHII+20 % IIBT+5 % Cosm.+3 % I'n. (Dallite 43B) 4.8 88
5 | 89 % IIDHIT+4 % IIBT+5 % Cosm.+2 % I'n. (Dallite 43B) 10,8 89
6 | 89,5 % IIDHII+4,5 % IIBT+5 % Cosm.+1 % I'n. (Dallite 43B) 8,9 78
7 | 78,5 % IIDHII+13,5 % IIBT+5 % Cosm.+3 % I'n. (Dallite 67G) 9,4 84
8 | 79 % IIDHIT+14 % ITBT+5 % Cosm.+2 % I'n. (Dallite 67G) 13,2 94

*temmeparypa 190 °C, Harpy3ska 2,16 xr.
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Kak BupHO u3 Tabmmiubl 3HaueHue [ITP koMmo3uToB yBenmuuuBaeTcsi ¢ yMeHbleHueM cozaepkanus [1BT
U TJIMHBL. OTO 00YCJIOBICHO YBEIMYCHUEM TIOJBHKHOCTH MaKpOMOJIEKYJI, T.e. yBenuuenue noau [I1DOHII B kommo-
3UTax MPHUBOAMT K POCTY JOIH OOJIee MOABIKHBIX MAaKpOMOJIEKYN B Kommno3uTtax [9]. [IpuyeM Komu4ecTBO 9acTHIl
HAHOTJIFHBI HEAOCTATOYHO JIJIsl TOPMOXKEHHS 3TOW MOJBIKHOCTH, HA00OPOT, OHU TIPH 3TUX KOHIIEHTPAITUAX CKIIOHHBI
K 0oJiee paBHOMEPHOMY paclpee/IiCHUIO B MaTpUIle, HE CO3/1aBast MPEMATCTBUN MOJICKYJISIPHBIM JBUKCHHUAM. DTH
paccyXIeHusT KOCBEHHO MOATBEPKIAIOT Pe3yIbTaThl HCCIeIOBAHUHA TEIUIOCTOWKOCTH KOMMIO3HUTOB (Tadu. 2). Kak
BUJHO M3 TaONHIBI TETIOCTOWKOCTh KOMITO3UTOB HIDKE, Y€M aHAJIOTHYHBIE MOKA3aTeNW MUCXOMHBIX TOJIHMEPOB.
IIpu sTom wusmenenue coaepxanus [IBT B koMmo3utax Tak He CKa3bIBAeTCs, KaK KOHIIEHTpaIus TNIUHEL. BuaHo,
YTO MPHU CHIKCHUU COJACPKAHUS TIUHBI B KOMIIO3UTAX, TEINIOCTOMKOCTh YBEIMUYUBACTCS HE3HAUUTEIBHO.

B pabote mokazano, uTo BBeAcHHE opraHorHHB B KoMIo3UTH [IDHIT/TIBT/CoBM. TpUBOANUT K N3MEHEHHIO
HE TOJBKO TEIUIOU3NICCKUX XAPAKTEPUCTUK, HO U K U3MEHCHHIO (PU3UKO-MEXaHMUYECKUX CBOWCTB MarepHaa.
Tak, npu cpaBHEHHH 3HAUYEHHUH TBEPIOCTH KOMIIO3UTOB 0OHapy:keHo, yTo komno3uTsl [IDHII/IIBT/CoBm./I'n. 3a-
METHO OTJIMYAIOTCSI OT UCXOTHBIX MOMUMepOB. [Ipr 3TOM TBEpIOCTH KOMITO3UTOB 3aBUCHT HE TOJIBKO OT COZIEpIKa-
HUSl OPTaHOTIUHBI, HO ¥ OT conepkanus [IbT B kommo3utax (tadsm. 3). Kak BuaHO M3 TaONUIEI TIPH YMEHBIICHHH
conepkanus [IBT HaOmogaeTcs CHIKEHUE TBEpAOCTH MaTepuana. [Ipruem, U3 qaHHBIX TaONHIBI 3 BUIHO, YTO HE
TOJNBKO yMeHbIieHue cojepxkanus [IBT, HO CHIDKEHHE KOHILIEHTPAIMU OPraHOTIMHBI TMPUBOAUT K HEKOTOPOMY
YMEHBIIIEHUIO TBEPIOCTH KOMITO3UTOB. Takoe CHMKEHHE TBEPIOCTH KOMITO3UTOB, OUYEBUIHO, OOYCIOBIEHO YBe-
JIMYECHUEM JI0JIM MeHee TUIOTHOH (a3l — [IDHII 1 Bo3HMKaIOIIEH CTPYKTYPHOH HEOAHOPOAHOCTHIO CHCTEMBI.

Tabmmma 3
[MnotHOCTH M TBepaOCTH KOoMITO3uTOB [IDHIT/TIBT/CoBM./T 1.
No O6pasis: P, . Teepaocts no Hlopy
r/cM lc 15¢
1 | IIHI 0,921 54 44
2 | 1BT 1,302 63 60
3 53,5 % IIDHII+33,5 % IIBT+10 % CosM.+3 % ' 53
(Dallite 43B) 0,981 66
4 72 % ITOHIT+20 % IIBT+5 % CoBMm.+3 % I'm. 49
(Dallite 43B) 1,033 64
5 89 % IIDHIT+4 % IIBT+5 % Com.+2 % I'n. 35
(Dallite 43B) 0,940 45
6 89,5 % IIDHIT+4,5 % IIBT+5 % CoBm.+1 % I'm. 35
(Dallite 43B) 0,930 46
7 78,5 % IIDHII+13,5 % IIBT+5 % CosM.+3 % ' 37
(Dallite 67G) 0,970 47
8 79 % ITOHII+14 % IIBT+5 % CoBMm.+2 % I'n. 37
(Dallite 67G) 0,960 46

Crnenyer 3aMeTUTh, YTO XapaKTep U3MEHEHUW MJIOTHOCTA KOMIIO3UTOB CXOX C XOJIOM HM3MEHEHUH
TBepAocTH (Tabmn. 3). Tak, 3HaUeHHE MIIOTHOCTH KOMITO3UTOB BHIIIE, YeM aHAJIOTUYHBINA MOKa3aTellb UC-
xomnoro [I9BII, nHo umxe otHoctu I1BT. Takoe 3HaueHne mokasareneit TBEPAOCTH U IIOTHOCTU 00-
pa3IoB MOXKHO OOBSCHUTH TE€M, YTO 00nagas MeHbInel Bs3kocThio [IDHII, GonbIast vacTe yacTuIl opra-
HOTJIMHBI B TIEPBYIO OY€peb KOHIIEHTpUpPYyeTcsa B (a3e MaHHOTrO mojuMepa B Kommo3uTax. KoHieHTpu-
pPOBaHME HAMOIHHUTENS — OPTAaHOTIIMHBI B MOJMATUICHOBOH (ha3e B KOMIIO3UTaX OOYCIOBIEHO TEM, UTO
MCXOJIHBIE TIOJIUMEPHI 00Iaa0T PA3TUYHON BSI3KOCTHIO, IPH MX CMEIICHUH OOJbIIeH CIBUTOBOU nedop-
Mall11 [o/IBepraeTcs noimmep ¢ Menbliei BsazkocTbio [IOHII, koTopas conmpoBoXKIaeTcsl yBEIUUEHUEM €0
KOHTaKTa ¢ YaCTUILIAMHU HAIOJHUTENA. B CBOIO ouepenb, 3TO MPUBOJIUT K YIYYIIEHUIO CMAaYMBA€MOCTH
YaCTHUI] OPTaHOTJIMHBI TIOJMMEPOM M BOBJICYEHUHU UX B 00BeM mMonuoiepuHOBOM ¢a3bl. Takoe HepaBHO-
MEpPHOE pacHpeieNICHNE YaCTHUI] OPTAHOTIMHBI MO MOJMMEPHBIM COCTABJISIIOIIMM KOMITO3UTOB, OYEBU/IHO,
U TIPUBOJMT K 3aMETHOMY M3MEHEHHUIO HaJIMOJEKYISIPHOU CTPYKTYpPhI MOIHOIePUHOBON (asbl, YTO OT-
paxaeTcsi Ha MOp(OJIOTUH MAaTEpPUAJIOB.
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QDuzuxo-mexanuueckue ceoiicmea komnozumoe na ocuoee I[I3HII u IIBT, modupuuuposannvie opzano2iunoil

UccnenoBanus mexanundeckux cBoiicTB koMmno3utoB [IDHIT/IIBT/Cosm./I'11. moka3anu 3HaUYNTEILHBIE H3ME-
HEHUS WX AePOpPMAIMOHHO-TIPOYHOCTHBIX XapaKTePUCTHK. [IpuyeM 3aMeTHbIe M3MEHEHUs HaOIIOAalu IS BCEX
coctaBoB kommo3utoB IIOHII/IIET/Com./I'n. CpaBHUTENIBbHAS XapaKTEPUCTHKA MEXaHHYCCKHX CBOWCTB IIOJIH-
MepHBIX Kommo3uToB [IDHII/IIBT/Cosm./I'n. mpuBenena B Tad1. 4.

Tabmuma 4
Mexannueckue csoiictsa komno3utos [IDHIT/TIET/Cosm./T 1.
Ne O0pa3 E,, E,, MIla MlIla € Ap,
) pastiH MIla i o p MM K Jlxc/ M

1 | IIDHII 125 169 13 96,0 H.p.

2 | IIBT 85 27000 18 70,0 12,3
53,5 % IIDHII+33,5 % 15T+

3 110% Cosm.43 % I'n. (Dallite 438) | % 318 12 10.0 89
72 % TI2HIT+20 % 16T+

4 | 5% Coswt3 % I'n. (Dallite 438) 267 232 14 33,0 12,9
78.5 % IIDHII+13,5 % IIBT+

5 | 5% Copm+3 % I'x. (Dallite 67G) 182 160 12 733 H-p-
79 % IIDHII+14 % BT+

6 | 59% Comm+2 % I'n. (Dallite 67G) 1 146 12 68,3 H-p-
89 % IIDHII+4 % 1T+

" | 5% Cosm.+2 % T, (Dallite 43B) 133 119 12 88,1 H.p-

Kax BumHO U3 T2671. 4 Momynb ynpyroctu mpu u3ruoe kommo3utoB [IDHIVIIET/Com./[1. Bble, YeM aHao-
THYHBINA TOKa3aTenb ucxomubix momuMepo — [IOHIT u [1BT. YBennuenne 3Ha4eHWt MOMyIs TIPU U3rHMOe CBS3aHO
€ 0COOCHHOCTAMHM pacnpe/esieHns yacTull opraHoriuasl B cmecu [IOHIT/IIBT/CoeM. B yacTHOCTH, YacTHIBI OpraHor-
JIMHBI TIPUBOMSAT K YBEITMUYEHUIO MEKMOJICKYJISIPHBIX B3aHMMOJICHCTBUI MEXy TOJMMepaMu, 00pasys Oojee IUIOTHYIO
YIIAKOBKY MaKpOMOJIEKYJISAPHBIX 3anerieHui [10]. OueBuaHO, 3TH CTPYKTYpHBIEC H3MEHEHUSI IPUBOIAT K YMEHBILICHHUIO
BPEMEHH JI0 pa3pylleHus. B cBoto ouepenp, 4eM MeHbIle BeIMYMHA BPEMEHH [0 Pa3pyLIeHHs, TEM MEHbIIIE BPEMEHH /10
TIPOTEKAaHMUs PEeNIaKCAIIMOHHBIX MIPOIIECCOB U TEM MEHBIIE CTETIEHb MX 3aBEPIIEHHOCTH, YTO NMPUBOIUT K YBEINYEHHIO
Moxyist ynpyroctd [11]. Ilpu aTom MaTtepuan Meree OyeT oABepraThes AehopMaIiim.

Crnenyer OTMETHTB, YTO MOIYJb YIIPYTOCTH KOMIIO3UTOB, HAHACHHBIN IIPH PACTSDKEHNUH, HE BCETAa IPEBOC-
XOJIUT 3HAYEHUS UCXOAHBIX MMONMMEPOB. [IpryemM MOIysIb YIIPYrOCTH KOMITIO3UTOB NP PACTSKEHUH 3aMETHO 3aBHU-
cut ot coaepxkanus [16T. B wactHoctu, ymensmieHue coaepkanus 16T B kommozurax — [ISHIT/IIBT/Cosm./T 1.
NPUBOJUT K 3aMETHOMY CHIKCHHUIO MOIYJISl YOPYTOCTH MPH PACTSHKEHUU. DTO MOXKHO OOBSICHUTH TE€M, YTO yBEJH-
YeHHe TOJIMATHIICHOBOH (ha3bl B KOMIIO3UTAaX MPUBOJUT K CHHKEHHUIO )KECTKOCTH KOMITO3UTOB, KOTOPAasi OKa3bIBaET
BJIMSIHUE HA JIe(OPMALMOHHOE TTOBEICHIE MaTepHaa.

Kak 6bU10 cKa3aHo BbIIE, yBeNnueHUe nonuoiedrunoBoit ¢aspl B komnozurax [IDHII/IIBT/Cosm./T'1. oka-
3bIBAET OMNpEJEJICHHOE BIMSHNUE Ha paclpelesieHHe YacTHIl OPraHOMIMHBL. B 4acTHOCTH, YyacTUIBI OPraHOTJIMHEI,
pacmosnarasich B OOJIbIIeH CTETIeHU B TOIHONEPUHOBON (a3e KOMIIO3UTOB U M3MEHSSI €€ CTPYKTYpY, Ipeaonpee-
JSIFOT 3HAYSHMST MOIYJISl YIPyrocTu npu usrude. OJHaKO CyIIECTBEHHBIX U3MEHEHUH B IPOYHOCTH MPH pa3pbIBe U
JeopMani KOMIIO3UTOB HE OOHapykeHbl (Tabn. 4). JlaHHble MOKa3aTeI KOMIIO3UTOB OCTAIOTCSl HA YPOBHE HC-
XOJMHBIX TonuMepoB. [Ipu 3TOM HeNp3s HE 3aMETHTh XapakTep H3MEHEHHS YIapHOW BS3KOCTH KOMITO3UTOB
IIOHIVTIBT/Coem./T'n. Kak BumHO u3 Tabnuiel 4, KOMIO3UTHI Ipu coaeprkanuu [16T Menbine 15 macce. % npak-
THYECKH HE Pa3pyIIAIOTCA, T. €. JHEPrHsl pa3pylICHHs JaHHBIX KOMIIO3UTOB Bhite 120 k[[x/M°. Takoe U3MeHeHHe
YIApHOH BS3KOCTH MOXXHO OOBSCHHUTH CTPYKTYypoil cMeceil. Tak, npu kpuctammuzanuu [IOHIT u IIBT, kortopsie
HUMEIOT pa3Hbie T, U CKOPOCTh KpUCTAJUIM3ALMU, BBeAcHHEe opraHorinabl B cmech IIOHII/TIBT/CoBM. npuBoauT
K TOMY, YTO YacCTHULBl OPraHOIJIMHBl NMPUHHMAIOT aKTHBHOE ydYacTHe B Mpoueccax (OPMHPOBAHHS CTPYKTYpHI
Y CBOWCTB MeX(a3zHOro ciios, KoTopas oOpasyercs MpH CMEIIMBAaHUU JBYX HECOBMECTHMBIX moimuMepon [1OHII
u [IBT. O4yeBuaHO, YaCTHUIBI OPraHOTJIMHBI CHHXKAIOT CBOOOIHBIN 00beM B Mex(a3zHOM ciioe, GopMHUpYysS MEHee
nehexkTHYI0 cTpyKTypy [18]. DTO NPUBOIUT K YIAYUIIEHUIO JUCCUIIATHBHBIX BO3MOXXHOCTSH KOMITO3UTHBIX MaTe-
puanoB. CnenoBarenbHoO, CTPYKTypHbIe m3MeHeHus: B kommosutax [IDOHII/IIBT/CoBm./I'71., mpoucxoasume Kak
BHYTPU KXol (a3bl, Tak U B MEK(A3HOM cJI0€, B LIEJIOM OIPEEIISIOT OCHOBHBIE (PM3UKO-MEXaHUYEeCKUE XapaK-
TEPUCTUKH MaTepHraa.
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3aKkiIouYeHne
TaxuM 06pa3oM, pe3ylIbTaThl UCCIIEIOBaHIS OTHECTOUKOCTH, PEOJIOTHYECKUX M Ae(hOpMaIiOHHO-TIPOYHOCTHBIX

cBoiictB cmeceit [IDHI/TIBT/Com./I 1. ioka3pIBatoT, 4To BBeAeHHE B onmmMepHyto cMech [IDHI/TIBT/CoBm. opraHor-
JIMHBI TIPUBOJIUT K YIYYIICHUIO OCHOBHBIX (DH3UKO-MEXaHMYECKUX XapaKTEPUCTHK TMONMMEPHON cMecH. B wacTHoCTH,
HaOJFo/IaeTCsl MOBBINICHHE OTHECTOWKOCTH M TEIUIOCTOMKOCTH, YIYYIIAIOTCS TEXHOJOTHYECKUE U Je(OMAIIOHHO-
MPOYHOCTHBIE XapaKTEPUCTHKN MaTepHaa.
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V]IK 549.057
HEWNJIOMUKPO®UEPA 1 HEHJIOBETOH
Bpsizragos M.A.*
Pycckoe zeozpaghuueckoe oougecmeo, Kemeposckoe pezuonanvnoe omoenenue
*tatiana-mark@mail.ru

B oOannoii pabome nybnuxyromcs OanHbvle NPUMEHEHUS. HELOMUKPODUOPbL 8 CMPOUMENbCHEE C Yelblo
VAVYUEHU KAYecnea CmpoumensCmed, ViyuueHus 9K0I02UHecKol CUmyayuy, COXpanenus npUupooOnsIX pecypcos
3a cHem NpuUMeHeHUsl GMOpPCuIPbsl, HeoOX0OUMbBIX 05 U320MOoeieHUs Guopsl. Apmuposanue Hel10hUOPOBOIOKHOM
n0360J51eM 0OCMU2AMb 3HAYUMETLHO20 IKOHOMUUECKO20 IPeKma, 0OCHOBAHHO20 HA NOGbIUUEHUY KaYyecmea Heli-
106emoHa U DeMOHHbIX KOHCMPYKYUU U U30eull, Y8enuyuenus ux 001208e4HOCU, IKOHOMUU BIIHCYWe20, Yeeauye-
HUSL NPOU3BOOUMENbHOCU PAOOM, YMEHbUeHUSI KOIPDUYUEeHMA CMATbHO20 APMUPOBAHUS U CHPOUMENbHO20
opaxa. Apmuposanue bemona HeUIOGUOPOBOIOKHOM NO360AAEN NOBLICUMb NPOYHOCHb, YCIMOUYUBOCHb K azpec-
CUBHLIM cpedam u nepenadam memnepamyp. Heiinonosas ¢ubpa obecneuusaem mpexmeproe ynpounenue b6emo-
Ha. B pezynvmame npu 8o36edenuu 06eKmo8 yayuuaemcs Kauecmseo CmpoumenbCmed, nOGbLUAemcs nPpo4HOCHb
30aHULL U COOPYHCEHULL, YCMOUYUBOCb K A2PEeCCUBHBIM CPe0am U Nepenaoam memnepamyp.

KuaroueBsble cjioBa: 1ieMeHT, O€TOH, OCTOHHBIC KOHCTPYKIIMU, apMHPOBaHUE OETOHA, YIIPOYHEHHE, HEHIIO0-
MuKpoduoOpa, HeT0OeTOH, KAa4eCTBO.

NYLOMICROFIBER AND NYLO CONCRETE
Bryzgalov M.A.
Russian Geographical Society, Kemerovo Regional Branch

This paper publishes data on the use of nylon microfiber in construction in order to improve the quality of
construction, improve the environmental situation, preserve natural resources, through the use of recyclable materials
necessary for the manufacture of fiber. Reinforcement with nylon fiber makes it possible to achieve a significant economic
effect based on improving the quality of nylon concrete and concrete structures and products, increasing their durability,
saving binder, increasing work productivity, reducing the coefficient of steel reinforcement, reducing construction defects.
Reinforcement of concrete with nylon fiber makes it possible to increase strength, resistance to aggressive environments
and temperature changes. Nylon fiber provides three-dimensional reinforcement of concrete. As a result, during
the construction of facilities, the quality of construction improves, the strength of buildings and structures increas-
es, resistance to aggressive environments and temperature changes.

Keywords: cement, concrete, concrete structures, concrete reinforcement, hardening, nylon microfiber, ny-
lon concrete, quality.

VYixkecroueHue TpeOOBaHUH K OE30MACHOCTH 3[]aHUN M COOPYKEHUH TPUBENIO K HEOOXOAMMOCTH TIOBBIIICHUS
MMOKa3aTeleH @HSHKO'TCXHI/I‘ICCKI/IX CBOWCTB H JOJITOBEYHOCTHU CTPOUTCIIBHBIX MAaTCpPUajioB, IMMPUMCHACMBIX IIPU
CTPOUTENbCTBE, PEKOHCTPYKIMH U peMOHTe. M3BeCTHO, YTO IIeMEHTHBIE OETOHBI, HanboJIee NPOKO IIPUMEHSIEMbIC
Cpeau BCceX APYrHX MaTepuaioB, 00Jaaasi BBICOKOI MPOYHOCTBIO HA CXKATHE, MMEIOT CPAaBHHUTEILHO HU3KHE MOKa-
3aTeNi TIPOYHOCTH NPH PACTSHKCHUH W M3rH0e, TPEHIMHOCTOWKOCTH. Ycmexu OeTOHOBeNeHHSI 00eCTeumin BO3-
MOJKHOCTb ITOJTy4€HHUsI BBICOKOKAYeCTBEHHBIX OETOHOB IIPOYHOCTHIO Ha CIKATHE, HEOOXOMMBIX P CTPOUTEIHCTBE
BBICOTHBIX 37aHuil. OHAKO NP 3HAYMTEITFHOM HOBBILICHUH TPOYHOCTH OSTOHOB Ha CXKATHE IPOYHOCTH OETOHOB
Ha paCTAXKCHHUE MMOBLIIIACTCA HE3HAYNUTECIIbHO, YTO CHMXXACT BO3MOKHOCTU U Bq)(i)eKTI/IBHOCTB X IPUMCHCHMUA.

Jlnis ynydineHus: mokasatenieil CBoMcTB O€TOHOB MPUMEHSIETCSl TUCIIEPCHOE apMUpOBaHHE OeToHa
HEIJIOHOBBIMU BOJIOKHaMU. [Ipu BBeneHnH B OE€TOH BOJIOKHA MOBBIMIAETCS MPOYHOCTH, IOATOMY HeMo-
MHUKpo(puOpy MoxkHO Kiaccupuiuponats mo [OCT 24211-2008 kak 106aBKy, HOBBIIIAIOIIYIO TIPOYHOCTh
06eToHa. ApMUPOBAHHBIN TUCHIEPCHBIMH BOJIOKHAMH O€TOH Ha3bIBAIOT (GUOPOOETOHOM.
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[Ipobnemsr pubPoOETOHOB B MOCIEAHEE BpeMsl MPHOOPETAIOT 0COO0YI0 aKTyalbHOCTh B CBA3M C HEOOXOIH-
MOCTBIO 3HAYUTEIBHOTO YIYYIIEHHUs KauecTBa NP CHIPKEHUU MaTEepUaIOEMKOCTH, TPYJOEMKOCTH U 3HEPTOEMKO-
CTH K€JIe300€TOHHBIX KOHCTPYKLHH, 4TO OTpaxkeHO B mepeuHe «lIpuopuTeTHble HampaBieHHs Pa3BUTH HayKH
U TEXHUKUA U KPUTHYECKUE TEXHOJIOTMH (eAepalbHOTO YPOBHS» M OTBEYAET OCHOBHBIM HampasiieHusIM Poccuiickoii
Oenepanyy B 001aCTH pa3BUTHA HAYKH U TEXHOJIOTHH.

OTnUUNTENbHBIMY NIPU3HAKaMU (UOPOOETOHOB SIBIISIOTCS BBICOKAs aHU30TPOIHOCTh U AUCKPETHOCTH, YTO
MO3BOJIIET BBIAEIUTH UX B CAMOCTOSITEIBbHYIO U OUY€Hb LIEHHYIO IPYMNITy KOHCTPYKLMOHHBIX MAaTEPUAJIOB C MPHUCY-
HIMMH TOJIBKO UM OCOOCHHOCTSIMH CTPYKTYPBI M CBOMCTB.

OueBuaHbIe TpeuMylnecTBa (GUOPOOETOHOB (MHOTOKpAaTHOE yBEIMUYCHHE MPOYHOCTH, TPEHIMHOCTOWKOCTH,
W3HOCOCTOMKOCTH M TaK Aajee) M KaXyIIascs JIETKOCTh JOCTIDKEHMS KEJIaeMOro pe3ynibTaTa MpPedonpeAcInin
B OCHOBHOM 3MITUPUYECKUHN XapaKTep MCCIEAOBAaHHUM, YTO MO3BOJIUIO HAKOMUTH OOUIMPHBIE SKCIIEPUMEHTAIbHbIC
JTaHHbBIE JJI1 UHXXEHEPHON MPAKTUKHU, HO TEM HE MEHEE HE IIPUBEJIO K CO3/JaHUI0 COBPEMEHHON TEXHOJIOTUH, B MOJI-
HOH Mepe OTBEYaIoLIeH MOTEHIHMATY IPOIPECCUBHOCTH, KOHKYPEHTOCIIOCOOHOCTH ¥ SKOHOMHUYHOCTH TUCIIEPCHOTO
apMHUPOBaHHS, CIIOCOOHOTO OOECTICYNTh 3HAYNTEIbHBIC CIBUTH B BOIIPOCAX IOBBIMICHUS 3(PGHEKTHBHOCTH CTPOH-
TEIbHON MPOIYKIUH.

B 3aBoj1cKOM MPOM3BOJICTBE HA JIOJIIO apMaTyphbl IpUXoauTcs okoiio 20 % ce0eCTOMMOCTH Kee300€ TOHHBIX
W3IETHNH, MOTOMY BONPOCHl OpraHU3alMK apMaTypHBIX pabOT Ha 3aBOJaxX COOPHOrO Kele300€TOHA SBISOTCA
BOKHEHIIMMH U B TEXHUYECKOM, I B SKOHOMHYECKOM OTHOIIECHHUsIX. [10 BUAYy apMHUpOBaHHSA JKeIe300eTOHHBIE U3~
Jenusi JeNsT Ha TPEeIBapUTENIbHO HAIPSDKEHHBIC, ¢ OOBIYHBIM apMHUPOBAHHMEM W C JUCIIEPCHBIM apMHUPOBAHHEM.
ApMHpOBaHHME OCYLIECTBISIETCS C ITOMOILBIO INIOCKUX CETOK M MPOCTPAHCTBEHHBIX KAPKACOB, M3TOTOBJICHHBIX U3
CTaJIbHBIX CTEP’KHEH Pa3IMyHOI0 AUaMETPa, CBAPEHHBIX MEX Iy COOOH B MECTax MEPEeCCUCHHH.

ApMHpoBaHHE — BaXXHBIH 3JIEMEHT MPOU3BOJCTBA, B 3HAUMUTENBHON Mepe ONpeAessIONINi J0ITr0BEeYHOCTh
31aHui U coopyxeHuil. IlosoxkeHue apMaTypbl B Teje KOHCTPYKLUMU CTPOro periaMeHTUpoBaHo. [IpoekTHOoEe moso-
JKEHHE apMaTyphl B U3JeNnu obecrieunBaercs ee (ukcanueit B popme m0 6erornpoanns. DUKCHPYIOT apMaTypy
B (hopMe MHBEHTAPHBIMHU YCTPOHUCTBAMHU.

3aknasHbIe JETaau NPUBAPUBAIOT K apMaTypHOMY KapKacy WM 3aKpeIuIsiioT B GopMax BUHTaMU. Tspkelnbie
apMaTypHbIE KapKachl yCTaHABIMBAIOT MEXaHU3UPOBAHHBIM CIIOCOOOM — KpaHaMmH. B jxene300eTOHHBIX KOHCTPYK-
USIX C OOBIYHOW HEHAINPSHKEHHOW apMaTypoll B Mpolecce IKCIUTyaTallid B PacTSAHYTOW 30HE MOTYT BO3HHUKHYTH
TpeuHbl. Co3aHue B PACTSIHYTOHM 30HE OETOHA CKUMAOIIUX HANPSHKEHUH MMyTeM NpeABapUTEIBHOTO HATSKESHUS
apMaTypbl MO3BOJIMIIO 3HAYUTEIHHO MOBBICUTH TPELUIMHOCTOMKOCTD M3/AEIMNA U YMEHBIIUTh UX Ae()OpMaTUBHOCTD,
MOSIBUJIACh BO3MOXKHOCTh HCIOJIB30BaTh BBICOKOIIPOYHBIE CTalIM, MpH 3ToM nocturaercs 10 40 % skoHOMHH
Mertaia [1].

Cymectyet Taxke nucnepcHoe ycuinenne JKbU [5]. B takoM ciyuae B )KHIKHH pacTBOP BHOCHTCS CIIELH-
anpHOe (UOpOBOE HEHIOBOIOKHO. ['0TOBBII MaTepHai Mody4aeTcss KpaHe YCTOMYMBBIM K UCTHUPAIOLINM BO3ICH-
CTBHSIM U O0Jiee )KECTKHM, YeM HEeyNPOYHEHHBIN BapHaHT. M3BeCTHO, YTO 3HAYUTENFHON TPOOJIEMON TIPH SKCILTya-
TaIMX KeJIe300€TOHHBIX KOHCTPYKIUH B arpecCMBHOM K METaJLTy cpejie, SBIseTcS OBICTpoe pa3pylIeHUE COOpy-
JKEHWUH, BCIEACTBUE KOPPO3UH MeTaia. IMEHHO B TakuX ciydasx ONTHUMAajbHbIM BapUaHTOM HPOUINTH KU3Hb
OETOHHBIX KOHCTPYKIIUI SIBJIAETCS 3aMeHa METaNTMYeCKON apMaTypsl Ha HeMeTauindecKyto. [lockonpKy cTekio-
TUTACTUKOBBIE CTEPKHU HE TOJIBEP)KEHBI KOPPO3UH, TO 3aMEHA BHYTPEHHETO CHJIOBOTO KapKaca paBHOM 10 MPOYHO-
CTH KOMITIO3UTHOM apMaTypoil JacT >kenaeMblil pe3ysbTar.

I'nasnas 3a0aua neunomuxpogubper — nepepacnpeeneHnue HanpsHDKeHUH B MaTepualie (€Cii 3TH Harpsbke-
HUS HE MepepacipeeNuThb, TO KOHCTPYKIIUS HAYUHAET TPECKaThCs).

OnbITHI JIOKA3aJI1, YTO IPUMEHEHUE HeopuOpsI mpuaaeT 6eTOHY 0COOCHHBIE CBOMCTBA: TPEIIUHBI TIACTH-
YeCcKOH ycaJku OeTOHA MPAKTUYECKU MCKIIIOUEHBI, CHIKAETCSI BEPOSITHOCTD TEPMUYECKOTO PACTPECKUBAHUS U T10-
BBINIACTCS YI000YKIIa[bIBAEMOCTh OETOHHOM CMECH B OTIATTyOKY.

Ilpumenenue HeunomMukpoghubpsbl npu yemeHmuposanuu 0OCATHBIX KOJIOHH CKBaXKMH B KauecTBE JOOABKU
B TaMIIOHA)KHBIE PACTBOPBI, HA OCHOBE «CaMO3aJICYMBAIOLINXCS» LIEMEHTOB € 100aBKOH 3((EKTHBHBIX PEareHTOB
ra300JI0KaToOpoB, KOTOPbIE 00E€CIEUNBAIOT LEIOCTHOCTD 3aTPYyOHOT0 MIPOCTPAHCTBA, COXPaHssl TEPMETHYHOCTS Lie-
MEHTHOTO KOJIbIIA, 3aIUIIasl OT TOSBICHHS B OETOHHOM KaMHE MUKPOKaHAJIOB M MUKP03a30poB. [lomonHnTensHas
repmerusanus MKII nocturaercs 3a cder 3alOJHEHMS €r0 Telb-TIOJIMMEPHBIMU COCTaBaMH ¢ IPUMEHEHHEM HEH-
710(¢uOpHl, CO3AAIOUIMMU TIOCTOSHHOE BO3JCHCTBHE CTOJ0A >KUAKOCTH HA Ta30BBIE IIACTHI MOCIE OKOHYAHHS
CTPOUTENHCTBA CKBAKHH.

COBpeMEHHOE CTPOMTEIBCTBO HAMIPSIMYIO CBSI3aHO C 3ajJa4aMH MOBbIICHUS 3()(OEKTUBHOCTH CTPOUTEIHHOIO
MIPOM3BO/ICTBA, CHIYKEHUIO CTOMMOCTH M TPYAOEMKOCTH TEXHOJIOTHYECKUX MPOIIECCOB, SKOHOMHOMY HCIOJIb30Ba-
HUIO MaTepUANbHBIX U PHEPTETUYECKHX PECYpCOB, MPUMEHEHHIO HOBBIX IPOTPECCUBHBIX MaTepuanoB. OXHUM U3
MEPCIIEKTUBHBIX KOHCTPYKIIMOHHBIX MaTepUANIOB SIBIISIOTCS IMCIEPCHO-apMHUPOBAaHHBIE OETOHBL. Taknue OGeTOHBI
NpPEACTaBIAIOT COOOH OAHY M3 Pa3sHOBUAHOCTEH OOLIMPHOTO Kiacca KOMIO3MLIHUOHHBIX MAaTepHalioB, KOTOpPHIE Ha
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Heiinomuxpogpuopa u neitnobemon

CETONHSAIIHNNA AEHb Bce OoJiee MIMPOKO MPHUMEHSIOTCS B Pa3IMUHBIX OTPacisfX MPOMBIIUIEHHOCTH. JlucmepcHoe
apMHUPOBAaHKE OCYLIECTBISIETCS BOJIOKHAMH HEMNo(UOpBI, paBHOMEPHO paccpeJOoTOYMBAEMBIMU B 00beMe OETOH-
HOM MaTpHIIBbI.

IlepBr1ii B Mupe TaTeHT Ha (UOPOOETOHHYIO KOHCTPYKIHIO OBLI MOJTydeH POCCHICKHM y4eHbIM Hekpaco-
BbiM B.I1. B 1909 rony, a mupokoe pa3BUTHE UCCIICAOBaHUS MO pa3paboTke (HUOPOOESTOHOB W METOJIOB pacyera
KOHCTPYKITUH U3 HUX mmoydrin ¢ 60-x rogoB XX Beka [4].

IlepBoe macmTabHOE TTpakTHUIECKOe MpuMeHeHne GuopooeToHa B Poccru MOKHO AaTupoBaTh 1976 romoM,
KOTJ]a €ro BIEPBBIC UCIIOIB30BAIU AJIsl CTPOUTENBCTBA B3JIETHO-TIOCAI0YHON MoJiockl. Ho B TO Bpemst 1aHHBIH Ma-
Tepuas He TMOJIYyYWJ LIMPOKOTO MPUMEHEHHs B HAIlleH CTpaHe, TaK KaK TEXHOJIOTHs MPOU3BOJACTBA GuOpoOeToHa
u cama (hubpa HAa TOT MOMEHT OBUIM HECOBEpIICHHHL. B HacTosmiee BpeMst HHTepec K MPUMEHEHHIO BOJIOKOH Kak
OCHOBBI CTPOUTEIIFHBIX KOHCTPYKIMH 3aMETHO BO3POC, OCOOCHHO MPH UCIOJIb30BAHNH TaKHX BOJIOKOH B KaueCTBE
apMaTypbl. Takoil HHTepeC BBI3BaH CTPEMIICHHEM CIECIMAIMCTOB CYIIECTBEHHO MOBBICHTH (PU3UYECKUE TTOKa3aTeIH
OETOHHBIX KOHCTPYKIIHI, K KOTOPBIM COBPEMEHHOE CTPOHUTEIHCTBO MPEABSBISAET BCe OoJiee BEICOKHE TPeOOBAHMS.
Taroke yauThIBaeTCS HEMPEPHIBHOE YBEIMUYSHHE TOTPEONICHNST IPUPOIHBIX PECYPCOB, TIOBBIIICHHE PAacxoja SHEPIuH,
yBeIMUEHHE 00pa3yoUINXCsl OTXOAOB, 3arpsi3HEHNE OKpY’Kalolled cpeabl U3-3a pocTa MPOU3BOJCTBA. M3BECTHO,
B YaCTHOCTH, YTO KOJMYECTBO SHEPTHH TPeOYIOIIEHCs Il MPOU3BOACTBA OETOHOB, OKa3bIBAETCSI MUHUMAIBHBIM I10
CPaBHEHHIO C KOJMYECTBOM DHEPTUH, HEOOXOAMMOM IJIsl H3TOTOBIICHHS CTAJH, ATFOMUHNS, CTEKIIA.

ApmupoBaHye O€TOHOB MIPUBOAMUT K COOTBETCTBYIOIIEMY HOBBIIIEHUIO SHEPTOEMKOCTH MaTepuaia. Mcnois-
30BaHME BOJIOKOH BTOPUYHOTO HEWIOHA B KAYECTBE apMaTyphI C LIENbI0 TPEOONCHUS HEIOCTATOYHON POYHOCTH
MIPH PACTSHKEHUH OCTOHHBIX MAaTEpHaloB MOXET CO3JaTh MPEINOCHUIKH I MONy4YeHHs OSTOHOB HOBOTO THIIA,
¢ Oomee MIMPOKUMHU BO3MOXKHOCTSIMH UX TPUMEHEHHS B CTPOWUTENHCTBE. Kak W B TpajMIIMOHHO apMHPOBAHHBIX
CTPYKTypaX, YINPOUYHEHHE BOJOKHAMH OCHOBBIBACTCS Ha MPEATNOJIOKEHHWH, YTO MaTepual OCTOHHOW MaTpHIIBI
TepeaeT BOJIOKHAM NPWIOKEHHYI0 HAarpy3Ky MOCPEICTBOM KacaTelbHBIX CHII, JAEWCTBYIOIIUX IO MOBEPXHOCTH
paszena, ¥ TakuM 00pa3oM, OCHOBHYIO JOJFO HAIIPSDKEHUH BOCIIPHHUMAIOT BOJIOKHA.

MupoBOii ONBIT UCCTAEIOBAHUS M IPUMEHEHHUS JUCIIEPCHO-apMUPOBAHHBIX OETOHOB MTOKA3BIBAET, YTO BBEIEC-
HHUE BOJIOKOH OOECIEUYHBAET: yIYYIICHHE MPOYHOCTHBIX XapPaKTEPUCTHK OCTOHOB, MOBBIIICHUE TPEUIMHOCTOWKO-
CTH, YAapo- ¥ U3HOCOCTONKOCTH, CTATUIECKON MPOYHOCTH IIPH PA3TUYHBIX CHIIOBBIX BO3JIEHCTBUSX; MOBBIIICHHE
SKCIUIyaTallMOHHOM HAJEXKHOCTH KOHCTPYKLMM IIPU BO3JECUCTBUM arpeCCUBHOM CPEJbl 3a CUET YJIy4UIEHUS CTPYK-
TypBl OETOHA; BO3MOXKHOCTH COKpAIlleHHs pabounX CEYCHUH KOHCTPYKIHA, B psAJC ClydyaeB YMEHBIICHHUE pacxoja
WJIM MOJHBIA OTKA3 OT UCIOJB30BAHUSI CTEP>KHEBOUM apMaTyphl [2].

AHam3 TEeXHUYECKOW JTUTEPATyPhI TTO3BOJIMII ONPEaenTh 3O ()EeKTUBHBIE 00IACTH HCIOIB30BAHUS PA3THIHBIX
BUJIOB BOJIOKOH BTOPUYHOTO HEWIOHA B Ka4eCTBE JUCIIEPCHOW apMaTypbl M BBIJCIUTH HEKOTOPBIE 3aKOHOMEPHO-
CTH, KOTOPBIE MOTYT CYUTATHCS OOMICTIPU3HAHHBIMU: CBOHCTBA (PUOPOOETOHA OIPENENSIOTCS BUIOM ITPUMEHIEMbIX
BOJIOKOH U 0€TOHA, MX KOJIMYECTBEHHBIM COOTHOIIEHHEM M BO MHOTOM 3aBHUCST OT COCTOSHHUSI KOHTAKTOB Ha Tpa-
HUIIE pa3ziena (a3; cylecTBEeHHOE TOBBIIICHNE MPOYHOCTHBIX XapaKTEPUCTUK KOMITO3UTa MO0 CPABHEHHUIO C UCXO/I-
HBIM OETOHOM C COXPaHEHHEM JIOCTUTHYTOTO YpPOBHSI BO BpeMeHH 00eCIeYrBaeTCsl CTIONIBb30BaHHEM BBICOKOTEX-
HOJIOTUYHBIX BOJIOKOH BTOPHUYHOTO HEWJIOHA, XMMUYECKH YCTOWYMBBIX IO OTHOIICHUIO K MATPHUIE W C OOJBIINM
4YeM y Hee MOJyJIEM YIIPYrocTH; OTHOCHTEIbHAS JITMHA U MPOLEHTHOE COJICp)KaHNe B CMECH JIOJDKHBI Ha3HAYATHCS,
UCXO0Jlsl U3 TpeOOBaHWHU K M3IENUSAM W KOHCTPYKIHUSM C yYETOM HPUHITON TEXHOJOTHUH, OTCTYIUICHHE OT OITH-
MaJThHBIX 3HAYEHHWH YKa3aHHBIX MapaMeTPOB B OOJBIIYIO MM MEHBIIYIO CTOPOHY CHMXaeT 3¢ (HeKTUBHOCTD JHC-
MIEPCHOTO aPMHUPOBAHUS; TPU ONTHMAJIBHBIX MapaMeTpax apMHUPOBaHUS BBEICHUE BOJIOKOH CHOCOOCTBYET yIiIyd-
HICHUIO CTPYKTYPBI U CBOHCTB MCXOIHOTO OETOHA, MOBHIIIEHHIO €70 CTOWKOCTH H JIOJITOBEYHOCTH.

OTMevaroTCsi MHOKECTBEHHBIE TIPEHMYIIECTBAa HEMI00ETOHA: CHMYKEHUE 3aTpaT Ha CTPOUTEILCTBO TPH HC-
MOJIb30BaHUM HEMIOMUKPOGHUOPHI U1 apMUPOBAaHUSI BMECTO apMHUPYIOLIEH CETKH MM KapKaca; pacxoj OeToHa ¢
npuMeHeHrueM (pUOphI 3HAYUTENILHO MEHBIIIE; B OTIIMYHE OT OCTAIBHBIX BHJIOB OeTOHa (pUOPOOETOH HE TepseT CBO-
UX TEXHHYECKHX XapaKTEPHCTHUK JIaKe IMOCIie OKOHYAHUsI CPOKa CITYKOBI, TOCKONIbKY Onaronapst ¢pubpe marepual
CTaHOBHTCS BSI3KUM.

Hayunsle nccnenoBanus MoKa3aid 4TO HEHJIOHOBas MUKPOQUOpa MOXKET OBITh MCIIONB30BaHA HE TOJIBKO IMPHU
CTPOMTEJBCTBE 3IaHUH M COOPY)KEHHUH, HO U TIPH PEMOHTE OETOHHBIX MOKPBITHI JIOPOT M B3JIETHO-TIOCA/I0OYHBIX TTOJIOC
aspozpomoB [3]. K mpumepy, U3BECTEH COCTaB KOTOPBIH COACPKUT (ochaTHO-MarHUEBOE BSOKYIIEE, HEHIIOHOBYHO MHUK-
podhuOpy, HATOTHUTENH — IIECOK, IIEOCHD U BOJTY, pryeM (ochaTHO-MarHUEeBOE BSOKYILEE UMEET COCTaB, Macc. %: OK-
cu Maruust 25-35, ofHo3aMelneHHbIN Gochat aMMOHMS W/MIK OHO3aMeleHHbIH (pocdaT Hatpus 15-25, nomudocdar
Hatpust 1-30 oT Macchl OIHO3aMENIeHHBIX YKa3aHHBIX (ocdaros, mamot 3550, B kadecTBe MUKPOQUOPHI - HEMIIOHO-
BYIO MUKPO(QHOPY 1 JOMOJHUTENEHO TeTpabopar HaTpHsl WU OOPHYIO KHUCIIOTY, P CIEAYIOLIEM COACPKaHUH KOM-
MOHEHTOB OT MACChl YKa3aHHOTO BSDKYIIETO, Mace. %: ykaszaHHas Mukpoduopa 0—7,0, ykazaHHbIi HarmoaHuTe b 0—150,
Boga 0,1-0,2, Terpabopar Hatpus w/vnu Gopnas kuciora 0,3—7,0. TexHuueckuid pe3yJabTaT — MOBBIIICHUE MMOTPEOH-
TEJIbCKON XapaKTEPUCTHKU OCTOHHBIX MOKPBITHH, & UMEHHO OTCYTCTBHE HEPOBHOCTEH MOKPHITUSI B MECTaX PEMOHTA.
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bpuwizeanoe M. A.

[IpennoskeH MPUHIMI ONTUMU3ALUKN CTPYKTYphl (PUOpOOETOHA, 3aKIIOYAIOIIUICA B IPUMEHEHUN HEHIOHO-
BBIX BOJIOKOH: JUCIIEPCHOE apMHUPOBAHUE MO3BOJISIET MOJYYUTh OJHOPOAHYIO CTPYKTYpY O€TOHA, apMHUPOBAHHYIO
10 BCEM HalpaBJICHHUSIM, YTO IPUBOJUT K YBEIWUCHHUIO €r0 PACUETHBIX MOKa3aTenael (Ipu3MeHHas IPOYHOCTh, KO-
a¢unment Ilyaccona, MOAyIb YyIPYTrocTH) U, Kak CIEICTBHE, K MOBBIIICHUIO HECYIIEH CIOCOOHOCTH OETOHHBIX
KOHCTPYKLUH.

Heitnomukpogubpa B passl memiesie U ropa3zno 0ojee KaueCTBEHHasl, IOTOMY 4TO IPOU3BOAUTCS U3 HEHUI0-
Ha BBICOKOT'O KauecTBa U 0cO00M IIPOYHOCTH, U3BJICKAEMOr0 U3 OpeKKepa KpyIMHOrabapuTHBIX LIMH BBICOKOTO JaB-
JIeHHs1. AMEpUKaHIBI TPOU3BOAT CBOIO GUOPY M3 CTapbIX KOBPOBBIX MOKphITHH. Helinopubpa obecneunBaet mo-
BBIIICHHYIO HA/ICKHOCTh OETOHHOT'O KaMHS 3a CUET MPUMEHEHUs] BTOPUYHOTO HEHIOHA B KauecTBE CHIPbS M JyY-
M€ Ka4eCTBEHHBIE XapaKTEePHCTUKH, YeM MHKPOGHUOPHI U3 MOJIMATWIeHA, noiunpommwieHa wim [1BX. Momynb
ynpyrocta Heinona, 1700 Mlla, (monmustunena 900 MIla, nonunponunena PPB 1000 Mlla), Y aapuas BS3KOCTb
npu 23 °C, cocrasnsiet 12 xJlx/m? (y [IBX 4 xJlx/m?, nonunponuineHa PPB 9 k/Ix/m?).

Heiinodubpa npakTuiyecku HE UMEET OrPaHUYEHUI [0 MPUMEHEHHIO B OETOHAX, MPUMEHSIEMbIX I TUAPO-
TEXHUYECKUX COOPYKEHHM, B TOPOKHOM MOKPBHITUH, MOCTOCTPOEHUH. BeiencTBre XUMUYECKOW HHEPTHOCTH HEM-
JIOBOJIOKHA HE OTPaHUYMBACTCSl MPUMEHEHHE B OeTOHaX JIOOBIX BUAOB A00aBOK (MIacTUPHUIUPYIOMINX, MOPO30-
CTOMKHUX, YCKOPSIOMHMX TBepaeHue). [Ipu npuMeHeHnn Heino GuOpoBOIOKHA yIydIIAIOTCs CIEeAYIONINe ToKa3aTe-
a1 OETOHA: CHMXKAETCS PHCK MEPBHUYHOIO TPEIIMHOOOPA30BaHMS MPHU IUIACTHYECKOM ocenaHuu 6etoHa 1o 90 %,
YTO MO3BOJISICT 3aJIMBATh OOJIBINYIO IJIOMIAAb 0€3 yCalo4HbIX IIBOB. Jlo0aBiIeHHEM B pacTBOP HEHIOHOBOTO (HuO-
POBOJIOKHA pETYIHPYETCsl BOAOHACKHIIICHHOCTs OETOHAa B Ipolecce ACTHApaTalnyy, Oiarogaps yeMy CHUMAeTCs
BHYTPEHHEE HalpsDKEHHE OETOHA; MOBBIIIACTCS M3HOCOCTOMKOCTh M Ka4eCTBO MOBEPXHOCTH OETOHA, TaKk Kak B
npolecce KCIUTyaTalluu paspylieHne 0eTOHa HAUMHAETCs ¢ MIOBEPXHOCTHOI'O CJIOSI B PE3YJIbTaTe MPOHUKHOBEHHUS
B HETO COJCPIKAIIUXCS aKe B 0OBIYHOM BO3AyXE MApOB KUCIIOT W BJIard. B oObIYHBIN OCTOH OHM IMPOHHUKAIOT Ha
rryouny 110 20 M.

B HeiinobeToHe MOBEPXHOCTHBIIN €O MmoiydaeTcsi 6ojiee POBHBIM, MPAKTHIECKH 0€3 MHKPOTPEIUH, TIO3TOMY
MPOHHIIAEMOCTh €r0 BEPXHETO CJI0S COCTABIISIET BCETO 2—3 MM, YBEJIMUMBACTCS BOAOHENPOHUIIaeMocTh 10 50 % Bcien-
CTBHE YMEHBIIICHHS KOJIMYECTBA OTBEPCTHH, 0Opa30BaHHBIX OT BHICTYIUICHHUS BOJBI B Mpoliecce Habopa 6eToHOM
npouHocTH. [103TOMy XMMHMYeCKHe BEIIEeCTBa, BOAA U IPA3b BIUTHIBAIOTCA HE3HAUWTENIHHO; MOBBIMIACTCS COIPO-
TUBJIIEMOCTh yaapy, (uOpa MOBBIIIAET IUIACTHYHOCTh OETOHA, YBEIMYMBAET €O COMPOTHUBIICHHE YAapy W CTOM-
KOCTb K PacKaJIbIBAaHHUIO (32 UCKIIIOYCHUEM Kelle300€TOHa).

ITpu 0Opa3oBaHUM TPEIIMH B 3aCTHIBAIOILEM PACTBOPE MPOHCXOAMUT HATSHKEHHE BOJIOKOH U, KaK CIEICTBHUE,
BBICBOOOJKZCHUE OOJIBIIOT0 KOJIMYECTBA YHEPTUH, KOTOPAs MOIIOMIAETCS OSTOHOM; YBEJIIMUHMBACTCS MOPO30CTOM-
KoCcTh OetoHa 110 35 %. [Ipu ucnosnb3oBannu GUOPHI 00PA3yIOTCs KaHAJbI, 3alI0JHEHHBIC BOJIOKHAMHU BMECTE C He-
3HAYUTEJIBHBIM KOJIMYECTBOM BO3[yXa, ITOMABIIMM B OCTOH IPHU €€ BHECEHHH. DTH BOJIOKHA M MHUKPOIY3bIPHKH
BO3/lyXa IO3BOJIIOT BOJIE PACIIMPSTHCS/CKUMATHCS B HPOLIECCE 3aMEp3aHMs/OTTauBaHUs, HE pa3pylias OeToH,
yYMEHbIIaeTcs paccianBanue 6eToHHoH cMecH 70 30 %.

Bonokna HeinouOphl, OueHb TOHKHE U TMOKHE, U XOTS OHHM BUIHBI B OCTOHE HAa CTaJUM 3aMeca, BIIOCIIC/-
CTBHH OHU COBEPIIEHHO HE3aMETHBI Ha TIOBEPXHOCTHU MPOU3BOIMMBIX M3eNHi n3 pudpodeToHa.

Beesienne BonokHa He TpeOyeT 10o0aBlieH!s] BOJIbI 3aTBOPEHUS JUTS YBEIHMUCHUS OCA/IKH KOHYCa, IPUMEHEHHUE
BOJIOKHA 0€30T1aCHO W TEXHOJIOTHYHO BO3MOXKHO KaK B 3aBOJICKHX YCJIOBHUSIX, TaK M Ha CTPOMTEILHOU TUIONIAJIKE,
BOJIOKHO HE BJIMSET Ha paboTy OETOHOHACOCOB, BOJIOKHO 00JaaeT BBICOKOW IIEII0UECTOMKOCTHIO. COBMECTHMO
¢ XMMHYECKUMU T0OaBKaMH B OESTOHHI [2].

OxoHoMmuuecKui 3¢ et GuopodeToHa B OCHOBHOM HaOJI0aeTCs Oaroapst €ro BHICOKOM MPOYHOCTH, BbI-
COKOH W3HOCOYCTOMYMBOCTH, YIOOCTBY SKCIUTyaTaluu, Oojee JUIMTEIbHOMY MEXPEMOHTHOMY TEpUoJy U Oojee
Ha/Ie)KHOM TEXHUKE 0Ee30MacHOCTH B CTPOMUTEIILCTBE B YCIOBHSIX CEHCMHUYECKUX HArpy30K, yIApHBIX HArpy30K H
noxapoB. OZIHAKO OJTHUM U3 BOXHEHIIHX (HaKTOPOB, ONPEACISIONINX PACIIPOCTPAHEHHE 3TOTO CTPOUTELHOTO Ma-
T€pHUajia, ABJIICTCA €ro TEXHOJIOTMYHOCTb, KOTOpass UMECT PsJ CYIICCTBEHHBIX OCO6€HHOCTGI>‘I, OTIINYaIINuX OT
OOBIKHOBEHHOT'0 OE€TOHA 1 TPEOYIOIINX UX HEYKOCHUTEIBLHOTO COOIIOICHHS.

ApmupoBanue O0eroHa (UOPOBOJIOKHOM MO3BOJISIET MOBBICUTH MPOYHOCTh, YCTOMYMBOCTh K arpecCUBHBIM
cpefaM | reperaaaM temreparyp. Heinonosas pubpa obecrieurBaeT TpeXMepHOE yIpouHeHue 0eToHa. B pesynmprare
NP BO3BEACHUH OOBEKTOB YITyULIAeTCsl KAYECTBO CTPOUTEINIBCTBA, TIOBBIIIACTCS MMPOYHOCTD 3aHUI U COOPYXKEHHH, yc-
TOMYMBOCTB K arPECCHBHBIM CpeiaM U Iiepernaam Temrneparyp. HeGomnbiias 1o6aBKa HEIJIOHOBOIO BOJIOKHA CIIOCOOCTBYET:

— YBCJIMYCHUIO COMIPOTUBIICHUA IEMEHTHOI'O KaMHs I/ISI‘I/I6aIOIlII/IM Harpyskam;

— MOBBIIICHUIO JOJII'OBECYHOCTHU MaTEpuraja,

— CHI)KEHUIO yCaJlouHOH aedopmMaiiy,

— 3HaAYUTCIIBHOMY BO3paCTaHHIO TpeMHHOCTOﬁKOCTH;

— YCUJICHHIO YJapHOI BS3KOCTU OETOHHOTO KaMHSI.
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Heiinomuxpogpuopa u neitnobemon

Bo3moxxna HaHOMOMUKaIHs HEHIOMHUOPHI, KOTOpas 3aKIII0YAETCS B TOM, YTO Ha HEHIIOBOJIOKHO HAHOCSTCS
HAHOYACTHIIBI (ACTPaJeHbI), YTO MPUBOANT K YCHIICHHIO B3aMMOACHCTBUS MUKPO(DHUOPHI ¢ OETOHOM, KPETIKO COeTH-
HSISl MaTepHuall B €IMHOE IIENOe.

IIpenmytiecTBa HeHnOGUOPHI: OHA JEIMIEBNIE U JieTde CTAaIbHOHN, HE BBI3BIBAET KOPPO3WH, OONaTaeT OTIINY-
HBIMH TUDIIEKTPHUECKUMH U IIYMOIIOTIIOMIAIOIIMMHY CBOMCTBaMH, IIPEI0TBpAIIaeT 00pa3oBaHre TPEUIUH B OETOHE,
MPEBOCXOIUT MOTUTIPONIICHOBBIE M CTEKIISTHHBIE aHAJIOTH.

HenocraTkom sBnsieTcs yBennueHre BpEMEHH ITepeMelInBannsg OeToHHOU cMecH B 1,5 pasa.

BriBoabI

B pesynbrare, mpuMeHsis HeHno(huOpy M HEMITOOETOH B CTPOUTENHCTBE, ITOTy9aeM CHH)KCHHE LIEHBI U YITyd-
[IeHne KadecTBa MPOAYKIHH. [[010KUTEeTFHPIM MOMEHTOM SIBIISIETCS TAK)KE YITYUIIIEHHE SKOJIOTHUECKON CUTYaInH,
COXpaHEHHE TPHUPOIHBIX PECYPCOB, 32 CUET MPUMEHEHHUS BTOPCHIPHS, HEOOXOMUMBIX IS M3TOTOBICHUS (PUOPEIL.
ApmupoBanue HeHIT0(PHUOPOBOIOKHOM IMTO3BOJISET MOCTUTATh 3HAYNTEIILHOTO SKOHOMUYECKOTO 3 dekTa, OCHOBAH-
HOTO Ha TIOBBIIIEHUH KadecTBa OSTOHHBIX KOHCTPYKIIMA M HW3/AETHH, YBEIHUYSCHUH WX JOJITOBEYHOCTH, SKOHOMUHU
BSDKYIIETO, YBEIMUSHHSI TPOU3BOAUTEIHFHOCTH paboT, yMEHBIIIEHUH KOA((UITUEHTa CTATEHOTO apMHUPOBAHHS.
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Tonyuena cepus nonuypemano8vix NOKPLIMUL NPU UCNONL30BAHUU PYHKYUOHATUZUPOBAHHBIX MHO20CIONUHBIX
yenepooHuvix Hanompyoox (PMYHT) ¢ pazruunou xumuyeckou mooughuxayuetl nosepxnocmu. Ilpoananuzuposaro
enusHUEe 000ABOK HA PUIUKO-MEXaHUYECKUe U IKCHIYAMAYUOHHbIE XAPAKMEPUCTHUKU CUHTNE3UPOBAHHBIX Mame-
puanos. Ha ocnosanuu nonyuenuvix pe3yibmamos yemanosieno, umo geedenue MYHT 6 komnosuyuio oas noiyue-
HUSL NOJUYPENAHOBbIX NOKPHIMULL CHOCOOCTNEYem CYWeCmMBeHHOMY YIVHULEHUI) BUIUKO-MEXAHUYECKUX U IKCHLYd-
MAYUOHHBIX XAPAKMEPUCTIUK UMO208bIX MAMEPUATLO8.

KoueBbie c10Ba: NOIMYpETAHOBBIE MOKPBITUS, (PYHKIHMOHATM3NPOBAHHBIE MHOTOCIOWHBIE YTIIEPOIHBIE
HaHOTPYOKHU (PMYHT), sxcrmyaranimoHHbIe XapaKTEPUCTUKU, TIPOYHOCTD Ha Pa3pbiB, H3HOCOCTOWKOCTD.

SYNTHESIS AND STUDY OF THE PROPERTIES OF NANOCOMPOSITE POLYURETHANE
COATINGS MODIFIED WITH FUNCTIONALIZED MULTIWALLED CARBON NANOTUBES

Wlasov R.R., 'Ryabov S.A., Buzaeva M.V.

'Lobachevsky State University of Nizhny Novgorod
“Ulyanovsk State Technical University

A series of polyurethane coatings was obtained using functionalized multilayer carbon nanotubes
(TMWCNTSs) with various chemical surface modifications. The effect of additives on the physical-mechanical and
operational characteristics of the synthesized materials was studied. Based on the results obtained, the introduc-
tion of fMWCNTSs into the composition for obtaining polyurethane coatings contributes to a significant improve-
ment in the physical-mechanical and operational characteristics of the resulting materials.

Keywords: polyurethane-polyacrylate coatings, functionalized multiwalled carbon nanotubes (fMWNTS),
performance characteristics, tensile strength, wear resistance.

Beenenue

B coBpemMeHHOM Mupe MOJIMMEPH HAIJIM MHOXKECTBO MPUMEHEHUH B IMOBCEIHEBHON XU3HU uyenoBeka. Of-
HUM U3 CaMbIX KPYMHOTOHHAa)KHBIX MOJMMEPOB sIBJIsieTCs nojuypeTad. [lonnyperansl nmpeacTaBisaioT co0oil yHU-
BEpCAIBHBIN KJIACC MOJMMEPOB, CTPYKTYypa M CBOMCTBA KOTOPHIX MOTYT OBITH TOZOOPaHBI B 3aBUCUMOCTH OT KaX-
JIOTO OTJEJBHO B3sTOro npuMmeHeHud [1]. B dacTHOCTH, MoMMypeTaHOBBIE NMOKPHITHS JAEMOHCTPHUPYIOT XOpolLIee
COYeTaHUE ICTETUIECKUX, (PU3NKO-MEXaHUIECKUX M IKCIUTYaTallMOHHBIX XapaKTepucThK [2-4]. OHU MHPOKO TpH-
MEHSIOTCSI B MOPCKOH [5], TEKCTHIIBHOM [6] M MEIUIIMHCKOM [7] MPOMBIIIJIEHHOCTSIX.

Tem He MeHee, B CBA3U C HAIMYHMEM ITOCTOSHHO BO3pAcTalOIIUX TPeOOBAaHUH, NMPENbIBIEMBIX K CBOMCTBAM
MOTOOHBIX MONNYPETAHOBBIX MAaTEPHANIOB, aKTyaJleH BOIPOC YIy4IIeHUs UX xapakTepucTuk. OnHuM n3 Hauboiee
MEPCIEKTUBHBIX MyTEH pelleHus JaHHOM 3a7aud SIBISIETCA CMHTE3 HAHOKOMIIO3MLIMOHHBIX MaTepuanos. CyiecT-
ByeT MHOKECTBO Pa3JInUHBIX HAHOHATIOJIHUTENEH, HAa JOHE KOTOPBIX 0CO00E MECTO 3aHUMAIOT YIJIEPOJHBIE HAHOT-
pyoku (YHT), obnanaroniyue yHUKaIbHOW COBOKYITHOCTHEO CBOMCTB U 3aBOEBBIBAIOIINE BCE OOJIBININN MHTEPEC KaKk
B HAYYHOM, TaK U B npombliiieHHoH cdepax [8]. YHT oOnangaroT cBEpXBBICOKOHM MPOYHOCTHIO HA PacTsHKEHHUE, BbI-
COKHAM AaCTIEKTHBIM COOTHOIIIEHHWEM, BBICOKOW TEPMOCTAaOMIBHOCTHIO M MPOBOAMMOCTEIO [9-14]. OT™MewaeTcs, 9To
BBeeHne YHT cnocoOcTByeT MOBBILICHHIO MEXaHWYECKOW MPOYHOCTU M YBEIMYEHUIO CTOWKOCTH K HCTHPAHMIO
KOMIIO3UIIMOHHBIX MOKpBITHiL [15]. OTMeuaeTcs, uto BBeaeHne MYHT B penentyps! Ui MOJIy4EeHUS TOJTUMEPHBIX
MTOKPBITHH MTOBBIMIAET KOPPO3NOHHYIO CTOWKOCTh HTOTOBBIX MaTepHuayioB [16, 17].
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BaxxHO OTMETHUTH BO3HHKAIONIYIO TIpu ucnoib3oBaHuu YHT mpoGieMy ariomepariuu, OorpaHHYUBAIONIYIO
ITUPOKOE TPUMEHEHUE AaHHBIX 100aBoK [18, 19]. Pacnpenenenne YHT 1o monmoasHOM KOMITO3UIINN 3aTPYIHEHO,
MTOCKOJIBKY BBICOKHE TTOBEPXHOCTHAS SHEPIHsl, aCTIEKTHOE COOTHOIIeHHe U BaH-nep-BaanscoBeie cuibl criocoOCT-
ByIOT camoariomeparmd [9, 10]. OTmedaeTcs, YTO MOAXOSIMAsS XUMUYecKass MOAM(DHUKAIS HAHOHAITOIHUTEIS
crocoOcTByeT 00JETYSHHIO X B3aMMOJIEHCTBHS C TIOJIMMEPHBIMH IETISIMH U TIPEAO0TBpaIaeT ariiomeparuio [20].

B paMkax maHHOTO WCCIIEIOBaHWS TPEAJAraeTcsl PelieHHe NAaHHBIX MPOOJeM MOCPEICTBOM XHMHYECKOW
(hyHKITMOHATHM3AINH TTOBEPXHOCTH MHOTOCIIOWHBIX yTIepOnHBIX HaHOTPYOOK (MYHT) MetunansTaHomaMuHOM H
TPUITAHOJIAMHIHOM H TTOCIEAYIOMIETO YIBTPA3BYKOBOTO AUCIIEPTUPOBAHMUS TOCIETHUX B TTOTUOIFHON KOMIIO3HIINH.
Hccnenoano Biusuaue cogepxanus MYHT Ha Qu3uko-MexaHUYECKUE W KCIUTYaTallMOHHBIC CBONCTBA IOJTydae-
MBIX ITOKPBITHH.

IKCNepUMEHTAIBHAS YaCTh

Jnst monmyyeHusl HAaHOKOMITO3UIIMOHHBIX TTOJMYPETaHOBBIX TTOKPHITHH HCIOJIB30BANACh MOJEIbHAS KOMIIO3H-
U THIPOKCUIT-(QYHKIIMOHAIBHBIX MOTMA(PHUPHBIX CMOJI HA OCHOBE OKCHJIA ATUIICHA U MOJIMMETAKPUIOBON KUCIIOTHI,
a TaKKe amuQaTHueckoro moauru3onranara. Mcrnonp30BaHHbIe IPU BRITIOJTHEHUH PA0OTHI (DYHKIIMOHAIN3UPOBAaHHbIE
(metungusTanonamuaoM (MIDA) u tpusTanonamuaoMm (TDA)) W HeyHKIMOHATM3UPOBAHHBIE MHOTOCIIOMHBIC
yIJIepoAHble HAHOTPYOKH OBLIM MOJIyYEHbI OT HPEACTaBUTENCH YIbSHOBCKOIO T'OCYAapCTBEHHOTO TEXHHYECKOTO
yHuBepcutera. Cpennsisi nnuHa ucnoiabdyeMblx MYHT coctaBnser 1-10 MM, BHemHuid nuametrp 40-60 HM,
BHyTpeHHUH auametp 10-30 HM, oOmmiee koauuecTBO nmpumecei <2 %, crenens GpyHKIoHanu3ammu <4 %.

Beenenne M YHT B nonmsGpupHyr0 KOMITO3UITUIO MTPOU3BOAMIN TIPY ITOMOIIY YIHTPA3BYKOBOTO IUCIIEpra-
topa Numa6 M100-6/4, o6opymoBaHHOTO yIbTPa3BYKOBEIM TeHepaTtopoM M10-2.0 mpu wactote 22,5 kI'11 ¢ MomIHO-
cthio 2000 Br.

Jlamee B mIacTHKOBEIN cTakaH oO0bemom 100 cM® moMemany HeO6XOAMMbIe HABECKH MOJHOIBHOTO M H30-
IUaHATHOTO KOMITOHEHTOB, MIOCJIE Yer0 KOMITO3HIIUS MEPEeMEIINBATIach B TEUCHHE TPEX MUHYT MPH TIOMOIIH aBTO-
MaTHYECKOTO CMECHTENs. BHociencTBUM TONYyUCHHYIO pPEarupyrollyl0 CMeCh BBUTUBAIM Ha (TOPOIUIACTOBYIO
(dhopMy B BHJIE TOHKHX IJIEHOK. M3BiIekanmich u3 GopMbl MOTydeHHBIE 00pa3isl uepes 24 yaca.

OU3NKO-MEXaHUIECKUE XapaKTePUCTUKHN (Pa3pbIBHOE HAMPSHKEHUE, YIUIMHEHHUE MPH Pa3phbIBe) MOyYSHHBIX
MOKPBITHH OmpeAessuin Ha paspeiBHOM Marmbe Roell/Zwick Z005 mpu ckopoctu pactsokenus 10 mm/muH. Vbl
TaHHs NPOM3BOAMIM Ha oOpa3uax pazmepom 100x10x1 mm.

OKCIUTyaTallMOHHBIE XapaKTePUCTUKU (CTOMKOCTh K MCTUPAHMIO) OMpPECIsUTH Ha POTAIIOHHOM a0pasuMeTpe
Taber 5135, o6opymoBanHoM abpasuBHbiMH posukamu Calibrase CS-10, mpu ckopocT BpalleHHs MIaTGOPMBI
60 006./muH. UcnipiTanus npon3Boquiy Ha oopasnax pazmepom 100x100x1 mm.

[TpuBonuMBIE B MyOIMKALMK JAaHHBIE SBISIOTCS CPEJHUMH, PACCUNTAHHBIMU II0 PE3yJIbTaTaM aHAJIM30B Ce-
MH 00pa310B KaKJ0H U3 UCCIEAYEMbIX PELETITYp HAHOKOMITO3UIIMOHHBIX MOJINYPETAHOBBIX MOKPHITHH.

Pe3yabTathl u 00cyxI1eHHE

JlaHHBIE O BIUSIHUN paccMaTpUBAEMBIX JOOABOK (PYHKIHMOHAIN3UPOBAHHBIX U HE(QYHKIMOHAIN3UPOBAaHHBIX
MVYHT Ha ¢u3nko-MexaHHUYecKHe CBOMCTBA IMOJNYYCHHBIX HAHOKOMITO3MIIMOHHBIX TOJMYPETaHOBBIX MOKPHITHH
MpeJICTaBIeHO B Tao. 1.

Tabmuna 1
OUBMKO-MEXaHNIECKHE XapAaKTEPUCTUKN UCCIIELYEMBIX TOKPBITHI
Tun yakunonanuzanuu MYHT o (MYHT), % o, MIla 0, %
(ctanmapr) 0 12,13 16,02
0,001 14,27 20,11
HedynkuuonannzupoBanHbie 0,005 15,34 24,48
YHIH P 0,01 17,61 25,40
0,05 20,53 31,19
0,001 13,81 22,84
0,005 17,01 29,05
MASA 0,01 21,00 4517
0,05 25,74 54,80
0,001 15,21 21,42
0,005 19,25 37,31
TOA 0,01 2511 56,82
0,05 29,20 69,01
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Takum 00pa3oM, OTMEUAIOTCS TCHACHIIMN K YBEIUUCHUIO 3HAUCHUS PA3pBIBHOTO HANPSIKCHUS U YITMHCHUS
IpH paspbiBe ¢ yBeauuenueM coaepxkanus MYHT B o6pasiie. bornee HarIsqHO 3TH 3aBUCHMOCTH TIPEACTABICHBI Ha
puc. lu 2.

30
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Q(MVHT). %
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Puc. 1. 3aBucumocTs pa3peiBHOTO HampspkeHust or MYHT B oOpasie
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Puc. 2. 3aBucumocTs yanuMHEHUs pu paspsiBe oT conepxannsi MYHT B obpasie

W3 npencraBneHHBIX JaHHBIX CIEIYET, UYTO PA3pbIBHOE HANPSIKEHUE M YIUIMHEHUE TIPU pa3phIBE yBEINYHBa-
10TCsl 110 Mepe yBenuueHus: conepxanuss MYHT B oOpasue. Ilpu stom sddekr, oka3zpiBaeMblii HAHOTpYOKaMu,
YCUJIMBAETCSI B 3aBUCHMOCTH OT TUNA (QYHKIMOHAIM3AUK: HeQyHKIMoHaMu3upoBanuele < MJIDA < TOA. Cyas
110 BCEMY, B JJaHHOM ClIy4ae KJIIOUEBYIO POJIb UTPAET KOJUUYECTBO cojepxaiuxcs Ha nosepxnoctu MYHT ruapo-
KCUJIBHBIX TPYMII, MOTEHIMAIBHO CIIOCOOHBIX K B3aUMOAEUCTBHIO B XOJIE€ MPOLIECCa CMEIICHHUS ¢ W30LHMAHATHBIM
KOMIIOHEHTOM.
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Pe3ynbTarhl HCIBITAHUS TIONYYEHHBIX TOKPHITHI HA CTOMKOCTh K UCTHPAHUIO MPEICTABICHEI B Ta0JI. 2.
Tabmuma 2

CTOMKOCTh MOMYYEHHBIX MOKPHITHH K HCTUPAHUIO

Tun pynkumonanuzammu MYHT | o(MYHT), % | Cpennee 3nauenue nokasatens usnoca, mr/ 1000 nukios
(cTanmapr) 0 92,13
HedyHkimonanm3upoBaHHbIe 0,05 69,21
MJIDA 0,05 66,74
TOA 0,05 64,18

Takum 00pas3om, cpegHee 3HaUEHHE MOKa3aTeNs W3HOCA TONYYEHHBIX NOKPBITHI W3MEHSETCS B COOTBETCT-
BUU C BBISIBIICHHOW paHee TEeHACHLMEH, yMEeHbIIasICh IPU YBETMUEHUHN KOJIMUYECTBA FMAPOKCUIIBHBIX TPYII Ha IMO-
BepxHoctu MYHT.

3akiouenne

B pamMkax gaHHOTrO MCCIEAOBaHMS M3Y4ajOCh BIMSHUE N00aBOK (YHKIMOHAIN3UPOBAHHBIX METHIIUITAHO-
JAMUHOM M TPUITAHOJAMHMHOM, a TaKkXe He()yHKIHOHATM3UPOBAHHBIX MHOTOCIOMHBIX YIJIEPOIAHBIX HAHOTPYOOK
Ha pa3pbIBHOE HANPSHKCHUE, YIUTMHEHUE IIPU Pa3pbIBE U CTOMKOCTh K UCTUPAHUIO KOMIO3ULIHMOHHBIX MOJIHMYpPETaHO-
BBIX MOKPBITHM.

1. Ioka3aHo, 4TO HOKPBITHS, HOIYYCHHBIE C HCIOJIB30BAHMEM PACCMAaTPHBAEMBIX J00ABOK, XapaKTEPU30BAINChH
3HAYUTENIBHBIM YBEIMUCHHEM Pa3pbIBHOTO HANPSDKEHMS, YIJIMHEHUEM IIPH Pa3pblBE€ M CTOMKOCTBIO K HCTUPAHHUIO IIPU
yBenndennn conepxkannas MYHT. B cnyuae xomnosnuun ¢ pob6askoit TOA-MVYHT B xommgectse 0,05 mace. %,
JIaHHbIe OKa3zartenyu yBenuuniuchk Ha 240, 430 u 30 % cOOTBETCTBEHHO.

2. BoisBneHa TeHAEHIMS K YIYUIICHUIO XapaKTepUCTUK IOJIyYCHHBIX MOKPHITUH B 3aBUCHMOCTU OT THUIIA
¢yskunonanuzanun MYHT. Cyns o BceMy, KIIFOUEBYIO pOJib B JAHHOM CIIydae UrpaeT KOJUYECTBO TMAPOKCHUIIb-
HBIX rpyni Ha noBepxHocTh MYHT. Takum o0pa3om, ¢ yBeJMYeHHEM YHCiIa MOTEHIHMAIBHO CHOCOOHBIX K B3au-
MOJCHCTBUIO TUAPOKCUIIOB JIOKAJM30BAaHHBIX HA IOBEPXHOCTH HAHOTPYOOK, BO3pAcTaeT KauecTBO AWCIEPCHU
MVYHT B popmMupyromemcs HoIMMeEPe U KOJINIECTBO XUMHUECKUX cBsi3eit Tuna «MYHT-nonumep».

Ha ocHOBaHMM MONyYEeHHBIX JaHHBIX 100aBKa (YHKIHMOHAIN3UPOBAHHBIX MHOTOCIONHBIX YIJIEPOAHBIX Ha-
HOTPYOOK siBisieTcsi BecbMa (P GEKTHUBHBIM CIIOCOOOM yNIyUIIEeHHsT (PU3UKO-MEXaHMYECKUX M 3KCILTyaTallMOHHBIX
XapaKTePUCTUK MOJIMYPETaHOBBIX MOKPHITUH. TakuM 00pa3oM, MOKHO OKHAATh, YTO OJOOHBIE KOMIIO3UIIHOHHBIE
MaTepHajbl B IEPCIEKTUBE OyIyT UCIIOJIB30BAHbI B IPOMBIIIIEHHOCTH.
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BJIMSTHUE OKCHUJA IUHKA, IETHPOBAHHOI'O AJIIOMUHUEM, HA CBOMCTBA
IJACTOMEPHOU KOMITIO3NIINU HA OCHOBE BYTAAUEH-HUTPUJIBHOI'O KAYUYKA

Boakos A.O.*, Haymosa 10.A., Ko3noBa A.O., KonoBasnosa K./l., Kopanesa JI.A., lopoxoB A.B.
MHUPIA — Poccuiickuil mexnoiozuiecKuil ynugepcumemn
*volkovant1l6@yandex.ru

B pabome uccnedosano snusnue oxcuoa yunka, recuposannoco amomunuem (ZnO:Al), na syrxkanuzayuon-
Hble XaPaKmepucmuku u 3J1eKkmpogusudeckue, QuU3UKo-MexaHudeckue C8oUCmed d1acnoMepHOl KOMROZUYUU HA
OCHOBe OBYMAaOUueH-HUMpPUIbHO20 Kayuyka. Ycmarnoegieno, umo ucnonvzoganue ZNO:Al 6 kauecmee nanonnumens 6
OYMaoueH-HumpuibHOM Kayuyke no360J1sem CHU3UMb Y0elbHoe 00beMHOe JIIeKMPOCONPOMUBIeHUe KOMNOZUYUU U
nPUBOOUM K 006pA308aHUIO NPOBOOUEI CIMPYKNYPbL 6HYMPU NOAUMEPHOU mampuybl. CHUNCEHUE 3HAYEHUS. JMO20
nokazames Habuooanoce npu eéedenuu 5 macc. 4. ZNO:Al (1,2 am. %).

KaoueBbie ci0Ba: 3EKTPONPOBOASAIINE KOMIIO3UINY, JISTHPOBaHHE, OyTaJUCH-HUTPHIBHBIA KaydyK, Ha-
MOJIHATENb, 3JIEKTPOIPOBOJIHOCTD, OKCUJI LIMHKA.

THE EFFECT OF ALUMINUM-DOPED ZINC OXIDE ON THE PROPERTIES
OF AN ELASTOMERIC COMPOSITION BASED ON NITRILE RUBBER

Volkov A.O.*, Naumova Y.A., Kozlova A.O., Konovalova K.D, Kovaleva L.A., Dorokhov A.V.
MIREA - Russian Technological University

In this work, the effect of aluminum-doped zinc oxide (ZnO:Al) on the vulcanization characteristics and the
electrophysical and physico-mechanical properties of an elastomeric composition based on nitrile rubber was
investigated. It has been established that the use of ZnO:Al as a filler in nitrile rubber makes it possible to reduce
the specific volume electrical resistance of the rubber and reproduce the structure of the conductive structure in-
side the polymer matrix. A decrease in the value of this indicator was observed with the introduction of 5 wt. %.
ZnO:Al (1,2 at. %).

Keywords: electrically conductive compositions, alloying, butadiene-nitrile rubber.

Beenenune

Jnst mpuaHus 31acTOMEPHBIM MarepranaM (pe3uHam, KIesM U FepMETUKaM) HENpHCYIIeH MM CIOCOOHOCTH
MIPOBOJIUTH IEKTPUUECKUN TOK UCTIOIB3YIOTCS B OCHOBHOM YTJIEPOJIHBIE, PEIKO — METAJUIMYECKUE HAITOIHUTEIH.
Br16op HamosHUTENIEH BO MHOTOM CBSI3aH cO crienuduKkoil skcuryaranun naenus. Hanbonee BocTpeOOBaHHBIM U3
METAUTMYECKUX HATIONHUTENEH SBIIETCS cepeOpo, BBUIY MMPEBOCXOIHOTO COYETAHUS €T0 CBOWCTB TEIUIO- M AJIEKTPO-
NPOBOIHOCTH, OAHAKO, BBICOKAsh CTOMMOCTb M HEBO3MOXKHOCTb 00pa30BaHMs LIEMOYEYHOM CTPYKTYpPHI B HOJIMMEpPE
HaKJIaJIbIBAET OTPaHMYEHMs Ha €ro HMCIOJIb30BaHUe. B cBs3M ¢ 3THM, MOTPEOHOCTh B alIbTEPHATUBHBIX M JOCTYITHBIX
HAIOJHUTEISIX ISl IOJIMMEPHBIX CUCTEM HE TOJIBKO HE YMEHBIIAETCs, HO, HA00OpOT, MOCTOSHHO Bo3pacTaeT. Kpome
TOTO, yjessieTcsl OONbIIOe BHUMAaHNE KauecTBy U 0e30MacHOCTH HanoiHuTenei. [1o 3Tol mpruunHe MUPOBBIE TCH-
JCHLIMU HAlpaBJIEHBl HA UCIIOJIb30BaHUE TMOPUIHBIX CUCTEM HAINOJIHMUTEINEH, TM00 CO3aHne HOBBIX MaTEepHaIOB.
TpeOyeMblil ypOBEHb JIEKTPONPOBOIHOCTH 3JIaCTOMEPHBIX KOMITO3MINHI 00eclieunBaeTcsl BBEACHUEM B X COCTaB
Pa3IMYHBIX MOPOIIKOOOPA3HBIX HAIMOJIHUTENIEH, CTEIICHb BIUSHHUS KOTOPBIX 3aBHCUT OT WX THIA, Mopdomoruye-
CKOH CTPYKTYpbI M KonuuecTsa [1].

Cpenn Manon3ydeHHbIX HEOPraHMYECKHX HAIMOJNHHUTENEH Il KOMIIO3UTOB TPEJICTABIISET MHTEPEC OKCHUJI
[[UHKa, JerupoBaHHbIi amomuaueM (ZNO:Al). Psa uccrnenoBanuii mokasai, YTo MOPOIIKK OKcuia nuHka (ZnO),
JIETUPOBAHHBIC PA3IMYHBIMH METaJUIaMH, 001aJal0T HU3KUM YAEIbHBIM CONPOTHUBICHUEM, a TaK)Ke BBHICOKHUM KO-
a¢punmenToM mpomyckaHus B BUAUMOW oOmactu [2]. HexoTopble mccnenoBaHns KOMIIO3UTOB JIEMOHCTPHUPYIOT
NPUMEHEHUE HAIOJHUTENS Ul aHTUCTaTUYeCKuX MmarepuanoB [3]. B kauecTBe OAHOro M3 MEPCIEKTUBHBIX Ha-
NPaBJICHUH MOXKHO BBIICIHTH €r0 MPUMEHEHHE KaK 3allUTHOTO MaTepHasia OT JIEKTPOMArHUTHBIX MOMEX 32 CYET
CBOMCTB aimroMuHusA [4].
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Takum 06pa30M, OCJIBIO HaCTOHH.[CfI pa6OTBI SABJIAJIOCH HUCCJICAOBAHUC BJIIMAHUA COCTaBad, CTPYKTYPHBIX I1a-
paMeTpoOB ZnO:Al u ero COACPIKAHUA Ha BYJIKAHU3AIMOHHBIC XAPAKTCPUCTUKHU PE3UHOBLIX CMCCGP'I, yIpyro-
IIPOYHOCTHBIC 1 3J'IeI(TpO(1)I/I3I/I‘ICCKI/IC CBOICTBa TNOJIYy4Ya€MBbIX BYJIKaHU3AaTOB.

O0BbeKTHI 1 METOABI HCCICAOBAHUS

B nanHOM HcciemoBaHUH B Ka4eCTBE 3JIEKTPONPOBOHOTO HATIOIHHUTENS MCTIOIB30BANN TTOTYIaeMbIi METO-
JIOM COBMECTHOTO OCKACHHS OKCHJ IIMHKA, JISTUPOBaHHBINA amoMuHaueM ZnO:Al. MccnenoBanue BIUAHAS HAIOI-
HUTENS MPOBOJMIN Ha MOAETBHBIX 00pa3lax 3JacTOMEPHBIX KOMIIO3UTOB, U3rOTOBJICHHBIX HA OCHOBE OyTaaneH-
HUTpUIbHOrO Kayuyka Mapku BHKC-28 AMH.

Omnpenenenre AUCIIEPCHOTO COCTaBa HATIOMHHUTENS METOJOM Jla3epHOW Au(paKIui MPOBOAMIN B BOTHOU
cpene Ha aHanmu3aTope pasMepoB yactull Fritsch Analysette 22 Microtec plus («Fritsch», ['epmanust), paspemaro-
1as CocoOHOCTh KOTOPOro oTBedaeT AuanasoHy yactul 0,08-2000 MxM. M3mepeHue yienbHOM NOBEPXHOCTH Sy,
HAMOJHUTEISI IPOBOIIIIH 110 MeTony BOT Ha anamu3arope yaeiabHOU MOBEPXHOCTH M mopuctoctd Quantachrome
Nova 4200e («Quantachrome instrumentsy», CIIIA). OnpenereHue JTOKaI-HOTO cocTaBa Ga3 U CTETIICHH JISTHPOBAHUS
OKCHJa IMHKA ATIOMHUHHMEM BBIMOJHSIIA C MOMOIIBI0 CHCTEMbI YHEPrOJUCIIEPCHOHHOTO PEHTTCHOCIEKTPAIEHOTO
mukpoananmuza (PCMA) ¢ ucnons3oBanuem nporpamMmmuoro ooecriedeHus INCA. MUKpOCTPYKTYpy MOBEPXHOCTH
MOJTy4YE€HHOTO HATIOJHUTENS HaOII0Aali C TIOMOIIBI0 CKaHUPYIOMIETO JIeKTpOHHOTo MuKpockomna (COM) Quanta
3D FEG («FEI Company», CIIIA). Pe3ynpTaTsl HCCeI0BaHUI 1 OCHOBHBIE XapaKTEPUCTUKH HAIIOJIHUTENS IIPHUBE-
IeHbl B Ta0II. 1.

Tabmuna 1
DU3UKO-XMMUYECKUE CBOMCTBA MOJIYYEHHOTO HAMOJHUTENA
Ofbase Conepxanne npumecn Al, at. % q q V aenbHas HOBEPXHOCTb,
pasell Pacuernas PCMA ! 2 M2/T
ZnO:Al 15 1,2 1,3 24,0 5,67

Pe3nHOBBIE cMecH M3roTaBIMBaIM B JiBe cTtaguu. CHavana Ha jaboparopHbeix Baybiax JIb 320 160/160 usro-
TaBIIUBAJIM MATOYHYIO CMECh, COJICPYKAIIYIO BCE MHIPEAUCHTHI, KPOME HATIOJHUTENS U cephl. /lasee MaToOYHY0 CMeCh
JICTIVITA Ha paBHBIC YaCTH M B K&KIYIO U3 HUX BBOAWM ZnO:Al u cepy B COOTHOIICHUSIX,, IPUBEIEHHBIX B TaOI. 2.

Tabmuna 2
Penenrtypsl uccie10BaHHbIX PE3UHOBBIX CMECEN
Ne WHrpeaneHTsl Iudp pesnHOBOM cMecH
ILIL. 1 2 3 4 5

1 | BHKC 28 AMH 100,0 100,0 100,0 100,0 100,0
2 | CreapuHOBas KHCIIOTa 1,0 1,0 1,0 1,0 1,0
3 | Okcup nuHKa 3,0 3,0 3,0 3,0 3,0
4 | Odup JI3-7 5,0 5,0 5,0 5,0 5,0
5 | Aueronanun 1,0 1,0 1,0 1,0 1,0
6 | Cynsdenamu 1] 1,0 1,0 1,0 1,0 1,0
7 | Cepa 2,0 2,0 2,0 2,0 2,0
8 | ZnO:Al (1,2 ar. %) 0 50 10,0 20,0 30,0

CBoiicTBa PE3MHOBBIX CMECEil M PE3NH OIPEIEISUTN M0 CTaHAAPTHBIM METOJIMKAM: OTNpe/eNIeHHe ByJIKaHN3a-
[IUOHHBIX XapaKTePUCTHK MPOBOAWIN C HCHOJB30BaHWEM Oe3poTopHOro peomerpa D-MDR 3000 kommnanum
«MonTech», ocHalleHHOTO aHAJIMTHYECKMM NporpaMMHBIM oOecrieduenneM MonControl, ynpyro-npouHOCTHbIE
cBoiictBa — B coorBercTBHH ¢ 'OCT 270-75.

VaensHoe 00beMHOE conpotuBienue (P,) onpenessuin B coorBerctBun ¢ TOCT 6433.2. Pa3zmepsl 00pasios
I ucnbITanuil uMenn gopmy miactur 150x150 mm tommmnoii (1,0+0,1) MM. OOpa3ubl U3roTaBIMBAIN METOOM
KOMIIpeCCHOHHOTO (hopmoBaHus pu Temriepatype 150 °C B TeueHHE ONTUMAIBLHOIO BPEMEHH BYJIKaHU3ALUH, OII-
penenennoro Ha D-MDR 3000.
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Pe3yabTarhl u ux o0cy:KkaeHue

Jnst mocTmKeHUs TIOCTaBICHHOW IENTM pellaiach 3aJada MONy9IeHUsI HAMIOJHUTENS W BBEJCHUS €ro B dja-
CTOMEpHYI0 Matpuily. lMcmonp30oBaHHBI B paboTe MUCHEPCHBIA HAMOMHUTENh OBLI TMOJIYYeH METOIOM CO-
ocaxkmeHus. B KadecTBe MCXOIHBIX BEIIECTB MCIOIAB30BaimHM pacTBop cojeirt ZnSO,; 7H,0 m Aly(SOy)s18H,0
(n(Al)/n(Zn)) = 1,5 % pacTBOpeHHbBIIl B TUCTUIUIMPOBAHHOW BOJe. B MCXOMHBIN PacTBOP MO KAIUIAM J100aBIISUTH
mienoynoit pactBop NaOH u Na,CO; npu Temniepatype 60 °C n nepemeniuBaiiy ¢ Ucoyib3oBanueM menianku 400
00./mMuH. o goctkeHus PH = 7,2. Ocamok OTMBIBAIN TUCTHUTHPOBAHHOW BOIOM B TedeHue 180 MuH, mocie 9ero
ToMeIany B CymmibHbIN mKad mpu temmeparype 100 °C u BeimepkuBanu B Tedenue | 4. [lomydueHnsrit mocie
CYLIKH MPOAYKT MOMeIlanyd B My(elbHyIo Meub, npeasaputensHo Harpetyto 1o 400 °C, BeinepxkuBanu 120 MuH.
[Hanee temneparypy nossimanu 10 900 °C u BeiaepxuBanu eme 120 muH. [IpumeHenne 3toro Meroaa AaéT BO3-
MOYKHOCTb JIETUPOBATh OKCHJI IIMHKA B XOZ€ Mpoliecca MOMyUYEeHHs, a TAKKe YIPaBIATh CTEXHOMETPHUECKIM COCTa-
BOM MOJTY4aeMOT0 HAITOTHHUTEIS.

N3o0paxkeHue CTPyKTYphl TOBEPXHOCTH U criekTp D/]C-aHanm3a moaydYeHHOTO HAITOJHUTENS IIPUBEICHBI Ha puc. 1
u puc. 2 cootBercTBeHHO. [1o nanHpiM POM, arperaTbl HAaOJIHUTENS UMEIOT MUKPOCTPYKTYpY OJHM3KYIO K cdepu-
YEeCKOH ¢ BBICOKOH CKIOHHOCTBIO K arperanuu. Pesynbratel D/[C-aHanmu3a moATBEPKIAIOT HAIMYKE aTFOMHHUS

Puc. 1. I300paxkeHHne CTPYKTYPhI TOBEPXHOCTH MOJIYyUEHHOTO HATIOTHUTEIS
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Puc. 2. Cnextp O/1C-aHanu3a MoIy4eHHOTO HAITOJIHUTENS

WnterpansHoe n auddepeHnnanbHoe pacnpesnesieHue 4acTUl] MCCIEJOBAaHHOTO HAIOJHUTENS IOKa3aHO
Ha puc. 3. Bugno, uro s noixyuenHoro Hamoaaurens ZnO:Al (1,2 at. %) xapakTepHo OUMOaIBHOE pacmpeaesie-
HHE 4acTull o pa3mepam. CpenHuil pa3mep dactul npoaykra cocrapisieT d; = 1,3 Mkm u dp = 24 MKM.
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Puc. 3. nrerpanbras u quddepeHnmanbuas quarpaMmMel
pacnpeneNeHns YacTHII 10 pa3MepaM MOJTyYCHHOTO HATIOJIHUTEIS
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O606H_ICHHBIG PE3YIbTAThI OIIPCACIICHUS BYJIKAHU3AIUOHHBIX XapAaKTCPUCTUK PE3NHOBBIX CMeceH B 3aBHCH-
MOCTHU OT COACPIKaHUA HAINOJIHUTEIA IPUBCACHBI B Tabm. 3.

Tab6muma 3

BynkaHn3anmoHHbIe XapaKTEPUCTUKN PE3HHOBBIX cMecel U PU3UKO-MEXaHHYECKHE CBOHCTBA PE3UH

[Nokazatenu Conepxanune ZnO:Al (1,2 ar. %), macc. 4.

0 | 5 | 10 | 20 | 30
PeomeTrpuueckue cBOCTBa PpE3MHOBOU CMECH, ONIPEIEIICHHbBIE

mo 'OCT P 54547-2011 (T = 150 °C), sudpopeomerp D-MDR 3000

S’ v, AH"M 0,46 0,48 0,5 0,54 0,58
S’ max, AH M 9,73 10,17 9,03 9,29 9,2

AS’, tHm 9,27 9,69 8,53 8,75 8,62
ts;, MUH 4,34 4,45 4,75 4,73 5,39
tsp, MHH 4,59 4,7 5,07 4,99 5,67
tc(0), MUH 4,32 4,44 4,69 4,69 5,34
to0), MHH 5,36 5,52 5,86 5,66 6,37
tcoo) , MUH 11,57 12,02 12,11 11,78 12,83
Ry, Mun ™ 14,33 13,66 14,2 14,73 13,97

Ou3nKo-MeXaHMIECKHEe CBOWCTBA BYJIKAaHU3aTOB, onpeaeneHnsle mo 'OCT 270-75
(T=150°Ct=15wmun)

f1009%, MITa 0,17 0,11 0,14 0,27 0,31
2009, MITa 0,93 0,79 0,86 1,09 0,99
3009, MITa 1,41 1,70 1,69 1,76 1,47
YcnosHas npounocts f,, MIla 1,88 2,19 2,24 2,99 2,67
OTHOCHTENIFHOE YNTMHEHUE MTPH Pa3phiBe, % 300 350 380 410 450

IIpumeuanue: S’min — MUHUMAJIbHBIH, S’ Max — MaKCUMaJIbHBIN KPYTSAIINNA MOMEHTHI, lg;, ts; — Bpems mon-
ByJIKaHU3aluH, AS’— npupameHne KpyTauero MOMEHTa, te(o), toso) M teoeo) — BPEMS JOCTHIKEHHS CTETIEHH 3aBEp-
meHHOCTH npotiecca Ha 10, 50 u 90 %, R, — ckopocTs mporiecca Byakanu3anuu, Fioou 2000, 3000 — HAIPSHDKEHHUE TTPU
3a/IaHHOM YIJTMHEHUU.

I[pencraBieHHbIe JaHHBIC 1EMOHCTPUPYIOT, uTo BBenenue ZnO:Al (1,2 at. %) B cMech NMPUBOIUT K CHUKE-
HHUIO MpUpaLIeHusl KpyTsamero MomenTa (AS’). Cnemyer OTMETUTh, YTO BpPEeMs Haudana BYJIKaHHU3ALUH OOpa3LoB
PE3MHOBBIX cMeceil ¢ mudppamu 2—5 3aMeUIsieTcs 10 CPABHEHHIO ¢ HCXOAHOM CMechio. BpeMsi JOCTHKEeHHS ONTH-
MyMa BYJIKAHU3AIUH JJIsl BCEX UCCIIIOBAHHBIX 00pa3I0B HAXOAUTCS Ha OJJHOM YPOBHE, pa3iInyMs HE3HAUYNTEIIbHEI.

Ananmi3 (HH3MKO-MEXaHUUECKHX XapaKTepHUCTUK B 3aBucuMocTH oT coziepkanus ZnO:Al (1,2 ar. %) mokasau,
4yTO npH A00aBIeHnu OT 5 10 20 Macc. 4. IPOUCXOAUT YBEIHMYEHHE MPOYHOCTHBIX XapaKTEPUCTHK, HO NMPH Jallb-
HEWIeM YBEIHYCHUHU COJICPKaHUsSl MIPOYHOCTh PE3UH HECKOJIBKO CHIDKaeTcs. Y BCeX HCCieOBaHHBIX 00pa3loB
Ha0JI0JaeTCd MOHOTOHHOE yBEJIMYEHNE 3HAYEHHSI OTHOCUTEIILHOTO Y/UIMHEHUS, OYEBHIHO, CBA3aHHOE CO CHHXe-
HHEM CKOPOCTH IpOLecca U MEHbILEH T'yCTOTOH ByJIKaHM3aLMOHHON ceTKH. Takum 00pa3oMm, IpU UCTIONB30BaHUN
ucciexyeMoro HamoigauTes cBoime 10,0 Mace. 4. He00X0IMMO HHTEHCHU(PHUINPOBATH MPOLECC BYJIKAHU3AIMH, Ha-
npuMep, KIACCHYECKHM CITOCOOOM 3a CHET IMOBBIIICHUSI €r0 TEMIIEPaTyphl.

Ha puc. 4 BugHO, 9TO 00BEMHOE YACIBHOE AJIEKTPOCONPOTHUBIICHIE YMEHBIIAETCA C YBEIUYECHHEM KOHIICH-
Tpauuy HanonHuTens. [Ipy yBennyeHun NO3MPOBKU HAMIOJHUTENS A0 5 Macc. 4. yAedbHOe 00BEMHOE 3JIEKTPOCO-
MIPOTHUBIICHNE CHI)KAETCS HA HECKOJIBKO MOPSAKOB, M MOYYCHHBI KOMIIO3UT MOYKHO OTHECTH K aHTHCTATHYECKUM
pesnHam. CHMKEHHE JIEKTPUYECKOTO COTPOTUBICHNU MaTepHralia MpH yKa3aHHOM HAIlOJTHEHHH, BEPOSTHO, CBs3a-
HO ¢ 00pa30BaHUEM CIUIOLIHOTO CJIO0s TOKOMpOBOIAmUX kiactepoB ZnO:Al (1,2 at. %) BHyTpHM 31actoMepa, 4To
HEOO0XOIUMO JJIsi BO3MOXKHOCTH TIEpeHOca 3JIEKTPHUUECKOTO 3apsiia BHYTPHU 3JIACTOMEPHOTro Kommo3uta. OmHako,
KOTJ]a KoHIeHTparms HarmonHuteast ZnO:Al npepblmaer 5 Macc. 4., yelbHOe 00beMHOE CONPOTUBIIEHUE KOMITO-
3UTa UMEET TEeHJCHIHUIO K cTabmin3anuu. OTO MOXKET OBITh CBSI3aHO C TEM, YTO IPH OAMHAKOBOM COJECp)KaHHUH Jie-
THUPYIOIIETO dJIEMEHTa aT. % 3JIEKTPONPOBOJHOCTh HE YXY/IIAETCS NMPHU YBEIWYEHUH COACP)KaHHSA HANOJHUTEISA
ZnO:Al (1,2 ar. %) CrenoBarenbHO, BEIOOP COOTBETCTBYIOIICH CTEIEHH JICTUPOBAHUS MO3BOJUT PEryIHpPOBaTh
3IEKTPOTPOBOTHOCTH KOMITO3UIIHH.
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Puc. 4. 3aBUCUMOCTB YAETEHOTO 00BEMHOTO AIIEKTPOCOTPOTHBIICHHS
BYJIKAHU3ATOB OT COJEPKAHUSI HAMTOJTHUTENS

BuiBoabI

AHanu3 NoBeACHUS MACTOMEPHBIX MAaTEpUaIoOB B MpOLECCe ByJIKaHU3aluu mpu temieparype 150 °C moka-
3aj1, 4To BBeAcHue Hamomuutelss ZnO:Al (ot 5 mo 20 Macc. 4.) B MCCIICIOBAaHHBIC KOMITO3UIIMH HE OKa3bIBAcT CY-
HIECTBCHHOI'O BJIMAHUA HAa BYJIKAHU3AIWMOHHBIC XapPaKTCPUCTUKU PE3NHOBLIX CMeCCfI, OHAaKo, ﬂaﬂbHCﬁHICe ITOBBI-
HICHUE JO3UPOBKH MPHBOAUT K 3aMEIUICHUIO DTOTO Iporecca U TpeOyeT KOPPEKTHPOBKU €T0 TEXHOJIOTUYECKUX
napamMeTpoB JJIsl HHTEHCU(PHUKALIUU 00pa30BaHus CYIbQHUIUPYIONMIET0 KOMILIEKCA U MOTIEPEYHBIX CBS3CH.

Briseneno, uro BBemenne ZnO:Al B amamazoHe ot 5 g0 20 Macc. 4. MPUBOAUT K TOBBIIICHUIO YIIPYTO-
MPOYHOCTHBIX CBOMCTB (YCIIOBHOM MPOYHOCTU MPU PACTSDKEHUM, HANPSDKEHUH MIPY 3aJaHHBIX YIUIMHEHUAX) BYJIKa-
HU3aToB Ha 146 % 1o cpaBHEHMIO ¢ 0A30BOM KOMIIO3UIIUEH.

VYcranorneHo, uto npu BeaeHun ZnO:Al B konuvecTBe 5 Macc. 4. yAeabHOE 00bEMHOE 3JIEKTPOCOTPOTHB-
nenne cumkaercs ot 10" Om-cM 10 10” OM-cM, MO3BOJISIS TIOTYYATH TIOTYIPOBOIHHKOBEIE 1ACTOMEPHBIE KOMIIO-
3UIIMY Ha OCHOBE OyTaJMECH-HUTPUIILHOTO Kay4yyKa.

[MomyueHHBIE pe3yJbTaThl MO3BOJISIOT CHOPMHUPOBATH BEKTOP JAJIbHEHINIUX UCCIICAOBAHUMN, HAIPaBICHHBIX
Ha MCIIOJIb30BAHNE HAIMOIHUTENEH C Pa3IUUHON CTETEHBIO JISTHPOBAHMS M HCCIICA0BAHUE UX TIOBEICHHS B 3JIACTO-
Mepax pasIMyHON MPUPOIBI.
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Paccmompenvr ochoguvie menoeHyuy co8peMeHn020 pazeumus KOHYenyuu KOHMpOIUpyemou paoukaibHol
nOAUMEPU3AYUU, A MAKICEe KOHKPEMHble NPUMepPbl NPUMEHEHUS MEMOO002UU KOHMPOTUPYEMO20 CUHINE3A BblCO-
KOMOAEKYNIAPHBIX COeOUHEHUNl OISl NOJYYEHUsT 8bICOKOMEXHONOSUUHBIX NOIUMEPOE U MAKPOMONEKYIAPHBIX CIMPYKIYD,
BKIOUASL NPEKYPCOPbL 0I5l NPOU3BOOCMEA Y2e80NI0KHA U Opyaue Nepcnekmuguble NOIUMEpHble KOMNO3UYUOHHbIE
Mamepuansi.

KiroueBble c10Ba: CHHTE3 HOIMMEPOB, paJAUKaIbHAs HOIUMEPU3aLsl, KOMIO3UIMOHHbBIE MaTEpPUaIIbl, MaK-
POMOJIEKYJISIPHBII IHU3ailH.

SYNTHESIS OF FUNCTIONAL POLYMERS AND MACROMOLECULAR STRUCTURES
UNDER CONDITIONS OF CONTROLLED RADICAL POLYMERIZATION

Grishin D.F.
N.I. Lobachevsky State University of Nizhniy Novgorod

The main trends in the modern development of the concept of controlled radical polymerization, as well as
specific examples of the application of the methodology of controlled synthesis of macromolecular compounds to
obtain high-tech polymers and macromolecular structures, including precursors for the production of carbon fiber
and other promising polymer composite materials, are considered.

Keywords: polymer synthesis, radical polymerization, composite materials, macromolecular design

Beenenne

B 2020 roay Hay4Hast 00II€CTBEHHOCTh OTMETHJIA CTOJICTHUM FOOMIICH ¢ MOMEHTA yOJIMKAIMK THOHEPCKUX
pa6or lllTayaunarepa B 00JIaCTH M3YYEHHUS KaydyKa, KOTOpPbIe (DaKTUUYECKH SBUJIMCH OCHOBOUM CO3IaHUS MOJUMEP-
Hoit xumud [1]. HecoMHeHHO, 4TO 0/1Ha U3 HauOoJIee APKUX CTPAHMII B UCTOPUHU CTAHOBJICHUS HAYKH O TOJUMEpax
CBsI3aHA C PaJMKaJIbHON MmonuMepu3anueil. PagnkanbpHas monmMmepusanms — HauboJiee pacipocTpaHEeHHbBI METO/
CHHTE3a TIOJUMEPHBIX MATePUAJIOB B MPOMBIIUICHHOCTH. E€ OTIHUHTENEHON 0COOCHHOCTRIO SIBISIETCS TOJIEPAHT-
HOCTB K pa3jiIM4HbIM q)YHKHI/IOHaJIBHBIM TpyIiimaM, a TaKXX€ 3HAYUTCIbHO MEHbIIAA 110 CPaAaBHECHUIO C HOHHOM IOJIH-
MepHu3alyeld YyBCTBUTENLHOCTh K HAJTMYHMIO MPUMEce B MOHOMEPHOI! cpefie. Bbicokast peakIiioHHast CIOCOOHOCTH
paavKanoB, C OTHON CTOPOHBI, CIIOCOOCTBYET MPOTEKAHUIO MOJMMEPH3AILIMHN C BEICOKMMU CKOPOCTSMH, a C APYroi
CTOPOHBI, IPUBOJUT K YCKOPEHHUIO PEaKUUi AMCIPONOPLUHUOHUPOBAHUS W PEKOMOMHAIMK C MX y4yacTuem. B pe-
3yJIbTaTe HabIr0AaeTCsd HU3KUI KOHTPOJIb 32 MOJIEKYJISIPHO-MACCOBBIMHU XapaKTEPUCTUKAMHU TIOJIMMEPOB M BBICOKAs
MOJHUIUCTIEPCHOCTL 00pa3noB. BmecTe ¢ TeM XOpOIIO M3BECTHO, YTO CBOWCTBA MOJMMEPOB U MX NMPHUMEHEHHE BO
MHOT'OM 3aBHCSIT OT MOJIEKYJIIPHOM CTPYKTYPBI H MOJIEKYJIApHO-MaccoBoro pactpenenenus (MMP), a taxoke cocrasa,
TOMNOJIOTMH U (DYHKIIMOHAJIBHBIX TPYIII, XapaKTePH3YIOLIHX MOJIUMeEp. B 3Tol CBA3M CHHTETHYECKHE METOABI, KOTOphIE
MO3BOJIAIOT OCYILLIECTBIIATH KOHTPOJIb HAJl STUMHU IIapaMeTPAMU, UMEIOT UCKIFOUUTENILHO BAKHOE 3HAUCHHE.

OcHOBHBIEC MEeTOABI KOHTPOJHMPYEMOI0 CHHTEe3a MAKPOMOJIEKY.JT

B nocneqamne 15-20 net cuHTE3y MOTUMEPOB B YCIOBHIX PATUKATHLHOTO MHUIIMUPOBAHMUS OBLIT TaH MOITHBIN
MMITYJIbC JabHEHIIIEro pa3BUTHUS B BUI€ KOHIICTIIIUN KOHTPOIUpyeMon paaukansHoi nomuMepusanuu (KPIT) nmm
MTOJIMMEPHU3AIAH B PEXKUME <OKUBBIX» merier [2, 3]. KirrodeBoii cramueit 3TOM METOIONIOTHH CIIYKUT PaBHOBECHE
MEXIy pacTylien («KUBYIICH») paIuKaTbHOU IEThIO U e€ CIISIIel («MEepTBO») pa3HOBUIHOCTHIO (cxema 1), 9To
MO3BOJISIET CYIIECTBEHHO YMEHBIIUTD BKJIAJ HEOOPATUMOTo OOpHIBA IIETTH B PE3yJIbTaTe PEKOMOMHAIIUH PACTYIIIX
MaKpOpaIUKaJIOB. TeM caMbIM MOSIBIISIETCS] BO3SMOKHOCTb KOHTPOJISL HAJl MOJIEKYJISIPHBIMU MacCaMH, ITOJIMINCIIEPC-
HOCTBIO U ()YHKIIMOHAIBHOCTBIO MTOJIMMEPOB.
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Kact . Pran=
Kdeact P ansnnmansp - (10)

Paszpaborannsie k HacTosmemy Bpemern MeTtoabl KPII oOwennHAIOT B cebe AOCTOWHCTBA KUBOW HMOHHON
MOJTMMEPU3AIINAH C IIPENMYIIECTBAMHU PaIUKaIbHBIX MPOIeccoB. [Ipr 3TOM ¢ TOUKH 3peHHs MeXaHWU3Ma Pa3IndaroT
Tpu ocHoBHBIX THmna KPII, muddepeHnrpoBanHbie MpUpoI0i mporecca Ae3aKTUBAIIMH: 00paTUMOe UHTHOUPOBa-
HHUE C yJacTHeM CTaOWIbHBIX PaJHKalioB (cxema 2), oOpaTnmMas mepefada menu (cxema 3) u oOpaTuMBbIil TiepeHoc
aroma (cxema 4).
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rae ~P, — monumepHsIit pagukan, X' — crabunbHbIi pagukan, ke, Kq, Ky, Ko — KOHCTaHTBI ckopocTell pekoMOHHa-
[IMH, JUCCOIMAIINH, POCTAa K OOPBIBA COOTBETCTBEHHO, M — MOHOMED.
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rae ~Py,~Pn', ~P,” — monmmmMepHsle pagukaisl, X: — nepeHocumast rpymna, Ky, K, — KOHCTaHTBI CKOpOCTeit pocTa 1 00pbI-
Ba COOTBETCTBEHHO, M — MOHOMeED.
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P,—Hal + Mt"L,

rae Mt'Ly — MeTauTOKOMILIEKCHBIH KaTanu3aTop; M — MmoHoMmep; K, Ky Ko — KOHCTAaHTBI CKOPOCTEH peakinm akTH-
BaIllH, 1€3aKTUBAIIMU 1 OOpPbIBA LETIH.

[lepBast MmeTomOMOTHsI OCHOBaHa Ha 0OpaTUMON /IE€3aKTUBALMK PACTYILEr0 MaKpopaguKaia IIyTeM PeaKuu
00paTUMOro oOpbIBa NOJIMMEPHON LEMH € y4acTHEM CTaOMIIBHOTO pafuKaia (peakuus 1 cxemsbl 2) U mocieayomle-
IO TOMOJIMTUYECKOTO Pa3phiBa JTa0UIBLHOM CBSA3M B 00pa30BaBIIEMCs] HHTEpMEIUaTe C BOCCTAHOBIICHHEM PacTyLIeH
NOJIMMEPHOH LENH U CTaOMIBHOTO panukana. CTaOMiIbHBIN pagukan X* B KOHEYHOM CUETe€ CTAHOBHUTCS IOMUHU-
PYIOLIMM paJuKaJiOM B CUCTEME BCIIEJCTBHE CBOEH cTabuibHOCTH. OHUM M3 Hanbosee pacupoCTPaHEHHBIX THIIOB
CTaOMIIBHBIX PaJMKaIOB, KOTOPbIE HCHONIB30BANUCH JUISI 3THX LeJei, ObUIM HUTPOKCHIIbHBIE PAAMKAJIbl U B YACTHO-
ctH 2,2,6,6-rerpamerwinunepunui-1-okcun (TEMIIO) [5]. [Mozaaee stor meton nposenenus KPIT 6pu1 ycoep-
HICEHCTBOBAH ITyTE€M HCIIOJIb30BAHUSI OPUTHHAIBHOTO MTOJIX0/1d, CBSI3AHHOTO C TEHEPUPOBAHUEM CTAOMIIBHBIX HUTPO-
KCUJIBHBIX PaJUKAIIOB HENOCPEACTBEHHO B MOJUMEpHU3alMOHHON cucteme (in situ Stable Free Radical Polyme-
rization) [6,7] B pe3yspTaTe B3aMMOJISHCTBUS PACTYLIMX MaKpPOPaJUKAIOB CO CIIMHOBBIMU JIOBYIIKAMH, KaK ITPaBHJIO,
HUTPOHAMH U HUTPO30COCUHEHHUSIMU:
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O0pa3oBaHue BHICOKOMOJICKYJISIPHBIX HUTPOKCHJIOB IMPOUCXOJIUT MTOCPEACTBOM aKIEITHUPOBAHUS HUTPOHOM
JIAHHBIX OJIMTOMEPHBIX PaJHKaioB (cxema 5). B manbHeieM BEICOKOMOIEKYISIPHBIE HUTPOKCHIIBI CITIOCOOHBI 00-
paTUMO B3aUMOJICHCTBOBATH C pauKaaMu pocTa (cxema 2).

YKkazaHHBIN OIXO/ NO3BOJIMI CYIIECTBEHHO paclMpuTh Bo3MoxkHOCTH KPIL, B TOM uuciie, B miaHe CHKECHUS
TeMIIepaTypsl MPOBEACHUS MPOIecca U PACIIUPEHUS Kpyra MOHOMEPOB, CIIOCOOHBIX ITOJIMMEPU30BATLCS B KOHTPO-
JUPYEMOM PEXKHMME B MPUCYTCTBHM HUTPOKCHUIIOB, a TAK)KE BO3MOXKHOCTH CHHTE3a MaKPOMOJEKYJISIPHBIX U HAHO-
pasMepHbBIX MOJUMEPHBIX CTPYKTYp. B wacTHOCTH, pa3paboTaHbl METOABI CHHTE3a JIMHEHHBIX M 3BE31000pa3HBIX
MOJIMMEPOB B MPUCYTCTBUH AUHUTPOHOB Pa3IUYHOTO cTpoeHus [8] (cxema 6).

. ij Sias N
) / \\ f '
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R
N=C omm (6)
OID—O
i /R
" ma)
[ JIuHeHHbIe CTPYKTYpbI J (Pa3BeTBICHHBIC CTPYKTYPHI )

R=Me, tBu, Ph

Bropoii BapuanT nposenenns KPII (cxema 3) u3BecteH kak oOpaTtuMas mepeiadu 1end U OCHOBaH Ha Tep-
MOJIMHAMHUYECKA HEUTPaAJIbHOM peakIuy OMMOJICKYJISPHOTO OOMEHAa MEXIY PacTylled pajuKaabHOW IICNbI0 U
areHToM oOpaTHMOM INepexayn. B kadecTBe TaKMX areHTOB HEPEIKO HCHONB3YIOT CEpyCOAepiKallue COCAUHEHUS
[9], ankunuonunel [ 10], mpou3BOAHBIE TEIUTYPa, CYPbMbL, BUCMYTa U Ipyrux Metamuios [11].

Tperuii nporiecc KPIT ocHOBaH Ha 00paTUMOI Jie3aKTUBAIIMK PACTYIIECH OJUMEPHOM LU ITyTEM IepeHoca
aToMa M BKJIIOYaeT B Ce0Sl OKHCIMTEIbHO-BOCCTAHOBUTEIBHBIM IMEPEX0J METAICOASPIKAILET0 KaTaau3aTopa,
KOTOPBIN, KaK MPaBUJIO, UCIOJB3YEeTCA B COUETAaHUH C aJKWITAIOT€HUIHBIM MHUIUATOPOM (cxeMa 4). AKTUBHBIE
panuKaibl 00pa3yroTCs MMyTeM TOMOJIUTHYECKOTO Pa3pbiBa CBA3M YIJIEPOI-TAIOTEH C MOMOIIBI0 0OPaTUMBIX OKHC-
JIUTEIBbHO-BOCCTAHOBUTEBHBIX MPOLIECCOB, KATATU3UPYEMBIX KOMIUIEKCOM IEPEXOAHOro MeTaiia. Pactymme mak-
pOpaauKaIbl BPEMEHHO J€aKTHBHPYIOTCS Yepe3 PEeakIIiio Mepeavn ey ¢ yYacTHEM aToMa TajioreHa C yCTaHOB-
JICHHEM JWHAMHUYECKOTO PaBHOBECHS MEXIy CIISIIUMH M aKTUBHBIMH paJuKalaMH, YTO 00eCleYrBaeT KOHTPOJIb
Haja nonauMepusanueit [12, 13]. Jng paaukanbHOM TOIMMEPHU3aIi 110 MEXaHU3MY C TIEPEHOCOM aToMa (B aHTJIOS-
3pryHON JuTeparype Atom Transfer Radical Polymerization, ATRP) ucroib3yroT HIMPOKHI CIIEKTP KOMILIEKCOB
NEPEXOIHBIX METAIJIOB, CIOCOOHBIX JIETKO, a TJIaBHOE 00paTUMO M3MEHSThH CTeneHb okucieHus. Hanbonee mupo-
KOe TMIPUMEHEHHUE HAILIN KOMIUTEKCH Meau [14], pyrenus [16] u xxene3a [16].

Crenyer OTMETUTD, YTO HauOOJIbIIEe YUCIIO MyOIuKaluuili B 00JIaCTH KOHTPOJIMPYEMOTO CHHTE3a MakpOMO-
nexyn 3a nocneaare 10 JeT MoCBSImEeHOo MOIUMEPH3aNK 10 MEXaHU3MY C MEepeHocoM aToma. HecoMHEHHO, 4TO
3710 00ycnoBieHo psioM mpeumytiectB ATRP mo cpaBHeHmIo ¢ IpyriMy BapuaHTaMH OCYILECTBIEHHUS KOHTPOIHUpYe-
MOro mpotecca. B 4acTHOCTH, IIMPOKUM KPYroM MOHOMEPOB, KOTOpPHIE MOTYT OBITH BOBJIEUEHBI B 3TOT MPOLECC,
0ONBIINM BBIOOPOM COOTBETCTBYIOIIMX KAaTaIM3aTOPOB M WHHUIIMATOPOB JJISl OCYIIECTBICHHS MOJIMMEPHU3ALINH,
a TaKXKe NMPaKTUYECKH HEOTPAaHWYEHHBIMH BO3MOXKHOCTSIMHM B IIJIJaHE MaKpOMOJIEKYJISIPHOTO IM3aliHa U CHHTE3a
HAaHOPa3MEPHBIX MAaKPOMOJEKYJISPHBIX CTPYKTYp, BKIIIOYas KOMIO3HIIMOHHBIE ITOJIMMEpHbIE MaTepuansl [17].
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CoBpeMeHHbIE TeHJAEHIIUM PAa3BUTUSI KOHTPOJMPYEMOr0 CHHTE3a MAKPOMOJIEKYJ B YCJIOBHUAX paau-
KAJbHOT0 HHUIIUHPOBAHUSI

OparM W3 HEIOCTATKOB IEPBOHAYAIBHBIX BapuaHTOB ocymiecTBieHuss ATRP sBnsiace BbicOkas KOHIICH-
Tpamus HMCIIOJIb3YEMBIX METAJUIOKOMILIEKCOB, YTO HEPEAKO MPUBOIWIO K 3arpsA3HEHHUIO MOJIMMEPOB CIIEIaMU Me-
TamuioB. I psga BEICOKOTEXHOJIOTHYHBIX 00J1acTell COBPEMEHHOM MPOMBIIIUICHHOCTH, HAlpUMEpP, OMOMEIUITHEI
WJIN DJICKTPOHUKH, HATMYNE Ta)K€ MUHUMAIBHBIX KOJIHYECTB COCIUHEHNH METAITIOB MOKET OBITH HEIPHEMIIEMBIM
C TOYKH 3PEHUS BO3MOKHOCTH MX TIOCIETYIOIIEro IPUMEHEHHSL.

C menpio yCTpaHEHHs YKa3aHHOTO HEJOCTaTKa B MOCIEAHHUE TOABI TPENJIONKEH Psii OPUTHHAIBHBIX MTOIXO0-
JIOB, KOTOPBIE HHOTIa OOBEIUHSIIOT OOIIUM TEPMHHOM «3CJICHBIC TeXHOOTum» ocyiiecticHuss ATRP. B ocHoBe
JIAHHBIX METOAUK JICKUT KCIOJIb30BAaHUE HU3KUX KOHIEHTPAIMi METAINIOKOMIUIEKCOB B COUYETAHUU C HEMPEPHIB-
HBIM BOCCTAHOBIICHMEM (PEreHUPOBAHUEM) KAaTaIM3aTopa U3 BBICOKOH cTernenu okucnenus (Mt"LHal), B koTopoit
MeTaJll HeaKTUBEH KaK KaTajlu3aTop MOoIMMepH3aluyu (cxema 4) B akTMBHYIO HU3KYIO cTeleHb okucienus (Mt'L,)
HETOCPEACTBEHHO B MOJIMMEPU3AIMOHHON cucteme (in Situ). B pe3ynbraTe KOHIICHTPAIMS aKTUBHOM (hopMBbI KaTa-
JU3aTOpa MOBBIIIAETCS, YTO MPUBOAUT K YBEITUUCHHUIO CKOPOCTH IIPOLIECCa, C OJJHOM CTOPOHBI, a C APYTrOi CTOPOHBHIL,
MO3BOJISIET MCITOIB30BATH 3HAYMTEIHHO MEHBIITHE KOJMUECTBA MeTa/ITOKOMILTeKca (MeHee 10 ppm).

Mertonel perereparuu katain3aropoB ATRP M0HO yCIOBHO pa3fenuTh HA XUMHUYECKUE U (PU3NUYCCKUE.
Xummdeckue MeTo bl ToBkIeHus 3¢ dexTuBHOCTH TipotieccoB ATRP ocHOBaHBI Ha BBEIGHUH B TIOIMMEPH3AIIUOHHYIO
CHCTEMY JOTIOIHUTENHHBIX aKTHBATOPOB, KOTOPBIE CIIOCOOHBI MEPEBOANTH KOMITIEKCH METAIUIOB B HHBIIYIO CTETICHD
OKHCIIGHHSI I TEM CaMbIM PEreHepHUpOBaTh KaTajum3aTop. B KadecTBe TakMX akTHBATOPOB MOYKHO HCIIOJB30BATh
KIITACCHYECKUE PaJrKaIbHbIE WHUIIMATOPHI, KOTOPHIE BBOAATCS B TMOJMMEPHU3AIMOHHYIO CHUCTEMY B HEOOIBIION
KOHIICHTPAIINH C TENBI0 MOAAePKAHHS MOCTOSHHONW KOHIIGHTPAINY aKTUBHBIX PAJMKAIIOB M PETeHEepallii MeTal-
JIOKOMIDIEKCHOTO KaTalli3aTopa, HaXoZsmerocss B okucieHHou dopme [18, 19]. Kpome Toro, mis pereHepanuu
KaTajam3aTopa HEPEIKO MUCTIOIB3YIOT Pa3IMyHbIe OPraHNYECKHE BOCCTAHOBUTENH, KOTOPHIE CIIOCOOHBI TTEPEBOIUTH
aTOM MeTaJljla M3 BBICOKOM CTEIICHH OKUCIICHHUS B 00JIee HU3KYIO 3a CUET IepeHoca 3ekTpoHa. [1o ananoruu ¢ pac-
CMOTPEHHBIM BEHIIIIE MPOIIECCOM, OCHOBAHHBIC HA 3TOM IIPHUHIIUIIEC MTOIX0 bl MPOBEACHUS MOJIUMEPU3AIINU 110 MEXa-
HU3MY ¢ TiepeHocoM aroMa monyurid HasBanne A(R)GET (Activators (Re)Generated by Electron Transfer), To
€CTh MCII0JIb30BaHUE OHOAICKTPOHHOTO MEPEHOCa JUIsl TeHepalliK/pereHepaiuy akTHBATopa.

AKTHBUPYIOIIMMHU areHTaMH, BOCCTAHABIMBAIOIIMMHI aTOM MeTajuia B KaTaiu3arope B mporeccax KPII, moryt
BBICTYIATh Pa3jIMuYHBIC KIJIACCHI AJICKTPOHOJOHOPHBIX COSAMHEHUH. B ux umcne rujpasuH, (EHOI M YIJICBOJBI,
acCKOpOMHOBas KHCJIOTa, HEOPTaHWYECKHE pearcHThl, Hampumep, mpousBoanbie ojioBa (II), a Takke HEKOTOpBIC
aMUHBI U ipyrue coeaunenus [20, 21].

OcoOblif UHTEPEC MPECTABISET UCIONIB30BaHNE B Ka4eCTBE BOCCTAHOBUTENICH HYJIhb-BaJCHTHBIX METAIIOB,
BKITFOUasi IIUHK, JKeJe30 u Menb [22, 23]. OOmast cxema MpOTEKAIIUX peakiuii Ha puMepe MEAH MOXET OBITh
MpEACTaBICHA CXEMOU 7:

P, -Hal P,-Hal
Cu'Hal/lL

cul Cu"Hal,/L
pn' (7)

I Pn 4] 1

,D,I/II'IpOI'IOleVIOHI/IpOBaHVIe/COI'IpOI'IOpLI,I/IOHI/lpOBaHI/Ie

Takoe paBHOBecHE OTKpHIBA€T BO3MOXKHOCTH HCIOJb30BaHMs st mposenaeHust KPII cucremsr Ha ocHOBe
HYJIb-BJICHTHBIX METAJJIOB B COYETAHUM C PA3JIMUHBIMU opranndeckumu jurangamu (L). Ilpu sTom karanutude-
CKUI KOMIUIEKC MEPEXOAHOr0 METaJIa FTeHEPUPYETCsl HEMOCPEACTBEHHO B IIpOIIecce MmoauMepu3anuu (in situ).

Cpenn MeTo0B «(pU3MUecKoil» aKTHBALMU KaTalIM3aTOpOB, KOTOPHIE TO3BOJSIOT aKTUBUPOBATH MPOIECCH
KPII B nepByto ouepesp HEOOXOIMMO OTMETHUTE AJIEKTpUuecKui Tok [24]. TlockonbKy B OCHOBE psiia IPOLIECCOB,
cBs3aHHBIX ¢ akTHBauuei ATRP, neuT mepeHoc 3JeKTpOHA, TO JIOTHYHO, YTO BJIEKTPUYECKUN TOK MOXKET OBITH
WCIIOJIB30BaH B KaYECTBE CPEACTBA, MEPEBOASIIEIO aTOM METaljIa B KaTaIM3aTOpPE M3 BHICIIEH CTETIEHH OKHCICHHUS
B HUBIIIYIO C TIEJIBIO €T0 pereHepanun (cxema 8).
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Janneiii MeTox, nonyunBLinid HazBanue eATRP, ycnemHo ncnonp3oBan Kak A TOJMUMEPU3AUH (MET) aK-
PWIOBBIX MOHOMEPOB [24] B peXUMe «CKHBBIX» IIeTIel, TaK W AJsl CHHTE3a CBEPXPa3BETBICHHBIX 3BE3000pa3HBIX
MaKpOMOJIEKYJIIPHBIX CTPYKTYp. B kKauecTBe kaTaau3aTopoB B MpOLEccax 3TOrO THUIA MOTYT BBICTYIIATh COEIMHE-
HUS MEAH, PYTEHUS U pAJa APYTUX METAIIOB. Ba)XHBIM TOCTOMHCTBOM yKa3aHHON METOJOJIOTH SBJISIETCS BO3ZMOXK-
HOCTb MCIIOJIb30BAHUS OUYCHb HU3KOH KOHLEHTPALUU METAJICOAEPIKAILEr0 KaTaau3aTopa, a TakKe OTCYTCTBUE He-
00X0IMMOCTH B JOMOJHUTEIILHOM BBEACHUHM BOCCTAHABIMBAIOIIETO areHTa B cucTteMmy. CyIIecTBEeHHBIH HelocTa-
TOK 3aKJIF0YaeTCsl B HEOOXOJUMOCTH PUMEHEHHSI AIEKTPOXUMHUUECKON SUEHKH [T MPOBEICHUs Ipoecca U §o-
HOBOTO 3JIEKTPOJINTA, KOTOPBIH B AaJbHEHIIEM JOJDKEH ObITh BBIICIIEH U3 CUCTEMBI. Bce 3TO HakiaapIBaeT OrpaHu-
YeHHs Ha IPUMEHEHHE JAHHOTO METO/1a B YCIOBUAX MPOMBIIIJIEHHOI'O CHHTE3a OJIUMEPOB.

Eme omauM opUrHHATBHBIM METOJOM MOBBIMICHHS 3 dekTrnBHOCTH TIporieccoB ATRP saBisercs Tak Ha3bI-
BAaeMbIil «TaHAEMHBII» KaTajlu3, KOTOPbIM MPEANoaracT 0JHOBPEMEHHOE HCIOIb30BAaHUE ABYX Pa3IMUYHBIX KaTa-
JM3aTOPOB, OTIMYAIOIINXCS CBOEH aKTHBHOCTHIO. [IprcyTCTBHE B CHCTEME aKTHBHOTO METAJUIOKOMILIEKCa, obec-
MEYMBAIOILET0 OBICTPYIO IT'€HEPALMIO AKTUBHBIX YaCTHUL], B COYETAHUU C METAINIOKOMIIJIEKCOM, CIIOCOOHBIM K OBICT-
POl 1eaKTUBAIIMHM PACTYLINX LENel, TaeT BO3MOXXHOCTh IOBBICUTH CKOPOCTh MOJMMEPHU3ALIUN U CHU3UTH JOJIO pe-
Ak KBagpaTU4HOrO 0OphIBa neny. [IperioskeHHbIH MOAX0A TO3BOJISET YIyUIIUTh KOHTPOJb Hal MOJIEKYJISIPHO-
MacCOBBIMH XapaKTEePUCTUKAMH ITOJIMMEPOB U YMEHBLINTE BPEMS CHHTE3a IIOJUMEPOB, YTO AeJaeT AaHHbIH c11oco0
CUHTE3a MPUBJIEKATEIbHBIM B IPAKTUYECKOM IUIAHE.

B wacTHOCTH, YKa3aHHBIHA TOAX0 OBUT YCIIEIIHO UCTIONB30BaH /ISl IPOBEACHUSI CHHTE3a FTOMO- U COIOJIMMEPOB aK-
PWIOHUTPMIA KaK MPEKYPCOPOB IS MPOU3BOICTBA BBICOKOIPOYHOI'O YIJIEBOJIOKHA — CTPATErHYECKH BaXXHOTO KOMITO3H-
IIMOHHOTO MaTepuaia [25]. YcraHoBieHo [26], 9TO OIHOBPEMEHHOE MPUCYTCTBHE B CUCTEME KOMIUIEKCOB MEITU C IBYMSI
A30TCOACPXkAIIMMH TOJMACHTAaTHBIMUA JMraHzamu: 2,2°-ounupunuaoM (bpy) + Tpuc(2-IUpUITHOMETHIT)aMIHOM
(TIIMA), TTIMA + tpuc|2-(aumeTnnamuHo )3T |amuHoM (MegTREN) nin Me6TREN + bpy, no3BossieT yBeIHuUTh
CKOPOCTh MOJMMEPHU3ALUH 10 CPABHEHHUIO C UCXOAHBIMU CUCTEMaMH, COAEPKAIUMH JIUILIb OAWH U3 METAITIOKOM-
TUIEKCOB TMPU COXPaHEHHH KOHTPOIIS HaJ mpoieccoM. Hanbomnee nepcreKTHBHON CUCTEMOM /sl MOTYYeHUs y3KO-
JUCTIEPCHOTO MOJIMAKPIJIOHUTPIIIA M IPOBEACHUS Ipoliecca A0 BBICOKHUX CTEIeHENH KOHBEPCHU SIBISETCS] KOMIIO3U-
st CuBr/(bpy+TIIMA), no3Bosnsitorias JOCTHYL CTENEHU NpeBpaiieHus MoHoMepa 6onee 90 %. Karanutnueckue
cucteMsl, conepkare MesTREN, xapakTepu3yroTcst OOJIbINEH aKTHBHOCTBIO C TOYKH 3PSHUS IOCTHKECHHS BHICOKHX
3HAYCHUH KOHBEPCHH 32 KOPOTKUM MPOMEXYTOK BpEeMEHH (3a 9 uacoB KOHBepcHst MOHOMepa npesbimaeTr 70 %). B to
JKe BpeMs, TOJMMEpU3alvs B MPUCYTCTBUM JAHHOTO JIMTAaHJa XapaKTepu3yeTcsl 3aTyXaHHEM M HEKOTOPHIM CHIDKEHHEM
CTETICH! KOHTPOJIS Ha MTyOOKUX CTETIeHSIX MPEBPAILEHHS, YTO OTpakaeTcsl B yimpeHrnd MMP nonmydeHHbIX 00pa3iios.

C ucnosp30BaHUEM METOJa LMKIMYECKOH BOJNBTAMIIEPOMETPHH M KBAaHTOBO-XMMHUYECKOI'O MOAEITHPOBAHUS
ObUT MCCIIE0BaH MEXaHM3M TaHJIEMHOTO KaTaln3a M B YAaCTHOCTH OKHCIIUTEIFHO-BOCCTAHOBUTENBHBIX IPEBPAILICHHUI
KOMILJIEKCOB MeIH [26]. YCTaHOBIIEHO, YTO B CUCTEME MMEET MECTO PABHOBECHE MEXKIY OKHCICHHON M BOCCTAHOBJICH-
HOll (hopmamu MetarutokomiuiekcoB. Kommuekec CuBr/MesTREN, o0namasi BEICOKOH JAOHOPHOW CIOCOOHOCTBIO,
BBICTYIIAET B KAUECTBE aKTUBATOpa, B TO BpeMs: kak CuBry/TIIMA, siBisisick 6osiee CHIIbHBIM OKHCIIHTENEM, UTPaeT
POJIb J€aKTUBATOPA, KOTOPBII 00paTMO OCTaHABIMBAET MPOLECC OIUMEPU3ALIIN:
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Takum O6p3,30M, Hpe,[[J'IO)KeHHBIfI MCXaHHU3M Mpeanojaract ydacTtue 000HMX KOMILIEKCOB MEIN B pCaKIUU
noJimMepusalu. OI[I/IH MCTAJJIOKOMIUICKC ABJISACTCA aKTUBATOPOM, a BTOpOﬁ — JACAKTUBATOPOM IIpoLecca. OI[HO—
BPEMCHHOC HCIIOJIB30BAHUC [IBYX JIMTAaHAOB B IMpoHEcCax pa,[[PIKaJ'ILHOﬁ noJimMepu3alu 1Mo MCXaHU3MY ATRP,
KaTaJIM3UpyEeMbIX KOMIUICKCAMHU MCTAJIJIOB, MOXET paCCMATPUBATLCA KaK OAWH U3 CII0COOOB IMOBHIIICHUS CKOpOCTHU
nmponecca v CTCIICHU KOHTPOJIA Hal HUM. B mponecce noJImmMepu3annn HEOO0JIBbII0E KOJUYECTBO BHICOKOAKTUBHOI'O
KOMIIJICKCa 6I>ICTpO AKTUBUPYCT MIPOLCCC, ICHECPUPYA PACTYIINUC paUKaJIbl, B TO BPEMA KaK KOMILUICKC-ACAKTHUBATOP,
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B3ATHIN B OOJBIIEM KOJIMYECTBE, BPEMEHHO MEPEBOMT IIETIM B HEAKTUBHOE COCTOSHHUE, MPEIOTBpAIlas UX OUMOIIEKY
JSIPHBIN OOPBIB, C COXpaHEeHWEM KOHTPOJIS Haf mporeccoM. [IpoBeieHHBIE IKCTIEPUMEHTHI U KBaHTOBO-XMMUYECKUE
pacueTsl CBUAETENBCTBYIOT O TOM, YTO JAaHHBIN cII0cO0 MPOBEICHHUS MOJIUMEPU3AINN PUTOACH I KOMILIEKCOB
¢ OJIM3KUMH 3HAYECHUSIMU PEAOKC-TTOTEHIINAIOB.

[lepcreKTUBHBIM TIOJIX0/I0M, HCIIOJIB3YEMBIM B HACTOSIIEE BpeMsl JJIs MOBBINICHUS 3()(DEKTHBHOCTH MPOIIEC-
co KPII, sBnsercs mpuMeHeHne OWHAPHBIX WHUIMATOPOB [27]. B "9acTHOCTH, C HCIIONB30BaHWEM YKa3aHHOTO
MOJIX0J]a YAAJIOCh OCYIIECTBUTh CHHTE3 BBICOKOMOJIEKYISIPHBIX 00pa3I[0B TOMO- M COTOJIMMEPOB aKPHUIOHUTPHIA
KaK IPEeKypCcOpOB ISl POU3BOJICTBA YIIIeBOJOKHA. Hampumep, ucmonp30Banne B KadecTBe MHUIIMATOPA STHIICHT-
nKoIb-6uc(2-6pomonzodyTtupar) (2f-BiB), cogepxamero aBa aroma 6poma Ha KOHI[aX MOJIEKYIbI, B COUETaHHUH
C KaTaJUTHYECKOW cucTeMoi Ha ocHOBe Opommuma memu (I) m nmByx azorcomepkammx nurangoB (TIIMA
MesTREN = 4 : 1) mo3BossieT moay4aTb TOMO- U CONOJIUMEPBI aKPUIOHUTPUIIA CO 3HAUYCHUEM MOJIEKYJIAPHON MaccChl
Beimie 100 x/a. [IpumeyarenbHo, 4TO MpUMEHEHUE YKa3aHHOTO MHHULMATOpA JAaeT BO3MOXKHOCTH MPOBOJIUTH MPO-
Hece 70 ryOOKHX CTeNeHel mpeBpalleHusi MOHOMepa 3a MEHbIIIee BpeMsl TI0 CPaBHEHUIO ¢ MOHO(YHKIIMOHATILHBI-
MU aHajoramu. llpomecc xapakTepusyercsi MOCTOSHHON KOHIEHTpaluel paJuKalbHBIX YacTHI, YTO XapaKTEPHO
JUTSI KOHTPOJIMPYEMOU MOJIMMEPU3AIUN U BBICOKUM BBIXOJIOM KOHEUHOTOo Mpoaykra. Clenyer OTMETUTh, YTO BBE-
JIEHIEe COMOHOMEPOB NPUBOANUT K HEOOJBIIOMY 3aMEJIEHUIO MPOIIecca W CHIDKEHUIO CTENEHN KOHTPOIIS Hall HAM
[0 CPAaBHEHUIO C TOMOIIOJIIMMEpHU3aLNE akpuloHUTpuia. Bmecte ¢ Tem nuHeiHsil poct MM ¢ KoHBepcHueil U xo-
polliee COOTBETCTBHE JKCIIEPUMEHTAIBHO OlpeneeHHoi MM ¢ TeopeTHYecKH pacCUMTaHHBIMU 3HAYCHHSIMH
TTO3BOJISIFOT TOBOPUTH O BBICOKOM CTETICHH KOHTPOIIS HaJl TOTUMepH3aIinueil.

OTnHYuTeThHOW 0COOEHHOCTHIO MOIMMEPOB, CHHTE3UPYEMBIX C YUACTHEM METaJUIOKOMILIEKCOB B YCIOBHUSIX
ATRP, sBiseTcs HaTMYHE aToMa rajoreHa Ha KOHIIE MAaKpOMOJIEKYJISIPHON IIeNH. YKa3aHHBIM aToM rajioreHa Mo-
XKeT ObITh MpeoOpa3oBaH B Jpyrue KOHIEBbIC (DYHKIMOHANBHBIE TPYIIBI C WCHONB30BAaHHEM pPEaKIUil HYKIIEO-
(UITBHOTO 3aMEIleHHsT WK 3IEKTPOQUIBHOIO PUCOSINHEHNUS, a TAKKE 32 CUET PaJAUKaIbHBIX PEaKluil 3amelne-

HUS WIN pucoeAuHeHU (cxema 1).
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OpUTHHAIBEHBIM TIOAX0JIOM K CHHTE3Y MaKpOMOJEKYJSIpHBIX CTPYKTYp B ycioBusx KPIT smisercst MmeTomo-
norus Atom Transfer Radical Coupling (ATRC), aktuBHO pa3BuBaemas B nocieanue roisl [28]. C e€ moMoisio
MOYKHO CHHTE3MPOBaTh MaKPOMOJIEKYJIbl C CHMMETPUYHOM CTPYKTYpOH M yaBoeHHOH MM, TenexenaTrHsie, Makpo-
IUKJINYECKUE ¥ MYJbTHOJIOUHBIE TPOIYKThI, B TOM YHCIJIEC TOJIMMEPBI C PA3TUYHBIMH KOHUEBBIMH (PYHKIIMOHAb-
HBIMH TpynnamMu. [Ipu 3ToM 0cob0ro BHUMaHMS 3aCIy>KUBAIOT paOOThI, CBA3aHHBIE C PEAKIUSIMU COYETAHUS MOJIU-
MEpHBIX IIeTeii, OCHOBaHHBIE Ha HMCIIOJb30BAHUM CIIMHOBBIX JIOBYIIEK, HAIIpUMEP, HUTPOHOB. JlaHHBIE MPOLECCHI
monyunian Haseanme Radical Trap-Assisted Atom Transfer Radical Coupling (RTA ATRC). Oun mo3BoJsiioT
MOJY4aTh BBICOKOMOJIEKYIISIPHbIE ATKOKCHAMUHBI C 33JJaHHBIMHA MOJIEKYJIIPHO-MACCOBBIMU XapaKTEPUCTUKAMHU,
a TaKke MaKpOMOJIEKYJISIPHBIE CTPYKTYPBI C Pa3IMYHON TOTIOJIOTHEH, KOTOPBIE MOTYT Y4acTBOBATh B JIANbHEHIIIEM
CTYIEHYATOM POCTE MOJIMMEPHOM IETH MTPU BBECHUH JOTOIHUTEILHOM TOpitu MoHOMepa [29].

Cxewmsl mponeccoB couetanust mo MexanusmMam ATRC RTA ATRC B npucyTCTBUM HUTPOHOB M HHUTPO30-
COCIMHEHHI Ipe/ICTaBIeHbI HUXKE.
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RTA-ATRC Mot || Kereo ATRC
Rm + MoHallly,

Ky | ke

l R-N=O or R—T:CH-R1 R-Q330- l (11)

“ | RQy000-

rae Katre — KoHcTaHTa paBHOBeCHS (Katrp = Kact/Keact, OTHOIIIEHHE KOHCTAHT CKOPOCTEH aKTHBAIMHU U JI€3aKTHBA-
1nn; Ke — KOHCTaHTa CKOPOCTH peKOMOMHAINK; K; — KOHCTaHTa CKOPOCTH aKIENTHPOBAHHS aKTHBHBIX PaTHKAIOB
HUTPOHAMH HJIM HUTPO30COCIUHEHUAMH; K, — KOHCTaHTa CKOPOCTH OOpBIBa aKTHBHBIX PAJMKaIOB C YYaCTHEM
HUTPOKCHUIIBHOTO PajfKaa.

IIpupononono6HbIe TEXHOJIOTHH B KOHTPOJIMPYEMOM CHHTE3€ MAKPOMOJIEKY.JI

Ananuz JIMTCPATYPHBIX JAaHHBIX, B TOM 4YHCJIC NPUBCIACHHBIX BBIIIC, OJHO3HAYHO CBUACTCILCTBYCT O TOM,
yt0o MeTosl ATRP u cBszannbie ¢ Humu nporecckl ATRC, nmpeamonararomye nCnoIp30BaHAe KOMIUIEKCOB METall-
JIOB TIEPEMEHHOW BaJICHTHOCTH, SBIISIOTCSA Hambonee 3dpdextuBHbIMU moaxonamu KPII B miane cuHTe3a mommme-
poB ¢ 3aganHoii MM u Tonosnorueil. BmecTe ¢ TeM HCMOIb30BaHNE METAIUIOKOMILIEKCOB B PSJIE CIy4aeB OKa3bIBa-
€TCsl KpUTUYHBIM, HalpUMeEp, B CIydae NPUMEHEHHs MTOJUMEPOB B MUKPORJIEKTPOHUKE, a TaKkKe OHOIOIMYeCKUX
U MEAMLUHCKHUX TEXHOJOTUSX, I/I€ COIEpKAHWE NaKe CIEIAOBBIX KOJMYECTB METajlla SIBJISIETCS] HEIOIyCTUMBIM.
B aT0i1 cBsi3M, pa3paboTKa METOAOB MOJUMEPHU3AINHU 110 MEXaHU3MY C TIEPEHOCOM aToMa 0e3 MCIIOIb30BaHUS Me-
TAIJIOKOMITJICKCOB SIBIISIETCSl aKTyallbHBIM HalpaBlICHUEM B OOJIACTH KOHTPOJIUPYEMOTO CHHTE3a MaKpOMOJIEKYII.
B uHOCTpaHHOI IHMTEepaType Ui XapakTepucTHky dtoro HanpasieHus KPII npumensitor tepmutbl Metal-Free At-
om Transfer Radical Polymerization (MF ATRP), Organocatalyzed ATRP (O-ATRP) [30] wru Photoinduced Elec-
tron Transfer ATRP (PET-ATRP) [31]. B nocnensue rojpl 3TO HarpaBieHHe CUHTETHYECKOW XUMHUH TIOJIMMEPOB
NpUBJIEKAaeT 0c000e BHUMAHNE HCCIIE0BATENCH U B CBA3M C PA3BUTHEM KOHLETILIUH «3€JICHOMN» XUMHH.

B nannoit MeTononoruu, Kak u B ciay4dae npoueccoB ATRP ¢ yuacTrem MeTaniokoMIIJIeKCOB, B OCHOBE KOH-
Tposs Hax MMP 00pa3iioB Jie)kUT OOpaTUMBIH MTEPEHOC aTOMa TaJIOreHa MEXTY «CIISIICH MOJIMMEPHON LENbI0 U
KaTaJIM3aTOpOM, B POJIM KOTOPOTO B JAHHOM CITy4ya€ BBICTYIAET HE KOMIUIEKC MeTajljla, a OPraHUYeCcKoe COEANHEHNE,
KaK MpaBWIO, MOJIMAPOMAaTUYECKOE M reTepoapoMaTHYecKoe Npou3BoxHoe. biaromapst HaIMUMIO pa3BUTOM CHUCTEMBI
CONPSDKEHHBIX TT-CBSI3€H, TAKOr0 poAa COEAMHEHHUS! CIIOCOOHBI MOIVIOMIATH EKTPOMArHUTHOE H3ITy4YEeHHE, TIePeXoms
IpH 3TOM B BO30YXIIEHHOE COCTOSIHHE. BakHO, YTOOBI BO3OYKIEHHOE COCTOSIHME MOJIEKYJBI MMEJIO OTHOCHTEIBHO
JJIMTCJIIBHOC BPEMS KU3HU, MTOCKOJIBKY OHO IOJDKHO YCIETH BCTYIIUTH B OKUC/IMTECIIbHO-BOCCTAHOBUTCIIbHYIO PECAKINIO
JI0 BO3BpaTra B OCHOBHOE COCTOSIHME. B CBOIO oueperb, NPOLECCH OKHUCIEHUSI U BOCCTAHOBJIEHHS (DOTOKaTamm3aTopa
JOJDKHBI OBITH 00paTUMBIMH, YTOOBI KATATUTUYECKUI LIUKII CMOT 3aMKHYThCSI.

IIpomnieccer MF ATRP mporekaroT mo 1ByM MeXaHH3MaM: ¢ OKHCIUTEIBHBIM ITUKIIOM TallleHUs, B KOTOPOM
karanu3aTtop (PC) mepexonuT B BO30YXAEHHOE COCTOSHHE U OKUCIISETCS O COOTBETCTBYIOIIETO KaTHOH-PaIuKaIa
(cxema 12) 1 c BOCCTAaHOBUTEIBHBIM LIUKJIOM TallleHHs], B XOA€ KOTOPOTO KaTalIn3aTop B BO30YKICHHOM COCTOSTHUH
BOCCTAaHABJIIMBAETCS IO aHWOH-PaUKaia 3a CUET MPUCYTCTBYIONIETO B CUCTEME BOCCTAHOBUTEIIS, HAIIPUMED, aMIHA
(cxema 13).

" (12)
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B kauectBe horokaranuzaropos (PC) nmpoiieccoB JaHHOTO THMA MIUPOKO Uctonb3yercs 10-penmidenornaszun
U €ro aHaJIOTH, KOTOPBIE CIIOCOOHBI MMPOBOJUTH KOHTPOJIHPYEMBIH CHHTE3 IOJIMMEPOB Ha OCHOBE METAKPHIIOBBIX
MOHOMEPOB TIOJ] ICHCTBUEM M3yueHus OmmkHero Y ®-nuanaszona (380 um) [32].

Eme ogHUM KJ1acCCOM I'eTEepOLMKIMYECKUX COeIMHEHUH, CIIOCOOHBIX BBICTYIATh B KAaYECTBE KaTaIM3aTOPOB
nporiecca MF ATRP, senstorest N,N-muapmnauruapodenasunst. [lomnvepuzanmns MMA B UX IpUCyTCTBAU TIPO-
TEKaeT B KOHTPOJIMPYEMOM PEXHME ¢ 0Opa30oBaHUEM IIOJIMMEPOB C KOd(pQUIMEHTaMH HOIMIUCIEPCHOCTH Ha
yposHe ~1,1 [33].

Jns nocTikeHus BHICOKOM 3()(heKTUBHOCTH OpraHWYEeCKUi KaTalu3aTop IOJDKEH XapaKTepH30BaThCs BBICO-
KUM KO3(QHULUUEHTOM 3KCTUHKIHMH Ha JUIMHAX BOJH, COOTBETCTBYIOLIMX BO30YXXJaromeMy n3inydeHuto. [Ipu stom
BO30Y>KICHHOE COCTOSIHME NOJDKHO 00J1afaTh OONbLIMM BpeMeHeM XHU3HH. Ilo 3ToMy mapameTpy opraHudeckue
COCIMHEHHSI CYLIECTBEHHO YCTYNAIOT KOMIUIEKCAM IIEPEXOAHBIX METAJIIOB.

C ucmonb30BaHWEM YKa3aHHOW METOOJIOTHH YOAJIOCh TPOBECTH MOJMMEPH3ALHUI0 B PEKUME <(GKHBBIX)
Hemneu psjga aKkpuioBBIX MOHOMEPOB, BKiIouas MMA, akpuiIoHUTpWI, 2-(IMMETHIaMUHO)METaKpuiaaT U JIpyrue
HeIpeaenbHble coeauHeHus. [Iponece nmonumepusanuy XapakTepusyercsl TMHEMHbIM poctoM MM ¢ KOHBepcuel,
a TarKe MCXOAAUIeH U3 HyJIs TMHEHHON 3aBUCUMOCTBIO OTHOIICHHS JIorapru(dMa HavyalbHOW KOHIIEHTPAI[MH MOHO-
Mepa K TeKyIel KOHLIEHTPALUH, YTO CBUICTENLCTBYET O MOCTOSHCTBE YUCIa PACTYIIMX LENei B X0/e MOJMMEpH-
3allUM U SIBIISIETCS OJHO3HAYHBIM J0KA3aTeLCTBOM MIPOTEKAHUSI CHUHTE3a MOJMMEPOB B PEKUME (GKUBBIX» IIETICH.
Juanazon MM CHHTE3MPOBaHHBIX MO JAHHOMY METOJY MOJMMEPOB (PaKTHUSCKH aHAIOTHYEH YKa3aHHOMY Iapa-
METpY Ui MaKpOMOJIEKYII, TOJYYeHHBIX B ycloBusix kinaccmdeckor ATRP ¢ ydacTneM MeTammoKOMILIEKCOB,
OJIHAKO, 3Ha4YeHHE KOA(P(PHULNUEHTOB MONUAUCICPCHOCTH B PSAAE CIy4aeB CYILIECTBEHHO BBIIIE, YTO YKa3bIBaeT Ha
0oJiee HU3KYIO CTEIIEHb KOHTPOJIS HaJl IPOLIECCOM.

B ciryaae, ecmu MF ATRP mpoTtekaeT o BOCCTaHOBUTENLHOMY UKy rameHus (cxema 13), B kauecTse ¢o-
TOKATaJIM3aTOPOB NMPUMEHSIOT TPAAWLUOHHBIE ISl PaJluKaIbHON MOJMMEpH3auud (HOTOMHHULIMATOPHI, HAIIPUMED,
0cH30()eHOH B COUETAaHWU C TPETUYHBIM aMHHOM, BBIIOJIHSAIOLIMM POJib BoccTaHoBUTENS. [lon neiicTBuem KBaHTa
cBeTa (OTOKATAIN3ATOP MEPEXOTUT B BO30YKICHHOE COCTOSHHUE, XapaKTepU3yIOLeecs BBICOKUM OKUCIUTEIbHBIM
NOTEHIIMAIOM, KOTOPOE OKHCIISIET aMWUH JI0 KaTHOH-pajiKaia ¢ oOpa3oBaHHMEM aHHOH-paUKalla KaTalu3aropa.
AHMOH-pauKanbHas Gopma KaTtaliu3aTopa B CBOIO OYepe/lb BOCCTAHABIMBACT alKWITAJIOTCHU WIIH «CIIAILIYIO
MOJMMEPHYIO [eTb, UHUIIMUPYS WM PEUHUIIMUPYS Mpoliecc noaumepu3anui. OOpa3yonuiics: TraloreHu1-aHnoH
0o0pasyeT MOHHYIO Tapy ¢ KaTHOH-PaJMKAIOM aMHHA. B3anMojeiicTBHE MOHHOW Maphl C PaJUKaIOM MPHUBOIUT K
obOpatumMoMy OOpHIBY 1ienn. Kpome OeH30(eHOHa B KadecTBE KaTaIM3aTOPOB B IMpolieccax ATOTO THUMA ObLIM yC-
TICIIHO MPUMEHEHBI TIPOU3BOIHBIC THOKCAHTOHA U OEH3ajIbaeruia, KaM(pOpXHHOH, (DJIyOpeClenH U KpacUTeIu Ha
ero ocHose [34, 35].

C TouKH 3peHHs] SKOHOMHYECKHX 3aTparT, a TaKKe KOHLEIINN «3eJIEHON» XMMUHU UCII0JIb30BaHNE OpraHuye-
CKUX KaTaJu3aTOpOB 0oJjiee MPEeANOYTHTENbHO, YeM NPUMEHEHHE METAITIOKOMILIEKCHBIX peryisitopoB ATRP, co-
JepKalux JOPOTOCTOSIIME JIUraHIbl B CBOEM cocTtaBe. Kpome Toro, Kak yxe yKa3blBajOCh BBILIE, HAINYHE JaKe
CJIEZIOB METaJlla B COCTABE CHHTE3UPOBAHHOTO MOJIMMEPA CYIIECTBEHHO OIPAHUYHMBAET BO3MOXKHOCTh MCIIOJIb30BA-
HUSI TIOJIMMEPHBIX MaTepUAJIOB B 3JIEKTPOHUKE, OMOMEIUIMHE U PALE IPYTUX BBHICOKOTEXHOJIOTHUHBIX 00JacTel.
B 27011 cBsI3H pa3paboTKa HOBBIX BBICOKO3((EKTUBHBIX opeanuueckux (Metal-Free) kaTanuzatopos [uist IporeccoB
KPII BecbMma akTyanbHa W NPakTHYECKW 3HauMMa. [Ipu 3ToM 0coOBIN MHTEpeC BBI3BIBAIOT (HOTOKATATUTUYECKHE
CUCTEMBI, KOTOPBIE, C OJJHOM CTOPOHBI, 3Q()EKTUBHBI B HU3KUX KOHIICHTPAIUSX, a C JAPYTOil CTOPOHBI, CIIOCOOHBI
WHUIIMHPOBATH MPOIECCH KOHTPOIMPYEMOTO CHHTE3a MaKpOMOJIEKyd B obmactu Ommxaero Y @-auamasona (350—
410 um) wim Bugumoro ceera (400-700 uM), mockosibKy uHTEepBan crektpa 180-320 HM, B KOTOpOM pabOTarOT
OOJBIIMHCTBO M3BECTHBIX (POTOKATAIN3ATOPOB, OMTACEH JJIS 3AOPOBBAL.

Cpenu coeTMHEeHUH, CIIOCOOHBIX MOTJIONIATH CBET B BUIAMMOW OOJNACTH CHEKTpPa W MMEIONIMX BBICOKHE 3HA-
YyeHus1 K03 (UIMEHTOB NOTTIONICHHUS, HECOMHEHHBINA HHTEPEC MPEJICTABIISIFOT MPOMBIIUICHHBIE KpacuTenu. MHorue
U3 HUX KOMMEPYECKH JIOCTYITHBI ¥ IPUMEHSFOTCS B KAUEeCTBE WHANKATOPOB B aHAIUTHUECKOW XUMHH. B wacTHOCTH,
YCTaHOBJICHO, UTO Npou3BojiHoe peHornaznna (OT) — merunenosblit cuanii (MC) MoxeT ObITh IPUMEHEH Kak §o-
TOKaTanu3aTop Ajs nposeneHus noiauMepuzauun MMA B ycnoBusix MF ATRP [36]. B kadecTBe MHMLIMATOPOB
npoliecca CUHTE3a MakpOMOJIEKYJl ObUTHM HMCHOJIb30BaHBI 3THII-2-OpOMHU300YTHPAT, YETHIPEXOPOMUCTBIH YIIIEPOs
U JIpyTUe TaJIOTeHIPOU3BOTHBIE.

(13)
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[TokazaHo, YTO MOIMMEPHU3ALHS IPOTEKAET C JOCTATOUYHO BHICOKO CKOPOCTBIO M B KOHTPOJIUPYEMOM PEXHME
JaKe NP HU3KUX KOHLEHTPALMIX METHIEHOBOTO CHHET0, IPUYEM C HCIIOJIb30BAaHUEM B KaueCTBE MCTOYHMKA H3-
Jy4eHUs] OOBIYHBIX CBETOIMOIHBIX JEHT. CKOPOCTh MOJIMMEPHU3ALMH U MOJIEKYIIPHO-MACCOBBIE XapaKTEPUCTUKU
00pas3IoB ONMPEISNIAIOTCS IPUPOIOI KCTOUHMKA cBeTa (Terwiblid Oenbiii cBet, LED-nenTa 400—800 HM miu romy0oii
cBet, LED-tenra RGB tnma 470 = 10 #M), a TakKe CTPOCHHEM HMHHUITHATOPA W BBEACHHS JOTIOTHUTEIBLHBIX aKTH-
BaTOpoB. B uwacTHOCTH, HMCMONB30BaHUE TEIUIOTO OENoro cBeTa Hambosiee ONAarompUsITHO B IJaHE AOCTHKCHHUS
BBICOKOH KOHBEPCHH MOHOMEpa. DJIEKTPOHOIOHOPHBIE JO0OABKH, HANpUMeEp, amnupaTHISCKUe aMHHBI, 00JIerdaroT
o0paTHMBIil Iepexo;] KaTtanu3aropa U3 ogHoi GopMel B Ipyryto (cxema 13) U TeM caMbIM yCKOPSIIOT IIpoIiecc Mo-
JTMMEpH3aLuy, a TaKKe CIOCOOCTBYIOT (POPMHUPOBAHUIO JIMHEHHON 3aBHCUMOCTH pocTa MM HOJIMMEPOB OT KOH-
BEPCHUH, UTO SBISIETCS OJHUM M3 OCHOBHBIX IPU3HAKOB MOJIMMEPHU3ALUH B PEXUME «OKHUBBIX) LETICH.

[Mpumenenue poTokatanusa s EPEeBO/ia NOJUMEPHON LMK U3 «CISIIET0» COCTOSHUS B aKTUBHOE MOKET
OBITH YCHEIIHO MCIOIB30BaHO He TONBKO B cirydae ATRP, HO u mpu mpoTekaHUH Ipolecca Mo MeXaHu3My obpa-
tuMoi mepenaun nenu. [lanroe Hanpasnenue KPII, mmenyemoe B murteparype kak ¢oromnmynupoanHas OINL]
(®U-OIILI, B anrnos3eiuHoitl auteparype Photoinduced Electron Transfer, PET-RAFT) Taxke akTHBHO pa3BUBacT-
cs B mocneHue ronsl [37]. B ero ocHOBe JEKUT MCIIONB30BaHKE (DOTOMHUIIMUPOBAHUS TSI TOMOJN3a JTAOWIFHON
CBSI3U yTJIEPOA-CEpa B COOTBETCTBYIOMIMX aJyKTaxX ¢ 00pa3oBaHUEM aKTUBHBIX PaJMKalIoOB, KOTOPBIC B CBOIO OYe-
pellb CIOCOOHBI BECTH MpOLEcC MOJUMEPH3aLUU 110 MEXaHW3My oOparumol mepemauu nenu. Takxum obOpasowm,
MOYKHO PEHHHUIIMUPOBATh MPOLECC MOJUMEPH3aLnu 0€3 HCI0Ib30BaHUs PAIUKAIbHOTO HHULHATOPA, YTO MO3BOJIS-
eT 1o0uThCs OoJiee BEICOKOU cTeneHr KoHTpoist Hag MMP. Manasi 4yBCTBUTENBHOCTh pACCMaTPUBAEMBIX CHCTEM K
KHCJIOPOIy BO3/yXa JEIaeT BO3MOKHBIM HX IPUMEHEHHE AJIsl POBEACHUS MpoLiecca B MPOTOYHBIX (OTOpeaKTopax
wian g 3D-meuatu [38].

Cpenu karanuzatopos nporiecca G@U-OI1L] ocoboe MecTo 3aHrMMa0T MOphUPUHOBBIC IPOU3BOAHbIE [39, 40],
B TOM uncie xjaopopwni. [Ipumenenne nocnenHero coeMHEeHus sBISETCS 0COOEHHO HHTEPECHBIM C TOUKH 3PCHHUS
«3ETICHOM XUMHUWY, IPHYEM B CAMOM TIPSIMOM CMBICIIE 3TOTO ciioBa. [Ipoiecc mpoTekaeT moj AeUCTBHEM H3ITyUeHHUs
JUIMHHOBOJIHOBOTO uana3zona (635 um). IlpenmymiectBom xjaopoduiiia SBisieTcs ero Aerpaianus Ha BO3IyXe I0-
cJie OKOHYaHUs TIpoliecca, IPUBOIAIAS K moTepe okpacku. ClieyeT OTMETHTh, YTO JUIsl TPOBEICHHS MTOJTUMEpH3a-
UM MOKHO HCIIOJIb30BaTh KaK YMCTBHIA XJIOPOQHILL, TaAK U €ro SKCTPAKT, BBIACICHHBIA M3 PACTUTENHFHOTO CHIPhS
0e3 rimy6okoil ounctkd. CHHTE3MpPOBaH psA aHAJIOrOB XJIOpO(dHiIa, KOTOphIE TAaKKEe MOXHO NpUMEHSTh B PU-
OINL. OgHrM M3 HUX SBISETCS KOMIUIEKC TeTpa@eHMIOpGUHIHA ¢ IIMHKOM, KOTOPBIH clTocOOeH WHUIIMUPOBATh
npouecc KPII mmpokoro cnekrpa MOHOMEPOB, BKItOUast (MET)aKpuIaThl, aKpHIIAMHBI U CTHPOIL.

O heKTUBHBIM CITOCOOOM TOBBIIICHHS KATATUTUYECKONH aKTUBHOCTH MOP(QUPHUHOBBIX MPOM3BOAHBIX SBISIETCS
nonyuenue Ha ux ocHoBe OIlL[-arenToB. B cucTemax Takoro Tuma TpUTHOKapOOHATHAS TPYIIIa, OTBETCTBEHHAS 32
peryaupoBaHue Ipolecca MOoJUMEPH3alui U NOPQUPHHOBBIN (PparMeHT, BHICTYNAIOUINHA B POJIH «MOJICKYJIIPHOM
AHTEHHBD, HAXOASTCS B HETIOCPEACTBEHHOM OJIM30CTH JIPYT OT JIPyTra, YTO CYIIECTBEHHO MOBBIIIAET BEPOSTHOCTD
aktuBanuu nonuMmepusanuu [39, 40]. Ilocie Bo3OyXIeHHS 3JIEKTPOMArHUTHBIM H3JIYyYSHHEM IPOTEKaeT BHYTPH-
cepHBI OJHORIEKTPOHHBIH NEPEHOC MEXIY IBYMS YacTSIMH MOJICKYJIbl, YTO NPUBOIUT K MHULMHPOBAHUIO I10-
numepu3aiuu (cxema 14).

% hv

N Ph Ph ©-
i X
)k = Ph s s - R
Ph
(s s W BN
Ph Ph

OO0ydeHre CBETOBBIM MOTOKOM MOXET OBITh YCIEIIHO HMCIIOJIb30BaHO M JUIS MOBBINICHHUS 3((HEKTUBHOCTH
MIPOIIECCOB KOHTPOJIIMPYEMOTO CHHTE3a MAKPOMOIIEKYJl MO0 MEXaHH3My OOpaTHMOro WHruOupoBanwus. [lepBriM
IIPUMEPOM IIPOLECCOB TAKOI'O THIIA SABHUJIACH (i)OTOHOHI/IMepI/ISaI_H/ISI CTsB IMPUCYTCTBUH aJIKOKCUAMHWHOB Ha OCHOBC
TEMIIO u xcantoHa kak (ortocencedmnuzaropa [40]. [Ipu 3ToM mporecc GOTOMOIUMEPU3ALNUN 110 MEXAHU3MY
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00paTUMOMI0 UHTMOMPOBAHUS MOXKHO TIeJICHANPABIICHHO PEryIMpOBaTh (MHUIIMHUPOBATh, OCTAHOBUTH M BHOBB 3aITyCTHTh)
MyTEeM BKJIIOYCHHUS M BBIKIIOUCHUsS CBeTa. [Iporecc mpoTekaer 0 BRICOKOW KOHBEPCHH YK€ MPU KOMHATHOU TEM-
neparype, ogHako MMP crHTe3npoBaHHBIX 00pa3IIOB TOCTATOYHO IIHPOKOE.

B uenom mns sddexruroro ocymectsnenuss KPII mo mexanmsmy o0paTuMoro WHTHOUPOBAHUS aJKOKCHA-
MUHBI JOJDKHBI OBITh «ITOJIKIIOUSHBD) K MOAXOIAIIEMY CCHCHOMTN3aTOpy (Ha PUCYHKE U300pakeH B BUIE Cephl):

N—O + R (15)

B kauecTBe Takux rpymin MOTYT BBICTYIIATh CONPsDKEHHBIE CUCTeMBI (OeH30(eHOH, HadhTaanH, XUHOJIMH | T. II.)
[41, 42], B mpucyTCcTBUU KOTOPHIX (DOTOMHAYIIMPOBaHHAS monuMeprn3anuds MMA MoeT mpoTeKkaTb pu KOMHAT-
Hol Temmeparype. [Ipouecc xapakrepusyercst TMHEHHBIM pocToM MM ¢ KOHBepcHeill U HEBHICOKMMHU 3HAYCHUSIMH
ko punmentor nomunucnepcuoctu (D=1,3-1,4). Kontponupyemsiii XxapakTep NOJMMEPHU3ALUN TAKXKe MOATBEP-
KAaeTcs MPOBEICHUEM MOCTIOIMMEPH3aLINH.

B memom criegyer oTMeTHTh, UTO HWIES WCIONB30BaHUs (oTokaTanmsa st nposenenus KPII mpubmmxaer
CHHTETHYECKYI0 XFMHIO TIOJMMEPOB K TIpoIleccaM CHHTEe3a OMOTIONMMEPOB B JKUBOW MIPHUPOJE B pe3ynbrare GpoTo-
CHHTE3a, IPOTEKAIOIIETO 33 CUET YHEPTHH COMHEYHOTO M3NmydeHus. HecoMHEHHO, yTO mpuMeHeHne (oToKaTaIn3a
AJ1d IPOBEACHUSA KOHTPOJIUPYCMOI'O CUHTE3a MAaKPOMOJICKYJI ABJISICTCA HOBBIM 3HAYMMBIM HAIIPABJICHUEM, KOTOPOC
B IEPCIEKTHBE MOMKET NMPHBECTH K MPOMBIIIICHHOMY MPOW3BOJCTBY (DYHKIMOHATIBHBIX MOJIMMEPOB HIMPOKOTO
CIEKTpa MPUMEHEHUS, B TOM YHCIIe IJIs1 ONOMETUITMHBI M SJIEKTPOHHKH.

3akiouenne

[TpoBeneHHBIH BhIlIE aHATIM3 JTUTEPATYPHBIX JAaHHBIX CBHIETEIBCTBYET O TOM, YTO B HACTOAIIEE BpEMS Ha-
NpaBJICHHBIE METOJBI MOJYYEeHUS] HOBOTO THIIA TOJMMEPOB M MaKpOMOJIEKYJSIPHBIX CTPYKTYpP HEMOCPEICTBEHHO
CBsI3aHEI ¢ UcTonb3oBanueM noctmwkeHuii KPII, mpu 3tom Hanbonee 3¢ (heKTHBHBIM BapHaHTOM pealli3aliy JIaH-
HOT'O METOJa SIBJIAETCS MOJMMEPH3aLus 0 MEXaHU3My ¢ nepeHocoM atoma. Ilpuuem B mocieanue rogsl ocodoe
BHHUMaHHE yemsieTcsl pa3paboTke MeTom0B HoimMepu3anun mo mexanusmy ATRP ¢ ncnons3oBaHneM opranude-
CKHX He colepkaiux meraun karanuzaropos (Metal Free ATRP). Taxke 3HaUNTENbHBIN HHTEPEC UCCIIeI0BATEICH
BBI3BIBACT pa3paboTka 3P¢PeKTHBHBIX MeTon0B NpoBeneHns KPII B ycrnoBHsX ymbTpaguoNeTOBOTO H3ITyUYSHHS
OJIVDKHETo uana3oHa M BUAMMOTO CBETa, B TOM YHMCIIE BBAABAEMOI0 MIPOMBIILIEHHO BBIITYCKa€MbIMU CBETOIMOIA-
MU, KOTOpBIE SIBJISIOTCS MEPCIEKTUBHBIMA UCTOYHUKAMHU M3Iy4eHus Ui GOTOXUMHHU. Mcnoap30BaHUe CBETOBOIO
MOTOKA OIPEENICHHBIX [UIMH BOJH MOXET O0eCIeYuTh BO3MOXKHOCTH IPOBEACHHUS KOHTPOJIHPYEMOTO CHHTE3a
MaKpOMOJIEKYII TIPH JIOCTATOYHO HU3KHX TEMIIepaTypax, BKI0Uask KOMHATHYIO, YTO OJaronpHusTHO OTpaKkaeTcs Ha
TIOJIMTUCTIEPCHOCTH, & TAKXKE MUKPOCTPYKTYpE MOTUMEPHBIX 00pa3IoB.

C ncnosnbp30BaHUEM YKa3aHHBIX 1T0J1X00B cuHTeTHYeckne MeToabl KPIT moryT ObITh NpHOIMKEHBI K XUMHU-
YECKHM IIPOLIECCaM, IIPOTEKAIOLINM B KUBBIX CHCTEMAax B YCIOBHUIX (OTOMHUUMUPOBaHUA U doTokaranuza. Pak-
TUYECKH PEYb WIET O MPUMEHEHHU «IIPUPOAONOAOOHBIX» TEXHOJOIHH B CHHTE3€ (DYHKIIMOHAJIBHBIX MOJIMMEPOB.
Bricokast 3¢ GeKTHBHOCTh TTOJJOOHOTO POJia MPOIECCOB B COUYETAHHH C CEJIEKTUBHOCTBIO MOXET CIIOCOOCTBOBATH
pacIMpeHno TOTeHIIMala MpakTHIeckoro npuMeHenus: Mmetogonorud KPII B miaHe cuHTe3a ()yHKIIMOHANBHBIX
MOJIMMEPOB C 33JaHHBIM KOMIUIEKCOM CBOWCTB U XapaKTEPUCTHK.

HecomHenHo, uTo Hapsiay ¢ QyHAaMEHTaIbHOW COCTABIISAIOUICH NaHHAS TEMAaTHKa MMEET YETKO BBIPAXKCH-
HYIO MPAaKTUYECKYIO HAIIPaBICHHOCTh B IJIAaHE CO3/IaHHS HOBBIX IOJUMEPHBIX MATEPHAOB C YIYYLICHHBIM KOM-
TUIEKCOM CBOMCTB M XapaKTEPHUCTHK, BKIIIOYAsI TIOJIMMEPBI MEJUITUHCKOTO Ha3HAYCHUS, B TOM YHCIIE TPUMEHsIEMbIC
JUISL aJpECHOM JTOCTaBKHU JIEKAPCTBEHHBIX MPENapaToB, UMIUIAHTHl W aJre3UBBI HOBOTO ITOKOJICHUS, XUMHUYECKH
YCHUJICHHBIE TIOJIMMEPHBIE (POTOPE3UCTHI ISl IPOU3BOICTBA HHTETPATBHBIX MUKPOCXEM H Ipyrue (pyHKIHMOHATbHBIE
MOJMMEPHI, BKIII0Yasi KOMIIO3UTHBIE MaTEPUAIBL.

Koneuno, B 6mwxkaiiimme roast KPII Bpsig mu 3aMeHHUT OOBIYHYIO PaJUKaIbHYIO MOJMMEPH3ALUIO B IUIaHE
NPOU3BOJICTBA KPYITHOTOHHAXXHBIX TOBAPHBIX TOMMMEpoB. OIHAKO COBEPHICHHO OYEBHJIHO, YTO OHA SBISETCS
U3SAUIHBIM U () (EKTUBHBIM HHCTPYMEHTOM JJIsl CHHTE3a HEOONBIINX 00hEMOB MTOJIUMEPOB ¢ OCOOBIM KOMILIEKCOM
CBOWCTB, KOHTPOJIMPYEMOH apXUTEKTYPOi U MOJIEKYJISIPHO-MAaCCOBBIMH XapaKTEPUCTHKAMH.

Paboma svinonnena npu noodeporcke Poccutickoeo ghonoa ghynoamenmanvroix uccredosanuil (npoexm Ne 20-03-

00150) u Ipocpammer cmpamezuuecko2o akademuueckozo audepemsa «llpuopumem 2030» Munucmepcmea nayku
u gvicutezo obpasosanus Poccuiickou Dedepayuu.
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MHOJIMMEPU3ALIUA BUHUJIBHBIX MOHOMEPOB
B IIPUCYTCTBUU AMUHHUPOBAHHBIX IIOJIMMEPOB

lMa.mcalmyen 10.A., 'KokoeBa A.A.%, Zﬂmannnon A.T., 'Bernesa M.B.
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P acevampuearonmics npoyeccsvl noaumepusayu BUHUIbHbIX MOHOMEPOE 6 NPUCYmCcmeuu UHUYUUPYIOWUX cucmem
amun—cwmupyromuﬁ aceHm, CE6A3AHHblE C HUMU npoyeccbl noaumepusayuu, 6bl36aHHble OOHOpHO-aKZ/!QI’ZI’nOprW 83aUmMo-
()eﬁcmeueM, a makoice noaumepusayusl 6URUIbHbIX MOHOMEPOB 6 NPUCYMCMEUU AMMOHUEBBIX coeOduHenull. Ycmanosie-
HO, Ymo noaumepusayus 6 npucymcmeuu uHuuuupyiowezZ cucmemvl AMUH — aﬂszupyiommi aceHm CeA3aHa ¢ aOHOPHO'
axKyenmopHvIM 83auUmMooelcmeuem u o6pa306aHueM KomnJjiekca ¢ nepeHocom 3apﬂ()a.

KitoueBble ciioBa: nojmMmepusanysi, BAHWIbBHLIC MOHOMEPLI, KOMIIJICKC C IIEPCHOCOM 3apdaa, aMUHUPOBAHHBIC
ITOJIMMEPHI.

POLYMERIZATION OF VINYL MONOMERS
IN THE PRESENCE OF LAMINATED POLYMERS

! Malkanduev Yu.A., '"Kokoeva A.A., ?Dzhalilov A.T., 'Begieva M.B.

'Kh.M. Berbekov Kabardino-Balkarian State University
*Tashkent Research Institute of Chemical Technology

The processes of polymerization of vinyl monomers in the presence of amine-alkylating agent initiating systems,
related polymerization processes caused by donor-acceptor interaction, as well as polymerization of vinyl monomers in
the presence of ammonium compounds are considered. It has been established that polymerization in the presence of an
amine-alkylating agent initiating system is associated with donor-acceptor interaction and the formation of a charge
transfer complex.

Keywords: polymerization, vinyl monomers, charge transfer complex, animated polymers.

Ilox xommnexkcom ¢ mepenocoM 3apsaa (KII3) moHMMaroT MoONEeKyIspHbIE COENMHEHHs, o0Opasylomuecs Mpu
B3aMMOJICHCTBHH JIBYX BAJICHTHO-HACKHIIIEHHBIX MOJIEKYJI ITyTeM YaCTUYHOTO HIIM MOJHOTO TepeHoca 3apsijia OT MoJie-
KyJIbl JIOHOpa 3JeKTPOHOB K Molekyie akienTopa. KII3 moxer oOpazoBaThes MpH HAIWYUW JIOCTATOYHO BBHICOKOW B
SHEPTreTUYECKOM OTHOIICHHUHU 3arOJHEHHON OpOUTHI y MOJIEKYJIbI JJOHOpPA W JIOCTATOUHO HU3KON BAJCHTHOW MOJIEKY-
JISIPHOW OPOUTBI Y MOJIEKYJTBI aKIIETITOPA.

CornacHo aBTopam [1-3], KoTopbie pa3paboTaiu CYIIECTBYIONIYIO KIaCCH(PHUKAIIMIO MOJCKYIISIPHBIX COCIH-
HEHHMH JOHOPHO-aKLENTOpHOro Tuna, npu obdpazoBanuu KII3 cymecTtByer Me3oMepus MexIy HEHOISIpHOH ¢op-

Moii komiuiekca A—D (ocHoBHOE cocTostHue) U nossipHoit A™ — D™ (Bo30yxkaeHHOE):
— +
A-DzA-D.

Bceneactsue storo B coorBercTByrommx yciaoBusax Takue KII3 moryt mpoaynupoBaTh paauKalibl U HOH-
paanKabl, MHUIMHPYIONINE TIOTMMEPHU3AII0 BUHIIBHBIX U IpYTuX MoHOMepoB. [Ipeanomnaraercs, uro KII3 Bius-
€T He TOJIFKO Ha CTaJAHMI0 MHUITMHUPOBAHMS, HO M HA CTaJUH pocTa U o0pbiBa renu. CienyeT OTMETUTh, YTO BIHSTHHAE
KII3 Ha craguu pocta u 00pbIBa LIeNM HAUMEHEE HCCIIE0BAHO, M UX MEXaHU3M HEJOCTATOUYHO MOHSTEH.

Kocogep [2] cunraert, 9To faxe B CiIydae TaKUX peaklyi, TPy KOTOPHIX KOHEYHBIE MPOAYKTHI HE 00pa3zyroT-
sl HETIOCPEICTBEHHO uepe3 Komruiekc, Hanmane KI13 MokeT criocoOCTBOBATh OPHEHTALINN PEATHPYIOMINX MOJIEKYIT
U BIUATH Ha MPHUPOJy KOHEUHBIX MPOAYKTOB. YCTaHOBJIEHO, YTO MEPBOM CTaAMel IMpolecca MOJNKOHAECHCAIVH,
I7ie OJMH U3 KOMIIOHEHTOB — 3JIEKTPOHOJOHOP, & IPYTrOH — AJIEKTPOHOAKIENTOop, siBisieTcs: oopasoBanue KII3. Taxk,
A.H. IlpaBegnukos ¢ cotpyaaukamu [3] uccnempoBanmu Y @- u DIIP-criekTpsl MPOMEXKYTOUHBIX MPOTYKTOB B3aHMO-
JEHCTBUS MUPOMEIIMTOBOTO aHTUAPHUIA C TETpaMEeTUI-#-PEHUICHINaAMUHOM U OTMETHIIU, YTO Ha MEePBOH CTaluu

66



Manxanoyee FO.A., Kokoeea A.A., /Icanunoe A.T., bezueea M. b.

o0pa3yeTrcsi KOMIUIEKC, KOTOPBIH TUCCONUUPYET HAa MOH-PAUKAIBI BCICICTBUE BRICOKOU JIUAIEKTPUIESCKON TTOCTO-
SIHHOUM nuMeTHIhopMaMuia, UCIOIL30BAHHOIO B KAYECTBE PACTBOPUTEIISA. ABTOPBHI CUUTAIOT, YTO PEAKIIMS B3aU-
MOJICHCTBUS TUPOMEITUTOBOTO AHAHTHAPUIA C IHAMUHAMHE, B pe3ylIbTaTe KOTOPOi 00pa3yercs pacTBOpuUMas mo-
JTUAMHJIOKUCIIOTA (TIOCIEMYFOINast ITUKIN3AIMsl STOW KHUCIOTHI MPUBOJIUT K IMOyYECHUIO TOJUMMHIA), MPOTCKACT
yepe3 obpazoBanne Hectoikoro KII3, Tak kak 3a mepeHOCOM AIIEKTPOHA CIEAYIOT OYeHb OBICTPHIN Mepexom Impo-
TOHA OT aMUHA K aHTUJIPUIHOM IpyIIe U 00pa30BaHUE aMHTHOM CBSI3H.

[ponyktel amuuupoBanus nonmumepoB (All) xmopmerwnupoBanHoro monvctupona (1), momudeHueHITHIA
DY) (2), momBramNOeH3mwxiopraa ([IBEX) wmcnonb30BaHbl I MOTyYeHHS MTOIMMEPHBIX MAaTEPHAIIOB B BOJHOM
CpeJie B KaueCTBE MHUIIUATOPOB IMOJIMMEPU3aIIMH BUHIIBHBIX COSINHECHUI.

B wacTHOCTH, peakiys ¢ UCTIONh30BaHNEM B KadecTBe MHHIMaTopa amuauposaHaoro [1C, uaer ¢ obpasoBanueM
aKTHBHOTO [IEHTPA CIEAYIOMINM 00pazoM:

~ CH,—CH— T CH;CH—

+ -
Hzo + I[N R3]l Cl

. :
CH,NR,CI CH,

Makpopaaukai, B CBOIO O4Yepelb, HHULIMUPYET NOIMMEPHU3aLUI0 BHHUIBHBIX MOHOMEPOB

~CH,~CH~ +nCH,=CHR —= ~CH,~CH~
| \

CH
[

CH,
[

CHR

5

B o6miem Bunie 00pa3oBaHre MaKpOpaJAUKalOB M HOH-PaMKaIa IIPH Pa3IoKEHUH aMIHUPOBAHHBIX TIOJTUME-
POB MOXKET OBITh IPEACTABICHO CICAYIOLUUM 00pa3oMm:
¢ e ¢ o
RN (R);Cl  — R+ NR,CI

CH 2

CormacHo 3TOH cxeMe, IpY Pa3IoKeHUH aMUHUpoBaHHOTO nonumepa (All) oOpa3yroTcs aMUHUEBBIA WOH-
pamukan u Makpopaaukai R. [IpennoxeHHbIi MEXaHU3M COTJIacyeTCs ¢ H3BECTHOM B OpPTaHUYECKON XUMHU peak-
Uuel anKUIMpOBaHUS, IPOUCXOIAIIEH C yIaCTHEM ALIMJIAMMOHUEBBIX COJIEH.

CxeMa 3JIeMEHTApPHBIX aKTOB, COCTABJIIOUIMX IIpoLece noaumepusanuu noj neicrsueM All, ncnons3oBaH-
HBIX B KAY€CTBE MHUIIMATOPOB, MOXKET ObITh BRIpAXKEHA CUCTEMOMN YpaBHEHUIM

[AU]LR'[A]: R +M Ry ,
— -

rae R — pagukain, [A]' — aMHHUEBBII HOH-paIUKAI.
B craunonapHoM cocTossHUM 001ast CKOPOCTh NOJIMMEPU3ALIUM paBHA

W.,,.,.= K, [PIIM1= K , K [4771"°[M]
W, = K[4ITT?[M]

Iie K — CyMMapHasi KOHCTaHTa.

ABtOpHEI [3], M3y4aBIIMe MOMMMEPHU3AMIO BUHWIFHBIX MOHOMEPOB B NIPHUCYTCTBUM WHHITUHMPYIOIIEH CHCTEMBI
TpeTH4HBIH aMuH — 3nnekTporoakientop (I1b, xmopanruapuasr KapOOHOBBIX KUCIIOT | Ap.), MPEACTABIAIOT CXEMY peak-
X ¥ yTBEP)KIAIOT, YTO MHUIMMPYIOIIEH YacTHIIeH saBisieTcs paaukai akuentopa (R'), monrsepkaeHue ToMy — Hald-
yre xsopa B [IMMA, roydeHHOM IPY HHUITUHPOBAHUN CUCTEMOM TeTpaxiiopdranesbiit anruapun — JIMA. Tlo mpen-
TIOJIO’KEHHIO aBTOPOB, Y4acTHE B MHULIMHUPOBAHWM aMHUHHEBOIO MOH-paJMKana MCKIIOYaeTCs BCIEACTBHUE €0 Mol
PpeakMOHHOM criocoOHOCTH. MoH-paarKan aMrHa He BBI3BIBACT U KAaTHOHHOM MMOJMMEPH3AIMH, HA YTO YKa3bIBaeT OT-
CYTCTBHUE TOJIMMEPHU3ALMH O-METHICTUPOJIA MO/ BIMSHUEM W3YYeHHBIX OMHapHBIX cucTeM. OHAaKO, MOSBUIINCH PaOOTHI,
aBTOPBI KOTOPBIX CUUTAIOT, YTO B MPOLIECCAX MHUIIMMPOBAHMS YUYaCTBYIOT KaK caM aMHHHUEBBIM MOH-pagukai 3], Tak U
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NpoAyKThl ero npespauieHus [4]. [lo Bceil BeposATHOCTH, ydyacTHe B MpOLECCaX MHUIUMPOBAHUS aMHHHUEBOTO HOH-
pazrKaia 3aBUCHUT OT €TO PUPOJbI ¥ CTAOMIBHOCTU. B COOTBETCTBYIOIIMX YCIOBUSAX MOH-PaUKaI MOXKET Y4aCTBOBATh
B [IPOLIECCAX MHULIMUPOBAHUS TIOJITMMEPH3ALHH.

OcymectBiieHa monumepuzanusa ctupona (Ct), mernnverakpunata (MMA), akpumorutpuna (AH), Bunmnane-
tata (BA), akpunoBoii kucnotsl (AK), metakpuiosoii kucnotsl (MAK) n akpunamuna (AA) B IPUCYTCTBUU aMHHU-
POBaHHBIX IIOJMMEPOB B KayecTBE MHULMATOPOB. Hanbompias CKOPOCTh MONMMMEPH3ALUM XapaKTepHa Ul THAPO-
(UIBHBIX MOHOMEPOB, TAKHUX KaK aKpUJIOBAs KHUCJIOTA, aKPWIOHUTPHUIIA U aKpUIaMHUIa. ITO 0OYCIIOBJIEHO TEM, 4TO
HOJIMMEPHbIH MHUIMATOP SIBJIAETCS BOAOPACTBOPUMBIM. [Ipy MCIIONb30BaHMM TaKMX MOHOMEPOB CKOPOCTH B3aUMO-
JEWCTBUS TTOJMMEPHOT0 MHUIMATOPA C MOHOMEPOM BBILIE, YeM B Cilydae TUAPOGOOHOT0 MOHOMEpa, M3-32 HU3KOH
MOABYKHOCTH U TUIOXOH PacTBOPUMOCTH HHULIMATOPA B MOHOMEDE.

Bricokuii MoJIeKyISIpHBIN Bec 00pa3yronuxcs MOJIUMEPOB OOBICHIETCS OIMMEPHON MPUPOIOH HHULIUATOPA,
JAIOIIETO HA4ajo POCTy HECKOJBbKHX IIeNei, W CTaOMILHOCTBhIO MaKpopaauKaia, oO0pa3yrollerocs Mpu pacmaje
MakpouHuiaropa. [lociennee npeanonoxeHre MOATBEPKIACTCS TaKKe NTaHHBIMH APYTHX aBTOPOB [5—7], oTMe-
YaBIINX OTHOCHTEJIFHO BBICOKHE IOKA3aTelN MOJIEKYJIAPHOTO Beca MOJUMEPOB, 00pa3yIOIHUXCs IpH UCTIONIb30Ba-
HUH TOJIMMEPHBIX HHAIIUATOPOB.

Heo06xonumMo OTMETHTB, 4TO C MOBBIIIEHUEM MOJIEKYJISIPHOTO Beca MOJIMMEPHOT0 MHULIMATOPA PE3KO MaaaeT
CKOpOCTh MOJIMMEPHU3ALH BUHUIBHBIX MOHOMEPOB, YTO OOBSCHSCTCA, O-BUAUMOMY, YMEHBIICHUEM ITOABHKHO-
CTH MaKpOMOJIEKYJl IOJIMMEPHOIO MHHMLMATOpPA, a Takke KoH(opMmanueld MaKpOMHUIMATOpa (BO3MOXHOCTBIO
CKPYYMBaHHs B IN100YIBl MAaKpOMOJIEKYJI HHULIMATOPA, YTO PE3KO MOHIKAET KOHLEHTpauuto 3(peKTuBHBIX HHU-
MUUPYIOIIAX TPYII).

Kpome Toro, He Bce aMMOHHMEBbIE TPYIIIBI AMUHUPOBAHHOTO MOJIMMEpPa IMOABEPraroTCs pacrany MpHu Harpe-
BaHMM B BOAHOH cpene W, TaKUM 00pa3oM, TOJIBKO HE3HAYMTENIbHAsI YacTh AMMOHHUEBBIX I'PYII Y4acTBYeT B MPO-
1iecce HHULMUPOBAHUS BUHUIIBHOM monmmepu3aiuu. 1103ToMy A71sl TOBBILICHUST MOJIEKYIIPHOTO Beca MOJIMMEPHO-
ro MHUIIMATOpa HeoOXxoauMa 0osiee BBICOKAs KOHIIEHTPAIUS MAKPOUHHUIIHATOPA.

C 1enbio U3yueHHS BIUSHUS PAa3IUYHBIX (AKTOPOB HA MPOILECC MOJMMEPU3AIIMYA BUHUIIBHBIX MOHOMEPOB B
NPUCYTCTBUN aMUHUPOBAHHBIX MOJMMEPOB OBLTH HCIONB30BaHbl akpuiiamun (AA) u metunmerakpuinat (MMA).

Beibop AA 00yciioBiIeH TeM, YTO B 3TOM CiTydae MOJIMMEPU3alUsl POTEKaeT B TOMOT'€HHOM cpelie BCIIeACT-
BHE PACTBOPUMOCTH B BOJIE TTOJIMMEPA, MOHOMEpa U UHUIIMAaTopa. BMecTe ¢ TeM nonuMepusanuein AA B IPUCYTCT-
BUY aMUHHPOBAHHBIX TOJIMMEPOB MOTYT OBITH IOJIyYEHBI IPUBUTHIE COTIOIMMEPHI CHIILHO pa3BETBICHHOMN CTPYK-
TYpBI, COACPKaIINe B CBOEM COCTABE HApsAy C aMHUIHBIMH M YETBEPTHYHBIE aMMOHHEBBIC TPYIIBI, YTO TO3BOJISET
pacuputh auana3oH pH cpenpl, B KOTOpoil NposiBISIIOTCS 3P QEeKTUBHBIE (QIOKYINPYIOIINE CBOMCTBA MOJIMAKPH-
namuga (ITAA) [8-14].

Takum 00pazom, ydacTue B 3TOM Cllydyae aMHHUEBOI'O MOH-PaJUKalla B PEaKUUH MTOJUMEPH3alUN HE3HAUM-
TesbHO. KpoMe Toro, mpu npuMeHeHUH MOJIMMEPHOr0 MHUIMATOpa ¢ OOJIBIIUM MOJIEKYJISIPHBIM BecoM oOpasyeTcs
ITAA c GombmnM ko3¢ GUIIEHTOM rTouMepu3anun (Tadm. 1).

310 00BSACHIETCS TEM, YTO K OJHOW MaKpOMOJIEKYJIe aMHUHHUPOBAHHOTO MOJIMMEpa IIPUBUBAECTCS TEM OOJIbILE
NOJMAKPHIAMHUIHBIX OOKOBBIX BETBEH, 4eM OoJblIe MOJIEKYJSIPHBIA BeC aMHHHPOBAHHOTO IOJIMMEpa, T.€. 4eM
00JIbIIIe MHUIIMUPYIONIUX TPYIIT B OJJHOH MakpOMOJIEKyJie IOJTMMEPHOTO HHUIIHATOPA.

Taodmuua 1
3aBucumocTh kodduimenta nonumepuzanuu [TAA oT npupopl,
KOJIMYECTBA M MOJIEKYJIIPHOTO BeCca MHHUIIMATOpa
. I[TAA
[ (— Monekynspasiii Bec | KonmmuecTBo mHMIIMATOpA, —
p HMCXOIHOTO MoJIMMeEpa % ot Beca AA [n], m/r MOHeKﬁ’_I%I_%IH BCC,
[1D3, amuHUPOBAHHBIIHI 3000 3 202 6330
TPUMETHIAMAHOM '
[Monuctuposn, aMmuHUpO- 50000 3 260 9550
BaHHBIA TUPUTTHOM '
oD . 30000 3 0,65 1140
> AMUHHPOBAHHLIN 20000 3 1,78 5480
MUPHITHOM
45000 3 3,40 14100
HOJII/ICTI/IpOH, 13500 1 5,75 32100
aAMUHHPOBAHHBIH 13500 3 5,50 30200
MMUPUANHOM 13500 10 3,75 16000
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DTO OOBICHIETCS TEM, YTO K OJHOH MaKPOMOJICKYJIC aMUHIUPOBAHHOTO TIOJIUMEPA MTPUBUBACTCS TEM OOJIBIIIE
MOJIMAKPUIIAMHUTHBIX OOKOBBIX BETBEH, YeM OOJbIlIe MOJIEKYJSIPHBIA BEC aMUHHPOBAHHOTO MOJHMEpa, T.€. YeM
00JIBpIIIe THUIMHAPYIOIIUX TPYII B OJTHOW MAaKPOMOJIEKYJIE TOTMMEPHOTO HHALIUATOPA.

C MOBBIIIIEHHEM MOJIEKYJISIPHOTO Beca MOJIMMEPHOTO WHUITHATOPA BO3pAacTaeT CTa0MIBHOCTh MaKpOpaanKa-
7a, 00pa3yroIIerocs Mpy pacnaje MOoJTUMEPHOTO0 WHUIIMATOPA, YTO TAKIKE CIIOCOOCTBYET YBEITUYCHUIO MOJICKYJISP-
HOTO Beca oOpaszyromerocs [IAA. OmHako TOBEIIEHNE MOJIEKYIISIPHOTO Beca MOTMMEPHBIX HHHIIMATOPOB BCIIEACT-
BH€ YMEHBIIICHHS TTOABIKHOCTH 00pa3yomuXCs U3 HIX MaKpOpaaInKaioB MPUBOJUT K PE3KOMY CHIDKEHHIO CKOPO-
CTHU ToJiuMepu3anuu AA.
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HCCJIEJJOBAHUE TEILJIOBBIX TOTOKOB B 3AKPBITOM
KAMEPE FDM 3D-TIPUHTEPA C KHHEMATHKOM DELTA BOT

CoJioBbeB A.A.*
MUPIA — Poccuiickuii mexHoao02udecKuil yHugepcumem
*mongousse2@yandex.ru

HccnenoBanbl TEIUIOBBIE TIOTOKK B 3aKkphITOi kKamepe 3D-mpunTtepa ¢ kuHematukoii delta bot. TIposeneno
KOMITBIOTEPHOE MOJICITHPOBAHKE pacTIpelIeNICHHs TEMIIEPATYP U BO3AYIIHBIX TTOTOKOB B IPOTPAMMHOM KOMILIEKCE
Autodesk CFD. YcranoBneHa 30Ha paBHOMEPHOTO HarpeBa B kamepe 3D-npuHTEepa ¢ TeMIepaTypoil paBHON HUX-
HeMy Tpezeny TemrepaTypsl popmbl 1 authst ABC mmactuka. O6o3HaueHa HEOOXOJUMOCTh MPEABAPUTEIHLHOTO
MporpeBa KaMepbl MpuHTEpa it n3dexanus ¢ deKra nenaMuHauu ciaoes. [IpoBeneH aHamIn3 BO3MOKHOCTH Ha-
rpeBa 311 mpUHTEpa A0 BEPXHETo npeaena remmepatypsl hopmel (70 °C).

KnwueBble c10Ba: TCIIO00OMEH, aJJUTHBHBIE TEXHOJIOTHH, 3 D-meuars, NOCIOWHOE HAILIaBICHUE, KOMIIbIO-
TEPHOE MOJICIIUPOBAHUE.

THE INVESTIGATION OF HEAT FLOW IN THE DELTA
BOT FDM 3D-PRINTER WITH ISOLATED HEAT CHAMBER

Solovyev A A.
MIREA - Russian Technological University

Heat flows in a closed chamber of a 3D-printer with delta bot kinematics are investigated. A computer simu-
lation of the distribution of temperatures and air flows in the Autodesk CFD software package was carried out. A
uniform heating zone is determined in the 3D-printer chamber with a temperature, that is equal to the low limit of
the temperature of the ABS plastic injection mold. The necessity of preheating the printer camera to avoid the ef-
fect of delamination of layers is shown. The analysis of the possibility of heating the 3d printer to the upper limit of
the mold temperature (70 °C) was carried out.

Keywords: heat transfer, additive technologies, 3D-printing, FDM, CFD.

Beenenune

MupoBo#i ppIHOK aJUTNTHBHBIX TexHonorui ¢ 2014 no HacTosiee Bpemsi pacteT ¢ Temnamu 6oinee 19 % B rox. [1]
O6opynoBanue ais 3D-nieuat o texHosoruu FDM ¢ kaxapIM T070M TO3BOJISIET padoTaTh ¢ 00Jiee CIIOKHBIMH
B IepepadoTKe MaTepralaMu MPU YCIOBHUW CHIDKEHHS 3aKyNo4HoO# 1eHsl 3D-npunTepa. M3BecTHBI paboThl, uc-
noJb3yroume qopadoranasle 3D-npuHTEpH! OIOKETHOTO CErMEHTa ISl NIeYaTH NHKEHEPHBIMU U CYIEPKOHCTPYK-
IUOHHBIMH I1acTMaccamu. Hampumep, B pabore [2] mia nedatn ABC miaacTUKOM M CyNepKOHCTPYKIHOHHBIM
PEKK wucnons3osaincst 3D-printer Prusa i3 Mk3, y koToporo HarpeB croja ObLI 3aMeHEH Ha 0ojiee MPOM3BOIM-
TEJbHBIA U ObLIa CO3/JaHa 3aKphbITas Kamepa JJIs NevaTd. YiKe CyHIECTBYeT padora [3], HOCBAIICHHAS CO3aHHUI0
3D-npuHTEpa U IeYaTH BBICOKOTEMIIEPATyPHBIMH TTACTHKAMHU B YJIBTPaHU3KOM IIeHOBOM cermeHte (Hmwke 1000 $).
[IpoBoammuCch pabOTHI IO UCCIIEOBAHNIO TEIUIOBBIX MOTOKOB B 3D-nipuHTEpE B BaKyyMHUPOBAHHOM M30JIMPOBAHHOM
kamepe [4]. Ectb Takke paboOThl, CBSI3aHHBIC ¢ M3YYCHHUEM TEIIOOOMEHA B Iedararoiieii rojioBke mpunrepa. Ha-
npumep, B [5] ¢ moMoIIbI0 MOAETUPOBAaHUS M SKCIIEPUMEHTAFHOTO BBEICHHS TepMoIap B pebpa panuaropa neda-
TaloIIEH TOJIOBKHM, M3Y4aJoCh MOBEJCHUE MOJMMEpa B IevaTarolleld rojJoBke U ero (azoBble mepexonsl, a B [6]
pa3pabatsIBajics MOJXOJI, IMO3BOJSIONIMI MpeICKa3blBaTh MOBEJCHUE paciuiaBa. B o63ope [7] mpencraBien 00-
HIMPHBIA CIIMCOK padoT, TaK MM MHAa4Ye MOCBALICHHBIX ()a30BBIM MEPEX0/aM MOJMMEPOB U TEIJIO0O0OMEHY B Teya-
Tatomei roioske B npouecce 3D-newatu. CTOUT 3aMETUTH, YTO B 0OJIbILIEH CBOEH 4acTH B paboTax MpOBOAMIOCH
MOJICIUPOBAHME TIpOIlecca, a HEeOOJNBIIYI0 YacTh JKCIEPUMEHTANBHBIX Pa0OT HCIOJIB30BaIM TMPOMBIILICHHbIC
OpUHTEPHl KOMNaHuW StratasyS, HeJOCTYNHbIE pSIOBOMY WHXEHepy, ucnonbiyiomemy FDM  3D-neuars.
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Hemsamu naHHO# pabOTHI SBISAIOTCS:

1) u3ydeHue pacrnpeneneHus TeSMIepaTyp B 3aKpbIToil kamepe 3D-nmpuHTepa ¢ LeNblo onpenesieHns Hauoo-
Jiee Pa3orpeToro yyacTka CTojia MPUHTEPa;

2) cO3IaHKE IKCIPECC-METOANKH, TTO3BOJISIOLICH OMpPEIeTUTh HANOOJIee Pa3orpeThlid y4acToOK CTOJIa MPUHTEPA;

3) BbIsBIICHHE BO3MOXKHOCTEH HArpeBa KaMepbl Or0KETHOro 3D-NpHHTEpa BHENTHUMH HCTOYHHKAMH HAIPEBa.

Matepuaibl, 00pyAoBaHue U METOABI

HccnenoBanus npoBoauiuch Ha 3D-npunTtepe 3dQ, UMeromeM KMHEMATHKY AeNbTa-00T (puc. 1) ¥ 3aKpBITYIO
kamepy. CTEHKH KaMepbl BEITIOTHEHBI M3 JINCTOBOTO MOJIHKapOOHATA.

Puc. 1. ®oto obmero Buaa 3D-nmpunTepa

Mertonuka MccleNOBaHMs 3aKI0Yanach B CIEIYIOLIEM: B CTEHKaX KaMepbl CBEPIMJIUCH PsIbl OTBEPCTUH
nmuametpoM 6 MMm. B kaxkmoMm psimy Obuto 3 otBepcTHsi. PaccTossHME MEXTy IEHTpaMU OTBEPCTUN B COCETHUX PSIIax
paBHsiercst 50 MM, pacCTOSIHHE MEK/Ty [ICHTpaMU OTBEPCTHIA B psimy paBusiercst 100 MM (puc. 2).

Pan 2

50

; Puc. 2. [lpunnunuanbHasi cxeMa CBEpPIOBKU OTBEPCTUH
PRt Sy T2 173
Brlionl L 1e0s )

3amepstachk TemIepaTypa B MOMEIIEHWH TTOBEPEHHBIM TepMoMeTpoM. [loka3aHus cpaBHMBAJIUCH C MOKa3a-
HUSIMHU JIaTYMKA, 3aMEPSIIOIETO TEMIIEPATypy BHYTPH KaMephl.

W3mepenus Temepatypbl BHYTPH KaMepbl IPOBOIIIIMCH CIEAYIOIIMM 00pa3oM: BKJIrodaica HarpeB 3D-npunrepa
(romoBer 3D-mipunTepa u cronma 3D-mpuHTepa) K0 craHAapTHOTO pabodero TexHomormdeckoro pexkuma ABS miactuka
(Temniepatypa ronossl 240 °C, Temrieparypa crojia 100 °C) u mpouCXoIUI0 OXKHUIaHUE CTAOMITU3AIMHA TEMIIEPATyphI
B kamepe. OO11ee BpeMsi Harpesa paBHsIIOCh ~0 MUHYTaM, YTO ObUIO BBISICHEHO OIBITHBIM ITyTEM.

Kpureprem BriOOpa BpeMeHH HAarpeBa SIBISUIHCH CIIEYIONIHe TapaMeTphl:

1) Temmepatypa roJoBbI PUHTEPA U CTOJIA TOJDKHA MPOTPEThCS U CTa0MIM3UpOBaThCs. Ha mporpeB OT KOMHATHO#
TeMIeparypsl 10 pabouei TeMnepaTypsl yXOAuT 3 MUH.;

2) Temriepatpya B KaMepe JI0JDKHA CTaOMITM3HPOBATHCS U TIEPECTaTh H3MEHSTHCS. DTOT MPOLIECC UICT TAKKE OKOJIO
3-X MUH.

3arem, mociie mporpeBa KaMephl Yepe3 MPOCBEpJIEHHOE OTBEPCTUE B KaMepy NPUHTEpa BBOIWICS NaTUUK
temmeparypsl 0s18b20 ¢ marom B 1 cMm. B kak0# TOYKE JaTUNK HAXOMUICS B TeueHWE | MUHYTHI [T CTaOMIN3a-
1uu mokaszanuii. [lo okOHYaHWH CheMa TaHHBIX B OJJHOM OTBEPCTHH JATYMK MEPECTaBISIICS B CIEAYIOIIEe OTBEP-
CTHE U OXKUJIANACh CTaOMIM3AIMs TIOKa3aHuil AaTunka (Kak mpaBuiio, mopsjaka 10 mun.).

Paccrostane ot cTeHKM Kamepsl 10 cepenuHbl 3D-mpuaTEpa paBHO 15 cM. DTO O3HAYaAET, YTO B OJHOM OT-
BEpCTUH OyAyT cHUMaThCs 15 mokazaHuii oT creHkH 3D-mpuHTepa K cepeune. DTO MO3BOJIUT MOIyYUTh MacCuB
JaHHBIX TeMIeparypsl B kamepe 3 D-npunTepa.

Pe3yIbTaThl YHCJIEHHOTO MOIETUPOBAHUSA

MonenupoBanre Harpesa npousBomriocs B ITO Autodesk CFD. Jnst nccnenoanyst OblTa B3siTa TOJBKO YacTh Ha-
IpeBAEMOro CTOJIa M TIPOCTPAHCTBO HAJl HUM, TaK Kak B TIporiecce (PM3UUECKOro CKIEepHUMeHTa 3a(hUKCHPOBAaTh TEMITepa-
TYpbI BOJIM3HU ITOBEPXHOCTH CTOJIA C JIOCTATOYHOM J0JIel TOYHOCTH He TPEZICTARISIIOCh BO3MOXKHEIM. Ha puc. 3 npencras-
JIHBI Pe3yJIBTAaThl MOJICIMPOBAHUS PACIIPEIEIICHUsI TeMItepaTyphl B kamepe 3D-npuntepa.
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&) Tewneparypa - Celsius
551426
52
0
Lel
= Puc. 3. Pe3ynbTaTel MOAETHUPOBAHUS pacpeaesieHIs
. TemrepaTypsl B kamepe 3D-npuntepa
* (eauHuULBI OcH Z — MUJUTUMETPBI)
34
2
N
2
%

U3 puc. 3 BuaHO, 4TO HaMbOJIEE HATPETHIMU SIBJISIFOTCS MIepBbie 3—5 MM 00beMa kamepsl. lanee TemmepaTypa
CHIDKAETCS, a CJICIOBATENBHO, YBEIHUHUBACTCS MEPEOXIAKICHNE, YTO OyIEeT HETAaTUBHO BIMATH HA CBOWCTBA IOJTY-

yaeMbIX Jeraneil. B cirydae meuatw Bbicokoi netanu (6oxee 100 MM BBICOTO) €CTh BEPOATHOCTH TOJTYYCHHS He-
YIOBJIETBOPHUTEIHHOTO KAY€CTBA U 3aHIDKEHHBIX CBONCTB M3/IEIIVISL.

Pe3yﬂbmambl 4)”3”‘!@0’(020 IKcnepumenma

Ha puc. 4-6 npencraBieHbl pe3yibTaThl SKCIIEPUMEHTAIBHOTO ONpe/IeNieHUs TeMIeparyp B kamepe 3D-npunrepa.
Pe3ynbraThl paccMaTpHBaOTCS Ha IpUMepe PPOHTANIBHOM CTCHKH.

PacnpepgeneHune TemnepaTtyp [Ansa GpoHTabHOM CTEHKU
, oTBepctne T1
T,"C
33

31

29

27

- Ne Paga
25

a4

9

10
1112 43, 1

15 Ne oTBepcTumA

Puc. 4. Pactipenenenne remneparyp B kamepe 3D-nipuHTepa 11 ppoHTANBEHON CTEHKH, oTBepcTre T 1

PacnpegeneHune temnepaTtyp a8 PpoOHTaNbHOM CTEHKM
T C , oTBepcTue 12
37
35
33
31
29
7 Ne Papa
27
1 2 4
3 4 5 c S
8 9
10 11 45 1
13 14 ;o Ne oTBepcTuAa

Puc. 5. Pactipenenenue Temrieparyp B kamepe 3D-nipunTepa st GPOHTANIBHOM CTEHKH, OTBEpCTHE T2
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PacnpeneneHue tTemnepatyp Jna GpoHTaNnbHOM CTEHKM
, oTBepcTue T3
T, °C
36
34
32

30

28 -
26 Ne Paga

10 11 1

12
13 14 15 N2 oTBepcTMA

Puc. 6. Pactipenenenne remneparyp B kamepe 3D-nipuHTepa a1 ppoHTANBHON CTEHKH, OTBEpCTHE T3

U3 puc. 4-6 BunHO, 4TO TeMIepaTypa B Kamepe MpHUHTepa u3MeHsieTcs: oT creHku (otBepetre Ne 1) k cepe-
nmuHe npuHTepa (oTBepctre Ne 15). Hanbompmmas temnepartypa Habmromaercss B oTBepcTuu Ne 2, KOTOpoe Onmxe
BCEX HaXOJUTCS K HArpEBaeMOM 30HE, CIIeI0BATEIbHO UMEHHO TIOCepeIMHE OBICTPEe BCEro MPOUCXOIUT HATPEB.

CpaBHuBas puc. 4 1 puc. 6 MOXXHO YBHUJIETh, YTO B TIPaBOil 4acTu puHTEpa (UCXO0ms U3 puc. 3) TeMreparypa
HEMHOTO BBIIIE. DTO MMO3BOJISIET CAETIATh BEIBOA O HaHOOJEee BHI'OJHOM PACHOIOKEHUH ACTalU Py IeyaTy B aH-
HOM TIpuHTepe. Ha kakIoM M3 pUCYHKOB MOYKHO HaOJIOJaTh JIOKATFHOE MOHIKCHUE TeMIepaTypsl B 4—5 psaax.
OT0 OOBSICHSIETCS OXJIAKICHUEM IEYaTAIONIeH TOJIOBKH MPUHTEpa. B romoBke HaXOIUTCsT BEHTHIISITOp, HAIpaB-
JSIFOILMI TOTOK BO3IyXa B PaAHaTop.

MeTtoauka onpe/e/enusi HaudoJiee HArpeToro Mecta B kamepe 3D-npunrtepa

W3-3a HepaBHOMEPHOCTHU paclipeleseHs TeMIIepaTyp HpeasaraeTcs cielyromas IKCIpecc-MeToIuKa ompe-
JeNIeHHs JIydIIero MecTa AJIsl Me4YaTd Ha MPUHTEPE: MCIOJb3Yys AATYUK TeMIIEpaTypbl (ONTHUMAaIbHBIM SIBISETCS
JATIUK TEeMIIePaTyphbl C pabOYUM AMAIa30HOM OT KOMHaTHOH TemmepaTypsl 1o 100 °C umu Gonee, B 3aBUCUMOCTH
OT HEOOXOJMMOM TeMIIepaTypsl B KaMepe MpUHTepa) U 00pa3loBbIii TaTYMK TEMIEPaTyphl, OKAa3bIBAIOIIUN TEM-
neparypy B momelneHuu. [Ipyu BBIMOJHEHUM METOAMKH HEOOXOAMMO JOKIAThCs HarpeBa kKamepsl 3D-mpunTtepa,
a 3aTeM YCTaHOBHUTbH JAaTYUK B KamMepe, HauWHas OT OOJNacTH, HaxXOJIIEHcA 3a BEHTWIATOPOM, OXJIaXKAAIOLINM
NeYaTaoLIyI0 FOJIO0BKY, C IIaroM He MeHee 4yeM 3 cM. VIHTepBan MeXay CMEHOMH MOJIOXKEHNUS AaTYNKa JOJKEH paB-
HATHCS 2 MUH., HAUWHAs OT 3aKPbITHA JIBCPIILI KAMCPhI.

Bo3mo:kHOCTH HCTIOIB30BAHHUA BHEITHET0 HCTOYHHUKA HarpeBa kamepsbl 3D-npunTepa

B 3D-npuHTEpe €CTh YacTH, KOTOPbIE CTAOMJIBLHO PabOTalOT NPU KOMHATHBIX TEMIIEpaTypax, HO UX CPOK
CiTyKObl CHU)KAeTCS MO/ BO3CHCTBUEM MOBBINICHHBIX TeMIepaTyp. K TakuM y3j1aM OTHOCSTCS: PEMHHU, OTBEYAIO-
e 3a TepeIBIKEHNE MeYaTaneil TOJIOBKY; MaTeprual BO3IyXOBOJOB BEHTHISITOPOB OXJIAKICHHS, MIaroBbIC
JIBUTATEJIH; YIPABJISIONIas I1aTa MPUHTEPA.

Haunem c maroBbeIx nBUrarteseil: B macrnopre K maroBomy Asurarento nema 17 [9] B myHkTe «pabouasi TeM-
neparypay» ykazaHa MakcuMajbHas TemnepaTrypa B 50 °C. YuuTbiBas, 4TO IIaroBBIN JBUTATEIb BO BpEMs paOOThI
HArpeBacTCsl, IOTIOJIHUTEIBHBIN HArPeB KaMephl MIPUBEIET K MOBBIIICHHON TeMIiepaType paboThl IIarOBOTO JIBUTa-
tenst. CrnemoBaTeNnbHO, HAarpeB KaMephl IPUHTEPA HE PEKOMEHIyeTcsl 03 YCTaHOBKHM Ha IIarOBBIE JIBUTATENIH TMac-
CUBHBIX PaJMaTOPOB OXJIAXKJICHUS, a B cIy4yae HarpeBa kamepsl 10 50 °C u BbIlIe — paluaTOPOB C BEHTHISATOPAMH
WJIH XKHUJIKOCTHOT'O OXJIXKICHUS.

Ynpagistomas miarta ABaseTcs 0 CyTH MaTepPUHCKOH Iutatoi 3D-npuHTepa, 4TO aHAJIOTHYHO MATEPUHCKOM
iate KomnproTepa. TakuM oOpa3oM, Temreparypa yIpaBisionlel iaTel He JoJbkHa ObITh Bhiie 30-35 °C, uro
BO3MOJKHO TIPU 3aKPBITOH KaMepe, HO MaJOBO3MOYKHO IPH JOIMOJHUTEILHOM HarpeBe kamepsl. [loaTomy yrpas-
JISIOIIAs IJIaTa JObKHA OBITh BEIHECEHA 3a Tpe/Ielibl KOpITyca MPUHTEPa B OTACIBHBIN KOPITYC.

Pemens ans mepensmkenus nevararomieii romoBku GT2, mo onucanuto npomsBoautens [10] coctout uz
CTEKJIOBOJIOKHHCTOTO KOpJla, HEONpPeHa W MmoimaMuaa. HeompeH W mojauamMua UMEIOT TPEIeIbHYI0 TeMIIepaTypy
skcruryatarui 90 u 100 °C, cOOTBETCTBEHHO, YTO IMO3BOJISIET HATPEBATh MIPH MPOUYUX YCIOBHIX pabOdyr0 Kamepy
10 90 °C.

Bo31yx0BOIbI BEHTHJISITOPOB PEKOMEHIYEeTCsl OTreuaTarh Ha 3D-npuHTepe M3 MaTepHalioB, BBIACPKHUBAIO-
IIMX JKeJlaeMble Temreparypbl B kamepe 3D-mpuntepa. Hanpumep, eciu B kamepe HeoOxoauMma Temmeparypa 80
°C, 1o mogoiaer ABC-miactuk. Camu k€ BEHTHISATOPBI PEKOMEHAYETCS 3aMEHUTh Ha BEHTHIIATOPHI U3 TEPMO-
CTOWKOTO TUTACTUKA WIIK METAJUINICCKHE.
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3akiouenne

B pesynbraTe mpoBefcHHOW pabOThI YCTAHOBICHO pACIpe/eieHue TeMIlepaTyp B 3akpbiToil kamepe 3D-
npuHTepa C kuHemaTtukoi delta bot; onpenenena Hanbonee Harperas 4acTh CTOJIA, YTO TMO3BOJISIET MPOU3BOIAUTH
mevyaTh U3Ieaui ¢ 0oyiee CTaOMIBLHBIME CBOMCTBAMHU M 0e3 3¢ ekTa aeTaMUHAIINHN; dKCIPECC-METOANKH, O3B0~
TSFOINEH onpeeuTh Hanbojiee pa3orpeThlii YYacTOK CTONA MPHUHTEPa; MOKa3aHa BO3MOXHOCTh HArpeBa KaMephbl
npuaTepa 10 90 °C.

bubauorpadusn

1. I'pymma «lemosoit [IPODPUJIb» Anamutmueckoe wuccienoBanue. PerHOK TexHomoruit 3D-nevatn B Poc-
cuu u mupe ['opom, 2020. 15 c.

2. Lepoivre A., Boyard N., Levy A., Sobotka V. Heat transfer and adhesion Study for the FFF Additive
Manufacturing Process // 23" International Conference on Material Forming (ESAFORM 2020). Cottbus: Procedia
Manufacturing. 2020. V. 47. P. 948-955.

3. Skrzypczak N.G., Tanikella N.G., Pearce, J.M. Open source high-temperature RepRap for 3D-printing
heat-sterilizable PPE and other applications // HardwareX. 2020. V. 8. P. 1-40.

4. Maidin S., Wong J.H.U., Mohamed A.S., Romlee W.F.A., Akmal S. Vacuum System Assisted FDM —
Charasteristic of Heat Transfer using Finite Element Analysis // International Journal of Recent Technoloy and En-
gineering. 2019. V. 8, N 5. P. 1-6.

5. Jerez-Mesa R., Travieso-Rodriguez J.A., Corbella X., Busque R., Gomez-Gras G. Finite element analysis
of the thermal behaviour of a RepRap 3D-printer liquefier // Mechatronics. 2016. V. 001. P. 1-8.

6. Bellini A., Gu'c,eri S., Bertoldi M. Liquefier Dynamics in Fused Deposition // J. Manuf. Sci. Eng. 2004.
V. 126, N 2. P. 237-246.

7. Pandey A., Pradhan S.K. Investigations into Complete Liquifier Dynamics and Optimization of Process
Parameters for Fused Deposition Modelling // Materials Today: proceeding. 2018. V. 5. P. 12940-12955.

8. Magsood N., Rimasauskas M. Delamination observation occurred during the flexural bending in additive-
ly manufactured PLA-short fiber filemant reinforced with continuous carbon fiber composite // Results in Engineer-
ing. 2021. V. 11. P. 1-6.

9. NEMA17-AMT112S Series Datasheet — Stepper Servo Motors.

10. Gates PowerGrip® GT®2 Drive Design Manual. Denver, 2000. 179 p.

74



VK 533.924:677.494

INPUMEHEHHE HJIA3MEI:IHOI71 MOJUPUKALINA
AJI51 MOBBIINEHUSI CBOBOTHON NOBEPXHOCTHOM SHEPTUN
N AA'E3NOHHBIX CBOUCTB ITIOJIMMEPHBIX MATEPUAJIOB

Tumommuna FO.A.*
Kazanckuit HayuonabHuLL UCC1E008aMENbCKUIL MEXHOI0ZUYECKUIL YHUGEPCUNLEM
*ybuki@mail.ru

Ilpeocmasnensr pesynrbmamel 8IUAHUA MOOUPUKAYUU NIA3MOU 8blcoKoyacmomuozo (BY) paspsda nownu-
JICEHH020 0aBNeHUsl Ha UsMeHeHue c80000HOol nosepxnocmuotl duepeuu (CII3) u adee3uonnvix ceoiicme noaumep-
HbIX Mamepuanos Ha ocroge noausmuinena (112), norunponunena (I111), nonuamuoa (I1A) u norusmunenmepegpma-
nama (II2T). Moougpurayus 6 niazme 030yxa npusooum K nOGbLUEHUIO C80O00HOU NOBEPXHOCMHOU IHEPSUL UC-
cnedyemuix noIUMepHblX Mamepuanos na 34—97 %, aozesuu k snoxcuonomy ceazyiouemy Ha 68—96 % no cpasne-
HUIO C HEMOOUDUYUPOBAHHBIMU 00PAZYAMUL.

KaroueBsle ci1oBa: mrasMeHHas Mo UKaus, CBOOOTHAS TIOBEPXHOCTHAS DHEPT U, aATE3Us, TIOTUMEPHBIN
KOMTIO3UIIMOHHBIN MaTepHall, BRICOKOYaCTOTHBIN pa3psiI MOHKEHHOTO JaBIISHHUS.

PLASMA MODIFICATION TO INCREASE THE FREE SURFACE ENERGY
AND ADHESIVE PROPERTIES OF POLYMERIC MATERIALS

Timoshina Yu.A.
Kazan National Research Technological University

The results of studies of the effect of radio-frequency (RF) plasma modification on free surface energy and
adhesive properties of polyethylene (PE), polypropylene (PP), polyamide (PA) and polyethylene terephthalate
(PET) materials. Modification in air plasma leads to an increase in the free surface energy of the studied polymer
materials by 34-97 %, adhesion to the epoxy binder by 68-96 % compared to unmodified samples.

Keywords: plasma modification, free surface energy, adhesion, composite polymer material, radio-
frequency low-pressure discharge.

KiroueByro posib 1py co31aHUH (PYHKIIMOHAIBHBIX IMOJUMEPHBIX KOMITO3UIIMOHHBIX MaTEPUAJIOB UTPACT ajre-
3WOHHAS TIPOYHOCTh COETMHEHUS KOMIIOHEHTOB Mexay co0oii. [Ipu aToM aaresust onpenensercs: MOBepXHOCTHHIMHU
SIBTICHUSIMU, JIS)KAIIUMU B OCHOBE OOpa30BaHUS KOHTAKTA W MPOYHOW CBI3U MEXIy MOBEPXHOCTBHIO MaTEpPHAIIOB.
Crenuguka CTpoeHUs U (PU3UKO-XUMUYECKHE CBOMCTBA OBEPXHOCTHBIX CIIOCB MOJIMMEPHBIX MAaTepPHAJIOB OKa3bl-
BalOT 3HAYMTEIBHOE BJIMSHUEC Ha CMAUYMBAEMOCTh MX IMOBEPXHOCTH, aII€3UI0 U CIIOCOOHOCTh K COPOIIMHU BEILECTR.
OT aJre3noOHHON MPOYHOCTH B 3HAYMTEIHHON CTEIIEHH 3aBHUCHT HACKOJBKO IMOJIHO OYyJIET peain30BaH BKJIAJ Kax-
JIOTO KOMITOHEHTA B 9KCILIyaTal[MOHHBIC XapaKTEPUCTUKH KOMIIO3UIIMOHHOI'O MaTepualia.

st peryupoBaHus TIOBEPXHOCTHBIX M aJile3UOHHBIX CBOHCTB MOJUMEPHBIX MaTEePUajIOB PacpOCTPaHCHHE
MOJTYYWIIA PA3IMYHBIE METOABl XUMUYECKON, PU3NIECKON U AIEKTPOPUINIESCKON MOIUPHUKAINK, CPETU KOTOPHIX
MIEPCIICKTUBHBIMY SIBIISIFOTCS TUIA3MEHHBIE METOJIbI, OTIMYAIONINECS SKOJIOTUYHOCTHI0 M YCTOWYMBOCTHIO JOCTH-
raembix 3dexTos [ 1-6].

ITnazmenHass MoauduKaKsg MOJTUMEPHBIX MAaTEPUAJIOB OCYIIECTBISUIACH B 3KCHepuMeHTanbHOW BY r1umas-
MeHHoU ycraHoBke (PI'BOY BO «KHUTY», r. Kazans) [7]. ns ycranosnenus Biusiaus pexxumoB BUE mas-
MEHHOU MOAU(HUKALMN Ha IIOBEPXHOCTHBIE CBOMCTBA 00PAa3llOB BaphbUPOBAIN MOIIHOCTh Pa3psiia MpH IIa3MEHHOM
moxudukanun W, = 0,8-2,2 kBt; Bpems 06pabotku ¢ = 1-7 muH; naBneHue B padoueii kamepe P = 20-30 ITa; pac-
xoJ1 mnazmoobpasyromiero raza G = 0,02-0,04 r/c; B kavecTBe MIa3Mo00pa3yrOIIUX ra30B UCHOIb30BAIN aPTOH
1 BO31yX. B KauecTBe 00BEKTOB HCCIISIOBAHHUS HCIT0JIb30BaK MHOTOGMIaMmenTHbIe [19, I1I1, ITA u I[13® BosokHa,
MCIOJIb3yEeMBbIC I apMUPOBAHMS TTOJIMMEPHBIX KOMIIO3UIIMOHHBIX MaTEPHAaJIOB, B KAY€CTBE MOACIbHBIX 00BEKTOB
11D, III1, ITA u IIDT® nneHku.
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Tumowuna IO.A.

Onenka Bo3zaeiicTBus BUE 1mia3mbl MOHMKEHHOTO JABJICHUS HA TIOBEPXHOCTHEIC CBOMCTBA MOJIMMEPHBIX Ma-
TEPHUAJIOB OCYIIECTRIISIACH ITYTEM OIPEICICHUS CTATUUECKOTO KPacBoro yria CMauyuBaHMs TIOBEPXHOCTH METOJIOM
JeKaIIeH Kamid, Kod(pUIMeHTa ITOBEPXHOCTHOIO HATSKCHHS 10 METOAuKe B coorBercTBUU ¢ ASTM-D-2578,
CIID obpasnoB ¢ ucnoib3oBaHueM rpaduieckoro meroga beprep. Ouenka BiwmstHIS BUE 11a3MBI IOHMKEHHOTO
JIABJICHUS Ha aJIF€3MOHHBIC CBOMCTBA TOJUMEPHBIX MAaTEPUATIOB OCYIIECTBIISIACH ITYTEM ONPEICIICHUS TPOYHOCTH
CBsI3M 00PA3I[0B MHOTO(PHIAMEHTHBIX BOJIOKOH C 3MOKCHIHO-IHaHOBBIM CBs3yronM metogom wet-pull-out [8].
Pesynbrartel u3MeHeHus ko3 (UIMEHTa TOBEPXHOCTHOTO HATSHKCHHS OT PEKHMOB IUIA3MEHHOW MOJIU(PUKAIIUU

MMpEeACTaBJICHBI HA puc. 1.

B Lh h
o o o

[
=

Koadduupmenr
NOBEPXHOCTHOTO
HaTKeHHA, MH/M

%)
=

—
=

=

T [1A

O O6paser| HCXOIHBIT
B Obpasen, Momupunuposanusri B BU miasme aprona

B Obpasern, MmomupumrpoBannsri B BU mmasme Bosmyxa

Puc. 1. Bmusane BY nnasmenHo#i Moau(UKauy B pa3TUIHbIX TUIa3MO00Pa3yIONINX Ta3ax
Ha 3Ha4YCHUA KOC—)(b(I)I/IHI/ICHTa IMMOBECPXHOCTHOI'O HATSHKCHUA MMOJIMMCPHBIX MaTCPpHUAJIOB

[NoyueHHsIe pe3yabTaThl MO3BOJSIOT CAENATh BHIBOA, YTO MCIOJIB30BAHUE B KAYECTBE IIa3MO00Pa3yIOLIHX
ra30B aproHa M BO3/yXa MPHBOIUT K TOBBIILICHNAIO KOI(PPHUIMEHTA TOBEPXHOCTHOTO HATSDKEHUS HCCIIETyEeMBIX I10-
JTUMEpHBIX MarepuanoB Ha 45-88 %. HeoOxomumo oTMeTHTh, YTO M3-3a orpaHudeHust Metoaukn ASTM-D-2578
110 MUHAMAaJIbHOMY M MAaKCUMaJbHOMY 3HAUEHHSM MOBEPXHOCTHOTO HATSDKCHUS, peajbHOE 3HAUCHHE JaHHOTO Ta-
pameTpa ISl HEKOTOPBIX HCCIIeTyeMbIX 00pa3IioB MOXKET HaXOIUTCS 3a rpaHnniamMu nuana3zona 30—60 mH/m.

Onpenenennsie 3HaueHust CIID npeacrapiiensl B Ta0. 1, HarIsqHOE U300paKEHHUE KAaTUId BOJBI Ha MTOBEPX-
HOCTH MTOJTMMEPHBIX MaTePUAIOB JI0 U MOCTe UX MOJU(HUKAIIMY B TIa3Me BO3yXa MPECTaBICHBI Ha pHC. 2.

Taomuua 1
CB00O/THAs TOBEPXHOCTHASI DHEPTHUS MMOJUMEPHBII MaTepHAIOB
CB0GO/IHAsI IOBEPXHOCTHAS SHEprust, MJDK/M’
Obpasen D T A TIDT
Ucxonnbri 31,4 28,6 45,6 38,7
MonubuiupoBaHHBIH B IIIa3Me aproHa 56,5 53,7 59,9 58,8
MonubuiupoBaHHBIH B TJIa3Me BO3/IyXa 61,5 56,3 61,2 61,3

B r

Puc. 2. 3nauenus kpaeBoro yriia cMadnBanusi oopasios [19 (a, 0)
u [19T (B, T) MaTepualioB /1o (a, B) ¥ ociae Moau(dukamnuy B 1uiazme Bo3ayxa (0, T)
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Ilpumenenue nnazmennoit moougukayuu 011 HOGbIULEHUS C6000OHOII ROBEPXHOCHHON IHEPUU ...

HauGonpmee nopeimenne CITD 06pas3noB HaOmomaeTCes Ipy UX MOJU(DHUKAIIUY B TUIa3Me BO3/IyXa U COCTAB-
nsiet s 11D — 96 %, I — 97 %, [TA — 34 %, [IDT® — 58 % mno cpaBHEHMIO ¢ HCXOAHBIMU 00Opa3iamu. [lomyueH-
ueie 3HadeHns CI1O obpasmos 113, I1I1, ITA u [I9T® MaTepraioB ¢ TOMOILIO CTAHIAPTHBIX TECTOBBIX UYSPHIUT H
rpaduyaeckum MeTooM beprep cornacyroTcst Mexay co0Od 3a HCKITIOYeHneM 00pasnoB, 3HaueHus: CIID koTophix
HaxXoJATCs 3a TpaHuiamMu auanasona 30—60 mH/m.

Takum 00pa3oM, Ha OCHOBaHHH TIOJYYEHHBIX PE3yJbTATOB MOXKHO CAETIaTh BBIBOJ, YTO TUIA3MEHHAS MOJM-
(buKanysi CHHTETUYECKUX MAaTepPHAaIOB OKa3bIBACT CYNICCTBEHHOE BIUSHIE HA M3MECHEHUE TIOBEPXHOCTHBIX CBOIMCTB
UCCIICyeMbIX MOJMMEPOB. Y BeluueHne kod(duimenTa moBepxHocTHOro Harskenus U CIID cBsi3aHO C MOBBIIIIE-
HUEM TIOJSIPHOCTH MaKPOMOJICKYJI Ha MIOBEPXHOCTH MOJUMEPHOTO MaTepHalia, KOTOPOE MOXKET SIBJIATHCS Pe3yiIbTa-
TOM HX B3aUMOJICHCTBUS C PEaKIIMOHHOCIIOCOOHBIMU YaCTHIIAMH IIa3Mbl M aTMOC(HEPHOTO BO3/1yXa C 00pa30BaHU-
€M a30T- ¥ KHCIOPOACOASPKALINX TPYIIIL.

[TomyueHHBIC pe3yabTaThl ONPEACICHUS HOPMUPOBAHHOM BEJIMYMHEI Pa3pyIIAIONICH Harpy3Kd MUKPOKOMIIO-
3MTOB HA OCHOBE CHHTETUYECKUX BOJIOKOH U 3MTOKCHIHO-TUAHOBOTO CBSI3YIONIECTO TPEICTABICHBI HA puc. 3.

« 70
migeo
EE.";ESB
agd

= 2 E40
HE
gégzo
SEE

119 1111 IIA [15d

O Obpasen Ha OCHOBE HCXOAHBIX BOIOKOH

B O6pasen Ha OCHOBE BONOKOH, MoauGHIHpoBaHHeX B BUE mnasme aprona

B O6pazer Ha ocHoBe BONOKOH, MoaguduimpoBaHuex B BUE mmasue sozgyxa

Puc. 3. BiusHre Bua mia3zMoo0pa3yromero ra3a npy iasMeHHOH MOTU(PHUKAIINN TTOIMMEPHBIX
BOJIOKOH Ha 3HaUYCHHE HOPMUPOBAHHOW BEJIMYMHBI Pa3pyIIAOLICH HArpy3KH MUKPOKOMIIO3UTA

AHaju3 TOJIyYeHHBIX PE3YJIbTATOB IMO3BOJISAET CJIENATh BBIBOJ, YTO HAWOOJIbIIICE TOBBIIMICHUE 3HAYCHUI
HOPMUPOBAHHOW BEJIMYMHBI pa3pylIarolield Harpy3Ku MUKPOKOMITO3UTOB HAOIOIArOTCS Ui 00pa3IioB HAa OCHOBE
BOJIOKOH, MOIM(UITUPOBAHHBIX B IJIa3Me BO31yXa, H cocTaBisieT 11 11D Bomokon — 96 %, [111 — na 89 %, 1A — Ha
68 %, I19T — Ha 71 % 1o cpaBHEHHIO ¢ 00Opa3laMi Ha OCHOBE HEMOAU(DUIIMPOBAHHBIX BOJIOKOH.

Cuia aire3n0OHHOTO B3aUMOJICHCTBUS MEXKTy BOJIOKHUCTHIM CyOCTPaTOM U TIOJTUMEPHBIM CBSI3YIOLTUM OIIpe-
JIEJISIETCS. MHOYKECTBOM (DAaKTOPOB, OJTHUM U3 KOTOPHIX SIBIIIETCS HAIMYNE HA TIOBEPXHOCTH BOJIOKOH U B CTPYKTYpE
OJIMTOMEPHOHN WJIM TIOJMMEPHOU 1Ny ajare3uBa (DyHKIMOHAJIBHBIX TPYIII, CIIOCOOHBIX K XUMHYECKOMY B3aUMO-
nercteuro. Hanboliee BeposATHBIMUA MEXaHU3MaMH XUMHUYECKOIO B3aUMOJICHCTBHS MOKCUIHBIX CMOJ C TTIOBEPXHO-
CThIO CHHTETHYECKUX BOJIOKOH SIBIISTIOTCS XUMHYECKUE peakiuu (pyHKIIMOHATBHBIX THIPOKCHUIBHBIX TPYII HA TO-
BEPXHOCTH BOJIOKOH C TUAPOKCHIIBHBIMH M STOKCHIHBIMH TPYIIIAMH CMOJIBI C 00pa30BaHHWEM IMPOYHBIX XUMHYE-
ckux cBsazed tuna C—O, KOTOphIC B 3HAYMTEIILHOM CTENEHH O0YCJIaBJIMBAIOT BBHICOKYIO CHITY aAr€3MOHHOHN CBS3U
KOMIIOHEHTOB.

OTHOCHUTENIEHOE YBEIMYCHUE aJ[re3MOHHON CHIIBI CBsi3W JuIsl monmonieuHoBbiX 1D u III1 BomokoH, w3Ha-
YaJIbHO HEe UMEIOIINX Ha CBOSH MOBEPXHOCTH (DYHKIIMOHAIBHBIX KUCIOPOI- U a30TCOAEPIKAIIMX TPYIII, BBIIIE IO
CpPaBHEHHUIO C OTHOCHTEJIBHBIM YBEIMYCHUEM JTAHHOTO IOKazaTels s reTeporenHbix [IA u [I9® BojokoH, sB-
JISIONIUXCS U3HAYAIFHO HanboJiee PeakIMOHHOCIIOCOOHBIMU 32 CUET COJIEPIKAHUS THAPOKCUIIBHBIX, KAPOOHMIBHBIX
Y aMHHOTPYIIT. DTO TaKKe MOJTBEPKAAETCA TEM, YTO HauOOJIbIlee YBEIMUSHNE MTOKa3aTelis HOPMUPOBAHHOH Be-
JTUYIUHBI pa3pymaoneld Harpy3Ku MUKPOKOMIIO3UTOB HAOIIOaeTCs AT BCEX BHIIOB UCCIETYEMBIX CHHTETHICCKUX
BOJIOKOH, 00pa0OTaHHBIX B IJIa3Me BO3/yXa, OKa3bIBAIOIICH HanboJiee HHTEHCUBHOE OKHCIUTEIbHOE BO3ICHCTBIEC
Ha TIOBEPXHOCTH IOJIIMMEPOB. YBEITHMYCHHUE aJICOPOIIMOHHOTO B3aWMOJICHCTBHS HEOTBEPIKICHHOTO CBSI3YIOIIETO C
MTOBEPXHOCTHIO BOJIOKOH MOXKET OBITH OOBSICHEHO MOBHINIICHHEM CBOOOIHON MMOBEPXHOCTHOW SHEPTHH, B YACTHOCTH
noJisipHo# coctapistonieii CI1D 00pa3ioB NOJUMEPHBIX MATEPHAJIOB MOCIIE MIa3MEHHON MOIU(DUKAIIIH.

MexMOoNeKyIsIpHOE B3aUMOACHCTBUE MEXAY CUHTETUYECKUMU BOJIOKHAMU U TOJUMEPHBIMU CBSI3YIOLIUMU
BKJIIOYACT B Ce0s pa3aIMuHbIe MEXaHU3MbI ¢ 00pa3oBaHKeM (PU3MUYSCKUX U XUMUYECKUX CBS3EH, 00YyCIaBINBaIONINX
SIBJICHUSI CMA4YMBaHUS M aAre3ud ¢ o0pa3oBaHHEeM Mex(a3HbIX cI0eB. [Ipy 3TOM 3HAYMTENBHBIN BKJIAa B MPOY-
HOCTbH aJIr€3MOHHOI0 COCIMHEHMsI BHOCUT XHUMUYECKOE B3aMMOJICHCTBHE MEXIY PEaKIIMOHHOCIIOCOOHBIMH (PYHK-
[IUOHAJLHBIMU TPYIIIAMH CMOJIBI U TIOJMMEPHOrO CyOcTpaTa ¢ OOpa30BaHMEM IMPOYHBIX XUMHUYECKHX CBSI3CH.

77



Tumowuna IO.A.

IInazmenHast 06paboTKa CHHTETHYECKHUX BOJIOKHHUCTHIX MAaTepHAIOB MPUBOIUT K 00pa3oBaHMIO HA WX IIO-
BEPXHOCTH TOJAPHBIX (PYHKIIMOHATBHBIX TPYIII, CIIOCOOHBIX B3aWMOIEHCTBOBATh ¢ (PYHKIIMOHATFHBIMHU TPYIIITIAMA
MaTPUYHBIX TOJIMMEPOB, YTO B COBOKYITHOCTH C ITOBBIIIIEHHEM CBOOOTHOW IMOBEPXHOCTHOW DHEPTHU MOIUDHUIHU-
PYEMBIX MaTEepHAJIOB MMPUBOJAUT K MOBHINICHUIO CMAYNBAEMOCTH IIOBEPXHOCTH TTOJMMEPHBIMHU CBS3YIOIUMH U 00-
Pa30BaHUIO COEAUHEHUH, XapaKTEPU3YIOIINXCS OBBILICHHON aAr€3MOHHON NPOYHOCTEHIO.
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OIIEHKA ®PAKTAJIbBHON PASMEPHOCTH HOEHCTOFI CTPYKTYPBI
ITPU ITEPKOJIALIMHA CJIOA KOHEYHOU TOJIIIUHBI

®enocees B.B.*

Huemumym memannoopzanuueckou xumuu um. I'.A. Pazysaesa
Poccuiickoii akademuu Hayk

*vbfedoseev@yandex.ru

IIponuyaemocmo AGIAEMCI BANCHBIM CEOUCTNEOM NOPUCMBIX Mamepuanos. Ilpu nekomopwix cnocobax cos-
O0aHUsI NOPUCTBIX MAMEPUANO8 IMUM CEOUCMBOM YRPABIAem 6b100p Nopoobpazoeamens, CGOUCMEa U KOHYeHmpa-
Yusi KOmopozo onpeoesisem nPOHUYAeMoCms U MOPHOI0SUI0 NOPUCmOol cmpykmypsl. Onucan no0xo0, OCHOBAHHbIL
Ha oyeHKe hpaKxmanvbHoOl pasmMepHOCU NOPUCOU CIPYKIMYPbl, NPU KOMOPOU 603HUKAEM NEPKONAYUL KOHEYHO20
cnosi Mmamepuana. Yciosuem neproIayuu CYumaemcs paseHcmeo ouamempa kiacmepa momyune cinos. Ha eco
OCHOBE NOTYUeHbl COOMHOWEHUSL, CBA3BIBAIOUWUE PPAKMATLHYIO PAZMEPHOCHb ¢ MOTWUHOL CNOSL, pa3mMepamu nep-
KOJAYUOHHBIX KAACmepos, donell 3akpuimuix nop. Coanacno npuge0énHviM OYEeHKAM (DPaKmanbHas pasmepHocnyb
VMEHbUAECA, a MOPQON02UA NOPUCTNOU CIMPYKIMYPbL YCIONACHAEHCA, NPU YMEHBUEHUY MOTWUHBL CTIOST, YMEHble-
HUU pasmepa NeproIAYUOHHBIX KIACMEPO8 U C POCTHOM 00U 3AKPBIMbIX HOP.

KiroueBble cjioBa: niopucTtasi CTpyKTypa, NEepKOJIALHNs, (PpaKTaabHas pa3MEPHOCTb, IOPOOOPa30BaTEb.

ESTIMATION OF THE FRACTAL DIMENSION OF A POROUS STRUCTURE
DURING THE PERCOLATION OF A LAYER OF FINITE THICKNESS

Fedoseev V.B.

G.A. Razuvaev Institute of Organometallic Chemistry,
Russian Academy of Sciences

Permeability is an important property of porous materials. In some ways of creating porous materials, this
property is controlled by the choice of a pore former whose properties and concentration determine the permeabil-
ity and morphology of the porous structure. An approach based on the estimation of the fractal dimension of the
porous structure, in which the percolation of the finite material layer occurs, is described. The percolation condi-
tion is considered to be the equality of the cluster diameter to the layer thickness. On its basis, equations were ob-
tained that relate the fractal dimension to the layer thickness, the sizes of percolation clusters, and the fraction of
closed pores. According to the above estimates, the fractal dimension decreases, and the morphology of the porous
structure becomes more complicated, with a decrease in the layer thickness, a decrease in the size of percolation
clusters, and with an increase in the proportion of closed pores.

Keywords: porous structure, percolation, fractal dimension, pore former.

Beenenue

IIopucTsle MaTepualibl IUPOKO MPUMEHSIOTCS B IPOMBIIIJIEHHOCTH. BakHEWIIMM CBOMCTBOM, OIIPENENIO-
KM UX cdepy HCIOIb30BaHUS, SBIISETCS MPOHUIAEMOCTh — CIIOCOOHOCTh MaTepualia MPOIYCKaTh >KUAKOCTH H
ra3pl. OJIHUM U3 crIOCOOOB CO3/IaHMS MOJIMMEPHBIX MOPUCTHIX MATEPHAIOB SBIISIETCS] UCIIOJIb30BaHHE ITOPO0OPa3o-
Batenei. KonnuectBo mopooOpazoBaTesniss BECbMa CHIIBHO BIIHMSET Ha IEJIeBbIe CBOMCTBA (TPOHUIIAEMOCTbh, COPOITH-
OHHast EMKOCTb M M30MpaTeNbHOCTh, ONTHYECKHE, MeXaHn4eckue u ap.) [1, 2].

B pabote npeanoxkeHo omMcaHne B3auMOCBS3U MOP(OJIOTHH MOPUCTON CTPYKTYPBI C KOJTMYECTBOM M CBOM-
cTBaMu IopooOpa3zoateis. OnucaHue OCHOBAHO HA METOJaX TEOPUH NIEPKOJIALUY U (PPaKTaJIbHOIO aHAJIN3A.
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SBreHne nepKoISIHUK (TPOTEKAaHUE) SIBISIETCS 0OBEKTOM HCCIICAOBAHMS TEOPUH TEPKOIISILMH, KOTOPast BO3-
HUKJIA TIPU pEIICHUHN 33/1a4, CBI3aHHBIX C MPOHUIIAEMOCTBIO WIIM POBOAMMOCTBIO MaTepHUanoB. Teopust ONMUCHIBAET
BEPOSATHOCTH CYIIECTBOBAHUSA MEPKOJIAINOHHBIX KJIACTEPOB, OOBEIUHSIONINX Y316l KOHEYHBIX WM O€CKOHEYHBIX
penretok [3]. OCHOBY COCTaBIISIET CTATHCTHYECKOE PACCMOTPEHHE M KOMIBIOTEPHOE MOCTHPOBAHUE CTOXACTHYC-
CKUX KJIACTEPOB, XOTSI B Ka4eCTBE OOBEKTOB HCIIOIB3YIOTCS TaKKe CaMOINOJO0OHBIe CTPYKTYphl (TyOka MeHnrepa,
koBép Ceprurckoro u ap.) [3—6]. OCHOBHBIM HHCTPYMEHTOM TEOPHH SIBISIETCSI KOMITBIOTEPHOE MOJICIHPOBAHHE,
OCHOBAHHOE Ha CIyYailHOM pPa3MEIEeHUH TOYCUHBIX MU MPOTSDKCHHBIX 00HEKTOB HA KOHCUHBIX ABYMEPHBIX [7—9]
WM TpexMepHbIX pemérkax [5, 10]. Takue Moaenu MO3BOSIOT MONYYUTh MHOTHE aKTyalbHBIC ISl MaTepHAIOBE-
JEHHs] pe3yJbTaThl U 3aKOHOMepHOCTH. Hampumep, Ha ocHOBe MOKpbITHA KBaapatHoro noist 1000x1000 yznos
KBaJ[paTaMy CMOJICIIMPOBAHA dKCTpeMalibHAsl 3aBUCUMOCTD (PpaKTaIbHON pa3MEpHOCTH OT IUIOTHOCTH W pa3Mepa
3epHa KepaMuueckoro mMarepuaia [9].

[opucras cTpyKkTypa SBISETCS TUIMYHBIM 00BEKTOM TEOpHH MepKoisiuu. Kak mpaBuio, oHa uMmeeT Hepe-
TYJspHYIO (opMy, KOTOPYIO MOXKHO KiIacCH(UITMPOBATh KaK cToXacTWdeckuil (ppakran. MeTtoasl ¢pakTaabHON
TE€OMETPHH TTO3BOJISIIOT CBA3aTh (PPaKTAIBHYIO Pa3MEPHOCTh MOPUCTON CTPYKTYPBI ¢ 00bEMHON noeit mop. Ppak-
TaJbHAs pa3MEPHOCTH MPH STOM SIBIISIETCS. OTHON M3 YUCIECHHBIX XapaKTEPUCTHK MOP(HOIOTHH, KOTOpasl 3aBHCUT OT
TEpMOJMHAMHUYECKHX YCIOBHUI U CBOMCTB MaTepuaina [11].

Ouenka (ppakTajJbHONH Pa3MepPHOCTH MOPUCTON CTPYKTYPHI NPH MEPKOJIALUH

HOpOF MEPKOJIINUN — KPUTHYCCKad BCJIMYMHA, COOTBCTCTBYIOIIAA HauMeEHbIIIEH MIOTHOCTHU ¥y3JI0B, IIPpU KO-
TOpPOH BO3HHMKAET HEMPEPHIBHBIN (MEPKOISAIMOHHBIN) KIacTep, KaCAIOMIUNCS TPAaHUIl pacCMaTPpUBAEMON CTPYKTY-
PBI, Jenaromuil e€ npoHuaeMon. s MogenpHbIX CTPYKTYpP TUIIA PEIIETKH MOPOT NEPKOJILUH PABEH OTHOLICHHIO
YKCJia HE3aHATBIX y3JI0B, 00BEAMHEHHBIX B ICPKOJISIIMOHHBIN KIacTep, K 00IIeMy KOJUYECTBY y3JIOB IPpH 00pa3o-
BAaHUM XOTS OBl OZHOrO MEPKOJIILHOHHOIO Kiacrepa. [ms mopucToro marepuania 3Ta BEJIMYHMHA COOTBETCTBYET
00BEMHOM 10JIe (¥ TIOP WM 3aIOJIHAOLIETO IOPHI KOMIIOHEHTA (IIOPo00pa3oBaTess).

B nmanHO# paboTe HCIONB3yeTCs MOIX0]], OCHOBAaHHBIN Ha OIEHKE (DpaKTaIIbHOW pa3MepHOCTH NBYX(a3sHOU
(TopucToit) CTPYKTYpHI, TP KOTOPOH CTOXAaCTUIECKHUN KIIACTEP CTAHOBUTCS MEPKOIAIUOHHBIM. Y CIIOBHEM TIEPKO-
JSIMUM CYMTACTCSl PAaBEHCTBO auametpa kiactepa (d) Tommumue cios (L), mpu 3tom auamerp u o0bEM Kiactepa
V_ ~ L cBs3anbl ppakTanbHON 3aBUCHMOCTBIO, rie D <3 — dpaxranbHas pasmepHOCTb. lpeiaraemplii oaxox

He TpeOyeT OONBIINX BBIYUCIUTEIBHBIX PECYPCOB U BPEMEHHBIX 3aTPaT, HEOOXOIUMBIX TIPH YHCICHHOM MOJICIH-
POBaHHH CTOXACTHUYECKHUX MPOIECCOB.

IIpyr pacCMOTpPEeHHH TOPUCTOM CTPYKTYPHI MCITOJIB3YETCs MpecTaBIeHrne 00 OJHOPOAHBIX (pakTanmax [4].
OnHOpomHBIN (hpakTall MpOsBIsAET (paKTalbHBIE CBOMCTBA Ha MacmTabax, COMOCTABUMBIX C HEKOTOPOH JTMHON
(Hampumep, TonmuHOMN citos L), u oqHOpOoAHBIE HAa OOIBIINX MacIITadax

vV, | L7 L<§, (1)

C

F_ const, L>¢

rae & — XapakTepHas JUIMHA, KOTOPYIO MOXHO OTOX/ECTBUTH C JHaMeTpoM dpaxrtanpHOro kiacrepa, D — ¢pak-

TaJlbHasi pa3MEPHOCTb, VC — 00BéM kiactepa. Benmnuwmnsr L, |, f , @ TaKKe 00bEMbI U TUIOIIAAN Oe3pa3MepHbI, 3TO

AOCTUTACTCSA OTHECCCHUECM UX K INAMETPY MUHHUMAJILHOI'O 3JICMCHTA CTPYKTYPhI & (aTOM, MOJICKYJIAa U T. H.).

[lepkonsaus BO3HUKAET, KOTAa KIacTephl KacaloTcs TpaHull cios. Eciu 3To onuH Ki1actep, TO ero Auamerp
— — —|Db-3 -
nomkeH ObITh paBeH Tonmmuue cnos (& = L ). Ilpu sTom nopor nepkonsiumn pasen p, =@, = L°~ [4]. Opakrans

Has pasMepHocn, TAKOIro HepKOHSIHI/IOHHOFO KnaCTepa paBHa
Inw

D=3+— @)
InL

OTO PaBEHCTBO BBINOJHSETCS, €CJIM HET 3aKphITBIX Nop. s KyOMuecKuX M IUIOTHOYHAaKOBaHHBIX TEKCaro-
HaJIbHBIX PELIETOK Mopor (Ui y3710B) HaxoauTcs B uHTepBaie =~0,2-0,31 [3].
Ecnu wacth mopooOpa3oBatelisi HAXOJUTCS B 3aKPBITHIX ITopax A@ = @— @y , ypaBHeHHE (2) UMEeT BHI:

In(a)—Aa))=3+Ina)+ln(l—Aa)/a)), 3)
InL InL InL

1€ BEJIIMYHHA Aa)/ @ COOTBCTCTBYCT HOJIC 3aKPLITHIX MOP.

D=3+

80



Ouenka hpakmanvHoil pazmepHoCmu ROPUCMOTL CIMPYKMYPbL RPU REPKOJIAUUU CT10S KOHEYHOU MOAUUHDL

Bripaxenue (3) mo3BoJsIeT yTBEPXKIAaTh, YTO a) POCT OOBEMHOW JOIU MOPOOOPAa30BATENs YBEIUUHMBACT
(bpakTaabHYI pa3MEPHOCTh MEPKOJISIIMOHHOTO KJIacTepa B Mpejeie 10 Pa3MepHOCTH MPOCTPaHCTBa 3; 0) cylect-
BOBaHHE 3aKPBITHIX OP (Aw > 0) MOHMKAET PpaKTaTbHYIO pa3MEPHOCTh MEPKOISAIMOHHOTO KITacTepa.

B [4] onrcana 3aBUCHMOCTD MOIIHOCTH (00BEMa) MEPKOJISIIMOHHOTO KilacTepa OT KOHIIEHTPAIHH y3JI0B, 00-
pasyroumx nopsl. Hike nopora neprossimwn (@ < P, ) IPeodaaiaroT 3aKpbIThe MOPbL, ¢ POCTOM 00bEMa Mopood-

pasoBareins (@) n0Is 3aKphITHIX TIOp (Aw/ @) CHWKaeTcs, a mocineanee ciaraemoe B (3) crpemutces k 0. Komuue-
CTBO ITOPOOOPA30BATEIIS B 3aKPHITHIX TOPaX MOYKHO OTHCATh KaK

1, o< o

Aw Y ) (4)
—= -

w 1-| —L |, o>w
l—a)p

rae [ — napamerp, 3aBHCAIIMI OT Tuna pemérku [4].
IIpu onMcaHuM MOPUCTBIX MATEPUANOB mapaMeTp [ B (4) MOXKET 3aBHCETh OT (PU3MKO-XMMMYECKHX CBOMCTB

KOMIIOHEHTOB U (a3 (HampuMmep: MOBEPXHOCTHasl SHeprus Mek(pasHbIX TPaHHL, KPUCTAJUIMYECKas CTPYKTypa

U YIPYTo IUIAaCTHYECKHE XapaKTepPUCTUKU TBEPAOH (a3bl, pacTBOPUMOCTh B Hel mopooOpasoBatenst). Buna 3aBucu-

MocCTH (4) nokasaH Ha puc. 1. UToObl y4ecTb, YTO BEPOSITHOCTH MEPKOJISALHMH CYIIECTBYET U IPU 0 < P, B YpaBHe-
5

-1 o , CIIIKUBAIOIIAst PYHKIHUIO IIPU @ = @, .

Hue (4) yucto ¢popManbHO q00aBIeHa Maas MOMpaBKa

o \1-w,

Puc. 1. JTonst 3aKpBITHIX 0P B 3aBUCHMOCTH OT 00BEMHOI JI0JIH TIOPOOOpa3oBaTelis
ans MuHEHHON 3 =1 u HenuHeitnoit £ =0.4, 1,5 mozenu [4]

VYpaeHenue (3) cBsA3bIBacT (hPaKTAIBHYIO PA3MEPHOCTD MEPKOJISIIIMOHHOTO KiacTtepa ¢ 00bEMHOM J10JieH 1mo-
pooOpa3oBaTes ¢ y9IeTOM 3aKPBITHIX TIOp (4).

Onenku (2) u (3) npexanoararoT CyIIECTBOBAaHHE KJIACTEPOB C Pa3MEPaMH, COINOCTABHUMBIMU C TOJIIIMHOM
ciosi. Ha Bompoc, MOTyT Jin Takie BO3HMKATh B pACCMaTPUBAEMBbIX YCIOBHUSX, NAET OTBET TEPMOAMHAMHUYECKAS MO-
nens [11, 12], onmuchiBaromast paBHOBECHOE paciipeelieHre AUCIIEPCHBIX YaCTHIL 0 Macce U popme (hpaxTaabHOM
pasmeproctH D).

Hanpumep, BeposiTHOCTE 00pa3oBaHus KilacTepa C JUAMETPOM PaBHBIM TOJIIMHE CIOSI B 3KCIIEPUMEHTAX
[1, 2] mpakTuvecku HyseBas, a cpenHuii pazmep kiactepoB (~10-20 MKM) Ha JiBa MOPsIKA MEHBIIIE TOJIIUHBI CIIOST
(2—4 mm). B yactHocTH, nipu TommumHe cinost €L = 2 MM cpennue 3HaueHus GppakTanbHON pasMepHocTH (D) | aua-

MeTpa KJIacTepoB (d) ~ 8<V>H<D> paBHBI 1711 Boael — & = 0,4 HM, (D) = 2,614, <d> = 10,0 MKM; 1j19 METaHOJIA —

£ =0,4 um, <D>= 2,587, <d> = 14,6 mxMm; uist Oyranona — &€ = 0,53 HM, (D) = 2,615, <d> = 17,2 MKkM. MuHH-
MaJbHYIO (PaKTATbHYI0 Pa3MEPHOCTh UMEIOT KJIACTEPhl METAHOJIA, HMMEIOIIETO MEHbIIIee ITOBEPXHOCTHOE HATSKE-
Hue. B psaay Boma, MeTaHoj1, OyTaHOJ pa3Mep KilacTepa YBEJIUYUBAETCS C MOJIBHBIM 00bEMOM KOMITOHEHTA.
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Ipu (d) < L nopucras crpykTypa GopMUpyeTCs U3 MHOXKECTBA (DPAKTANBHEIX KIACTEPOB M OJHOPOIHA IO
TOJIILIMHE CJI0S1 B COOTBETCTBUHM C OIpeiesieHreM oHopoaHoro ¢pakrana (1). [lepkonsuus B CTpyKType U3 MHOXKeE-
CTBa KJIaCTEpOB BO3HHMKAET, KOTAa (pakTaJbHBIE KIacTephbl 3alOJHAIOT MaTephall, KOHTAKTUPYS APYT C JPyroM
Y TPaHUIIAMH CJIOSI.

YT106BI PACCMOTPETH 3TOT CiIy4Yail pa3o0béM ciiol Ha KyOuueckue obnactu ¢ pedbpom L /K, rae k — nenoe.
B xaxIplii U3 TAKHX «KYOMKOB)» MOMECTHM (PpakTalbHYIO MOPY. Y CIIOBHE MEPKOJSIIIUN TPEOYET, YTOOBI MOPHI CO-
MPUKACAINCh MEXIy COOOH M TpaHUIAMH CIIOS. B 3TOM cilyyae nuaMeTp TMepKOJIIIMOHHOTO KiacTepa JOJKEH
owiTh pasen d > L /K, rorga (3) npeoGpasyercs B

D:3+|n(a)—Aa))<3+|n(a)—Aa))' (5)
InL—Ink InL

CornacHo 3TOMy COOTHOLICHHWIO, ()paKTajbHas pa3MEpPHOCTh MOHIDKAECTCS C YMEHBIIEHHEM pa3Mepa Kiacrepa

(poctom K ). Biusiire pa3smepoB TEpKOJISIMOHHBIX KIACTEPOB Ha (DPAKTAIBHYIO Pa3MEPHOCTh IEMOHCTPUPYET PHUC. 2.

a2 04 06 08 1.0

Puc. 2. 3aBucuMocTs (pakTabHONH Pa3MEPHOCTH NMEPKOJSIIUOHHOTO KIacTepa OT KOJIMYECTBa OPOoOpa3oBaTess ¢
YUYETOM CYIIECTBOBAHHUS 3aKPBITHIX TIOP st InHelHow £ =1 u Henuueinoit f=0.4, 1,5 Mmonenu

CornacHo puc. 2, CylecTBOBaHHE 3aKPBITHIX ITOP U YMEHBIIECHHE CPEIHEro pa3Mepa NepKOISLUOHHOTO Kila-
cTepa MOHIKAET (PpaKkTaabHYyIO pa3MepHOCTh. [Ipr 3TOM CKBO3HbBIE KaHAJIBI CTAHOBSITCSl pa3BETBIEHHEE U TOHBIIIE.

Cootnomenus (2), (3) u (5) narot BepxHee 3HaYCHHE (PAKTAILHONW pPa3MEPHOCTH, BBIIIE KOTOPOTO BEPOST-
HOCTh mepkossinuu crpeMutes K 0. [Ipu menpmmx 3Havenusix D (okpamenHbie o0nacTy Ha puc. 2) BEpOSTHOCTD
nepKoJsIK ONM3Kka K 1, a TopHCcTas CTPYKTypa CTaHOBHTCS Oojiee pa3BeTBIEHHOH. [IpoHMIIaeMOCTh ciiosi ¢
yMeHblIeHueM D MoXeT MEHSTbCS HEMOHOTOHHO. DTO MOXKHO OOBSCHHTH JIByMsl TEHJCHIHMSIMHU: POCTOM YHCIa
KOHTAKTOB IEPKOJILMOHHBIX KJIACTEPOB C PAHULICH CIIOSI U MEXIY COOOH M POCTOM THAPOJIUHAMHUYECKOTO COIPO-
TUBJICHUS C YMEHBIICHUEM CEUEHUS U YBEIMUYEHUEM NTPOTSHKEHHOCTH KaHAJIOB.

Ornenka (5) o6obmaer coorHomenus (2) u (3). OrpanuueHus, CBI3aHHBIE C PACCMOTPEHUEM OJIMHAKOBBIX
KJIaCTEPOB M KYOHUYECKOW YIAKOBKO, MOKET CHATH yd4eT pacrpeesieHus mo pamepam [12]. Oqnako 310 cyrect-
BEHHO YCIIOKHHUT MOJIeNb U 06€3 0c000i He0OX0JMMOCTH HE MIMEET CMBICIIA.

3aMeTHM, YTO COCEHUE KIIACTEPhl MOTYT TEpPEKPBIBATHCS, JOMONHUTEIBHO YBEIWYHMBAs MPOHHUIIAEMOCTD
nopucroii cpefpl. [1ogo0Hy0 cuTyanuio GopMaIbHO BOCIPOU3BOAUT MOJIENE cep ¢ MITKOi 000JI0UKOil, KoTopast
YTBEPIKIAET, uTO 000JI04Ka MOHmKaeT mopor rnepkossiuu [10]. Dtot addekT mis hpakTaIbHBIX KIaCTEPOB COTIIa-
cyercs ¢ (5), Tak Kak popMabHO ¢ ymeHblieHreM D pasmep kinacrepa npessimiaet pasmepsi sueiiku (d = L/K).

3ak/0ueHue

Cootnomenus (2), (3) u (5) narT BepxHIO OLIEHKY (ppakTanbHO# pasmepHocTH D, HHMXKE KOTOPOH BEpOSIT-
HOCTh MEPKOJIALIUN CTPEMUTCS K | M pacTéT MpoHUIaeMocTh cpefbl. [IprBeaéHHbIE 3aBUCHMOCTH MO3BOJISIOT 00-
CYXKIaTh BOIPOC O TOM, KaKUe IMapaMeTphl O3BOJISIOT YIPABISATH MOPQOIIOTHEH TIOP.

B obmem ciydae poct 00bEMHON J0JIM TOPOOOpa30OBaATENs MPUBOAUT K POCTY (PAKTAIBLHONW Pa3sMEpHOCTH
MOPHUCTON CTPYKTYPHI B Mpejeie 10 pa3MepHOCTH mpocTtpancTtBa D =3. OOpasoBanue 3akpbIThix mop (Aw@>0)
MOHMXKACT (PPaKTaIbHYIO pa3MEPHOCTh MIOPUCTOM CTPYKTYPHI, Aejias €€ 00jiee pa3BeTBICHHOM.
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Mopdosorus HOPUCTO# CTPYKTYPBI 3aBUCUT OT BBIOOpa MOPOOOpa3oBaTelis, Tak Oe3pa3MepHas BeianunHa L
B (5) 3aBHCHT OT MOJBHOTO 06bEMa (~ £°), a TTOBEPXHOCTHBIE CBOMCTBA ONPENENAIOT CPEIHHIl pa3Mep MepKOJs-
unonnoro knactepa (K) [12] u, mo-sunumomy, mapamerp f3. C yBenmdeHHeM TOMIIHHEI ciiost L mopsr nmerot Gonee
peryispHyto cTpykTypy (D pacteT).

OnvcanHple 3aKOHOMEPHOCTH OCHOBaHBI HA TEOMETPHUUECKUX M TEPMOJNHAMUICCKUAX MPEACTABICHHSIX, YTO
TIO3BOJIICT YTBEPIKIATh, YTO OHU UMEIOT OOIIHMI XapakTep.

Paboma evinonnena 6 coomeemcmauu c 2ocyoapcmeennvim saoanuem UMX PAH.
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YK 678
AHAJIN3 MAKPOKHHETHUKHN BCIIEHUBAHUA 9JIACTOMEPHBIX MATEPUAJIOB
L’®exancos I1.11.*, ““Illysaesa A.B., 'Kpynkun E.A., "Haymosa FO.A., '"Mapkos A.B.

'MHPAA — Poccuiickuii mexnonozuueckuii ynueepcumenn
2
000 «Pycckas meniou3onayuoHHAA KOMHAHUA)

*feklisov.pavel @yandex.ru

Ha ocnosanuu xonuuecmeennozo amaiuza KUHEMuKu nopooodpazo8anusi 6 31ACOMEPHOM Mamepuaie Ha
OCHOBe OYymMaoueH-HUMPUIbHO20 KAYy4yKa ¢ ucnoiv3osanuem bespomoprozo peomempa D-MDR 3000 u npubopa
HUPT-2 onpedenenvl MakpokuHemuiecKkue napamempsbl Bpoyecca 6CNEeHUBAHUSL IIACOMEPHBIX MAMEPUATLO8 NO-
poghopom 6 uzomepmuyeckux yciosusax. /s komMnosuyuil, Omaudaouuxcs coOepiHCanuemM OKCuoa YuHKa Kax ax-
MuBamopa nPoyeccos 8YIKAHU3AYUU U NOPOOOPA308aHUs, NPOBeOeH paciem 3HavyeHull Koncmanmol ckopocmu (K)
u nopsioxku peaxyuti (N) U yCMAHOGIeH IKCMPEMATbHbIL XAPAKMeP 3A6UCUMOCIU DHEP2UU AKMUBAYUU NpoYecca
nOPO0OPA308aHUSL OM KOHYEHMPAYUY AKMUEamopa  8yIKAHU3amax.

KiroueBble cj10Ba: BCIICHEHHBIE HJIaCTOMEPHBIE MaTepHAIIbl, KHHETHKA TOPOOOPa30BaHuUs, MaKPOKHHETHKA,
SHeprusl akTuBanuu, 0esporopusiid peomerp MDR-3000, kamumnsipasrii Buckozumerp MUPT.

ANALYSIS OF FOAMING MACROKINETICS OF ELASTOMERIC MATERIALS
L2Feklisov P.D.*, **Shuvaeva A.V., '*Krupkin E.A., *Naumova Yu. A., ‘Markov A.V.

'MIREA — Russian Technological University
2LLC «Russian Thermal Insulation Company»

Macrokinteic parameters of the process of foaming vulcanizates with azodicarbonamide under isothermal
conditions in elastomeric materials based on nitrile rubber were determined with use of a melt flow indexer and a
moving die rheometer. For compositions differing in the content of zinc oxide as an activator of vulcanization and
pore formation processes, the values of the rate constant (k) and reaction orders (n) were calculated, and the
extremal nature of the dependence of the activation energy of the pore formation process on the concentration of
the activator was established.
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I"'azonamnojgHeHHbBIE MOJIMMECPHBIC MAaTCPUAJIbl IIUPOKO MUCIIOJB3YIOTCA [JIsI NPOU3BOACTBA TCIJIO- U IIYMOU-
30JISIMOHHBIX MAaTEPUAIIOB M KOHCTPYKIIUI Ha UX ocHOBe. [Ipoiiecc monydeHus BCIIEHEHHBIX 3JIACTOMEPHBIX MaTe-
puaioB ¢ TpeOyeMbIM KOMIUIEKCOM CBOMCTB CONPSIKEH C ONPESIIEHHBIMUA TPYAHOCTSIMH, 00YCIIOBICHHBIMUA OCO-
OEHHOCTSIMH TTpoIiecca MOPooOpa30OBaHs B BYJTKAHU3YIOIINXCS IMOJIMMEPHBIX MaTepranax [1].

CTpyKTypa mop 3JaCTOMEPHOTO MaTepHaja ONpe/elisieT ero TEIio- U IIyMOH30JISIIMOHHBIE CBOMCTBA H pe-
TYJIUpPYeTCa B3aMMHBIM BIMSHHEM IPOIIECCOB MOPooOpa3oBaHus U (POPMHUPOBAHUSA TPEXMEPHBIX CETUATHIX CTPYK-
Typ, MPOTEKAIONINX OJHOBPEMEHHO TIPH MEPEXO0JIe OT PE3NHOBON CMECH K BCIIeHEHHOMY Bynkanuzary [1, 2]. [pu
HU3KOH CKOPOCTH BYJKaHU3AIUU PE3NHOBBIX CMECEH CTPYKTypa IOp CTAHOBUTCS HEOAHOPOIHOM, MOSBISIOTCS OT-
KPBITBhIE MOPBI, YBEIMUUBACTCS ocTarouHas nedopmarus. [Ipy HU3KOH CKOPOCTH pas3iioxeHus nopodopa mpoiece
BYJIKaHMU3alWKW 3aTPYAHACT IMPOLCCC BCIICHUBAHUA u IMPUBOAUT K O6paSOBaHI/IIO HCOAHOPOAHBIX IIO pasMEpy U
CTPYKTYpE TIOp, YBEITUYCHHUIO IIOTHOCTH U KECTKOCTH MaTepuana. TakuM oOpa3om, pa3paboTka BCIICHEHHBIX 3J1a-
CTOMEPHBIX MaTepUaOB U M3JICIHIA HA UX OCHOBE TPeOyeT MPHUHIMITHAIBHO WHBIX TOJX0J0B K COCTaBJICHHIO pe-
LENTYp U BBIOOPY TEXHOJOTMYECKHX MapaMeTpoB. M3ydyeHue, aHaau3 U MHTEpIpeTalys 0000IIEHHBIX JAHHBIX 110
KWHETHKE TPOIIECCOB BYJIKAHU3AIUN U Pa3IoKeHUs MopodopoB, UX COBMECTHBIH BKJIaJ] B (POPMHUPOBAHUE CTPYK-
TYpbI BCICHEHHBIX PE3WH B CBA3U C BhIIIECKAa3aHHBIM NPEACTABIISACT aKTyaJIbHYIO 3a/1avy.
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B panee BwimomHeHHON paboTe [3] mporece (GopMUPOBAHUS BCIICHEHHBIX BJIATOMEPHBIX MaTEpHAIIOB pac-
CMaTPUBAJIM COTJICHO MPUHSITHIM B TEXHOJIOTHYECKOW MTPAKTUKE MOIX0AaM K KOJIMYSCTBEHHOU OIEHKE IMapaMeTpPOB
mporiecca ByJKaHM3auu. MaTeMaTnieckoe MOJEMPOBaHUE MpoIiecca Iopoodpa3oBaHus MTPOBOAMIIH 110 PE3YIThb-
TaTaM anmpOKCUMAINY KHHETHYECKIX KPUBBIX, OTPAKAIONINX 3aBUCHMOCTbH JaBIICHUS B UCIIBITATIIEHON Kamepe OT
NPOIOJDKUTENLHOCTH Tpoliecca. bano npeninokeHo U 0600CHOBaHO MPHUMEHEHHE MATEMAaTHIECKUX MOJEIEH IPyTIITbI
«transition functions», mapamMeTpsl KOTOPhIX UMEIOT (GU3NYSCKHA CMBICIT M CBSI3aHBI C OMPEACISIEMBIMH TTapaMeT-
pamu mopooOpaszoBanus. B pabore [4] m3ydeHa KWHETHKA mporecca (pOPMHPOBAHNS BCIEHEHHBIX MOJIHAMEPHBIX
MaTepUAIOB Ha OCHOBE MOJIMBUHWIXJIOPH/IA C HCITOJIL30BAaHUEM KaMJUIIPHOTO BUCKO3uMeTpa [4]. B npomomkenue
9THX HWCCIICIOBAaHUN TPEJCTABIsIET MHTEpeC ampoOalus METOIUKH HCCIENOBaHUS TMpolecca MmopoOopa3oBaHUs
MIPUMEHUTENBHO K DJIACTOMEPHBIM MaTepHaiaM C UCIob30BanueM npudopa MMPT-2 n manpHelme MmaTemMarmye-
CKOI 00paOOTKH pe3yIbaTTOB IKCIIEPUMEHTA.

O0BbeKThI M METOABI UCCIeJOBAHUS

B kadecTBe OOBEKTOB MCCIIECAOBAHMS H3ydald JIACTOMEpPHBIE MaTepHalbl Ha OCHOBE CMECH OyTalueH-
HUTPWIBHOTO KaydyKa (coaepkaHue HUTpuia akpuiioBoii kucinotsl 27-30 % macc.) ¢ MOTUBHHUIXJIOPUIOM. bbin
W3TOTOBJICHBI TPH PE3WHOBBIE CMECH, MJCHTUYHBIC [0 COCTaBY M BKIIOYAIOUIME KOMIIOHEHTHI: BYJIKaHU3YIOILYIO
rpyniy (cepa, YCKOPHUTENM BYJIKaHU3alMU KJIACCOB THYPAMOB M THOKapOaMaToB, aHTUCKOPYMHIH, BTOPHYHBIC
AKTUBATOPHI), HAMMOJHUTENH (MUHEPAIbHBIC HAMOTHHUTENHN, TEXYTIIEPo), MATYuTend (mapaduHbl), TEXHOIOTHYe-
ckue no6aBku, opodop (azoaukapboHamum). OTIMUKMEM TPEX HCCIENLyeMbIX MaTEpHaiOB SIBISIIOCH Pa3lUdHOE
KOJIMYECTBO aKTHBATOPa BYJIKAHU3AIIMN W TEPMHUYECKOTO paszyiokeHus mopodopa okcuaa nuaka (bL[-OM, OO0
«benXum», Poccus).

PesnHoBast cMech 1 Obla M3rOTOBIIEHA B TAHTEHIMAJIBHOM JIAOOPATOPHOM PE3MHOCMECHUTENIE ¢ 00BEMOM
Kamepsl 2,5 nutpa. Coaep:kaHue OKCHAa HUHKa cocTaBuio 1 MaccoByto yacTh Ha 100 MaccoBBIX YacTel Kaydyka.
B cMmech 2 u cmech 3 ObLT BBeZIeH AOMOMHUTENBHBIA OKCHJT IIHKA JI0 COAepXaHusi B 2 u 2,5 Macc. 4., COOTBETCT-
BeHHO. [lONOTHHUTENBHBIE HABECKU OKCHJIA IIMHKA BBOJHMIIMCH Ha JTa00OPaTOPHBIX PE3MHOCMECHTEIILHBIX BaIbLIaX.

HccnenoBanne KWHETUKU MPOIECCOB BYJIKAHM3AIMH, ra3000pa30BaHHs M BCIICHHBAHUS 3JIAaCTOMEPHOTO
Marepuaia mpoBoauiIochk Ha mpudopax D-MDR 3000 («MonTechy, T'epmanust) u UUPT-2 (TOCT 11645-73).

Oopaszer misa 6e3poropHoro peomerpa D-MDR 3000 npezcTasiisit coO0H HaBeCKY PE3MHOBON CMECH IIMTHHIPUYC-
ckoii popmbl 1 Maccoit 7,0+0,5r. {1 M3roToBieHus 00pas3lioB UCIIONB30BAIICS TTHEBMATHIECKUH OOBEMHBIN BBIPYOHOMH
npecc R-VS 3000 («MonTechy, I'epmanust). McnbiTaHus POBOIIKCH HPK pasiHyHbIX Temreparypax (140—170°C),
gacToTa KoneGanus momydopMel coctapisia 1,67 I'y, amrumTysa konebanuii — 0,5° (8,7%10° pan).

B xaudectBe npumepa Ha puc. I npeincTaBiieH Tpaduk, OTpakarouii 3aBUCUMOCTD JAaBJICHUSI B Kamepe peo-
METpa OT BPEMEHH, IIPU IIOCTOSIHHOM TeMIIepaType UCTIbITaHus i oOpasua 1.

Puc. 1. I'padnueckoe npeacTaBiIeHUE pe3yIbTaTOB HCIIBITAHUS PE3NHOBOM cMecH |
Ha 0€3POTOPHOM PEOMETPE MPH TPEX TEMIIepaTypax

O6pasup! 11t UMPT-2 npencrasisiin co0oi HaBECKH PE3WHOBOM cMecH LMIUHIpHUYECKoi GopMbl Maccoit
ot 0,23 no 0,56 rpamm. HaBecka pe3nHOBOI cMecH NTOMENIaach B MIPEIBAPUTENHHO Pa3oTrPeThIii 1 00padOTaHHBIN
WHEPTHOM 110 OTHOIIEHHIO K OOBEKTY MCCIIECIOBAHUS CHIIOKCAHOBOW aHTHAATE3UOHHOM KUIKOCTBIO KaHaJl nmpuoopa
MEXy IByMs (GTOPOILIACTOBBIMH MPOKIIAJAKaMu. TeMriepaTypbl UcbITaHus coctaBisiii ot 150 no 170 °C. B pa-
30TrpeToM KaHaje NMpuOopa pPe3nHOBasi CMECh IOJBEPraiach pa3orpeBy € JalbHEHIINM pas3lioKeHHeM IHopodopa
¥ HavyasioM ByJkaHu3alMud. COBOKYIHOCTh 3TUX MPOLECCOB NPUBOJAUT K 00pa30BaHUIO BCIIEHEHHOTO MaTepuala,
aHaJIOTUYHO (POPMOBOMY CIIOCOOY MPOM3BOACTBA BCIICHEHHBIX AJIACTOMEPHBIX M3aenuil. Hannuue mroka c rpy3oMm
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HE TI03BOJIICT MATEPHUaTy HEKOHTPOJIUPYEMO PACIIUPATHCS, a MO U3MCHEHHIO TOJO0KEHHS IITOKA BO3MOXKHO OT-
CIIeXKHMBATH MPOIIECC YBETUUCHHS 00beMa ucciaeayeMoit HaBecku. KpatHocTh BenenuBanus (K) uccieayemoro o0-
pasiia pacCYUTHIBAIH MO opMyIie:

P
!

Puc. 2. T'paduyeckoe npeacTaBieHUe pe3ybTaTOB UCIIBITAHUS PE3UHOBOM cMecH |
Ha UWPT-2 npu tpex TemnepaTypax

ComnocraBieHne 3aBHCUMOCTEH, TIPOBEICHHBIX Ha puc. | U 2 yKa3pIBaeT HA CHMOATHOE M3MEHEHNE JaBIICHUH
B Oe3poropHoM peomerp MDR-3000, kpaTHOCTH BCIIEHHBAaHHS KaNMIUIIPHBIX 00pa3ios B Buckozumerpe UNPT.
O0e MeToAMKH MO3BOJISIFOT KOMIUIEKCHO OLIEHUTh MAaKPOKMHETHYECKUE TTapaMeTphl Ipoliecca BCICHUBAHUS BYJIKa-
HHU3aTOB, HEOOXOAMMBIE Ul ONTHMH3ALMU MPOLECCOB BYJIKAHW3ALUKM: MHIYKLMOHHBIE MEPUOIBI U CKOPOCTH HX
BCIICHUBAHMSI.

Maremaruueckas 006paboTka pe3yJabTaToOB MPOBOIMIACH MPU MOMOIIHM MpOrpaMMHOro obecneuenus EXxcel
(«Microsofty, CIITA), TableCurve 2D («Systat Software Incy», CIIIA).

HccnenoBanne KWHETHKHU TpoIiecca Mopoodpa3oBaHusl M BCIIEHUBAHUS 3JIACTOMEPHOTO MaTepuala OblIo oc-
HOBAHO Ha OMNpEeNIEHUN KHHETHUECKUX apaMeTpOB: KOHCTAHTHI CKOPOCTH, MOPSAIKA PEaKIUi U IHEPTUN aKTHBa-
UM TIpoliecca pasiokeHus mopodopa. B kadecTBe OCHOBHBIX HCTOYHHUKOB JIAHHBIX JJIsl pacu€TOB OBUIM UCIIONB30-
BaHbI JJAHHBIC 110 U3MCHCHUIO BO BPEMCHU JABJICHUA BHYTPHU HUCITLITaTEIILHOM KaMEpbl 1 KPATHOCTU BCIICHHUBAHMA,
nojiyueHHble Ha mpudopax MDR-3000 u UWPT-2.

Hcnonb3ys moaxosl [S] K OMHUCaHHUI0O KUHETHKH HEOOPATUMBIX XUMHUYECKHX PEaKIMid MPOU3BOJIBHBIX IO-
PSIKOB, TIPOIIeCC ra30BbIISIICHHs TIPU Pa3IoKEeHNH Mopodopa B 371aCTOMEPHOM MaTepualie Mo JaHHBIM Peorpamm
(MDR-3000) MOHO ONHUCATh C TIOMOIIBIO BBIPAKEHHS:

dP

E:k-(Pmax—P)”, 1)
rae P(t) — 3HaveHue naBiieHUs B KaMepe peoMeTpa; t — MpoaoInKUTEIbHOCTh mpoliecca; K — KOHCTaHTa CKOPOCTH
MpEeBpAIICHUST;, Py — MAKCUMATBHOE JaBJICHUE B KaMepe; N — MOPSI0K PEaKITHH.

Peakiusi TepMudeckoro pasioxkeHus: nmopodopa OnuchBaeTCs ypaBHEHUEM KHHETHKH PEakIiu N-0ro Io-
psnka [6]. IIporecc mopooOpa3oBaHus B pe3nHaX MPEICTABIICT COOOH COBOKYITHOCTH IIPOIIECCOB PA3IOKEHUS 1TO-
podopa u oOpa3oBaHMs MMONEPEUHBIX CBs3CH B moymMepe. Peakiny ByJKaHU3ALWU HPUHATO CYUTATh PEAKIMSIMH
mepBoro nopsiaka [7].

ITpu norapudmupoBanuu (1) momydaercs clieayromiee BEIpaXeHHe:

In ((jj—ltj =Ink+nin(P,, —P) 2

Jlns ynoOcTBa pacueTa KHHETUYECKUX MTapaMeTpOB PEaKIMH pa3lIoKeHHs opodopa ObLT IIPOU3BEIEH TIEPEXO OT
BEJIMUMHBI JJABIICHNS B Kamepe K Oe3pa3MepHO BEIIMYHHE — CTENICHH 3aBEPIICHHOCTH MPOLIECcca ra3000pa30BaHMs:

86



Ananus MAKPOKUHEMUKU 6CREHUBARUSA IJIACMOMEPHBIX Mamepuailoes

— (P_ Pmin) 11, 3
pe (Pmax - I:)min) - [0’1] ©

rjie P — 3HaueHMe 1aBlieHUsI B OTIPE/ICICHHBI MOMEHT BpEMEHH 1.

[lepexon k BeIMUYWHE CTEIICHU 3aBEPIICHHOCTH NpoIecca HEOOXOIUM IS MUHUMHU3AIIUU MTOTPEITHOCTH TIPH
omnucaHuu 000OIICHHBIX KPUBBIX. JlaMbHEUIINI aHaIN3 JaHHBIX MPOBOIWIICS C UCIOIH30BAHHEM MPOTPAMMHOTO
obecnieuenus Table Curve 2D.

ANTIPOKCUMAIUIO HHTETPATBHBIX KHHETHYSCKUX KPHUBBIX MPOBOJIUIN C MPUMCHEHUEM MAaTEMaTHUYECKUX MO-
JIeJIeld, OTpasKaroINX 3aBHCUMOCTE ff oT BpeMeHH {. Kak Opu10 ycTaHOBNIEHO B paboTax [8] BRICOKYIO a/IeKBATHOCTh
M COOTBETCTBHE rpaduyueckoil (hopMe NCXOAHBIX M30TEPM JEMOHCTPHPYIOT MOJAETH «transition functions», otpa-
JKAroIUe, Kak OBICTPO C TEUEHHEM BPEMEHH IMpollecca MEHSIOTCS MTOKa3aTeNy BCIICHEHHOTO BylikaHu3aTa. B kade-
CTBe TIpuMepa «transition functionsy» HIKe IPHUBEACHBI YEeTHIpeX- (4) M mATHIapaMeTpudeckas (5) Momenu, mapa-
METPBI KOTOPBIX HMEIOT PU3NICCKUN CMBICIT U CBS3aHBI C ONPEACISIEMBIMA TTapaMeTpaMu mopoodpaszoBanus [3]:

b

(i) ’

p=a

td-In@2% —1)—c||
d

f=a+bil—|1+exp (5)

CornacHo anroputMmy, MpeaioKeHHOMY B pabote [6], OblIa paccMOTpeHa 3aBUCHMOCTH CTEIIEHU He3aBep-
IIEHHOCTH MPOIECCa OT BPEMEHHU MPOTEKAHKs TIpoLecca nopoodpaszosanus. [lpu [, nmpuruMaromeii sHauenus [0,5;
1,0], moyueHHBIH rpa K OMHUCHIBACTCS BhIpakeHHEM (6):

In(z—f):a+b-ln(1—ﬂ). (6)

C nomotiisio (6) MOKHO OmnpeesuTh nopsaok peakiud N = b u InNK = a. lanee Ha OCHOBaHHUHU SKCHIEPUMEH-
TaJbHBIX JAHHBIX ObUTH mocTpoeHsbl 3aBucumoct K = f(t). 3aBucumocts koddduimenta K oT BpemeHH X0poiio
omHchIBaeTca ypaBHeHHeM (7):

InK=a+%. (7)

[Tapametp b 1aHHOrO ypaBHEHUsI B TAIbHEHIIIEM UCIIONB3YESTCS [UIsl pacyéra SHEPTUH aKTUBALIMU PEAKIMH 110
ypaBHEHHIO AppeHuyca. AHaJIOruYHas Mpoleaypa Oblia MpoBe/ieHa Il KHHETHYECKUX 3aBUCHMOCTEH KPaTHOCTH
BCIIEHMBaHHS OT MPOJODKUTEILHOCTH TIpoliecca. Pe3ynprarsl 3TuX pacy€ToB npuBeaeHs! B Ta0. 1 u Tabm. 2. u Ha
puc. 34 puc. 4.

Taomuua 1
Pe3ynbTaThl pacyeToB SHEPIUU aKTHBAIUH 110 JaHHBIM,
HOJTy4eHHBIM Ha 6e3poroproM peomerpe MonTech MDR-3000
Howmep o6pa3siia Temmepatypa, K k E., x/x/Moib

413 0,1564 0,74719

1 423 0,2768 1,29635 76,7
433 0,4490 1,13946
413 0,1003 0,83800
423 0,2418 0,96909

2 433 0,9451 1,28341 1899
443 5,3399 1,21424
413 0,1054 0,91830

3 423 0,8113 1,15168 130.2
433 2,8386 1,15518 '
443 5,9892 1,13599
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Tabmuna 2

PesynbTarhl pacyeToB SHEPTUU AKTUBAIMH TI0 3KCIIEPUMEHTAIBHBIM JIAHHBIM, OTy4YeHHBIM Ha MUPT-2

Homep obpasua Temneparypa, K k n E., xJIx/Mob

423 0,0437 1,00000

1 433 0,0679 1,00000 36,2
443 0,0746 1.01047
423 0,0242 0,44000

2 433 0,0655 1,02700 52,5
443 0,0746 1,01047
423 0,0311 0,56250

3 433 0,0490 0,59000 32,5
443 0,0512 0,50000

Ea, KW/ Mok

200
180
160
140
120
100

80

1 P 3

NO peLenTyprl Pe3MHOBOH CMeCK

Puc. 3. Pe3ynbraTsl pacueToB SHEPIHH aKTHUBALUH 10 SKCIIEPUMEHTAIbHBIM JaHHBIM,

HOJTy4eHHBIM Ha Oe3potopHoM peomerpe MonTech MDR-3000.

1 — pe3uHOBas cMech C cojiepKaHNeM OKCHa IMHKA | M.4.; 2 — pe3HHOBasi CMECh C COJIepKaHueM
OKCH/Ia ITMHKA 2 M.4.; 3 — pe3uHOBast CMECh C COJIEpP>KaHNEM OKCHIA IMHKA 2,5 M.4.

Ea, kil MoAb

60

1 2 3

Ne peuenTypbl PESMHOBOM CMECKH

Puc. 4. Pe3ynabpTaThl pacueTOB SHEPTHUH aKTUBAIIUH 110 SKCTIEPUMEHTAILHBIM JaHHBIM, TIOTYYSHHBIM
Ha UMPT-2. 1 — pe3nHOBas CMECh C COACPKAHMEM OKCHJIa ITMHKA 1 M.4.; 2 — pe3uHOBast CMECh
C coJiep KaHMeM OKCHJIA IIMHKA 2 M.4.; 3 — pe3uHOBast CMECh C COJIEPI)KaHUEeM OKCHIA ITMHKA 2,5 M.1.

OTMCTI/IM, YTO DHECPrusd aKTHUBAIHWU IIPOLECCCAa PA3JIOKCHUA aSOI[I/IKap6OHaMI/I,E[a, paccunuTaHHad B [4], CoCTa-
Buia 11743 KI[)K/ MOIJIb, TaM K€ IIOKAa3aHO, YTO DHCPIrUsd aKTUBALIUU IIPOLECCa BCIICHUBAHUS MOJIMMCPHBIX paciuia-
BOB CHMXKACTCA C POCTOM UX BSI3KOCTEH.
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Takxum 00pa3oM, Ha OCHOBaHHHU ANMPOKCUMAIIMU YKCIIEPUMEHTAIBHBIX JAHHBIX KHHETUKU TTOPOOOpa30BaHMUs
OBUT YCTaHOBIICH 3KCTPEMATLHBINA XapakTep 3aBUCHMOCTH SHEPTHU aKTHUBAIMHU Ipoliecca Mopoodpa3oBaHus B Ja-
CTOMEPHOM MaTepualie ¢ pOCTOM KOHIICHTPAIMU OKCHJAa IUHKA B KOMITO3UIWU. JlaHHBIN XapakTep n3MeHeHus E,
HaOIIOalICs TIPH UCHONb30BaHMK kKak peomeTpa MDR-3000, Tak n xammuisspaoro Busko3umerpa MUPT-2. ABTo-
pamu [4, 9, 10] oTMeUasIoch, YTO BBEICHNE aKTUBATOPOB MPOIIECCa PasIOKCHUS a30quKapOOHaMUIa, B YaCTHOCTH
OKCHJIa IIHKA, B TIOJIMMEPHBIE KOMITO3UIMH 3aKOHOMEPHO CHIDKAET TEMIIepaTypy pasiokeHus mopodopa u sHep-
THIO aKTHBaIMH mpornecca. [loydeHHbie B paboTe pe3ysibTaThl MOTYT ObITh 00YCIIOBICHBI KAK PACXOIOBAHUEM OK-
CHJIa ITUHKA OJJHOBPEMEHHO C Pa3jioKeHUEM a307HKapOOHaMUIa Ha (U3UKO-XUMHUUECKUE TPEBPAIICHUS, COMPOBO-
JKTAIONIHE MPOIIECC BYJIKAHU3AIUHN OyTaIHeH-HUTPUIBHOTO KaydyKa CepoCOoJepiKallliMU BYJIKAHH3YIOIIUMH CHC-
TEMaMH, TaK U U3MEHEHHEM BS3KOCTH U PEOJIOTUYECKOTO TIOBEJICHUS 3IIACTOMEPHOTO MaTepuaia B mpoliecce mpe-
BpAIICHUS] PE3WHOBOM CMECH B PE3UHY.
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Opoena Jlenuna u opoena Tpyoosozo Kpacnozo 3namenu nayuno-ucciedoeamenbcKuil
UHCIUmMYm CUHmMemu4eckoz2o kayuyka um. akao. C.B. Jlebedesa
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IIpeocmasnenvt pesyibmanmvl UCCie008aHus 6nusHUA epagerogvix Hanonaacmun (I'HII) na mennocmoii-
KOCMb pe3ut Ha 0cHoge noaudumemuicuiokcana. I'HII 6viiu nonyuenst nocpedcmeom kapoonuzayuu 6uonoaume-
PO8 NYmém camopacnpoCcmpaHsioue2ocst 8blICOKOMeMnepanypHo2o cunmesd. B sxcnepumenme ucnoavzosanu cu-
auxorosyr pesunosyio cmeco ELASTOSIL® R401/40 S (Wacker Chemie AG, I'epmanus). Ananusz 0aHHbIX KOM-
nAeKca 83auMOO0ONOTHAIOWUX MEMO008 NO360Jslem coelams 61600, umo eésedenue I'HII 6 peyenmypy 6 kauecmee
000a60K nNosviIUAem MenioCMOUKOCb CUTUKOHOBIX PE3UH.

KiaroueBble ciioBa: CHIMKOHOBas PE3WHA, MOIMIAUMETHICUIOKCAH, 2D-HaHOYTJIEPOABI, TEIUIOCTONRKOCTD,
TEPMOOKHUCIUTENbHAS TECTPYKITHUS.

INFLUENCE OF 2D-NANOCARBONS ON HEAT RESISTANCE OF SILICONE RUBBERS
Frantsuzova Yu.V., Voznyakovsky A.P., Neverovskaya A.Yu., Kotelkova E.O., Bolshunova E.A.

Orders of Lenin and the Order of the Red Banner of Labor Research Institute
of Synthetic Rubber named after Academician S.V. Lebedev

The results of studying the graphene nanoplates (GNP) effect on thermal stability of the
polydimethylsiloxane rubbers are proposed. GNP obtained by carbonization of biopolymers by self-propagating
high-temperature synthesis. In the experiment, a silicone rubber compound ELASTOSIL® R401/40 S (Wacker
Chemie AG, Germany) used. Analysis of the data a complementary methods complex made it possible to conclude
that the introduction
of GNP into the formulation as additives increases the heat resistance of silicone rubbers.

Keywords: silicone rubber, polydimethylsiloxane, 2D-nanocarbons, heat resistance, thermal oxidative deg-
radation.

Pe3uHbI Ha OCHOBE MOJIHIUMETHIICHIIOKCAHOBBIX KaydyKOB XapaKTEPHU3YIOTCS BBHICOKON TEIIOCTOWKOCTHIO,
YTO M ONpEAEIsieT X BOCTPEOOBAHHOCTh B a3POKOCMHUYECKOM, aBTOMOOMIIBHOMN, 3JIEKTPOHHOM, 3JIEKTPOTEXHUYE-
CKOM M JPYTHX BBICOKOTEXHOJIOTMUECKUX OTPACIAX HMPOMBIIUIEHHOCTH. [Ipoanenne cpoka ciyxObl M3aenuidi Ha
OCHOBE CHJIMKOHOBBIX PE3WH B BBICOKOTeMIIepaTypHbIX cpeaax (250-300 °C) sBisiercsi HEM3MEHHO aKTyaJIbHOM
LEJNBI0. DTa LeJlb MOXET ObITh JOCTUTHYTa MOAM(HUKALEH TOJIMMEPHON MaTpPHILIBI ¢ TIOMOLIBbIO BBEIECHHUS JOOABOK
BEIIECTB C BEICOKOH TETUTOMPOBOAHOCTEIO [ 1]. MI3BeCTHBI HCCIIeIOBATEIbCKUE PAOOTHI, TTOCBSIIICHHBIC TTOBBIIICHHIIO
TEIUIOCTOWKOCTH PE3UH Ha OCHOBE TOJHIMMETHIICHIIOKCAHA C TTOMOIIBIO BBEICHUS B COCTaB aJUIOTPOIHBIX (hopm
HaHoyrlepona [2]. B kadecTBe MOITUpHUIMPYIOMUX 100aBOK, 00ECTIEYMBAIONINX JIOCTIKEHHE IIEJIH, B psijie padot
ucnoab3yT 2D-amtotponHyo Gopmy HaHoyriepoaa — rpadeH. [3, 4]. OgHako, HECMOTpPS Ha MMOKa3aHHYIO Iep-
CIEKTHUBY MCIOJIb30BaHMs rPpa)€HOBBIX CTPYKTYP [UIS MOBBIMIEHUS TEMIIOQU3NIECKUX TapaMEeTPOB MaTEepPHUaioB, 10
HACTOSIILIETO0 BPEMEHHU MX MPHUMEHEHHE HE BBIXOJIUT 3a PaMKH MoJIy4eHus TabopaTopHbIx 00pa3nos. IIpexae Beero,
3TO 0OCTOSATENBCTBO ABJSIETCS CIEACTBUEM SIBHO HEJJOCTATOYHON MPOM3BOAUTEIBHOCTH U3BECTHBIX K HACTOALIEMY
BpEMEHHM METOIUK cuHTe3a. Hanbonee mpon3BoauTenbHbIe METOJUKH CHHTE3a IPpad)€HOBBIX HAHOCTPYKTYP, TAKHE
KaK MHOTOYHCJICHHBIC BapUaHTHI MeTo/la XammMepca [5], Hanpumep, TO3BOIISIOT Moiy4ats okcuy rpadena (GO) u,
COOTBETCTBEHHO, BOCCTAHOBJICHHBIH okcua rpadena (rGO) B oObemax, JJOCTATOYHBIX TOJBKO JUIsSl HAYYHBIX JKCIIe-
pumenTtoB. Kpome Toro, meron Xammepca, BKIO4as MHOXKECTBO ero Mmoaudukaimii cuare3a GO, npeaycMaTpuBacT
UCIIOJIb30BaHUE arpecCUBHBIX KUCJIOTHBIX U IIEJIOYHBIX areHTOB JIsi 00pabOTKM MCXOOHOro rpauta, 4ro HpU
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MacIITaOMpOBaHUH MPOIIECca CTABHUT MOJ COMHEHHE €ro SKOJOTHUECKYI0 0€30MacHOCTh U 9KOHOMUYHOCTh. Hamu
ObuTa TpenyiokeHa OoJiee MPOM3BOAMTENbHAS M Maso3aTpaTHass METOANMKA CHHTe3a rpad)eHOBBIX HAHOCTPYKTYD, a
HMEHHO MaJoclIoiHOTro rpadena (B HHOCTpaHHOM nutepatype few-layer graphene - FLG), kap6onusarueii 6uoro-
JMMEPOB PACTUTEIBHOTO MPOUCXOXKACHUS B YCIOBHUSX IPOIEcca CaMOpacHpOCTPaHSIOMIErocsl BBICOKOTEMIIepa-
TypHOTO CHHTe3a [6].

Ienpro HacToAmIeH pabOTHI ABISUIACH IPOBEPKA CYIIECTBYIOLIMX IIPEACTABICHUI O BO3MOXHOCTH IOBBILIE-
HUS TEIJIOOCTONKOCTH 0a30BBIX PE3NMH HA OCHOBE MOJIMAMMETHIICHIIOKCaHa Tipu ucnonbs3oBannn ['HII B xauecTBe
Moauduuupyroeii robasku. B padote Obiia ncnonb3oBana pesunoBas cmeck ELASTOSIL® R401/40 S (Wacker
Chemie AG, I'epManmst) Ha OCHOBe MoNUAUMETHICHIOKCaHa. Pe3nnoBeie cmecn Wacker Chemie AG xapakrepu-
3YIOTCSI BBICOKOH BOCIPOM3BOAMMOCTBIO (PU3MKO-MEXaHHYECKUX IOKa3zaTesell ByJKaHM3aTOB, YTO BaKHEE BCETrO
Ipy BBIOOpPE CHIIMKOHOBOW KOMITO3UIIMU AJISi (PMKCHPOBAHHS U UCCIIETOBAHUS OXHAAEMBIX 3PPEKTOB BIUSHUS
I'HIT Ha cBo¥icTBa KOHEYHBIX MaTepUaoB. B kauecTBe mpekypcopa MajocioiHoro rpadeHa (rpadeHOBBIX HaHO-
IUTACTHH) UCIOIb30BAIN KpaxMadl.

CHUIMKOHOBAs KOMITO3UIUS ObLIa TOTONHUTENbHO Moauduiuposana 'HIT B konuuectrax 0,5; 1,0; 2,0; 4,0
MaccoBBIX 4acTel (M. 4.) B pacuére Ha 100 M. 4. cmecu (R40-C0.5, R40-C1, R40-C2, R40-C4, coOTBETCTBEHHO).
Takum 0Opa3om, ISt UCCIIETOBaHUS OBLIM M3TOTOBIIEHBI IIATH CMecel, BKIrouas 6a3oByro — 0e3 coneprkanus ['HIT
(R40). B kadecTBe BYJIKAHH3YIOIIETO arcHTa MCIOJIb30BAIU IMPOKO MpUMeHsieMblii nepokcun qukymiia (TT1K).
N3 kaxxnoii cMecu ObLTH U3rOTOBJICHBI ABE MIACTHHBI 120x120%2 MM, 1m1aiiosr S0X6 MM (1151 ONIpEIeIICHUs TBEPI0-
CTH PE3WHBI).

Ha cnenyromem stame paGoThl MPOBOAMIMCH HCCICIOBAHUS BO3MOXKHOTO XMMHUYECKOTO B3aMMOJICHCTBUS
I'HIT ¢ Bynkanuzyromum areatoM [TIK, T. e. Biusaus ['HIT Ha kuHEeTHKY 00pa3oBaHust XUMUYECKoi ceTku. Ompe-
JelieHre BYJIKAaHU3aLMOHHBIX XapaKTePUCTUK PE3WHOBBIX CMECEH OCYIIECTBISUIOCH C MOMOIIBI0 peoMeTpa Oe3po-
topuoro Tarma MDR 2000 Rheometer (Alpha Technologies, CILIA). CymiHOCTs MeTOa 3aKIF0YAETCS B I3MEPEHUHN
KPYTSIEro MOMEHTa B 00paslie, BBI3BIBAEMOIO KOJCOAHUSIMH HWKHEH miuatdopMbl ¢ ONMpPEAeNCHHOW 4acTOTOU
Y aMIUTUTYJIOH, TIPU 3aJITaHHOM Temrieparype o0pasia pe3nHoBoi cMecH. CpaBHUTENBHBIN aHATN3 BYJIKaHU3AIMOHHBIX
XapakTepucTHK cMmeceil nokaszai, yto ['HII He oka3bpIBalOT CyIIECTBEHHOI'O BIUSHUSA HAa CTPYKTYPHbIE MU3MEHEHUS
NOJMMEPHOM MaTpPHUILBI B IPOLIECCE BYJIKAHU3ALMNY, T. €. IPOLEcChl (POPMUPOBAHUST XUMUUECKOW CETKH B HKCIIEPH-
MEHTAIBHBIX CMECSX MPOTEKAIOT JIOCTATO4YHO cXoxke. OCHOBHBIE BYJIKAaHM3AIMOHHBIE XapaKTEPUCTUKUA CMecer
npuBeIeHbI B Ta0m 1.

Tabmuna 1
BynkaHu3zarmoHHbIe XapaKTePUCTHKU IKCIIEPUMEHTAIHLHBIX PE3NHOBBIX CMECEeH
TTokazatenn Pe3uHoBEBIE CMecH
R40 R40-C0.5 R40-C1 R40-C2 R40-C4
ML 0,36 0,38 0,37 0,36 0,37
MH 6,77 6,73 6,60 6,82 7,37
tsl 0,79 0,80 0,88 0,86 0,87
t50 1,27 1,24 1,35 1,33 1,38
190 3,74 2,68 2,82 2,85 3,05

M_ — MUHUMaJIbHOE 3HAYCHUE KPYTSIIEro MOMeHTa, OH *u,; My — MakCUMallbHOE 3HAYCHUE KPYTSILIEro MO-
MeHTa, 0H*u; 11 — BpeMsi JOCTIKeHHS 3HaYCHHS KPYTALIEro MOMeHTa, 6osbiiero ML Ha 1 en. usmepenus, mum;
t50(90), mun — Bpems Bynkaunuzanuu 50 % (90 %) oT BpeMeHH MTOTHOH ByJIKaHU3AIINH.

Hanee u3 cMeceil ObUIM M3TOTOBIICHBI BYJIKaHM3aThl (pe3uHbl). YacTh 00pasLoB Obula MOABEP)KEHA CTaH-
JApTHBIM (U3UKO-MEXaHUYECKUX HCIBITAHUAM ISl ONpPENEeNICHHs 3JaCTUUYECKUX M MPOYHOCTHBIX IOKa3aTeleH.
OcranbHblie 00pa3iisl ObUTH BbIIEpKaHbl B TepMocTarte npu 250 °C B TeueHue 72 4 ¥ TaK YKe MCIIbITaHbI.

Pe3ynpTarhl HalIMX 3KCIIEPUMEHTOB ITOKA3aJIHd, 4To 0a30Basi pe3rHa MOCIe TEPMUUECKOTO CTApEHUS MTPAKTH-
YECKH MOJTHOCTBIO TEPsAIa CBOM AKCIUTyaTallMOHHBIE MTapaMeTpPhl, TOTAa KaKk MOAU(HUIMPOBAHHBIE PE3UHBI COXPaHs-
JIM CBOM CBOWCTBA B pa3HOM cTeneHu B 3aBUcHMOCTH OT coaepxkanust [ HIT. HanGonee BoipaxkeHHbIN 3P PEeKT HHTH-
OMpOBaHUS TEPMOOKUCIIUTENHHOM JIECTPYKIIUK HaOIona1cs B o0pasiax pe3uH ¢ conepxanveMm ['HIT B konuuecTse
2 M. 4. OTHOCHTEJIBHOE YIUIMHEHHE TI0CIIE TEPMOCTAPEHUS] MHOTOKPATHO MPEBHIILIAIIO YAJIMHEHHE 00pa3LoB 0e3 cozep-
xanus [HIL 3aduxcupoBano nagenue npouHocty He copepxkamux ['HIT oOpasnos B 8 pa3, o0pasuos ¢ 2 m. 4. ['HIT —
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B 2 paza. TBepaocTs 06pazuos ¢ 'HII (>1 m. 4.) nocne ucnpITaHuil He UI3MEHMUIACh, B oOpasnax 6e3 ['HII — yBenu-
yniack B 2 paza (Tabai. 2).

Tabmuma 2
OH3HKO-MEXaHUYECKUE MTOKA3aTeH SKCIIEPUMEHTATBHBIX PEe3UH
OO6pas3up Jlo TepMuYeCcKOTrO CTapeHUs [Tocne TepMUYECKOTO CTapeHHUS
[Ipounocts | OtHocutensHOe | TBepmocth | Ilpounocts | OTHOcuTenbHOE | TBepmocTh
npy paspeiBe, | yanuHeHue npu | (no lopy | mpu paspeiBe, | ymmuaenue npu | (o [llopy
MIlIa paspsiBe, % A), en. MIIa paspsiBe, % A), en.

R40 9,1 700 40 1,1 33 80
R40-C0,5 8,7 685 40 2,2 213 68
R40-C1 8,8 725 40 4,0 470 38
R40-C2 8,5 690 42 5,0 570 38
R40-C4 7,6 640 45 4,1 480 38

ITpu cpaBHeHUM (U3NKO-MEXaHWYECKUX IOKa3aTeslell BYJIKAHM3aTOB J0 M IIOCIE TEPMHYECKOI'O CTapeHHs
B YKa3aHHBIX YCIIOBHUSX ycTaHOBIeHO, 4Tto BBeneHue 2 m.4. HIT B ELASTOSIL® R401/40 S npuBOAXT K TeM ke
pesynsTaTaM, uTo u BBeAeHne tepmoctadbmimmsatopa ELASTOSIL® AUX H4 (Wacker Chemie AG, I'epmanus)
B PEKOMEH/IyEeMBIX TIPOU3BOIUTENIeM KommdecTBax (3 M. 4. Ha 100 M. 4. cmecn).
b1 npoBeneH nuHamMudeckuid Mexanndeckuii aHanms (JIMA) mpu MoaenmnpoBaHUU TEPMUYECKOTO CTAPSHHS
C TIOMOIIBI0 AWHAMHUYECKOT0 MexaHmdeckoro anamuzatopa Perkin Elmer DMA 8000. O0pasubl ¢ comepxaHueM
I'HII B xonmmaectse 1, 2 u 4 M. 4. u 6e3 I'HII moxBepranuce pactshkeHnto ¢ gactoroit 1 'l mpu mocTosTHHON TeM-
nepatype 280 °C (puc. 1) n 320 °C (puc. 2) B Teuenue 3-x 4. Harpes 10 3agaHHBIX TeMIiepaTyp MPOU3BOIUIICS CO
ckopocThio 20 °C/muH B Teyenue 13 muH. (10 280 °C) u 15 mun. (o 320 °C).
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Puc. 2. IameHeHNEe MOy YIIPYTOCTH 00pa3IioB BO BpeMeHH mpu Temneparype 320 °C
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Bauanue 2D-nanoyznepooosé na meniocmoukocmy CUITUKOHOBBIX PE3UH

Bbi1 mpoBeneH CHHXPOHHBIN TepMorpaBuMeTpuyeckuil/ muddepenimansapiii Tepmudeckuii ananmus (TI/ITA)
o0pa3ioB ¢ ucnonb3oBanueM aepuBarorpadpa DTG-60 (Shimadzu, Smonust) B atMocdepe BO3Iyxa cO CKOPOCTHIO
Harpesa 10 °C B MuUHYTY. AHaJH3 TEPMOTPAMM HE BBISBIII YETKUX TEHIACHIMA OKHCIUTEIFHON TEPMOIECTPYKITHH
B 3aBUCUMOCTH OT coaepxkanus ' HII. Mo:XHO OTMETUTb, 4TO TeMIEepaTypa BbIxoJa Ha iato TI'-kpuBoi yBenndyu-
Baetcs ¢ yBenmaeHnueMm conepxkanus 'HII. Oxnako ITA mpogemMoHCTprpoBan 4€TKOe pa3iudre MaKCHMaTbHBIX
sK30TepMHuUeCcKuX IPPeKToB B MHTEpBaAe Temmeparyp 485-550 °C, xapakTepHO# CTyIeHH TEPMOOKHCIHTEIHHON
JECTPYKIM HOJUANMETHICUIOKCAHA C MAaKCHUMAaJbHOM MOTepeill Macchl, COOTBETCTBYMOLIEe coaepxanuro ['HIT
B 00pa3max. MakcuManbHBIN dK30TepMUdIecKuid 3D ek 3adukcupoBad mpu HarpeBanun oopasma R40 (15,5 MxB),
muauManbHbId — R40-C2 (3,4 MkB), 4TO KoppeiupyeTcs Mpu CPaBHEHHUH JETrPajallid COOTBETCTBYIOIIUX PE3UH
B pe3yJIbTaTe TEPMOCTAPCHHUS.

TakuMm 00pa3oMm, aHAIM3 TAaHHBIX KOMIDIEKCA B3aMMOIOMOIHSIONINX METOAOB MCCIEIOBAaHUS TTO3BOJISIET 3a-
KITFOYUTh, YTO JIOTIOJHHUTEIHHOE BBEIEHHE B OTPa0OTAaHHYIO pEHEenTypy CHIMKOHOBOW pPE3WHOBOW CMeCH
ELASTOSIL® R401/40 S mogndumupyromux mo6aBok ['HII mpuBOaUT K MOBBIMIEHUIO TEIIOCTOWKOCTH PE3WH
Ha ee OCHOBe. MOXHO mpennoyioxutb, yTo yacTuibl I'HII pacnpenenstorcss NpeuMylIeCTBEHHO IO 3JIeMEHTaM
CBOOOHOTO OOBEMa MOJMMEPHON MAaTPHIBI, YTO MPEmITCTBYyeT auddy3nn atMOCHEpPHOTO KHUCIOPOJA H, TAKHM
00pa3oM, CHWXAETCS WHTEHCHUBHOCTh OKHCIICHHSI OPTAaHUYECKHX PaJUKaioB y aToMa KpeMHHS. COOTBETCTBEHHO,
HETaTUBHBIE CTPYKTYpPHBIC U3MEHEHHS MaTepralia 3aMeIISIOTCS. DTa MOAETh KOCBEHHO MOATBEPKIaeTCs TeM (hax-
TOM, YTO MpHU MPEBBILIECHUN ONpeAeieHHON KoHueHTpauuu yactul I'HII B penentype cMecu CTOMKOCTh PE3UHBI
K TepMOOKHCJ’IHTCJ’IBHOﬁ JACCTPYKIUN CHUIKACTCA. MoskHOo MMpEAIOJIOXUTh, YTO MPU MPCBBINICHUN OIITUMAJIBHOI'O
cozmepxkanust [HII (B HateM citydae, ONTUMAIIBHO — 2 M. 4.) W30BITOYHOE KOJIMYECTBO YacTHI (POPMHUPYET arperarsi,
YTO MPHUBOAUT K HEPABHOMEPHOMY 3aIlOJHEHUIO 3JIEMEHTOB CBOOOAHOT0 00beMa KOMITO3UIMU M, KaK CIEACTBUE,
NOBBIIICHHIO AU Y3NOHHON MPOHUIIAEMOCTH.
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B 0630pnoii cmamve 0aemces onucanue cnoco608 noyueHus ROIUMEPo8 Ha OCHOge Hapmanun-2,6-0ukapbo-
HOBOU KUCIOMbL U ANUpamuyeckux OUoI08. dIMUICHSTUKOIISL, MPUMEMULEHSIUKOS, MEeMPAMEMUNCH2AUKONs, O)-
MAHOUOAAa U Opy2ux, paspadomanublx OMeyecmeeHHbIMU U 3apYOEHCHBIMU YUEeHbIMU.

KaroueBsble cioBa: croxxabie TOTUI(GHUPEL, HaPTaTHH-2,6-TMKapOOHOBAsT KUCIIOTA, AUOJBI, apOMaTHIECKHE
KHCJIOTHI, MOJMMATHICHHATANIAT, TOMHOYTHICHHATANIAT, STUIICHTIINKOIb, OyTananon-1,4.

METHODS OF SYNTHESIS OF POLYESTERS AND THEIR PROPERTIES
12K hasbulatova Z.S., *Asueva L.A.

Chechen State Pedagogical University
?Kh.l. lbragimov Complex Research Institute, Russian Academy of Sciences

The review article describes the methods of obtaining polymers based on naphthalene-2,6-dicarboxylic acid
and aliphatic diols: ethylene glycol, trimethylene glycol, tetramethylene glycol, butanediol and others developed by
domestic and foreign scientists.

Keywords: polyesters, naphthalene-2,6-dicarboxylic acid, diols, aromatic acids, polyethylene naphthalate,
polybutylene naphthalate, ethylene glycol, butanediol-1,4.

B nocnennue rogpl B EHTPE MHOTOYMCICHHBIX MCCICIOBAHUM CTOUT HOBBIN Kiacc noyimd¢upos (I1OD) na
OcHOBe HadTanNH-2,6-1MKapOOHOBBIX KUCIOT 1 anudaTiuueckux auono. [lo cpaBHEHHIO ¢ MOTMMEpPaMy Ha OCHO-
Be Tepe(TaJaTOB OHM MMEIOT JYYIIHEe TEPMHUYECKHE U MEXaHWYECKHUE CBOWMCTBA, YTO OOBSCHIETCS MKECTKOCTHIO
JIMHENHOW IMOIUMEPHOH LETIH.

Pabora [1] nocBsieHa UCCIEIOBAHMIO MTOJIMMEPOB MOJU(TpUMeTHIeHHAPTaIMH-2,6-1nkapookcuiara). Lle-
JIbIO PabOTHI SIBISUIACH Pa3pabOTKa ONTHUMAIbHBIX YCJIOBUI CHHTE3a (BIMSHUE TEMIIEPATypPbl, XUMHUUECKON MPUPO-
Jbl KaTaJIN3aTopa MOJIMKOHACHCAIMY 1 €ro KOHLIEHTPAaLlMU Ha CBOMCTBA MOJMMEPA), U3yUeHHE CBONCTB IOJIMMeEpa,
a TaKKe BIUSHHS MOJIEKYJIIPHOTO Beca Ha CBOIMCTBA BOJIOKHA, MTOJIy4€HHOTO Ha TPSIMIBHBIX amapaTax.

Hommatunennadranar (II9H) u mommudyrunennadranar ([IBH) sBustorcss HOBBIMU NOAMA(PUPAMH C BBICO-
KUMH XapaKTePUCTHKAaMH, KOTOpPbIE COTJIACHO HOBOMY HM3Y4YCHHUIO KOHCYJbTalMoHHOH ¢upmbl R.M. Kossoffand
Associates, Inc. (CIIA), o4eHb TepCIIEKTUBHBI /IS MPOU3BOACTBA MAarHUTHBIX M DIIEKTPOTEXHUYECKHUX IIIIEHOK M
ymakoBoK. Hampumep, A pou3BOACTBa KOHTEHHEPOB /ISl HAIONHEHUS MPOMYyKTaMH, CHEIHaJbHBIX BOJOKOH,
KOHCTpYKIMOHHBIX TepmoruiactoB (IIBH) u . 1.

Oty nonud3(Upsl MOTYT IPUMEHATHCSI BO MHOTHX 00J1acTsx, rae noimdtuienrepedTanar (II9TD) mo cpoii-
CTBaM HE MOXET MCIIONIb30BaThCs. Bhinaromumrcs xapakrepuctukamu monmdtwieHHadranatos (IT9H) senstoTes
TEpPMHUYECKUE, MEXaHWYeCKue, OapbepHble CBOMCTBA, TMAPONIM3HAas, Xxumuueckas u Y @-croiikocts. Gupma AmMoco
yckopsieT npombiiienHoe passutue [I1OH u [IBH mis npon3BoacTBa mieHOK, yakoBOK, BOJIOKOH, MOIHOYTHIICH-
Hadranarel ([IBH) B kauecTBe KOHCTPYKIIMOHHOTO MaTepralia JUIsl JIEKTPOTEXHUKH U 3JIEKTPOHUKH U (OTOIIICHKH
JUTSL HOBBIX Kamep. MupoBoe nmotpetiienue yxe B 2000 1. gocturano 17,2 teic. T, a B 2005 r. 50 ThIC. T. [2].

3apyOeKHBIMH HCCIIEOBATENSIMH TIPEICTABICH 0030p MOCIEAHUX JOCTHKEHHH B 00JaCTH TEpMOIIIaCTHY-
HBIX CHOXHBIX Hoa3dupoB (I12D), nonustunenrepedranara ([IITD), monubyrunenrepedranara (IIBTD), CILI
noymrerpameTieHr Ko u [IBT® (TepmormmacTuaHbi 3mactomep) amopdroro monuapunara, KK-IID®, 6uo-
pasnaraemsie [10® n nommstunennadptenata (II1OH). [logpobHO omucansl coco6 nomyudeHus u cBorictea [1OH.
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Cnocoovl cunmesa nonuIgpupoe u ux ceoiicmea

Vka3aHel 0COOCHHOCTH Ha()TAJMHOBOTO IMKJIA: BBICOKAas OOBEMHOCTH, IOJHAS apOMAaTHYHOCTb, KOH(HIYparys
¢ rimagkoit I1B n HecummeTpruaHOCTS. BBenenne HadranmroBOrO 1HMKIIa yiry4dmaeT (1o cpasaenuto ¢ [I19Td) run-
pohoOHOCTh, CTENEHb OPUEHTALMM, CTEIEHb YIIAKOBKH, SHTPOIUIO, CHI)KAET IMOJABM)KHOCTH Mojekyssl. IIOH
u [I9T® umeroT COOTBETCTBEHHO TeMIlepatypy crexioBanus 113 u 67°, Temneparypy ruiaBneHus 269 u 258°, xo-
a¢unment Bogomnornomenus 0,2 u 0,3 %, mpoIHOCTH (2-X OCHOOPHUEHTHPOBAHHBIX IJICHOK COATAHCHPOBAHHOTO
tima) 28 u 23 H/vM’ n Moxyine yapyroctu 620 u 540 H/mM?, rasonpornmaemocts (-10™2 ev® em/cM?-c-MM pr-cr.)
o otHormeHuio k CO, 9 n 33, 0, 2,8 u 7,6 (HeopueHTHpoBaHHBIX TIeHOK) 1 CO, 3,3 m 13,0 0, 0,8 1 2,1 (2-X ocHO-
OpHEHTHpOBaHHAA IIeHKa). |'a300apeepHbie cBoiicTBa y [IOH B 2-3 paza myumie, yem y [I9T®, u o crocoben
BbITeCHUTH [IDT® B 00macTyt M3roToBIEeHUS OYTHUIIOK IS HAMTUTKOB, coepamux razoobpasusii CO,, mpudyeM
(8 EBporre, FOxHOI AMepuke) MpOMBIIUIEHHAs! TEXHOJIOTHS pereHepannu u moBTopHoro gopmoanus [19H B Oy-
TBUTKH yke pazpabotana (IIOH BeinepkrBaeT HECKOIBKO JAECATKOB PENHKIIOB). B Oymymem (Tipu yCIioBUH CHIXKeE-
HUsI CTOUMOCTH) IaHupyetcs npumenenue [I9H B npon3BoacTBe BOJOKOH U IIMHHOTO KOPJA.

Paccmotpeno coBpemenHoe nonoxenue ¢ mpuMmenenrneM JXK-I19® u monmmapuiaTos [3].

O ToM, 9To monm THIIeHHA(TAIAT — HOBBIN Nommdup coodimaercs B padote [4]. [lokazaHo, 9TO H3y4eH TO-
mtuierHadranar (IIDH)-momumep, ¢ yaydimeHHOW TBEPIOCTHIO, MPOYHOCTHI0 TEPMOCTAOMIBHOCTHIO, C TIOBBI-
[IIEHHOM TeMIIepaTypoil CTEKIOBaHUS U OaphepHBIMU CBOWCTBAMH, IT0 CPAaBHEHHIO ¢ ApyrumMu 110D, o npumeHeHnn
[13H st nomy4eHust POTOIIIEHOK, CTOMKUX K CKPYUIMBAaHMIO, C yMEHbIIEHHOH Ha 30 % TONMIMHOM, A1 KOHAECHCATOPHBIX
IUICHOK, I'Z1¢ HEOOXOAMMBI YIIyUIlIEHHbIE 3JIEKTPUUECKHE U TEIIOCTOHKUE cBoMcTBa. Coo0IIaeTcsi, YTO NpPOU3BOAAT
wienku u3 [I9H ¢upmer ICI, DuPont, B A3uu [T9H Beimyckaer Tejuinchemical (SInonwust), a CILIA exeromHo npo-
nu3Bout 1,2 ToIC. T. llena [IOH cuibHO 3aBUCHT OT CTOMMOCTH HCXOAHOH 2,6-HadTannHANKapOOHOBON KHUCIOTHI.
Amoco Chemical exuHCTBEHHBIH MOCTABIIMK 3TOM KMCIOTHI M €€ MOIIHOCTh cocTaBisieT 30 Teic. T/r. HecMoTpst Ha Heko-
TOpOE CIAEPKUBaHKE M3-32 BbICOKOH 1ieHbI nommtiieHHadranar ([I9H), ero cmecu ¢ [T, CIJI HaunHAIOT MIMPOKO
NPUMEHSITh (BMECTO CTEKJIAa M METalla) B yMaKOBKE MUINEBBIX NpoaykToB. Tapa m3 IIDH nerkas, He pa3OuBaetcs,
ee MOXXHO 3alOJHATh TopsyuMu mpoaykTamu. Kopa B mmHax u3 [I9H BeIrogHO 3aMeHsieT BUCKO3HOE BOJIOKHO,
OH BBICTYIACT KaK 3aMCHUTEIIh CTATM B M30JSIIMK Kabesss. HekoTopeie mpo0iieMbl MOSBUINCH ¢ pereHeparnuen [19T.
OrtpuriatenbHO CKa3bIBAeTCS Ha peluKIle IpucyTcTBre B cMec [1OH.

[Tokazano [5], 4T0 clIOKHBIE MOTUI(QUPHI ¢ YMEHBIICHHOW (IIyOpECHeHIINEH Il H3TOTOBJICHHS YITAKOBKH
COJIepKaT 3BEHbsI Ha OCHOBE JIUKapOOHOBBIX KUCIOT > 0,1 % 2,6-HadTanuHIMKapOOHOBasi KUCIIOTa WK ee 3(UPEI,
nuogioB u 0,1-5 moi. % apomarudeckux Tuo3gupoB Gopmysisl Ar (SR)n, rae n>1, R — ankui, muKIoankui, aaku-
Hu1, apwi, LX, B kotopoM L — opranmueckuii JUBaJICHTHBIA pagukal M X — peakmuoHHOcTocoOHas ¢ [1D®-
rpynmnamu rpymnmna, Ar-¢peHun, TudeHn ¢ MOCTUKOBBIME TPYIIIaMH MEKIY apOMaTHYECKUMHU SIIpaMu Ha) THIL.

3apyOexHble ydeHble [6] uccrenoBaam rameHue (IIyOpeCHCHIMK MOIMATUIICH-2,6-Had TATMHIMKApOOKCUIIATOB
neiictueM qumetunrepedranara (I), 2,6-mumernn-1-6ensunHadranara (1) u 2,6-6uc(2-oxcudtunrio) Haptammna (11).
Coo01maercs, 4To akTHBHOCTh TacuTeneil ymensiaercs B psay 1>11>111 m mponoprmonansHa KOHIIEHTpAIMU TacUTENs.

SIMOHCKUMU McCIeI0BATENSIME TIPOBE/IEH 0030p aBTOPCKUX MCCIIE0BAHUM CTPYKTYpooOpa3oBaHus OMU(ITHICH-
2,6-HadyranaTa) B mpolecce OJIHOOCHON BBITSDKKHA HEOPUEHTHPOBAHHBIX, aMOP(HBIX IJICHOK, MTPOBEJCHHBIX METOIOM
JpakIuy peHTTeHOBCKUX JTydel B KOMOMHAIINY ¢ pa3paboTaHHOW aBTOPaMH CHCTEMOU BUIE03anHcH [7].

['pymmoii yuensix nonydeHa komnosuiws (KM) Ha ocHoBe nmonudenmwiokenaa u noiamddupHadranara, Ko-
topast coaepkut (%) 1-99 momudenmnenokcuma (IIPO), 99-1 TIDD obmeit Gopmynsr - OROC(0)AC(0)-. rme
R- nByxBaneHTHas anmudaruueckas, aTMUUKIAYECKas WM apoMaTHYecKas yriieBOJOpOIHAsA IPyIa MM MOJHOK-
CHAJIKWIICH, A - IByXBaJICHTHBIH ann(aTHUECKU, aTMIUKIMUYECKIA WK apOMaTUIECKUi paiuKai, CMECh U3 HUX U
>50 moi. % A - HadranuHOBBIE 3BeHbs (3B), HampuMep, NOTMITHIICH-, TOTUOYTHIIEH-, TOJTHLIUKIOr€KCaHAUMETH-
7071-2,2-HadTanar Wik ux cMecb. KOMIO3UIMS COAEPIKUT areHT COBMEILICHHS B BUIE MOIU(PHUIIMPOBAHHOTO 3I0K-
cH-, OpTO3UPHBIX 3BeHbeB NoiupenmteHokeuaa (I1P0). Moayns ynpyrocTun KOMIO3ULIMY HAYMHAET CHIDKATHCS
npu TeMiepatype Ha >15° o, yem y [I19®, B kotopom <50 moin. % HadTanaTHbIX 3BeHbEB. B KoMmo3umnuio mMo-
ryT ObITh J00aBJIeHbl OOBIYHBIE JO0ABKU: aHTHIHPEHBI, CTAOWMIN3aTOPBI, yAAPOIPOYHbIH MOAU(UKATOP, YIPOU-
Hstomui areHT. [19® B koMmo3uuuu siBisiercs: HenpepeiBHOU ¢aszoi. [Ipumep (u.). CmemmBaroT 36 3mokcuyHK-
ruoHanusupoBanHoro [1OO, 7 CIUI stunena u 12 % rmmnuaunverakpunata, 5 6mok-CILUI ctupona, sTuneHa u
Oytunena 32,5 [I9T®, 54 nonmstuneHHadranata (xapakrepucrudeckas Bs3kocTh 0,75, QeHON-TeTpaxiopITaH
1:1, 30°, remnepatypa crexinoBanus 120-129°, remneparypa miasnenus 265°). Cmech npoIycKaroT Yepe3 AByXII-
HEKOBBII AKCTpYZAEp ¢ BakyymMoTcocoM mipu 290-340°, rpaHynupyioT, oTiauBatoT oopasus! npu 300-320° B Gpopmy
¢ teMneparypoit 120-150°. [Tonyuennas KM u kontponsHasg u3 37 [1OO u 63 I[IOTD umeroT yaapHyro BA3KOCTh
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Ha 00pasuax ¢ Haape3oM cooTBeTcTBeHHO 23,4 u 1,04 x['cM/cM, pouHOCTh Mpu pacTsbkeHuu 45,15 u 44,1 MIla,
ynmuaerne 121 % (c mmactTuaHbM paspymenuem) u 4 % c xpynkum [8].

SINOHCKUMH y4YSHBIMH OBUIH ONpENeNICHbl KPUCTAUINYECKHE O0JIACTH MONMITHIEH-2,6-HadTanara ([I9H)
unonuoyTnen-2,6-nadranara (II6H).

Tak, MeTomoMm audpakiny PEeHTTEHOBCKHUX Jyded B pabote [9] oleHHBamm TeMmepaTypHYIO 3aBHCHMOCTH
moayist yrnpyroctu (E) kpucramuinueckux obnacreid moiau(3TuieH-2,6-Hadranata) B HalpaBICHUH, MapalUICIbHOM
ocH mernel, npu Temneparypax go 228°. Ilpu xomuatHO# Temmeparype E=145 I'Tla, uro Ha 40 % BrIIIE, YeM y
[I2T®. KoshpunmenT akcnanbHOTO CKaTus 1end B obnactu 22—228° MOCTOSHEH, OTKY/Ia ¥ TOCTOSHCTBO E B 3101
obmacti. MexaHu3Mm J1eopMaIiy MPH ITUX TEMIIEPATYPAX CBS3BIBAIOT CO CKENECTHRIMH KOH(POPMAIHSIMH.

Taroke, MeTozioM Tudpakiuu X-mydeld y noaubytuneH-2,6-nadranara (IT6H).

Omnpenenenst [10] nBe kpucramumueckue cTpykTypsl B P1 dopme: a=4,55 A, b=6,43 A, ¢ (akrmcca BoJo-
koH)=15,31 A, A=110,1, B=121,1 u ramma=100,6. 3HauuTeNbHbBIEC PA3THIUSI B KPUCTAIUIMUECKUX CTPYKTypax A- H
B-¢hopmM cBs3aHbl ¢ KOH(MOPMALUAME [IEMOYEK U3 YETHIPEX METHICHOBBIX rpymi: it Gopmbl A — SGTGS u ans
dhopmer B — TSTST.

B pabore [11] ompenenena kpucTaiinueckas CTpyKTypa monuOytwieH-2,6-madranara (IIBH). CroxHbrit
nommup (II2DC) nmeer cpenHiow UMHY *KecTKuX HadTamaTHbX 3BeHbeB 1—10. [IDDPC mpossmsror KK-
MOBEJICHUE TP coepKaHuU HadranaTHbIX 3BeHbEeB 25—67 Mon. %. [I9PC, B KOTOPBIX KOHIEHTPALHS KECTKUX
Ha(TaJaTHBIX 3BEHbEB COCTaBiseT 2543 moin. %, uMeeT HemaTHyeckyro ¢asy u OudasHyo obmacts. [19DC,
B COCTaBE KOTOPBIX 54—67 Mo, % Ha(TalaTHBIX 3BEHbEB 00J1a/1al0T HeMaTHYeCKol (ha3oli pu Temreparype 0osee
400°. XK-nopsimok B [I1DDC Bo3pacTaeT 1o Mepe yBEIMYCHHS COJCPKaHUS Ha(TaJaTHBIX 3BEHBEB, UTO CBS3aHO
C POCTOM CpEIHEH IUIMHBI I[ENH KECTKUX 3BCHBEB. [Ipu conmep:kaHuu HadTamaTHBIX 3BeHbeB 82 Mo, % [1DDC
MUMEIOT BBICOKYIO KPHCTAJUIMYHOCTD M HE TIIaBsITCs 0€3 pa3ioKeHusl.
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POJIb HEOPTAHUYECKHUX [TIOJIMMEPOB OKCHUJ1I0B BAHA/IUA B ITPOLHECCE
HOJYYEHUSA KOMIIO3UIIMOHHBIX MATEPHUAJIOB HA OCHOBE AJIIOMUHUSA

IlleBuenko B.I'.*, Kpacuiabuukos B.H., Eceineunu /I.A. KoniokoBa A.B.
Hucmumym xumuu meepoozo mena YpO PAH
*shevchenko@ihim.uran.ru

Memooamu cxanupyiowell 21eKMpPOHHOU MUKPOCKORUU, NOTHONPODUILHO20 DEHMEeHO8CK020 (pa306020
aAHATU3A, USMEPEHUsL NIIOMHOCIU, MOJWUHBL OKCUOHOU 000I0UKU U MOOUDUYUPYIOWE20 NOKPLIMUSL HA NOBEPXHO-
cmu cghepuveckux vacmuy amomunus mapku ACH-4 uzyuenvl ocobennocmu opmuposanus mamepuaid, oopa-
3YI0We20cs NPU CNEKAHUU NPeccoB8anHblx 0opasyos 6 unmepsaie memnepamyp omoicuea 1073—1173 K 6 cpede He
U Ha 8030yxe. YCmanosneHa 603MONHCHOCHb NOTYYEHUS. KOMHOZUYUOHHO20 MAMEPUANA HA OCHO8e YaCuY aioMU-
Hus, nokpvimozo neopeanuveckum cenem V,05NH,O nonumepnoii cmpyxkmypoi. Cunmesuposannvie 0opazyvl KOM-
nO3UMOo8 001a0arom MAibIM YOETbHbIM ECOM, HUZKOU NOPUCTHOCTHBIO U NOBLIUEHHBIMU 3HAYEHUSMU MEEPOOCHIU.

KiroueBble ci10Ba: ruaporey, HEOPraHN4eCKUe MOJTUMEPHI, MOAUGUIIMPOBAHHBIN ATIOMUHHNA, KOMIIO3UT.

THE ROLE OF INORGANIC POLYMERS OF VANADIUM OXIDES IN THE PROCESS
OF OBTAINING COMPOSITE MATERIALS BASED ON ALUMINUM

Shevchenko V.G., Krasilnikov V.N., Eselevich D.A. Konyukova A.V.
Institute of Solid State Chemistry UB RAS

Using the methods of scanning electron microscopy, full-profile X-ray phase analysis, measuring the density,
thickness of the oxide shell and the modifying coating on the surface of spherical particles of ASD-4 aluminum, the fea-
tures of the formation of the material formed during sintering of pressed samples in the annealing temperature range
of 1073-1173 K in He and in the air mediums were studied. The possibility of obtaining a composite material based on
aluminum particles coated with an inorganic V,0s-nH,0 gel of a polymeric structure has been established. The synthe-
sized samples of composites have a low specific gravity, low porosity, and increased hardness values.

Keywords: hydrogels, inorganic polymers, modified aluminum, composite.

Komno3uiroHHble MaTepuajibl HAXOAT Bce OOJIblee TPUMEHEHUE B Pa3IMYHBIX OTPACISAX MPOMBIILICHHO-
CTH OT TPOU3BOJICTBA CIENMAIBHBIX TKaHEH 0 M3AeNHii aBuakocMuieckoi TexHuku [1-4]. Ocoboe mecto cpenu
TPAIUIIMOHHBIX KOMITO3UTOB 3aHMMAIOT MAaTEPHalbl, B KOTOPBIX HCIONB3YIOTCS ToiuMepbl. OHM MOTYT HailTh
MIPUMEHEHHUE B KAUECTBE MOKPBITUN MIM MATPHUIIBI JJIs IPUIAHUS HOBBIX YHUKAJIBHBIX XapPaKTEPUCTHK U3ICIUAM U
MaTepuajaM, CBA3aHHBIX C OCOOCHHOCTSIMH UX CTPYKTYPBI U (PU3UKO-XUMHUYECKUX CBOKCTB.

Hamu Opu1 pa3paboraH crmoco0 akTHBH3AIMK MOPOIIKA ATIOMHHHS B TPOIECCEe OKHCICHHUS B BO3IYLTHON
cpene [5]. B kagecTBe akTHBaTOpa OBLT UCITOJIH30BAH BaHAAUEBBIM THAPOTEIb, TOTyYCHHEIN ITyTeM TePMOTHIPOIH-
3a V;,0s. I'ens coctaBa V,05-NH,0O Hanocuiics Ha moBepXHOCTH mopouika Mapku ACJI-4 myTeM cMelIeHHs B Tpe-
OyeMBIX COOTHOIICHHUAX. Moau(HUIIMPOBaHHBIC TAKMM 00pPa30M MOPOIIKH NPEACTABISIOT co00 cepruieckue yac-
THIIBI, MOKPBIThIC OKCUAHON 0000uK0i Al,O3, Ha TOBEPXHOCTH KOTOPBIX HaHeceH cioit rumporens V,0s-nH,0.

CorylacHO JJaHHBIM COBPEMEHHBIX HcciefoBanui, ruaporenn V,05-NH,O oTHOCATCS K KilacCcy HeopraHude-
CKHX ITOJINMEPOB, MPEACTABISIOMNX COOO0M JICHThI MUPUHON ropsiaka 10 uM u pauHOH 6osiee 100 HM, coeTMHEH-
HBIX JIPYT C APYyTrOM MOJIEKYJIaMHU BOJBI [6].

Wmest kBasuaByMepHyto (2D) cloucTyio CTpyKTypy, rejid 001amal0T CIOCOOHOCTHIO MHTEPKAIMPOBATH B
MEKCIIOEBOE TIPOCTPAHCTBO MOJIEKY/IBI BOJBI, OPTAHHYECKHE BEMIECTBA M aTOMBI METAILIOB [/—9] U MPOMUTHIBATH
BBICOKOIMCIIEPCHBIE MaTepHalibl, 00pa3ys Ha MOBEPXHOCTU YaCTHUI] YCTOWYMBBIC IIJICHKH, COXPAHSIONINE CIOUCTYIO
CTPYKTYpY IOCJIE CYLIKU IPU MEPEXOAE B KCEPOTEIIH.
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Ha puc. I npeacraBnens! crpykTypHble npespamienus rens V,O0s*nH,0 B npouecce TepMHUYECKOTO BO3ACH-
ctBus [6]. Kpome Toro, V,0s, nmest HU3KHE 3HAYCHHSI MOBEPXHOCTHOTO HATSDKEHHS W TEMIIEPATyphl IJIaBICHUS
[10], xopotro cMa4MBarOT W MPOIHUTHIBAIOT BHICOKOIMCIIEPCHBIE MaTepHallbl, 00pa3ys Ha WX IMMOBEPXHOCTH YCTOM-
YHBBIE TICHKH, COXPAHSIONINE CBOIO CTPYKTYPY ITOCIIE CYIIKH TP IIEPeXo0/ie B KCEPOTeIu.
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Puc. 1. Tepmuueckoe npespaiienue kceporens V,0s-NH,0 Ha moBepxHocTH cydcTpaTa (N = 1,6)

[IpoBencHHBIE HAMU KCCIICIOBAHUS BIWSHUS THAPOTENs MEHTOKCHA BaHAIUS Ha aKTUBHOCTh OKHCIICHHS
MOPOILKOB AIIOMHMHHUS B YCJIOBHSAX Harpepa A0 Temmeparyp Bbime 1273 K B BO3IylIHON cpee METOIOM CHHXPO-
TPOHHOTO PEHTI€HOBCKOTO (Da30BOro aHanM3a MOKa3alM, YTO B MPOIEccEe HarpeBa, KPOME COOTBETCTBYIOIIUX
okcuaHbIX (a3 B cucreme Al-V,0s, 00pa3yroTcss HHTEPMETAITHYECKHE COSIMHEHMSI, XapaKTePHbIE TS ArarpaMMBbI
cocrosiaus V-Al [11-14].

Panee ObuTH MONy4YeHBI Pe3yJIbTaThl U3MEPEHUS TOJIIIMHBI OKCUIHON W HaHeceHHOU mieHku V,0s, a Takke
n300pakeHHe OTIEIBHOIN YaCTHIIBI B €€ Pa3pe3 C MCTIONb30BaHUEM JIEKTPOHHONH MUKPOCKOIIMU BBICOKOTO Pa3peIlCHUsI
M METOJIOB AumncomeTpun. Ha puc. 2 npencrasieHo nzoopaxeHue nonepednoro ceuenus yactuipl ACJ-4, peanbHas
MOBEPXHOCTh KOTOPOH MOKPHITA TeJIeM NIEHTOKCH/Ia BaHA M ¥ TIOJIBEPIHYTa CYIIKe, ¥ TepMooOpadoTke [15].

EHT = 500KV Signal A * InLens Date :26 May 2017
WD = 68mm Photo No. = 3700 Time 16:2608

Puc. 2. Tloniepeunsiii paspes yactuiibl mopoinka ACJ-4, 00paboTaHHOI0O BaHAAMEBBIM THAPOTeIeM

Ha ocHOBaHWM pe3ynbTaToOB 3TOH paOOTHI CIENaH BEIBOJ O TOM, UYTO B MPOIIECCE yIAICHUS BOABI HA TIOBEPX-
HOCTH YacCTHIl aJJFOMHHUSI (POPMHUPYETCsI CIIOW KCeporessi, TIPOYHO CBS3aHHBIA C METAJUIMYECKUM SIAPOM 3a CUEeT
BO3MOXHOCTHU I/IHTepKaJ'ISIIII/II/I HNOHAMHU AJIFOMUHUS.

Hcxons u3 storo, MmoauduimpoBaHHyto (MokpeiTyio V;0s) 4acTUIly alrOMHUHHS MOXHO Ha3BaTh KOMIIO3H-
IIHOHHOM, cocTosrel n3 Metammdeckoro sapa (Al), cost okcrma amomuamst (Al,O3) u caos V,0s.

Takum 00pa3oMm, Mocie MpeccoBaHus (POPMHUPYETCS MPECCOBKA ¢ PABHOMEPHBIM pacHpee/ICHUEM KOMIIO-
HEHTOB, KOTOPBIE B IMPOIIECCE HATPEBA BCTYIAIOT BO B3aUMOJICHCTBHE U 00pa3yIOT KOMIIO3UIIMOHHBIN MaTeprat.

Ha ocHOBaHMM BBIIICHU3I0KEHHOTO, B HACTOSIIEH paboTe MpeACTaBlIeHbI PE3Y/IbTaThl HCCIICIOBAHMS (DU3H-
KO-XUMHUYCCKUX HpOHeCCOB, HpOTeKaIOHII/IX HpI/I HOJIy‘-IeHI/II/I KOMITO3UIIMOHHBIX MaTepI/IaJIOB Ha OCHOBC aJIFOMHHHA,

BaHAIINA U TIPOTYKTOB WX B3aMMOICHCTBHS.
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IKcnepUMeHTAIbHbIE METOAbI U MATePHUAJIbl HCCIIEOBAHUI

B kadecTBe MaTpHIIBI IS TIOTYYEHHSI KOMITO3UITMOHHBIX MAaTEPHAIOB HA OCHOBE AFOMUHUS UCIIOJIE30BAITN
cteprueckuii mopomrok amroMuHus Mapku ACJI-4, momydeHHBIH METOIOM PACIIBUICHHUS PACTIIABICHHOTO METaJlia
asorom [14]. Comepxanue B Hem aktuBHOTO Metayuta (Al) coctaBisuio okoio 98 %, yaenbHast IIIOIIaab TOBEPXHO-
cri — 0.4 M%/r. Cunres rumporens V,0snH,0 ocymectsimsimn Tepmoruapomsom V,0s mapkn YJIA [0]. TTpomece
MoauuIpoBaHus (TIOKPBITHS) BKITFOYAJ B ce0s1 CTaINU CMEIICHHUS ITOPOIIKa aTFOMUHUS C THIPOTeNeM B TpeOye-
MOM KOJIMYECTBE 3a7aHHON KOoHIeHTpanuu V,0s, py KOMHATHON TeMIiepaType, MPOCYIIMBAHUS CMECH Ha BO3JyXe
npu temrieparype 353 K u npokanuBanus npu temnepartype 623 K g monroro ynanenus Bogs [14]. Iloaroros-
JICHHBIE TaKMM 00pa30M MOPOIIKH 3alpeccOBbIBaM B TabneTku auamerpoM 10 MM (okono 0,7 T) mpu AaBICHUU
3.92 MIla (40 xr/cm?). Criekanne 06pa3ioB (TabIeToK) MPOBOIMIN Ha Bo3ayxe u B cpeae He mapku OCU.

[Tocne mpeccoBaHusl TOPIBI TAONIETOK UMENN 3€PKaJIbHYIO MIOBEPXHOCTh, IPUTOTHYIO AJISl TPOBEJCHHUS ONITH-
YEeCKOT0 SKCIEPUMEHTa METOAOM DIIUIICOMETPUUH Ha siuncomerpe JIDP-3M, no3BossiomemM onpeaeisTh TOI-
LIMHY CJIO0EB OKCHIHOTO M HaHeceHHOro ciost V;0s. DneMeHTHBIH aHamn3 00pa3loB KOHTPOJIUPOBAICS METOIOM
aTOMHOMW aJCOpOLIMOHHOI CHEKTPOCKOIMU B IUIAMEHM alleTHJICH-BO3ayX Ha mpubope Perkin-Elmer u atommuoii
SMHCCUH Ha CIEKTPOaHAJIM3aTOpe ¢ WHAYKTHBHOU mazmMoi JY-48. Mopdonoruo noBepXHOCTH YaCTHI CHHTE3H-
POBaHHOTO MaTepHaia U3ydald Ha PacTpoBOM 3JeKTpoHHOM Mukpockore JEOL JSM-6390LA c sneproaucnepcu-
OHHBIM peHTreHOBcKUM aHanmu3atopoM (EDX). IImoTHOCT 1 00beM 00pa3IoB ONpenessUIiCh Ha TETHEBOM IMHKHO-
metpe AccuPyc 11 1340.

Pe3yabTarsl 1 00cyxneHue
B 1abn. 1 nmpuBeneHsl 3HaYCHUS IJIOTHOCTH U 00beMa HEKOTOPBIX M3 MOJIyYEHHBIX 00pa3LoB MPH pa3iInd-
HBIX YCIIOBUSIX CHIeKaHUs U conepxanus Y 20s.

Tabmuna 1
OO6paszer u ycIIoOBuUS CHHTE3a [110THOCTB, T/cM° O6beM, e’
Al-3% V,05, He, 14 2,7969 0,2342
Al-3% V,0s5, He, 24 2,8486 0,2960
Al-3% V,05, 0,5, 14 2,7909 0,3989
Al-5% V,0s, He, 14 2,8008 0,2927
Al-5% V,0s, He, 2 4 2,8899 0,2819
Al-10 % V,0s5, He, 14 2,7769 0,2532
Al-10 % V,0s, He, 24 2,9360 0,2653

W3 Tabn. 1 cnemyer, 4TO C yBeNMUEHHEM TPOJIODKUTEILHOCTH CIIeKaHUs B cpefe He Bo3pacraeT ux IuioT-
HOCTb. B BO31yIIIHOM cpejie MIIOTHOCTh MEHSIETCS B MEHbIIIEN Mepe. MakcuMaibHOE YBETMYEHHUE INIOTHOCTHU MOy~
YEHHBIX MaTEPHAJIOB HE MpeBbImacT 7,5 %.

B Tabn. 2 npuBeieHbI pe3ysIbTaThl peHTTeHO(a30BOr0 aHAIM3a METOIOM PuTBernbia 00pasioB TabaeToOK Mociie
OTXXHra B TeueHHe oaHoro yaca B He nmpu temneparype 1093 K. AnanmusupoBanack HCXOIHAs INIOCKOCTh MaTepuana
TabJIETOK ¥ Mocie NUTH(OBKU 1 NOTUPOBKH ¢ rryOuHbI 0,5-0,7 MM.

Tabmnuua 2
Conepxanne V,0s5 B HICXOTHBIX 00pasiax, Macc. %
XapakTep OBEpXHOCTH, 3 | 5 | 10
BpeMs oTkHra (Jac) "
®da30BbIii cocTaB 00pa3IoOB MOCIE OTKUTA, Macc. %
Al —98,3 Al - 86,3 Al -79,8
I[O MOJIMPOBKH A|203 — 0,0 (X,-AIQO;; — 1,7 (I-AIZO;; — 1,7
1 wac ’ Al - 0,7 v-Al,0; - 9,3 v-Al,O; — 14,3
Al -0,2 AlV -0,4 Al;V -0,2
V,03;-0,8 V,03;-2,3 V,03;-4,0
Al -91,2 Al — 88,6 Al_848
[Tocrne noaMpOBKH, v-AlL,O; - 7,7 v-Al,0; - 10,1 ALO~— '12 9
| wac ALV - 0,5 ALV - 0,4 YVOZ Y
V203 — 0,6 V203 — 0,9 15— &
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W3 Tabin. 2 cnexyet, 4TO MpU aHANK3E PeaibHON MOBEPXHOCTH 00pa3L0B CHM)KAETCS COACPKaHUE METalIn-
YEeCKOro JFOMHHUS C POCTOM KOHIIEHTPALMH IIEHTOKCHIA BaHAaus. [Ipu 3TOM MponcxoauT oOpa3oBaHUE OKCHIOB
QTIOMHHUS Y- B 0-MOAN(HKALINH, a UX CyMMapHasi KOHICHTPAIHs TAaKXKe MPOIOPIIHOHAIBHO Bo3pacTaeT. Hapsmy
¢ atuM popmupyroTcst uHTepMeTauU bl coctaBa AlygV u AlsV, cooTBeTcTBYIOIINE OOraToOl ATIOMHUHUEM 00JaCTH
nuarpaMmbl coctosiaust Al-V [11].

ITo mepe yBenmueHHs comepaHUs B UCXOAHBIX oOpasmax V,Os mamaer KOHIEHTpanus HHTEPMETALIH/IOB,
HO pacteT KoimdecTBo ¢asel V,03 ot 0,8 1o 4 macc. % mpu konnentpannu V,0s 10 macc. %. [Tocne mumndosku n
MOJIMPOBKHU B aHAJOTHUYHBIX YCIOBHSIX OTXKHra, T.e. B TIyOuHe oOpasia, pukcupyercs mumb y-Al,O3, magaer co-
JepKaHue MHTEPMETAITMIHON (a3bl M MEHSETCS COCTaB M KOHICHTPALUs OKCUIOB BaHAAWs C Oojiee HU3KOW Ba-
11eHTHOCTBIO V503 1 VO 5.

[locne nByxuacoBoii Beigepkku B He mpu temnepatype 1093 K nponcxoauT cHIKeHHE KOJIMYECTBa METa-
JMYECKOr0 aJFOMHUHHS, HO MPU 3TOM YBEIMYHBACTCS KOHIICHTPALMUS OKCHAA alOMHHHS U MHTepMeTauinaa. Tax,
B obOpasiie, cogepikamieM 5 % V,0s, B 3THX yCIOBHSAX KOMHUeCTBO MeTaminueckoro Al coctasmser 75,4 %, cym-
MapHoe cojiepkanue y- u o-Al,03 — 22,5 %, Al3V — 2,1 %, okcuaHoi# (a3bl Ha OcHOBE V OTCYTCTBYET.

Ha puc. 3 npeacraBnensl n300pakeHns: MOBEPXHOCTH NUTH(OB, MOTYYCHHBIE METOAOM CKaHUPYIOMIEH IeK-
TPOHHOI MHUKPOCKOIINH TOCTIe YacOBOTO crieKkaHus TabneTok B cpeae He mpu 1093 K.

15kV X1,000 10pm 10 41 BEC

15KV X1,000 10pm 10 41 BES

0)

15kV X1,000 10pm 10 41 BES

Puc. 3. I300paxeHvst MOBEPXHOCTH MUTH(OB MaTEPUAIIOB, OAy4YeHHBIE MeTo10M COM
npu ciekanuu B He B Teuenne 1 u pu 1093 K: a) Al+3 % V,0s; 6) Al+5 % V,0s; B) Al+10 % V,05

U3 puc. 3 CJICAYET, UTO C YBEJIMYCHUEM KOHUECHTpalIun V205 MCHACTCA HE TOJIBKO (1)0pMa qacTHull, HO ¥ KOH-
TpacT B 1/1306pa>1<eH1/mx CTPYKTYPHBIX 2JIEMCHTOB, CBSI3aHHBIM C YBEJIIMYEHUEM KOHICHTpAlIUH OKCHIO0B aJITlOMUHUA,
06pa3y101u14xc>1 B IIpo1ecce B33PIMOI[CIZCTBPI$[ KCEpOoreis BaHarsd ¢ alllOMUHUEM B PE3YJIbTATE TCpMHTHOfI peakuu
Al ¢ V,0s [12]
10A| + 3V205 — 5A|203 + 6V,

KOI'JIa MOSIBIISIETCS: aTOMapHBbIi V, BeTynarouumii Bo B3aumozeiictaue ¢ Al, B pe3ysbrarte KOTOporo o0pas3yroTces HH-
TepMeTanueckue coenunenust Al-V omperneneHHoro coctaBa. Mopdojoruueckuii aHaiu3 ¢ OZHOBPEMEHHBIM
3JIEMEHTHBIM aHAIM30M IOBEPXHOCTH HUIM(OB MOKa3al, YTo HauboJyiee CBETIbIE 00JacTH MPECTABISIOT COOO0i
ALV, cepbie — aTFOMUHUEBYIO MATpHILy, a TeMHbIe o-Al,Os.

Ha puc. 4 npuBenens! n300pakxeHHs MOBEPXHOCTH LIIM(OB MOCiIE CIIeKaHusl 00pasiia alfOMUHHUS, TTOKPBITOTO
3 macc. % V,0s ipu Temnepatype 1173 K.

v . 4

15kV X100  100pm 10 41 BES 15KV X2,500 10um 10 41 BES

Puc. 4. COM uzobpaxenne nmosepxuoct nummgos obpasmna Al+3 % V,05
mociie omkura B He B Tewennn 1 gaca mpu 1173 K

BuaHo, uTO (ha3oBbie COCTABISIONINE PABHOMEPHO PACIIPEIEIICHBI B INIOCKOCTH NUTH(A.

AHajorn4HBIC Pe3yJIbTATHI MOTYYEHBI B CIIy4ae OTXKHIa B BO3AYIIHOH aTMocdepe, 0 4eM CBHICTEIBCTBYET
COIOCTABJIEHUE MUKPOCTPYKTYPBI, IPUBEACHHON Ha puc. 4 ¢ JaHHBIMHU puc. 5.
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10 41 BEC

Puc. 5. COM uzobpaxenune mosepxuoctu murngos obpasma Al +3 % V,05
oCIie OTKHTra B BO3MYIIHOM cpene B TeueHue 1 gaca mpu 1173 K

HccnenoBannst MUKPOTBEPIOCTH MOYYSHHBIX KOMIIO3UTOB BBISIBUIM TEHACHIMIO YBEIMYECHUSI MUKPOTBEPIOCTH 1O
Mepe pocTa KOHIEHTPAITMH THAPOTEITs (TOMIIMHBI IIOKPBITHS ) HA TIOBEPXHOCTH YaCTHIl AFOMUAHKS. ke IpH MUHUMAITBHOM
kormuectBe oymamepa (0.2 macc. % V,0s) TBeprocts BopacTaeT ot 33 Mna ucxoaHoro mopoiika jio 43 Mma.

Takum 00pa3oM, B pe3yibTaTe MPOIIECCOB, MPOTEKAIOIINX B CIPECCOBAHHBIX moporikax cucteMbl Al-V,0s, obpa-
3yeTcsl KOMITO3UIMOHHBINA MaTepHall ¢ MEK(a3HBIMI TPaHULaMH, (OPMHUPYIOIIMMHCS HETIOCPEACTBEHHO B XOJIE B3aUMO-
JICUCTBHS B YCIOBUAX HAIPEBA U BBIACPKKU B MHEPTHOM Cpelle WM OKUCIUTENIBHOU cpene. Takue yCIOBUS UCKITIOYAIOT
BJIMSTHUEC peaanof/'I TMOBCPXHOCTU UCXOAHBIX KOMIIOHCHTOB IIPU TPAAUITMOHHOM CIICKaHWU IMOPOIIKOB.

3axiiroueHue

[TokprITHE TOBEPXHOCTH MOPOIITKOB amtoMuHus ruaporeneM V,05nH,0, npencrasnsromuM coboii Heopra-
HUYECKH MOJMMEp CO CIIOXKHOU CTPYKTYypoil B Buje JieHT mupuHoi 10 HM u nnuHo# 100 HM, COeAMHEHHBIX APYT
C IpyroM MOJIEKYJIaMH BOJBI, ITO3BOJISIET MOJMYYUTh B PE3YJIbTaTe NMPECCOBAHUS U CIIEKaHUS IpPU TeMIIepaTypax
1073-1173 K aucniepcHO ynpoyHEHHBIN KOMITO3UITUOHHBINA MaTepUall HA OCHOBE aJTFOMUHHEBON MaTPHIIBI.

Paboma ewinonunena ¢ coomeememeuu ¢ 2ocyoapcmeenuviym 3a0anuem Mncmumyma xumuu meepoo2o mend
YpO PAH Ne AAAA-A19-119031890028-0.
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TpeboBaHuA K opopMINEeHUI0 Hay4YHOM CTaTbyW, NPeaAcTaBNsAeMON B XXypHan
«U3BecTna KabapanHo-bBankapckoro rocyaapcTBeHHOro yHuBepcureTa»

Jns mybnukanum B xypHane «M3Bectust KaGapanHo-bankapckoro rocyiapcTBEHHOTO YHHUBEPCHTETA» MPUHUMAIOTCS
CTaThbH HA PYCCKOM HJIM AHIJIMICKOM SI3bIKaX, COJEpIKAIME Pe3yNbTaThl aKTyaJbHBIX (yHIaMEHTAIbHBIX M NPUKIAJHBIX HC-
CJICIOBAHUMH, IEPEAOBBIX HAYKOEMKHX TEXHOIOTHH, HAYYHBIX H HAYIHO-METOJMIECKHUX PAOOT.

1. OcHOBHBIE JOKYMEHTHI, HEOOX0AUMBbIE /LISl MyOJTHKANA

1.1. OnuH 5K3eMIDTIp CTaThH B OyMa)KHOM BHUJIE M Ha AJICKTPOHHOM HOCHTENE OTACTHHBIM (haifiioM (Ha IHCKe); Ha HaKIIeHKe
JICKa (IIFCKeThI) (00s13aTeNbHO! ) YKa3bIBAIOTCA (haMIUIHS aBTOpa (aBTOPOB) U Ha3BaHHE CTATHU.

1.2. TonHble cBenenust 00 aBTope (aBTOpax) HAa PYCCKOM M aHITIMHCKOM sI3bIKaX B OyMa)KHOM BHJIE M B 3JIEKTPOHHOM BapH-
aHTe, 0(OPMIICHHOM OTEIBHBIM OT CTaThH (haiiyoM, KOTOPBIi BKIIFOUAET B CE0sI CIICAYOLINE TaHHbIE:

* (haMmIHs, IMs1, OTIECTBO (TIOJTHOCTHIO) KaXKIAOTO aBTOPA;

* MecTO paboThl (HAMMEHOBAaHHE OPraHN3alliH), y4eHas! CTeIICHb, YYEHOE 3BaHHE, JOJDKHOCTD KaXKI0T0 aBTopa;

* KOHTAKTHBIE TeNle()OHBI, IOYTOBBIN HHICKC U aJIpec, aJipec MIEKTPOHHOI mouTH! (e-mail) kaxxmoro aBTopa.

1.3. ConpoBoauTenbHOE MICEMO Ha OJIAaHKE YUPEkACHUS, T/Ie BHIIOJTHEHA paboTa.

1.4. BHeniHss perieH3ust JOKTOpa HayK (IO >KeJTaHHIO).

1.5. AKT KCnepTH3bl 0 BO3MOKHOCTU OIYOJIMKOBAaHUS B OTKPHITOW me4aTH — JUisi (pU3NKO-MaTeMaTHUECKHX, XUMHUYe-
CKHUX, OMOJIOTHIECKNX, TEXHUIECKHX, SKOHOMHUUECKUX HAYK M HAYKH O 3eMIIC.

1.6. CnpaBka 00 yueOe B acCIUpaHType WK JOKTOPAHTYpPE JAJIsl aCIUPAHTOB U IOKTOPAHTOB.

1.7. «JIuueH31OHHBII 1OrOBOPY (OMH HA aBTOPCKHI KOJUIEKTHB) B 2-X 9K3. be3 JloroBopa crarbst He OyaeT omyOauKo-
BaHa. Tekct [loroBopa pa3mereH Ha caiite xypHana «3sectus KbI'Y».

2. ITpaBuJia ogopmiieHUs CTATHH

2.1. O6beM cTaThu — B Tipenenax 15 crparun popmara A4, uatepsan — 1,5, pasmep mpudra Times New Roman Cyr 14 nit;
TOJISI CTPAHUIIBL: clieBa — 3 cM, crpaBa — | cM, cBepxy — 2,0 cM, cHU3y — 2,5 cM.

Kpatkue coobieHus — B mpeesiax 4 MalldnHOMUCHBIX CTPAHHUII, BKIFOUAKOIIUX He Oosiee 2 pUCYHKOB | 2 TaOJHII,

2.2. CtaTbs JOJKHA BKIIIOYATh:

* nanekc Y/IK (yHuBepcanbHas fecaTHIHast KIacCH(UKAINs) B BEPXHEM JIEBOM YTIIY;

* Ha3BaHHUE CTaThU (Ha PYCCKOM U aHTJIMICKOM SI3bIKAX);

* (hammIIMsL, UM, OTYECTBO aBTOPA (aBTOPOB) (HA PYCCKOM U aHTJIMHCKOM SI3bIKax);

* pedepar cratbu (10 500 3HAKOB) (Ha PYCCKOM UM aHTIHUICKOM SI3BIKAX);

* KJIIOYEBBIE cJI0Ba (5—7 CJIOB Ha PYCCKOM U aHIVIMICKOM SI3bIKaXx);

* TEKCT CTaThH, OTPKAFOLIHH 11e]Th UCCIIEI0BAHMSI, METO/IbI PAOO0THI, COOCTBEHHO HICCIIEIOBAHMS1, KOHKPETHBIE BHIBOIBI,

» JIuteparypa (B OubnmnorpapuueckoM CUCKe HyMepalys HCTOYHUKOB JIOJDKHA COOTBETCTBOBATh OUEPETHOCTH CCHUIOK
Ha HHUX B TEKCTE; HOMEp UCTOYHMKA B TEKCTE YKa3bIBACTCS B KBAJPATHBIX CKOOKaX — aBTOMaTHUYECKas HyMepalus CChIJIOK HE
JIOTTYCKaeTCs);

* ITOJIITUCH aBTOPa (aBTOPOB).

2.3. Miroctpanuu K cTathe (pUCyHKH, (poTOrpaduu) TOHKHEI OBITh YePHO-0ETIBIMU, YeTKUMH (pa3pelicHne He MEHee
300 dpi, pacumpenue *jpg) u BCcTaBieHbI B TeKCT. OOBIYHBII pa3Mep HUTIOCTPAIil — He 6oJjiee MoJoBHHBI ucTa A4, Dopmy-
JBI U CUMBOJIBI TIOMEIIAIOTCS B TEKCT € MCIOJIB30BaHUEM penakTopa (opmyn Microsoft Education. Tabnuipl BcTaBisroTes B
TEKCT; CCHIJIKM HA PUCYHKHU W TaOIHUIBI 00s3aTeIbHBI; HA3BAHHUS TAOJHII ¥ ITOJIPUCYHOYHBIX MOJIIHUCEH 00s3aTeIIbHBI.

2.4. Hymepanus cTpaHHuI] 00s13aTeIbHA.

2.5. Tun ¢aiina B anexrponHoM Buzae — RTF.

Oodpasyvt ohopmnenusn rumepamypot:
KHU2a
Camapckuit A.A., I'ynun A.B. YcroituuBocTs pasHocTHBIX cxeM. M.: Hayka, 1973. 210 c.

Wnterpanbabie cxembl: [IpuHIMIBI KOHCTPYHUpOBaHUS M mpou3BojacTBa / mox ped. A.A. Kosocosa. M.: Cos. paawo,
1989. 280 c.

cmamusl U3 KHU2U, COOPHUKA, JHCYPHANA

ITerpenko B.U., Horots A.f. [IHeBMOTrHIpaBINUECKU KaBUTAIIMOHHEIH Mporiece // ['eoqmHaMudeckne 0CHOBBI MPOT-
HO3MPOBaHUs HEPTEra30HOCHOCTH HEP: TE3UCHI NOKIa0B 1-it Beecorosnoit kondepennmu. M., 1988. Y. 3. C. 616-617.

XneHOB B.A. OOmierocynapcTBeHHOE IUIAHMPOBaHWE PBIHOYHOW 3KOHOMHUKH: OmnbIT Snonum // Oxonomucr. 1994.
Ne 4. C. 89-94.

Bazapor A.JK. O HEKOTOPBIX HENOKATBHBIX KPaeBBIX 3a/1auax JUIl MOJENBHBIX YpaBHEHHH BTOporo mopsiaka // 3Bectus
By30B. Maremaruka. 1990. T. 2, Ne 3. C. 11-15.
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Juccepmayuu u agmopepepamuvl duccepmayuil

EpkoB C.A. ®opMupoBaHue XyI0KECTBEHHOIO BOCTIPHSITHSI IPOM3BEACHHH M300pa3HUTEIbHOIO UCKYCCTBA Ha YPOKax M300pasu-
TEJIFHOTO UCKYCCTBA B 5, 6 Kilaccax cpemHei 00meo0pa3oBaTebHOM IIKOJIBL: JIUCC... KaHI. TIe. Hayk. M., 2006. 184 c.

Baxpomos E.E. [Icuxonoruueckre 0coOEHHOCTH CaMOaKTyaJIM3allH TTOIPOCTKOB C OTKJIOHSIOIIUMCS [TOBEICHUEM: aB-
Toped. Iuce. .. KaH. mcuxoir. Hayk. M., 2003. 30 c.

IIpu necobniooenuy yKa3anHvix npasui peoaxkyus ocmaeisem 3a coooll npago He nyOIUK08ams CMAmbio.

3. [lopsok peueH3UPOBAHUS

3.1. Pykonuch HampaBisieTcsl Ha pelieH3UpOBaHKE BeTYIIMM CIICIIHAINCTaM B JAHHOW 00J1acTH (BHELIHEe W BHYTpEHHEE
pereH3npoBaHIe).

3.2. Pe3ynbTaThl pelieH3upOBaHus PEAAKLHS COOOIIAET aBTOPY 10 3JIEKTPOHHOH IOYTe.

3.2. Ilo pe3ynbraTaM peLieH3UPOBAHUS PEIKOIIICI U IPHHIMAET PelIeHHe O LeJIecO00pa3sHOCTH OIyOIMKOBAHUS MaTe-
pHaa, 0 4eM JOMONHUTEIBHO COOOACTCS aBTOPY.

CraTbu npeaCcTaBISIIOTCA B peJakMOHHO-u3aTensckuil otnen UIIL KBI'Y.

Anpec UIIL KBI'Y: 360004, r. Hanpuuk, yi. YepHsimesckoro, 173.

KownTtakrhsriii Tenedon: (8662) 72-23-13.

E-mail: rio@Kkbsu.ru, izvestia_kbsu@mail.ru. E-mail-anpec 3ammien ot criam-60ToB, U €ro MPOCMOTPa ¥ Bac I0JI-
JKeH ObITh BKITFOUEH Javascript.

OtBeTcTBEHHBIN cekpeTaph pegakuuu — Lonoun Urops Bukroposuu.

[Toce MOMOXNUTENHHOTO PEIMICHNS PEIKOJUIETHH O MyOIuKanuy ctaThi B xypHaie «M3sectust KbI'Y» aBrop (nmm aB-
TOpBI) cTaThy niepeuncisieT Ha p. cu. KBI'Y mnaty u3 pacuera 400 py6. (B T. u. HJIC) 3a cTpaHuIly pyKOMIHCH.

Haznauenme miatexa: pemakumoHHo-Inatensckue yeryru («3sectust KBI'Y»), kon moxoma 07430201010010000130, pazpemerme
Ne 0732069510 ot 30.03.05 r. myHKT 1. B cTOMMOCTB BXOZST pacXopl O JOCTAaBKe *KypHaa 1o Tepputopuu Poccun. ABTop (Wi aB-
TOPBI) CTaThH TOTYJAET 2 SK3eMIUIIPa KypHasa OeCIIaTHO.

JInst BBIKYIIa JIOTIOJHUTEILHBIX HOMEPOB JKypHasIa HeoOxoaumo niepeats B penakiwto (UIT KBI'Y) nmuckMo-3asBKy ¢ yka3a-
HIEM HOMepa U KOJIMIECTBA SK3eMIUTLIPOB XKypHAIIA U riepeurcinTh Ha p. cd. KBI'Y maty u3 pacuera 400 py0. (8 T. 9. HJIC) 3a omuH
9K3EMIUIAP JKypHAJla ¢ Ha3HAauYCHHEM IUIaTeXa: PEeaKLHMOHHO-U3JaTeNbekre yoryru (3a xypHan «M3sectust KBI'Y»), kox noxona
07430201010010000130, pazpenterne Ne 0732069510 ot 30.03.05 r. myHKT 1.

PexBusutsl KBI'Y pis niarexeii:
denepanbHOE rocyIapcTBEHHOE OFOPKETHOE 00pa30BaTeNbHOE YIPEKACHHE BBICIIETO MPOheCcCHOHAIBHOTO 00pazoBanus «Ka-
GapauHo-bankapckuii rocyqapcTBeHHbIN yHIBepcuTeT uM. X. M. bep6exoa» (KbI'Y)
ITo4TOBBIN U FOPUIUUECKHUN apec:

360004, Kabapauro-bankapckas Pecrryomnuka, r. Hampuuk, yn. Yepnsrmesckoro, 173
Tenedon: 42-25-60,

Voice/fax: +7(495) 3379955

Teneraiimn: 257245 «Anbda»

E-mail: bsk@kbsu.ru

OKIIO 02069510

OKOHX 92110

OI'PH 1020700739234 or 22.07.11 1.

OKOT'Y 13240

OKATO 83401000000

OK3B/I 80.30.1

OKOII® 72

OK®C 12

BaHKOBCKUE PEKBU3UTHL:

Ionyuatens:

WHH 0711037537/ KIII1 072501001

Otnen Ne 1 YOK no Kabapanno-bankapckoit Pecybnnke (0401 KBI'Y ni/c 20046X17540)
bank nomnyuarens:

I'PKL] Hb Ka6apauno-bankapck. Pecn. banka Poccuu r. Hanpunka
BHK 048327001

P/c 40501810100272000002

KBK 00000000000000000130

Konus nnarexaoro JOKYMEHTA NEPEAACTCA UIIU BBICHIIACTCA B PECAAKIIUIO )XYpHaJia 1o 3HeKTpOHHOﬁ II04Te.

CroumMocTs XypHala 1o nogmnucke, cornacHo Karanory «IIpecca Poccum», ¢ ydeTom pacxo[0B 1o IOCTaBKe >KypHaia
no reppuropun Poccnn, cocrasnser 378 py6. (B 1. u. HIC).

Konus nnarexaoro JOKYMEHTA NEPEAACTCA UIIU BBICHIIACTCA B PECAAKIIUIO )XYypHaJia 1o 3HeKTpOHHOﬁ II04Te.
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PROCEEDINGS OF THE
KABARDINO-BALKARIAN
STATE UNIVERSITY

TOM XIl, Ne 5, 2022

Penaktop P.M. Illlaymaesa
Komnsiorepnas Bepctka H.H. 3onomapegoii
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