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AHHoOTaIMsl. BBITIOTHEHHBIE OIEHKH MOKA3aJIM, YTO JUIS MOMUMEPHBIX HAHOKOMITO3HTOB TTOHATHS
IUIOTHOYTAKOBAHHBIX M BBICOKOMOY/IBHBIX MeX(a3HBIX 001acTeil 9KBUBAICHTHBL. JTO 00CTOSATEIb-
CTBO JIENAET yKa3aHHBIC 00IACTH apMUPYIOIICH KOMIIOHEHTOH HAHOKOMITO3UTOB. [IIOTHOY TaKOBaH-
HBIe 00JIACTH CTPYKTYPHI MOJMMEPHON MATPHIBI HE JAI0T BKIAI B YCHICHHE YKa3aHHOTO Kiacca
MOJMMEPHBIX MaTepuasoB. JJaHHBII MOCTYIAT MOATBEPKICH PACYETOM CTEIICHH YCHIICHHS HAHOKOM-
MO3UTOB B paMKax MEPKOJIAIHOHHOI MOMIENTH B MPEANONIOKEHUH, YTO UX apPMHUPYIOIIUM SJIEMEHTOM
SIBJISIETCSI CyMMapHasi JJOJIsi HAHOHAIMOJIHUTENS U MexX(]a3HbIX o0sacTei.
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BBEJIEHUE

B nacrosiiiee Bpemst xoporo uzBectHo [ 1, 2], uto
Mexda3Hbie 00JIACTH B MOIUMEPHBIX HAHOKOMIIO3H-
Tax SBISIIOTCS TaKUM K€ apMHUPYIOIIHM 3JI€MEHTOM
UX CTPYKTYPBI, KaK 1 COOCTBEHHO HAHOHAIIOJIHUTEIb.
Kpowme Toro, co cTpykTypHOIi TOUKH 3peHHs Mexdas-
HbIE 00JIACTH MOKHO pacCMaTpyBaTh Kak CTPYKTYPHO
OTIIMYAIOIIHECS OT 00bEMHOM MTOTUMEPHON MaTPHIIBI
1, KaK IpaBuIio, 0ojiee MI0THOyIaKoBaHHbIE |3, 4] win
Kpucrammsytomuecs [ 1]. s o1leHKH OTHOCUTENBHON
Jon Mex(a3HBIX 00acTei ®, MOTyT OBITH WCITOJb-
30BaHbl HECKOJILKO METOJHK, PACCMATPUBAIOIINX HX
C YKa3aHHBIX BBIIIE MO3UIHA. Tak, IepKOISIIUOHHAS
MOJIeJ b YCUJICHUS! HAHOKOMIIO3UTOB TIPUMEHSIET IS
STOM LIETH CIIeAYI0IIee COOTHOIIEeHUE [S]:

Z:" =1+11(p, +9,) . (1)

m
e £ u E, — MOIy/nu ynpyrocTd HaHOKOMIIO3UTa U
MaTPUYHOTO MOJTUMEPA COOTBETCTBEHHO (OTHOIIICHHE
E /E TNpUHATO Ha3bIBaTh CTENEHBIO YCHICHUS HAHO-
KOMIIO3HUTa), @ — 00BEMHOE COIepKaHUE HAHOHAIIOJI-
HUTEIIS.

U3 cootHOmenns (1) HEMOCPEACTBEHHO CIEIyeT,
YTO MNCPKOJIALMOHHAA MOACIIb YCUIICHUA pacCMarpu-
BaeT Mex(hasHbIe 00TACTH KaK apMHUPYIOIINI JIEMEHT
CTPYKTYpBI Ha PaBHBIX YCIIOBUAX C HAHOHAIIOJIHUTE-
nem. [Ipu TpakTOBKE yKa3aHHBIX 00JacTel Kak IIoT-
HOYNAKOBAHHBIX JUIsl OLCHKA MX TONILIMHEI [, MOXHO
KCIIONIb30BAaTh Clenytoliee ypaBuenue [3]:

L)
tgd =tgd, 1—[1+*—f] o, |, )

Tont

e tg 6, Mtg § —TaHIeHC yIila MEXaHHYECKHX ITIOTEPh
HaHOKOMITIO3UTa U MAaTPUYHOIO MOJUMEpPa COOTBETC-
TBEHHO, 7', — PAINYC YIIIEPOHOH HAHOTPYOKH.
Ienbto HacTOsIIECH pabOTHI ABISETCS MPOBEPKa
UJIEHTUIHOCTH O0OWX pacCMaTpPUBAEMBIX METOMIOB
OIICHKH XapaKTEPUCTUK MexX(a3HbIX 001acTel U BbI-
SICHEHHE UX BJIMSHHUS Ha CBOMCTBA HAaHOKOMIIO3UTOB

MOJTUMep/yTIIepOIHBIE HAHOTPYOKH.

SKCHHEPUMEHTAJIBHAS YACTb

B kadecTBe HAHOHAIOJIHUTEIS HCIIOIB30BAHBI
MHOTOCIIOIHbBIe yriepoanbie HaHoTpyOku (MYHT),
UMeroIre BHeNTHAN quametp 1520 HM, BHYTpeHHHAN
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muametrp 5—10 am u gmuHy 0.5-20 MEM. Ot MYHT
ObLTH (PYHKIIMOHATTM3UPOBaHBI HOHOOPHEHOM JUIS 110-
BBIILICHUS YPOBHS MeK(a3HOH aAre3ud MoJMMepHast
MarpuIa-HaHoHanonHuTeb. Conepkanne MYHT co-
crapisuio 0.05-0.40 macc. %. B xadectBe monumep-
HOW MaTPHIIBI IPUMEHSIICS TONIUANINKIONEHTaHANEeH
(ITALIIT) B amacToMepHOM cOCTOSHUH [3].

s mony4eHnss HAaHOKOMIIO3UTOB (PyHKIIMOHA-
m3upoBanHele MYHT nucnieprupoBanycs B BOZHOM
pactope [TALII/] n monBepranuce 0OpaboTKe yib-
TPa3BYKOM JUISl YITyYIIEeHUS TUCTIEPTHPOBAHNS HAaHO-
HaIOJIHUTENS. 3aTeM 3Ta CMECh NepeEMEIINBAIACh C
Karamn3aropoM (Iuxiop-(3-MeTni-2-0yTeHUITHINH )
ouc-(Tpu-umkiiopeHTn) GochuHOM pyTEeHUS) 10 TO-
JIy94eHUs ONHOPOIHOTO pacTBOPa M CIIMBAJIACh B TE€Ue-
Hue 2 gacoB npu 343 K u 1.5 gaca mpu 443 K [3].

MexaHnuecKkre UCIIBITaHNs Ha ONHOOCHOE pacTs-
YKCHHE BBITIOJTHEHBI Ha YHUBEPCAIbHOW HCIIBITATENb-
Ho# MammmHe Instron 5569 cormacno ASTM D638 (06-
pasusl Tana V) npu temneparype 450 K u ckopoctn
non3yHa 1 Mm/mMuH. Kaxkaplit pesyasrar ObL1 IoJTyueH
KaK YCPEIHEHHE JaHHBIX YEThIPEX UCHBITaHUM [3].

Junamuyecknii Mmexanndeckuii anamus (JIAMA)
BBHITNIOJIHEH € HMcmonb3oBaHueM npubdopa TA Instru-
ments mogemu Q800 DMA. OGpa3iisl UCITBITaHBI Ha
pactskenue ¢ yactotoit 1 I'1 B mHTEpBasie Temmnepa-
Typ 303-583 K mpu ckopoctu Harpesa 3 K/mun. O6-
pasiel uMenu pasmepsl 35x5x1 mwm [3].

PE3YJIBTATBI 1 UX OBCYXIEHUE

Jiist onieHKH HEOOXOAUMOTro TS pacyeTa coryac-
HO ypaBHeHusM (1) u (2) mapameTpa ¢, MCIIOIB30Ba-
Ha cieayromias popmyna [5]:

W
0,=—", 3)

e W —maccoBoe CoiepKaHne YIIEPOIHBIX HAHOTPY -
00K, p, — MX IUIOTHOCTb, ONIPEEIsEMAas CIIEAYOIIUM
obpasom [5]:
P, = 188(DCNT —deyy )1/3 Kr/M?, 4)
e D, ¥ d ., — Hapy>KHbIA ¥ BHYTPEHHUH HAMETP
YIJIEPOAHON HAHOTPYOKH COOTBETCTBEHHO.
VYpaBHeHnue (2) mpearonaraer onpeeieHre mna-
pameTpa lif, a JUIsl OIEHKH OOBEMHOTO COACpIKaAHUS
Mex(azHbIX obmactei ?, (B mampHeimeM o0o03Ha-
4aeMOro Kak @, ) aBrops! [1] npeanoxumm cienyro-
yto hopmyiy:
L2427l
L g, + 9, (5)
CNT
TJI€ @, — OTHOCHTENIBHOE COIEPIKAHUE YTIOPSIOUEHHBIX
WM KPUCTAJUTU3YIOIIUXCS 00NacTedl CTPYKTyphI Ha-

Oy, =

374

HOKOMIIO3WTAa, HE CBSA3aHHBIX C YIJIEPOJHBIMHU Ha-
HOTpyOKamH.

Jlns onpenenenus napameTpa ¢, cHadana ObLIo
OTIpEZIeNIEHO OTHOCUTENIHHOE COopepk aHhe Mexdas-
HBIX oOnacreit ¢  COTIACHO TEPKOJISALMOHHON MOEITH
(ypaBuenmue (1)), koTopoe B nanpHEHIIIEM 0003HaYaLT-
Csl KaK @/, @ 3aTeM [I0CTPOEHA 3aBUCHMOCTD @ (¢,),
roka3anHas Ha puc. 1. Kak cienyer u3s rpaduxa storo
pucynka, enmunna @ = 0.070 115 ManbIx @ , a 3aTeM
ysenuuusaercs 1o 0.124 npu ¢ = 0,010.

Ha puc. 2 mpuBeaeHO cpaBHEHHE OTHOCUTEIBHBIX
noneii MexdazHbIX 00nacTedt @, U @, PACCUMTAH-
HBIX coTsiacHO ypaBHEeHMAM (1) 11 (5) COOTBETCTBEHHO.
Kax CICAYCT U3 NPUBCACHHLIX HAa 3TOM PHUCYHKE JaH-
HBIX, ITOJTy9€HO XOPOIIee COOTBETCTBHE PE3YIBTATOB,
OIICHCHHBIX COMIACHO ABYM OIIMCAaHHBIM BBIIIIC METO-
JMKaM (CpeaHee PacXoKACHUE @, U @, HE IPEBbI-
mraet 10 %). 3To 06CTOATETHCTBO YKA3BIBAET HA SKBH-
BaJICHTHOCTb ITOHSATHI INIOTHOYTTAKOBAHHBIC (KPUCTAI-
TU3YIOIIUECS) M BBICOKOMOAYIbHBIE MeX(a3HbIe 00-
JIaCTH, KOTOPBIC ABJIAIOTCA apMUPYIOIIUM 3JICMCHTOM
CTPYKTYPbl HAHOKOMITO3HUTA HAPSITy C HAHOHATIOTHUTE-
neMm. JlJis IpOBEpKH ATOTO MOCTyJaTa OB pacCYUTaH
MOAYIB yripyrocty Hanokommo3utos [IJILITJI/MYHT
E cornacuo ypaHenuto (1) npu £, = 16.3 MIla [3],
IJIE BeJIMYMHA @ if((p”.z) ObLIa OLIEHEHA COIVIACHO YpaB-

oy

0,15 -

0,10 -

0,05

2

| |
0 0,005 0,010 o,

Puc. 1. 3aBHCHUMOCTH OTHOCHUTEIHHOTO COICPIKAHUS MEXK-
(asubix obnacreit @, (ypasHenue (1)) oT 00beMHOIO co-
NEepKaHWs HAHOHATIOJHUTENS @, Ui HAHOKOMIIO3UTOB
MAHI/MYHT
[Fig. 1. The dependence of the relative fraction of interfacial
regions @, (the equation (1)) on volume contents of
nanofiller ¢, for nanocomposites PDCPD/MWNT]
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Pir
AyW=10%

0,1 -

] |
0 0,1 02 @

Puc. 2. CpaBHeHHE paCCUNTAHHOTO COTJIACHO YPaBHEHUSIM
(1) @, 1 (5) @, oTHOCHTENBEHOTO COAEPKAHUS MexKDa3-
HBIX oOmacreit gyt HaHokommo3uToB TTIIIT/MYHT
[Fig. 2. The comparison of calculated according to the
equations (1) @,., and (5) @, relative contents of interfacial
regions for nanocomposites PDCPD/MWNT]

Henuto (5). Kak MOXXKHO BHIETH, TIOJTYYCHO XOpPOIIIEe
COOTBETCTBHE TEOPUM U SKCIEPHMEHTa (X cpenHee
pacxoxJieHHe coCcTaBisieT ~ 5 %), YTO MOATBEPKIAET
C/ICTaHHBIH BBILIE BHIBOA OTHOCUTEJIBHO SKBUBAJICHT-
HOCTH OTIpeieieHIs MeK(pa3HbIX 001acTel B paccMmar-
pHUBaeMBIX HAHOKOMITO3UTAaX.

W B 3akimioueHne paccCMOTPHUM JIBa METOIOJIOTH-
YECKHX ACIEKTA. YBEIMICHHE NIAPAMETPA @, 110 MEPE
TOBBIIIEHNUS @, (PUC. 1) IPUBOIUT K CHHKEHHIO Q,/,,
T. €. YMEHBILICHUIO COJEPKAHUS apMHUPYIOILIEH KOM-
MTOHEHTHI, YTO CIIY>KUT IPUYMHON CHUKEHUS MOLYJIS
YHpYrocTH HaHOKOMIO3UTOB E . Ha puc. 3 mrpuxo-
BOI1 IMHMEH [TOKa3aHa TUIOTETHYECKast 3aBUCUMOCTD
E (¢,), nony4ennas npu ycnosuu ¢, = const = 0.070.
Kak MOxHO BHIETD, BBINOJIHEHHE YKAa3aHHOTO YCJIO-
BHUS NIPUBEJIO ObI K MOBBILLIEHUIO MOAYS yIIPYTOCTH
nanokomnosura ITJIHITIJ/MVYHT ¢ ¢, = 0.010 mpu-
MepHO Ha 20 %. Takum 00pa3om, yBEJIMUEHUE OTHO-
CUTEJILHOH JI0JIN YIIOPSIOYCHHBIX WK KPUCTAIUINZY-
IOLIMXCsl 00NacTel, He CBSI3aHHBIX C MMOKPBITHEM yT-
JIEpOIHBIX HAHOTPYOOK, CHHXKAET MOIYJNb yIpyroc-
TH HAaHOKOMIIO3HMTOB. VX MOTHOE OTCYTCTBHE MOTJIO
OBl IPUBECTH K yBeuueHuto £ Gonee yem Ha 60 %
— 35.3 MIla BMecTO MOTYy4YEeHHON IKCIIEPUMEHTANb-

By, Mlla
A=52%
30 .3
- A A A A 1
20
10 A-2
| |
0 0,005 0,010 p,

Puc. 3. 3aBucuMocTn MOIyNIs ypyrocTH £, OT 0GbEMHOTO
CozlepyKaHMs HAHOHAIOJIHMUTENS @, TIONyYEHHAs SKCTIEPH-
MeHTalBHO (1) U paccynTaHHBIE COTTIaCHO ypaBHEHHIO (1)
npu @, =@, (2)u .79, =@, 1pu @, =const=0.070 3
Jutst HaHokommio3uToB ITALITTI/MYHT
[Fig. 3. The dependence of modulus of elasticity £ on
volume contents of nanofiller ¢ , obtained experimentally
(1) and calculated according to the equation (1) at ¢, = @,,,
(2) and 9, =@, at ¢, = const = 0.070 (3) for nanocompo-
sites PDCPD/MWNT]

Ho BenuuuHbl 22.4 MIla npu comepxanun MYHT
0.4 macc. % [3].

Bropoii u3 ykazaHHBIX BbIIIE aCIIEKTOB KacaeTcs
OLICHKM BenM4uHbI ¢, . Hanboree yacto 1y 5Toi nenu
MCIOJIb3yeTCsl ypaBHEeHUE (3), 0COOCHHO IS MaJIbIX
(mopsinka 1 macc. %) 3HaYeHHIA Wn, I7le B Ka4eCTBE
p, IPUMEHSIOTCS BeMuMHbI opsiaka 2000 kr/m® [6].
OpHaxo BBIITOJHEHHBIE COITIACHO M3JI0)KEHHOM BBIIIIE
METOIMKE OLICHKH IIPU UCIIOJIb30BAHNHU B YPaBHEHUH
(3) Bemuuunbl p ~2000 Kr/M’ 1aau B KOHEYHOM MTOTE
sHauenus £ =20.5-45.0 MIla a1 paccMaTrprBaeMbix
HaHokommo3utoB TTJILITA/MYHT, uro cyiiecTBeH-
HO BBIIIIE MTOJYYEHHBIX dKCIIEPUMEHTAIbHO BETUYHH
E =18.8-22.4 MIla [3]. D10 03Ha4YaET, YTO YaCTO MC-
Tnonb3yeMast Ben4una p, nopsaka 2000 kr/m’, oueHb
Omu3kas K miotHoctH rpadura 2200 kr/m® [7], sBHO
3aBBIIIIEHA, YTO €CTECTBEHHBIM 00pa30M MPUBOAUT K
3aHWKEHHBIM 3Ha4€HUAM @ . OTMETHM, YTO TOJIBKO
y4eT BHYTPEHHHUX MOJIOCTEN yIIIEPOTHBIX HAHOTPYOOK
OnpezieNseT noBbienue @ B 1.5 pasa [7].

3AKJIFOYEHUE

Takum 00pa3zoM, pe3ynbTaTbl HacTosALeH pado-
ThI IPOIEMOHCTPHUPOBAIIH, YTO MOHITHS IUIOTHOYIIA-
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KOBaHHBIX (KPHUCTAJUTH3YIOMIUXCS) U BEICOKOMOIYITh-
HBIX MeX(]a3HBIX 007acTell PKBUBAJICHTHBI, YTO JaCT
BO3MOXXHOCTh TPaKTOBaTh YKa3aHHBIE OOJACTH Kak
ApPMUPYIOLIUH 3JIEMEHT CTPYKTYPhl HAHOKOMITO3UTA
Hapsily ¢ HaHoHaronHuTeNeM. OIeHKa OTHOCHUTEIb-
HOM 10N MeK(a3HBIX 001acTel B paMKaX dTHX ABYX
MPEJICTABIICHUH MMOKa3aia X XOpOoIlee KOJIUICCTBCH-
HOE COOTBETCTBHE. B TO ke Bpemsl IIIOTHOYITaKOBaH-
HBIE 00JIaCTH, HE MMEFOIIME OTHOILICHUS K MK ()azHBIM
o0acTsiM, He BHOCSIT BKJIA] B YCHJICHHE HAHOKOMITO-
3UTOB. MeTOIbI OLIEHKHA CBOMCTB HAHOKOMIIO3UTOB B
3HAYHUTENIBHON CTCIICHHU 3aBUCST OT JONMYIICHHM, TPH-
HAMAaeMBbIX TIPH pacdeTe 00bEMHOTO COACpKaHUs Ha-
HOHAITOTHUTEI.
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Abstract. Nowadays, the significance of interfacial regions in the formation of polymer nanocomposites
properties is internationally recognized. Structurally, these regions can be considered from two points
of view: as regions, whose packing density is higher than the corresponding characteristic for bulk
polymer matrix, and as a reinforcing element of nanocomposite structure, whose elasticity modulus
is considerably higher than the modulus of the indicated polymeric matrix. This paper presents the
results of the comparison of relative fractions of interfacial regions, obtained within the framework
of the two above mentioned approaches. To determine the indicated parameter, the angular tangent
of mechanical loss is used in the the first approach whereas the second approach uses the reinforcement
degree of nanocompositespolydicyclopentadiene/carbon nanotubes with an elastomeric polymeric
matrix. Both methods of calculation of relative fraction of interfacial regions demonstrated good
correspondence. This circumstance indicates the equivalence of notions of densely-packed
(crystallizing) and high-modulus (reinforcing) interfacial regions. This postulate was confirmed by
the calculation of the reinforcement degree of the considered nanocomposites within the framework
of percolative model of reinforcement, where the reinforcing element of nanocomposites structure
is the total relative fraction of nanofiller (carbon nanotubes) and interfacial regions. The reinforcement
degree calculated by the indicated method shows good correspondence with the experimental results.
In conclusion, let us consider two important methodological aspects. Firstly, the ordered (or
crystallizing) regions of polymeric matrix, not included in interfacial regions, do not serve as a
reinforcing element of the nanocomposite structure. This means that the determination of the relative
fraction of interfacial regions within the framework of the percolative model of reinforcement does
not take into consideration the level of local order of the bulk polymeric matrix. Secondly, precise
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calculation of carbon nanotube density is required to estimate their volumetric content. Using traditional
values of the parameter for this purpose leads to artificially lowered values of nanocomposites

characteristics.

Keywords: nanocomposite, carbon nanotubes, interfacial regions, percolation loss tangent,

reinforcement degree.
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