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HanonHeHve kay4ykoB akTUBHbIMU HAMONHUTENSAMMW CYLLECTBEHHO yrydllaeT Mx NpOYHOCT-
Hble 1 AedopMaLMoHHble cBoncTBa. OOHO N3 BO3MOXHbIX OO bACHEHWI 3TOTO ABMEHWSA NPeacTaB-
NeHo B AaHHOW cTaTbe. B ocHOBe ero nexuT n3BecTHbIN akT, Y4To Npy 6onbLumnx AedopmaLmsx
HanorTHEHHOTO dnacToMepa CBA3YloLLEee B 3a30pax Mexay 6nmnsko pacrnonoXeHHbIMU YacTulamm
HaMoNHWUTENs1  HaxXO4MTCA B HanpsbkeHHO-AeOPMUPOBAHHOM  COCTOSHUM,  OrM3Kom
K OQHOOCHOMY pacTspkeHuto. [Mpu aTom GonbLuas YacTb NOMMMEPHbIX Lienei Oka3blBaeTCs OpUEH-
TMPOBaHHOW BAOMb OCU, CBA3bIBAIOLLEV LIEHTPbI BKMoYeHU. B paboTe Bbicka3aHo npeanonoxe-
HWE, YTO NPOYHOCTb MATpULbl B TaKOM COCTOSIHMM (3a CYET OpueHTauuun) SormkHa ObiTb Gonee
BbICOKOW MO CPaBHEHUIO C APYrMMU BO3MOXHBIMU COCTOSIHUSIMU C TOW K€ CaMON MHTEHCUBHOCTbLIO
nedopmauuii. insa yyeta atoro agpcpekta 6bin paspabotaH COOTBETCTBYOLLUA NMPOYHOCTHOM KpU-
Tepuii.

B paboTe npeacraBneHbl pesynbTaTbl KOMMNBIOTEPHOrO MOAENUPOBaHUSi 0OCOBEHHOCTEN pas-
pyLLEHNS 3MacTOMEPHOro CBA3YIOLLLEro OKOMo ABYX abCOMOTHO TBEPAbIX CEPUYECKUX BKITHOYeE-
HUA. [N onucaHns CBOMCTB 3r1acTOMEPHON MaTpULLbl UCMOJIb30BaHa MOAENb HECKMMAEMOro -
nepynpyroro maTtepuana, CBOWCTBA KOTOPOrO 3afaHbl  HEOryKOBbIM  MOTEHLMANoM.
B pamkax KOMMNbIOTEPHbBIX SKCMEPUMEHTOB NMOKa3aHO, YTO NpY AedOPMUPOBAHNM TaKoW CUCTEMbI
pa3spbiBbl CBA3YHLLEro OOIMKHBI NOSBMAATLCA HE B 3a30pe MexXay YacTuliaMu HanomnmHUTens, a Ha
HEKOTOPOM OT Hero yaarneHuu. Ynpyrasi CBsi3b MeXAy BKIIOYEHUAMU coxpaHutcs. Mexay YacTtu-
LaMmm obpasyeTcs MoNMMEpPHBIA TSX (MONMMMEpPHOe BOMOKHO), CMOCOOHLIV BbiAepXuBaTb bonee
BbICOKME pacTSArMBatoLLmMe Harpy3Kku.

M3BeCTHO, 4YTO OKOMO YacTWL, HAaMOMHUTENSI MOTYT (POPMMPOBATLCS CMOW C APYTMMU (OU3NKO-
MeXaHU4eCKMMM CBONCTBaMW. [Nsi OLIEHKN BO3MOXHOIO BINUSHWUS TAakUX CIOEB MOMyYeHbl peLle-
HMSA 3a4ad, B KOTOPbIX MaTpuua B 3a3opax Mexay YacTulammn HanonHuTenst umeet 6onee BbICO-
KW MoAyrb. YCTaHOBMEHO, YTO 3TOT (pakTOp NPaKTUYECKU HE CKa3biBaeTCsl Ha NPOLECcce BO3HUK-
HOBEHWS 1 POPMUPOBAHUS TSHKEN.
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ARTICLE INFO ABSTRACT

Filling of rubbers with active fillers significantly improves their strength and deformation prop-
erties. One of the possible explanations of this phenomenon is presented in this article. It is based
on a well-known fact that for large deformations of the elastomer binder filled in the gaps between
neighboring filler particles is in the stress-strain state close to uniaxial tension. In this case, most
of the polymer chains are oriented along the axis connecting the centers of inclusions. The paper
suggests that the strength of the matrix in such a state (due to orientation) should be higher in
comparison with other possible states with the same strain intensity. An dequate strength criterion
was developed to account for this effect.

The results of simulating the elastomeric binder destruction around two absolutely solid spher-
ical inclusions are presented. A model of an incompressible hyperelastic material whose properties
are given by a neo-Hookean potential was used to describe the properties of an elastomeric matrix.
In the framework of computer experiments it was shown that when the system is deformed, the
binder breaks should appear not in the gap between the filler particles, but at some distance from
it. The elastic bond between the inclusions remains. A polymeric fiber (nanostrand) is formed be-
tween the inclusions, capable of withstanding higher tensile loads.

It is known that layers with other physical-mechanical properties can be formed near the filler
particles. Solutions are obtained for the problems in which the matrix in the gaps between the filler
particles has a higher modulus to evaluate the possible influence of such layers. It is that this factor

Received: 10 October 2018
Accepted: 22 March 2019
Published: 28 June 2019

Keywords:

damage generation, nanocomposite,
finite deformations, computational
modeling, fracture criterion, elasto-
mer, filler, nanoparticles.

has virtually no effect on the emergence and formation of strands.
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BBeneHune

C Hauana XX BeKa U3BECTHO, YTO HAIIOIHEHHE KayTyKOB
(371aCTOMEPHBIX MaTepHAaIOB) TEXHUYECKUM yriieponoM (20—
30 % mo 00BeMy) CYIIECTBEHHO YJIydIllaeT MHOTHE UX JKC-
IUTyaTallMOHHbIE CBOMCTBA: MOBBILIAET KECTKOCTh, YBEIHIH-
BaeT pa3peIBHBIC ycuius B 5—15 pas, a npeaensHele aedop-
Manu B 2—4 pasa. B HacTos1Iee BpeMs IPOJI0JDKAIOT HHTCH-
CUBHO MPOBOJMUTHCS UCCIICIOBAHHUSI MEXaHHMYECKUX CBOMCTB
3JIACTOMEPHBIX HAHOKOMIIO3UTOB B 3aBHCHMOCTH OT BH[a
HAaIOJIHUTEIS], €T0 KOHLUECHTPALUH 1 TEXHOJIOTHU H3rOTOBJIe-
Hust. [IpumMepoM MOryT City>KUTh paboThl, CBSI3aHHbIE C U3Y-
YEHHEM CBOICTB 3JIaCTOMEPOB, 3aIlOJHEHHBIX TaKHUMHU
HAINlOJIHUTENSIMK, KaK caxa, YIJepoIHble HaHOTPYOKH,
HAHOAJIMa3bl, Pa3JIMYHbIe MUHEPAIbHBIC YaCTHIIBI (MOHTMO-
PWUIOHHT, MaNbITOPCKUT, MIYHTUT U T.1.) [1-8]. OxgHOBpE-
MEHHO C 9KCIEPHMEHTAIBHBIMH BEIYTCS M TEOPETHYECKHE
UCCJIEJOBAaHUSAMH T10 CTPYKTYpPHOMY MOJAEIHMPOBAHUIO (QH-
3MKO-MEXaHUYECKHX CBOMCTB MaTEPHAJIOB C y4€TOM 0COOEH-
HOCTEH BHYTPEHHET0 CTPOEHHUS M NPOIECCOB HA MHUKPO- U
HaHOypoBHE [9-15] u np.

BaxHO# 0cOOEHHOCTBIO JTACTOMEPHBIX KOMITO3UTOB SB-
JSIeTCsl U3MEHEHHE MX CBOWCTB B PE3yJIbTaTe NMPe/IBAPUTEIb-
Horo nedopmupoBanus (3dpdext Mammnza) [16-20]. Oror
3¢ deKT MOXKET OKa3bIBaTh 3HAYUTEILHOE BIMSHUE HA MTOBE-
JIeHUe W3/IeNMi U3 HAMOJHEeHHOTOo 3mactoMepa [21]. Ha ce-
TOJIHANTHUA JIeHb 3QQPekT MaumH3a SBIsSeTCsS 0OBEKTOM
WHTEHCUBHOTO TEOPETHYECKOT0 U JKCHEPHUMEHTAIBLHOI'O
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nu3ydeHus. B nmuTepaType 10 cHX TOp HET €JUHOTO YCTOSB-
Ierocss MHeHust o ero npupoje. Yame Bcero 3tot 3¢ et
CBSI3BIBAIOT C Pa3BUTHEM MOBPEXKICHHOCTH MaTEpHaa.

OmHaKo, HECMOTpPS HA HECOMHEHHBIH IPOTPECC B aHAJIH3E
BO3MOXKHBIX MEXaHM3MOB (POPMHPOBAHHS CBOICTB HAHOHA-
TIOJTHEHHBIX 3JIACTOMEPOB, €IIle OCTaeTCs PS 0 CHX TOp He-
pemeHHBIX BOMpocoB. OOBSICHUT MOBHIIICHHE IPOYHOCTH U
TOSIBJIEHUE aHU30TPOITHBIX CBOICTB 1OCIIe epBOro AehopMu-
POBaHUS MOXKHO CYIIECTBOBAHHMEM MHKPO- M HaHOBOJIOKOH
(Tsoxeit). Hammame Takux 00pa3oBaHUH MOATBEPKAACTCS IKC-
nepuMeHTaIbHO [22-27]. B pabote [28] Ha ocHOBe dKCIIepH-
MEHTAIBHBIX HCCJIEAOBAHUN CTPYKTYpPbl HAIOJIHEHHBIX TEX-
HUYECKHM YTIICPOJIOM Pe3UH (HCIIOH30BANACH JJIEKTPOHHAS
MHKPOTOMOTpad¥si) 1 KOMIBIOTEPHOTO MOACIHPOBAHUS TIO-
Ka3aHo, 4yTO npu Makpozaehopmanusix 10 15 % mukpoaedop-
MAIli{ MaTPUIEI B 30HAX MEX]Ty arJioMepaTaMy YacTHUI] CaKU
MoryT jgocturate 100 u Ooiee mpomeHTOB. MccnemoBaHus
HAHOCTPYKTYpbl HAIOJHEHHBIX KaydyKOB B PpacTSHYyTOM
(BIUIOTH JI0 TIPEPa3pbIBHOTO) COCTOSIHUM METO/IaMU aTOMHO-
cunoBoit mukpockoruu [29, 30] noATBep NI HATUYHE TAKIX
o0pazoBaHuii. TOMOrpaMMbI MUKPOCTPYKTYPBI PE3UHEI (JJIEK-
TPOHHAsi MHUKPOCKOTIHS), ToJy4eHHbIe B padote [31], Takke
TIOKa3bIBAIOT ¥ TSHKH, ¥ COSIMHSIEMbIE IMH arperaThl U3 CaXke-
BBIX YaCTHII.

B nmanHO# paboTe paccMarpuBaeTCsl OHA W3 BO3MOXK-
HBIX TUNOTE3, 00BsACHAOmAs 3P(EKT MOBHIMIEHUS TPOYHO-
CTH HAIIOJIHEHHOTO 3JIacTOMepa.

1. Kputepuii BO3HUKHOBEHUSA MUKPOMOBPEXAEHUN
B HanoJIHEHHbIX 3f1lacTomepax
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Ienbto uccnenoBaHus sIBISETCS MPOBEIECHHE BBIYUCIH-
TEJIBHOTO YKCTIIEPHUMEHTA, C MOMOIIBIO KOTOPOTO aHAIU3UPY-
eTcsl pa3yMHOCTh THIIOTE3bl, YTO B 3a30pax MEXKAY OIHM3KO-
PacCTONOKEHHBIMHI YaCTUI[AMH HATIOJHUTEINIS 3JIaCTOMEpHast
Marpuia npu aeGopMHpPOBaHUU MaTepualia CIlocoOHa BBI-
JEpKHUBATh OUYEHb BBICOKHE HArpy3KkH. [IponcxoauTs 310 Mo-
JKEeT I0 cleAyIolel npuinHe. B HeHarpykeHHOM COCTOSHUHN
MOJIMMEPHBIE LIENH CBEPHYTH B KiIyOKku. [Ipu pactsokeHun
MaTepHaja B OJHOM HaIIPaBICHHUH MOJIMMEPHBIE LENH Pa3BO-
pauMBalOTCSI U OPUEHTUPYIOTCS BAOJb OCH JEHCTBYIOIIEH
Harpy3ku. Bo3HUKaeT cocTosiHHE 3J1aCTOMEPHOr0 MaTepu-
ajia, B KOTOPOM IIPOM30IIIA OPUEHTAMs OOJIBIITMHCTBA IIe-
el B OJHOM HalpaBJIeHUU. B cilyyae 4acTUYHO KpUCTAIUIH-
3YIOILETOCs TOJIMMEpa B TAKUX 00JacTsIX OyayT BO3HHKATh
KPHUCTAJIUTHl (30HBI IMOBBIIIEHHON KECTKOCTH C YHMOPSAO-
YEHHO YJIOKEHHBIMHM MOJIEKYJSIPHBIMU LIETIOYKAMH, B KOTO-
PBIX MEXKMOJICKYJISIPHBIC CHIIBI CBS3BIBAIOT HX B )KECTKOE 00-
pasoBanue). Eciu xe nmoaumMep paccMaTpuBaeTCst Kak HEKpH-
CTAJUIN3YIOIIUICS 3MacTOMED, TO HKECTKUX
HaIMOJICKYJISIPHBIX 00pa3oBaHUH B HEM HE BO3HHKaeT. Tem
HE MeHee ecTh BCE OCHOBAHMS CUUTATh, YTO NpEeUMYyIIe-
CTBEHHAs! OPUEHTALIUS [TOJIMMEPHBIX IeTIel BI0JIb OAHOH 00-
Ieit ocu 1aeT 371acCTOMEPHOI MaTpHIe CIIOCOOHOCTH BBIEP-
JKUBaTh OoJiee BBICOKYIO HAarpy3Ky B HaIllpaBJICHUU OpPHEHTa-
LMY, 4YeM B APYTUX HAarpyKE€HHBIX COCTOSHUSAX C TOU K€
caMOi MHTEHCUBHOCTBIO JiepopMaruii.

Jis Toro 9TOOBI KOJMYECTBEHHO ONPENENATh MOMEHT
MOABJICHUA TMOBPCKIACHHUA B JJIACTOMEPHOM KOMIIO3UTC
C yu4eToM 3Toro (akropa, HEOOXOIMM COOTBETCTBYIOIINI
MPOYHOCTHOU KpuTepuil. MBI IpeanaraeM MCIob30BaTh HO-
BBbIIl KpUTEPUM NIPOYHOCTH B BUJE CIEAYIOLIETO YCJIOBUS: B
paccMaTpuBaeMoOi TOUYKe MaTepHaia He MOXKET HMPOU30HTH
paspylleHHe, €CIIU BBIIOIHAETCS HEPABEHCTBO

f (A hphy) =

3 Ay A, A
=a| Y A7 =3 [+BIn=LIn=ZIn=2|+yp<l, (1)
le Ao A, A

2 3 1

re Ai— KpaTHOCTh Y/UIMHCHHH; P — cpelHee HampshKeHHE
(mepBbIil ”HBAPUAHT TEH30pa HaNpsiKkeHut Koy, 1eneHHbIi
Ha 3).

JedopMannoHHBINH KPUTEPUI IPOTHOCTH CONICPIKUT JIBE
Oe3pa3MepHbIe 0, B U OJHY pa3MEepHYIO Y KOHCTAHTHI, OTIpe-
JIeTISII0Ie TTPOYHOCTHBIE CBOMCTBAa Marepuana. Mx 3Haue-
HUS MOXHO MOJI00paTh U3 SKCIepUMEeHTOB. [lepBoe cnarae-
MOe€ JaeT HeHyJIeBOH BKiIaz B Kputepui (1) npu mrobom ge-
(hopMHEpOBaHHOM COCTOSIHMM MaTepuaina. Bropoe ciaraemoe
TPY OJHOOCHOM PACTSHKCHHU MaTepualia paBHO HyIo. [Ipu
JPYTUX BHIAX HANPSHKEHHO-Ie()OPMHUPOBAHHOTO COCTOSHUS
OHO JIaeT AOMOJHUTENBHBIN MOJOXHUTEIbHBINA BKIA B PyHK-
uto f. IIpu aToM n06aBKa MOXKET OBITH BECbMa 3HAYUTEIIb-
HOW, ecITi 3HaYCHHE MapamMeTpa 3 JOCTaTO4YHO BenrKo. Tpe-
ThE CJIAraeMoe YYUTHIBAET TOT (aKT, YTO MPH BCECTOPOHHEM
CXKaTHH MaTepuraja MOBPEKIACHHUSIM MOSBUTHCS 3HAUUTEITHHO
TpyAHEe.

Ha puc. 1 npencraBnena kapra pacupeneieHus 3Hade-
i f(A,h2A3) IS HeC:KMMaeMO# cpefibl (TO ecTh Ciydai,
xorza Az = (MAz) ! omHO3HAYHO onpeenseTcs uepes A U Az).
O6acts, Tae BeimonmseTcst yemoue f(hi,A2,A3) < 1 (paspy-
IIEHHE HEBO3MOXKHO), ITOKa3aHa CEPhIM I[BETOM. 30HBI, I/ie
f(A1,22,A3) > 1 (paspyiieHne AOKHO MPOU30ITH), 3aIITPH-
xoBaubl (puc. 1, a). Tpu CIUTOIIHBIE THHUKM HA PUCYHKE CO-
OTBETCTBYIOT OJJHOOCHOMY PacCTSHKEHHIO 110 KXKI0H U3 TJ1aB-
HBIX ocell. KapTa noctpoena 1iis cieytomux 3Ha4eHUi KOH-
a=0,25 p=005 g=0, xoropeie ObUH
UCIIOJIb30BaHbI B JAILHEHIIIEM ISl BBIYMCIUTEILHOTO MOJIe-
nupoBaHus. V3 aHanm3a 3Toi KapThl BUAHO, YTO IPH OJHO-
OCHOM PACTSDKECHHH MaTephaja MOXXHO ero Ae(opMHPOBATh
0 OYeHb OONBIINX 3HAa4YeHWH. B apyrmx Bumax Hamps-
JKEHHO-/1e()OPMUPOBAHHOTO COCTOSIHMSI ~ pa3pyLICHHe
HAaYHETCs PH CYIIECTBEHHO MEHBIIHX Ae(hOpMaLUsX.

['maBHas OCOOCHHOCTH MNpeIIaraéMoro KpHUTEpHs CO-
CTOUT B TOM, 4YTO IpPHU OAHOOCHOM PACTSKCHHUU 3HAYCHUC

CTaHT:

byHkun f MUHIMATBHO 10 CPABHEHHUIO C APYTUMHU BHIAMH
HalpsHKeHHO-eOPMUPOBAHHOTO COCTOSIHUS (pHC. 1, 6) mpu
OJTHHMX M T€X K& 3HAYCHUSIX WHBapHaHTa TeH30pa aedopma-

wan | =A% + 1% +A;° ¥ BenMUMHE CPEHEr0 HAMPSKEHHS
p.

HawnGonee Ba)XHbIM B MeXaHHWKE KOMIIO3UIIMOHHBIX Ma-
TEpHAJIOB SABJIAETCS aHAIN3 MTAPHOTO B3aMMOJCHCTBHS OIIH3-
KOpacmojokeHHbIX BkiroueHuit (puc. 2) [32, 33]. Lensio
BBIUHCIUTEIFHOTO 3KCIIEPUMEHTa SABJSETCA OIpeJeeHUe
YCIIOBUSA TOSIBICHUS TOBPEXKICHUN OKOJIO TTaphl BKIIIOYESHUH,
Harpy>KEHHBIX CUJIAMU, IPUI0KEHHBIMU K LIEHTPAM YaCTHIL
U JEHCTBYIOIIMMHU B TIPOTHUBOIOJIOKHBIX HAIPABICHUIX
BJIOJIb OCH, COEIMHSIOIIEH IIEHTPHI YaCTHUII.

B paccmarpuBaeMoii 3a1a4e HCIOIb30BAHBI CIEAYIOIINE
FEOMETPUUECKUE COOTHOUICHMs. BBIUUCIEHHS OCYyIIeCTB-
JIEHBI JUIS LWIMHAPUYECKON sS4Yeilku, B KOTOPOM pa3menia-
Jack mapa kectkux cep paamycoMm R. Briouenus pacrmo-
Jarajuch Ha OCH CHMMETPUHM Ha PacCTOSHUHU Op APYT OT
Ipyra. Beicota ImwimHApa W AUaMeTp UHWIMHAPHUYECKOH
s4eliku 3a7aBanuch paBHbIMH 15R. Takum ob6pasom, obecrie-
YUBAJIOCh YCIOBUE OTCYTCTBHUS BIUSHUS YAalICHHBIX TPAHUL]
Ha HaNpsDKEHHO-1e(OPMUPOBAHHOE COCTOSIHIE BOKPYT JIaH-
HOI1 napel. BHelIHNE IrpaHulbl CTPYKTYPHOU AYEHKU CUUTA-
JMCh cBOOOTHBIMU OT HampsDkeHWH. HarpyskeHne cucremsl
MIPOM3BOJIMIIN 32 CUET Pa3JBUIaHUs Cep BAOJIb MEKIEHTPO-
BOHM OCH Ha 3aJ]laHHOE paccTosiHue O. B kadecTBe Mephl, Xa-
pakTepu3yoIIeld MaKpoCKOuIecKue qedopMaIiiu mpu map-
HOM B3aUMO/JIEMCTBUH BKIIIOUEHUH, UCIIOIb30BaHa BEIUUNHA
A = (8+2R) / (80t+2R).

Bce npuBoanMele B JaHHOW paboTe pacdeThl MOKa3aHbI
JUISL cIydasi, KOT/1a Ha4aJlbHBIH 3a30p MEXy 4acTHIaMu Op
pasusuicst 0,4R. BeiOop 3Toro 3HaueHunst ObUT CAENaH U3 TeX
cooOpakeHMi, YTO Ha MJAaHHOM pACCTOSHWH TPaTUCHTHI
HarpspKeHUH B 3a30pe ellle He CTOJIb BEJIHMKH, YTOObI co3/1a-
BaTh TEXHUUYECKHUE CI0XKHOCTU MPU PELICHUN 3a7a4ull, U B TO
XKE BpeMsI «B3aUMHOE BIMSHHE» MEXAY HYaCTHIAMHU YXKe
BITOJTHE JIOCTATOYHO IS HAIIMX IIeJe (MOIenupoBaHHE
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npoliiecca BO3HUKHOBeHUs1 MUKpOTsDkei) [34]. Tlpu ymeHb-
IICHUU BEJIUYMHBI 3a30pa, MPU OJMHAKOBOM PACTSKCHUH

107,

]

LEHTPOB BKIIFOYCHNHN, 3HAYUTEIFHO YBEITUUNBAIOTCS 1eop-
MaIIH B 3a30pe. DTO 03HAYAET, UTO B TAKOM MaTepHae TSxKU
Ha4HYT (POPMHUPOBATHCS paHbIIIE.

50
0.9

0.8

0.7

Puc. 1. 3nauenue kpurepus f: @ — miutrocTparys KapThl COCTOSIHUN, B KOTOPBIX HE HOSBIIAIOTCS HOBPEXACHUS (00J1aCTh, 3aKpalieHHAas
CEepBIM IIBETOM), M COCTOSIHHH, TJIe TOJDKHBI BOSHHUKHYTh MHUKPOPA3phIBHI (3aIITPUXOBAHHBIE 00JIACTH); 6 — II0JIE paclpeeNeH s 3HaYeHIH
napamerpa f. CIUIOIIHbIC TUHUKM COOTBETCTBYIOT YCIIOBHIO OZTHOOCHOTO PACTsDKEHHUS MaTepuania

Fig. 1. The value of the criterion f; a —a map illustrating the states where no damages (shown in grey) occur and the states where microdamages should
happen (shaded areas); b — Fields of distribution of parameter f values. Solid curves correspond to uniaxial tensile loading conditions

Puc. 2. PacueTHas cxema 3a1a4u O IBYX KECTKHX C
(hepryuecKUX BKIIOYCHHUSX B HEMHEHHO-YIIPYroil MaTpuile

Fig. 2. Calculation scheme of the problem of two rigid
spherical inclusions in a nonlinear elastic matrix

[Ipennonaranock, 4TO aATre3UOHHAsl MPOYHOCTb KOH-
TakTa MEXIy IUCTIEPCHOH (a30if 1 KOHTHHYYMOM HaMHOTO
MIPEBBIIACT MPOYHOCTh MATPHUIILI (OTCIOCHUS UCKITIOUCHBI),
TO €CThb Ha IPAHUIAX «MaTPULA — BKIIOUEHHE» 3a1aBajoCh
YCJIOBUE MOJHOU ajire3un. JKeCcTKOCTh YacTHI] HAITOJIHUTES
B YIPOUYHSEMBIX 3JJaCTOMEPHBIX KOMIIO3UTAX, KaK IPAaBUIIO,
HaMHOTO BBIIIIE, YeM y MaTpulsl. [loaToMy ynpyruit Mogyib
chepuueckux Brmodenuil Ep 3amaBanu paBHeiM 10%Em, TO
€CTh BKIIIOYCHHS NPH pacderax ObUIM MPaKTHYEeCKH Hele-
(dopMupyeMbIMH U Hepa3pyiiaeMbIMH. [IoBpexieHnst Mo
BO3HHUKATh TOJBKO B AacToMepe. MaTpully CUMTaIN HECHKU-
MaeMoOil HeIMHEHHO-ynpyroil cpenoi. Ee MexaHuueckue
CBOMCTBA OIMCBIBAJIN C IOMOILBIO noTeHuuana Heoryka:
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Em
w= ?(xf +A5 A5 -3). )

KpaeByto HenmHEWHO-YIpYryloo 3ajady pemaid MeTo-
JIOM KOHEYHBIX 3JICMEHTOB B OCCCHMMETPHUYHOW ITOCTa-
HOBKE.

2. Pe3ynbTaTbl BbIYUCIIUTENIBHOIO
MoaenupoBaHusi

Pemenne BeIeoncaHHON KpaeBoi 3a11a4u ¢ IpUMEHe-
HHEM 4acTO YIOTPeOIIIeMbIX TPOYHOCTHBIX KPUTEPHEB (pa3-
pYULICHHE TIPHU NPEBBIIICHUN NpPeNeNbHbIX 3HAYCHUH TaKHX
WHBAPUAHTOB HANPSHKEHHO-1e(OPMUPOBAHHOTO COCTOSHHU,
KaK MaKCHMaJbHbIE MHTEHCHBHOCTH HAIIPSHKCHUH WM Jie-
(hopmaruii, riaBHbIE HANPSDKEHUS MITH Ae(OpMaIiH, THAPO-
CTaTUYeCKHEe HANPSDKEHHS) TOKA3ajlo0, 9YTO BO BCEX ITHUX CIIy-
Yasx pa3pblB CBA3YIONIETO JOJDKEH MPOMCXOIUTH B 3a30pe
MEXJy BKIIOUYEHUSIMH, TO €CThb HHMKAaKUX TsDKeH Tam mo-
SIBUTBCSI HE MOXKET.

Wnas xapTrHa HaONIOmaeTcs MPH HCIOJIB30BAaHHH HO-
Boro kputepus. KomnbroTepHoe MOAEIMPOBaHUE MpoLEcca
Pa3BUTHSA JIOKAIFHOTO TIOBPEXKACHUS ITPOM3BOIUIIOCH CIIE/Y-
oM obpa3oM. B mpomecce momraroBoro HarpyXeHus -
JUHIPUYECKON SYEeWKH JUIs KaKJOro KOHEYHOTO 3JIEMEHTa
paccuunTtbiBanoch 3uauenue f(A1, A2, A3), u B ciyuae f > 1 ero
MOJyJIb YMEHBIIAICSA A0 ONM3KOro K HyNIO 3Ha4eHHA. Tem
CaMbIM MMUTHPOBAJIOCh «PAa3pyLICHHE» 3TOrO 3JIEMEHTA.
Pacuersl mokasanu, 4TO NEepBOHAYAIbHBIE Pa3phIBBI MarT-
PUIBI IPOUCXOIAT HE B 3a30pe, a Ha HEKOTOPOM yJaJICHUH
ot Hero. IIpu 3ToM nanbHEWIIUIT POCT BO3HMKILUX MOBpE-
JKAGHUI MpU YBEIMYEHUU pACTSATUBAIOIIEd BHEIIHEH
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Harpy3KH TaKkXKe He 3aTParuBaeT IEHTPAIbHYIO YacTh 3a30pa.
Boxkpyr Hero oOpasyercst «roias» KojiblieBast 00J1acThb.

Ha puc. 3 npuBeieHbI H30IMHIK 3HAYCHHUI mapameTpa f,
COOTBETCTBYIOIINE CIEAYIOIUM MOMEHTaM (hOPMHPOBAHUS
HAHOTSDKA B MaTepuaie: Ipu A = 2 mapa BKIIOYCHHH pacTs-
HyTa, HO TIOBPEXICHHUI B 3IacToMepe erie HeT (puc. 3, a);
mpu A =2,17 BOSHHKAIOT IEPBUYHBIC TOBPEXKICHUSI B Mat-
pune (puc. 3, 6); mpu A = 2,34 unet npouecc GOpMHUPOBAHIS
o0yacTn paspylIeHUs B HalpaBiICHHH, NApaJuIeIbHOM JIMHHH,
COCIMHSIOIICH IICHTPBI BKMOueHui (puc. 3, 6). Eciu npomon-
KUTh MOJICIIMPOBAHUE TIPOIIECCAa HArpyXXeHHs, TO B HTOTe
(hopMHUpYETCSI OMHOOCHO PACTSHYTBIN «TSDK», COCTMHSIIONIIN
MOBEPXHOCTH YaCTHI] HATIOJHUTENS. Bokpyr Hero HaxoauTcs
00J1acTh pa3pyIIeHHOTO CBsA3yolIero. Paspymennsie obiaacTu
MTOKa3aHbI Ha pUC. 3 OCITBIM IBETOM.

[IpencraBneHHbI BbIllIE BAPUAHT KOMITBIOTEPHOTO HC-
CJIC/IOBaHUS HE YYHUTBIBACT Psifi (AKTOPOB, KOTOPHIE MOTYT
UTPaTh BAXXHYIO pOIIb Iipu popMupoBaHmy TsoKei. Ha mports-
JKCHUH BTOPOH MOJIOBHHBI XX BeKa OBLIIO MHOTO BEICKA3BI-
BaHUH M KOCBEHHBIX TOATBEPIKICHUI OCOOBIX CBOWCTB CBS-
3YIOIEro OKOJIO YaCTHIl HaMoJIHUTeNs. B yacTHOCTH, BBICKA-
3aHa THIIOTE3a, YTO CBOOOIHBIE PaIKalIbl HA CKOJAX JaCTHIL
TEXHUYECKOTO YIJIepo/ia BEI3BIBAIOT XUMUUECKYIO PEaKIHIo,
KOTOpas NPUBOJUT K MOSBICHHUIO HA MOBEPXHOCTH YaCTHIL
CJIOSI «CBSI3aHHOT0» IOJIMMEPA C HOBBIMIEHHOH JKECTKOCTBIO
[35]. B pesynprare XMMHUECKON pEaKIliy, HAYIICH OT I10-
BEPXHOCTH YacCTHIl HAIOJHUTENSA, B TAKUX CJIOAX MOBBIIIA-
eTcsl KOJIWYECTBO CIIMBOK MEXIY IOJMMEPHBIMU IIEISIMH.
Bce 310 cnoco6cTByeT MOBBIMIEHHUIO JKECTKOCTH MaTepuana
MaTpHIBl BOINU3U YaCTHIL.

0,6
0.4
0.2
0,0

\__/
A
7N

a

o 8

Puc. 3. IMonst pactipenenenus 3HaueHuii napamerpa f B 3a3ope mexny yacrunamu
(omHopoaHas 3nacroMmepHas Marpuia): (Q) A =2; (6) A =2,2; (6) A =2,4

Fig. 3. Fields of distribution of parameter f values in the gap between the particles
(homogeneous elastomeric matrix): (@) A =2; (b) A =2.2; (c) L =2.4

JJist Ka4eCTBEHHOW OLIEHKH BIHSIHHS 3TOTO (pakTopa Ha
TpoIiece JOKaITBHOTO pa3pyIIeHUs ObLTH POBECHEI aHAJIO-
THYHBIC MOJICJIbHBIC HCCIICOBAHUS IS CIyYast, KOTIa IMOJIH1-
Mep B 3a30pe HEOTHOPOICH MO0 MEXaHWYECKUM CBOWCTBAM.
HeorykoBas MaTpuIia B 3a30pe COCTOUT M3 KOIBIEBBIX 00JIa-
CTEH C YBEJIHUYMBAIOIIUMHUCS [0 MEPEe MPHOIMKCHUS K 1ICH-
TPy >KeCTKOCTsAMU. HayalbHbII MOAYJIb MaTpULbl HA OCH
cuMMeTpuu B 3a3ope Eg mocnoitHo moBslmaercst ot Em 1o
1,4Em. PacueTHas cxema mpeacraBiceHa Ha puc. 4.

1,40
1,32
1,24
1,16
1,08
1,00

Puc. 4. Kapts! pactipenenenust HagaabHOTO Moxyist KOHTa
Matpuipl B 3a30pe Eq (Eq yBenmuuusaercst 10 1,4 Em)

Fig. 4. Maps of distribution of the initial Young's modulus
of the matrix in the gap Eg (Eg increases to 1.4 Em)

Ha puc. 5 npuBeaeHb! H30MuHUN 3HaYeHU# napamerpa f
JUisl 3TOro ciyvas. st ynoOcTBa CpaBHEHHS Pe3yJbTaToOB
C BapHaHTOM JIsl OJTHOPOJHON MaTpuIlbl (cM. puc. 3) mpen-
craBneHsl cutyanuu it A = 2,0; 2,2 u 2,4. PacueTsl moka-
3aJId, YTO B 3TOM CJIydae MPOIeCC BOSHUKHOBEHUS M POCTA
JIOKAJILHOM MOBPEKIEHHOCTH MPOTEKACT MPAKTUYECKU TaK
JKe, KaK U JUIi TOMOTeHHOU MaTpuilbl. TonmuHbl 006pa3oBas-
IIMXCSI TSOKEH TAK)KE OKA3aJIUCh OJTU3KHU, TO €CTh YBEJIHUCHHUE
JKECTKOCTH MATPHIIBI B 3a30p€ YaCTHII c1ab0 CKa3bIBaeTCs Ha
(HhOpMUPOBAHUH TIKEH.

KoMIbIOTEpHBIC 3KCIIEPUMEHTHI [TOKA3aJId Pa3yMHOCTh
TUIOTE3bI 00 0COOOM XapaKTepe pa3BUTHUSI BHYTPEHHEH TO-
BPEKICHHOCTH B JHCICPCHO HAIMOJHEHHBIX 3J1acTOMEpax.
Hanndwue ®ecTKUX ¥ MPOYHBIX YaCTHUI] HATIOJHUTEIS CIIOCO0-
CTBYET IOSIBJICHHUIO ¥ (JOPMHUPOBAHUIO HAHOTSDKEH B MeCTax
JIOKAaJThbHON KOHIIEHTPAIlMA MUKPOHANPSDKEHUH (B 3a30pax
MEXIy BKIIOYCHUSAMH). DT MHKPOTSKH MPHHAMAIOT Ha
ce0sl 3HAYUTEIBHYIO YacTh HECYIICH Harpy3Kd MaTepuala,
YTO MPEMATCTBYET OBICTPOMY IIPOPACTAHHIO» MaKpOPa3Phl-
BOB, KaK 3TO IMPOHMCXOJHUT B YHCTOM 3yactomepe. IMeHHO
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3TO 00CTOSATEILCTBO MOXKET CITY?KUTh OJHUM U3 CaMbIX IIpaB-
)IOHO)IO6HI)IX 00BsICHEHUI XOpOo1Io HU3BECTHOI'O0 JIKCIICPU-

MEHTAJIBHOTO (haKTa, 4TO MPOYHOCTh M MpeaenbHas nedop-
MAaTHBHOCTB 3JIaCTOMEPHBIX KOMIIO3UTOB MOXET OBITh CYIIle-
CTBEHHO BBIIIIE, Y€M YHCTON MATPHIIBL.

\__/

1,0 . .

i/
4

0.6
0,4
0,2
0,0
a

:

7

Puc. 5. Tonst pacnpenenenus 3Ha4deHunii napamerpa f B 3a30pe MexIy dacTuamu
(Eg yBenmmuuBaercs 1o 1,4 Em): @A =2; (6) A =2,2; (6) L =2,4

Fig. 5. Fields of distribution of parameter f values in the gap between the particles
(Egisincreasedto 1.4 Em): @) A=2; (b) A =2,2; (c) L =2,4

BbiBoAabl

[pemmoskeH HOBBIH JeGOPMAMUOHHBIH TPOYHOCTHOU
KPUTEPUN, KOTOPBIN I03BOJISAET ONUCATh MEXAHU3M BO3HUK-
HOBEHUS U Pa3BUTHs CTPYKTYpPHON MOBPEXKIEHHOCTH B 3JIa-
CTOMEPHBIX HAHOKOMIIO3UTaX. B OCHOBE €ro JIeXKHUT U3BECT-
HbeId (akT, 4TO MpH OOJBIIKUX JAeHOPMAIIUSIX THUCIICPCHO
HATIOJTHEHHOTO 3JIacCTOMEpa CBA3YIOIIEe B 3a30pax MeEXIy
OJM3KO PACIOJIOKCHHBIMH YACTUI[AMHU HAITOJHHUTEIS] HAaXO-
JIUTCS B HATIPSDKEHHO-1e()OPMHUPOBAHHOM COCTOSIHUHM, OJIH3-
KOM K OZIHOOCHOMY pactsibkeHHo. [1pu pazpaboTke kpurepus
HCMONB30BaHa TUIOTE3a, YTO MPU 3TOM IPOHUCXOAMT Iepe-
OpHEHTAMs] NOJUMEPHBIX MOJEKYJ, 1 MAaTPUIIA B 3a30pe Ie-
pPEXOIUT B OAHOOCHO OPHEHTHPOBAHHOE cocTostHHME. B pe-
3yJIbTaTe MaTepHal IOJYy4aeT CIOCOOHOCTh BBIACPKHBATH
OoJiee BBICOKYIO Harpy3Ky B HallpaBJICHHN OPUEHTAINH, YeM
B JIPYTUX HAarpy>KEHHBIX COCTOSIHUSIX C TOM ke CaMOUl UHTEH-
CHUBHOCTBIO ie(hopManuii.

MopenbHble pacdeTsl MOKa3alH, YTO TAaKOH MOAXOJ
MI03BOJIIET TEOPETUYECKH OMHCATh NMpoIlecC 00pa3oBaHUsA

Bubnuorpaduyecknin cnucok

1. Rodgers B., Waddel W. Chapter 9: The science of rubber
compounding // The Science and Technology of Rubber. — 2013. —
P. 417-471.

2. Composites based on carbon black reinforced NBR/EPDM
rubber blends / V. Jovanovich [et al.] // Composites Part B: Engi-
neering. — 2013. — Vol. 45. — No. 1. — P3.333-340.

3. Formation and stability of carbon nanotube network in nat-
ural rubber: Effect of non-rubber components / H.H. Le [et al.] // Poly-
mer. — 2015. — Vol. 73. - P. 111-121.

4. Hallousite clay nanotubes for loading and sustained release
of functional compounds / Y. Lvov [et al.] // Advanced Materials. —
2016. — Vol. 28. — No. 6. — P. 1227-1250.

200

JIOKaJbHBIX MHMKPOIOBPEXKIECHUNH CTPYKTYphl B BHAE Ti-
JKel, COCIMHSIOMUX COCEAHHE OJIM3KOPACIOIOKEHHBIC
YaCTHLBI HATIOJHUTENS, U OKPYXKAIOIIUX UX MHKPOpPa3phl-
BOB.

Taxoke ObliTa IPOBEPEHa TUIIOTE3a O BIMSHHUH MTOBBIIICH-
HOW >KECTKOCTM MaTepuaia MaTpHIbl B 3a30pax MeEXIy
BKJIFOUSHUSIMH Ha 00pa3oBaHre MUKPOTshKel. Kak nokazanu
pacueTsl, 3TOT (aKTOp NMPAKTUUIECKH HE CKa3bIBAaeTCA Ha IIPO-
Iiecce NX BO3HUKHOBEHHMS M (POPMHUPOBAHUSI.

BnarogapHocTb

PaGora BbImosHEHA TIpu (UHAHCOBOM ITOJAEPIKKE
POOU (Ne 16-08-00914).

Acknowledgment

The work was supported by the Russian Foundation for
Basic Research (Project No. 16-08-00914).

5. Experimental analysis of the effect of carbon nanoparticles
with different geometry on the appearance of anisotropy of mechan-
ical properties in elastomeric composites / K.A. Mokhireva [et al.]
/I Polymer Testing. — 2017. — Vol. 59. — P. 46-54.

6. Design and preparation of natural layered silicate/bio-based
elastomer nanocomposites with improved dispersion and interfacial
interaction / Q. He [et al] // Polymer. — 2015. -
Vol. 79. - P. 1-11.

7. Design of high-performance poly(L-lactide)/elastomer
blends through anchoring carbon nanotubes at the interface with the
aid of stereo-complex crystallization / L. Huili [et al.] // Polymer. —
2017.-Vol. 108. — P. 38-49.



Coxonos A.K., F'apuwun O.K., Ceucmros A.JI. | Becmuux ITHUTTY. Mexanuxa 2 (2019) 195-202

8. Impact of filler surface modification on large scale mechan-
ics of styrene butadiene/silica rubber composites /
K.W. Stockelhuber [et al.] / Macromolecules. — 2011. — Vol. 44. —
No. 11. — P. 4366-4381. DOI: 10.1021/ma1026077

9. Garishin O.K., Moshev V.V. Structural rearrangement in
dispersion-filled composites: influence on mechanical properties //
Polymer Science. — 2005. — Vol. 47. — No. 4. — P. 403-408.

10. Reese S. A micromechanically motivated material model
for the thermo-viscoelastic material behavior of rubber-like poly-
mers // International Journal of Plasticity. — 2003. — Vol. 19. —
No. 7. — P. 909-940.

11. Osterl6f R., Wentzel H., Kari L. An efficient method for ob-
taining the hyperelastic properties of filled elastomers in finite strain ap-
plications // Polymer Testing. —2015. — Vol. 41. — P. 4454,

12. Modeling of dynamic-mechanical behavior of reinforced
elastomers using a multiscale approach / 1. lvaneiko [et al.] //
Polymer. — 2016. — Vol. 82. — P. 356-365.

13. Raghunath R., Juhre D., Kliippel M. A physically moti-
vated model for filled elastomers including strain rate and amplitude
dependency in finite viscoelasticity // International Journal of Plas-
ticity. — 2016. — Vol. 78. — P. 223-241.

14. Plagge J., Kliippel M. A physically based model of stress
softening and hysteresis of filled rubber including rate- and temper-
ature dependency// International Journal of Plasticity. —2017. — Vol.
89. —P. 173-196.

15. Svistkov A.L. A continuum-molecular model of oriented
polymer region formation in elastomer nanocomposite // Mechanics
of solids. — 2010. — Vol. 45. — No. 4 — P. 562-574.

16. TIMarpuxees I'.A. I'maa B kuure // OOIas XUMHUIECKast TEX-
Hoorus / oA pen. Bonkosuua. — M.: ['oc. Hay4.-TeXH. U3I-BO XHM.
mmr., 1946. — C. 407.

17. Mullins L. Effect of stretching in the properties of rubber // J.
of Rubber Research. —1947. — Vol. 16 — No. 12 — P. 245-289.

18. Mullins L., Tobin N.R. Stress softening in rubber vulcan-
izates. Part I. Use of a strain amplification factor to prescribe the
elastic behavior of filler reinforced vulcanized rubber // Appl.
Polym. Sci. — 1965. — Vol. 9. — P. 2993-3005.

19. Mullins L. Engineering with rubber // Rubber Chem.
Technol. — 1986. — Vol. 59. — No. 3. — P. G69-G83.

20. DianiJ., Fayolle B, Gilormini P. A review on the Mullins ef-
fect // European Polymer Journal. — 2009. — Vol. 45. — P. 601-612.

21. TlposiBnenue 3¢ dexra pasMsardeHus MarepHana B U3Me-
HCHHUH HaHpH)KeHHO-Z[ed)OpMI/IpOBaHHOFO COCTOSIHMSI INMHBI /
A.K. CokonoB [u np.] // BeruucnurensHas MEXaHUKa CILIOIIHBIX
cpex. —2016. — T. 9, Ne 3. — C. 358-365.

22. Reichert W.F., Dietmar G., Duschl E.J. The double net-
work, a model describing filled elastomers // Polymer. — 1993. —
Vol. 34. -No. 6. — P. 1216-1221.

References

1. Rodgers B., Waddel W. Chapter 9: The Science of Rubber
Compounding. The Science and Technology of Rubber, 2013,
pp. 417-471.

2. Jovanovich V. Composites based on carbon black rein-
forced NBR/EPDM rubber blends. Composites Part B: Engineer-
ing, 2013, vol.45, no. 1, pp. 333-340.

3. Le H.H. Formation and stability of carbon nanotube net-
work in natural rubber: Effect of non-rubber components. Polymer,
2015, vol.73, pp.111-121.

4. Lvov Y. Hallousite clay nanotubes for loading and sus-
tained release of functional compounds. Advanced Materials, 2016,
vol.28, no. 6, pp.1227-1250.

23. Mechanism of Fatigue Crack Growth in Carbon Black
Filled Natural Rubber / J.B. Le [et al.] // Macromolecules. —
2004. - Vol. 37. — P. 5011-5017.

24. Atomic Force Microscopy of Mechanical Property of Nat-
ural Rubber / H. Watabe [et al.] // Japanese Journal of Applied Phys-
ics. — 2005. — Vol. 44. — No. 7B. — P. 5393-5396.

25. Beurrot S., Huneau B., Verron E. In Situ SEM Study of
Fatigue Crack Growth Mechanism in Carbon Black-Filled Natural
Rubber // Journal of Applied Polymer Science. — 2010 —
Vol. 117. — P. 1260-1269.

26. X-ray computed p-tomography: a tool for the characteri-
zation fatigue defect population in a polychloroprene / Y. Marco [et
al.] // Procedia Engineering. — 2010. — Vol. 2. — P. 2131-2140.

27. Matos C.F., Galembeck F. Zarbin A.J.C. Multifunctional
materials based on iron/iron oxide-filled carbon nanotubes / natural
rubber composites // Carbon. — 2012. — VVol. 50. — P. 4685-4695.

28. Mesoscopical mechanical analysis of filled elastomer with
3D-finite element analysis and transmission electron microtomog-
raphy / K. Akutagava [et al.] // Rubber Chemistry and Technology.
—2008. - Vol. 81. — P. 182-189.

29. Morozov I.A., Lauke B., Heinrich G. Quantitative micro-
structural investigation of carbon-black-filled rubbers by AFM // Rub-
ber chemistry and technology. — 2012. — Vol. 85. — P. 244-263.

30. Morozov I.A. Structural-Mechanical AFM Study of Sur-
face Defects in Natural Rubber Vulcanizates // Macromolecules. —
2016. — Vol. 49. — No. 16. — P. 5985-5992.

31. Three-dimensional imaging in polymer science: Its applica-
tion to block copolymer morphologies and rubber composites /
H. Dohi [et al.] // Polymer Journal. — 2007. — Vol. 39. — No. 8. —
P. 749-758.

32. Garishin O.C., Moshev V.V. Computer modeling of me-
chanical behavior of damageable particulate composites // Theoretical
and Applied Fracture Mechanics. — 1999. — Vol. 31. — P. 61-66.

33. Garishin O.C. Mathematical simulation of degradation
processes in topologically disordered rubbery polymer networks //
Polymer Science. — Ser. A. — 2001. — Vol. 43. — No. 8. — P. 892—
898.

34. Tapumma O.K. MexaHn4eckue CBOWCTBA M pa3pyllIeHHE
JIMCTIEPCHO HAIOJIHEHHBIX 3JIACTOMEPOB. CTPYKTYpPHOE MOJIEIUPO-
Banume. — Saarbrucken: Palmarium Academic Publishing (LAP),
2012. - C. 286.

35. 'umoTe3a o0 poiu cBOOOJHBIX PAIUKAIOB Ha MMOBEPXHOCTH
HAHOYACTHUI] TEXHUIECKOTO yriiepoaa B (GOpMHUPOBAHHN MEXaHHYe-
CKHX CBOMCTB HamnosHeHHoro kayuyka / A.JI. CBuctkos [u np.] // ®u-
3uueckas mesomexanuka. — 2016. — T. 19, Ne. 5. — C. 84-93.

5. Mokhireva K.A. Experimental analysis of the effect of
carbon nanoparticles with different geometry on the appearance of
anisotropy of mechanical properties in elastomeric composites. Pol-
ymer Testing, 2017, vol.59, pp. 46-54.

6. He Q. Design and preparation of natural layered sili-
cate/bio-based elastomer nanocomposites with improved dispersion
and interfacial interaction. Polymer, 2015, vol.79, pp. 1-11.

7. Huili L. Design of high-performance poly(L-lactide)/
elastomer blends through anchoring carbon nanotubes at the inter-
face with the aid of stereo-complex crystallization. Polymer, 2017,
vol.108, pp. 38-49.

201



Sokolov A.K., Garishin O.K., Svistkov A.L. / PNRPU Mechanics Bulletin 2 (2019) 195-202

8.  Stockelhuber K.W. Impact of filler surface modification
on large scale mechanics of styrene butadiene/silica rubber compo-
sites. Macromolecules, 2011, vol. 44, no. 11, pp. 4366-4381. DOI:
10.1021/mal026077.

9. Garishin O.K., Moshev V.V. Structural rearrangement in
dispersion-filled composites: influence on mechanical properties.
Polymer Science, 2005, vol. 47, no. 4, pp.403-408.

10. Reese S. A micromechanically motivated material model
for the thermo-viscoelastic material behavior of rubber-like poly-
mers. International Journal of Plasticity, 2003, vol. 19, no.7,
pp. 909-940.

11. Osterl6f R., Wentzel H., Kari L. An efficient method for
obtaining the hyperelastic properties of filled elastomers in finite
strain applications. Polymer Testing, 2015, vol. 41, pp. 4454.

12. Ivaneiko I. Modeling of dynamic-mechanical behavior of
reinforced elastomers using a multiscale approach. Polymer, 2016,
vol.82, pp.356-365.

13. Raghunath R., Juhre D., Kliippel M. A physically moti-
vated model for filled elastomers including strain rate and amplitude
dependency in finite viscoelasticity. International Journal of Plas-
ticity, 2016, vol. 78, pp. 223-241.

14. Plagge J., Kliippel M. A physically based model of stress
softening and hysteresis of filled rubber including rate- and temper-
ature dependency. International Journal of Plasticity, 2017, vol. 89,
pp. 173-196.

15. Svistkov A. L. A continuum-molecular model of oriented
polymer region formation in elastomer nanocomposite. Mechanics
of solids, 2010, vol. 45, no. 4, pp. 562-574.

16. Patrikeev G.A. Glava v kn. Obshhaja himicheskaja
tehnologija [General Chemical Engineer-ing]. Moscow-Leningrad,
Gosudarstvennoe nauchno-tehnicheskoe iz-datel'stvo himicheskoj
literatury, 1946, 407 p.

17. Mullins L. Effect of stretching in the properties of rubber.
J. of Rubber Research, 1947, vol. 16, no.12, pp. 245-289.

18. Mullins L., Tobin N.R. Stress softening in rubber vulcan-
izates. Part I. Use of a strain amplification factor to prescribe the
elastic behavior of filler reinforced vulcanized rubber. Appl. Polym.
Sci, 1965, vol. 9, pp. 2993-3005.

19. Mullins L. Engineering with rubber. Rubber Chem. Tech-
nol, 1986, vol. 59, no. 3, pp. G69-G83.

20. Diani J., Fayolle B, Gilormini P. A review on the Mullins
effect. European Polymer Journal, 2009, vol. 45, pp. 601-612.

21. Sokolov A.K. Proyavlenie ehffekta razmyagcheniya ma-
teriala v izmenenii napryazhenno-deformirovannogo sostoyaniya
shiny [Stress softening effect on changes in the stress-strain state of
a tyre]. Vychislitel'naya mekhanika sploshnyh sred, 2016, vol. 9,no.
3, pp. 358-365.

22. Reichert W.F., Dietmar G., Duschl E.J. The double net-
work, a model describing filled elastomers. Polymer, 1993, vol. 34,
no. 6, pp.1216-1221.

202

23. Le J.B. Mechanism of Fatigue Crack Growth in Carbon
Black Filled Natural. Macromolecules, 2004, vol. 37, pp. 5011-
5017.

24, Watabe H. Atomic Force Microscopy of Mechanical
Property of Natural. Japanese Journal of Applied Physics,2005, vol.
44, no. 7B, pp. 5393-5396.

25. Beurrot S., Huneau B., Verron E. In Situ SEM Study of
Fatigue Crack Growth Mechanism in Carbon Black-Filled Natural
Rubber. Journal of Applied Polymer Science, 2010, vol. 117,
pp. 1260-1269.

26. X-ray computed p-tomography: a tool for the characteriza-
tion fatigue defect population in a polychloroprene /Y. Marco [and
etc.]// Procedia Engineering. — 2010. — Vol. 2. — pp. 2131-2140.

27. Matos C.F., Galembeck F., Zarbin A.J.C. Multifunctional
materials based on iron/iron oxide-filled carbon nanotubes natural
rubber composites. Carbon, 2012, vol. 50, pp. 4685-4695.

28. Akutagava K. Mesoscopical mechanical analysis of filled
elastomer with 3D-finite element analysis and transmission electron
microtomography. Rubber Chemistry and Technology, 2008, vol.
81, pp. 182-189.

29. Morozov I.A., Lauke B., Heinrich G. Quantitative micro-
structural investigation of carbon-black-filled rubbers by AFM.
Rubber chemistry and technology, 2012, vol. 85, pp. 244-263.

30. Morozov I.A. Structural-Mechanical AFM Study of Sur-
face Defects in Natural Rubber Vulcanizates. Macromolecules,
2016, vol. 49. no. 16, pp. 5985-5992.

31. Dohi H. Three-dimensional imaging in polymer science:
Its application to block copolymer morphologies and rubber com-
posites. Polymer Journal, 2007, vol. 39, no. 8, pp. 749-758.

32. Garishin O.C., Moshev V.V. Computer modeling of me-
chanical behavior of damageable particulate composites. Theoreti-
cal and Applied Fracture Mechanics, 1999, vol. 31, pp. 61-66.

33. Garishin O.C. Mathematical simulation of degradation
processes in topologically disordered rubbery polymer networks.
Polymer Science, Ser. A, 2001, vol. 43, no. 8, pp. 892-898.

34. Garishin O.K. Mekhanicheskie svojstva i razrushenie dis-
persno napolnennyh ehlastomerov. Strukturnoe modelirovanie [Me-
chanical properties and destruction of dispersely filled elasto-mers.
Structural modeling]. Germany, Saarbrucken, Palmarium Aca-
demic Publishing (LAP), 2012, 286 p.

35. Svistkov A.L. Gipoteza o roli svobodnyh radikalov na
poverhnosti nanochastic tekhnicheskogo ugleroda v formirovanii
mekhanicheskih svojstv napolnennogo kauchuka [Hypothesis on
the freedom of radicals on the validity of nanotechnological techno-
logical carbon in the formation of mechanical qualities of a filled
rubber]. Fizicheskaya mezomekhanika (Physical mesomechanics),
2016, vol. 19, no. 5, pp. 84-93.



