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Annortanus. JlucrepcHOHATIOMHEHHBIE TTOJTMMEPHbBIE KOMIIO3UTHI SIBJSIIOTCST PACIIPOCTPAHEHHBIMU
KOHCTPYKIIMOHHBIMU MaTepUAJIaMU, U3/IE/IUs U3 KOTOPBIX IIPUMEHSIIOTCSI BO MHOI'MX OTPACJIAX IIPO-
wmbinieHHOCTH. OCHOBHBIME KOMIIOHEHTAMU B COCTaBe JAHHOTO KJIACCA KOMIIO3UTOB, KOTOPBIE OIlpe-
JIEJISIIOT KOMILIEKC UX (DU3UKO-MEXAHUIECKUX CBONCTB, ABJISIIOTCH IOJIMMEDHAs OCHOBaA (HOJMMEp-
Hasl/2JaCTOMEPHAsI MATPUIIA) U BBICOKOIUCHIEPCHBIE (CYOMUKPO- U HAHO-) YaCTUIIBl YIPOYHAIOIIErO
HATIOJTHUTEJIST, DACTIPEIENIEHHBIE B 00beMe TToJMMepHoi MaTputipl [1]. B ¢Bsi3u ¢ aTnM, akTya pHBIME
SIBJISIIOTCST 9KCIIEPUMEHTAJIBHO-TEOPETHIECKIE NCCIIEIOBAHIS, HAIIPABJIEHHbIE HA PA3BUTHE METO/IOB
KOJIMYECTBEHHON OIEHKU ITapaMeTPOB MHKPOCTPYKTYPBI JUCIIEPCHOHAIIOJTHEHHBIX 3JIaCTOMEPHBIX
KOMIIO3UTOB, IMOUCKA B3aMMOCBSI3U IIAPAMETPOB MUKPOCTPYKTYPBHI U MEXAHUIECKUX CBOWCTB JIaH-
HOTO KJIACCA MATEPUAJIOB C IEJbI0 HAIIPABJICHHOIO PEryJUPOBAHUS UX (PU3UKO-MEXAHUIECKUX Xa-
pakrepuctuk (2, 3|. B pafore mpencTaBIeHbl pe3ysIbTAThl MCCIeN0BaHN 3bMEKTOB yIPOTHEHNS
B JIUCIIEPCHOHAIIOJHEHHBIX 3JIACTOMEPHBIX KOMIIO3UTAX C IIPUMEHEHNEM B KaveCTBe HAIOJHUTEeH
M3MEJIBYEHHBIX YACTHUIL [IOPOJIbI IIIYHIUT U YACTHI] JMOKCHJIA KPEMHUSI, IOy YeHHBIX U3 BO30OHOB-
JISIEMOTO CBIPbsi. B oTiimune OoT m3BeCTHBIX 3(M(MEKTOB YIPOUYHEHUs] 3JIACTOMEDPHBIX KOMIIO3UTOB,
[OJIYYEHHBIX C MPUMEHEHUEeM XUMUYECKH CUHTE3UPOBAHHBIX YACTHUI[ HATIOJHUTENS, B HACTOSIIEH
paboTe YaCTHUIIbI [I0JIYYeHbI 110 3alaTeHTOBAHHOI TeXHOJIOIUN U3MeJIbIeHus (10 CyOMUKPO- M HAHO-
pasmepos). aercs anauus adbdexraM yIpOIHeHHs! B 9JIACTOMEDHBIX KOMIIO3UTAX C IIPUMEHEHUEM B
KaJecTBe HAIIOJTHUTE/IsI M3MeJIBYEHHBIX YACTHIl B CPABHEHUM C XUMHUYECKU CHHTE3MPOBAHHBIMU Ya-
CTHUIIAMU YTJIEPOJA U JUOKCHJIA KPEMHUSI. YCTAHOBJIEHO, 9TO ONPEIEISIoNuM (hakTopoM 3dderTa
VIPOYHEHUsI B JIAHHBIX MATEPHUAJIaX sIBJISETCs pa3Mep YaCTHIl JUCIEPCHOrO HamoJHuTessd. Jlaer-
Csl aHAJIM3 ApAMETPOB MUKPOCTPYKTYPHI 00pPA30B 3JIaCTOMEPHBIX KOMIIO3UTOB, U3TOTOBJIEHHBIX B
cootercTBun ¢ Momeanio [IIkmosckoro - ne Kena [3], korTposmposasca nmapamerp 6. Ycranos-
JIEHO, YTO BAXKHOI XapaKTEePUCTHKOI MUKPOCTPYKTYDPHI 00pa3IOB 3JIACTOMEDPHBIX KOMIIO3UTOB C
OJIMHAKOBBIM MCXOJHBIM PA3MEPOM JACTHUI HAIIOJTHUTEJIsI ABJISIETCA CTeleHb (Ka4eCTBO) UX JUCIep-
TUPOBAHUS B JIaCTOMepHOil MaTpuile. Ha OCHOBe MPOBEIEHHBIX MCCJIEIOBAHUIN TIPEJJIOXKEH METO,
KOJIMYECTBEHHOM OIEHKN KadeCTBa JUCIEePTUPOBAHUS IACTHUI] HATIOJHUTES B 0ObEME 371aCTOMED-
HOI1/TI0JIMMEPHON MATPHIBL U IIPEJJIOXKEH HOBBIA mapamerp Ay. YcraHossieHo, 4yro napamerp Ag
KODPEJIUPYET € PsAZIOM MEXaHIMYECKUX CBOCTB 3IaCTOMEPHBIX KOMIO3UTOB (IPOYHOCTH, COIIPOTUB-
JieHue ucTupaHuio [4], yaenpnas pabora gedopmanuu Ha paspylieHne o6pasia, OTHOCHTEJbHbIH
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rucTepesuc u Jp.). Tak:ke MPUBEJIEHBI PE3YJILTATHI UCCJIE0BAHN B3ANMOCBS3H APAMETPOB MUK-
POCTPYKTYPBI U MEXaHUYIECKUX CBOICTB JJI JIUCIIEPCHOHAIIOJHEHHBIX IJIACTHKOB HA OCHOBE IIO-
JmdTusieHa (¢ 9acTUIAME JUOKCUJA KPEMHUs) U IMOKCHIHON CMOJIBI (¢ YIVIEPOJHBIME HAHOTPYO-
kamu). [TpoBeIEH aHAIM3 KPUBBIX II0JI3YYECTH, [OJIYYEHHBIX B IKCIEPUMEHTAX 110 HAHOWHJCHTU-
POBAHUIO JIJIsl JIACTOMEPHBIX KOMIIO3UTOB C PA3/JUYIHON MHUKPOCTPYKTYpoOil. st 1mosydeHHBIX B
XOJle SKCIEPUMEHTa 3aBUCHUMOCTE(l ObLIM BBHIODAHBI TaKUe AINPOKCHMUPYIONINEe MaTeMaTHIeCKue
byHKIMH, MapaMeTpbl KOTOPBIX SIBJISIOTCS PeabHBIMH BSI3KOYIPYTHMH XapPaKTEPUCTUKAME Ma-
Tepuajia. Bolia onpejeeHa BAZKOCTHAS XaPAKTEPUCTUKA (COCTABJIAIONIAS) MaTepuasa, KOTopasdi,
CBsd3aHA C IIOTEPSIMU dHeprum B obpasne npu jedopmanuu. [Ipn anannsze KpUBBIX HOI3YUECTH
[IPUMEHsJIACh KOMOMHUPOBAHHAA MOZenb u3 3djemenToB Makcsenna u Kemssuna-®oiirra. Ycra-
HOBJIEHO, YTO II0JI3y4eCTh JIACTOMEPHBIX KOMIIO3UTOB 3aMETHO 3aBUCHUT OT JIUCIIEDCHOCTU YaCTHIL
HaroHATesI. Tak, B ciydae jj00aBjieHnst CyOMUKPOIACTHIL TOPOJIBI MIYHTUT B COCTAB KOMIIO3UTA
CYIIECTBEHHO BO3PACTAET BsI3KOCTHAsI cocTapJsomast 1z (10 36 %), a nob6aBka MUKPOYACTHUIL HOPO-
JIbI [LyHIUT PUBOJUT K CHUKEHUIO 3HAYEHUI yIPYroil u BA3KOCTHON cocrasiistiomeit na 8 u 23%
COOTBETCTBEHHO, 110 CPABHEHUIO C TAJOHHBIM 00pasnoM. IIpeiozken MeTo/] OIEHKN MIHOBEHHOI'O
1 JUIATEJBHOTO MOJYJIsI YIIPYT'OCTH 3JIACTOMEDPHBIX KOMIIO3UTOB IIO JIAHHBIM IIOJI3yYeCTH IIPHU Ha-
HOMH/IeHTUpOBaHUU. Ilccie0BaHbl 3/1eKTPOPEOJIOTHYECKHIE CBOWCTBA 3JIACTOMEPHBIX KOMIIO3UTOB,
HAIIOJHEHHBIX MUKPO- YACTUIIAMH TIOJHUAME/IOB PA3JINIHOIO CTPOeHUsI (JBa THIA TaCTHIL). YCTAHOB-
JICHBI [IAPAMETPBI MUKPOCTPYKTYPHI (3HaueHus napaMerpa Ay ) JaHHBIX KOMIIO3UTOB, IPH KOTOPHIX
JIJISL UCCJIEIOBAHHBIX 00PA3I0B HAOIIOAAeTCI MAKCUMAJIBHBINA POCT (JI0 JlecaTy pa3) 3HaYeHul Jeli-
CTBHUTEJILHOI COCTABJISIIONIENl KOMIIJIEKCHOI'O JMHAMHYIECKOI'O MOJIYJIsl YIPYTOCTH IIPUA HAaBeJIEHUH
BHEIITHErO 3JIEKTPUYECKOro rojist. IIpu 3ToM oTMedaeTcs: Tak yKe pocT MO/LYJIsl IIOT€Ph U HEKOTOPOe
CHIDKeHHe 3HadeHuil tan §. [l yKa3aHHBIX KOMIIO3UTOB YCTAHOBJIEHO, YTO IIPU CHUYKEHUN ITapaMeT-
pa Ay, snmekrpopeosnorudeckuii a3¢pdekT, Kak mpapuiio, Bozpacraer. C MpruMeHEeHHEM TPe JIOYKEHHBIX
METO/IOB U IIOJIXOJIOB Pa3pabOTaHbl JIACTOMEPHBIE KOMIIOZUTHI ¢ MUHUMAJIbHBIMHI I'MCTEPE3UCHBIMEI
[IOTEPSIMH, YJIYUIIEeHHOM N3HOCOCTOMKOCTHIO M YIIPYTO-IIPOYHOCTHBIMU CBOMCTBAMU JIJIsI BO3MOYKHO-
'O IIPUMEHEHUSI B INNHHOMN IIPOMBIIIJIEHHOCTH, & TaK2Ke, 3JIACTOMEPHbIE KOMIIO3UTHI C YJIy YIIeHHBIMU
JIICCUTIATUBHBIMY CBOMCTBAMU JJIsi KOHCTPYKIIUIA racuTeseil KojebaHnii.
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Y. V. Kornev, R. F. Gilyazova, E. A. Dratch, D. N. Muromtsev, A. V. Maisky,
Kh. Kh. Valiev, E. S. Kelbysheva, A. O. Dzhaga

EXPERIMENTAL AND THEORETICAL STUDY OF THE
INFLUENCE OF MICROSTRUCTURE PARAMETERS ON THE
MECHANICAL PROPERTIES OF DISPERSION-FILLED
ELASTOMERIC AND POLYMER COMPOSITES

Institute of Applied Mechanics of the RAS, Moscow, Russia

Abstract. Particle-filled polymer composites are common structural materials applied in many
industries. The main components of this class of composites, that determine their physical and
mechanical properties, are the polymer base (polymer/elastomer matrix) and highly dispersed
(submicro- and nano-) particles of reinforcing filler distributed throughout the polymer matrix [1].
Therefore, experimental and theoretical research aimed at developing methods for quantitatively
assessing the microstructural parameters of particle-filled elastomer composites and identifying
the relationship between microstructural parameters and mechanical properties of this class of
materials for the purpose of targeted regulation of their physical and mechanical characteristics
is relevant |2, 3|. This paper presents the results of studies of reinforcing effects in particle-filled
elastomer composites applying milled shungite particles and silicon dioxide particles obtained from
renewable raw materials as fillers. In contrast to the known strengthening effects of elastomeric
composites obtained using chemically synthesized filler particles, in this study the particles
were produced using a patented grinding technology (to submicron and nanoscale sizes). The
strengthening effects in elastomeric composites using milled particles as filler are analyzed in
comparison with chemically synthesized carbon and silicon dioxide particles. It was established
that the primary factor in the strengthening effect in these materials is the particle size of the
dispersed filler. An analysis of the microstructural parameters of elastomeric composite samples
manufactured according to the Shklovsky-de Gennes model [3] is provided, with the 6 parameter
being controlled. It was established that an important characteristic of the microstructure of
elastomeric composite samples with the same initial filler particle size is the degree (quality) of their
dispersion in the elastomer matrix. Based on the conducted research, a method for quantitatively
assessing the dispersion quality of filler particles within an elastomer/polymer matrix is proposed,
along with a new parameter, Ay. It is established that A correlates with a number of mechanical
properties of elastomer composites (strength, abrasion resistance [4], specific work of deformation
at specimen failure, relative hysteresis, etc.). The results of studies examining the relationship
between microstructure parameters and mechanical properties for dispersed-filled plastics based
on polyethylene (with silicon dioxide particles) and epoxy resin (with carbon nanotubes) are also
presented. Creep curves obtained in nanoindentation experiments for elastomer composites with
different microstructures are analyzed. Approximating mathematical functions whose parameters
represent the actual viscoelastic characteristics of the material were selected for the dependences
obtained during the experiment. The viscosity characteristic (component) of the material, which
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is associated with energy losses in the specimen during deformation, was determined. A combined
model of Maxwell and Kelvin-Voigt elements was used to analyze the creep curves. It was found that
the creep of elastomeric composites significantly depends on the dispersity of the filler particles. For
example, adding shungite submicroparticles to the composite significantly increases the viscosity
component 7o (up to 36%), while the addition of shungite microparticles leads to a decrease
in the elastic and viscous components by 8% and 23%, respectively, compared to the reference
sample. A method for estimating the instantaneous and long-term elastic modulus of elastomeric
composites based on nanoindentation creep data is proposed. The electrorheological properties of
elastomeric composites filled with polyimide microparticles of different structures (two types of
particles) were studied. Microstructural parameters (the Ay parameter values) of these composites
were determined, at which the maximum increase (up to tenfold) in the real component of the
complex dynamic modulus of elasticity was observed for the studied samples upon application of
an external electric field. An increase in the loss modulus and a slight decrease in tand values
were also observed. For these composites, it was found that, as the A parameter decreased, the
electrorheological effect generally increased. Applying proposed methods and approaches, elastomer
composites with minimal hysteresis losses, improved wear resistance, and elastic-strength properties
were developed for potential application in the tire industry, as well as elastomer composites with
improved dissipative properties for vibration damper designs.

Keywords: Dispersed-filled elastomer composites, polymer composites, highly
dispersed filler particles, ultrafine grinding, strengthening effects, composite
structure, microstructure parameters, electrorheological elastomers, creep of
elastomer composites, nanoindentation, AFM microscopy.
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AJOITIOJIHUTEJIBHO

Bxkiiag aBropos. 0. B. KopaeBy npunajjexur paspaboTka KOHIENNN, (hopMyIHPOBKA
nesieil u 3a7a4 UCCaeI0BaHusl, pa3paboTKa METOI0B U TOIXOI0B IIPH IIPOBEJIEHNN IKCIIEPH-
MEHTa U aHaJIM3€e OJIYICHHBIX JAHHBIX, OPranu3alus padoT, Hab/rogeHne 3a IPOBEICHIEM
HCCAeIOBAHNSI, TIPOBEIEHNE KCIIEPUMEHTOB, Halmcanme Ttekcta crarbu; P. . 'miaszosoit
IPUHAJJICZKUT HNPOBEIACHNE IKCIEPHUMEHTOB II0 OIEHKE YIIPYTO-IIPOYHOCTHLIX M T'UCTEpe-
3 CHBIX CBOIU/ICTB7 I/13HOCOCTOI'./'IKOCTI/I7 MMOJI3y1€eCTU IIPpU HAHOMHACHTUPOBAHUUN 3JIaCTOMEDPHDBIX
KOMITO3UTOB C TEXHUYIECKUM YTJIEPOJIOM, aHAJIU3 JIUTEPATYPHBIX UCTOYHUKOB, COOP JIaHHBIX,
aHpO6aHI/IH METOJUK, ITPOBEeAECHUE CTATUCTUYIECKOT'O aHaJIN3a IKCIIEPUMEHTAJIbHbIX JTaHHbIX,
mocTpoenne rpaduKoB, auarpaMM u uioctparuit; E. A. JIpad npuHaJIeXKUT M0y IeHne
n300paXKeHuit JacTUIl MOJTUUMHUJIOB U CTPYKTYPBI 3JIACTOMEPHBIX KOMIIO3UTOB, HAIIOJIHEH-
HBIX TTOJIMUMUJIAMU, C IPUMEHEHUEM OIITUIECKON MUKPOCKOIINH, IPOBEJIEHUE IKCIEPUMEHTA
10 OIEHKE TOJI3yYECTU [PU HAHOWHJIEHTUPOBAHUU 3JIACTOMEDHBIX KOMIIO3UTOB C YaCTHU-
[aMH HOJIMUMHUJIOB, IPOBEIEHNE CTATUCTHIECKOIO aHAJIN3a, SKCIEPUMEHTAJIbHBIX JTaHHbIX,
rnocrpoenne rpahpukos, auarpamm u wunoctparuii; 1. H. MypoMiieBy npuHa aeKuT u3-
rOTOBJIEHHE OOpa3I0B 3JIaCTOMEPHBIX KOMIIO3UTOB € YaCTHIAMHU TEXHUYIECKOIO YIJIEPOJA,
onpeJie/IeHe ONTHUMAIBHBIX TEXHOJOIMYIECKUX IapaMeTPOB M3TOTOBJIEHUsI 00pas3loB, pa-
bota Ha cmecuresie Haake Rheomix, pabora ¢ ucciaenoBaTebCKUMI 9KCIIEPUMEHTAIbHBIMI
JaHHBIMEI: cOOp, 00paboTKa, BaanuIallis, a TaK»Ke IPOBEPKa BOCIIPOU3BOANMOCTH PE3yIbTa-
ToB nccaenopanus; A. B. Maiickomy npuHaieKuT paspaboTKa U IPUMEHEHHe IPOrPaMM,
KO/Ia, BBIYUCJIUTEIbHBIX NHCTPYMEHTOB, IPUMEHEHHBIX B X0 pabOTHI [T aHAIN3a, KPUBBIX
nomsydectn (Python, Wolfram Mathematica u ap.); X. X. BaaueBy npunaie:kut mosry-
qeHne n300parKeHuil CTPYKTYPhI 00PAa3IoB 3J1aCTOMEPHBIX KOMIIO3UTOB METOIOM aTOMHO-
CUJTOBOIT MUKPOCKOIIMH ¢ HaHOMEeTpOBbIM paspemntenneM; E. C. KenbbiteBoit mpuHaIie:kuT
CHUHTE3 YACTUIL TOJINAMHUIOB PA3INIHOIO CTPOCHUS, XapaKTEPU3aIlnsl TaCTHI] ITOJTUUMUIOB;
A. O. [Ixara mpuHaJIEsKAT U3rOTOBJIEHHE 00PA3IOB 3JIACTOMEPHBIX KOMIIOZUTOB € YaCTH-
I[aMU TIOJIUMMUIIOB, JIEKTPOPEOJIOTUNIECKIE UCC/IEIOBAHNS 9JIACTOMEPHBIX KOMIIO3UTOB Ha
muaHamudeckom peomerpe Haake Rheostress RS 150 ¢ HaBeEHHBIM BHEITHUM 3JIEKTPUYE-
CKHUM IIOJIEM.
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