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AnHoTanus. [IpoBefleHO CpPaBHUTe/IbHOE HCC/Ief0BaHKe YIIPOUHEeHU S OTBePKIeHHOM 3IIOKCUAHOK CMOJIBL
HaHo4dacTUIaMHU SiO, U Al,O;, I0/ly4eHHBIX PA3IMYHBIMU MeTogaMU. [I0Ka3aHa CBSI3b MeX/y CHUJIOH LIEHTPOB
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THE ROLE OF THE SURFACE STRUCTURE OF NANOPARTICLES
IN THEIR HARDENING OF EPOXY RESIN

o

Abstract. A comparative study of the hardening of the cured epoxy resin with SiO, and Al,0; nanoparticles
obtained by various methods has been carried out. The relationship between the strength of the centres on the
surface of the particles, the value of their fractal dimension, and the thickness of the interfacial layer they cre-
ate is shown.
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BBEAEHUE

B HacTosiIee BpeMsl IIOJIMMEPBl UCII0Ib3YIOTCS BO
MHOT'HX OTPAC/IX IPOMBIIIIEHHOCTH, BK/IIOUYast 61o-
MeIUIKHY, 6aTaper, KePaMHKY, KOMIIO3UTbI, MarHe-
TH3M, YIIaKOBKY JJISl 3/IeKTPOHUKH, TBEPJ0e TOILIKBO
U KJIeHd. BK/IIoueHHe Pa3IMYHbIX HAIlOTHUTe e (1, 2]

INTRODUCTION

Polymers are now used in many industries, including
biomedicine, batteries, ceramics, composites, mag-
netism, electronics packaging, solid fuels and adhe-
sives. The inclusion of various fillers [1, 2] can signifi-
cantly modify such properties as mechanical strength

1 'PO3HEHCKNI rocyAapCTBEHHbI HEDTAHOM TEXHUYECKUIA YHUBEPCUTET MMeHM akagemmnka M.A. MUANMOHWKNKOBA, Tpo3HbIin, Poccunsa / Grozny State Oil
Technical University named after Academician M.D. Millionshchikov, Grozny, Russia
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MO>KeT 3HaUHUTeJIbHO U3MeHHUTh TAKHe CBOMCTBA, KaK
MexaHH4YecKas MPOYHOCTH (3, 4], Tepmo- [5] u anex-
TPOIIPOBOLHOCTSH [6], TepMHUYecKast CTAaOMIBHOCTS [7],
MaTHUTHBIEe XapaKTepUCTUKHU (8, 9], orHecTOMKOCTH (10,
11] 1 np. CBOKCTBA TAKKX KOMIIO3UTOB 3aBUCST OT Pas-
Mepa, GOpMBI, IPHUPOALI YaCTHL, B3aUMOJEUCTBHUS
Me>KIy UX COCTABIAIOMKUMU, paclpefeeHus YacTHI]
B MaTpHUlLe.

CnenudurKa HAHOYACTHUIL, COCTOMT B TOM, YTO HX
[IOBEPXHOCTH 06/1afaeT 3HAUUTE/IBHBIM KOJTHYeCTBOM
aKTHBHBIX LIEHTPOB, KOTOPble 3aBUCAT OT yCJIOBUM
U MeToJa CMHTe3a YacCTULl. YIIpouHsomue 3¢peKTrl
MOT'yT Hab/II0AAThCS IIPU UCII0/Ib30BAHU U OJHUX U TeX
JKe€ HAaHOYACTHUIL B COUeTAHUAX C PA3IMYHBIMU MaTpH-
LIaMU WIK Pa3/IMYHBIX HAHOYACTHLL C OLHOH U TOH ke
MaTpHULeH. BplIo I0Ka3aHO, UTO Pa3Hble MeTOAbI CHH-
Te3a GOPMHUPYIOT [IOBEPXHOCTH HAHOYACTHI] C Pa3ainy-
HBIMU CBOHCTBaMH IIPH COXpPaHeHUH $a30BOro COCTaBa
MaTepuaa [12, 13]. Tak>ke 6b1/1a IIoKa3aHa CBSI3b MeXK/Y
THUIIAMU [IOBEPXHOCTHBIX LIeHTPOB, UX CHJIOH U B3aH-
MOJeHCTBHEeM HaHOYaCTHL] C AHCIIePCHOHHOM CpeJoH.
B wacTHOCTH, Habmofanachk 3HaUUTeIbHASI Pa3HULIA
B CHJIe aKTUBHBIX LIEHTPOB JJIsl HCC/IeIOBAHHBIX 06pa3-
LIOB, KOTOPasi OTPa3K/Iach Ha Pe0IOrMH HAaHOKHUIKOCTeH
Ha OCHOBe 3IIOKCHHOK CMOJIBL K BOJBL.

ITpouecc MogHMPUKALKUKM KOMIIO3UTAa HAHOYACTH-
LlaMH MOXKHO pa3fie/IuTh Ha XUMHUYeCKHUH U MeXaHH-
YeCKHUH acreKThl. I[Iof MexaHHYeCKHUM B3aHMOAel-
CTBHEM I10[pa3yMeBaeTCs BIMsSIHHE YaCTUL] Ha CTPYK-
Typy MaTPHLBL )KeCTKHUX CBs3el, ee MOPOIOTHIO
U JIOKa/IbHYIO IIJIOTHOCTb, a IOJ, XUMHUYECKUM (CTPYK-
TYPHBIM) ~ YBe/IMUeHHe KOIHMYeCTBa XUMUYeCKUX CBS-
3el, BbI3BaHHOe BHeCeHHeM YacTHII.

SIpKUM IIPHMEPOM 3TOIO SIBJIAIOTCS [IBa THIIA [IOBEPX-
HOCTH, 00yC/IOBJIEHHBIe COOTBETCTBYIOMIMMHU aKTHUB-
HBIMHU TPyIIaMH: TUAPOPUIBHBIMU U THUAPOdO6-
HBIMU. [HApoduabHble OH-TPYIIIL ABISIOTCS HOISIP-
HBIMU U CII0CO6HBI 06pa30BbIBATh BOJOPOJHBIE CBSI3H
IIPY HAJTMYKM Y TAKKX Ke TPYIIIL B CMecH. KaKk M3BeCTHO,
3MOKCUJHAsS CMojIa He 06/1alaeT TAKMMHU TpyIIIaMHU
U sIBJIsIeTCsl TUAPOodOOHOM, HO IIPU OTBEPKIeHUH I1PO-
HCXOIUT Pa3phlB SIOKCUAHBIX IPYIII C 06pa3oBaHKeM
CIIMBOK U cBobonHbIXx OH-Tpynm. Kpome atoro, psn
OTBepAHTeNel MOryT paboTaTh HelloCpe/ICTBEHHO Yepes
OH-TpymnIbl, BKIIOUYAs UX B ITpoliecc 06pa3oBaHUS CBSI-
3emt. [uapodpobHble CH-TPYIIIBI OTHOCSTCS K TOMY 5Ke
KJIACCy COeJUHEHUH, YTO U MOJIeKY/Ibl CMOIbI. C OHON
CTOPOHBI, 3TO I0OJIKHO CIIOCOBCTBOBATH 60/Iee KaueCTBeH-
HOMY CMeIIMBaHHIO HAHOYACTHUI] U cMOJIEL. C Jpyrou
CTOPOHBI, TaKHe CPYIIIIbl He ABISIOTCS aKTHBHBIMH
B ITpOLiecce OTBEP>KeHHsI, TO eCTh HaJTU4uKe uapodob-
HOI'0 HaHOIIOPOIIKA He JaeT JOIIOJIHUTE/IbHBIX XHMMHU-
YeCKHX CBA3€l 1 He JOJIKHO BJIUSTh Ha IIPOXOXKIeHHe
mporiecca oTBepkaeHHUs. Takum 06pasom, ruApodo6-
Hble YaCTHUIIBI BJIMSIOT Ha SIIOKCH/THBIM KOMIIO3HUT KaK

(3, 4], thermal [5] and electrical conductivity [6], ther-
mal stability [7], magnetic characteristics [8, 9], fire
resistance [10, 11] and other properties. The properties
of such composites depend on the size, shape, nature
of the particles, interaction between their constitu-
ents, and distribution of the particles in the matrix.

The specificity of nanoparticles is that their
surface has a significant number of active centres,
which depend on the conditions and method of
particle synthesis. Strengthening effects can
be observed using the same nanoparticles in
combinations with different matrices or different
nanoparticles with the same matrix. Different
synthesis methods have been shown to form
nanoparticle surfaces with different properties
while maintaining the phase composition of the
material [12, 13]. The relation between the types of
surface centres, their strength and interaction of
nanoparticles with the dispersion medium was
also shown. In particular, there was a significant
difference in the strength of active centres for
the samples studied, which was reflected in the
rheology of epoxy and water based nanofluids.

The process of composite modification by
nanoparticles can be divided into chemical and
mechanical aspects. Mechanical interaction refers
to the effect of particles on the structure of the rigid
bonding matrix, its morphology and local density,
and chemical (structural) interaction refers to the
increase in the number of chemical bonds caused by
the introduction of particles.

A prime example of this effect are two types
of surface due to the respective active groups:
hydrophilic and hydrophobic. Hydrophilic
OH-groups are polar and can form hydrogen bonds
in the presence of the same groups in the mixture.
It is known that epoxy resin does not have such
groups and is hydrophobic, but during curing the
epoxy groups are broken to form cross-links and
free OH-groups. In addition, a number of hardeners
can work directly through the OH-groups by
incorporating them in the bonding process. The
hydrophobic CH groups belong to the same class
of compounds as the resin molecules. On the one
hand, this should contribute to better mixing of
nanoparticles and resin. On the other hand, such
groups are not active in the curing process, i.e.
the presence of hydrophobic nanopowders does
not initiate additional chemical bonds and should
not affect the curing process. Thus, hydrophobic
particles affect the epoxy composite as solid particles
introduced into the resin matrix without explicit
chemical interaction with it. For hydrophilic
nanopowders there is both chemical and mechanical
interaction with the resin.
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TBEpAble YaCTHUILIBI, 3aHEeCeHHbIe B MAaTPHUILy CMOJIEI 6e3
SIBHOTO C HEHM XMMHUYeCKOI0 B3aUMOZEHCTBUS. A IS
TUAPOPHUIBHOIO HAHOIIOPOIIKA MMeeT MeCTO KakK
XHMHYecKoe, TaK MU MeXaHH4YeCKoe B3aUMOAEeHCTBHE CO
CMOJIOH.

s ydeTa M3MeHeHHON MOPQ)OIOTUH KOMIIO3HUT-
HOr'0 MaTepHayia B OKPeCTHOCTH I'PAHHUI] 'dacTHUIA ~
IoTMMep' UCII0NIB3YeT sl MOJellb MaTeprasa co chepu-
YeCKMMHU U UIMIUHIPHUUeCKUMHU BKIIOUEHHSIMU C y4e-
TOM Me>kda3HOTO C/I0sI, MACIITAOHBIX M aAT@3MOHHBIX
3 derToB (MOAHUGULIMPOBAHHBIN MeTo[ Diuenbu) [14].
ITapaMeTpsl 3TOro Mexkdas3HoOro cios (ero pasmep,
MOZYJIb YIIPYTOCTH U CHJIA afile3lH K TBepHoi dase)
orpenensoTcsa 3¢pPerToM IPUCYTCTBYIOUIUX Ha IIOBEPX-
HOCTH HaHOYACTHIL, aKTHBHBIX LIEHTPOB, HallpUMep,
HM3MeHeHH S CTeXMOMEeTPHH peaKLIMHU BCIeICTBHE H3Me-
HeHH S IVIOTHOCTEM pPeareHTOB, KOTOpPble MOTYT CUIBHO
OTJIMYAThCS B 3ABUCHMOCTH OT CII0C06a MX IIPOU3BOA-
cTBa [12, 13] 1 pacmpefiesileHUs YacTHI] 10 pa3MepaM.
PacueTsl 1mokas3anu [15], MIpu UCKIYeHUH BIUSHUS
IIOBEPXHOCTHOTO €101 (B3aMMOJEHCTBUS "HAIOIHHU-
TeJIb - MaTpHLA'), MOAyIb KOHTra He 3aBUCHUT OT pa3Mepa
YaCTHUI] HAIIOTHUTeEIS IIPU COXPAHEeHUH TOH 5kKe 06beM-
HOM KOHLIeHTpaLMH. [IpH y4ueTe IIOBePXHOCTHOIO CJIOA,
yMeHbIlIeHHe pa3Mepa HaIlOJIHHTeISI BhI3BIBAJIO YBe-
nuyeHre monyins IOHra. Takoe rmoBefeHMe, BEPOSTHO,
CBSI3aHO C yBeTHYeHHeM 00 e MHOK JIO/TH ITOBEPXHOCT-
HOM $asbl, eC/IM pa3Mep BK/IIOUEHHU S YMeHbIIaeTCsl IIPU
COXPaHEHUH ero KOHLIeHTPaLlhH.

Llenpi0 JAHHOM PabOTHl SBISIETCSI CPAaBHUTEIb-
HBIM aHAJIHU3 YIPOYHSsIOIero 3¢derTa HAaHOYACTHI]
SiO, u Al,O; pa3IUYHBIX METOLOB CHHTEe3a Ha OTBep-
SKIEHHYIO 3IIOKCUHYIO0 CMOJTY.

METOAbI UCC/IELOBAHUS
B Tabn.l mpuBemeHBl CBOMCTBA KCIIOIb30BAHHBIX
HaHOYACTHII,.

B sKcIleprMeHTe IIpHMeH SIIACh SITOKCHUIHAS CMOJIa
31020 (PolyMax (Poccus)). Ilocie ONMpoOBaHUS B Hee
HaHOYACTHUI] CYCIIEH3HIO I10/IBEPraIH YIbTPa3ByKOBOMY
BO3/IeMCTBUIO B TeueHHUe 30 MUH B Y3-BaHHe "Candup”
(Poccuist) B KaueCTBe MePEI I10 JieariioMepaliiy YacTHII.
ITocyte 3Toro mobaBasIu oTBepauTens II3IIA B COOTHO-
meHHUH 1:10 K Macce cMosibl. OTBepsKIeHHe ITPOXOL IO
B TeueHHe 24 4 IIp1 KOMHATHOM TeMIIeparype.

JIJ151 OLIeHKU MeXaHHUYeCKHX XapaKTePUCTHK UCIIONb-
30BaJICSI METOJ, HHCTPYMeHTA/IPHOTO HHIeHTHPOBa-
HHS Ha KOMIIJIEKCe HAaHOMeXaHUYeCKUX HCIIBITAHUH
"HanockaH-4D" (TucHyM, Poccus). DKCIIepHMEHTHI
[0 UHJAEHTHPOBAHHUIO IPOBOLMIINCEH C UCIIOb30Ba-
HUeM HaHoTBepmoMmepa "HanoCkaH-3D", mpemHa-
3HA4YeHHOTO /ISl U3MepeHHUH TBepAOoCTH MaTepHa-
JIOB IIO IIKaJaM HHAEHTHPOBAHUS, MOAYJIS YIIPyro-
CTH U ellle psifia IapaMeTPOB, B TOM UKCJIe OITHMCAHHBIX
B I'OCT P 8.748-2011. MoayJsib yIPYyTOCTH W TBEPAOCTD
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To take into account the altered morphology of the
composite material in the vicinity of the particle-
polymer boundary, a material model with spherical
and cylindrical inclusions with interfacial layer,
scale and adhesion effects (modified Eshelby method)
(14]. The parameters of this interfacial layer (its
size, elastic modulus and adhesion force to the solid
phase) are determined by the effect of active centres
present on the nanoparticle surface, e.g., changes
in the reaction stoichiometry due to changes in
the reactant densities, which may vary greatly
depending on the way of its production [12, 13] and
particle size distribution. Calculations have shown
[15] that by excluding the influence of the surface
layer (filler-matrix interaction), the Young’s modulus
is independent of the filler particle size while
maintaining the same bulk concentration. When
the surface layer is taken into account, a decrease
in the filler size caused an increase in the Young’s
modulus. This behavior is probably due to an increase
in the volume fraction of the surface phase if the
size of the inclusion decreases while maintaining its
concentration.

The aim of this work is to compare the
strengthening effect of SiO, and Al,O; nanoparticles
of different synthesis methods on cured epoxy resin.

RESEARCH METHODS
Table 1 shows properties of the nanoparticles used.
ED20 epoxy resin (PolyMax, Russia) was used in
the experiment. After doping it with nanoparticles,
the suspension was subjected to ultrasound for 30
minutes in a Sapphire ultrasonic bath (Russia) as a
particle deagglomeration measure. The PEPA hardener
was then added in a ratio of 1:10 to the resin mass.
Curing took place for 24 hours at room temperature.
The method of instrumental indentation on
Nanoscan-4D nanomechanical testing complex
(Tisnum, Russia) was used to assess the mechanical
characteristics. Indentation experiments were
carried out using NanoScan-3D nanohardness
meter designed to measure hardness of materials
by indentation scales, modulus of elasticity and a
number of parameters, including those described in
GOST R 8.748-2011. Modulus of elasticity and hardness
were determined using the Oliver-Farr method.
The method consists in selecting the parameters
of a power function describing the experimental
dependence of the indentation depth and contact area
on the applied force, and calculating the hardness
and modulus of elasticity from these data. The
microhardness of the cured resin was determined
at 70 x70 pm. A series of pinholes were made on the
surface (3x3) with a force of 0.03 N. The depth of the
indentation was ~2 pm.



NANOMATERIALS

Ta6auya 1. CpasHumeAbHble xapakmepucmuku yacmut, [13, 16]
Table1. Comparative characteristics of the particles [13, 16]

Tun
HaHo4acTUL
Type of

Marepuan
Material

MeTop cuHTEe3a
Method of synthesis

particles

CpepHuii
AuameTp,
<d>, HM
Average
dia., nm

YBeJsinyeHne KOHL,eHTpaLuumu
yacTuu, 3a cyer
NpUCOEANHEHHOrO C/ios
B 3/1-20 (pas)
Increase of particle con-
centration due to attached
layer in ED-20 (times)

®dpakTasbHas
pasMepHOCTb
Fractal
dimension

SiO, As MMpOreHHbIN 227 10,73 2,21
Pyrogenic
Ls XunpkodasHbin MeTos, 28,2 5,09 2,64
Liquid phase method
Ts VicnapeHue 3/1eKTPOHHbIM 24,3 6,59 2,1
ny4yKom
Electron beam evaporation
Ps rnasmaxmmm4eckumi 23,8 7,41 2,25
Plasma chemical
Al,O, Aa MnporeHHbIN 27,7 2,96 2,57
Pyrogenic
La XunakodasHbin MeTos, 27,2 1,03 2,88
Liquid phase method
Ta VicnapeHume 31eKTPOHHbLIM 34,3 2,5 2,43
ny4yKom
Electron beam evaporation
Ea DNeKTPOB3PbIB MPOBOIOYKHU 64,3 2,12 2,91
Electric wire explosion
ompefe/siiv 10 MeToArKe OnuBepa - Pappa. lanuas = RESULTS AND DISCUSSION

MeTO[HKa COCTOUT B II000pe ITapaMeTPOB CTEIIeHHOM
GYHKIMH, OITMCHIBAOIIEH 3KCIIePHMEeHTA/IbHYIO 3aBH-
CHMOCTB I/TyOHHBI IIOIPY>KeHH I HHAEHTOPA U IO
KOHTAaKTa OT IIPHJIO’KeHHOU CHJIBI, M pacyeTe TBepAo-
CTH ¥ MOAYJISL YIIPYTOCTH I10 YKa3aHHBIM JaHHBIM.
MHUKPOTBepAOCTE OTBePK,eHHOL CMOJIBI OIIpefie/Isiiach
Ha y4acTke 70x70 MKM. Bbljia BBIIIOJIHEHA CEPHS YKO-
JIOB I10 TIOBepXHOCTH (3% 3) ¢ ycunuem 0,03 H. [mybuna
MHIEHTHPOBAHM S COCTaBH/IA ~2 MKM.

PE3Y/IbTATbI U OBCYXAEHUE
Pasnuuue spdexra rugpodunpHoro (Ts) u runpodob-
Horo riopomuika (Tsf) Ha SIIOKCHUAHYIO0 CMOJTy IIPOIeMOH-
CTPUPOBAHO Ha puc.l. BUIHO, YTO IIPU JOCTHUKeHUH
MakcuMyMa Mopyns FOHra mobaBKa CTPYKTYpPHOTO
B/IMSHUS MMeeT 3HaUMTe/IbHYI0 BeJIMYHHY, I10 CPaBHe-
HHIO C MeXaHHYECKUM BIUSHHEM.

Ha prc.2 u 3 mpeacTaB/IeHbl 3KCIIepPHMEHTaIbHbIe
3aBHCHMOCTH MoAy/s OHra oTBepKIeHHON CMOJIBL
OT KOHILIeHTpAallMK¥ HaHOYaCTULl. M3 II0Jy4YeHHBIX

The difference in the effects of hydrophilic (Ts) and
hydrophobic powder (Tsf) on epoxy is demonstrated in
Fig.1. It can be seen that when the maximum of the
Young’s modulus is reached, the added structural
influence has a significant magnitude compared to
the mechanical influence.

Fig.2 and 3 show the experimental dependencies
of the Young’s modulus of cured resin on the
concentration of nanoparticles. From the data
obtained it is evident that the maximum of the
Young’s modulus of composites is located at
different nanoparticle concentrations. That is, the
particle-resin interaction has different significance
for the particles obtained by different synthesis
methods. The intensity of interaction introduced
by nanoparticles coincides with the assumptions
obtained in [13], i.e. it is due to the strength of surface
centres formed during nanoparticle synthesis. The
fastest hardening effect in silicon dioxide is produced
by As particles with strong Lewis acid centres. And
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OAHHBIX BUAHO, YTO MAaKCHMYM Mozyssi KOHra KoMIio-
3HUTOB PAaCIIOIOKeH IIPH Pa3HbIX KOHIIEHTPALHSIX HAHO-
yacTUl. To ecTh B3aUMOJEHNCTBHe "JacTUIA — CMoJIa"
KMMeeT pa3Hoe 3HA4eHHe 15T YaCTHULI, [T0Ty9YeHHBIX Pas-
JINYHBIMHU MeTOJaMU CUHTe3a. MHTeHCUBHOCTD B3aU-
MOJIEFICTBH I, BHOCHMOT'O HAHOYaCTHUI[AMMU, COBIAgaeT
C ITPeATIONIOKeHHIMH, [TOTy4YeHHBIMHU B [13], To eCTh OHa
0bycIIOBIeHA CHJIOH IT0BEepXHOCTHBIX LIeHTPOB, 06pa3o-
BAaHHBIX IIPH CHHTe3e HaHOYaCcTHULl. Haubomnee 6pI1CTPO
3ddeKT yrIpouHeHUs Cpefy JUOKCHUAA KPeMHHUS CO3-
JaIOT YaCTUILIBI AS, HMEIOIHe CUIbHBIE JIbIOHCOBCKUE
KHC/IOTHBIE LIeHTPhI. A Haubosee c1abbli, 3aMe[jIeH-
HBINA 9QdeKT II0Ka3BIBAIOT YACTUIIBL LS, IIOBEPXHOCTH
KOTOPBIX 0b/l1ajjaeT TOJIBKO BpeHCTeJOBCKUMH OCHOB-
HBIMU IIeHTpaMHU. DPHeKTUBHOCTD B3aHMOZEHCTBHUS
"gacTHna - cMoa’ MOKeT OBITH OIIpefieieHa I10 yYBeIHt-
YeHMUIO KOHIIeHTPALIMK YaCTHILI 3a CUeT IIPHUCOeIUHEeH-
HOro ¢J10s1 (Tab1.1), BBIYKC/IEHHOMY I10 YBeTHYeHHIO BSI3-
KOCTH, COOTBETCTBYIOILEl HaHOKHUIKOCTH [16].

AHaJIOTUYHAs CUTYyalHUsl BO3HUKAeT U s obpa3s-
LI0B, COfIep’KAIIMX HAHOYACTHUIIBI OKCHA ATTIOMHUHHUS.
YacTuusl Aa, nMes 6ojiee aKTHBHYIO [IOBEPXHOCTS [13],
ObICTpee yIIPOYHSIOT KOMIIO3HT, YeM IIPOUHe YaCTHLIBI.
AgacTuusl La, ©Mes CaMyIo IIACCHBHYIO IIOBEPXHOCTb,
YIPOYHSIIOT KOMIIO3UT ITPYU CaMOM OOJIBIION KOHIIEH-
TPAIUM YacTHL]. TaKKUM ke 06pa3oM MOKET OBITH IIPO-
creskeHa 3¢ eKTUBHOCTh B3aHMOZEHMCTBUS "YaCTHLIA —
cMona" dyepe3 yBeIWYeHHe KOHLEHTPALIUU YaCTHII
3a CYeT IIPUCOeAMHEHHOTO CJ10s1 (Tab71.1) [16).

B pabotax [17, 18] mpencTaBiieH METOA, pacyeTa yIIpod-
HeHUS II0JIMMepa AMCIEePCHBIMH YacTHLAMH. Tam
YYHTBIBAETCS BeTHYKMHA MeKPa3HOro c/10s "MaTpHLia -
HAIIOJTHUTENb', a TAK)Ke CHIA B3AUMO/IEHCTBUS MEKAY
YaCTULIAMH U [IOTTHMEPOM depe3 TOMIIHHY MeXX$a3HOro
cj1ost 1 GPaKTaAbHYIO Pa3MepHOCTh YaCTHII. B 3aBU-
CHMOCTH OT BapHallMH 3THX IIapaMeTpoB Ko3PUIIH-
€HT YIIPOYHEHHU S [TOIIMepa MOSKeT BEeCTH CeDsi TaK, Kak
IIpeJCTaB/IeHo Ha pUC.2 U 3. OgHAKO HEOOXOAUMO YUIHU-
TBIBATh, YTO Me>kda3HBIe CJION COCeJHUX YACTHULL IIPH
oIlpefieJIeHHOM HUX KOHILIEHTPALlMU MOTYT IIepeKpbl-
BaThCs, YACTHUIIBI MOT'YT arJIOMEPHPOBATh U T.M. KpoMe
TOro, IIPX U3MeHeHUH MeTo[a CHHTe3a YaCTHII, a 3Ha-
YUT aKTUBHOCTU UX II0BEPXHOCTH, MOXeT BapbUPO-
BaThCSl HHTEHCHBHOCTD B3aMMOZEHCTBH S MEKY YacTH-
LIAMHU U CPeJIok. ITO B KOMIITIEKCe MOKeT BIIHSITh Ha B3a-
MMOJENCTBUe "JaCTHIIA - Cpefa” U, COOTBETCTBEHHO,
Ha IIPOYHOCTH KOMITIO3UTOB,

Ha 0CHOBaHMU IOJTyYeHHBIX Pe3yJIETATOB ObL/Ia BBIBE-
JleHa 3aBUCHMOCTb MeX/y HHTEeHCUBHOCTBIO B3aHMO-
JeNCTBHUS "JacTULIA - CMOoJa", onpesenseMas KOHLEH-
TpalKer MaKCHMMyMa Monyas IOHra u ¢pakTaabHOM
Pa3MepHOCTbIO, BBIUHC/IeHHOH B [13] (prc.4).

BHUAHO, YTO MaKCUMYM B3aUMOJEHCTBUS MeXIY
YacTULLAMH U CPe/loN He COOTBETCTBYeT MaKCHUMYyMy
bpaKTasbHON Pa3MepHOCTH. BeposiTHO, uTo 61H3Koe
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KOMRNO3umos ¢ 2udpoduAabHbIMU Yacmuuamu Ts u 2u0popob-
HbIMU yacmuyamu Tsf om ux pasmepa

Fig.1. Dependences of the relative Young's modulus for compos-
ites with hydrophilic particles Ts and hydrophobic particles Tsf
on their size
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Fig.2. Dependences of the relative Young's modulus for com-
posites based on ED-20 resin with silica nanoparticles on their
concentration

the weakest delayed effect is shown by Ls particles
which surface has only Brensted main centres.
The efficiency of particle-resin interaction can be
determined by the increase in particle concentration
due to the attached layer (see Table 1) calculated from
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K UJleaJIbBHOMY 3Ha4eHHI0 GPaKTaIbHON Pa3sMepPHOCTHU
COOTBETCTBYeT HAaHOYACTHUIIAM, KOTOpBIe ysKe He CIIO-
COBHBI Ha CUJIBHOE B3aMMOJIEHCTBHE. 3/1eCh MOXKHO ITPO-
BECTH aHaJIOTUIO C KOHJeHCal[ek MOJIeKy/I Ha K/IacTep
IIPH CHHTe3e HaHO4aCTHLL. IIpH NOCTHKeHHUH KJlacTe-
poM GopMBI MeTacTabK/IPHOIO H30Mepa BEPOSITHOCTh
KOH/IEHCAIIMH Ha Hero HOBBIX MOJIEKYJI Pe3Ko Ma/iaerT,
TaK Kak BaKaHTHBIe MeCTa HCYe3al0T U HauHMHaeTCs
POCT HOBBIX KJIaCTepOB. 3/leCh TakK >Xe I0ly4daeTcs,
YTO MeHee HJea/bHasi CTPYKTypa oKa3blBaeTcs bonee
aKTHBHOI IIPYU B3aHMOJENCTBUHU C AHUCIIEPCHOMH Cpe-
nor. Hanbornee akTUBHBIMHU SIB/ISIFOTCS YaCTHLIBL: CPeH
o6pa3woB SiO, c D=2,2, a cpenu o6pa3sros Al,O; ¢ D =2,55.

BbIBOADI

Bblzo mOKa3aHO, YTO KOHLIEHTPAlUK MaKCHMYyMOB
Monyast FOHTa KOMIIO3KMTa 3aBUCAT OT aKTHUBHOCTHU
MIOBEPXHOCTH HAHOYACTHLI, KOTOpasi OIIpefessieTcs Ux
MeTOIOM CHHTe3a.

AKTHBHOCTDb II0BEPXHOCTH MOKeT OBITh OTPaskeHa
yepes TOJNLIUHY IPHCOeJUHEHHOr0 K YacTHIle C/10sI
MoIMMepa, BbI3bIBasl YBellMdeHHe 06beMHOM KOHLIeH-
TPalMK AUCIIePCHOM ¢asbl. ITpocieskeHa B3aMMOCBSI3b
MesK/ly BeJTMUMHOM GpPaKTaTbHOM Pa3sMepPHOCTH HaHO-
YaCTHIL U UX KOHLIEHTPallKel B KOMIIO3UTe ITPU MaKCH-
MyMe yIIPOYHEeHHSI.

B pamMKax CepUIHOI0 MPOM3BOACTBA [JISI KOHTPOJIS
Ka4yeCTBa U [IPHU pa3paboTKe TeXHOTOIHYeCKUX ITPoLiec-
COB OKa3bIBaeTCS HeOOXOAMMO YUUTHIBATh METOM, CUH-
Te3a HAaHOYACTHILL U JOIOIHUTETbHO KOHTPOJIUPOBATh
CTabUJIBHOCTD pacIpe/ie/leHUs YacTHI] 10 pa3MepaM
Y BeJIMUHUHBI PPAKTAIPHOM Pa3MePHOCTH.
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Pabora BeIITONIHeHA Ha obopymoBanmu HUIIKII
HaHoTtexHonoruy v HaHoMaTtepuasnsl' [THTY M. akaf.
M.I. MunnuoHmuKkoBa, npu noagepskke IIKII
"Mexanuka' (UTIIM um. C.A.XpuctuaHosr4a CO PAH).

NHOOPMALIUSA O PELLEH3UPOBAHUN

Pemakius 61aromapuT aHOHHMHOIO pelleH3eHTa
(pelLieH3eHTOB) 3a UX BKJaJ, B pelleH3UpPOBaHLe 3TOM
paboTEl, a TaKsKe 3a pa3MellleHHe CTaTekl Ha cakTe Kyp-
Haja ¥ epenady Mx B 3JIeKTPOHHOM Bue B HIb eLl-
BRARY.RU.

Jekaapauus o KoHpAUKMe uHMmepecos. Asmopsl 3a38Aat0M 06
omcymcmauu KoHMAUKITO8 UHMepecos UAU AUMHBLX OMHOLEHUL,
Komopble mMo2Au bbl n08AUSMb HA pabormy, npedcmasAeHHyto 8 daH-
Holl cmambe.
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the increase in viscosity corresponding to nanofluid
(16].

A similar situation occurs for samples containing
aluminium oxide nanoparticles. Aa particles, having
more active surface [13], harden the composite faster
than other particles. The La particles having the
most passive surface harden the composite at the
highest particle concentration. In the same way the
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effectiveness of particle-resin interaction can be
traced through the increase of particle concentration
due to the attached layer (see Table 1) [16].

In [17, 18] a method of calculating polymer
hardening by dispersed particles is presented.
It takes into account the size of the matrix-filler
interfacial layer as well as the interaction force
between the particles and the polymer through
the thickness of the interfacial layer and the
fractal dimension of the particles. Depending on
the variation of these parameters, the polymer
hardening coefficient can behave as illustrated in
Fig.2 and 3. However, it must be taken into account
that the interfacial layers of neighbouring particles
may overlap at a certain concentration, the particles
may agglomerate, etc. In addition, when the
method of particle synthesis is changed, same as the
activity of their surface, the intensity of interaction
between the particles and the medium may vary.
The combination of these factors can affect the
particle-medium interaction and, consequently, the
strength of the composites.

Based on the obtained results, the relationship
between intensity of the particle-resin interaction
determined by the concentration of maximum
Young’s modulus and the fractal dimension
calculated in [13] (Fig.4) was obtained.

It is observed that the maximum of interaction
between particles and medium does not correspond
to the maximum of fractal dimensionality. It is
likely that close to ideal value of fractal dimension
corresponds to nanoparticles which are no longer
capable of strong interaction. An analogy can be
drawn here with the condensation of molecules
onto a cluster in the synthesis of nanoparticles.
When a cluster reaches the form of a metastable
isomer, the probability of condensation of new
molecules on it falls dramatically because vacancies
disappear and new clusters start growing. Here,
too, it happens that a less-than-ideal structure
turns out to be more active in its interaction
with the dispersed medium. The most active are
particles: in SiO, samples with D=2.2, and in Al,04
samples with D=2.55.

CONCLUSIONS

It has been shown that concentrations of the maxi-
mums of the composite’s Young’s modulus depend
on the surface activity of the nanoparticles, which is
determined by their synthesis method.

The surface activity can be reflected through
the thickness of the polymer layer attached to
the particle, causing an increase in the volume
concentration of the dispersed phase. The
relationship between the fractal dimension of
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the nanoparticles and their concentration in the
composite at the maximum hardening has been
traced.

Within the framework of serial production and
for quality control and development of technological
processes it is necessary to take into account the
method of nanoparticles synthesis and, additionally,
control the stability of particle size distribution and
fractal dimension value.
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