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HaHomoanuunposaHune noiammepHbIx
CBSI3YIOLUMNX OJ151 KOHCTPYKLUMNOHHbIX KOMIMO3UTOB

Nanomodification of polymer binders
for constructional composites

KomMnosuumonnsie Marepuaibl (KM) u ocobeHHO
nojumepHbie Komno3utsl (ITKM) 3aHumalor auaupyio-
M€ MO3ULIMU B COBPEMEHHOM MaTepUaOBEJACHUU U B
TeXHUKe. DTa UX POJb COXPAHUTCS HAMAOJTO B Oymy-
meM [1]. Kak u3BecTHO, KOHCTPYKLIMOHHBIE MaTepUabl,
Ybsi MeXaHUuyecKass MPOYHOCThb, XECTKOCTb W J0JITOBEY-
HOCTb SIBJISIIOTCSI ONPEeAe oMU (aKTopaMu, COCTOSIT
u3 IByX U 6osee (a3, 00beNUHEHHBIX B MOHOJIUT MO Tpa-
HUILAM UX pa3lelia, B3auMOJEWCTBUE MO KOTOPBIM MPUBO-
IIUT K TTOSIBJICHUIO HOBBIX CBOMCTB, OTJIMYHBIX OT CBOMCTB
KaxJ0ro (M UX CyMMBbl) TIPU COXpAaHEHUU UMU UHIUBUIY-
anbHOCTU. [lo cyTu, 310 3heKT cuHeprusmMa, OTKJIOHE-
HUE OT aAIUTUBHOCTH.

B cnayuyae TIKM Bbicokuii addekT cuHeprusma ooy-
CJIOBJIEH KpOMe are3uu o0pa3oBaHUEM TPaluEHTHBIX Irpa-
HUYHBIX CJIOEB MOJMMEPHOTO CBS3YIOLIEro ¢ U3MEHEHHOM
CTPYKTYPOIl U CBOWMCTBaAMHU, OoJiee TIPOTSKEHHBIMU, YEM B
HU3KOMOJIEKYJISIPHBIX BelllecTBax. EcTecTBeHHO, UTO yHeib-
HbIil 00bEM TPAaHUYHBIX CJIOEB BO3PACTAeT C YBEIUYEHUEM
MOBEPXHOCTU pazjesa ¢das.

M3BecTHO [2], 4TO caMble BBICOKOIIPOYHBIE KOMITO3M-
Thl — BOJIOKHUCTBIE, COCTOSILIME U3 HATTPABIEHHO-OPUEHTU -
POBaHHBIX CTEKJISTHHBIX, 0a3aJIbTOBBIX, YTOJIbHbBIX, apaMU/I-
HBIX BOJIOKOH, OOBEAVMHEHHBIX B MOHOJIUT TMOJMMEPHBIM
CBSI3YIOLMM, HaXoOSIIUMCS B Tiepuol (hOopMUPOBaAHUS
KOMIIO31Ta U U3JEJIUI U3 HETO B BI3KOTEKYYEM COCTOSIHUM,
MepexoJsIleM 3aTeM B TBEPJOE€, TOUHEE B YIPYTOBSI3KOE,
cocTtosiHue. Yalie Bcero B KauecTBe CBSA3YIOLIETO MPUMEHSI-
I0TCSl MOKCUIHbBIE KOMIMO3UTHI — CaMble MPOYHBIE, C HE-
MNPEeB30MACHHONW aare3uei, NOCTaTOYHO TEXHOJOTUYHBIE.
[IpumepoM CI0XKHOTO 0OBEMHOI0 U3AEIUS U3 FIMOKCUIHO-
ro MOJIMMEPHOTO KOMIIO3UTA SIBJISIETCS M3BECTHAsI COBET-
ckas pakeTa «Tomnosb», a MpUuMepoM MaTepuasa CTPOUTEb-
HOrO0 Ha3HayeHWsi — 0a3zajbTO- U CTEKJIOIMIACTUKOBAs
cTepXKHeBas apMmaTypa, a Takxke Oojee moporasi U penkas
yraeruiacTukoBasi. M ecinu Xu3Hb pakeTbl CKOPOTEYHa, TO
JIOJITOBEYHOCTD MOJIMMEPKOMITO3UTHOU apMaTyphl B IOCTO-
STHHO Harpy>X€HHbIX HECYIIIUX CTPOUTEIbHBIX KOHCTPYKIIM-
SIX IOJDKHA OBbITh HE MEHee CTa JIeT.

HAYUHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

Constructional composites (CC) and, in particular, poly-
mer composites (PC) are becoming an essential part of mod-
ern material science and technology. This key role in modern
science and technology will remain in times to come [1]. It is
known that the constructional materials, which mechanical
strength, hardness and durability are being the main proper-
ties in view of their deployment, are composed of two or
more chemically and physically different phases separated by
a distinct interface. The interactions of components within
the interface surfaces cause the appearance of novel proper-
ties that differ from those of each component, or their sum,
with preserving their identity. In fact, this deviation from ad-
ditivity can be considered as a synergism effect.

The high synergism effect observed in PC systems is
specified, except the adhesion, by formation of gradient
boundary layers of polymer binders with altered structure and
properties, that are more extended compared with the com-
posites formed by low molecular components. Of course, the
specific volume of boundary layers increases with increasing
interface surface.

It is known [2] that the most high-performance compos-
ites are fibrous materials consisted of oriented glass, basaltic,
carbon, aramid fibers combined into monolith by polymer
binder. In the process of formation of composite, polymer
binder is in plastic state, then it goes into a solid, notably, into
a viscoelastic state. Most often epoxy polymers are used as
binders since they are most durable and producible; they dis-
play the superior adhesive properties. The well-known Soviet
missile “Topol” is an example of a complex 3D product of
epoxy polymer composite. The reinforcement made from
basalt- and glass-reinforced plastic as well as that made from
a more expensive carbon plastic is an example of application
of composite materials in construction.

If the operational phase of missile is rather short, the dura-
bility of polymer composite reinforcement used in the con-
stantly loaded building structures must be no less than 100 years.

An increase of production and consumption of polymer
composite reinforcement (PCR) observed during recent
5—7 years is caused by the following factors:
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B Poccum B mocnennue 5—7 et HaOIromaeTcs pocT 00b-
€MOB TMPOM3BOJACTBA U TOTPEOJEHUS MOTUMEPKOMITO3UT-
Hoii apmatyphl (ITKA), KoTopblit 00yCIOBIEH CIeIYIOIIUMU
(akropamu:

— MpocToToil U 3¢ GHEKTUBHOCTHIO TEXHOJIOTUU €€ M3ro-
TOBJIEHUSI METOIOM TYJATPY3UM WA HUIJITPY3UU; Ype3-
BBIYAITHO MaJIOM HEPIO- M METAINIOEMKOCTBIO 000pyIo-
BaHUSI U KOMIAKTHOCTHIO TEXHOJOTMUYECKUX JIMHUI B
COYETAaHUM C UX BBICOKO MPOU3BOAUTENLHOCTHIO;

— TexHuyeckumu npeumyinectBamu [1KA nepea craabHoit
apMaTypoii: ToJIMMEpPKOMITO3UTHAsI apMaTypa o0anaeT
B 2—3 pa3a OoJbIIei MEXaHMYECKOUM ITPOYHOCTBHIO, B
4 pa3a MeHBbIIIEl TUIOTHOCTBIO, BBICOKOM KOPPO3MOHHOMN
CTOMKOCTBIO, JTUIJICKTPUUECKMMU CBOMCTBAMU, MAJIOKN
TEII0ONpPOBOAHOCTHIO (B 100 pa3 MeHbIIIEl, YeM y CTajIn).
OnHako cBs3ylollee TepeaaeT KOMIO3UTY IMpUCYIIUe

BCEM OpraHUYECKUM TOJIMMepPaM KOHCTPYKIIMOHHBIE HEI0-

CTaTKU: HU3KHE TeTIOCTOMKOCTh (10 120—150°C) 1 Momyib

VIIPYrocTu (Ha IOPSIIOK HIKE, YeM y CTajin); IOJI3y4eCTh

MpY IJIMTEebHOM CTaTUYECKOM Harpy3Ke, HU3KYIO JJIUTEb-

HYI0 TPOYHOCTh. DTU crielMduruieckre cBOMCTBa apMaTyphbl

Ha TOJMMEPHBIX CBSI3YIOIIUX PEe3KO YMEHBIIAIOT 00beM U

mupoty npumeHeHust [TKA B Hecylmx cTpOUTEIbHbBIX KOH-

CTPYKLMSIX U3 LIEMEHTHOTO O€TOHAa — TJIAaBHOTO KOHCTPYK-

IIMOHHOTO CTPOUTEILHOTO MaTepHaia.

Ectb nBa myTu ycTpaHeHUs1, KOMIIEHCAIUU WA OCJ1a0-
JIEHUSI HEIOCTATKOB MTOJIMMEPHBIX CBI3YIOLIUX:

— MoauduKalus SMOKCUAHBIX CBS3YIOIINUX (OCHOBHOTO
BMJIa BKOMIIO3UTHO# apMaType) (pu3nuecKkumu 1 prusmKo-
XUMHWYCCKIMUI METOJAMH C 1LIEJIbIO MX YCUJIeHMS [3];

— pa3paboTKa HOBBIX THUIIOB CBSI3YIOIIMX — TUOPHMIHBIX
OpraHoO-HEOPraHMYECKUX, TaKKe MOAU(PUIIMPOBAHHBIX
GU3UKO-XUMUYECKUMU MeTogaMu. IlepCreKTUBHOCTD
TMOPUAHBIX CBSI3YIOIIMX Ha OCHOBE MOJIMM30LIMAHATA U
MOJIMCUJIMKATAa HATPUsI OOYCJIOBJIeHA UX OTHOCUTEIHHO
BBICOKOI TeTUTOCTOMKOCTBIO (He MeHee 240—250°C).

B xauectBe 0CHOBHOTO MeToaa (PU3NKO-XUMHUIECKON MO-
nuduKauruy o00UX TUIOB CBS3YIOLIMX aBTOpaMM BLIOpaHO
BBEIECHUE B HUX TBEPIBIX YIIIEPOAHBIX U METAUT-YTJIEPOIAHBIX
YacTULl HAHOpa3MepHOTro ypoBHsI (MeHee 100 HM).

[Mpennocelakamu 111 HAHOMOAM(DUKALIMY STTOKCUIHBIX
CBSI3YIOILIMX SIBUJIMCh 3aKOHOMEPHOCTHU U MEXaHU3M UX YCU-
JIEHWSI TOHKOAMCIIEPCHBIMU MUHEPaJTbHBIMU HATIOJTHUTEISI -
MM, YCTAHOBJIEHHbIE OMHUM 13 aBTOPOB 3TOI CTaTbU MHOTO
JIeT Hasaf [3, 4]: npu onpeneaeHHOM 0ObEMHOM CoIepKa-
HUM (IJ1s1 KaXKIO0ro HamoJHUTENS pa3HoM) onn 1o 20—30%
YBEJIMYMBAIOT TEIUIOCTONKOCTb, IPOYHOCTh, MOAYJb YIIPY-
TOCTH 3TMOKCUAHOTO nosimmepa (puc. 1, 2).

ITpy 3TOM KOHIIEHTPALIMOHHOE ITOJIOXKEHNE MAaKCUMYMOB
3 (HEKTOB YCUJIEHHUS 3aBUCUT OT AMCIIEPCHOCTU HAIIOJHUTE-
JISl M CHUXKAETCsI C YMEeHbIIIEHUEeM pa3Mepa YacTull, Koraa Bes
MoJIMMEpHasl MaTpulia MEPEXOIUT B COCTOSIHUE TPAaHUYHbBIX
CJIO€B C OOJIbIIEH TIJIOTHOCTBIO MOJIEKYJISIPHOM YIAaKOBKH,
MEHBbIIIE MOJIEKYJISIPHOW TOJBUXXHOCTBIO, YeM B MCXOTHOM
HEHAITOJITHEHHOM TOoJMMepe. AHAJIOTUIHBIE 3aKOHOMEPHO-
CTH HATIOJTHEHUS MPOSIBJISIIOTCS M B APYTUX CETYATHIX, a TaK-
XK€ ¢ pa3IMYHbIMU BapUallMsIMU B IMHEUHBIX TTouMepax [3].

ITo MHeHUIO aBTOPOB, MOAUGDUIIMPOBAHUE ITTOKCUTHBIX
U JIPYyTUX TOJUMEPHBIX CBSI3YIOIIUX HaHOpa3MEePHBIMU
TBEPAbIMY YaCTUIIAMU OCHOBAHO Ha TOM Xe€ MexXpazHoM
B3aMMOJICHICTBUM C 00pa30BaHUEM I'PaHUYHBIX CJIOEB C TTPO-
SIBIICHUEM TeX XKe 3aKOHOMepHocTell. DddeKT ycuneHus Ha
€IMHUILY TTOBEPXHOCTH pazzesa (a3 10/KeH 3aBUCETh TOJb-
KO OT XMUMHWYECKOW MPUPOAbLI TBEPAOTO HAMOJHUTES.
HaHovacTuiisl UMEIOT OrPOMHYIO YAEJIBbHYIO TOBEPXHOCTh
— COTHM KBaZ[paTHbIX METPOB Ha IrpaMM, U MIOTOMY MaKCH-
MaJIbHBIT 3G dEKT yCUIeHUsT TOJKeH HaOIoAaThCsl MpU
O0YECHb MaJIbIX KOHLIEHTPpAIUIX UX B moiumMmepe. Kpome 00-
pa3oBaHMs MexX(a3HbIX TPaHUYHBIX CI0€B 3 GEKT ycuie-
HMSI HAHOYACTUIIAMU MOXET OBbITh OOYCJIOBJIEH U BO3MOX-
HOCTBIO 3allOJJHEHHUSI UMW MOJIEKYJSIPHOTO CBOOOIHOTO

(Y PONIEIIBHBIE
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Mepa oT coaepXaHus HanonHuTenen [3]: 1 — GuTymcoaepxalias nopoaa;
2 — xaonviH; 3 — cunukarens; 4 — rpadut; 5 — TiO,; 6 — aspocun

Fig. 1. Dependence of glass temperature (Tc) of epoxy polymer on filler
content [3]: 7 — bitumen containing rock; 2 — kaolin; 3 - silica gel; 4 — graphite;
5 - TiOy; 6 — aerosil

— the production technology based on the pultrusion or
needletrusion methods is easy and efficient; the extremely
low power and metal consumption of equipment, as well
the compactness of operation lines are combined with
their high performance;

— technical advantages of PCR over the steel reinforce-
ment: PCR has mechanical hardness that exceeds that of
steel reinforcement in 2—3 times, PCR density is less in
4 times, it possesses a high corrosive resistance, dielectric
behaviors, low thermal conductivity (in 100 times less
than in steel).

At the same time the binder transfers the composite all
constructional disadvantages intrinsic to organic polymers:
low thermal resistance (up to 120—150°C) and modulus of
elasticity (over an order less than in steel); creep at long term
static loading. These specific features of reinforcement based
on polymer binders reduce the volume and scope of PCR ap-
plication in cement concrete load-bearing elements that are
being the main construction material.

There are two ways of overcoming or reducing the short-
coming of polymer binders:

— amodification of epoxy binders (the main type of binders
used in composite reinforcements) by physical and physi-
cochemical techniques with the purpose of their en-
hancement [3];

— adevelopment of new types of binders as hybrid organic-
inorganic binders, as well as well the binders modified by
physicochemical methods. The prospects of the hybrid
binders based on polyisocyanate and polysilicate sodium
are determined by their relative high thermal resistance
(no less than 240—250°C).

In this work, an insertion of solid carbon and metal-car-
bon nanoparticles (with the sizes less than 100 nm) into the
binders has been applied as a main method of physicochemi-
cal modification.

The background of the nano-modification of epoxy binders
is in regularities and mechanism of their enhancement by fine
mineral fillers that were found many years ago by one of the
authors [3, 4]: at a certain volume fraction (dependent on the
filler) these filler particles increase thermal resistance, hardness,
modulus of elasticity of epoxy polymer over 20—30% (Fig. 1, 2).

It should be noted that a concentration corresponding to
maximal effect of enhancement depends on the filler disper-
sity and reduces with decreasing particle sizes, when the entire
polymer matrix transfers into the state of interface boundaries

HAayuHO-MeXHU4ecKuil U NPOU3800CMBEeHHbILL HCYPHAN
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0o0beMa M HEIUIOTHOCTEH MOJICKYJISIPHOI YNaKOBKM, IIO-

CKOJIBKY MX pa3Mepbl COM3MEPUMBI. DTO MOKa IMIIOTe3a,

TpeOylolliasi 9KCIIepUMEHTaTbHOTO MOATBEPXKIACHNSI.

B nocienHee necatuiaeTue ajisi MOAUMPUKALIMU STTOKCUJI-
HBIX KOHCTPYKIIMOHHBIX MaTepPUAIOB OIPOOOBAaHBI HAHOYA-
CTUIIBI Pa3IMYHOM TIPUPOABI: YIJIEPOAHBIE HAHOTPYOKH,
(ynnepeHsl, acTpasieHbl, YABTPAAUCIIEPCHBIC aTMA3HBIE TTO-
POIIKM, HaHOAJIMa3bl, MOHTMOPUJUIOHUT, a3pOCWJI, IIyH-
THT, METAICOAEPKAIIe HAHOKOMITO3UTHI 1 Jp. [6].

OCOOEHHOCTbIO TEXHOJOTUM HaHOMOAUDUIIMPOBAHUS
SIBIIIETCS CIOXKHOCTh PABHOMEPHOTO pacIipeneieHUsT CBEPX-
MaJIbIX 103 YIBTPAAUCIIEPCHBIX YaCTUIl B 00beMe TIoJTMMepa.
JI71s1 9TOTO TOTOBSIT UX KOHIIEHTPATHI ITyTeM IHCIIEPTUPOBa-
HUSI HAaHOYACTMI[ B XXUIKUX KOMIIOHEHTaX CBSI3YIOIIETO,
yalie BCero ¢ MoMolbio yabrpa3BykoBoii (Y3B) o6paboTku.

Hanpumep, U.B. MankoB 1 Ip. BBOOAWIM MHOTOCJIOM-
HbIe yriieponHbie HaHOTpYOku (MYHT) B anokcuaHoe cBsI-
sytoiee (cmona DJ1-22 + orsepaurenas JAADC), o6pada-
TBIBas CHCTEMY B CKOPOCTHOM CMECHTEJIe 4ac, a 3aTeM
40 muH B Y3B BanHe. OnrtuMainbHas KoueHTpauuss MYHT
— 0,05% yBenuuMBaeT CTEMEHb OTBEPXKICHUS, TEIJIOBOI
¢ dexT noaumMepusalu, TeMnepaTypy CTeKJI0OBaHUs U 1~
HaMUYECKUIT MOIYJIb YIIPYTOCTH; TIPOYHOCTh BO3POCTAET Ha
20%, ynapHas BsI3KocTb — Ha 30%.

B oTrBepautenb s3nokcuaHoro oauromepa — n3zo-MTI' DA
BBOOWIM ayMa3orpacduT u HaHoanmasbl. Ilpu 0,2—0,3%
riepBoro 1 0,1—0,2% BTOPOro AOCTUTAIN YBEIMYCHUST ITPOY-
HOCTH TIpH cXaTuu Ha 18—22%, nipu m3rube — Ha 13%,
yIApPHOU TTPOYHOCTH — Ha 26—32%, TETUTOCTOMKOCTH — Ha
10%, xectkoctit — Ha 20—30%. Ho mpoYHOCTH TIpU pacTsi-
>KeHUU cHU3Mach Ha 20%.

IIpn momuduKauuM SIOKCUAHBIX KIJIEEB TOPSIYEro
OTBEPKIEHUSI MeIb- U HUKEIbYTJIEPOAHBIMU HAHOKOMIIO-
sutamu (0,0001—0,0003%) anre3moHHast IPOYHOCTH BO3-
pocna Ha 50—70% [6].

Hexkotopsie nccnemnoBatenu [7] c4uTaIOT, YTO IJIABHBIMU
yCIOBUSAMU 3D (HEKTUBHOM MOAMMDUKAIIUN TTOTUMEPHBIX
kommno3utoB YHT sBistorcs:

— paBHOMepHoe pactpeneneHue YHT mo oobemy MaTpuiIb;

— obecrneyeHue BHICOKOI aAre3uy MoJMMEPHON MaTPULbI
Kk moeepxHoctn YHT;

— opueHranusa YHT B HanpaBieHUU NeiiCTBUSI HArpy3Ku,
XOTSI 3TO YCJIOBUE XKeJaTeJIbHOe, HO TPAKTUIECKU TPYI-
HOBBITIOJTHUMOE.

A. Ilomoraiino ¢ coaBTopamu [8] ycTaHOBWIHM, 4YTO
BBeJeHUE HAHOYACTUI] METALJIOB B IMOJIMMEDPDI YBEIUUMBAET
UX TEPMO- U TETIOCTOMKOCTb.

Jnsa monudukanmu odboux casasyoiux B [IKA aBropsl
HCTIOJIb30BAI KOHIICHTPATHl YIIEPOIHBIX U MeTaJll-yIJIe-
POIHBIX HAHOYACTUIL B BOJE Y OPTaHWIECKMX HOCUTEIISIX —
KOMITOHEHTaX CBS3YIOIINX, 8 UMEHHO:

1. ToHKOAUCHIEPCHBIE CYCIIEH3UU METAJI-YIJIEPOIHOIO
HaHokommno3uta (MC 1, 2, 3, 4) B oTBepauTeie SIOKCUAHOM
cMoutbl 130-MTT DA (mpounsBoactBo OO0 «MBDM3 Kymon»).

2. TBepabple KOHIEHTPATHI MHOTOCIONHBIX YTIIEPOIHBIX
HaHOTpYyOOK ¢upMmbl Arkema (®paHLusg) B pasIMUHBIX
cpeuax HOCHTEJNISIX C TOPTOBBIMU MapKaMM:

Graphistrength C W2-45 — konueHtpatr YHT B BomHOI

cpene (comepxkaHue TUCTIEPTUPOBAHHBIX MHOTOCIOMHBIX

VYHT 45%) — misa MmoavUKauy THOPUIHBIX CBA3YIOIINX

Ha OCHOBE MOJIMU301IMaHATA U MOJIUCUIIMKATa HATPUSI;

— Graphistrength C S1-25 — xonnentpar YHT B opranu-
yeckoit cpene, conepxaiieit Monomep DGEBA, 6ucde-
Hol A (comepxXaHMe AVCIIEPTUPOBAHHBIX MHOTOCJIOM-
HeiXx YHT 25%) — mia MogudbuKaiuy SITOKCHIHBIX W
TUOPUIHBIX CBSI3YIOIIMX.

BrokcumgHoe cpsaylomiee (B1-20+u3o-MTTDA)+mo-
nGUKATOP) OTBEPXKAAIN B TeUeHUE 6 U TIpU TeMIiepaTtype
130, 150, 170°C. I'nyOuHy OTBepKIEHUs OLICHUBAIU IO
MaccoBOi [10Jie 30Jib-(hpaKUU IyTeM BSKCTParupoBaHUsI
MOPOLIKOOOPA3HbIX O0PA3OB ALIETOHOM.

HAy4HO- MmexXHU4ecKuil u I’lpOLl3800CI’n6€HHbILI AHCYPHAN g fr‘Ufl rs jJ
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Fig. 2. Dependence of compression strength (0,) of epoxy binders on filler
content [3]: 7 — aerosol; 2 — white black; 3 — rock flour; 4 - powdered quartz
sand

with high density of molecular packing, and with molecular
mobility less than in initial unfilled polymer. Similar regulari-
ties of filling manifest in the other network polymers as well as
in linear polymers with different variations [5].

By our opinion, the modification of epoxy and other
polymer binders by solid nanoparticles is based on the same
interface interactions with formation of boundary layers with
the same regularities. The enhancing effect per unite of inter-
face surface must depend only on chemical nature of solid
filler. Nanoparticles have large specific surface of about sev-
eral hundreds of square meters per gram, since the maximal
enhancing effect must be observed at very low concentrations
of these particles in polymer. Besides the formation of inter-
face boundary layers, the effect of enhancing by nanoparti-
cles can be caused by possible free volume filling by nanopar-
ticles as their sizes are comparable. This is only suggestion
which demands experimental conformation.

In recent decades, nanoparticles of different kinds have
been used for modification of epoxy construction materials:
carbon nanotubes, fullerenes, astralenes, ultra-fine diamond
powder, montmorillonite, aerosol, schungite, metal-con-
taining nanocomposite and etc. [6].

The main problem of nanomodification technology lies
in requirement of homogeneous distribution of very low por-
tions of ultra-fine particles over polymer volume. One of the
ways to solve this problem is to make their concentrates by
dispersing nanoparticles in fluid components of binder apply-
ing an ultrasonic treatment (UST).

For example, Malkov with coworkers introduced multi-
layer carbon nanotubes (MLCNT) into epoxy binder (epoxy
resin ED-20 + DDS curing agent) by means of a speed mixer
during an hour, and then it was kept for 40 minutes in an ul-
trasonic bath. The optimal concentration of MLCNT of
0.05% occurred to be enough for increasing the degree of cur-
ing, glass temperature and dynamic elasticity modulus, en-
hancing the thermal effect of polymerization; the hardness
increased over 20% and the impact strength — 30%.

Diamond and diamond-graphite nanoparticles have been
introduced into the curing agent of epoxy oligomers — iso-
MTHPA. At introducing 0.2—0.3% of diamond and 0.1—
0.2% of diamond-graphite nanoparticles, the compression
resistance increased over 18—22%, bending resistance —
13%, impact resistance — 26—32%, thermal resistance —
10%, hardness — 20—30%. At the same time the tensile
strength reduced over 20%.

Modification of the hot curing epoxy resin adhesives by
copper- and nickel- carbon nanocomposites (0,0001—
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Ta6nuua 1
Table 1
Copepxanue MC, mac. % oT oTBepamTens
Temneparypa CC content, mass. % per curing agent
oTBepxzaeHus, °C
Curing 0,001 0,011 0,001 0,011
temperature, °C 0 (MC2) | (mc1) | (Mc4) | (mc3)
(CC2) (CC1) (CC4) (CC3)
130 7 7,2 6,8 7 6,9
150 2 1,8 1,2 2,1 2
170 3,5 3 3,5 3,6 3,1

Cozep:xaHue 3KCTparupyeMbIx BelnecTs (%) B OITOKCHUI-
HOM CBSI3YIO1lIEeM, MOAU(DUIIMPOBAHHOM ME/Ib-YTJIEPOAHBIMU
HaHokomIo3utamu (MC), npuBeneHo B Tab1. 1.

Kak BumHO 13 Tabi. 1, Meab-yriaepoaHble HAaHOKOMIIO-
3UTHI HE BJIUSIOT Ha TIIYOMHY OTBEPKICHUS CETYATOTO BIT0-
KCUIHOTO TIoJIMMepa, HO OHA B 3HAYUTEJILHOM Mepe 3aBUCUT
OT TeMrepaTypbl M30TEPMUYECKOTO MporpeBa. Makcumym
CTeTNIeHU OTBepXKAeHUs mocturaetcs npu 150°C (HauMeHb-
niee 3HaUYeHUE 30JIb-GPaKIUKA OKOJIO 2%), MUHUMYM TIPU
130°C (koM4YeCTBO SKCTparupyeMbIX okoJio 7%) (yBeande-
HUe 30b-ppakuuu npu 170°C mporpeBa CBSI3aHO C BO3-
MOXHOM TEpMUYECKON OeCTPYKIIUEH IToJUMeEpa).

Haubonpiive noxazareayd IPOYHOCTA HAOIIONAIOTCS
B ycitoBusix TepMooopadotku ripu 130°C. [TpouyHOCTb ITpH cka-
tuu (MITa), anresust k ctanu (MIla) u Teruoctoiikoctb (°C)
SITOKCUIHBIX CBA3YIOIINX, MOAU(ULIMPOBAHHBIX MEIb-YTJIe-
POIHBIMU HAHOKOMITO3UTAaMMU, MpHUBEIeHBI B TaOi. 2. Bce
HAHOKOMITO3UTHI YBEJIMYMBAIOT TTPOYHOCTHBIC TOKA3aTEIN
MCXOMHOTO CBA3YIOIETO (aare3uio K cranu Ha 18—25% — ¢
8,5 1o 10—10,6 MIla), mpoyHoCTh npu cxkaThy Ha 7—16%.

OmHuM U3 BaxHeWimmx mokasarteneir [TKA saBisercs
TETUTOCTOMKOCTb, OTperesisieMasl TeMIIepaTypoil CTeKIIOBa-
HUS TIOJTMMEPHOTO CBsI3ylolero. HaHomonndukaropsl yBe-
JINYMBAIOT CYIIECTBEHHO 3TOT MOKA3aTeNb: TETUIOCTOUMKOCTh
no Buka y KOHTpoJIbHOro (HEMOIUMUIIMPOBAHHOIO ITOJIM-
Mepa) cocraBisier 140°C, a y comepxariero 0,001% MC2
pasHa 180°C (nipupocr Ha 28%).

Takum obGpazom, TexHuueckas: 3(PHeKTUBHOCTb MOIU-
(uLMpoBaHUsS BMOKCUIHOTO CBSI3YIOIIETO MeTaJUI-yIiie-
POIHBIMA HAHOKOMITO3UTAMU HAJIULIO.

B Ta6i. 3 npuBeneHbI JaHHbIE 110 KOJIWYECTBY 9KCTparu-
DYEMBIX B OMOKCUIHBIX CBSI3YIOIIUX, MOAU(DUIIMPOBAHHBIX
YHT (Masterbatch C S1-25). Haub6osee moiHoe oTBepxkie-
HHE BCEX COCTABOB HAOJIOMACTCS TakKe MPU TeMITepaType
150°C. Beenenne YHT He oka3bIBaeT BIUSHUS Ha CTETICHb
OTBEPKIEHMS SMTOKCUIHOTO TTOJIMMepa.

0,0003%) led to the increase of adhesive strength over 50—

70% [6].

Some investigators [7] proposed that the main conditions
of high performance modification of polymer composites by
carbon nanotubes (CNT) are the following:

— homogeneous distribution of CNT over the matrix;

— high adhesion of polymer matrix to CNT surface;

— orientation of CNT in direction of load action (although
this condition is desirable, but awkward in practice).
Pomogailo with coworkers [8] established that the inser-

tion of metal nanoparticles into polymers increased their

thermal stability and heat resistance.

In this work, to modify both binders of PCR, the authors
used the concentrates of carbon and metal-carbon nanopar-
ticles in water and organic solvents — binder components, as
following:

1. Fine dispersed suspension of metal-carbon nanocom-
posite (MC 1, 2, 3, 4) in iso-MTHPA (JSC “IEMZ Kupol”)
used as the curing agent of epoxy resin.

2. Solid MLCNT (Arkema, France) in the carrier agents
of different trademarks as:

— Graphistrength C W2-45 — CNT concentrate in aqueous
medium (loading of dispersed CNT is of 45%) — to
modify the hybrid polyisocyanate — sodium polysilicate
binders;

— Graphistrength C S1-25 — CNT concentrate in organic
medium containing DGEBA monomer, bisphenol A
(content of dispersed CNT is of 25%) — to modify epoxy
and hybrid binders.

Epoxy binders (ED-20 + iso-MTHPA + modifying
agent) were cured for 6 hours at 130, 150, and 170°C. The
depth of curing was estimated by mass content of sol-fraction
using acetone extraction of powdered samples.

Content of extracted components (%) in the epoxy binder
modified by cooper-carbon (CC) nanocomposites is given in
Table 1.

As Table 1 shows, CC composites have no effect on the
depth of curing of network epoxy polymer, but this depth is
influenced significantly by temperature of isothermal heat-
ing. The maximal degree of curing is achieved at 150°C (the
minimal sol-fraction is about 2%), the minimal value — at
130°C (the amount of extracted substances is about 7%).
Probably, the increase of sol-fraction at 170°C is caused by
thermal destruction of polymer.

The highest toughness indexes are observed at 130°C. The
values of compressive strength (MPa), adhesion to steel
(MPa) and thermal resistance (°C) of epoxy binders modified
by copper-carbon nanocomposites are given in Table 2. All
nanocomposites enlarge the strength properties of initial

Tab6nuua 2
Table 2
Copepxatvie MC-komno3nToB B 0TBepauTene, mac. %
Temneparypa CC nanocomposite content in the curing agent, mass %
oTBEpXaeHUs, °C 0 0,001 (MC2) 0,011 (MC1) 0,001 (MC4) 0,011 (MC3)
Curing temperature, °C (CC2) (CC1) (CC4) (CC3)
POYHOCTb NpU Cxatumn, MMa
130 120 131 134 129 130
150 107 118 123 118 125

Bua v copepxanne MC

AnresnoHHas NnpoyHocTb, MiMa

TennocToiikocTb no Buka, °C

KOHTPONbHI cocTas 8,5 141
MC1 (CC1) (0,011%) 10,1 163
MC2 (CC2) (0,001%) 10,6 180
MC3 (CC3) (0,011%) 10,4 160
MC4 (CC4) (0,001%) 9,7 155

(Y PONIEIIBHBIE
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Ta6nuua 3
Table 3
o KonuyecTso akcTparnpyembix BeLecTs, Mac. %, npu cogepxanmm YHT, %
Temneparypa oTsepxaetus, °C Concentration of extracted components, mass. %, at CNT loading, %
Curing temperature, °C
0,001 0,003 0,005 0,01 0,03 0,05 0,1 0,3 0,5
130 6,9 7,1 7 6,9 72 7,5 6,9 7,3 7
150 2,1 2 1,85 2 1,6 1,4 1,9 2 1,8
170 3,5 3,6 3,1 3,4 3 3,3 3,5 3,1 3 3,5

I[Ipn momudukauuy >MOKCUAHBIX CBs3yomux YHT
(8 xommyecte 0,001—0,005 mac. %) anre3smoHHast IIpod-
HOCTb K CTaJIi Ha COBUT Bo3pactaeT Ha 18—23% (c 8,5 mo
10—10,8 MIla).

3aBUCUMOCTh MPOYHOCTH OT KOHUEHTpPAIMM HOCUT
SKCTpeMaibHBIN xapakrep (MakcumyM npu 0,001% YHT)
(puc. 3).

ITpu sToM Temnocroliikocth no Buka cocrasnsier 170°C
(m1a KoHTpoJbHOro cocraBa — 140°C) mpu Temriepatype
oTBepxkIeHus1 oopaszos 150°C.

TakuM o6pa3oM, MOIU(PULIMPOBAHKUE SITTOKCUIHBIX CBSI-
3YIOIINX YIJIEPOAHBIMU HAHOTPYOKAMU TEXHUYECKU TaK Ke
3¢ deKTUBHO, KaK U Meb-yIJIepOTHBIMIU HAHOKOMITO3UTA-
MM, TeM 00Jiee UTO MX ONTUMaJIbHAsl KOHILIEHTpALUs TakKKe
ype3BbyaitHo Mana (0,001% oT Macchl OTBEPIUTENIS).

B o6oux ciaydasx MoauduKauuyu HabIogaeTcs SKCTpe-
MaJibHasl 3aBUCUMOCTb CBOMCTB 3TIOKCUIHO-aHTUAPUIHOTO
MoJMMepa OT KOHIICHTpalluM, KaK W TIpU HATOJHEHUU
SIMOKCUaMUHHOTO TOJMMEPAa MOJIOTBIMUA HAITOJTHUTEIISIMMU.
OnHako MakCHMyM TloKa3aTeJieil JOCTUTaeTCs pU yJabTpa-
MaJIbIX J03aX HaHOpPa3MEPHBIX YacTHIl, YTO aBTOPAMHU M
MPEANnoaraioch.

I[lpu ™Momudukauum yriaepogHbIMU HaHOTPYyOKaMU
OpPraHO-HEOPTaHNYECKUX CBI3YIONINX Ha OCHOBE TIOJTMN30-
MaHaTa ¥ TOJUCHIIMKATa HATPUs MOAMMUIIMPYIOIINE 10-
6aBku Graphistrength C W2-45 u Graphistrength C S1-25
BBOAWJIM COOTBETCTBEHHO B HEOPraHUYECKMIl (MOJIMCHUIIN-
KaT HaTPpHsI) U OPTaHUYECKUH (IMTOJTUM30IIMaHAT) KOMITOHEH-
THI CBA3yIoNIero. KOMIIOHEHTHI CBA3YIONINX CMELIUBAIN Ha
JionactHoi Metanke npu ckopoctu 1500—3000 06/mMuH.
OTBepKIeHNe CBA3YIOIIMX MTPOBOAVIIN TTyTeM CTYIIeHUYATOM
Ter1oBoit o6padbotku mpu 80—100°C.

HccnenoBaHue TeXHOJOIMYECKMX XapaKTePUCTUK CBSI3Y-
IOIIMX TIoKa3ajao, 4To BBeaeHue ngob6aBok YHT 1o
0,3—0,5 mac. % npakTU4YeCKH He BJIMSET Ha BI3KOCTb CUCTEM,
TIPUBOANT K HE3HAYMTELHOMY CHIDKCHHMIO BPEMEHU TeJleo-
opazoBanus (¢ 3 1o 2—2,5 9) ¥ COKpAIICHUIO BPEeMEHU TEILIO-
BOi1 00paboTKu (¢ 6 10 4—4,54), YTO CBUIETEILCTBYET 00
YCKOPEHMHM TPOLIECCOB OTBEPXKAEHUS CBS3YIOLIUX B MPUCYT-
ctBur YHT. B ta0:1. 4 mpuBeneHbI TEXHOJIOTMYECKUE XapaKTe-
PUCTUKY HAHOMOAN(DUIIMPOBAHHBIX TUOPUIHBIX CBSI3YIOIINX.

MeTonoM CKaHMPYIOIIEH 3JIeKTPOHHON MUKPOCKOITMHU
yCTaHOBJIEHA reTepoda3Hast CTPYKTypa OTBEPKACHHBIX CBSI-
3ytomux (puc. 4). Ilo 1TaHHBIM MUKPO30HIOBOTO PEHTTEHO-
CIIEKTPAJILHOIO aHaau3a, JUCTIEPCUOHHAs cpefa WIEHTHU-
dunupyercst B ocHoBHoM atomamu C, N u O, T. e. MaTpuiia
TpeicTaBIeHa 00pa3yIoIIMMUCS B X0Ie XUMUYECKUX peak-
LW TIoJIMMEpaMu — TIOJIMYPETAaHOM, TIOJUMOYEBUHON U
MOJIMA30LIMAaHypaToOM, a AucHepcHas ¢asza oboraiieHa Si u
Na, T. e. ABsIETCS MPOLYKTOM TMOJMKOHASHCALIUM MOJIUCH -
JIMKaTa HaTpusl.

DIEKTPOHHO-MUKPOCKONMUYECKHUE CHUMKHU CBUETENb-
CTBYIOT O TOM, YTO BBel€HHME B KauyecTBe Momu(UKaTopa
MHorocoiHbix YHT (kak B monuu3onaHar, Tak v B MOJIA-
CWJIMKAT HaTpHsl) CIIOCOOCTBYeT (pOpMHUPOBAHUIO OOJIee Of-
HOpOIHOI (ha30BOIt CTPYKTYpHl (puc. 4, 6), YMEHBIIEHUIO
CcpeHero pasMepa 4yacTHIl ITMCrepcHoi (a3bl B aBa pasa
(c 4,4 MKM — 111 HEMOIU(DULIMPOBAHHOTO CBSI3YIOIIETO J10

binder: adhesion to steel over 18—25%: from 8.5 MPa up to
10—10.6 MPa, the compression strength — over 7—16%.

One of the important indexes of PCR is a thermal resis-
tance defined by glass temperature of polymer binder.
Nanomodifiers significantly increase this index: a Vicat soft-
ening point of a reference sample (a non-modified polymer)
is equal to 140°C, while for the polymer sample containing
0,001% of CC2 it is equal to 180°C (growth over 28%).

Thus, the technical efficiency of modification of epoxy
binders by metal-carbon nanocomposites is evident.

Table 3 shows the quantities of extracted components of
epoxy binders modified by CNT (Masterbatch C S1-25).

The most complete curing of all compositions was ob-
served at 150°C. Introduction of CNT had no effect on the
degree of curing of epoxy polymer.

CNT modification of epoxy binders (CNT loading is
0,001—0,005 mass. %) caused the increase of an adhesion
shear strength to steel over 18—23% (from 8.5 MPa up to
10—10.8 MPa).

The concentration dependence of strength occurred to be
an extremal function: the maximal value is observed at CNT
loading of 0,001% (see Fig. 3).

At the same time, the Vicat softening point is equal to
170°C (for the reference composition it was equal to 140°C)
at curing temperature of 150°C.

Thus, CNT modification of epoxy binder occurred to be
efficient as well as the modification by cooper-carbon nano-
composites, especially, because an optimum CNT loading is
also very low (0,001% of mass of curing agent).

In both cases of modification, the extremal concentration
dependences of epoxy-anhydride polymer properties were
observed, as well as in the case of filling of epoxy-amine poly-

MpoyHocTbL Npu cxaTtun, MlMa
Compression strength, MPa

90 | | | | |

0 0,001 0,002 0,003 0,004

CopepxaHue YHT B cBa3ytowem, mac. %
Content of CNT in the curing agent (iso-MTHPA), mass. %

0,005

Puc. 3. 3aB1UCUMOCTb MPOYHOCTUN MPU CXATUN SMOKCULHOMO CBA3YIOLLEro
oT coaepxaHus YHT B otBepautene (n3o-MTIDA): 1 - rubpugHoe cesasyto-
wee, mogndnumpoBaHHoe gobaekoi C S1-25; 2 — rubpuaHoe ceasyoulee,
MoanduumpoBaHHoe nobaskoit C W2-45

Fig. 3. Dependence of compression strength of epoxy binder on CNT
loading in the curing agent (iso- MTHPA): 1 - the hybrid binder modified by

arl=)=E

2,3MKM — [JIa CBS3yollero, MoauGHUIMPOBAHHOIO  additive C S1-25; 2 - the hybrid binder modified by additive C W2-45
HAy4HO-MexXHU4eCcKuil U npou3800CHEEHHbII JCYPHAN Q PONIEI]
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Puc. 4. MukpodoTorpadum oTBepXAeHHbIX CBA3YOLMX Npu yBennyeHnn 1000x: a — HemoanduumpoBaHHoe (McxoaHoe) rubpuaHoe ceaaytollee; 6 — Moan-

durumpoaHHoe YHT (coaepxanue YHT 0,1%)

Fig. 4. Micrograph of the cured binders, 1000-fold magnification: a — non-modified (initial) hybrid binder; b — CNT modified binder (CNT content is of 0.1%)

0,1 mac. % YHT) m cHMXeHUIO MaKCMMAaJIbHOTO pa3Mepa
yactull (¢ 11 mo 4,5 MxMm).

3aBUCMMOCTH TTPOYHOCTH MPY CXATUU TMOPUIHBIX CBSI-
3ytomux ot coaepxxanus Y HT HocaT akcTpeMabHbIN Xapak-
tep (puc. 5). [1pu ucnonaszoBanuu Mmoaudukaropa C W2-45
(BBeIeHYE B ITOJIMCUINKAT HATPUSI) TIPOYHOCTh MPU CKATUU
Bo3pacTtaeT ¢ 98 mo 120—125 MIla mpu 0,1% comepkaHuu
VHT. Ilpu ucnons3oBanuu Mmogugukaropa C S1-25 (BBene-
HUE B TMOJMU30LMAHAT) MPOYHOCTh MPY CXKATUW JOCTUTaeT
136 MTIla ipu 0,25% conepxanvu YHT.

TemnocToMKOCTh TUOPUIHBIX CBSA3YIOLIIUX MPU MOIM-
dukamuu YHT Bospacraet Ha 15—25°C (¢ 260—265°C mist
HeMOIUMUIIMPOBAHHBIX CBA3ylomux a0 280—290°C mpu
momudukanuu cBsa3ywomux YHT B kommuectBe 0,05—
0,3 mac. %).

H3MeHeHne PU3MKO-MEeXaHUUYECKUX U IPYTHUX XapaKTe-
PUCTUK TMOPUAHBIX CBSI3YIOUIMX MTPU BBEIEHUU MOIUPULIM-
pyooimx 100aBoK 00YCIOBJICHO apMUPYIOIIUM JIeHCTBUEM
HarmoJIHUTeNsI, a Takke BaussHueM YHT Ha mpoieccs
OTBEePKIEHUS U (POPMUPOBAHUS CTPYKTYPBI OTBEPXKICHHBIX
KOMITO3UTOB.

Takum o6pazoM, HaHOMOAMDUIIMPOBAHKE IBYX PA3HBIX
BUIIOB CBSI3YIOIIUX MOJMMEPKOMIIO3UTHON apMmaTypbl —

130

120

110

MpoyHoCTbL Npun cxaTtuun, Mla
Compression strength, MPa

100

90 1 1 1 1 1
0 0,002 0,004 0,006 0,008 0,01

Copepxarue YHT B u3o-MTI A, mac. %
Content of CNT in the hybrid binders, mass. %

Puc. 5. 3aBMCMMOCTb MPOYHOCTM NPU CXaTum rMOPUOHOIro CBA3YIOLLErO OT
cogepxaHus YHT

Fig. 5. The dependence of compression strength of the hybrid binders on
CNT loading

(CYPONIENIBHBIE

mer by ground fillers. However, it was found that the highest
value of indexes was achieved at ultra-low content of
nanoparticles in accordance with the expectations of authors.

In the case of CNT modification of polyisocyanate — so-
dium polysilicate binders, the modifying additives,
Graphistrength C W2-45 and Graphistrength C S1-25, were
inserted into non-organic (sodium polysilicate) and organic
(polyisocyanate) components, correspondingly. Binder
components were blended in a paddle mixer at a speed of
1500—3000 r/min. Binder curing was performed by a stepped
thermal treatment at 80—100°C.

Investigation of technological features of binders revealed
that insertion of CNT additives in amount of 0.3—0.5 mass.
% practically had no effect on viscosity of the systems, but it
caused insignificant reduction of gel time (from 3 up to
2—2.5 hours) and noticeable reduction of heat treatment du-
ration (from 6 to 4—4.5 hours). All these effects are the evi-
dences of acceleration of curing processes in binders with
CNT. Table 4 gives the technological features of the nano-
modified hybrid binders.

Scan electron microscopy found the heterophase struc-
ture of cured binders (see Fig. 4). According to the micro-
probe spectrometry data, the disperse medium is identified by
C, N and O atoms (notably, the matrix is formed by the prod-
ucts of chemical reactions — polyurethane, polyurea and
polyisocyanurate), while the dispersed phase is enriched by Si
and Na species (notably, it is a product of polycondensation
of sodium polysilicate).

Electron micrographs evidenced that insertion of multi-
layered CNT, as the modifier (both into polyisocyanate and
sodium polysilicate), promotes the formation of more homo-
geneous phase structure (Fig. 4, b): a two-fold decrease of
average sizes of particles of dispersed phase (from 4.4 um for
non-modified binder up to 2.3 pm for the binder modified by
0.1 mass. % CNT), and a decrease of maximal particle size
(from 11 up to 4.5 pm).

Dependence of compression strength of hybrid binders
on CNT loading occurred to be extremal function (Figure 5).
Insertion of the C W2-45 modifier into sodium polysilicate
led to the compression strength increased from 98 up to
120—125 MPa at 0.1% CNT loading. In the case of insertion
of the modifying additive C S1-25 into polyisocyanate, the
compressive strength attained the value of 136 MPa at CNT
loading equal to 0.25%.

Thermal resistance of the hybrid binders modified by
CNT increased over 15—25°C: from 260—265°C — for non-
modified binders up to 280—290°C — for binders modified by
CNT (0.05—0.3%).
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Ta6nuua 4
Table 4
Mogunduumpytowas gobaska Copepxanue YHT, mac. % Bpems reneobpasoBaHusi, MuH Bpems otBepxaeHus npu TO, 4
Modifying additive CNT loading mass. % Gel time, min Curing time at heat treatment, hours
- 0 180 6
0,05 170 6
) 0,1 160 5
Graphistrength C W2-45
0,3 150 5
0,5 150 4,5
0,05 160 55
. 0,1 140 5
Graphistrength C S1-25
0,3 135 4,5
0,5 120 4

SIOKCUIHOTO Y THOPUIHOrO (OpraHO-HEOPTaHUYECKOTIO)
MPUBOAUT K 3HAUYUTEIbHOMY TOBBIIIEHUIO WX OCHOBHBIX
SKCIUTYaTallMOHHO-TEXHUYECKUX CBOMCTB: MMPOYHOCTHU, aji-
re3UH, TETUIOCTOMKOCTH TIPU YJIbTPaMaJIblX KOHLIEHTPAIUSIX
MOJU(PUKATOPOB — YIJIEPOIHBIX HAHOYACTHII.

IIpu 3TOM 3aKOHOMEPHOCTM HAaHOMOIM(UIIMPOBAHUS
MPOSIBJISIIOTCS B BUIE 9KCTPEMAJIbHBIX 3aBUCUMOCTEN POy~
HOCTH U TEIUIOCTOMKOCTU (0e3 M3MEeHEeHHs CTelIeHU OTBEp-
KIEHUsI) aHAJIOTUYHO U3MEHEHUIO CBOMCTB MPU HAIMOJHE-
HUU 3MOKCUAHBIX MOJIUMEPOB TOHKOAUCIIEPCHBIMU HATOJ-
HUTEJISIMU. DTO TTO3BOJISIET C/IeJIaTh BBIBOJ O €IMHOM MeXa-
HU3Me HaHOMOIUGUIIMPOBAHUS U YCWICHUS TOJIMMEPOB
HaTOJHUTEISIMU.

IMonyyeHHble pe3yabTaThl HAHOMOAU(MUUMPOBAHUS
CBS3YIOLIUX SBJISIFOTCS TEXHOJOTMYECKOM OCHOBOM yCujie-
HUS TOJUMEPKOMIIO3UTOB N00aBKaAMU HaHOPa3MEpPHBIX
YIJIEPOIHBIX YACTHUII.

KioueBble c€lI0Ba: 1OAUMEPKOMNOZUMHASL apMamypa,
9NOKCUOHbBle C8A3YIoWUe, cUOPUOHbIE OPeaHO-HeOpeaHUYecKuUe
ceasyomue, HAHOMOOUPUUUPOBAHUe, NPOYHOCMb NPU CHCA-
muu, meniocmouKocme.
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HAY4HO-MeXHU4eCcKUil U npou3800CMEeHHbLIL HCYPHAA Q POVIIED]

Variations of physical-mechanical and other properties of
the hybrid binders caused by introducing the modifying
agents are due both to reinforcing action by filler and the in-
fluence of CNT on the curing processes, and formation of
structure of cured composites.

Thus, the nano-modification of two different kinds of
binders of polymer composite reinforcement: epoxy and hy-
brid (organic-inorganic) binders, led to a sensible rise of
major performance features as strength, adhesion, thermal
resistance at ultra-low loading of modifying agent — carbon
nanoparticles.

At the same time, the regularities of nano-modification
display in the extremal dependences of strength and heat re-
sistance (without variations of degree of curing) similar to the
variations of properties due to filling of epoxy polymers by
fine dispersed fillers. Thus, the identical mechanism of nano-
modification and enhancement of polymers by fillers should
be proposed.

The results obtained for the nano-modication of binders
can serve as a technological basis of enhancement of polymer
composites by carbon nano-additives.

Keywords: polymer composite reinforcement, epoxy binders,
hybrid organic-inorganic binders, nano-modification, compres-
sion strength, thermal resistance.
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