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Fumed silica (FS) is widely used in numerous fields of application, the plastics industry being one of the most
significance, where FS has proved to be successful as an efficient thickening, thixotropic, and anti-settling agent, as
well as reinforcing filler. Chemical modification of silica surface enlarges its functional capabilities. In particular,
silica with grafted silicon hydride groups was found to be active in the processes of hydrosilylation of alkene and
alkyne bonds in monomers during their polymerization, resulting in the formation of reinforced polymeric
composites. Recently, specific epoxy resins have gained significance, and FS was found to be useful, particularly as
rheological additive. The aim of this study was to evaluate the efficiency of hydride-silylated FS (HFS) as a
potentially active reinforcing component for epoxy-based polymers. The activation energy for hydrosilylation of
olefins is higher than that for ring-opening polymerization of epoxides, therefore, one may expect the latter process
with participation of =SiH groups to proceed more readily.

HFS was obtained via FS treatment with triethoxysilane. The presence of grafted silicon hydride groups was
confirmed by means of IR spectroscopy, and their concentration measured by titrimetric and spectrophotometric
analysis was found to be about 0.4 mmol/g. FS-epoxy and HFS-epoxy composites were prepared by the
corresponding filler introduction (2 wt. % loading) into the mixture of epoxy monomer and amine hardener. The
resulted materials after curing were subject to compression, bending, and adhesion tests.

Compression tests revealed that filling with FS and HFS reduced the compressive strength by 10%, however,
HFS-epoxy composite was found to possess an increased by 20 % Young’s modulus for compression as compared to
that for the unfilled epoxy polymer. Upon this, 2 wt. % loading with silicas keeps the ductility of the polymer. Also,
silica-containing epoxy polymers showed an improved bending strength and bending modulus, the former being two
times higher for HF S-epoxy composite than that for the unfilled polymer. The adhesion to steel was found to increase
by more than 2 times upon filling with silicas, HFS-epoxy composite being also superior as compared to the
FS-epoxy one. Thus, preliminary results indicate that fumed silica with grafted silicon hydride groups shows promise
as active reinforcing filler for epoxy polymers.
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INTRODUCTION assembling, jewelry, and so on [7]. Recently,
specific epoxy resins have gained significance, and
FS was found to be useful, particularly as
rheological additive [3, 8]. The aim of this study
was to evaluate the efficiency of hydride-silylated
FS (HFS) as a potentially active reinforcing
component for epoxy-based polymers. The
activation energy for hydrosilylation of olefins
(140-160 kJ/mol) is higher than that for ring-
opening polymerization of epoxides (~110 kJ/mol)
[9], therefore, one may expect the latter process to
proceed more readily with participation of =SiH
groups at elevated temperature during the epoxy
curing, and likely with no need to use the costly
catalysts.

Fumed silica (FS) is widely used in numerous
fields of application [1, 2], the plastics industry
being one of the most significance, where FS has
proved to be successful as an efficient thickening,
thixotropic, and anti-settling agent, as well as
reinforcing filler [3]. Chemical modification of
silica surface enlarges its functional capabilities. In
particular, silica with grafted silicon hydride groups
was found to be active in the processes of reduction
in aqueous medium [4,5] as well as in the
processes of catalytic hydrosilylation of alkene
bonds in monomers during their polymerization,
resulting in the formation of reinforced polymeric
composites [6]. Among the variety of the polymers,
epoxides represent an important class of EXPERIMENTAL
thermosetting resins. The abundance of their
applications is vast, including, for example,
aircraft, train and car manufacturing, electronic

FS with a specific surface area of 300 m%/g
(A-300, Kalush, Ukraine) was used as an initial
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filler. HFS was obtained via FS treatment with
triethoxysilane. The procedure of hydrophobic
(SiH-1) and hydrophilic-hydrophobic (SiH-2)
HFS synthesis was as follows.

SiH-1 synthesis: 20 g of silica A-300 were
placed into the 3-necked glass reactor and 4 mL
of triethoxysilane (95 % purity, Acros Organics)
were added dropwise at high agitation speed.
Then the mixture was agitated at the same speed
for additional hour at room temperature. After
that 10 g of the resulted powder were taken out
for the SiH-2 synthesis, and the residual material
was heated for two hours at 90 °C (to remove the
reaction product — ethanol) and then at 140 °C
for another hour (to remove the residual
modifying agent).

SiH-2 synthesis: 10 g of silica obtained in
the first part of the SiH-1 sample synthesis were
placed into the 3-necked glass reactor and 1 mL
of distilled water was added dropwise at high
agitation speed. Then the mixture was agitated at
the same speed for additional hour at room
temperature. After that the resulted material was
heated for two hours at 90 °C and then at 140 °C
for another hour.

The presence of grafted silicon hydride
groups in SiH-1 and SiH-2 samples was
confirmed by means of IR spectroscopy, and
their concentration measured by
spectrophotometric analysis (the procedure is
described elsewhere [10]) was found to be about
0.4 mmol/g. IR spectra were recorded using a
Thermo Nicolet Nexus spectrophotometer within
the region of wavenumbers 4000-400 cm™'. For
the spectra registration, the silica powders were
mixed with KBr in a ratio of 1:10.

The morphology of initial and modified
fumed silica samples was studied by means of
SEM microscopy (Zeiss Gemini 500, Germany).
The specific surface area of silicas was derived
from the low-temperature nitrogen adsorption
isotherms using the BET method (Quantachrome
AUTOSORB-6B sorptometer, USA).

FS-epoxy and HFS-epoxy composites were
prepared by the corresponding filler introduction
(2 wt. % loading) into the mixture of epoxy
monomer (Epoxy520, Czech Republic) and
amine hardener (PEPA, resin:hardener ratio 5:1)
at constant mechanical stirring under normal
conditions, without vacuum treatment. After
mixing, the compositions were treated at 60 °C
for 5min (to remove the air bubbles). After
3 days of initial curing, the resulted materials
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were heat-treated at elevated temperature for
5-7h for mechanical tests (compression,
bending, and adhesion). Compression tests were
performed using a L. Shopper press-machine and
cylindrical samples (D = 6.5 mm, H = 11.0 + 0.5 mm)
in accordance with ISO 604:2002. For bending
tests (GOST 56810-2015), plates with a size of
6x1x0.2 cm were made. Their bending fracture
was carried out using a bending test machine
with a length between the supports L =3 cm.
The peel adhesion test was carried out according
to ISO 4624:2002 and GOST 32299-2013, using
steel cylinders with diameter 2.2 cm.

RESULTS AND DISCUSSION

The scheme of silica surface hydride-
silylation is given in Fig. 1. The presence of
three ethoxy groups in the silanizing agent
molecule, although provides high reactivity,
however, during chemisorption, leads to the
formation of various surface structures as a result
of mono-, bi-, or tridentate anchoring of the
modifying agent molecules to silica surface.
After the contact of modified silica surface with
air moisture, some of the grafted ethoxy groups
could hydrolyse to yield silanol groups.
Nevertheless, at a relatively high concentration
of grafted silicon hydride groups (above
0.3 mmol/g) the resulted silica for a while is
poorly or not wettable at all with water. The
purposeful hydrolysis of ethoxy groups via the
water addition during the modification process
allows one to obtain hydrophilized silica with
almost complete substitution of organic groups
with silanol ones, however, some part of silicon
hydride groups may also hydrolyse to yield
silanol  groups, especially at elevated
temperature.

Modification with triethoxysilane under
quasi fluidised bed conditions applied only
slightly decreased the specific surface of fumed
silica — from 319 m%*g (A-300) to 310 m%g
(SiH-2). SEM images (Fig.2) also confirm
minimum influence of surface modification on
the structure and morphology of silica primary
particles and agglomerates.

Fig 3 shows IR spectra of the samples under
study. The distinct narrow absorption band at
3750 cm ™' in the FS spectrum (A-300) is due to
stretching vibrations of O-H in free silanol
groups. This band is also registered in the IR
spectra of SiH-1 and SiH-2. Its reduced intensity
is a consequence of partial substitution of OH
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groups as a result of hydride-silylation. In the
case of SiH-1 (very low intensity) it indicates the
presence of residual free silanol groups, and in
the case of SiH-2 (higher intensity) it confirms
the presence of additional =SiOH groups formed
mainly due to ethoxy groups hydrolysis. The
presence of absorption bands at about 2250 cm™
(intense, stretching vibrations of Si-H bonds),
and those in the region of 2900-2985cm™

bonds) indicates the presence of grafted silicon
hydride and ethoxy-silyl groups, respectively, at
the surface layer of HFS. And again, less
intensity of absorption bands attributed to the
presence of ethoxy groups in SiH-2 sample as
compared to those for the SiH-1 sample
confirms, though not complete, hydrolysis of
grafted ethoxy groups after hydrophilization of
SiH-1 sample via its treatment with water.

(lower intensity, stretching vibrations of C-H
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Fig. 1. A scheme of silica surface hydride-silylation with triethoxysilane. Some functional groups hydrolyze in air
or during water addition to produce silanols (X = OH)

Fig. 2. SEM images of the initial fumed silica A-300 (a) and after modification with triethoxysilane and then with
water (SiH-2 silica) (b)
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Fig. 3. IR spectra of initial (A-300) and hydride- Fig. 4. Typical compressive stress-strain curves for the

silylated silicas before (SiH-1) and after
water addition (SiH-2)

The typical compressive stress-strain curves
for neat epoxy and epoxy filled with pristine or
hydride-silylated silicas are shown in Fig. 4. As
one can see, 2 wt. % introduction of silica,
whether it is surface-modified or not, does not
change drastically the shape of the stress-strain

Table.

unfilled epoxy resin and filled with initial (A-300)
and hydride-silylated (SiH-1, SiH-2) silicas at 2
wt% loading

curve, thus keeping relatively high strength and
ductility of epoxy polymer. More detailed results
on the investigation of some mechanical
properties of silica-containing epoxy composites
are given in Table.

Some mechanical properties (in MPa) of epoxy polymer filled with initial or hydride-silylated fumed silica

Parameter® \ Sample Neat epoxy A-300/epoxy SiH-1/epoxy SiH-2/epoxy
Yield compressive strength 100+5 91+3 88+10 92+6
Ultimate compressive strength 130£12 129+6 94+19 97+10
Young’s modulus for compression 1070445 1218+43 1120+142 1302+43
Bending strength 56+3 82422 64+5 10945
Young’s modulus for bending 1275498 1765+105 1570496 1470483
Adhesive strength 15+4 2849 41£10 36+14

* — each value is an average of at least three independent tests

The data from this Table show that 2 wt. %
silica loading increases the Young’s modulus for
compression and bending generally by 20-30 %,
and even more this influence is observed for an
increase in adhesion to steel — from about twice
as much for unmodified fumed silica to about
twice and a half for hydrophilic-hydrophobic and
to approximately triple for hydrophobic hydride-
silylated silica. Also, the bending strength grows
upon epoxy filling with silica, the effect being
the most pronounced for hydrophilic hydride-
silylated silica. Besides, filling with silica
generally decreased the compressive strength of
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epoxy resin, the influence was generally more
pronounced for modified silica.

As for the role of the specific surface groups,
it appears that =SiOH groups are important for
the bending strength improvement as well as for
the increase in Young’s modulus and adhesive
strength (adhesion to steel), while surface =SiH
groups are also responsible for an increase in
Young’s modulus and adhesive strength. The
latter parameter increases in higher extend when
hydrophobic hydride-silylated silica is used
instead of the hydrophilic-hydrophobic one. All
of these findings suggest that, beside the stiffing
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function of rigid silica nanoparticles [11], the
structuring role of surface =SiOH and =SiH
groups may be an important factor for epoxy
polymer reinforcement. A scheme of possible

interaction of these groups with the polymer
matrix during the curing process at elevated
temperature is shown in Fig. 5.
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Fig. 5. The scheme of the epoxy resin polymerization in the presence of an amine hardener, and possible
participation of surface silanol and/or silicon hydride groups in this process at elevated temperature

The activation energy of silanol groups
interaction with epoxides resulting in the oxirane
ring opening is about 75-90 kJ/mol, and the
reaction proceeds at the temperatures of
150-170 °C [12] when common curing of the
epoxides is possible (up to 200 °C). Keeping in
mind that the activation energy for ring-opening
polymerization of epoxides (~110kJ/mol) is
close to that for silanols interaction with epoxy,
it is likely that the temperature range of
150200 °C is enough for =SiH groups to also
chemically interact with epoxides without

488

catalyst. The surface =SiH (in comparison to
=SiOH) groups show much more promise in this
respect because, aside from better compatibility
and Dbeside the possible formation of
hydrolytically unstable Si-O—C bonds, the stable
Si—C bonds may form during the ring-opening
polymerization of epoxides in the presence of
hydride-silylated silica. To reveal the role of
silica filler surface =SiH groups in epoxy
reinforcement in detail, further, more systematic
studies are to be performed.
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CONCLUSION filling with silicas, HFS-epoxy composite being
also superior as compared to the FS-epoxy one.
Thus, preliminary results indicate that fumed
silica with grafted silicon hydride groups shows
promise as active reinforcing filler for epoxy
polymers, and more systematic studies are to be
performed in order to elucidate the role of
surface =SiH groups in strengthening of the
epoxy polymers with hydride-silica.

Filling of epoxy resin with pristine (FS) or
hydride-silylated (HFS) fumed silica (2 wt. %)
reduces the compressive strength by 10 %,
however, silica-epoxy composites were found to
possess an increased by 20 % Young’s modulus
for compression as compared to that for the
unfilled epoxy polymer. Upon this, 2 wt. %
loading with silicas keeps the ductility of the
polymer. Silica-containing epoxy polymers also ACKNOWLEDGEMENT
show an improved bending strength and bending
modulus, the former being of up to two times
higher for HFS-epoxy composite than that for
the unfilled polymer. The adhesion to steel was
found to increase by more than two times upon
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and modified silica samples.

ITocuneHHs1 eMOKCHIHUX MOJTiMepiB riApUACHIILOBAHUM MiPOreHHUM KPeMHe3eMOM
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Tuemumym ximii nogepxui in. O.0. Yyuxa Hayionanvuoi akademii nayx Yxpainu
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Iipozennuii kpemnezem (IIK) wupoko eukopucmosyemvcs y 6a2amvox 2aiy3sax, npuvomy iHOycmpis niacmmac
€ oomicro i3 Haubinbw snaunux, de 11K euseuscs epexmusHum 5K 3a2yuy8ay, AHMU3LEdNCY8ay i MUKCOMPONHULL
azewm, a Maxodc NOCUTNIOIOUUL HANOGHIOBAY. XiMmiuHe MOOUQIKYBAHHS NOBEPXHI KpeMHEe3eMy DOWUPIOE 1020
@yHryionanvHi moocausocmi. 3okpema, OY10 GUABNEHO, WO KpeMHe3eM 3 NpUuyenieHUMU KPeMHIilleiOpUOHUMU
2PYRAMU € GKMUBHUM Y BpOYecax 2iOpoCUNIIOBAHHS AIKEHOBUX Ma AJIKIHOBUX 38 S13KI8 Y MOHOMepAx nio uac ixuvoi
noaiMepusayii, GHACIIOOK Y020 YMEOPIOIMbC NOCUNeHI nonimepui komnozumu. OcmaHuiM yacom HaOyIu
sHauywocmi cneyuiuni enoxcuoni cmonu, i 1K eusisuscs egpexmusHum, y momy 4ucii 5Kk peonociuHa 000asKa.
Memoro danoi pobomu 6yno oyinumu egpexmusnicms 2iopudcuninvosanozo IIK (I'TIK) sax nomenyitino akmueHozo
NOCUNIOIOY020 KOMNOHEHMA y CKIa0i enoKCUOHuUx noaimepis. Enepeiss axmusayii 2iopocunintoganus oneqinie €
6UWOI0 3 MAKy O NOAIMepu3ayii enokcudie 3 po3pueom YUKILY, OmIice, MOJICHA OYIKysamu, wo nepedie
ocmanHb020 npoyecy 3a yuacmio =SiH epyn 6i0bysamumemvca y Oinbid M AKUX YMOBAX.

I'TIK 6yno odepacano obpodxror IIK mpuemoxcucunanom. Hassnicme npuwenieHux KpemHitiziopuOHux zpyn
niomeepodiceno memooom 14 cnexmpockonii, a ixHs KOHYeHMPAayisn, SUHAYEHA MemOoOamu MUmMpuUMempuiHozo i
cnekmpoghomomempuuno2o ananizy, ckiana 6ausero 0.4 mmonv/z. I1K- ma I'lIK-enoxcudui xomnozumu 00epicano
WIAXOM 8HeceHHs 8I0N08IOH020 Hanoguiosaua (2 mac. %) y cymiui enoKCUOH020 MOHOMePA Ma 3ameepodcy8aid Ha
OCHO8I aminy. Ymeopeni mamepianu nicisi 3ameepointsa UNpobo8y6aiu Ha CIMUCKAHHSL, 32UHAHHS MA A02e31io.

Tecmu nokaszanu, wo nanoenenns enoxcuonoi cmonu IIK i I'TIK na 10 % 3nudscye miynicmes HA CMUCKAHHS,
npome susieneno, wo I'TIK-enoxcuonuti komnosum mae niosuweruil Ha 20 % mMoOyib NPY’CHOCMI HA CIMUCKAHHS )
NOPIBHAHHI 3 MAKUM Olsi HeHANnosHeHo2o noaimepa. Ilpu yvomy, nanosuenns 2 mac. % kpemuesemamu 30epicac
nracmuynicms noaimepa. Kpim moeo, Hanoreui enoKcuoHi noiimepu nokasaniu NOKpaujeHy MiyHicms ma Moo0yib
NPYACHOCMI HA 32UH, npudomy miyHicmo oas I TIK-enokcuono2o KoMno3umy 6UasULAch 606yl 8UOIO 3d MAKY O
HeHanosHeHo2o nolimepa. Takosc cmanoeieHo, wo npu HANOBHEHHI KpeMHe3eMOM aozesis 00 Cmaii 30iTbuyemobcs
oinvue Hioe y 2 pasu, npuuomy I'TIK-enokcuonutl KOMno3um maxoxic nepesepuiye Komnosum, wo micmumo IIK.
Taxum yunom, nonepedHi pezyiemamu c8i0yamsv NPo me, WO KpemHe3eM 3 NpUuljenieHuMu KpeMHiti2iopuoHumu
2pynamu € nepcneKmueHUM HOCUTIOIOUUM HANOBHI08AYeM OISl eNOKCUOHUX NOIiMepis.

Knrouosi cnoea: kpemnesem, KpemHil2iOpuoHi epynu, enoKcuoHi noiimepu, NnoCUIeHHs
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Ycuiaenune IMOKCUIHBIX IMOJUMEPOB rMAPHUACWINIHPOBAHHBIM IMUPOTr€HHBIM KPEMHE3EMOM
I1.A. Ky3ema, /I.JI. Ctapokanomckuii, A.A. Tkauyenko, B.A. TepTbix

Hnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonanvroii akademuu Hayk Yxkpaurol
ya. Ienepana Haymosa, 17, Kues, 03164, Yxkpauna, coralchance@gmail.com

Tupocennviii kpemnesem (1K) wupoko ucnoawb3yemcsi 60 MHO2UX OMpPACAX, Npudem UHOYCMpPUst RAACMMACC
saensemcss 0OHou u3 Haubonee 3uauumelx, 20e IIK oxazancs sggexmusnuviv 6 Kavecmee 3azycmumens,
anmucnedcusamens U MUKCOMPONHO20 d2eHmd, a makdce ycuuugaroujeeo Hanoanumens. Xumuueckoe
MoOuuyuposanue nOBEPXHOCMU KpemHe3eMd pacuiupsiem e2o0 (QYHKYUOHATbHbIE 803MOJCHOCMU. B uacmuocmu,
ObLIO  OOHAPYIICEHO, YO KpeMHe3eM C NPUSUMbIMU KPEMHUUSUOPUOHBIMU 2DYRANAMU AKMUBEH 6 Npoyeccax
2UOPOCUTUNUPOBANUSL ATIKEHOBBIX U AIKUHOBLIX CE53€ll 6 MOHOMEPAX 60 8PEMS UX NOAUMEPUZAYUU, 8CLeOCTNBUE 4e20
06paszyiomcs  ycuienuvie NOJUMepHble KOMno3umel. B nocneduwee epemsi cneyuduueckue 5NOKCUOHbBIE CMOIbL
npuobpenu snayumocmo, u I[IK oxazancsa spgpexmueen, 8 mom uucie kax peonozudeckas 0obaexa. Llenvio 0annol
pabomul ObL10 OoyeHums 3pexmusnocms cuopuocununuposannoeo 1K (I'TIK) kax nomenyuanvHo axmueHo2o
VCUTUBAIOWE20 KOMNOHEHMA 6 COCMABEe INOKCUOHBIX HOIUMEPOS. DHepeusi akmueayuu 2UuOpOCUTUIUPOBAHUS
oneunos eviule MaKoGol Oisi NOIUMEPUIAYUL INOKCUOOE C PA3PLIGOM YUKILA, MAKOM 00PA3OM, MOJICHO 0AHCUOAND,
umo nocnedHuil npoyecc ¢ yuacmuem =SiH Oyoem npomekams 8 60.1ee MASKUX YCIOBUSIX.

TI'TIK 6vin nonyuen obpabomkoi IIK mpusmokcucunanom. Hanuuue npusumvlx KpeMHUUSUOPUOHBIX ZpYnn
noomeepaicoeno  memooom MK — cnekmpockonuu, a ux —KOHYeHmpayus, OnpeoeienHas  Memooamu
MUMPUMEMPULECKO20 U  CHEKMPODOMoMempuieckozo aunamusza, cocmasuia npumepro 0.4 mmonv/e. IIK- u
I'TIK-3n0xcudnvie xomnosumul ObLIU NOLYHEHbL NYMEM BHECEeHUs. coomeemcemeayrouje2o nanornumens (2 macc. %) 6
CcMeCb  INOKCUOHO20 MOHOMepa U omeepoumens Ha ocHoee amuna. Obpazoeasuiuecs mamepuanvl HoOcle
OMBEPICOCHUS UCHBIMBIBANU HA CoCamue, uzzub u adzesuio.

Tecmul noxkazanu, umo Hanoanerue snoxcuonou cmoavt IIK u I'TIK na 10 % chusicaem npounocms Ha coicamue,
00Hako o6Hapycero, umo ITIK-3noxcudusiti komnosum umeem nogviueHnvii Ha 20 % modyas ynpyzocmu Ha
colcamue no CPAGHEHUI0 ¢ MAKo8biM O/l HEeHAnoaHeHHo2o noaumepa. Illpu smom, wnanonnenue 2 macc. %
KpeMHe3eMamu CoXpansiem niacmuyHocms noaumepd. Kpome mozo, nanoinennvle 3n0KCUOHble NOIUMEPLL NOKA3AIU
VAYYUEHHble NPOYHOCMb U MOOYIb YApy2ocmu Ha u3zeud, npudem npounocms [ TIK-3nokcudHo2o KoMnosuma
oKazanace 6 06a pasza eviule, 4em 6 Clyyde HEHANOIHEHHO20 NOAUMEpd. Ycmanoeneno, umo npu HAnOIHeHUU
KpemHeseMamil ao2e3us K CMaibHOU NO8epXHOCU yeenudusaemcs 6onee yem 6 08a pasa, npudem I TIK-3noxcuomsil
KOMRO3UmM makaice npesocxooum xomnosum, cooepocawuii 1IK. Taxum obpaszom, npedsapumenbHole pe3yavbmamol
CBUOEMENbCMBYIOM O MOM, HYMO KpeMHe3eM ¢ NPUSUMbIMU  KPEMHUUSUOPUOHBIMU — CPYRNAMU  SIGIAEMCS
NepPCnekmuGHbIM YCUTUBAIOWUM HANOTHUMENEM OJisl SNOKCUOHBIX NOTUMEPOS.

Knrwouesvie cnosa: kpemnesem, KpemMHuticuOpuoHvle 2pynnbl, SNOKCUOHbBIE NOIUMEDDL, YCUTIEHUE
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