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Concentration effects of fumed silica on mechanical (static Young modulus, compres-
sion strength limit), acoustic (Lame constant, shear modulus, Young modulus, compression
modulus, and Poisson’s ratio), and dielectric parameters of an unsaturated styrene-con-
taining polyester resin have been experimentally studied. The degree of filling C m Was
ranged from 0.5 to 5.0 w. %. Cf’m-dependences of all the parameters are proved to be
non-regular, with their maximal deviations from initial values being at Cf’m <1.5%.

DK CIepUMEHTAJbHO MCCJIEeN0BAHbl KOHIIEHTPAIMOHHLIe a3 (MEeKThl BANAHNA HAHOPA3ZMEPHO-
ro IWOKCHIA KpPeMHUsS (aspocuJ) Ha MexaHmdyecKme (cTaTuueckuili moxynab IOHra, mpemen
IIPOYHOCTH HA CiKarme), akycrumueckme (mocrosuuHas Jlams, mMomyas casura, moxyuas IOHra,
MOAYJb BCECTOPOHHEro cxxatusa u Kosdduuuenr IlyacconHa) u guaeKTPpUUECKHUEe IapaMeTphl
HEHACHIIIeHHON CTHUPOJ -comep:xaiieil moausdupuoii cmosabl. CTeleHs HAIIOJMHEHNS Cf’m us-
mensanace oT 0.5 o 5 % (mo macce). 3aBUCHMMOCTH BCeX IapaMeTPOB OT Cf’m HEMOHOTOHHEIE,
HauboJIbIIINE OTKJIOHEHUS NX SHAYECHUI OT HAYAJbLHBIX HAOJIOIAIOTCA MIPHU Cf’m <1.5 %.

1. Introduction

Unsaturated polyester resins (UPR) that
belong to a class of thermosetting polymers
[1, 2] show a good combination of mechani-
cal, electrical, chemical-resistant properties
and relatively low production cost [3]. Both
UPR and its microcomposites are widely
used in various industrial and domestic ap-
plications as structural or functional mate-
rials [4, 5]. In recent years the development
of nanotechnology stimulates researches on
the structure, chemical, and physical prop-
erties of the particle-filled UPR-based poly-
mer nanocomposites (PNC) [6—10]. Fumed
silica (aerosil) is widely used as nano-sized
filler not only in UPR but also in other
polymer matrices [11-13].
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A large variety of components used for
creating PNC-materials and variety of cook-
ing techniques complicates greatly the gen-
eralization of the results obtained by vari-
ous researches. It does not allow to form a
holistic view on the interaction mechanisms
among SiO,-nanoparticles and polymer macro-
molecules and to build a quantitative model for
structure-property relationships of PNC- materi-
als. The purpose of this work is to study the
effects of SiO,-loading on both mechanical and
dielectric properties of styrene-cross-linked UPR.

2. Experimental

The orthophtalic styrene-cross-linked un-
saturated polyester resin "Polylite 640-
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Fig. 1. Normilized concentration dependences of mechanical (a) and acoustical (b) parameters of the
unfilled UPR (Cf’m = 0) and its SiO,-nanocomposites: a) E,, (1); ogy (2); Eyy, calculated by the
model of Christensen and Lo [14] (3); b) E, (1); U (2); M (3); VC(Cf,m) (4); XC(Cf’m) (5).

M888" (Finland) has been used as a matrix
for preparing PNC.

The nanofiller was aerosilica A-300
(Ukraine) of a high surface reactivity and
of specific surface area Sy ~ 280 m2/g. Par-
ticle’s diameter was ranged from &5 to
20 nm (average size R;~10 nm). Filler’s
mass concentrations Cf,m were 0, 0.5, 1.5,
3.0, and 5.0 %.

Nanocomposite samples were obtained
from UPR-dilutions mixed with the filler
into mixtures of homogeneous consistency.
The polycondensation process took place at
room temperature for 48 h.

Static mechanical properties of the sam-
ples, namely, Young’s modulus (Ey,), com-
pression strength (ogy); dynamic elastic
moduli (DEM), namely, — Lame constant
(A¢c), shear modulus (u), compression modu-
lus (M), dynamic Young’s modulus (E.); and
complex dielectric permittivity (¢* = €1 — j€9)
of both the unfilled resin and its SiO,-nano-
composites have been measured by using
methods of static mechanical loading tech-
nique, ultrasonic pulsed echo technique and
dielectric spectroscopy, respectively. Meas-
urements of both static and dynamic me-
chanical parameters have been carried out
at room temperature. Dielectric parameters
have been measured within the temperature
range from —50 to +70°C at fixed frequen-
cies ranged from 60 Hz to 1.2 MHz. The
measurement accuracy did not exceed 10 %
for the static parameters, 2 % for the dy-
namic moduli, and 5 % for the dielectric
parameters.

3. Results and discussion

The behavior of the mechanical parame-
ters with increasing C;,, is non-monotonous
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(Fig. 1). For the unfilled resin it was found
that Egp = 0.78:10% kg/cm2 and Cco =
1087 kg/sz. When Cf,m = 0.5 % both Oco
and Eg) are reduced, when C;, = 1.5 %
they increase and decrease again with in-
creasing Cs,, to 5 %.

A straight line in Fig. 1 describes the
theoretical dependence Eq,(C;,) calculated
within the self-consistent micromechanical
model of Christensen and Lo [14] via the
parameters of the matrix and filler such as
compression moduli (M, and My), shear
moduli (u,, and uf) and Poisson’s ratios (v,
and vg). The following values of the above-
mentioned UPR-parameters were chosen for
numerical calculations: p,, = 1.20-106 g/m3,
E,, = 8.5:10° N/m?, w, = 1.410° N/m?,
v, = 0.25 [1]. For SiO,-nanoparticles we used
the following values: p; = 2.2:.108 g/m3, M=
36.7-109 N/m?2, np = 31.8-10% N/m?2, vy =10.17
which correspond to an amorphous silica
glass [15]. This model does not account for
changes in the polymer structure near the
particle-polymer interfaces and shows a lin-
ear increase in Eg, with increasing C;,, —
E0(0.05)/E(0) ~ 1.05.

The non-monotonous decrease in Ep, can
be attributed to changes in the molecular
structure of the nanocomposites in the in-
terphase region (IPR) formed around SiO,-
nanoparticles [16]. The data obtained from
thermodesorption mass spectrometry study
[10] show that SiO,-nanoparticles with ac-
tive surface centers cause rebuilding of
NPC’s molecular structure in two ways —
first, by forming chemical bonds to both
polyester macromolecules and styrene mole-
cules, and, second, by preventing formation
of long macromolecular chains as well as
binding them to styrene molecules, thus re-
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Fig. 2. Concentration dependences of relative dielectric permittivity ¢,,/¢, (a) and dielectric loss
factor ¢,,/¢; (b) of the unfilled UPR and their SiO,-nanocomposites measured at 300 K at fixed

frequencies of 1.2 kHz (1) and 1 MHz (2).

sulting in appearance of free styrene mole-
cules and short polyester macromolecular
segments.

For the unfilled UPR (C;, = 0) phase ve-
locities of elastic waves are V(0)=
2566+11 m/s and Vg(0)= 123111 m/s
which are in a good agreement with litera-
ture data [17]. In nanocomposites at C;,, =
0.005 V; and Vg are reduced by 2 %, at
Ctm = 0.015 they returned to their original
values. With increasing C;, to 0.05 Vg re-
mains unchanged whereas V; reduces by
10 % . Numerical calculations of compos-
ite’s density po versus C;, indicates that
changes in both Vg and V; with changing
Ctp are related only with changes in com-
posite’s elastic moduli.

From the measured values of Vg and V|
and calculated values of po both DEM (E,
Mg, ue, and Ap) and Poisson’s ratio (vp)
have been evaluated by using well-known
relations for the plate-shaped samples [18]
(Fig. 1b). Here one can see that the concen-
tration dependences of the DEM are non-
monotonous. When C; , = 0.005 they de-
crease by 4-5 %; at Cf = 0.015 both E,
and U, increase by 4.5 % as compared to
their initial values (i.e. for the unfilled
resin), whereas M, and A, suffer no changes;
at Ctm=0.05 E(0.05) = E(0. 005)
H(0.05) = ue(0.015), M(0.05)/M(0) =
and Ap(0.05)/A-(0) = 0.6. In general, Cf,m
dependences of both E, and E, are qualita-
tively similar to each other, the ratio of

Ec(Cs )/ Eco(Cy 1) suffers negligible
changes relative to its initial value (E¢(Cy ,
= 0)/E¢p(Cs,, = 0)=7.3). It should be

noted that the concentration dependencies
obtained for DEM cannot be described using
a long-wavelength approximation of the
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multiple scattering model of elastic wave
propagation (MSEWP-model) through a ran-
dom-particulate composite material [19].
This may indicate that changes in both den-
sity and elastic properties of mnanocompo-
sites occur in IPRs due to rebuilding of
their molecular structure — effects that are
not included in the MSEWP-model.

Concentration dependences of both the
real and imaginary components of the com-
plex dielectric permittivity of the nanocom-
posites are also non-monotonous (Fig. 2)
reaching its minimal values at Ctpm = 0.005.
In the frequency range studied the electric
polarization of both UPR and its SiO,-nano-
composites is governed by two main mecha-
nisms — the dipole orientation polarization
and the hopping polarization [20], each of
which is associated with the motion of
charged particles and dipole molecules in an
external electric field. In accordance with
the classic (Debye) polarization theory [20]
the former mechanism contributes at the
frequency range from 10° to 109 Hz, and
the latter — from 1 to 10° Hz. Due to the
hopping polarization mechanisms low-fre-
quency values of €,; and €p5 (curves I on
Fig. 2) are somewhat higher than ones at
high-frequency (curves 2).

It should be noted that dependences of
ECI(Cf,m) and SCZ(Cf,m) do not obey the well-
known mixing rules [21] for calculating com-
plex dielectric permittivity €, = €¢; — jegs of
a mixture composed of spherical particles of
a dielectric material (of the permittivity e, =
€7 — j€rg) which are distributed uniformly in
dielectric matrix (g, = ¢,,; — je,2)- This rules
predict linear concentration dependences for ¢,
at low Cf’m-values. In our case g; = 3.75 at
1 MHz [22] and ¢,,; = 4.0 at 1 MHz (Fig. 2)
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and the classical mixing rules predict a lin-
ear decrease in €;; with increasing C;,, at
Cf,m < 0.05. Numerical calculations made in
accordance with the Bottcher formula, the
Maxwell-Garnet formula, the Bruggeman
formula, and the Lichtenecker-Rother loga-
rithmic formula give the following wvalues
for &eci(Cr /e at Cp,y <0.05-0.99681,
0.99681, 0.99681, and 0.99678, respec-
tively, whereas the experimental values ob-
tained at 1 MHz are ¢;(0.005)/¢,,; =
3.72/3.98 = 0.846 and €c7(0.05)/¢,,; =

3.72/3.98 = 0.935. This discrepancy be-
tween the theoretical and our experimental
data can be explained by the fact that fill-
ing UPR with SiO,-nanoparticles results in
rebuilding internal molecular structure of
the nanocomposites, particularly within IPR
due to binding both polyester and styrene
molecules to the nanoparticles. Therefore
this rebuilding is accompanied with changes
in polyester chain mobility [16] and also
with formation of the electrical double layer
[23] around nanoparticles which may affect
local conductivity at the SiO,-resin inter-
faces. These phenomena, in turn, cause local
changes in ¢, which are not taken into ac-
count by the classical mixing rules.

4. Conclusions

The effects of nano-sized silicon dioxide
on both the mechanical and dielectric prop-
erties of polymer nanocomposites based on a
styrene-cross-linked unsaturated polyester
resin have experimentally been investigated
in the range of filler’s mass concentrations
Ctp from 0.5 to 5.0 %. It was found that
the concentration dependences of static me-
chanical parameters (static Young modulus,
compression strength limit), the dynamic
elastic moduli (Lame constant, shear modu-
lus, Young modulus, compression modulus,
and Poisson’s ratio) and the components of
the complex permittivity are non-monoto-
nous. The C;, -dependence of the static
Young’s modulus cannot be described within
the traditional micromechanical model of
Christensen and Lo, and C;, -dependence of
nanocomposite’s dielectric permittivity are
different from one predicted by the tradi-
tional mixing formula for a two-component
matrix mixture of dielectric materials.

These results enable to conclude that
complicated interactions among polyester
macromolecules and styrene molecules and
SiOy-nanoparticles oceur which resulted in
forming interphase regions around nanopar-
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ticles where rebuilding of the polymer mo-
lecular structure is accompanied with redis-
tribution of bounded charges.
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HocaigxeHHa MeXaHIYHMX, aKYCTHYHHX Ta
TieIEKTPUIYHMX BJIACTHBOCTEHM HAHOKOMIIO3UTIB
noJiegipHOi cMOJM 3 TIOKCHAOM KPEMHIiIO

B.M.I'openos, O.1.Ionosuna, A.M.I'op6, 3.9anna, C.Jaxo

ExcriepuMeHTaNbHO AOCHIAMKEHO KOHIEHTPAlifiHi edeKTH BIIMBY HAHOPO3MIPHOTO TiOK-
cugy KpeMHio (aepocus) Ha MexaHiuHi (ctarmuynuit moxyns IOmura, me:xka mirmHocTi Ha cTHC-
KaHH#A), akycTuuHi (cTtana Jlame, MOAyJsb 3CyBY, MoayJas IOHTa, MOAYNb BCeGiUHOTO CTHCKAH-
HA Ta Koedimient Ilyaccoma) Ta giemekTpuuHi mapaMeTpu HeHACWUYEHOI CTHUPOJBMicHOI mo-
niediproi cmoau. CTymine HATTOBHEHHSA Cf,m amimioBaBesa y mesxax Bix 0,5 1o 5 % 3a macoio.
Konmnenrparnifini sanexHocTi ycix mapaMeTpiB BUABUINCA HEMOHOTOHUMU, HaitGiabmi Bigxu-
JIeHHs 3HaueHb IapaMeTpiB BiJ MOUaTKOBUX CHOCTEPIiramThes NpU Cf,m <1.5%.
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