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ABSTRACT: Nanocomposites with different concentrations of nanofiller were prepared
by adding nanosilica filler to the single-phase polyurethane matrix. A control series was
prepared with the same concentrations of micron-size silica. The nanosilica filler was
amorphous, giving composites with the polyurethane that were transparent at all
concentrations. The nanocomposites displayed higher strength and elongation at break
but lower density, modulus, and hardness than the corresponding micron-size silica-
filled polyurethanes. Although the nanosilica showed a stronger interaction with the
matrix, there were no dramatic differences in the dielectric behavior between the two
series of composites. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 76: 133–151, 2000
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INTRODUCTION

Fillers have important roles in modifying the
properties of various polymers. The effect of fillers
on properties of the composite depends on their
concentration and their particle size and shape.
as well as on the interaction with the matrix. The
theory of filler reinforcement of polymers predicts
the formation of a boundary layer of a matrix
material on the surface of the filler.1,2 The thick-
ness of the layer depends on the strength of the
interaction, with a stronger interaction producing
a greater thickness. The properties of a polymer
in the boundary layer differ from those in the bulk
of the matrix material primarily due to the de-
creased mobility of adsorbed chains on the filler
surface, resulting in a higher glass transition. If
the particles are closely spaced, the total mass of

the matrix material may be located in the bound-
ary layers, thus giving the matrix entirely differ-
ent properties than are usual. Also, fillers with a
particle size in the nanometer range have a small
number of atoms per particle and for this reason
may have different properties than the bulk ma-
terial. Additionally they have an extremely large
surface-to-volume ratio and may have consider-
ably stronger interactions with the matrix. The
interparticle distance in filled materials is, of
course, also a function of particle diameter and
concentration. For example, for filler particles ar-
ranged on a cubic lattice, simple calculation
shows the interparticle distance (surface to sur-
face) to be about two diameters at 5% volume
concentration, or one diameter at 10 vol %. For
illustration, particles in a matrix with 10 vol % of
a filler with 1-mm particle diameter will be sep-
arated by 1 mm, while particles of 1 nm will be 1
nm apart. In the second case the particles will
“feel” each other if there is a strong interaction
between the matrix and the filler (e.g., the bound-
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ary layer thickness in polyurethane; hard do-
mains in the soft-phase matrix was estimated to
be about 0.8 nm).3 Under such circumstances the
separation of filler particles is on the order of
molecular dimensions, which may also have con-
sequences for the matrix behavior. The above il-
lustrates the opportunities for using nanofillers
for modification of properties of polymeric matri-
ces.

A second important factor stems from the nano-
particles themselves possibly exhibiting properties
different from those in larger particles, for exam-
ple in the areas of optical, electrical, and magnetic
properties. Since nanoparticles are much smaller
than the wavelength of visible light, the compos-
ites may be transparent, although the same ma-
trix with larger particles may not.

The effect of the concentration of 12-nm silica
particles on the properties of single-phase poly-
urethanes was investigated. In this case the sin-
gle-phase polyurethanes were crosslinked rub-
bers consisting of polyols and diisocyanates. Such
systems have considerably lower strength than
two-phase segmented thermoplastic urethanes.
The much higher strength of the latter are attrib-
uted to the existence of hard domains that act as
crack propagation stoppers.4 Since hard domains
in soft elastomers are globules, typically around
10–20 nm in diameter,5 the objective was set of
testing the effect of fillers of a size comparable to
that of hard domains on the properties of a single-
phase urethane. The difference between silica-
and hard-domain-filled polyurethanes is their
morphology; the former does not change with in-
creased filler concentration, while the domains of
the latter become elongated to form rods or lamel-
lae or become the continuous phase at high con-
centrations.6 Thus, nanosilica-filled systems may
serve as model systems for testing the effect of
concentration on properties without changing
morphology.

The effect of fillers on properties of elastomers
is somewhat different from that its effect on
glassy polymers. In reactive systems the particu-
late filler may have very different effects on the
properties of the composite depending upon how
it affects the curing process. If the particles react
with the matrix, they may form firm bonds and
improve strength, but they may also affect stoi-
chiometry and cause incomplete curing. If the
filler has a negative catalytic effect on curing, the
matrix around particles will have a lower degree
of curing and thus lower properties. Several au-
thors have studied the effect of nanofillers gener-

ated in situ in silicone elastomers,7–12 but few
studies have been devoted to polyurethane nano-
composite elastomers.13 Mark presented a review
of the preparation and properties by the sol–gel
route to organic–inorganic composites.14 In this
study we have avoided in situ–generated silica.
Instead, we have used a well-defined, perfectly
round, narrow size distribution (10–20 nm) of
silica having an average diameter of 12 nm, dis-
persed in methyl ethyl ketone (MEK). Since spa-
tial confinement in small particles affects a given
property, when the size of the atomic ensemble
becomes comparable to or smaller than the criti-
cal-length scale for the mechanism that is respon-
sible for that property,15 such changes can be
expected. Since the metallic radius of silicon is
0.138 nm, fewer than 40 atoms can be placed
along the diameter of the particle, discounting the
volume taken by the oxygen atoms. Such changes
should be reflected not only in the density and
hardness, but also in the mechanical and dielec-
tric properties. In order to analyze the effect of
particle size, a series of composites filled with
micron-size crystalline quartz was prepared. The
filler concentration in poly(propylene oxide)/di-
phenylmethane diisocyanate (MDI) polyurethane
networks in both series was varied from 0% to 50
wt %. The structure of the composites was studied
by scanning electron microscopy (SEM), wide-an-
gle X-ray diffraction (WAXD), and small-angle
X-ray scattering (SAXS), Fourier transform infra-
red spectroscopy (FTIR) and UV/VIS spectros-
copy. Physical, thermal, mechanical, and dielec-
tric properties of composites were measured as a
function of filler concentration.

EXPERIMENTAL

Materials

The polyurethane matrix was prepared from Mul-
tranol 3600 [poly(propylene oxide) diol from
Bayer, MW 5 2,000] and Multranol 3400 (PPO
triol from Bayer, MW 5 3,000), and crude diphe-
nylmethane diisocyanate (MDI) from Mondur
E-448 (Bayer, Pittsburgh, PA).

Nanosilica, MEK–ST, with an average particle
diameter of about 12 nm, was obtained from Nis-
san Chemical Co. as a 30% dispersion in methyl
ethyl ketone. The distribution of sizes was such
that diameters lay between 10 and 20 nm. Crys-
talline quartz (microsilica) Min-U-Sil 5 (average
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particle size 1.4 mm) was kindly supplied by U.S.
Silica Co., Berkeley Springs, WV.

Methods

Polyurethane–filler composites were prepared by
mixing polyol with the filler and removing MEK
by distillation, with subsequent curing using di-
isocyanate at 100°C for 16 h in the presence of the
0.1% catalyst Cocure 55 (from CasChem). The
weight ratio of diol to triol was 4:1 (molar ratio
5 6:1). An excess of 5% of isocyanate was used to
compensate for an unspecified amount of hy-
droxyl groups on the surface of the nanosilica.
The mixture was then poured into a mold to ob-
tain 1- and 2-mm thick sheets. The filler concen-
tration was varied from 0% to 50% in steps of 10.
The sample with 50% filler was tacky, probably
due to the incomplete urethane reaction and the
reaction of isocyanate with hydroxyl groups on
the surface of silica or else to the adsorption of
polyol chains on the filler surface. Poly(propylene
oxide) polyols have a strong interaction with the
nanosilica, which is manifested in a greater vis-
cosity increase than in microsilica of the same
concentration. The polyol gelled at 50% nanosilica
but would flow if temperature were raised to
100°C. Such strong adsorption may have affected
the curing process and contributed to the incom-
plete curing of the sample with 50% nanosilica.

A parallel series was prepared with micro-
silica, which for clarity will be called “microcom-
posites.” WAXD, SAXS, and SEM were used to
examine the structure of composites. WAXD was
performed with a Siemens D500 diffractometer in
transmission mode, using Ni-filtered CuKa radi-
ation from a sealed tube generator. SAXS mea-
surements were carried out using a pinhole colli-
mated Rigaku-Denki camera with Ni-filtered
CuKa radiation from a rotating anode generator.
Data were collected using a Siemens Hi Star two-
dimensional detector. Scanning electron micro-
graphs were obtained on a Jeol 6320 SEM at a
magnification of 75,000. The samples were cut
with a razor blade and coated with sputtered gold.
Sample densities were measured by weight
change after immersion in water. Tensile proper-
ties (stress–strain and elastic recovery) were
measured on a Q-Test 2-tensile machine (from
MTS) using 50-mm-long samples and a 50 mm/
min extension rate. Thermal measurements were
carried out using a TA Instruments Thermal An-
alyst System consisting of the Controller 3100,
DSC 2910, TMA 2940, and DEA 2970 modules.

The heating rate was 5°C/min for all methods.
Differential scanning calorimetry (DSC) was car-
ried out in the modulated mode. Dynamic me-
chanical tests were carried out on a Rheometrix
DMTA model Mark III at 5°C/min and 10 Hz.
Dielectric tests were performed after two differ-
ent pretreatments. In the first case samples were
stored under ambient conditions prior to the test,
while in the second they were thoroughly dried
(heated to 70°C in vacuum for at least 24 h).
Ambient or dry preconditioning is denoted by a
and d, respectively.

RESULTS AND DISCUSSION

Structure and Morphology of Composites

The FTIR spectra of the pure nanosilica showed
strong SiOO absorption at about 1,100 cm21 and
a small OH peak at 34,24 cm21. They also dis-
played a peak at 958 cm21, which was not ob-
served in the pure microsilica. Th attenuated to-
tal reflection (ATR) spectra of pure polyurethane
(PU) and composites with nanoparticles were es-
sentially the same, except for the additional

Figure 1 SEM micrographs of nanocomposites with
different filler concentrations.
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bands of silica in the latter. Although an excess of
5% of isocyanate was used in all samples, IR
spectra showed no free isocyanate peaks. It is
assumed that some isocyanate reacted with OH
groups from the filler, forming an organic–ce-
ramic composite.

SEM micrographs of samples with 0 wt %, 10
wt % (5.5 vol %), 30 wt % (18.2 vol %), and 50 wt
% (34.2 vol %) are shown in Figure 1.

Already with 10 wt % of nanosilica, the field
appears pretty crowded with particles, which is
even truer for samples with 30 wt % and 50 wt %
filler. Particles are in the expected size range (i.e.,
10–20 nm).

The WAXD of nanocomposites showed a lower
angle peak, at about 2u 5 6°, and most showed a
distinct shoulder at 2u 5 20°. Figure 2 displays
the diffractograms of the samples with 0%, 10%,

Figure 2 WAXD diffractograms of samples with (a) 0%, (b) 10%, and (c) 30% nano-
silica.

Figure 3 WAXD diffractogram of sample with 10% microsilica (quartz).
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and 30% nanosilica. In samples with 20% and
50% filler, the shoulder is less obvious but evident
nonetheless. It’s considered that these broad
peaks come from the polyurethane matrix.
Clearly, the nanosilica did not display any crys-
talline peaks, which is consistent with the silica
nanoparticles being noncrystalline at that size
scale.

Materials with micron-size crystalline SiO2,
which were also examined with WAXD (10%,
30%, and 50% loading), displayed Bragg peaks at
2u 5 20.9° and 26.7° (with spacing of 0.336 nm
and 0.33 nm, respectively), corresponding to the
most intense of known reflections of crystalline
quartz. An example of this, for the 10% loaded
sample, is shown in Figure 3. The SAXS results
for samples with 10, 20, 30, 40, and 50 wt %
nanospheres are shown in Figure 4. These are in
the form of I versus s, where s is 2 sin u/l and I is
intensity. Considerable absorption was observed
with the highest SiO2 content; however, in Figure
4 the intensities have been normalized to account
for this, as described later.

None of these showed an obvious sharp inter-
ference peak, indicating the absence of a regular
superstructural organization. However, Figure 4
does show some discontinuities in the smooth de-
cay of I, with increasing s in all samples. These
may possibly represent some very weak interpar-
ticle correlations.

Clearly, as the volume fraction of the nano-
spheres, Vf, increases, it is expected that they will
eventually be forced by purely space-filling con-
straints to adopt a more regular packing. In the
extreme situation where Vf approaches that for a
close-packed array of spheres, we then expect the
microspheres to form a lattice with well-defined
lattice planes, which would produce well-defined
Bragg peaks in X-ray diffraction, recognizable as
sharp, discrete maxima. For close packing of reg-
ular spheres into a lattice, the theoretical value of
Vf is 0.74. Clearly, we have not reached this point.
Our values of Vf were always far below that for a
close-packed system (see Table II); in addition,
the nanospheres themselves have some distribu-
tion in size, therefore disrupting the regularity of
packing.

The absence of any relevant interparticle inter-
ference pattern allowed us to analyze the SAXS
profiles in terms of the scattering from single
particles. The analysis was carried out using the
Gaussian approximation to the Guinier scatter-
ing regime,16 which states, as is well known, that
the scattered intensity, I(s), decreases with s ac-
cording to

I~s! 5 I0exp~2~4/3!~p2Rg
2s2!! (1)

where Io is the scattered intensity at zero angle
and Rg is the electronic radius of gyration.

Figure 4 SAXS curves for samples filled with different concentrations of nanosilica.
Data are plotted as I versus s. From bottom to top: (a) 10, (b) 20, (c) 30, (d) 40, (e) 50 wt
% silica nanoparticles. Normalized intensities.
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Figure 5 shows plots of log eI versus s2 over the
whole range of s for all the materials. The fit is
linear for low values of s2, which is the range of
validity of the Guinier approximation. In fact, the
range of linearity increased to a larger s at higher
loadings. Values of Rg calculated from this are
shown in Table I. Assuming that the scatterers
are spherical in shape, the geometrical radius, r,
is related to Rg by:

Rg 5 r~3/5!1/2 (2)

Values of r are also shown in Table I. In all cases
except 50% loads, the volume of equivalent solid
spheres estimated by SAXS exceeded the volume
measured by SEM and was at the high end of the
manufacturers’ quoted size range (10–20 nm in
diameter).

The extrapolation of the linear fit in the
Guinier range to the ordinate axis allowed an
estimation of log e(Io), which therefore enabled the

normalization of intensities in cases where ab-
sorption effects were significant.

The data were also examined for their corre-
spondence to Porod’s law,17 which states that
with pinhole collimation, the product I.s4 ap-
proaches a limiting value in the high-angle tail of
the SAXS curve, that is, lim (I.s4) 5 kp, where kp
is the Porod constant. The extent of this law’s
validity for the nanocomposites can be seen from
Figure 6, in which plots of log e(I) versus log e(s)
are linear for log e(s) . ;23.0 (s . ;0.05 nm21);
these plots were made using normalized intensi-
ties as described above.

In all cases the values of the slopes obtained by
regression analysis were ;24.3 rather than 24.0.
Such deviations from ideal Porod behavior may
imply the presence of density fluctuations within
one of the phases (probably the PU matrix in this
case). The value of the Porod constant, kp, is ob-
tained from the intercept on Figure 6 and is the-
oretically proportional to the total interfacial area
in the system. In the absence of aggregation ef-
fects, this should scale with the silica content.
Figure 7 shows that this is indeed the case, with
the data generally falling on a straight line that
passes through the origin of the plot (although the
value for the sample with the lowest loading does
appears to be rather high).

The ratio of kp to the scattering power of the
system is proportional to the specific inner sur-
face, that is, the surface-area-to-volume ratio of
the dispersed phase. For the constant shape of the
filler particle, this is expected to be independent
of volume fraction. The scattering power itself is
proportional to the mean square fluctuation of the
electron density, (Dre)

2, which in a two-phase sys-
tem is given by

Figure 5 Guinier plots for nanocomposites. From bot-
tom to top (a) 50, (b) 10, (c) 20, (d) 40, and (e) 30 wt %.
Experimentally recorded intensities.

Table I Values of the Electronic Radii of
Gyration, Rg, and the Corresponding
Radii of Solid Spheres, r

Filler Volume
Concentration

Vf (%)
Rg

(nm)
r

(nm)

10 8.4 10.9
20 8.3 10.7
30 7.8 10.1
40 7.1 9.2
50 6.8 8.8

Figure 6 Log e(I) plotted against log e(s) for nanocom-
posites to test for validity of Porod’s law: (a) 10, (b) 20,
(c) 30, (d) 40, and (e) 50 wt % silica.
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~Dre!
2 5 ~re1 2 re2!

2f1f2 (3)

where re is the electron density per volume and fi
is the volume fraction of the ith phase. It is
straightforward to estimate the electron densities
for both the dispersed silica and the PU matrix
phases. The density of the silica was estimated at
2.3 g/cm23 (see later) and the density of the PU
was taken as 1 g/cm23 leading to values of 1.11
and 0.57 mol electrons cm23, respectively, for the
electron densities. Table II shows the value of the
ratio of kp/(Dre)

2 for all the nanocomposites. For
materials with 20, 30, and 40 wt % loading, the
ratio is reasonably constant, while for the 50 wt %
samples, the value is slightly larger. This may
reflect a decrease in the electron density differ-
ence in this sample. The considerably larger ratio
for the 10 wt % sample is probably due to an
overestimation of the value of kp, (Fig. 7).

Physical and Mechanical Properties

According to the linear mixture equation (LME),
the density of a composite, rc, is a linear combi-
nation of densities of the matrix, rm, and filler, rf,
and their respective volume fractions, fm and ff:

rc 5 rmfm 1 rfff (4)

The density of the samples increased with filler
concentration in both series, but more so in the
series with microsilica (Fig. 8). Using the LME,
the extrapolated densities were calculated to be
2.0 g/cm3 for nanosilica and 2.48 g/cm3 for micro-
quartz, respectively. The accepted value for the
density of quartz is 2.65 g/cm3. The density of the
original 30% solution of nanoparticles in MEK
was given to be 0.98–1.02 g/cm3. Since the density
of MEK is 0.805 g/cm3, it follows that the calcu-
lated density of particles should be 2.3 g/cm3. The
difference between the density of nanoparticles in
MEK and the apparent density in polyurethane is
too large to be explained by the lowering of den-
sity of the matrix due to incomplete curing, be-
cause the latter is not very different from that of
uncrosslinked polyols. It appears that incorpora-
tion of nanoparticles somehow increases the vol-
ume of the polymer matrix.

The interaction between matrix and filler can
be assessed from the shift of glass transition with
increasing filler concentration. It has already
been observed that the polyol has a strong inter-
action with the nanoparticles, but that may be
offset by incomplete curing for similar reasons. To
examine the degree of curing, we carried out
swelling tests. The degree of swelling—calculated
as the ratio of the volume of swollen polymer
(polymer 1 solvent but no filler) to the volume of

Figure 7 Values of Porod constant, kp, obtained from
Fig. 6 for nanocomposites.

Table II Ratio of kp/(Dre)
2 for Nanocomposites

Weight
Concentration

(wt %)
Filler Volume

Fraction kp/(Dre)
2

10 0.0546 3.54
20 0.115 1.95
30 0.1822 1.83
40 0.257 2.13
50 0.342 2.41

Figure 8 Effect of filler concentration on density of
polyurethanes filled with microsilica and nanosilica.
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the polymer (without filler) before swelling—for
two series of composites is shown in Figure 9.
Since a lower degree of swelling indicates better
curing, it is obvious that the sample with 50%
nanosilica stands out as less cured, while the
results for other samples oscillate within the ex-
perimental error.

Values of Tg from the reversible heat flow, ob-
tained by modulated DSC, were around 250°C
and did not display strong dependence on the
filler content or the type of filler. However, TMA,
DMTA, and DEA measurements indicated that Tg
increased with increasing filler concentration
both in nanocomposites and microcomposites, and
it was somewhat faster in the former (Table III).
Tg from DMTA measurement was obtained from

the maximum on E0-versus-temperature curve
and in DEA from the loss factor(«0) maximum.

Different methods gave somewhat different re-
sults, but it is evident that an increase in Tg of
about 10°C occurred when the concentration of
nanospheres increased from 0% to 50 wt %. The
increase in Tg for the micron-size silica–filled
polyurethanes was somewhat smaller. It appears
that although there was a strong interaction be-
tween the matrix and the filler (which should
have increased Tg), an opposing effect came from
incomplete curing of the matrix.

Hardness is a basic property characterizing
elastomers. The Shore A hardness of the samples
increased steadily with increasing microsilica
concentration, but with nanosilica this decreased
after an initial increase (Fig. 10). Obviously, mi-

Figure 9 Degree of swelling of nanocomposites and
microcomposites.

Table III Glass Transition Temperatures for Two Series of Composites as Measured by TMA, DMTA
at 10 Hz, and DEA at 1 Hz

Filler Conc
(wt %)

Tg (TMA)
(Nanocom. °C)

Tg (TMA)
(Microcom °C)

Tg (DMTA)
(Nanocom. °C)

Tg (DMTA)
(Microcom. °C)

Tg (DEA)
(Nanocom. °C)

Tg (DEA) f
(Microcom. °C)

0 251.5 251.5 249 249 245 245
10 251 247 246 247 244 243
20 251 250 242 243 243 243
30 248 250 241 243 240 240
40 243 250 239 240 239 244
50 251 247 238 239 235 240

Figure 10 Shore hardness of nano- and microcompos-
ites.
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crosilica is a hard filler, while it appears that
nanosilica is not. It is interesting to note, how-
ever, that some authors have found increased
hardness and scratch resistance with the addition
of nanoparticles.18

One parameter allowing an estimate of inter-
action is thermal expansion. According to Kerner,19

the volume thermal expansion coefficient of a
composite filled with spherical particles varies
nonlinearly with the volume fraction of the filler
and matrix (ff,fm)

bc 5 bmfm 1 bfff 2 ~bm 2 bf!fmffu (5)

where bc, bm, and bf2 are volume coefficients of
expansion of the composite, matrix, and filler,
respectively, and u is a parameter depending on
the bulk moduli of the matrix and filler, Km and
Kf, and the shear modulus of the matrix, Gm:

U 5
~1/Km! 2 ~1/Kf!

~ff/Km! 1 ~fm/Kf! 1 3/~4Gm!
(6)

The third term in eq. (5) is usually small with
round particles, and the behavior can be reason-
ably well described by the LME [the first two
terms in eq. (5)]. Figure 11 shows the change of
the linear coefficient of expansion at 60°C, a, with
concentration of both fillers. A lower a for nano-

composites may reflect a stronger interaction
with the matrix.

The modulus of a composite is a function of the
moduli of the matrix and the filler. Several mod-
els for predicting the modulus of a composite are
available.20 The change of storage modulus of
samples with nanosilica with temperature is
shown in Figure 12, and the change with micro-
silica is shown in Figure 13. Both figures show the
increase in modulus with increasing filler concen-
tration in the glassy and rubbery state. This
change was less regular in the nanocomposites,
where the curing reaction was more affected by
the presence of the filler.

Direct comparison of the moduli in the rubbery
state of samples with the same concentration of
nanosilica and microsilica showed generally
higher values for nanocomposites at 40% and 50%
filler, but the reverse was observed at lower filler
concentrations. The stress at 100% elongation
(100% modulus) was generally lower in the nano-
silica-filled composites. The variation of modulus
with concentration was fairly irregular and was
not amenable for modeling.

The tensile strength of the composites with
nanosilica and microsilica, shown in Figure 14,
indicated that up to a 20% filler concentration
there was not much difference between the nano-
silica and microsilica effect. However, at higher
concentrations the nanosilica made the compos-
ites three times stronger, while the strength of
the microsilica-filled composites decreased, a
finding that should be considered in conjunction
with elongation at break (Fig. 15). Although the
microsilica slightly increased the elongation at
break, the nanosilica showed a 600% improve-
ment. Experiments with nanosilica in PDMS
elastomers showed that the elongation decreased
and strength increased with increasing filler con-
centration.8 On the other hand, nanotitania-filled
PDMS networks showed partial increase in elon-
gation at break with increasing filler content—
that is, no regular pattern can be said to be
emerging.21

The elastic recovery was measured at 100%
elongation in the cycling elongation test. It was
found that all samples recovered around 95% of
elongation, except for the sample with 50% nano-
silica, which showed 85%–90% recovery. How-
ever, the same sample displayed a stress increase
in the second cycle at about 5% deformation; that
is, it showed the same recovery as the other sam-
ples, but it took longer. The polyurethane with
50% microsilica displayed stress softening in the

Figure 11 The effect of filler concentration on linear
thermal expansion coefficient of nano- and microcom-
posites.
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repeated cycles, while the corresponding nano-
silica-filled sample had the same shape of the
curve in the second cycle. Hysteresis in all sam-
ples was rather small except for samples with
50% nanosilica and microsilica. The rebound re-
silience of all composites decreased with increas-
ing filler concentration and was lower in nano-
composites than in microcomposites.

Optical Properties

Polyurethane–nanosilica composites were trans-
parent at all filler concentrations, while those
with microsilica were not. The refractive indices
of the matrix and filler seemed to be similar since
the refractive index of the composites decreased
from n23 5 1.478 for the pure matrix to only 1.474
for the composite with 50% nanosilica. UV/VIS
spectra of 1-mm-thick samples showed total ab-
sorption below 320 nm and high transmission
between 450 and 900 nm in all samples with
nanosilica.

Dielectric Properties of Nano- and
Microcomposites

Dielectric spectroscopy (DEA, dielectric analysis)
is a powerful tool in studying relaxation phenom-
ena in polymers and composites.22,23 It may pro-
vide us with information about the location and
activation energy of relaxation transitions, the
dipole moment of the subunits involved, concen-
tration and mobility of charge carriers, and so
forth. To get a complete view, it may be combined
with other mechanical, thermal, and spectro-
scopic (IR, NMR, etc.) techniques.

DEA data comprise dielectric permittivity («9)
and loss («0), which are defined as

«*~v! 5
D~v!

E~v!
5 «9 2 i«0 5 «9 2 iS«d 1

s

«0v
D (7)

where D is the displacement, E is the electric
field, v is the radial frequency, «0d denotes the
dipolar part of the dielectric loss, s is the ohmic

Figure 12 Effect of temperature on storage modulus of nanocomposites.
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conductivity, and «0 is the vacuum permittivity.
Dielectric loss is frequently presented as tan d,
which is defined as:

tan d 5 «0/«9 (8)

Dielectric data are plotted either versus log fre-
quency, using temperature as a parameter, or
versus temperature, using log frequency as a pa-
rameter. Transition temperatures are usually
plotted as log fmax versus 1/T, and from the slope
of this plot, the activation energy of the dielectric
relaxation can be estimated. Electrical properties
of nanocomposites have only recently begun to be
studied. Some interesting effects of particle size
were observed when the dielectric constant of a
polymer–lead titanate composite with particles
smaller than 200 nm showed a sharp reduction.24

Silica typically has permittivity of about 3.3 at
room temperature,25 while our polyurethane has
«9 of about 3.0 in the glassy state and about 6.0 in
the rubbery state at 1 kHz.

Figure 13 Effect of temperature on storage modulus of microcomposites.

Figure 14 Dependence of tensile strength on filler
concentration of nano- and microcomposites.
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Figures 16 and 17 show the dielectric permit-
tivity and tan d of a typical composite (PUR/micro
30 a). Samples are designated as PUR/nano xx,

where xx denotes the filler content in weight per-
centage.

The permittivity curves (Fig. 16) exhibit one
major transition, which becomes broader at
higher frequencies. The onset of a new polariza-
tion mechanism are visible at frequencies lower
than 100 Hz. Taking into account the heteroge-
neous nature of the system (polymer matrix 1 fill-
er), this might be interpreted as a Maxwell–Wag-
ner–Sillars (MWS) polarization,23 but there are
reasons that this may not be so. First of all, the
increase of «9 at lower frequencies and higher
temperatures appears in the nonfilled sample as
well, in spite of the polyurethane not being phase
separated. Also interesting is the apparent equi-
librium polarization of this new polarization
mechanism, which seems to depend on the mea-
suring frequency. These characteristics are more
in agreement with an electrode polarization
mechanism (electrode blocking) than with MWS
polarization.

The tan d curves (Fig. 17) indicate a gradually
dominant role of conduction in determining the
loss with decreasing frequency. A broadening of
the transition can be observed with increasing
frequency, which agrees with the data in the per-

Figure 16 Dielectric permittivity («9) curves of a polyurethane composite containing
30 wt % microsilica filler. The sample was stored under ambient conditions.

Figure 15 Dependence of elongation at break on filler
concentration of nano- and microcomposites.
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Figure 17 Dielectric tan d curves of a polyurethane composite containing 30 wt %
microsilica filler. The sample was stored under ambient conditions.

Figure 18 1 Hz tan d curves of polyurethane composites containing various amounts
of microsilica filler. The samples were stored under ambient conditions.
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mittivity curves. As is demonstrated later in the
article, at 100 kHz a doubling of the transition
can be clearly discerned. The change of resolving
power with measuring frequency is well known in
dielectric spectroscopy, and it is explained by the
nonuniformity of activation energies of various
transitions. Usually the size of relaxation units
increases with the transition temperature; there-
fore, in most cases the activation energy of the
transitions increases with the transition temper-
ature. This results in higher resolution power at
lower frequencies. In our case, however, the op-
posite is true; therefore, the activation energy of
the higher temperature transition is lower. As the
transitions overlap, even at 100 kHz, the activa-
tion energies of the subtransitions can be esti-
mated only roughly. The estimated values are
180–200 kJ/mol for the lower temperature tran-
sition and 90–110 kJ/mol for the higher temper-
ature transition.

In order to compare the effect of various fillers
on the dielectric behavior, the minimum (1 Hz,
Figs. 18–21) and the maximum (100 kHz, Figs.
22–25) frequency tan d curves have been selected.
The first group is shown in logarithmic represen-
tation, as the conductivity-dominated tan d val-
ues spread over several decades.

A comparison of the low-frequency data mea-
sured on samples stored under ambient condi-
tions with those dried thoroughly prior to the
measurement shows that water exerts a profound
effect on the conductivity of the composites. This
is not unexpected, as water may dissociate in the
PU matrix, and the protons may contribute to the
protonic conduction usually present in poly-
amides and in polyurethanes. In the dried sam-
ples the 1-Hz tan d curves are much closer to each
other than in the ambient-dried ones. In the sam-
ples stored under ambient conditions, the conduc-
tivity in general increases with the filler content,
although the dependence is not monotonic. The
tan d curves exhibit a second maximum in the
nanosilica-filled samples stored under ambient
conditions. It can be speculated that this very
high specific surface area filler collects the water
more effectively at the filler–matrix interface;
thus, it is possible that a true interfacial polar-
ization appears because of the enhanced surface
conductivity of the wet particles.26

The high-frequency data are almost totally free
of conductivity effect, although the beginning of
the conductivity tail appears with highly filled
samples stored under ambient conditions. Drying
diminishes these effects further. The relaxation

Figure 19 1 Hz tan d curves of polyurethane composites containing various amounts
of microsilica filler. The samples were thoroughly dried prior to the measurement.
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Figure 20 1 Hz tan d curves of polyurethane composites containing various amounts
of nanosilica filler. The samples were stored under ambient conditions.

Figure 21 1 Hz tan d curves of polyurethane composites containing various amounts
of nanosilica filler. The samples were thoroughly dried prior to the measurement.
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Figure 22 100 kHz tan d curves of polyurethane composites containing various
amounts of microsilica filler. The samples were stored under ambient conditions.

Figure 23 100 kHz tan d curves of polyurethane composites containing various
amounts of microsilica filler. The samples were thoroughly dried prior to the measure-
ment.
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strength (which is roughly proportional to the loss
maximum) decreases with filler content in every
case, which is the logical consequence of the “di-
lution” of dipoles by the dielectrically inactive
silica filler. If the effect of conductivity is taken
into account, the decrease of the relaxation
strength with filler content is monotonic. This
decrease is somewhat more pronounced with
nanosilica filler, which can be understood in
terms of minor density differences. A slight
change in the relative intensity of the two sub-
transitions can be observed between the samples
stored under ambient conditions and those dried
thoroughly. With well-dried samples, the lower
temperature transition is somewhat less intense
than with ambient storing conditions. The origin
of the doubled peak itself is not fully clear. This
transition is basically the glass transition of the
soft segment of the polyurethane, and the peak
doubling cannot be attributed to adsorbed and
free chains, as it appears not only in the filled
samples, but in the pure PU sample as well. We
may speculate that although there is no phase
separation in the PU matrix, the soft segments
located near the isocyanate groups behave differ-
ently from those far from them, and this may

explain the existence of a doubled transition, with
two different transition temperatures. The pres-
ence of water seems to influence this delicate bal-
ance, although the shift of the transition temper-
atures is negligible. Also interesting is that in the
microsilica-filled samples the transition tempera-
tures are almost totally independent of the filler
content; in the nanosilica-filled samples the tran-
sition temperatures shift toward higher temper-
ature with increasing filler content. This seems to
corroborate our earlier observation that the nano-
size filler exhibits closer interaction with the ma-
trix than the microsilica filler. A comparison of
the 100 kHz tan d values of the dried samples
shows that the interaction of the nanofiller is also
probably more intense with water, as shown by
the higher residual loss after drying at high tem-
peratures.

CONCLUSIONS

Nanosilica filler is amorphous, making compos-
ites with polyurethanes, which were transparent
at all concentrations. Such composites displayed
higher strengths and elongation at break and

Figure 24 100 kHz tan d curves of polyurethane composites containing various
amounts of nanosilica filler. The samples were stored under ambient conditions.

POLYURETHANE–SILICA NANOCOMPOSITES 149



were of lower density, modulus, and hardness
than the corresponding composites formed with
fillers made from micron-size quartz particles
with polyurethanes. The SEM and SAXS of the
nanocomposites showed that even at the highest
loading, the filler particles failed to assume or-
dered packing. The progressive change in proper-
ties and increase in Tg with filler content occurred
with both micron-size quartz and nanosilica, but
more so with the latter, indicating that the filler
particle affected the properties of the polyure-
thane matrix. There are two possible origins of
such effect:

(1) chemical/physical interactions between the
filler and the matrix,

(2) effects caused by geometrical constraints of
the matrix resulting from the closed prox-
imity of the filler particles.

Dielectric measurements showed that both the
nonfilled sample and the filled composites exhibit
an overlapping transition consisting of two subre-
laxations, which become resolved at the highest
frequencies only. The estimated activation ener-

gies of these transitions are around 200 and 100
kJ/mol, respectively, and the activation of the
higher temperature transition is lower.

The polarization appearing above room tem-
perature in most samples can probably be attrib-
uted to electrode polarization rather than to the
MWS mechanism. It is possible, however, that in
the nanosilica-filled sample stored under ambient
conditions, a true MWS process appears at the
wet filler–matrix interface.

The nanosilica exhibits stronger interaction
with both the matrix polymer and water than the
conventional filler, which can be explained by the
higher specific surface area.
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