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a b s t r a c t

We report on the influence of parameters controlling filler dispersion and mechanical reinforcement in
model nanocomposites. We elaborate a series of nanocomposites and present a structural character-
ization of silica dispersion in polymer matrix for several particle sizes and polymer matrices, at all
relevant scales, by coupling Small Angle X-ray Scattering and Transmission Electronic Microscopy. The
mechanical properties are investigated in the linear regime by coupling Dynamical Mechanical Analysis
and plate/plate rheology. The results show that: (i) for all filler sizes and matrices, a structural transition
is observed from non-connected fractal aggregates at low silica concentration to connected network at
high particle content. (ii) In the dilute regime, the reinforcement implies a polymer chain contribution
with different possible origins: increase of entanglements density for PS and increase of friction coef-
ficient for PMMA. (iii) In the concentrated regime, for a given polymer, the reinforcement amplitude can
be tuned by the rigidity of the filler network, which directly depends on the particleeparticle interaction.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The design of polymer nanocomposites (PNCs) results in many
opportunities for implementations in material science since the
inclusion of nanoparticles (NPs) in polymeric matrix confers to
them a number of properties for various practical applications and
for fundamental insights [1]. The increase of surface to volume ratio
thanks to the size of small NPs leads to the improvement of prop-
erties in nanocomposites compared to pure polymers or macro-
composites and the combination of different NPs (carbon-based
widely used, oxides, silica, metals.) with different polymers
makes possible to design materials and finely modulate their final
properties (rheological, optical, dielectric.) [2].

In this context, the mechanical reinforcement of amorphous
polymers by the addition of NPs (fillers) is very efficient but its
mechanisms need more comprehensive explanations: it still
appears as a complex phenomenon that depends on two main
questions: how do arrange the fillers in the polymer (the filler

dispersion) and how the fillers and the polymer interact [3]. The
mechanisms involved in reinforcement are system dependent, i.e.
influenced by the nature of the fillers (size, shape, aspect ratio) and
the nature of the polymer (interaction potential with fillers). On the
one hand, many filler morphologies at various length scales are
encountered in polymeric matrix due to the complex interactions
between fillers and polymer [4]: well dispersed particles, fractal
aggregates, filler network or large agglomerates. These various
structures enable variations in reinforcement [5], different from the
classical hydrodynamic one: from high reinforcement (high
modulus and large deformability) due to direct interactions
between fillers, to “poor” reinforcement (increase of modulus but
also of sample fragility) with too large aggregates. The reinforce-
ment appears particularly more efficient when particles arrange in
complex structured aggregates rather than they are perfectly
dispersed [6]. But the precise relationship between such NPs
dispersion and mechanical behavior involve many criterions and
remains to be understood. On the other hand, changes in
mechanical properties can be correlated to the nature of polymer/
filler interaction through the modification of the local structure of
the polymer. Properties of the polymer at the interface can greatly
differ from the bulk polymer: the increase of the number of
contacts between fillers and polymer (chain anchoring) or of the
chain entanglements may lead to an increase of local segmental
packing. Such interaction seems to modify the polymer dynamics
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over large length scales: it undergoes changes of chain dynamic [7]
which can be interpreted as leading to a gradient of local glass
transition Tg from filler surface to the bulk [8]. The existence of
glassy regions inside the melt matrix has also been proposed to
explain the enhanced reinforcement in nanocomposites [9], with
even, in specific cases, the formation of glassy paths, which
percolate and create a continuous network [10].

Nevertheless, these two contributions are intimately associated
and involve interdependent parameters difficult to de-correlate in
experimental approaches. Nowadays some systems have been
synthesized in which we can study separately these two contri-
butions with one remaining question: what factors control the filler
dispersion and thus themechanical properties? One factor could be
the relative polymer/NPs sizes: Mackay et al. [11] suggested earlier
that the dispersion is controlled by the size ratio between polymer
and filler R/Rg. The dispersion of nanoparticles is observed to
increase when the radius of gyration of the polymer is greater than
the size of the nanoparticles.

One strategy to modulate the dispersion is to graft polymer
chains onto particles surface [12,13]. The surface modification of
inorganic particles by organicmolecules or by grafted chains should
decrease the surface tension of a particle in a polymer melt, and
therefore influence the filler spatial distribution [14] and thus the
mechanical reinforcement.NPs graftedwithpolymer chains arrange
in different self-assemblies depending on the molecular weight
ratios between grafted and matrix polymers and on the grafting
density. The tuning of these parameters leads to the creation of
a “phase diagram” for the polymer/NPs mixtures [12,15]: NPs can
form chains, branched objects or more complex anisotropic struc-
tures. Along the same lines it was then proposed that a significant
reinforcement is obtained through the percolation of particles via
grafted chains [16]. But, evenwith the best combinations of grafting
and matrix for good dispersion, others external parameters (drying
method, solvent, concentration, processing temperature) remain
also important in the final dispersion and mechanical response.

Thus, another way to control the filler dispersion is to act on
nanocomposites preparation. A number of processing techniques
(melt mixing, solvent casting, extrusion and compression molding
[17]) have been used to prepare PNCs leading to various disper-
sions. For solvent casting, Sen et al. [18] observed the influence of
quality of the solvent used and evaporation rate on silica/poly-
styrene (PS) nanocomposites. At variance with “poor dispersion”
(large agglomerates) where a Tg’s decrease is measured [19],
a better dispersion is achieved when solvent is quickly evaporated,
and no change in Tg is observed, These effects on Tg have been
interpreted as due to the fact that the polymer/filler interface is
affected by the process.

Recently we studied the silica/PS nanocomposites prepared by
solvent casting and investigated the relation between filler
morphology and the mechanical properties above Tg [20]. We have
reported that (i) at high particle concentration there is a direct
correlation between the local connected filler network and the fast
increase of the reinforcement factor (ii) at low particle concentra-
tion, an important increase of the relaxation times (analogous to
a solid-like behavior) is observed and cannot be directly attributed
to interaction between fillers due to the longer inter-fillers
distances, suggesting some polymer/filler interaction.

Here we extend this previous work and propose, keeping
unchanged the casting process, to see whether the filler dispersion
and the associated mechanical reinforcement are affected by the
particles size and the matrix nature. First, following Mackay et al.
[11], we can scan the phase diagram of silica dispersion by changing
the particle size (in our case by increasing the radius by a factor 2).
Second, changing the polymer matrix enables to modify the inter-
action between polymer and NPs and tune the strength of the

interfacial interaction and thus the filler morphology. In this
context, polystyrene (PS) and polymethylmethacrylate (PMMA)
have been chosen as two matrices because of their different reac-
tivity with silica NPs. PMMA is known to adsorb strongly on NPs
through hydrogen bonding between carboxyl groups and silanol
groups. PS is known to weakly adsorb through dipoleedipole
interaction of the benzene ring with the silica surface. Tannenbaum
et al. [21,22] proposed that the number of possible anchoring points
per chain d at the silica surface varies as d a M5=3

w for PMMA and as
d a Mw for PS with saturation for d at high Mw. Then, they provided
a relation between its interfacial behavior and the mechanical
properties and observed a power law dependence of the relative
elastic modulus Grel as Grel a d1/3.

Hence, the present study has two aims: the first one is to
establish the filler structure adopted by the different silica beads in
two amorphous polymer matrices through Small Angle X-rays
Scattering (SAXS) and Transmission Electronic Microscopy (TEM)
images. The second aim is to highlight the relation between
morphology and reinforcement in order to identify the key
parameters controlling both filler dispersion and mechanical
properties at low deformation in the linear regime. We want to
identify the main contribution dominating the reinforcement as
a function of silica volume fraction, silica size and type of polymer.
In the same time, in order to quantify the influence of processing
conditions, we also follow the silica aggregation during nano-
composites processing by Small Angle Neutron Scattering (SANS).

2. Experimental

2.1. Nanocomposites processing

Nanocomposites were prepared by mixing nanosilica suspen-
sion, initially dispersed in an organic solvent, the DiMethylAceta-
mide (DMAc), with a polymer solution (10%v/v). The mixture is
stirred for 2 h and then poured into Teflon moulds and let cast in an
oven at constant temperature (130 �C) during 8 days to insure
complete solvent evaporation. At the end we obtained dry films of
dimension of 5 cm � 5 cm � 0.1 cm. Six model nanocomposites
have been prepared with two polymer matrices (polystyrene (PS)
with Mw/Mn ¼ 2 and polymethylmethacrylate (PMMA) with Mw/
Mn ¼ 2) and three different silica beads. Both polymers have been
purchased by Sigma Aldrich with an average molecular weight Mw

of 280,000 g/mol and 350,000 g/mol for PS and PMMA respectively.
Three different silica beads have been used to study the influence of
size and polydispersity on dispersion and reinforcement. One silica
solution already dispersed in DMAc (Nissan-St) was purchased by
Nissan Chemical and two other silica suspensions were purchased
by Sigma Aldrich, as initially dispersed in water (Ludox TM-40 and
Ludox LS) and then subsequently transferred in DMAc by mixing
and evaporation. Ludox silica dispersion remains stable during this
transfer process: we compared SAXS curves in water before and
after transfer in DMAc (SAXSmeasurements inwater are not shown
here) and the curves well superimpose: the particles are well
dispersed in the organic solvent; we do not observe any aggrega-
tion due to the change of the solvent.

2.2. SANS and SAXS measurements

Small Angle Neutron Scattering (SANS) measurements were
carried out on PAXY beamline at the Laboratoire Léon Brillouin
(LLB). Three configurations sample to detector distance/wavelength
were used: l ¼ 12 Å at 6.7 m, l ¼ 6 Å at 6.7 m and l ¼ 6 Å at 1.5 m
providing of experimental q-range of 0.0025 Å�1 < q < 0.25 Å�1.
The neutron wavelength distribution was 0.11. The data were cor-
rected for background, empty beam and converted to absolute
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intensity by normalizing by the scattering of 1 mm of hydrogenated
water (H2O).

Small Angle X-rays Scattering (SAXS) measurements were per-
formed at the ESRF on ID-02 spectrometer and at Soleil on SWING
spectrometer. On ID-02, we used the pinhole camera at the energy
of 12.46 keV at two sample to detector distances (1m and 10m)
corresponding to a q-range between 0.0008 Å�1 and 0.3 Å�1. The
absolute units are obtained by normalizing respect to water (high
q-range) or lupolen (low q-range) standard. In addition, for some
samples, a Bonse-Hart camera setup was used, allowing us to reach
q values lower than 0.0008 Å�1. For solutions, SAXS were carried
out on SWING beamline and measurements were recorded using
2DAVIEX CCD camera at energy of 7 keV with 2 samples to detector
distances: 6.5m and 1.8m, leading to a q-range lying from
0.0018 Å�1 to 0.15 Å�1.

2.3. Transmission electronic microscopy (TEM)

The TEM provides a direct view of silica arrangement in polymer
matrix over a wide range of scale from 50 nm to mms. The samples
were cut at room temperature by ultramicrotomy using a Leica
Ultracut UCT microtome with a diamond knife. The cutting speed
was set to 0.2 mm s�1. The thin sections of about 40 nm thickness
were floated on deionized water and collected on a 400-mesh
copper grid. Transmission electron microscopy was performed on
a FEI Tecnai F20 ST microscope (field-emission gun operating at
3.8 kV extraction voltage) operating at an accelerating voltage of
200 kV. Precise scans of various regions of the sample were
systematically done, starting at a small magnification which was
then gradually increased. Then the subsequent analysis of TEM
images according to the silica volume fraction is detailed in SI.

2.4. Mechanical properties

Mechanical properties have been investigated in the linear
regime (low deformation) by coupling Dynamical Mechanical
Analysis (DMA) and plate/plate rheology. For DMA experiments
rectangular pieces of film 2 cm long � 0.5 cm wide were sanded
down to a constant thickness of 0.8 mm. Dynamic mechanical
analysis (DMA) measurements were performed on a TA DMA Q800
device in oscillatory tension mode, at fixed deformation rate (0.1%)
and fixed frequency (5 Hz), at temperatures ranging from 40 �C to
300 �C with a heating rate of 10 �C/min. Analysis of the oscillatory
stress response is done by the software provided by TA; a preload-
ing force of 0.04 N is applied to avoid buckling and ensure complete
contact with the plates. We define a reinforcement factor E0/E00 as
the ratio of the nanocomposites modulus by the reference modulus
at T/Ta ¼ 1.25 (Ta is the main relaxation temperature obtained from
DMA measurements).

Oscillatory shear tests (plate/plate rheology), corresponding to
low deformation levels (0.5%), were carried out in the dynamic
mode in strain-controlled conditions with a plateeplate cell of an
ARES spectrometer (Rheometrics-TA) equipped with an air-pulsed
oven. This thermal environment ensures a temperature control
within 0.1 �C. The samples were placed between the two plates
(diameter 1 mm) fixtures at high temperature (160 �C), far above
the glass transition, put under slight normal force (around 0.5 N),
and temperature was decreased progressively, while gently
reducing the gap to maintain a constant low normal force under
thermal retraction. The zero gap is set by contact, the error on
sample thicknesses is thus minimal; estimated at þ0.010 mmwith
respect to the indicated value. To stay below the limit of linear
deformation, the shear amplitude was fixed to 0.5%. Samples are
stabilized at the temperature for 30 min before starting measure-
ments. In dynamic mode, the frequency range was from 0.5 to

100 rad/s for different temperatures (from 190 �C to 120 �C), and
time-temperature superposition was applied [23].

2.5. Extraction experiments

To quantify the weight of bound polymer in the nano-
composites, extraction experiments have been performed as
follows. Dry nanocomposites filled with different silica volume
fraction were dissolved in good solvent, toluene for PS and DMAc
for PMMA, during one day. After that, the solution was cen-
trifugated and the supernatant (excess polymer and excess solvent)
was removed. This process is repeated four times to insure well
dissolution of all “free chains”. Thermogravimetric analysis (TGA)
was then performed on the residual precipitate using a TA TGA Q50
under nitrogen flow to evaluate the quantity of bound polymer in
the residual. The sample was heated from 25 to 600 �C at a heating
rate of 10 �C/min and weight loss was measured.

2.6. DSC measurements

Differential Scanning Calorimetry (DSC) measurements have
been performed on TA DSC Q100 under helium flow to measure the
glass transition temperature Tg of the nanocomposites. 5e10 mg of
samples was put into a hermetic aluminium pan. Empty cell was
used as reference. Samples were heated from 25 �C to 140 �C at
a heating rate of 10 �C/min and kept at this temperature during
15 min to erase thermal history of the materials. Then they were
cooled to 25 �C with the same speed. This cycle was repeated once
and reported Tgwas from the second heating and determined as the
mid point of the step in heat flow.

3. Results

3.1. Native nanoparticles in solution

We first describe the behavior in solution of the different silica
beads. Fig. 1 shows the scattering intensity I(q) obtained by SAXS of
the silica solution in DMAc: (a) Nissan-St at 0.25%v/v, (b) Ludox LS
at 0.5%v/v and (c) Ludox TM-40 at 0.25%v/v.

All the curves can be described as follows. At high q, the scat-
tering intensity I(q) scales as q�4 characteristic of sharp interface
between silica surface and solvent. In this q-range the scattering
intensity can be described by a Porod law, which gives the specific
surface Sspe of the silica using the relation (1):

Sspe ¼ IðqÞq4=
�
2pFSiO2

Dr2d
�

(1)

where FSiO2
is the silica volume fraction, Dr2 ¼ (rSiO2

�rsolvent)2 the
contrast term between scattering length density of silica and of
solvent and d is the density of the silica (¼2.2 g cm�3). Table 1
reports the different SLDs and contrast terms in both matrices for
the different silica beads.

At intermediate q, oscillations from the silica form factor, more
or less pronounced depending on the polydispersity, are observed.
At low q, we observe a Guinier regime associated to the global size
of the silica. For Nissan-St (Fig. 1(a)) a correlation peak appears at
very low q due to repulsive interaction between objects and sug-
gesting amoderate aggregation. The peak positions q* give an inter-
particle distance d (d¼(2p/q*) and an aggregation number Nagg
according Equation (2):

Nagg ¼ ð2p=q*Þ3x�FSiO2
=VSiO2

�
(2)

where FSiO2
and VSiO2

are respectively the volume fraction and
volume of silica. One obtains Nagg ¼ 6 for Nissan-St indicating that
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the individual objects in this solution are already composed of 6
units of 50 Å. For the following we will consider as primary particle
these small assemblies of 6 units. Experimental data can then be
well fitted using a polydisperse hard sphere form factor with the
mean radius of the silica R and the polydispersity s as parameters.
Table 2 reports the results obtained for each silica solution.

From the fits we found that Nissan-St have a radius of 59 Å with
a large polydispersity of 0.34 and specific surface of 166 m2/g. The
Ludox LS have slightly greater radius (R ¼ 74 Å) but with a lower
polydispersity of 0.16 and a specific surface of 202 m2/g. The Ludox
TM-40 have larger radius: 138 Å with a polydispersity of s ¼ 0.15
and specific surface of 94 m2/g. Finally we deduced R/Rg in PS and

PMMA and found values always lower than 1, i.e. R< Rg, suggesting
that good dispersion will be insured in nanocomposites [11] (see
Table 2).

3.2. Silica dispersion in nanocomposites

We now move to silica dispersion in the different polymers.
Fig. 2 reports all the SAXS scattering intensities normalized by silica
volume fraction FSiO2

as a function of scattering wave vector q for
Nissan-St/PMMA (a), Ludox LS/PMMA (b), Ludox LS/PS (c), Ludox
TM-40/PMMA (d) and Ludox TM-40/PS (e) nanocomposites. The
silica dispersion of Nissan-ST/PS nanocomposites has been detailed
elsewhere [20]. For a given silica concentration the scattering
curves exhibit similar behavior for all nanocomposites. At high q, all
curves superimpose well suggesting a good normalization by silica
volume fraction and scale as q�4 which is characteristic of sharp
interface between silica and polymer. At intermediate q, a shoulder
appears whatever the silica and its positions are independent of
FSiO2

. These shoulders are due to intra-particles structure factor
from direct contact between primary particles in larger aggregates
[20]. At low q the overall behaviors depend on silica volume frac-
tion: we observe a plateau at low silica volume fraction and
a correlation peak more or less pronounced at large concentration
(see below for details). At very low q an upturn of scattering
intensities is measured and clearly observed on unfilled polymers
(Fig. 2(a)). Hence we argue that this upturn comes from the pres-
ence of crazes created in the matrix during nanocomposites pro-
cessing. Here we do not discuss the origin of crazes and how the
sample process influences them, which are both outside the scope
of this paper. Nowwewill studymore precisely the silica dispersion
as a function of silica volume fraction FSiO2

.

3.2.1. Low FSiO2
: small fractal aggregates

For low concentration (5%v/v), at low q (from 0.001 Å�1 to
0.01 Å�1) the scattering intensity scales as q�Df and reaches
a plateau for the small silica beads suggesting that they arrange in
fractal aggregates with a finite size. In this low q-range data, can be
described by a Guinier relation (I(q) ¼ I0exp(�q2R2g /3)) giving the
radius of gyration Rg of the aggregates (not shown here but values
are reported in Table 3). For larger particles the Guinier regime is
not apparent in the available range. But for both types of particles,
the profiles, though different, can also be fitted in the entire q-range
using an aggregate form factor depending on the aggregation
number Nagg (the number of native beads inside the primary
aggregate), the fractal dimension of the primary aggregates Df, the
form factor of a sphere Pnative beads and l(R, s) the log-normal
distribution of the radius (see SI for details). We neglected corre-
lations between aggregates and thus considered in first approxi-
mation that the inter-structure factor Sinter-agg(q) is close to 1. Fig. 3
shows the SAXS scattering intensities for nanocomposites filled
with 5%v/v of (a) Nissan-St, (b) Ludox LS and (c) Ludox TM-40 in PS
(green squares) and in PMMA (red circles) matrix (the Nissan-St/PS
curve comes from reference [20]). In the same figure the best

Table 1
Density, scattering length density r and contrast terms Dr¼(r�rSiO2

)2 from SANS
and SAXS of each components used in this study.

Component Density
(g cm�3)

rSANS
(�1010 cm�2)

rSAXS
(�1010 cm�2)

(rerSiO2
)2

(�1020 cm�4)
SAXS/SANS

SiO2 2.2 3.41 18.5 e

DMAc H 0.937 0.525 8.72 95.65/8.32
PS 1.04 1.41 9.44 82.1/4
PMMA 1.1 0.99 10.05 71.4/5.86
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c

Fig. 1. SAXS measurements of two silica beads in solution (DMAc) used in this study:
(a) Nissan-St at 0.25%v/v: R ¼ 59 Å and s ¼ 0.34, (b) Ludox LS at 0.5%v/v: R ¼ 74 Å and
s ¼ 0.16, (c) Ludox TM-40 at 0.25%v/v: R ¼ 138 Å and s ¼ 0.15. The blue solid lines
correspond to the best fit using polydisperse hard sphere form factor. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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aggregate fits are shown in solid black line for PS nanocomposites
and black dashed line for PMMA nanocomposites. Table 3 reports
the corresponding parameters (Nagg, Df) for all nanocomposites.
First, for Nissan-St nanocomposites in PS and PMMA, the curves are
very similar: an upturn at very low q due to crazes (not fitted here)

followed by a Guinier regime at low q, a shoulder at intermediate q,
to end with a q�4 behavior at high q. The silica beads organize in
small fractal aggregates with Df comprised between 1.7 and 1.85.
The Nagg is between 3.5 and 10 depending on the matrix. In the
intermediate q-range, a discrepancy between fits and data is

Table 2
Characteristic parameters of Nissan-St, Ludox LS and Ludox TM-40. The values of specific surface are consistent with values given by Sigma Aldrich (190 m2/g for Nissan-St,
215 m2/g for Ludox LS and 135 m2/g for Ludox TM-40).

Silica Radius R (Å) Polydispersity s Peak position q* (Å�1) Aggregation number Nagg Specific surface Sspe (m2/g) R/Rga PS/PMMA

Nissan-St 59 0.34 0.0058 6 166 0.406/0.245
Ludox LS 74 0.16 0.0068 2.3 202 0.510/0.307
Ludox TM-40 138 0.15 e e 94 0.952/0.573

a RgPS ¼ 0.275.(Mw)0.5 ¼ 14.5 nm and RgPMMA ¼ 0.041.(Mw)0.5 ¼ 24.1 nm.

Fig. 2. SAXS measurements of Nissan-St/PMMA (a), Ludox LS/PMMA (b), Ludox LS/PS (c), Ludox TM-40/PMMA (d) and Ludox TM-40/PS (e) nanocomposites filled at different silica
volume fractions FSiO2

. All curves have been normalized by silica volume fraction FSiO2
. The black solid lines represent the corresponding form factor of the silica native beads. The

behavior of Nissan-St/PS nanocomposites (not shown here) has been published previously in reference [20].

N. Jouault et al. / Polymer 53 (2012) 761e775 765
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observed at the shoulder position corresponding to the inter-
particle privilege distance. The correlation hole observed here
comes from the convolution of the form factor of the aggregates
Pagg(q) with a peak in the intra-structure factor Sintra-agg(q) between
primary particles, which is not described in our model. These
correlation holes are pronounced for small particles (Nissan-St and
Ludox LS) and in PS matrix: interactions between primary particles
appear stronger leading to the formation of denser and more
homogeneous in size aggregates; the occurrence of this privileged
distance is high and the shoulder is thus pronounced. For Ludox
TM-40, at intermediate q-range, the data can be well fitted with the
aggregates form factor with Nagg ¼ 5 or 13 and Df ¼ 1.6 or 1.1 for PS
or PMMA respectively. Note that, for Ludox LS and Ludox TM-40
systems, the aggregation numbers Nagg are considered as minimal
possible values because the Guinier regime at low q is no longer
visible and is certainly matched by the crazes signal. The discrep-
ancy between the data and the fit at very low q can also be due to
the heterogeneous size distribution of the aggregates leading to the
absence of clear plateau. Also the inter-particle correlation shoulder
is less pronounced suggesting that particles are less packed, but
better arranged along linear parts of the aggregates (in particular
for PMMA), in agreement with the trend to lower Df values.

The silica arrangements in fractal-like aggregates homoge-
neously dispersed in polymeric matrices are also confirmed on
larger scale by TEM images: Nissan-St/PMMA at 5%v/v and Ludox
TM-40/PMMA at 5%v/v are reported in Figs. 4 and 5 respectively.
We clearly observe that the branches of Nissan-St/PMMA aggre-
gates (Fig. 4) are thick with cross-section containing particles
transverse to the branch, while for Ludox TM-40/PMMA (Fig. 5),
particles aggregate only in a single row (necklace). This explains the
difference in compactness described from SAXS. To be quantitative,
TEM images have been analyzed and the structural information on
aggregates has been extracted from their projected images using
the procedure described in SI. We deduced from this analysis
a distribution of aggregation number Nagg, fractal dimension Df and
radius of gyration Rg obtained for both PS and PMMA nano-
composites reported in Table 3. First the structural values are
consistent with SAXS values with similar Rg and slight greater Nagg
values for TEM (probably because the analysis does not account for
polydispersity of the primary particles and is dependent on the
thickness of the sample slabs). Second, for Ludox TM-40/PMMA, the
TEM analysis reveals the existence of two populations in aggrega-
tion numbers (Nagg ¼ 3 and 8) suggesting that this system is more
heterogeneous in size. We can observe a significant number of
single primary particles for TM-40, which are not visible for Nissan-
St nanocomposites. In the size distribution we can also point out
the existence of few large aggregates (i.e. agglomerates of radius
R > 80 nm). These observations well confirm the continuous
increase at low q of the scattering (no plateau). Similar observation
is made with LS particles (see Fig. 6(a)) suggesting that smaller size
particles (Nissan-St and LS) gives a more homogenous dispersion
than the larger ones (TM-40).

3.2.2. High FSiO2
: connected silica network

At high FSiO2
, the scattering intensities (Fig. 2) show a correla-

tion peak at low q, which is more or less pronounced depending on
silica beads. These peaks reveal the apparition of an ordered
structure with a characteristic length x (x ¼ 2p/q* with q* is the
peak position) in the system. At such high concentration, the
structure can be described as filler network [20] and can be high-
lighted by dividing the total scattering intensity by the form factor
of the native particles deduced in Fig. 1. The results are presented in
Fig. 7 in (a) PMMA matrix and in (b) PS matrix. For Nissan-St
nanocomposites there is a well-defined peak whose position
scales as F0.8 and F0.87 (for respectively PS and PMMAmatrix); this
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Fig. 3. SAXS measurements for nanocomposites filled with 5%v/v of (a) Nissan-St, (b)
Ludox LS, (c) Ludox TM-40 in PS matrix (green squares) and in PMMA matrix (red
circles). The black solid line and the black dashed line correspond to the best aggregate
fits in respectively PS and PMMA matrix. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 3
Structural parameters extracted from aggregates form factor in SAXS and from TEM
analysis for the different nanocomposites filled with 5%v/v.

Silica
beads

PS PMMA

Rg (nm)
SAXS/TEM

Nagg

SAXS/TEM
Df

SAXS/TEM
Rg (nm)
SAXS/TEM

Nagg

SAXS/TEM
Df

SAXS/TEM

Nissan-St 26/19 10/23 1.85/1.6 18.3/20 3.5/27 1.7/1.6
Ludox LS �/� 15/� 2.2/� �/22 30/14 1.15/1.6
Ludox

TM-40
�/� 5/� 1.6/� �/24 13/3�8a 1.1/1.1

a The sum of two Gaussian functions has been used to reproduce the data (see
Fig. 5(c)).
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variation is characteristic of network mesh size evolution when
increasing the concentration of the connected strands above
percolation threshold [24]. One obtains xPS ¼ 103 nm and
xPMMA ¼ 94 nm at 20%v/v. The peaks are quite broad for Ludox
systems. For Ludox TM-40 nanocomposites SAXS curves don’t
display a visible correlation peak and the scattering signal tend to
a plateau indicating the finite size of the structure. The evolution of
peak position as a function of the particle size is shown in Fig. 7(c).
A linear correlation is found for both polymer matrices indicating
that smaller particles give smaller mesh size networks: the rigidity
(i.e. the connectivity) of the filler network appears to directly
depend on the native particles size.

This description is confirmed by TEM: the network behavior is
clearly observed (Fig. 6(b) for Ludox LS and Fig. 8 for Nissan-St and
Ludox TM-40) for all nanocomposites. Silica nanoparticles arrange
in both polymer matrices to form a connected network with a size
of the mesh (or of the holes) consistent with the ones obtained by
SAXS. For Ludox TM-40 pictures show also holes, less regularly
distributed (in agreement with the weak correlation in SAXS and
TEM images analysis) in an apparently connected network. Finally
we vary the molecular weight of the polymer matrix, both PS and
PMMA, to check it contribution on the particle dispersion.
Changing the molecular weights from 100000 to 1000 000 g/mol

appears to have not significant influence on the final filler disper-
sion (see reference [25] for PS and Fig. S4 in SI for PMMA).

Let us summarize the influence of polymer matrix and particle
size on filler dispersion.

Changing the matrix enables the modification of the interaction
between polymer and silica and the tuning of the strength of the
interfacial interaction (the possible anchoring points may differ
from PS to PMMA). The interaction is expected to be weak in PS
system (dipoleedipole interaction) whereas it is usually considered
stronger in PMMA systems due to possible hydrogen bonds
between polymer carbonyl function and silanol group on silica
surface [26]. However, our results show that the effect of the
polymer on the particle dispersion seems to be relatively limited. At
low concentration, the silica native beads arrange in small fractal
aggregates dispersed homogeneously in the two polymer matrices.
The aggregation number Nagg and fractal dimension Df are slightly
lower in PMMA nanocomposites than in PS nanocomposites: thus
the objects mass is lower and the aggregates more opened in
PMMA matrix. At high concentration, silica particles form a con-
nected network whose characteristic size is the mesh size. For
a given particle the correlation peaks position q* related to mesh
size is located at the same q value whatever the matrix (PS or
PMMA).

Fig. 4. (a) TEM images for 5%v/v Nissan-St/PMMA nanocomposites (scale bar: 200 nm). (b) Radius of gyration Rg and (c) Aggregation number Nagg obtained by image analysis fitted
with a Gaussian distribution. The image at lower magnification is available in SI (Fig. S1).
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Wenow focus on filler size effects on particles dispersion. At low
concentration the aggregates appear to be homogeneously distrib-
uted for the smaller particle sizes (Nissan-St and Ludox LS) andmore
heterogeneously for the largerones (LudoxTM-40). Similarly, for the
concentrated regime, the mesh size distribution of the connected
filler network is quite narrow for the smaller particles. The peak is
not well-defined for the Ludox TM-40 particles and is located at
smaller q value corresponding to a heterogeneous and “swollen”
filler network. For Nissan-St and Ludox LS, the filler network ismore
regular and tight; this is also confirmed by TEManalysis and the size
distribution of matrix areas (see Fig. S3 in SI).

3.3. Silica aggregation during nanocomposites processing

The identity of the silica dispersion, whatever the beads and the
polymer matrix, suggests that samples processing controls the final
dispersion state. In this section we will focus on the aggregation
process occurring during solvent evaporation. We prepared silica/
polymer solutions as described in Experimental part and put it in
an oven at 130 �C. Then we sampled at different time: 0 (blue), 1
(green), 2 (red), 2040 (purple) and 4 (brown) hours for final silica
volume fraction of 5%v/v and 0 (blue), 1 (green) and 2020 (red)
hours for final concentration of 20%v/v. For each time wemeasured

the scattering intensity by SANS and calculated the corresponding
silica volume fraction. The scattering intensity is then normalized
by the form factor of native particles (determined previously, see
Fig. 1(a)) and obtained a structure factor S(q).

Fig. 9 shows the corresponding structure factors S(q) for final
silica concentrations of 5%v/v (a) and 20%v/v (b) at different
evaporation times. The black squares correspond to the final
dispersion in nanocomposites films. At t ¼ 0, the scattering curves
are characterized by a correlation peak giving the mean distance
d between primary particles (d ¼ 2p/q* with q* the peak position).
First, when t increases, the peak position moves to higher q: the
inter-particle distances decrease due to progressive solvent evap-
oration. Then, for longer t, the peak position changes and moves to
lower q due to the aggregation of primary particles in small
aggregates and thus the distance between them increases. Finally,
the peak position and curves remains constant until the end of the
processing because a large amount of solvent evaporates and
polymer matrix becomes viscous and “freezes” the system in
a specific aggregation state. In intermediate q-range the slope gives
the fractal dimension of the forming aggregates (Df ¼ 1.8). We can
deduce the aggregation number using Equation (2) at the different
times. Table 4 and Table 5 report the different values for respec-
tively 5%v/v and 20%v/v.

Fig. 5. (a) TEM images for 5%v/v Ludox TM-40/PMMA nanocomposites (scale bar: 200 nm). (b) Radius of gyration Rg and (c) Aggregation number Nagg obtained by image analysis.
The sum (red line) of two Gaussians distributions (green line) was used to fit the aggregation number data. The image at lower magnification is available in SI (Fig. S1). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Before 2 h solutions are still liquid and particles are quite well
dispersed (Nagg are comprised between 2 and 3). After 2 h solutions
became viscous and particles come close to each other and start to
attract via VDW interaction to form small aggregates (Nagg ¼ 6.2 for
diluted nanocomposite and 3.6 for concentrated nanocomposites).
Beyond 2040 h the peak position moves clearly at low q and is not
available in our q-range (Fig. 9(a)) suggesting the growth of the
aggregates and it became difficult to take sample without influ-
encing the silica dispersion (Fig. 9(b)).

3.4. Mechanical properties

In this section the mechanical properties of the nanocomposites
will be investigated in the linear regime by coupling DMA and
plate/plate rheology.

Fig. 10 shows the evolution of the conservation modulus E0 from
DMA as a function of the temperature for PMMA nanocomposites
filled with Nissan-St (a) Ludox TM-40 (b) at different silica volume
fraction.

For unfilled polymer the DMA curve is classical of amorphous
polymer: at low T (below Ta), the elastic modulus plateau is around
2500 MPa and corresponds to the glassy regime. When T increases,
a steep decrease is observed and followed by the entanglement
rubbery plateau. For higher T (T > 250 �C), measurements were
stopped because themodulus becomes tooweak due to the flowing
of the samples. When we added silica (Nissan-St (a) or Ludox TM-
40 (b)) the curves remain similar at low T. The main differences
occur at higher T where a mechanical reinforcement effect is clearly
observed: the steep decreases are slightly shifted to higher T and

the rubbery plateaus are higher andmore pronounced. This effect is
emphasized if we followed the evolution of E0/E0 at T/Ta¼ 1.25 (E0 is
the modulus of the unfilled polymer) as a function of silica volume
fraction FSiO2

. Fig. 10(c) presents the comparison of the reinforce-
ment factor for Nissan-St and Ludox TM-40 PMMA nano-
composites. These reinforcement factors present a similar linear
behavior at lowF (<5%v/v) followed by a significant deviation from
the hydrodynamic behavior when increasing the particles volume
fraction. As previously described [20], the appearance of this
deviation is related to the filler connectivity threshold, which is
observed whatever the nature of the polymer and the particle size.
It is interesting to see here that at 20%v/v the levels of the rein-
forcement factors are stronger for the Nissan particles than for the

Fig. 6. (a) TEM images for 5%v/v Ludox LS/PS nanocomposites (scale bar: 200 nm) and
(b) for 15%v/v Ludox LS/PMMA nanocomposites (scale bar: 200 nm).
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Fig. 7. Structure factors obtained by dividing the scattering intensity I(q) by the form
factor P(q) of native particles for (a) PMMA and (b) PS nanocomposites filled with 20%
v/v of Nissan-St (full squares), Ludox LS (open triangles) and Ludox TM-40 (open
circles). (c) Evolution of peak position q* at 20%v/v as a function of native particle size
in both matrices: PS (green squares) and PMMA (red triangles). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Ludox particles (by a factor 2) and also stronger for the PS than for
the PMMA matrix (DMA data for PS systems are described in [20]).

Oscillatory shear experiments in the linear viscoelastic regime
were also performed to get insight in the reinforcement of nano-
composites and the effect of polymer matrix. Master curves of G0

using WLF time-temperature superposition (TTS) principle [23] are
shown in Fig. 11 for Nissan-St/PS (a) and for Nissan-St/PMMA (b).
For both unfilled polymers we observed the classical behavior of
linear polymer as expected, with slope of ½ at high frequencies
(Rouse relaxation) and slope of 2 at low frequencies in the terminal
(flow) regime. For PS and PMMA nanocomposites the TTS principle
is also applied with the same shift factors aT=T0 as for unfilled
polymers. At high frequencies no differences are observed, all

curves scale as u1/2. For PS nanocomposites, at intermediate
frequencies, G0 increase with silica volume fraction which is
correlated to the entanglement mass Me. For PMMA, all curves
seem to superimpose with the reference one (see Fig. S5 in SI for all
silica volume fractions). The largest differences with the unfilled
polymers occur at low frequencies when G0 increase and tend to
a plateau for PS. The terminal relaxation time ster becomes no
longer visible in our experimental window. For PMMA the effect is
less pronounced but it’s clear that there is a slight shift of terminal
relaxation time ster for 5%v/v revealing the influence of silica on
long-range polymer chain motions. These effects on PMMA are
similar for Ludox LS nanocomposites (see insert in Fig. 11(b)) and
for both PS and PMMA are independent of polymer molecular
weight. Fig. 12 presents the results obtained for lower molecular
weights ((a) 192 kg/mol for PS and (b) 120 kg/mol for PMMA).

Fig. 8. TEM images of nanocomposites filled with 15%v/v for the Nissan-St/PMMA (a),
Ludox TM-40/PMMA (b) and Ludox TM-40/PS (c). The scale bar is 200 nm.
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Fig. 9. SANS evolution as a function of solvent evaporation time for (a) 5%v/v and (b)
20%v/v Nissan-St/PS nanocomposites. The curves have been shifted for clarity.

Table 4
Silica volume fraction FSiO2

, peak position q*, aggregation number Nagg and visual
aspect as a function of evaporation time for diluted (5%v/v) Nissan-St/PS
nanocomposites.

Time (hours) FSiO2

a q* (Å�1) Nagg
b Visual aspect

0 0.005 0.0080 2.9 Liquid
1 0.0075 0.0094 2.6 Liquid
2 0.013 0.0111 2.7 Liquid
2040 0.02 0.0098 6.2 Visquous/Gel
4 e e e Gel

a The silica volume fraction was determined by measuring the weight of evapo-
rated solvent.

b The Nagg was calculated using Equation (2) with R ¼ 59 Å.
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4. Discussion

Nowadays, the better understanding of the correlation between
the local organization of the nanoparticles inside the polymer
matrix and themacroscopicmechanical and rheological behavior of
the materials is still a challenge. It remains difficult to understand it
mainly because these correlations are mostly system dependent
due to specific interactions and thus difficult to translate into
general behaviors. On the basis of a previous study [20] on silica/PS
model nanocomposites we here investigate the role of various
significant parameters of the system (the particle size, the molec-
ular weight and the nature of polymer matrix) on the local particle
dispersion and its direct influence on the mechanical properties.
While keeping unchanged the nanocomposites processing condi-
tions, we studied three sizes of silica particles and two different
polymer matrices with similar Tg (w100 �C) and molecular weights
but with also different interaction potentials with silica. The first
important point is that, whatever the systems, a structural transi-
tion is observed from non-connected fractal aggregates at low silica
volume fraction to connected network above the percolation
threshold Fc, confirmed both by SAXS measurements and TEM
pictures. Second, our silica arrangements differ from the ones
commonly observed in the literature for PS [18,19] or PMMA [27]
nanocomposites. Changes in filler size or polymer matrix do not
induce drastic modifications on silica structures and thus on
mechanical reinforcement suggesting that preparation conditions
governed the general behavior of nanocomposites: the filler

Table 5
Silica volume fraction FSiO2

, peak position q*, aggregation number Nagg and visual
aspect as a function of evaporation time for concentrated (20%v/v) Nissan-St/PS
nanocomposites.

Time (hours) FSiO2
q* Nagg Visual aspect

0 0.02 0.0120 3.3 Liquid
1 0.028 0.0156 2.1 Liquid
2020 0.039 0.0146 3.6 Visquous/Gel

Fig. 10. DMA measurements of conservation modulus E0 as a function of temperature
for Nissan-St/PMMA (a) and Ludox TM-40/PMMA (b) nanocomposites at different silica
volume fraction. (c) Reinforcement factor E0/E0 as a function of silica volume fractions
at T/Ta ¼ 1.25 for Nissan-St (red squares) and Ludox TM-40 (blue circles) PMMA
nanocomposites. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 11. Oscillatory shear experiments for (a) Nissan-St/PS and (b) Nissan-St/PMMA
with in insert the mechanical behavior of 5%v/v Ludox LS/PMMA nanocomposite.
Master curves of G0 and G00 are obtained using TTS principle with a reference
temperature of 143 �C. The parameters of the TTS are C1 ¼ 6.72 and C2 ¼ 98 �C for PS
(see the reference [20] for details), C1 ¼ 11 and C2 ¼ 120 �C for PMMA [23].
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dispersion is very dependent on the mixing procedure used for
nanocomposites preparation [28] and the aggregation mechanisms
depend on processing and solvent used [18]. We followed by SANS
the evolution of silica aggregation during processing. The aggre-
gation is close to DLCA process and the aggregation state appears
frozen when sample becomes viscous. Therefore the solvent
evaporation makes it more and more viscous and is sufficiently
quick to freeze the aggregation in a well dispersed state (i.e.
aggregates with low Nagg) at all scales. At the same time, the
mechanical measurements clearly show a modification of the
reinforcement above Tg. At large particle volume fractions we
observe a fast increase of modulus and at low concentrations the
increase of terminal time (observed at low frequencies) is akin to
a solid-like behavior. Such observations have been discussed
previously on Nissan-St/PS nanocomposites [20]: we argued that at
high concentration the filler/filler interaction is the dominant
mechanism responsible of the high reinforcement (filler connected
network regime) and, at low concentration, long-range effects in
polymer matrix need to be considered to explain the increase of
times and solid-like. We will now detail our results as a function of
silica organization, polymer matrix and filler size.

4.1. Filler connectivity and strong mechanical reinforcement at high
FSiO2

A structural modification is clearly observedwith the increase in
volume fraction of nanoparticles, which simultaneously arrange in
a connected network: the characteristic size is thus the mesh size
and is accessible by SAXS through the peak position q* (this is also

confirmed by TEM images). We assume that the formation of this
network is close to a percolation mechanism of former small
aggregates [24]. Ludox beads show larger mesh sizes distribution as
shown in Fig. 7 with a broad peak for Ludox TM-40 compared to
narrow peak of Nissan-St and we observe a linear correlation
between the mesh size of the filler network and the native particle
radius (Fig. 7(c)). There is a direct correlation between filler
network appearance and increase of mechanical modulus: it is
more pronounced for higher connectivity (as observed for smaller
particles in bothmatrices). We directly see that filler contacts in the
network make possible the stress transfer leading to an increase of
reinforcement and thermo-mechanical stability (observed in DMA).
It is clear that the classical reinforcement model based on hydro-
dynamic effects cannot describe such strong increase. Similar
observations have been previously presented in the literature and
formerly described in terms of percolation for fillers with high
aspect ratio [5,29,30]. In the case of aggregates of spherical parti-
cles, attractive predictions have been proposed to also take into
account the percolation effects [5]: above the percolation threshold
the reinforcement factor should scale as F2=ð3�Df Þ. Unfortunately
they cannot describe our experimental data without introducing
unrealistic parameters with respect to our structural investigations
(we have to remember that our aggregates remain small, so that
their fractal nature remains limited).

Another interesting point is the correlation between the filler
size and the amplitude of the reinforcement (Fig. 10(c)). It can be
directly correlated with the strength of the filler network. Larger
particles lead to lower reinforcement since the surface of contacts
between aggregates decreases when the size increases, so that the
efficiency of connectivity decreases. As the reinforcement is related
to filler connectivity in this range of silica concentration, this leads
to a decrease of the reinforcement: the filler rigidity depends on the
inter-particle attractive interaction. The nature of the interface
between fillers and polymer has also been recently modified by
grafting PS chains onto the Nissan-St silica surface. The grafting
process doesn’t affect the silica dispersion (compared to the
ungrafted case) but mechanical reinforcement is clearly lower. A
similar conclusion is proposed: in these grafted systems the grafted
chains squeezed between two particles reduce the rigidity of the
filler network [31].

The second effect is the influence of the polymer: for a given
particle a strong variation of the reinforcement amplitude between
PS (see in reference [20]) and PMMA is observed. The experimental
threshold in silica concentration (increase of E0/E0) is larger for
PMMA than for PS nanocomposites. It remains however correlated
to the formation of silica network: the evolution of peak position in
SAXS scales as F0.8, as expected above the percolation threshold
and TEM images confirm such behavior. This moderate reinforce-
ment in PMMA can be explained first through the structure by the
smaller aggregates size and fractal dimension which shift the
percolation threshold at higher F and second by the difference of
PMMA pure polymer behavior which exhibits longer entanglement
rubbery plateau (more extended to lower pulsations); thismakes E0
larger at the temperature used for this determination and naturally
decrease the ratio E0/E00. Not accounting for E0 and considering
directly themodulus E0, we see that the values for PS and PMMA are
very close (for high silica concentrations) suggesting that E0 of the
nanocomposites would be dominate by the filler network contri-
bution, irrespectively of the pure polymer rheology [32].

4.2. Indirect connectivity and solid-like behavior at low FSiO2

At low concentration, silica beads arrange in non-connected
fractal aggregates dispersed in both polymer matrices. The parti-
cles organization inside the polymermatrix does not depend on the
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nature and of the molecular weights of the polymer. However, the
homogeneity of the dispersion depends on the size of the particle.
SAXS measurements and TEM images show that the dispersion is
more homogenous for the smaller particles (Nissan-St and Ludox
LS) than for the larger ones (Ludox TM-40). As explained above,
during the solvent evaporation process, native particles form
aggregates with sizes remaining unchanged (i.e. aggregation state
is “frozen”) when the viscosity of the medium increases and thus
prevents the diffusion of the particles. It also indicates that the
kinetic of aggregation process is faster for the small particles (due
to Van der Waals attraction and/or faster diffusion coefficients)
than for the large ones. The formation of small aggregates is
completed for the small particles at the frozen step and not for the
larger one, illustrating the observed differences in size heteroge-
neity at the final state. The mechanical properties show a large
increase of terminal times akin to a solid-like behavior for G’(u),
and a constantmodulus at high temperature for DMA: this suggests
that, whatever the polymer matrix or silica beads, we are close to
gel point with percolation behavior: the latter, different from direct
filler connectivity, would occur through the polymer matrix and
has been reported in other systems [33e35]. Recently the different
origins of such reinforcement have been invoked by different
authors in the literature [20,36,37]: (i) filler effects, (ii) glassy layers
or glassy paths, (iii) bridging effects or chain confinement, (iv)
aggregates diffusion or pre-transitional network effects, (v) long-
range effects in polymer matrix.

4.2.1. Filler effects
First the enhancement of mechanical properties at intermediate

pulsation u (in the entanglement plateau) can be explained by the
filler effects only related to silica volume fraction F. Using the Guth
and Smallwood equation (G0/G0

0 ¼ 1 þ 2.5Fþ14F2, note that the
aspect ratios of aggregates are close to 1) the modulus of the
nanocomposites can be predicted for spherical spheres. Fig. 13
shows the comparison between experimental data and the theo-
retical predictions for Nissan-St/PS (squares) and Nissan-St/PMMA
(circles) nanocomposites at different molecular weights. For
Nissan-St/PS nanocomposites the theory does not reproduce our
data. This deviation (lower for lower molecular weight) could arise
from modifications of chain dynamics and/or increase of entangle-
ment density, which are not considered in the Guth and Smallwood
equation and will be discussed below. For Nissan-St/PMMA

nanocomposites this deviation is not observed illustrating that, in
this case, our observations are consistent with the filler effect
interpretation.

To improve the fit to experimental data one can take F as
adjustable parameter, representative of the effective volume frac-
tion, which is the sum of silica volume fraction and bound polymer
volume fraction. The existence of bound polymer has been
proposed to explain the deviation from the hydrodynamic rein-
forcement. To investigate this point we performed extraction
experiments to measure the quantity of bound polymer on our
samples. Fig. 14 reports the results. For Nissan-St/PS nano-
composites (at 280 kg/mol) we obtained 0.28 mg/mg of mass of
bound polymer per mass of silica, independently of silica volume
fraction. For Nissan-St/PMMA (at 350 kg/mol) no bound polymer is
found for silica volume fraction lower than 7.5%v/v (consistent with
the fact that the reinforcement can be explained by the filler effect
in this range of concentration), and a value around 0.11 mg/mg for
larger concentrations. These values suggest that both PS and PMMA
adsorb on silica surface, with a higher effect for PS at all concen-
trations, which was not expected. However, first we must keep in
mind the known dependence of these results on experimental
setup (solvent used, number of washes), and second the quantity of
bound polymer is always low. To appreciate this, the mass ratio can
be converted to a bound polymer/silica volume ratio Fbound.
Assuming this bound chains form rigid phase around filler, we can
define an effective volume fraction Feff defined as
Feff ¼ FSiO2

(1 þ Fbound). One can then replace FSiO2
by Feff in Guth

and Smallwood equation. In practice value of Fbound is too low to
reproduce our data for PS. Thus a coupling of the filler effect with
bound polymer is thus not sufficient to explain our reinforcement.

4.2.2. Chain dynamics
A second possible origin is a modification of local segmental

dynamic by the presence of silica. At low u the additional elastic
contribution can be explained by the existence of interaction
between polymer chains and particles leading to a reduction of
polymer mobility or, in an extreme case, to the formation of glassy
layers around aggregates increasing the rigid phase volume frac-
tion, or glassy paths creating filler/polymer/filler network [9,16].
The effect of fillers on glass transition temperature is still unclear
since various works reported contradictory results depending on
filler dispersion, polymer/filler interaction and processing condi-
tions [38,39]. One way to investigate the presence or absence of
glassy regions is to perform calorimetric measurements [38,40].We
performed heat capacities measurements for Nissan-St/PS and
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Nissan-St/PMMA nanocomposites as a function of silica volume
fraction as shown in Fig. 15. The evolution of DCp can be described
by considering that the entire polymer participate to the glass
transition as DCp ¼ [DCp0(1�F)rpolymer]/[FrSiO2

þ(1�F)rpolymer];
this gives the blue continuous line on Fig. 15 and well fits our data.
DCp decreases when filler volume fraction increases: this suggests
that filler does not contribute to the glass transition. Moreover, in
this concentration range (<5%v/v) there is also no significant
change in Tg: DTg (PS) ¼ þ1 �C [20] and DTg (PMMA) ¼ þ1 �C (see
Fig. S6 for the evolution of Tg as a function of silica volume fraction
for all nanocomposites). Note also that, as reported above, the
oscillatory shear measurements well obey to the time-temperature
superposition (TTS) with the same parameters as for the pure
matrix. Thus our results show no macroscopic evidence of immo-
bilized polymer or drastic suppression of polymer mobility what-
ever the polymer matrix or the polymer size.

We recall here that we also addressed formerly such hypothesis
of immobilized polymer or glassy layers in our Nissan-St/PS
nanocomposites through SANS measurements on stretched
samples [41]. Chain conformation has been measured under
deformation and compared to the reference one (without silica). No
changes have been observed and we concluded that, if glassy
regions exist, they concern a very small amount of chains. These
experiments concern amuch higher deformation range (elongation
ratio from 1.2 to 6) but the stress was still noticeably higher than
the one of pure matrix. One could expect the same results for
PMMA systems as the filler structure and mechanical reinforce-
ment are very close. We can suppose that PMMA chain conforma-
tion remains also unchanged.

A third origin of the increase of low deformationmodulus in this
concentration range can be due to chain bridging [42] between
aggregates. This assumption implies in our case that the radius of
gyration of the chains involved would be increased, since they
would have to join two aggregates separated in average by
distances substantially larger than the Rg at rest. Here again this is
not evidenced by SANS: on Nissan-St/PS at rest the form factor of
a single chain remains unchanged. We do not observe any differ-
ences between filled and unfilled polymers: it does not affect the
global chain conformation [25]: chain bridging would also concern
a small amount of chains. Finally, the modification of the nature of
the interface between fillers and polymer by grafting PS chains [31]
does not affect either the silica dispersion (similar to the ungrafted
systems) or the mechanical response at low F <5%v/v. The solid-
like behavior is still observed in this grafted case, while the poly-
mer/filler interaction should be modified. This suggests that the
reinforcement in our model nanocomposites leading to the exis-
tence of long relaxation time is not only the result of specific
polymer/filler interaction.

4.2.3. Alternative origins of the observed reinforcement
The above discussion rules out several possible origins for the

viscoelastic behavior at low concentration for PS, which remains to
explain.What is remarkable is that not only the characteristic times
are increased (“horizontal stretching” at low pulsation) but also the
modulus takes larger value over the whole time range covered by
the pure polymer (apparent vertical shift parallel to the modulus
axis). This “horizontal stretching” could be attributed to the slow-
ing down of chain reptation close to the filler surface due to tran-
sient chain immobilization around particles [43]. This is equivalent
to the increase of a friction coefficient x (as ster scales as x/kT), or
close to the sticky reptation [42,44,45]. However a simple increase
of x cannot explain the “vertical shift”, which could be attributed to
an increase in polymer entanglement due to segmental packing
created by the presence of silica (and responsible of measured
bound (adsorbed) polymer [45]). Recently, simulations [46],
assuming no particleepolymer interaction in reinforced elasto-
mers, reveal that reinforcement results from the increase in chain
entanglement density around particles. These interpretations,
independent of silica dispersion, support our experimental results
on Nissan-St/PS nanocomposites and previous observations of the
literature [47,48].

For PMMA nanocomposites, while the structural dispersion and
the mechanical properties appear similar, the origins of reinforce-
ment may be different. The reinforcement appears less
pronounced: the increase of the modulus at high concentration is
moderate and the increase of G0 in intermediate u (vertical shift)
can be simply explained by a classical filler effect (Fig. 13) sug-
gesting that entanglements density is not affected in that case. The
increase of the longest terminal time ster (“horizontal stretching”)
can here be related to the increase of friction coefficient x. The
interaction between ester groups of PMMA and silanol groups of
silica surface may lead to preferential adsorption that reduces the
chain backbone motions [49] and the ability of the polymer to
reptate. The disentanglement time should be increased by the
presence of nanoparticles and could explain the increase of the long
relaxation time in these systems. This effect could concern a small
fraction of chains and could explain the absence of bound polymer
measured in PMMA nanocomposites.

5. Conclusion

Model silica nanocomposites were prepared by solvent evapo-
ration method and the effects of polymer matrix (PS or PMMA) and
particles size have been studied on silica dispersion andmechanical
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properties. The silica dispersion at different length scales has been
investigated by coupling SAXS measurements and TEM images. A
first clear result is that at low volume fraction silica particles
arrange in small fractal aggregates, for both particle sizes, and that
at same size these aggregates are very similar for both polymers. A
second general result is that at high volume fraction silica forms
a connected network through the matrix, which increases consid-
erably the reinforcement. The strength of the connectivity, tunable
by the particles size and characterized owing to structural studies,
modulates the strength of the reinforcement. A third common
result is that nanocomposites exhibit long terminal times and even
a solid-like behavior. But this third effect occurs in a different way
for the two polymers. For PMMA we only observe an increase in
terminal times. For PS, we recover previous observations on large
set of particle size and molecular weight: slower relaxation at long
times lead to higher value of the modulus, but the modulus is also
increased over the whole time range covered by the pure polymer.
In connection with other results on the same systems we rule out
several origins proposed for this effect (glassy interfacial dynamics,
bridging). These differences between PS and PMMA can be related
to the nature of the interaction between silica particles and poly-
mers. The observed increase of both plateau modulus and time
range effects could be attributed to increase in chain entangle-
ments density for PS, while for PMMA an increase of chain friction
due to transient immobilization around particles is sufficient to
explain the time shift. More studies on PMMA or on other different
polymers must be conducted to get a comprehensive view of the
different systems.
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