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Abstract

Polymer nanocomposites are of widespread use, namely for the industrial application of car
tires. The rheological behavior of such nanocomposites depends in a crucial way on the
dispersion of the hard filler particles — typically silica nanoparticles embedded in a soft
polymer matrix. It is thus important to assess the filler structure, which may be quite difficult
for aggregates of nanoparticles of high polydispersity, and with strong interactions at high
loading. This has been achieved recently using a coupled TEM/SAXS structural model
describing the filler microstructure of simplified industrial nanocomposites with grafted or

ungrafted silica of high structural disorder.

Here, we will present an original method capable of reducing inter-aggregate interactions by
swelling of nanocomposites, diluting the filler to low volume fractions. Note that this is
impossible to reach by solid mixing due to the large differences in viscoelasticity between the
composite and the pure polymer. By combining matrix crosslinking, swelling in a good
monomer solvent, and post-polymerization of these monomers, it is shown that it is possible
to separate the filler into small aggregates. The latter have then been characterized by electron
microscopy and small-angle X-ray scattering, confirming the conclusions of the

abovementioned TEM-SAXS structural model applied directly to the highly loaded cases.

SCurrent address: FORTH / IESL - Polymer group, 70013 Heraklion, Crete, Greece
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1. Introduction

Polymer nanocomposites (PNCs) are of widespread use in applications, in particular in the car
tire industry.' Their mechanical properties are governed by their microstructure and dynamics,
which is why model systems where these properties can be easily evidenced are commonly
investigated % In particular the multi-scale microstructure of filler nanoparticles (NPs),
which form small aggregates, which themselves can be structured in space and build filler

9-11

networks, has received considerable attention in the past =~ . Whatever the experimental

approach, direct imaging '> or scattering techniques ", two main difficulties arise:
polydispersity in shape and size, and strong interactions. The latter point is obviously related
to mechanical reinforcement, which can only be reached if the filler content is high enough.
Considerable efforts have therefore been undertaken to unravel the filler structure in PNCs,
with quite some success in model systems. On the other hand, less attention was devoted to
complex multi-scale filler of industrial origin, and most descriptions remain necessarily

limited to a few global quantities like average fractal dimensions '*2°.

The standard procedure to synthesize PNCs with high viscosity polymers and precipitated
silica is to use solid mixing. The typical size of the filler objects in the composite are
commonly supposed to depend on the characteristics of the mixing process like temperature
and torque vs. time, and thus on the raw materials used to formulate the composite. In a series

of papers 2"

on filler structure in styrene-butadiene (SB) nanocomposites, we have coupled
small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) on silica
filled PNCs of industrial relevance. A structural model extracting the average aggregation
number N (the number of primary particle in an aggregate) from combined TEM/SAXS
data under the hypothesis of repulsive interactions between aggregates has been proposed **.
Using a fully polydisperse description of aggregate structure and interactions deduced from
Monte Carlo simulations, it has been shown that for systems with coating agent and an equal
mixture of non-functional and functional polymers, N, is independent of the silica volume
fraction. Conversely, N,g, decreases for systems with an increasing amount of functional
polymer at constant volume fraction. However, to validate this structural model, the best way
would be to reduce interactions — instead of simulating them — in order to access the aggregate
structure directly. This could be achieved by diluting the nanocomposite with polymer to low

volume fractions. Unfortunately, because of large differences in viscoelasticity between the

composite and the pure polymer, solid mixing of both components — polymer and silica — at
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low filler volume fraction generates only a dispersion of the original high volume fraction

material in the pure polymer matrix.

Swelling nanocomposites with solvents or monomers has been used in the field of
intercalating nano-clays *°’. Timochenco et al, e.g., show that the interaction peak between
clay platelets in X-ray diffraction disappears upon swelling with poly(styrene).”> Boukerrou et
al use swelling with aliphatic molecules in order to widen galleries between clay filler for
polymerization of epoxy resins and nanocomposite formation.”® Finally, swelling of polymer
networks with organic solvents is a commonly used technique used to characterize the
entropic elasticity of the network, and thus crosslinking. The latter approach can be extended
to the presence of filler nanoparticles and their influence on the network properties.27
Concerning structural studies by small-angle scattering, Shinohara et al have used swelling of
SB nanocomposites with industrial filler NPs in organic solvents to conclude qualitatively on
the absence of interactions between aggregates.'® Using imaging techniques with electron
microscopy, Sarkawi et al have swollen PNCs based on natural rubber filled with silica in
styrene.” Their objective was two-fold. First, the degree of swelling could be used to analyze
the apparent crosslink density. Secondly, the dilution of the filler structure reduced
interactions between filler NPs, and thus geometrical overlap, allowing them to conclude on

the importance of filler-matrix interaction as a function of coupling agent.

In the present paper, we propose an original experimental approach using SAXS combined
with matrix crosslinking of the PNC, swelling in a good polymer ‘solvent’ — styrene
monomers — and post-polymerization of these monomers. We first compare the filler structure
of the samples studied here to previously described PNCs in the unswollen state. Then,
structure after crosslinking, and after swelling, is investigated using electron microscopy and

SAXS, and compared to the results of the structural model applied in presence of interactions.
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2. Materials and Methods

Starting materials and nanocomposite preparation. The styrene-butadiene copolymer
(with antioxidants 6PPD and A02246) has been purpose-synthesized by Michelin, and the
chain mass characterized by size exclusion chromatography. The polymer matrix is made of
two types of chains of molecular mass of ca. 190 kg.mol™ and PI below 1.1, see Table 1. Each
chain is a statistical copolymer with styrene (27%w) and butadiene (73%w) units (42% of
which are 1-2 and 58% of 1-4). One type — termed D3 — carries a single graftable end-
function 2*, whereas the other one (NF) is not functionalized. The glass-transition temperature
was measured by differential scanning calorimetry (DSC) (200F3 Maia from Netzsch) with a
heating rate of 20 K/min.

Table 1: Characteristics of functionalized and non functionalized polymer molecules.

SB-polymer D3 NF
T, (°C) -36.0 -36.6
M, (kg mol™) 185 174
M, (kg mol™) 197 188
PI 1.07 1.08

Silica-SB nanocomposites have been formulated by stepwise introduction and mixing of SB
chains with silica pellets (Zeosil 1165 MP from Solvay, with DPG, Vulcacit from Bayer, and
covering agent octeo from Dynasylan) in an internal mixer (Haake) following the same
method as before 2. In addition, however, an organic crosslinking agent in very small amount
compared to standard crosslinking (dicumyl peroxide, 1 to 5 mg for 8 g of nanocomposite)
was added during the external mixing phase (two roll mill) for samples intended for
subsequent swelling experiments without dissolving the samples as explained below. Note
that any trace of carbon black, catalysing nanoparticles (ZnO), standard vulcanising or
coupling agents was avoided, making these simplified industrial nanocomposites suitable for
analysis by scattering. After external mixing, samples have been crosslinked by thermal
activation in a press at 160°C for 40 minutes. Three series of nanocomposites have been
studied. One series at fixed matrix composition of 50%D3 as a function of silica volume
fraction @g;, and two series in matrix composition, at ®@g; fixed to = 10%v and = 20%yv,
respectively. The real silica volume fractions in the nanocomposites reported here have been

measured by thermogravimetric analysis (Mettler Toledo) using a first ramp at 30 K/min from
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25°C to 550°C under nitrogen, followed by a second ramp at 20 K/min from 550°C to 750°C

under air, and results are given below.

Swelling experiments. Crosslinked nanocomposite disks of thickness 0.6 mm have been
immersed for 65 h in styrene monomer mixed with benzoyle peroxide as initiator of styrene
polymerisation (polystyrene, PS) after swelling. While the maximum swelling ratio is usually
reached after 24h, most homogeneous polymerisation was found by waiting up to 65 h.
Polymerisation of the styrene inside the nanocomposites was performed at 100°C during 4
hours. The final samples were flat disks of approximate thickness 1.5 mm. The procedure is
shown in Figure 1, together with photographs of the initial nanocomposites and the final
samples. Throughout this article, we will refer to final samples as swollen samples (or “after

swelling”), meaning that they have undergone the complete crosslinking/

swelling/polymerization procedure.
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Figure 1: Initial nanocomposites (upper photograph and point A) with schematic representation of the
SB-crosslinking (point B; SB in green), the swelling with styrene monomers and initiator (in red, point
C) leading to polymerization (point D) where PS is depicted in red. The swollen nanocomposite is
shown to be transparent in the lower photograph.

The silica volume fraction in swollen samples has been measured by TGA. The volume
swelling ratio for the three nanocomposite series is determined via the silica volume fraction
ratio of the initial nanocomposite with respect to the sample with polystyrene, and is reported
in Tables 2 and 3. Note that excellent agreement with large-q SAXS normalization (intensity

proportional to ®s;) was found. Concerning the swelling ratios, they are rather scattered
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around an average value of ca. 10, without any dominant tendency with silica content and
grafting, even if at 16.7%v, higher swelling seems to be obtained for the samples with least

grafting.

Table 2: Nanocomposite series in filler volume fraction at fixed matrix composition (50%D3). @g; is
reported before and after swelling, and the swelling ratio deduced.

Initial ®g; (%oV) Final @g; (%v) | Swelling ratio
8.2 0.8 10.5

13.3 1.8 7.2

16.8 2.0 8.6

21.3 1.1 19.8

Table 3: Nanocomposite series in matrix composition (grafting %D3) at fixed initial silica volume
fraction of ca. 8.2%v (left) and 16.7%v (right).

%D3 Initial @g; Final ®@g; Swelling Initial @; Final @g; Swelling
(%v) (%ov) ratio (%v) (%V) ratio
0 8.3 0.9 9.2 16.8 1.4 11.9
25 8.1 1.1 7.6 16.8 1.6 10.6
50 8.2 0.8 10.5 16.8 2.0 8.6
75 8.1 1.1 7.6 16.7 2.3 7.4
100 8.4 0.7 11.4 16.6 2.3 7.3

Structural characterization. The silica microstructure of the nanocomposites has been
studied by electron microscopy and SAXS. TEM pictures were obtained with samples
prepared by ultracryomicrotomy at -80°C on a LEICA FC-7 (Diatome ultra 35°, desired
thickness set to 50 to 70 nm) with a Philips CM200 LaB6 (200 kV, bright field mode).
Scanning electron microscopy (SEM) pictures were obtained with samples prepared using a
standard razor blade cut from a macroscopic sample using a SEM Zeiss Ultra 55 (1 kV,
secondary electron images with In Lens detector). SAXS experiments (beamline ID02, ESRF,
Grenoble) were performed at a wavelength of 1.1 A (12.46 keV), using two sample-to-
detector distances (1 m and 10 m), yielding a total g-range from 0.001 to 0.5 A, Even lower-
q data was measured on the Bonse-Hart set-up on ID02 (qmin = 10* A™). Samples had an
approximate thickness of 0.8 mm. The scattering cross section per unit sample volume
d2/dQ (in em™) — which we term scattered intensity I(q) — was obtained by using standard
procedures including background subtraction and calibration given by ESRF. In all cases,
both PS-swollen and unswollen matrices have been subtracted. The contrast of silica in SB-

polymer for SAXS experiments was calculated from the scattering length densities (psg =
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8.85 10" cm'z, psi = 1.97 10" cm'z, Ap=1.09 10" cm'z), which were themselves known
from the chemical composition. Moreover, contrast between polystyrene with silica (1.0 10"
cm™) is very close to the silica-SB contrast, whereas the styrene-SB contrast is a factor of ten
weaker (0.9 10'°cm™). It is thus sufficient to rationalize the data in terms of polymer-silica

contrast only, whatever the polymer.

A SAXS form factor analysis of the silica NPs was found to be compatible with a lognormal
size distribution (Ro = 8.55 nm, ¢ = 27%).>* The average bead volume is then Vg = 3.6 10°

nm), which will be used to estimate aggregation numbers of silica NP in aggregates.

3. Results and discussion

The homogeneous distribution of filler nanoparticles throughout the polymer matrix has been
checked by SEM in order to qualitatively analyze the material at large length scales. In Figure
2, an example with a matrix composition of 50%D3, and ®g; = 16.8%v (i.e., native, unswollen

PNCs), is shown at low magnification.

“ S rHi'gh_'ly_ﬁlllgd_
e T

Figure 2: SEM of a silica SB nanocomposite at low magnification showing the presence of highly
filled zones (®s; =16.8%v, 50%D3).

The majority of the silica NPs is seen to be distributed homogeneously on the scale of
microns and tens of microns, as can be seen from the background in Figure 2, which actually
has a fine structure of silica distributed homogeneously in the matrix, as well as some highly
filled zones. In Figure 3a, a SEM picture of the ‘background’ zones of the same PNC before
swelling (cf. Figure 2) is shown at high magnification. A dense assembly of small aggregates

of typical radius 50 nm is visible. It is difficult to tell from the 2D picture if they are all
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connected, but the filler structure is very similar to the large-scale silica network of aggregates
of nanoparticles, or locally connected aggregates with surrounding polymer channels
observed by us before ** **. The micrograph on the right-hand-side, Figure 3b, finally,
displays the filler structure of swollen nanocomposites on a local scale. Clearly, the network-
type structure is broken up on the scale of aggregates, which appear to be well dispersed in
space. If they are somewhat polydisperse in size and shape, it is still surprising that they stay
in the same size-range of typically below 100 nm. Thus electron microscopy confirms that the
swelling approach separates the filler in homogeneously filled zones. Naturally, swelling is
accompanied by a large reduction of the visible silica surface fraction (from Figure 3a to 3b).
TGA measurements given in section 2 confirm the dilution of the original ca 17% volume

fraction PNCs to around 2%v.

Figure 3: SEM (a) of a silica-SB nanocomposite at high magnification showing the filler network
structure (Dg; =16.8%v, 50%D3), (b) of the same sample after swelling as explained in the text (Dg; =
2.0%v).

In Figure 4, TEM pictures of a swollen sample show more detail on aggregate structure. The
completely functionalized nanocomposite is seen to have a typical aggregate size in the sub-
100 nm range, corresponding to aggregate radii of 40 or 50 nm on average. One can also
count individual silica nanoparticles in order to estimate aggregation numbers, and one finds
that there is considerable polydispersity around aggregation numbers of typically several tens.

However, it is difficult to conclude on statistically relevant information from these pictures.
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Figure 4: TEM of a functionalized nanocomposite (®s; = 16.6%v, 100%D3) at different scales (a) 500
nm, and (b) 200 nm.

Several highly filled zones are also observed as indicated by the arrow in Figure 2. In Figure
Sa, the filler structure in such a zone is shown at high magnification. Electron microscopy
demonstrates that these zones contain polymer, and can thus be swollen. Indeed in Figure 5b,

one can see denser regions corresponding to these zones in the swollen sample.

Figure 5: SEM (a) of a silica-SB nanocomposite at high magnification showing the filler network
structure inside a highly filled zone (®g; =16.8%v, 50%D3), (b) of the same sample highlighting the
swelling of the highly filled zones (®s; = 2.0%vV).

To summarize the electron microscopy results, the minority population of highly filled zones
can be swollen, whereas the vast majority of the PNCs contain a homogeneous filler network,

which is disintegrated into aggregates upon swelling.

In order to go beyond these qualitative results, a more quantitative and statistically significant
analysis has been performed. Small-angle scattering is a powerful tool to investigate filler
structure in samples at all stages, before and after the swelling procedure. Since swelling

generates large inter-particle distances, the SAXS experiments should enable a direct
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measurement of the form factor of aggregates in the original material, and thus their average
mass and shape. In Figure 6, a newly formulated nanocomposite series is shown for different
silica volume fractions and identical matrix composition (50%D3), as studied before ». In
order to avoid the complete dissolution of nanocomposites by swelling with the solvent, the
samples have been crosslinked following the procedure given in the experimental section. As
can be seen in Figure 6 for the lowest and highest silica content, the effect of crosslinking on
the silica microstructure is found to be weak. Scattering in both the high and the low-q
regimes superimpose rather well, and the minor difference around the shoulder indicates that

the size and shape of aggregates remains mostly unchanged upon crosslinking.

In order to check the similarity in aggregate structure, the previously published results = are
compared to the present ones for two nanocomposites at low (8.2%v) and high (21.3%v)
silica contents in the inset of Figure 6. For both @s;, the reduced scattered intensities, 1(q)/®Ds;,
of the initial unswollen nanocomposites are found to be very close to the previously observed
one. In particular, both the high-q and the low-q regimes coincide, which proves that both the
local structure — NP and internal organization of filler aggregates — and the large-scale
structure — fractal networks — are identical. The new nanocomposites display a slightly higher
intensity of the intermediate-q shoulder, around 3.10° A, evidencing a marginally higher
compacity as we will see from the application of the structural model below. It can thus be
concluded from the comparisons in Figure 6 that the nanocomposites produced for the present

study have the same microstructure as before, and that it is unchanged upon crosslinking.
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Figure 6: Comparison of filler microstructure as seen by SAXS before (red) and after (green curves)
crosslinking for the 8.2%v and 21.3%v-nanocomposites. Curves have been shifted for clarity as
indicated. In the inset, new 190k-samples are compared to previously measured 140k-
nanocomposites™.

After crosslinking, nanocomposite samples have been swollen with styrene and polymerized
as illustrated in Figure 1. In agreement with the low silica fractions (Table 2), the resulting
SAXS intensities are much weaker. However, by normalizing to the experimental ®g;, the

latter can be brought to superposition in the high-q range as shown in Figure 7.
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Figure 7: (a) Comparison of microstructure of unswollen (plain, colored symbols) and swollen
(empty, grey symbols) nanocomposites for the series in silica volume fraction at 50%D3. SAXS
intensities are renormalized to the effective silica volume fraction (8%v to 21%v as indicated in the
legend) after subtraction of the corresponding matrix. (b) The same data of nanocomposites after
subtraction of the fractal network contribution (q*, with o = 2.2+0.1 depending on samples).
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There are two families of curves shown in Figure 7. First, the raw data of the unswollen series
is shown in Figure 7a (colored symbols): in the intermediate g-range, the normalized
intensities decrease with increasing filler fraction, which was successfully modelled in Ref. **
by the growing contribution of the repulsive inter-aggregate structure factor. Indeed, our
structural model decorrelates in a self-consistent way the evolution of form factor describing
aggregate size, and the structure factor, which is due to inter-aggregate interactions. The
model shows that the form factor is mostly unchanged in nanocomposites of different volume
fraction. In other words, aggregates were merely concentrated but not reorganized internally
(besides a slight densification), contrary to what one could expect from the radically different
mixing viscosities at various @g;. In Figure 7b, the same data of the unswollen
nanocomposites is plotted after subtraction of the matrix and the low-q network contribution,
in order to apply the model in the intermediate g-range (q = 3 10° A™). The results of the

structural model are summarized in Table 4.

Table 4: Average aggregate radius, average aggregation number, and compacity for a series of
nanocomposites at different silica volume fractions (50%D3, no swelling).

D; (%ov) <Ragg> (nm) <Nagg™ K
8.2 39.1 52 34%
13.3 354 46 40%
16.8 34.5 44 41%
21.3 32.4 37 42.5%

As compared to our previous study »*, the average aggregation number of the silica aggregates
stays in the same range, about 45, and the average aggregate radius decreases from about 40
nm to 32 nm. The combination of size and mass yields the compacity, which is found to
increase slightly from 34 to 43%. As already noted in the comparison in the inset of Figure 6,

the new samples are thus structurally very similar to the previous ones.

The second series is shown in the same plots, see Figure 7a and b. After swelling and styrene
polymerization, the normalized intensities now overlap rather nicely over almost the entire g-
range. This constitutes the main result of the present study: Diluting the sample via the
swelling procedure amounts to reducing interactions and shows that aggregates are mostly
identical in spite of the different original ®@g;. Ideally, swelling was expected to reduce the
inter-aggregate structure factor to one, and to allow measuring the form factor. In Figure 7b,

the intensity data of swollen nanocomposites have been plotted after subtraction of the
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independently measured matrix contribution, and the low-q power law describing the large-
scale network of aggregates. The intensities are seen to level off to a quasi-plateau at
intermediate q, which is the origin of the shoulder in the scattered intensity in Figure 7a. It
turns out, however, that the very low-q scattering does not overlap perfectly in Figure 7b. This
can be understood from the swelling procedure, and the swelling ratio given in Table 2.
Indeed, swelling is not equivalent to diluting the sample as one would dilute a colloidal
solution, where lower concentrations imply a lower degree of order. Here, the pair correlation
function is more probably simply stretched, corresponding to an affine displacement of all
centers-of-mass of aggregates, without disturbing the correlation. The swelling ratio of about
a factor of 10 leads to an extension by 10" of the pair correlation function, and thus to a
corresponding compression of S(q). Unfortunately, this is not sufficient to obtain a structure
factor of one in the g-range of interest: swelling moves the low-q regime of S(q) out of reach,
without reaching the high-q regime where S(q) = 1. Another consequence is that the aggregate
size determination is also hindered by the variations of S(q) in the relevant g-range. We must
conclude that even if the qualitative result in Figure 7 is convincing, our model should not be
appropriate for extracting compacity and aggregate characteristics from these scattering
curves with high precision. For the sake of completeness, we have nonetheless applied our
model to the data of swollen samples. From the intensity value, N is found to be in the 20 —
30 range, which might even agree with the TEM pictures (for 100%D3) shown in Figure 4.
Secondly, the aggregate size determined from the Kratky plots increases slightly (e.g., from
39 to 43 nm and from 32 to 33 nm for ®g; = 8.2 and 21.3%v, respectively). This appears to be
in line with the SEM/TEM pictures shown in Figures 3b and 4, but one needs to keep in mind
that this value is probably too high, and minor changes in R,g, affect the compacity strongly
because Nyg = K(Rage/Rsi)’. The resulting compacity « is far too low, about 15%, presumably
due to the high value of Rg,s, Whereas the TEM pictures indicate values in the range k¥ = 30 —
40%. The latter value also agrees with the model results of unswollen samples reported in
Table 4. From the combined analysis of the TEM and SAXS data, it thus appears that
aggregates are separated by swelling, sufficiently for the TEM to recognize individual
aggregates having characteristics typically found in the unswollen state, but unsufficiently to
apply the structural model to the swollen state due to remaining interferences of the structure
factor. Concerning the value of N,g, after swelling, which might suggest that aggregates have
been partially destroyed by the swelling procedure, this should be seen with caution as the

value is deduced from the model which does not apply perfectly well to this case of
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intermediate dilution. Also, Nge is too close to the one of the original, unswollen case,

making a clear claim impossible.

To summarize, the measurement of the microstructure of swollen nanocomposites validates
the results of our original structural model *. Indeed, after swelling-induced dilution, the
intensities superimpose for almost all q in Figure 7b, indicating that the aggregate form

factors are identical, in spite of the different filler volume fractions of the initial formulation.

In previous articles, it has been established that the matrix composition (D3/NF) is the key
parameter determining the filler structure due to the end-grafting of chains on the silica NPs
2224 As outlined in the introduction, the size and mass of aggregates was found to decrease
with increasing D3-content. The analogous SAXS-results for the system studied here (190
kg/mol) are shown in Figure 8a, before (colored, plain symbols) and after swelling (grey,
empty symbols). Before swelling, the large and the low-q data superimpose, but a D3-
dependent intermediate-q dependence is found. The higher the density of grafting D3-
functions, the lower the intensity level of this shoulder. In the framework of our structural

1%, this has been translated into a decrease in mass and size of filler aggregates ** This

mode
can be understood easily, as these nanocomposites have an identical filler content, and thus
roughly identical inter-aggregate interactions described by S(q). Accordingly, the decrease

observed in Figure 8a is due to the reduction in aggregate mass.
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Figure 8: (a) Comparison of microstructure of unswollen (plain, colored symbols) and swollen
(empty, grey symbols) nanocomposites for the series in matrix composition (grafting) from 0 to
100%D3, at dg; = 8.2%v, after subtraction of the corresponding matrix. (b) The same data of
nanocomposites after subtraction of the fractal network contribution.
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In analogy with Figure 7b, the scattering of the same 8%v-samples before and after swelling
is shown in Figure 8b, after subtraction of the matrix and the fractal power law. The
observation is the same as in Figure 8a: the differences below ca. 0.005 A are systematic
with the quantity of graftable endfunctions D3, and the decrease in intensity is directly related
to that of the aggregate form factor, and thus mass. These measurements on swollen
nanocomposites with a variation of grafting density confirm again the results of the structural
model applied to the concentrated, unswollen case. Finally, it may be noted that a series
analogous to the one shown in Figure 8, but at higher silica volume fraction, confirms our

findings (not shown).

4. Conclusion

The complex filler structure of silica nanoparticles in simplified industrial nanocomposites
made of styrene-butadiene copolymers with parts of the chains — a fraction termed %D3 —
carrying a single endfunction capable of grafting on the silica surface has been investigated by
SAXS. Three series of nanocomposites have been formulated with a matrix chain mass of 190
kg.mol. The first series at fixed matrix (grafting) composition of 50%D3 was a series in
silica volume fraction (8 to 21%v), for which a previously published structural model
concluded on the surprising result of mainly identical small aggregates containing some 40 or
50 nanoparticles, independent of ®@g;. The model was based on a self-consistent description of
aggregate interactions. In the present article, these results were confirmed by swelling such
samples with styrene, thereby reducing aggregate interactions in parts. The dilution has first
been illustrated by SEM and TEM pictures. Also, the different steps of our approach —
crosslinking, swelling and polymerization — have been monitored carefully, both by electron
microscopy and SAXS. The final SAXS analysis of swollen samples shown here confirms in
a convincing manner the absence of effect of filler content on aggregate size and shape.
Secondly, two series at fixed silica volume fraction (ca 8%v and 17%v) have been
investigated, for matrix composition ranging from 0% to 100%D3. In both cases, increasing
the grafting fraction leads to smaller aggregates as described by our structural model

previously, and again this is confirmed nicely by the SAXS analysis of the swollen samples.

After having established the first structural model of ‘non-model’ polymer nanocomposites

with polydisperse silica filler of complex multi-scale structure using a quantitative
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combination of SAXS, TEM, and numerical simulations, the challenge was to cross check
these results with an independent method. The present article proposes such an approach,
based on a physico-chemical manipulation of such nanocomposites (swelling) together with
SAXS, and the result gives unambiguous credit to our previous structural analysis. On the
other hand, quantitative agreement is not found in terms of aggregation numbers, presumably
because our model constructed for concentrated aggregates does not perform well in the
diluted domain, in particular at intermediate dilution. Our approach can now be generalized to
microstructures of increasing complexity, hopefully contributing to a deeper understanding of

mechanical properties of more realistic polymer nanocomposites.
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