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1. Introduction

ABSTRACT

The microstructure and rheology of melt compounded ethylene-octene copolymer (EOC) nanocomposites,
containing different types of functionalized matrices and nanosilica particles, were investigated. The EOC
matrix was functionalized via silane grafting, using monofunctional (vinyltriethylsilane-VTES) or bifunc-
tional (vinyltriethoxysilane VTEOS) silane agents, to prepare EOC-g-VTES and EOC-g-VTEOS respectively.
Two different types of silica were used, unmodified (SiO,), or modified with octylsilane (oct-SiO3).
Depending on the matrix/filler combination, different types of polymer/filler interactions were present in
these composites. The formation of covalent bonds between the VTEOS functionality and the hydroxyl
groups present at the surface of the particles, generated strong polymer/filler interactions, resulting in
improved filler dispersion. The presence of polymer/filler interactions was confirmed by bound polymer
measurements. TEM micrographs revealed a fractal-like composite structure, which agreed with the
exponents determined through small angle oscillatory shear rheometry (SAOS). Rheological properties in
the melt state revealed significant differences, depending on the types of matrix and filler used. Time-
sweep experiments showed pronounced time-dependence indicative of a tendency toward aggregation for
the EOC-g-VTES-based composites. On the contrary, strong polymer/filler interactions between EOC-g-
VTEOS and oct-SiO; resulted in a stable response. During strain-sweep experiments the EOC-g-VTEOS-
based composites exhibited a higher critical strain for the onset of non-linearity, indicative of stronger
adhesion between the fillers and the matrix. DMA measurements showed that more energy is dissipated
during the glass transition in the composites with enhanced polymer/filler interactions.

© 2010 Elsevier Ltd. All rights reserved.

appearance of a gel-like structure. This specific arrangement of
particles in a space-filling network can be described by a fractal

Colloidal silica suspensions have been used extensively in
applications involving paints, foodstuffs, as well as in emerging
technologies such as photonics and microelectronics, due to their
function as thickening and thixotropic agents in low molecular
weight solvents [1,2]. Fumed and precipitated silica particles have
also successfully served as reinforcing agents for rubbers [3] and
more recently for thermoplastic matrices [4].

The unique properties of silica nanoparticles arise from their
surface chemistry characterized by the presence of silanol groups.
When dispersed in a liquid medium, aggregates of primary parti-
cles interact via hydrogen bonding, giving rise to larger flocculated
structures called flocs. As the concentration of particles in solution
increases, a sol—gel transition is eventually reached, characterized
by the formation of a three-dimensional network and the
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geometry [5,6]. The gelation process depends strongly on several
variables, such as the volume fraction of nanoparticles, the type of
particles used (hydrophilic vs. hydrophobic) and the nature of the
suspending medium (polar vs. non-polar). As a result, a wide range
of materials can be prepared, from low viscosity sols to elastic
gels [2].

The steady-shear rheology of silica-containing suspensions is
characterized by pronounced shear thickening and is influenced by
the transient disruption and buildup of the filler network [1,7].
Scaling relations obtained through linear and non-linear visco-
elasticity measurements [2,8—10] have been associated to the
fractal dimensions of the flocculated silica structures, as obtained
by image analysis or light-scattering [6,11].

Studies on polymeric matrices have mostly focused on elas-
tomer technology. Using thermodynamic arguments, Wang et al.
showed that in filled rubber compounds differences in the surface
energy between filler and polymer cause flocculation of the filler
aggregates in a manner similar to that observed in colloidal systems
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[12]. Experimental evidence in elastomers points to the concept of
a network structure that refers to a space-filling configuration of
kinetically aggregated filler clusters [13]. A structure comprised
of rigid filler particles with fractal structure has also been suggested
by Huber and Vilgis [14].

The rheological properties of polymer composites are related to
the work of adhesion between the filler surface and the polymer
matrix [15]. Therefore a lot of attention has been paid on the
rheology of composites containing high molecular weight sus-
pending media, being either polymers in the melt state or polymer
solutions. Dramatic increases in the storage moduli at low
frequencies, leading to the appearance of a secondary plateau or
a “solid-like behaviour” and a drop of the storage modulus upon
increasing strain, also known as the “Payne effect” are commonly
observed [16]. The scaling relations governing these composites are
similar to those reported for suspensions [16].

Similarly to the gelation process, the rheological response of
polymer-based composites is influenced substantially by the extent
of polymer/filler interactions, which in turn depend upon the
surface treatment of the particles, and the nature of the polymeric
matrix. Strong polymer/filler interactions may occur between
hydrophilic silica particles with a high specific surface area and
a polar matrix [17], or when bifunctional coupling agents are used
to modify nanoparticles in order to form covalent bonds with the
functional groups present in the polymer matrix [18,19]. These
interactions may lead to the formation of an immobilized layer or
“bound” polymer surrounding the filler particles. The presence of
bound polymer has been frequently evoked in elastomer tech-
nology to explain the enhanced hydrodynamic effect, leading to an
increase in the modulus when filler particles are added in elasto-
meric matrices [12]. The presence of chemical bonds between the
matrix and the fillers is crucial to achieve improved mechanical
properties of the resulting composites [20—22], however the
influence of chemical bonds on the rheological properties of the
composites is still unclear.

In this work we have used an ethylene-octene copolymer (EOC)
matrix functionalized with a reactive and a non-reactive silane, the
former of which forms chemical bonds with the surface silanol
groups of the nanosilica particles. Based on detailed rheological
characterization and imaging, we investigate the influence of the
presence of chemical bonds on the structure of the composites and
their rheological response.

2. Experimental
2.1. Materials

The ethylene-octene copolymer (EOC), trade name Engage
8130, density 0.864 g cm~>, MFI 13 g/10 min at 190 °C, copolymer
content 42 wt%, was obtained from Dow Chemical. The melting
and crystallization temperatures of this polymer, as measured by
DSC are 67.1 °C and 40 °C respectively, and the degree of crys-
tallinity is 3.7%. Vinyltriethoxysilane (VTEOS, 97%, Aldrich Chem-
ical Company Inc.), vinyltriethylsilane (VTES, 98%, Sigma—Aldrich)
and dicumyl peroxide (DCP, 98%, Sigma—Aldrich) were used as
received.

Two different types of silica with an average particle size of
12 nm were supplied by Evonik Industries (formerly Degussa
Corp.): A hydrophilic fumed silica Aerosil® 200 with a specific
surface area (SSA) of 200 + 25 m?/g, and a hydrophobic surface
modified nanosilica Aerosil® R805 modified with octylsilane
(oct-Si0;) having a SSA of 150 + 25 m?/g. Detailed characterization
of the fillers, including TGA and FT-IR characterization can be found
in our previous work [23].

2.2. Grafting procedure and composite preparation

EOC pellets were premixed with 0.1 wt% of DCP and 2 wt% of
VTEOS or VTES in a Haake PolyLab rheometer equipped with
a Rheomix 610p mixing chamber and roller rotors at 80 °C for
10 min at 60 rpm. The material was subsequently removed and re-
introduced in the mixer at 180 °C and 60 rpm to accomplish the
grafting reaction and obtain EOC-g-VTEOS or EOC-g-VTES,
depending on the type of monomer used. The grafting mechanism
has been described elsewhere [24]. After completion of the grafting
reaction (about 5 min) the fillers were added and compounded for
a total of 12 min, according to the compositions given in Table 1. The
weight fractions shown in Table 1 were converted to volume frac-
tions by using a density of 22 g cm™> for the nanosilica,
0.864 g cm > for the solid polymer and 0.760 g cm > for the molten
polymer [25].

It should be noted that the calculated volume fractions repre-
sent the volume that the fumed silica would occupy if it were in
a compacted state. The open structure of the fumed silica however
renders the effective volume fraction significantly larger than this
calculated value [2]. Therefore due to the extremely low bulk
density of the nanosilica, a 12 wt% composite is already highly fil-
led. We have not attempted to study composites with higher filler
loadings due to difficulties in melt compounding higher amounts of
silica. Additionally the contents of interest from a practical stand-
point are well below 12 wt%.

2.3. Characterization of functionalized EOC

FT-IR spectra were obtained using a Nicolet Avatar 360 FT-IR ESP
instrument. Graft contents were calculated from FT-IR integrations
of the absorbance of the silanes relative to an internal standard
region originating from the plain matrix. Purification of the poly-
mer prior to FT-IR evaluations was carried out by dissolution in hot
refluxing xylene, precipitation from acetone, and drying under
vacuum at 60 °C overnight.

A calibration curve for the determination of the graft content
was obtained by using known mixtures of the polymer matrix and
the VTE(O)S monomers as standards. Based on this method, the
amount of VTE(O)S grafted onto the EOC matrix was estimated to
be 0.8 wt%.

Grafting of a silane in the presence of peroxide alters slightly the
rheological properties of the starting EOC material, as shown in
Fig. 1, because in the presence of free radicals, chain scission and
recombination takes place. Recombination is the dominant mech-
anism for the polyethylene-based copolymers used in this work,
thus a slight increase in viscosity compared to the base material is
observed.

2.4. Morphology

The state of dispersion of the fillers was assessed by TEM
imaging. Samples were compression molded using a Carver press at
150 °C and 10 MPa for 1 min. Ultra-thin sections were prepared
using a Leica ultra microtome. The images obtained using a FEI

Table 1
EOC/nanosilica compositions in weight and volume percent.

Nanosilica content (wt%) Vol% solid state Vol% melt state

4 1.61 1.42
5 2.02 1.78
7 2.87 253
10 4.18 3.70
12 5.08 4.50




5508 M. Bailly et al. / Polymer 51 (2010) 5506—5515

10000
w
g
o A A M
= 10001 mEmm lllé éﬁé o
r |
. |
!
o —_
0.01 0.1 1 10 100 1000

Frequency (rad/s)

Fig. 1. Complex viscosity vs. frequency for unfilled EOCs at 190 °C. (M) EOC; (A ) EOC-
g-VTES; (A ) EOC-g-VTEOS.

Tecnai 20 instrument were converted into binary digital images
according to the procedure described by Yatsuyanagi et al. [26].
Image analysis was subsequently performed using the SigmaScan
Pro software to measure the area of the black colored phase cor-
responding to the silica particles and aggregates.

2.5. Rheological properties

Rheological characterization was carried out using a Reologica
ViscoTech oscillatory rheometer equipped with 20 mm parallel
plate fixtures under nitrogen purge, under a gap of 1 mm.
Compression molded disks with a diameter of 20 mm were
prepared using the Carver press, as described above.

Stress sweep experiments were carried out from 1 to 10* Pa at
a frequency of 0.1 Hz and temperature of 200 °C. LVE frequency
sweep experiments were performed in the dynamic oscillatory
mode, under a constant strain of 10%, unless otherwise indicated.
The elastic modulus (G’), loss modulus (G”) and complex viscosity
(n*) were measured as functions of the angular frequency (w) at
temperatures ranging from 80 °C to 200 °C. Time sweeps were
performed at strains ranging between 1 and 10%, frequency of
0.1 rad/s and temperature of 190 °C.

Pre-shearing or annealing are commonly used to ensure
a consistent shear history of silica suspensions prior to rheological
evaluations [1,27]. However in this work since the primary concern
was to correlate the rheological response to the structure of
compression molded samples as evidenced by TEM imaging, no
further shearing was applied to the compression molded disks used
for rheology, unless otherwise specified.

The plateau modulus was estimated via the integration of the G”
(w) vs. w method, which assumes that the distribution of the loss
modulus with frequency is symmetric [28].

Wmax

4

—

G"(w)dInw (1)

where wnax is the frequency at which G” reaches a maximum.
Whenever possible (at low filler loadings), time temperature
superposition (TTS) from 80 °C to 200 °C was carried out to obtain
the widest possible frequency range for this determination. At
higher loadings, where TTS was not applicable, the measurements
obtained at the lowest temperature (80 °C) were used for the
estimation of the plateau modulus. The Generalized Maxwell

model was employed to obtain the relaxation spectrum of the
composites. A Fortran-based non-linear optimization program
(UBCFIT), developed at the University of British Columbia, which
follows the algorithm first developed by Baumgaertel at al. [29] and
is based on the determination of the least number of (Gj, 4;)
parameters (Parsimonius spectrum) needed to provide a good fit
was used. The Generalized Maxwell model was implemented to
obtain the G”(w) vs. w function, which was then integrated in
eq. (1).

2.6. Bound polymer determination

Chopped composites (1 g) were dissolved into 40 mL of toluene
at 80 °C for 3 h to dissolve the polymer that was not bound to the
filler. After cooling, the solution was subjected to centrifugal
separation at 4000 rpm for 1 h. The supernatant was decanted and
the gel was shaken with 30 mL of fresh toluene before being left to
stand for 1 h. Centrifugal separation was repeated and the
remaining gel containing the bound polymer and silica particles
was dried under vacuum at 60 °C overnight. The amount of bound
polymer was determined using a TA Instruments Q500 series
thermogravimetric analysis instrument to heat samples under
nitrogen atmosphere from 25 °C to 700 °C at a rate of 10 °C/min.
Percent weight losses recorded for the SiO, and oct-SiO, particles,
as well as for the plain and extracted composites, were used to
calculate the amount of polymer bound to the filler.

2.7. Dynamic mechanical analysis

Dynamic mechanical properties were studied on rectangular
57.4 x 6.9 x 1 mm compression molded samples using a Rheometer
Solid Analyzer RSA-II. The instrument was operated in the dual
cantiliver configuration. The dynamic responses were tested from
—100to 20 °Cat a frequency of 1 Hz and a heating ramp of 2 °C/min.

3. Results
3.1. Morphology

Fig. 2 displays the TEM images of the four different systems
containing 7 wt% (Fig. 2(a1—d1)) and 12 wt% silica (Fig. 2(a2—d2)).
Silica exists in an aggregated state with the size and shape of the
aggregates varying slightly, depending on the type of matrix and
particles used. Increasing the filler loading results in an increase in
the area of the aggregates and a decrease in the inter-aggregate
distance. At 12 wt% the composites appear to be almost inter-
connected, signifying that this composition is at the vicinity of the
percolation threshold (Fig. 2(a2—d2)). Based on the images, nano-
silicas dispersed within a polyolefin have a fractal structure, similar
to that inferred for various colloidal and fumed nanosilica
suspensions in liquid media. Fractal dimensions can be estimated
based on image analysis of the TEM images, using the software
developed by Sasaki et al. [30] According to this method, the fractal
dimension df ranges between 2.2 and 2.4 for all the composites.

The results of the image analysis shown in Fig. 3 compare the
size distribution of silica aggregates (Fig. 3(a)) and their relative
contribution to the total area of the silica by size range (Fig. 3(b)), at
a 7 wt% loading. It is obvious from these graphs that the size
distribution of the aggregates (Fig. 3(a)) depends on the nature of
the matrix and the silica treatment. Composites based on EOC-g-
VTEOS have a higher fraction of isolated particles (area < 500 nm?)
and a smaller amount of large aggregates (area > 20,000 nm?) than
composites based on EOC-g-VTES, which display a higher fraction
of large aggregates. Additionally the fraction of very large aggre-
gates is reduced when oct-SiO; particles are used, as opposed to
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Fig. 2. TEM images of composites having different matrices: (a) EOC-g-VTEOS/oct-SiO5; (b) EOC-g-VTEOS/SiO,; (c) EOC-g-VTES/oct-SiO5; (d) EOC-g-VTES/SiO,. (a1—d1) 7 wt% silica,

(a2—d2) 12 wt% silica. The scale bar represents 500 nm.
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Fig. 3. (a) Silica aggregate size distribution and (b) % contribution to the total area per
range of aggregate size. Silica loading is 7 wt%.

SiO, particles. Fig. 3(b) reveals that the vast majority of the silica
particles can be found in large aggregates (e.g. 85% for EOC-g-VTES/
Si0y), except for EOC-g-VTEOS/oct-SiO, which shows a more
balanced distribution. Apart from the size distribution of the
aggregates, image analysis clearly confirms that their aspect ratio
(defined as the smallest dimension over the largest dimension
orthogonal to it) strongly depends on their size; the bigger the
aggregate, the less spherical it is. Aspect ratios below 0.2 were
found for the large aggregates having area above 20,000 nm?,
implying that they do not have a spherical shape; rather they
appear to have a fractal structure [13].

The improved dispersion of the oct-SiO, particles within the
polymer matrix is most likely due to the disruption of the hydrogen
bonds between the silanol groups that cause aggregation. In the
presence of the silane coating agent the specific component of the
surface tension is lowered substantially, whereas the dispersive
component becomes more significant, improving the affinity with
the polyolefin matrix [31].

Dispersion is further facilitated by improving the stress transfer
between polymer and fillers during compounding, thus breaking
the aggregates apart. This can be achieved by establishing stronger
polymer/filler interactions. The difference between VTEOS and
VTES lies in the presence of the ethoxy groups in VTEOS instead
of the alkyl groups in VTES. The hydroxyl groups present at the
surface of the particles can react with the ethoxy groups of VTEOS
through a hydrolysis reaction [23], thus establishing strong inter-
facial interactions between the polymer and fillers, according to
Scheme 1. However, in the absence of the ethoxy group in VTES, this
reaction cannot take place.

The effectiveness of this functionalization approach is seen by
comparing Fig. 2(b1) with (d1), as well as (b2) with (d2). In the
presence of covalent bonds when the EOC-g-VTEOS matrix is used,
the dispersion of unmodified SiO; particles appears substantially
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Scheme 1. Schematic illustration of the hydrolysis reaction between the silanol groups located at the surface of SiO,, with the VTEOS grafts contained in the polyolefin matrix.

improved. The EOC-g-VTEOS/oct-SiO, composite (Fig. 2(al) and
(a2)) contains the lowest fraction of large aggregates compared to
the rest of the composites (see also Fig. 3). This composite has
benefited from particle modification, which reduces the filler/filler
interactions, while still maintaining some capacity for polymer/
filler interactions through covalent bonding, since the hydroxyl
groups are only partially replaced by the silane coating agent.

Based on the above results, filler dispersion is obviously affected
by the presence and extent of polymer/filler interactions. Bound
polymer characterizations are frequently used in rubber technology
as a means to quantify polymer/filler interactions [32]. This tech-
nique has been applied to the composites under consideration in
this work, as described below.

3.2. Bound polymer characterizations and effective volume

As shown in Table 2 the amount of polymer that is bound to the
filler is higher in the EOC-g-VTEOS-based composites compared to
the ones having EOC-g-VTES as the matrix. SiO; particles have the
most potential for covalent bond formation between the silanol
groups and the VTEOS grafts and therefore have the high amount of
bound polymer. The presence of bound polymer in EOC-g-VTES-
based composites may be attributed to residual polymer that has
been physically adsorbed or trapped within the large particle
aggregates [12,26].

The presence of an immobilized “bound” polymer layer has been
related to substantial increases in the rheological properties of fil-
led polymers. The concept of an “effective volume fraction” which
takes into account not only the volume occupied by the particles,
but also that of the rigid shell surrounding them, has been used to
explain this increase. Assuming an idealized case of spherical silica
particles of density 2.2 g cm~> and diameter of 12 nm surrounded

Table 2
Amount of bound polymer and estimated thickness of polymeric shell surrounding
the particles, for composites containing 7 wt% silica.

EOC-g- EOC-g- EOC-g- EOC-g-
VTEOS/oct ~ VTEOS VTES/oct  VTES
-Si0; [SiO; -Si0; /SiO2
Bound polymer (wt%) 7.0 10.2 35 6.1
Bound polymer per 1.0 1.5 0.5 0.9
mass of silica
Shell thickness estimated 29 3.8 1.7 2.7
from bound polymer (nm)
Shell thickness estimated 2.5 2.9 N/A N/A

through eqs. (2)
and (4)(nm)?

@ Using the Heinrich and Kluppel equation and least squares method.

by a bound polymer shell of density 0.864 g cm ™3, a shell thickness
can be estimated from this data and is also shown in Table 2.

In addition to the calculation of the thickness, or volume of the
immobilized shell around silica particles, an effective particle
volume fraction can be estimated from values of the plateau
modulus by using the modified Guth—Smallwood equation [33]
proposed by White and Crowder [34].

G(de) = Gn(0)- (1+250, +14.147) 2)

where Gy is the plateau modulus and ¢. the effective volume
fraction. White and Crowder proposed an expression to estimate
the effective volume fraction based on the average particle diam-
eter d and the shell thickness A.

de =0+ ()

Heinrich and Kluppel [13] proposed an alternative expression,
shown in eq. (4) to take into account the fact that particles are inter-
connected and therefore the shell does not exist at the parti-
cle—particle intersection.

3)

3 2
b — %d) (4)

where d is the average particle diameter (12 nm in our case) and A
is the shell thickness, provided that A << d [13]. Eq. (2), in
combination with eq. (4), was used to fit the experimental data of
plateau modulus vs. volume fraction. A representative fit is shown
in Fig. 4 for the EOC-g-VTEOS/oct-SiO, composite. The fitted values
obtained for EOC-g-VTEOS/oct-SiO; and EOC-g-VTEOS/SiO, are
shown in Table 2.

Values for the EOC-g-VTES composites are not presented here
because of the uncertainties in the rheological characterization
leading to the estimation of the plateau modulus due to
pronounced time-dependent effects, as explained later in Section
3.3. Although the values of the shell thickness are lower than the
ones estimated through the bound rubber characterization (which
were based on the idealized case of spherical silica particles), the
trends are the same and verify that the EOC-g-VTEQS/SiO;
composite has more bound rubber, because the unmodified SiO;
has a higher number of free silanol groups that are able to engage in
covalent bonding with the matrix. Overall the values of the shell
thickness are in the same order of magnitude and agree with
literature reports [27,32].

It should be noted that the effective volume fraction estimated
using this approach is about 2.5—3 times the real volume fraction,
as shown in Fig. 5. This agrees with the values obtained by Zhang
and Archer [27] and supports the hypothesis of the existence of
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Fig. 4. Fit of the experimental values of the plateau modulus (squares) of the EOC-g-
VTEOS/oct-SiO, composite using the modified Guth—Smallwood equation (dashed
line) at a fitted value of the shell thickness (A = 2.5 nm).

a bound polymer layer surrounding the silica aggregates that cau-
ses an enhanced hydrodynamic effect. The effective volume frac-
tion is higher for the EOC-g-VTEOS/SiO, composite, consistently
with its larger shell thickness.

3.3. Shear oscillatory rheology

3.3.1. Frequency sweeps

Frequency sweeps demonstrate deviations from terminal flow
behaviour at filler loadings above 5—7 wt% (Fig. 6), suggesting that
the motion of the polymer chains becomes restricted above this
filler loading. The deviation can be better seen from the insets in
Fig. 6, which summarize the normalized moduli as a function of
filler loading. It should be noted that the emergence of a low-
frequency plateau is only seen at the highest filler loadings. For all
other compositions the values of the loss tangent, tand, remain
higher than one, indicating a viscoelastic-liquid response, which is
consistent with the fact that these composites are below the
percolation threshold, as evidenced by TEM (Fig. 2).

Fig. 7 shows a representative frequency sweep for the neat
polymer and the EOC-g-VTEOS/SiO, composite. In contrast to the
simple dynamics and terminal flow behaviour demonstrated by the

14
.0
12 + m
ST 07299 - .-
2 ,,’ L
2 8 + E]" .’ 90~2.6¢
@ ‘ .
< Lom
6+ ol
a7
[3':'.
4+ &
24—
1 2 3 4 5
0 (vol%)

Fig. 5. Effective filler content, in volume percent, ¢, vs. actual filler content, in volume
percent, ¢. () EOC-g-VTEOS/oct-SiO,; ([0) EOC-g-VTEOS/SiO,.

100000

- a 'L
3 e
10000 + LI
E i -
L o ¢
i R
1000 + sof g R
had 3 []D ° _~ 200
(O} 100 E .. —.0 o 160
E 9 10
L - ¢ g; 80
10+ - 2
E - 0
*
- ¢ ’ zFiII:rc:nte:t (v:t‘:A) "
1 e E B B
100000 &
b gy
1 +
10000 + e e
3 + ++@ O E:! L 4
00 b RO
= oo o _ ¢
S
1 [ - o 800
O 100 E .0 %sw
E R J © 400
10 _; - - € 200
E 0
E 'Y 0 02 4 6 8 10 12
L L 4 Filler content (wt%)
0.01 0.1 1 10 100 1000

Frequency (rad/s)

Fig. 6. Frequency dependence of the storage modulus (G’') for (a) EOC-g-VTEOS/oct-
SiO, and (b) EOC-g-VTEOS/SiO, composites at 190 °C. SiO, or oct-SiO, content: ()
owt%; (—) 4 wt%; (o) 7 wt%; () 10 wt%; (+) 12 wt%. Cross-over points of storage and
loss moduli are circled. Insets show the normalized moduli with respect to the matrix
modulus, G'g.

matrix, the composites exhibit a cross-over at low frequencies at
the highest filler loadings, indicating a viscoelastic solid-like
response. These complex frequency and volume fraction depen-
dencies are attributed to the interaction between the filler structure
and the viscoelastic response of the matrix [35]. Both the frequency
and the modulus at which this cross-over appears increase with
filler loading, as shown in Fig. 6.

Fig. 8 summarizes the G'g vs. volume fraction dependency at the
lowest accessible experimental frequency, G'g = G'(w = 0.04 rad/s).
A smooth scaling relationship of G'g~¢™ between G'o and filler
loading is seen, with the exponent values for the EOC-g-VTEOS
based composites shown in Table 3. For the EOC-g-VTEOS/oct-SiO,
composites a scaling relation of G'o~¢>? is obtained. This is strik-
ingly similar to the reports by Zhu et al. on polybutadiene nanosilica
suspensions and representative of reinforcement due to the
formation of a fractal structure [13,14]. The dependency is sharper
for the EOC-g-VTEOS/SiO, composite, presumably because of an
enhanced hydrodynamic effect.

Several models have been proposed to describe the fractal
structure arising from colloidal particle aggregation processes. Piau
et al. considered non-fluctuating semidilute fractal objects, and
showed that the elastic modulus scales with the volume fraction
according to a power-law, G'g~ ¢™, where the exponent m contains
the fractal dimension, df [6].

Gy~ g7 (5)
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Fig. 7. Frequency sweep at 190 °C of EOC-g-VTEOS (squares) and EOC-g-VTEOS/12 wt%
SiO, (diamonds). G’ (full symbols) and G” (empty symbols).

Values of the fractal dimension df can be experimentally
obtained either by image analysis [11], light-scattering experiments
[6] or indirectly by rheology [36]. The values of the fractal dimen-
sion obtained through eq. (5) and reported in Table 3 are very close
to literature reports. For example Piau et al. reported an exponent of
m = 42 + 0.8 and a corresponding fractal dimension of
dr = 1.8 4 0.2 for PDMS/SiO>, gels. A lower value of dfis obtained for
EOC-g-VTEOS/oct-SiO, composites. This value is consistent with
the predictions of the cluster—cluster aggregation (CCA) model,
which is based on the concept that particles can fluctuate around
their mean position to eventually lead to a space-filling configu-
ration of fractal CCA-clusters [13]. The CCA model predicts m = 3.5
and dr = 1.8, which is very similar to our results for the EOC-g-
VTEOS/oct-SiO, composite.

These results demonstrate that the magnitude of the modulus at
low frequencies and the corresponding scaling factors and fractal
dimensions vary depending on the type of matrix and nature of
filler treatment. Further insight on the effect of polymer/filler
interactions on the rheological properties is provided through time
sweeps and strain-sweeps, as discussed below.

3.3.2. Time sweeps

It is well known that suspensions of fumed silica experience
microstructural rearrangements during shear, leading to
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Fig. 8. Elastic modulus at & = 0.04 rad/s as a function of the silica loading. () EOC-g-
VTEOS/oct-SiO,; (O0) EOC-g-VTEOS/SiO,. Lines indicate exponential model fit.

Table 3

Values of exponent, m, and fractal dimension, d (eq. (5)) obtained by curve fitting
the G'o vs. volume fraction data. The reported values include the 95% confidence
intervals.

EOC-g-VTEOS/oct-Si0;

m 35+ 0.1
dr 1.6 + 0.04

EOC-g-VTEOS/SiO,

44 +0.2
1.9 £ 0.05

flocculation and formation of particle aggregates [1,27]. Function-
alized polyolefins that are commonly used as nanocomposite
matrices are also prone to time-dependent effects, because of the
propensity for functional group associations [37].

Time-dependency was noted at filler loadings above 5 wt%,
signifying that a certain amount of filler is required in order to
observe a rearrangement and a corresponding increase in modulus,
as pointed out previously by Romeo et al. [35]. A pronounced
increase in storage modulus was seen for the EOC-g-VTES-based
composites, as shown in Fig. 9, suggesting that the silica particles
have the propensity to associate and form aggregates, when
exposed to low strains during the time sweeps. This was the reason
why these composites were excluded from the prior analysis of the
frequency sweeps. The significantly higher starting elastic modulus
values seen for the EOC-g-VTES/SiO, composite in Fig. 9 are most
likely related to the higher state of aggregation of the filler in this
particular matrix.

The dramatic increase seen in these composites implies that
the free silanol groups existing on the silica surface maintain
their capability to associate through hydrogen bonding under the
low strains imposed during the time sweep experiments, thereby
leading to strong filler/filler interactions and thus aggregation.
The situation changes when the VTEOS-based matrix is used, since
the silanol groups are now able to form covalent bonds with the
ethoxysilane functionality. This limits their capacity to associate
with each other and form aggregates, leading to a steady rheo-
logical response, presumably attributed to a more stable
morphology.

It is also noteworthy that these composites are very sensitive to
pre-shearing, indicating that the flocculated clusters of silica can be
broken down by relatively high levels of shearing. Furthermore the
rate and extent of modulus recovery following pre-shearing
depends on the strain level imposed during time sweeps, as shown
in Fig. 10. Higher levels of strain during the time sweeps result in
a breakdown of the structure, which counteracts the continuous
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Fig. 9. Storage modulus G’ as a function of time, at 190 °C under a 2% strain and 0.1 Hz

frequency. Silica content is 12 wt%. (A ) EOC-g-VTEOS/oct-SiO5; (A ) EOC-g-VTEOS/
Si0,. (O) EOC-g-VTES/oct-SiO,; (M) EOC-g-VTES/SiO,.
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buildup, leading to lower values of the modulus and the appearance
of a plateau.

3.3.3. Stress sweeps

A pronounced difference in strain dependence between the
EOC-g-VTEOS and the EOC-g-VTES-based composites at filler
loadings above 7 wt% is revealed from the stress sweeps, shown in
Fig. 11. The critical strain, vy, for the onset of non-linearity is
significantly lower for the EOC-g-VTES compared to the EOC-g-
VTEOS-based composites, with the latter being more strain resis-
tant (Fig. 11). Given that a continuous “filler network” does not exist
at the loadings used in the present work, the drop of vy, is most
likely attributed to the breakdown of the nanosilica aggregates
during the stress-sweep [7,9,12,36,38]. The EOC-g-VTES/oct-SiO,
composite shows a very strong strain dependence; the elastic
modulus curve increases at moderate strains, and subsequently
decreases. The initial increase may be due to “strain-induced”
aggregation. This is in agreement with the findings from the time
sweep reported previously, where this particular composite
seemed to be prone to aggregation.

The critical strain —y.— for the onset of non-linearity shifts to
lower strain values upon increasing silica concentration. This is
shown in Fig. 12, which summarizes the critical strain, estimated as
the strain reached when the modulus is equal to 95% of the plateau
modulus as a function of the silica loading [39]. Given the absence
of a well-defined linear region for EOC-g-VTES/oct-SiO,, data are
not shown for this particular composite. The data can be fitted
using a power-law scaling relation [9,16].

Yo' (6)

where v is a parameter, which according to the literature ranges in
value from 0.7 to 4.0 and depends on the interparticle forces [16].
The EOC-g-VTES-based composites are significantly more sensitive
to strain, resulting in an exponent of 1.6 + 0.2 for EOC-g-VTES/SiO5.
On the contrary the EOC-g-VTEOS-based composites are more
resistant to strain, with lower exponents, 0.5 4 0.05 and 0.3 + 0.04
respectively for SiO, and oct-SiO, particles.

The critical strain, y. can be related to the cohesive energy
density, E., needed to break the filler structure, according to eq. (6)
[40].

1
E. = j\f%célateau (7)
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Fig. 10. Storage modulus as a function of time for POE-g-VTES/oct-SiO, at 190 °C and
0.1 Hz frequency: ([0) no preshear; (<) pre-sheared at 1000 Pa for 100 s, strain of 1%
during time sweep; () pre-sheared at 1000 Pa for 100 s, strain of 10% during time
sweep.
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Fig. 11. Storage modulus vs. strain at 200 °C, 0.1 Hz at a silica loading of 12 wt%; (A)
EOC-g-VTEOS/oct-SiOy; (A) EOC-g-VTEQOS/SiO,. (O0) EOC-g-VTES/oct-SiO,; (M) EOC-g-
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Application of this equation to our data shows that for EOC-g-
VTES/SiO, the work required to breakdown the structure remains
around 10 J m~ irrespective of the filler loading, as opposed to
EOC-g-VTEOS-based composites in which E. increases with filler
loading, reaching values above 50 ] m~3 at high loadings. This
confirms that the structure of the EOC-g-VTEOS composites, where
covalent bonds are present, is much more strain resistant.

The presence of a small peak in the elastic modulus vs. strain
curves of the EOC-g-VTEOS composites at very large strains
(Fig. 11), right beyond the strain where the transition to non-linear
behaviour occurs in the pure polymer is also noteworthy. To our
knowledge this has never been reported before, except from
a similar observation by Cassagnau [41] in silica-filled EVA/xylene
mixtures. One possible explanation is stress-induced debonding of
the polymer chains that are bound to the filler surface through
covalent bonding.

3.4. Dynamic mechanical analysis

Fig. 13(a) and (b) present the storage and loss moduli as func-
tions of temperature, obtained from the DMA measurements. For
clarity, only the composites containing oct-SiO, are shown here.
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Fig. 12. Critical strain y. vs. silica content: () EOC-g-VTEOS/oct-SiO,; (O0) EOC-g-
VTEOS/SiO,; (&) EOC-g-VTES/SiO,; Lines indicate exponential model fit.
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Fig. 13(a) shows that although both the neat polymers and the
composites have similar values of the storage moduli at tempera-
tures below the glass transition, their behavior at temperatures
around and above the glass transition differs, with the EOC-g-
VTEOS-based composite showing a higher value of the elastic
modulus and a more significant enhancement with respect to the
neat polymer. Similarly, as Fig. 13(b) shows, the area under the loss
modulus vs. temperature curve is higher for the EOC-g-VTEOS
based composite, suggesting that more energy is dissipated when
the glass transition temperature is reached, at about —50 °C.

On the contrary the curves corresponding to the EOC-g-VTES
composite are very similar to the response of the neat polymer, sug-
gesting a minimal effect of the filler. The type of filler (modified vs.
unmodified) did not affect the results, implying that the most
important factor is the matrix functionalization. It can be suggested
therefore that the dynamic elastic and loss moduli are affected only
when polymer/filler interactions are present. Furthermore, these
figures suggest a very slight increase in the glass transition temper-
ature, Ty, for the EOC-g-VTEOS composites, presumably because the
motion of macromolecules at the vicinity of the nanoparticles is
hindered in the presence of chain entanglements and polymer/filler
interactions, therefore leading to a higher Tg [18].

4. Discussion

The rheology of filled thermoplastics is influenced by both the
presence of nanofillers as well as their state of dispersion. The latter
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Fig. 13. DMA curves at 1 Hz for composites containing 7 wt% silica: (a) Storage
modulus and (b) Storage modulus; (M) EOC-g-VTEOS; (O) EOC-g-VTEOS/oct-SiO2;
() EOC-g-VTES; ( #) EOC-g-VTES/oct-SiO,; Silica content is 7 wt%.

further depends on the extent of filler/filler and polymer/filler
interactions. Given these complex interrelations, it is has been very
challenging in the literature to differentiate between the effects of
filler dispersion and polymer/filler interactions. In this work, by
using two different matrices and two types of silica particles, we
were able to gain some insight on the dependence of the composite
structure and the various rheological functions on the filler/filler
and polymer/filler interactions.

The different types of filler/filler and polymer/filler interactions
are reflected in the different states of dispersion (Figs. 2 and 3), as
well as in the exponents of the G’ ~¢™ scaling relation (Table 3).
Enhanced polymer/filler interactions that are mainly attributed to
covalent bonding between the surface silanol groups and the
functional grafts present in the polymer matrix have an impact on
the state of dispersion of the composites. As the results of image
analysis showed, composites based on EOC-g-VTEOS present
a lower state of aggregation compared to EOC-g-VTES-based
composites, regardless of the extent of filler/filler interactions (i.e.
type of particle used). Overall, EOC-g-VTEOS/oct-SiO, displays the
finest dispersion because it combines both a lower degree of filler/
filler interactions and stronger polymer/filler interactions.

The increases seen in the viscoelastic properties as a function of
filler loading, are obviously attributed first of all to the hydrody-
namic effect caused by the nanoparticles, and at higher loadings
(above 5 wt%, or 2 vol%) to the propensity of the silica particles to
aggregate and form flocculated clusters, leading to a fractal struc-
ture, with dimensions consistent to the predictions of the CCA
model.

A volume fraction of ¢ = 0.05 is generally acknowledged as the
critical volume fraction beyond which a network consisting of
overlapping clusters is formed, as predicted by Buscall et al. [8] and
Huber and Vilgis [14]. Belowg, the elastic modulus varies linearly
with volume fraction, whereas above ¢ universal behaviour with
scalings of G' ~¢™ is reported. Interestingly, even though all our
composites are below the critical volume fraction of ¢. = 0.05, they
obey the G’ ~ ¢™ scaling behaviour (see Fig. 8 and Table 3), which at
first glance is inconsistent. However, the effective volume fractions,
which take into account the presence of bound polymer, are actually
around three times the actual volume fractions, as implied by Fig. 5,
and may thus account for the observed rheological behaviour.

Measurements in the LVE region are inherently influenced by the
degree of dispersion, therefore provide only indirect evidence of the
existence of covalent bonding resulting in strong polymer/filler
interactions. In this work, the latter became more evident through
the time sweeps, stress-sweeps and DMA analysis. Covalently
bridging the polymer chains and the nanoparticles in the EOC-g-
VTEOS based composites resulted in “anchoring” of the filler to the
polymer chains, thus preventing rearrangements and further
aggregation of the particles during time sweeps (Fig. 9), in contrast
with the EOC-g-VTES composites where covalent bonding was
absent. The more stable structure of the EOC-g-VTEOS based
composites was also evident from the stress-sweep experiments,
where they appeared to be very strain resistant, with critical strain
values that were an order of magnitude higher and a cohesive energy
density 5 times higher than that of the VTES-based counterparts. The
onset of non-linearity for these composites does not seem to be
attributed to the breakdown of a filler network, as it has been widely
suggested in the past [9,10,36,42—44], but rather depends on the
type of interfacial interactions between polymer and filler. It should
be noted that the EOC-g-VTEOS/oct-SiO, composites were the most
strain resistant. Although silica particles have been modified, it
should be noted that the coating is only partial, leaving a lot of silanol
groups available for the reaction. These composites therefore benefit
from both the absence of big aggregates, and the presence of cova-
lent bonding. Finally, DMA measurements revealed that the energy
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dissipated during the glass transition was significantly higher in the
EOC-g-VTEOS based composites, and the elastic modulus above the
transition was higher.

5. Conclusions

Grafting reactive and non-reactive silanes onto an EOC matrix
enabled the differentiation between two different types of
composites, based on the presence or absence of polymer/filler
interactions due to covalent bonding. The amount of bound poly-
mer was higher when VTEOS, which is able to form covalent bonds
with the hydroxyl groups of silica, was grafted onto the EOC matrix.
Both particle modification and grafting of VTEOS on the EOC matrix
contributed to a finer dispersion of the nanoparticles, as revealed
through TEM imaging.

The values of the moduli at low frequencies scaled with the
volume fraction according to a power-law relation, which is
consistent with the presence of a fractal structure. Given that the
composites were below the percolation threshold, this observation
is attributed to the higher effective volume of the filler particles, in
the presence of bound polymer.

Time-sweep experiments showed that the composites were prone
to aggregation, in the absence of chemical interactions between filler
and hosting polymer. Stress-sweeps revealed that VTEOS grafted
composites were more capable of enduring high strains without
significant network disruption, as their critical strains were much
higher compared to VTES grafted composites. This behaviour was
attributed to the presence of polymer/filler interactions that create
linkages between the hosting polymer chains and the nanoparticles.
Differences were also detected in the solid state DMA evaluations,
which showed that a higher amount of energy is dissipated at the glass
transition temperature when the VTEOS-based composites were used.
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