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Abstract

A DGEBA-based epoxy matrix was loaded with 10, 20 and 30 phr of fumed silica particles. Single edge notched bend
(SENB) specimens were prepared and deformed to failure in three-point bending configuration. Their fracture surfaces
were examined by atomic force acoustic microscopy (AFaM) in order to obtain information about the local elastic
modulus of the surface at high spatial resolution. The collected information was correlated to the bulk thermo-mechanical
properties of the composites. In particular, the decrease in thermo-mechanical properties like tensile modulus, yield
strength, stress at break and glass transition temperature, observed for samples filled with 10 and 20 phr with respect to the
unfilled matrix was found to correspond to highly heterogeneous fracture surfaces presenting a broad distribution of elastic
modulus values. The AFaM data were interpreted as representative of different degrees of filler exposure on fracture
surfaces and also of localized cavitation effects involved in crack propagation, both phenomena accounting for the
effective plasticizing effect macroscopically observed at silica amounts of 10 and 20 phr. A substantial reduction in the
exposure probability of silica particles on fracture surfaces was found for the sample filled with 30 phr of silica, which also
displayed an improvement of the mechanical and thermal properties. This latter evidence was tentatively explained by
supposing a physical immobilization of polymer chains at the polymer-matrix interface.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, great attention has been focused
on polymeric nanocomposites, especially those
obtained from layered silicates [1,2] dispersed in
thermoplastic and thermosetting matrices. If prop-
erly dispersed, these fillers can substantially improve
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the properties of the resulting nanocomposites with
respect to conventional microcomposites loaded
with the same amount of filler. In fact, the proper-
ties of the polymeric matrices can be substantially
altered by the interactions with a nano-filler. The
main reason for this behavior has been identified in
the much higher interfacial area between matrix and
filler in nanocomposites than in conventional
microcomposites [1,2]. As a consequence, the
macroscopic behavior of the nanocomposites can-
not be accurately predicted by the rules proposed
for microcomposites [3] and sometimes unexpected
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effects can be observed in thermal [4-6] and
mechanical properties.

The availability of a wide range of operative
techniques in atomic force microscopy (AFM) [7]
allows one to carefully control the degree of sample-
probe interaction while preserving sample integrity.
This is one of the reasons why AFM has been
widely used to analyze non-conductive samples,
especially in those cases where any substrate
preparation could potentially alter the observed
microstructure or when the required resolution level
was critical [8-10]. Moreover, the analysis of direct
contact force with the substrate allows one to obtain
information on the mechanical response of highly
localized portions of a given microstructure. In this
way, it is possible to have almost direct access to
microscopic quantities otherwise only derivable
from theoretical, or even phenomenological, models
[11-14] based on macroscopic average values.

In the present work we focus our attention on the
use of atomic force acoustic microscopy (AFaM)
for the analysis of fracture surfaces of epoxy-based
silica-nanocomposites in an attempt to correlate
their sub-micrometric structure, as revealed by the
distribution of local elastic modulus, to their
macroscopic thermo-mechanical behavior. That
behavior has been extensively investigated by this
research group and described in a companion paper
[15]. Unlike previous works concerning polymeric
composites, which emphasized the imaging capabil-
ities of the AFM techniques, we focused our
attention on the possibility of gaining numerical
information characterizing the physical appearance
of the fractured surfaces, analyzed to correlate them
with the bulk thermo-mechanical properties already
measured. The acoustic mode (AFaM) was selected
to exploit the higher stiffness which is exhibited by a
viscoelastic material at the ultrasonic frequencies
used to perform measurements, since previous
works reported on the difficulties of determining
elastic characteristic in polymeric nanocomposites
by “static” force-distance spectroscopy [16]. More-
over, the choice of AFaM technique to investigate
the fracture surface was prompted by the high
spatial resolution required to recognize structural
heterogeneity on sub-micrometric scale in nano-
composites. In fact, scanning electron microscopy
techniques like backscattered electrons (BSE) ima-
ging or energy dispersion X-Ray spectroscopy
(EDXS) are sensitive to compositional differences
but lack the required lateral and in depth resolu-
tions. This can be easily recognized just considering

that typical penetration depth of BSE analysis is
about 200 nm and that one of EDXS is as high as
500 nm (depending on sample and operative condi-
tions), while AFaM spectroscopy sampling depth in
our case was estimated to be less than 25 nm.

2. Experimental section

The selected epoxy matrix was a commercial
bicomponent system (EC57/K63), supplied by
Camattini S.p.A. (Collecchio, Parma, Italy), consist-
ing of a DGEBA-based low molecular weight epoxy
resin (EC57: epoxy-equivalent 172-182g/eq) and a
polyamide—amine curing agent (K63: 88-91 g/eq). The
filler was the Cab-O-Sil M5 fumed silica, supplied
by Cabot GmbH (Hanau, Germany), consisting of
nanometric particles of untreated pure amorphous
silica with nominal surface area of about 200 m?/g.
Composite samples conforming to UNI EN ISO
527 type 1BA dumb-bell geometry were prepared
with filler loadings of 10, 20 and 30 phr (corre-
sponding to 6.3, 11.8 and 16.7 percent by weight
and to 3.3, 6.4 and 9.2 percent by volume,
respectively) by a solvent assisted dispersion proce-
dure accurately described in a companion paper
[15]. Samples for three-point bending tests were
machined from the central part of dumb-bell test
pieces to obtain single-edge notched bend samples
(SENB) conforming to the ISO 13586-1 standard
test method for the determination of the plane-
strain fracture toughness and strain energy release
rate of plastic materials. Tests were performed by a
4052 Instron tensile testing machine at a cross-head
speed of | mm/min. AFM and AFaM analyses were
performed on the fracture surfaces of SENB speci-
mens using an Nt-Mdt Solver P47H scanning probe
microscope equipped with a piezoelectric sample
holder. Nt-Mdt NSG silicon gold tips with nomin-
ally 5.5N/m elastic constant and 150kHz first
resonance frequency were utilized. Calibrations
were performed on an electronic grade (10 0) silicon
wafer surface (E = 130 GPa, v = 0.181), previously
cleaned from organic residues with chromic mixture
and treated in HF (80% aq) for 30min in an
ultrasonic bath (Branson 2510, 47kHz, 125W) to
remove the surface oxidized layer. Representative
areas on the fracture surfaces of the composites
and the unfilled matrix were selected to acquire
topographic images (in contact and tapping
mode) and amplitude-oscillation images (in tapping
mode). Since all the samples were found to be
homogeneous at a micrometric scale when observed
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in the aforementioned modes, the more time-
consuming AFaM spectroscopic analyses were
performed on smaller areas (of 1pum x 1pm),
randomly chosen on the surface. Each of these
areas were scanned on a grid of 225 equally spaced
points, where the contact resonance frequency
was measured and the local elastic modulus was
assessed relying on the theoretical basis briefly
reported in the following section. In order to
generate statistically significant results, for each
sample a number of points in the range from 1000 to
2000 was recorded and analyzed, depending on
sample heterogeneity.

3. Theoretical basis

The purpose of this section is to briefly recall the
principle of acoustic spectroscopy measurements
performed by the atomic force microscope, and to
point out the theoretical background and the
fundamental assumptions behind the modeling of
the tip-sample contact which allows one to estimate
the local elastic modulus from the resonance
frequency data. An exhaustive description of the
all the different imaging modes in AFM was given
by Wiesendanger [7].

A schematic representation of the so-called
acoustic modality of AFM is given in Fig. 1. The
sample is in contact with an ultrasonic transducer
which can be excited at a given frequency by means
of a signal generator. The vibrations, transferred to
the cantilever through the tip, produce flexural
oscillations that are detected by means of a laser-
photodiode optical system. Both amplitude and
average position of the oscillating cantilever can
be measured simultaneously. After a topogra-
phic image has been acquired (see Fig. 2), the
spectroscopic mode can be used to identify the
resonance frequencies at several points on the
surface. As represented in Fig. 3, the resonance
frequency can be identified as the frequency that
induces the maximum amplitude in the cantilever
oscillations.

The mathematical approach for modeling the
probe oscillations relies on the Saint Venant’s
theory for a linear elastic cantilever [17] and the
Hertzian contact tip-sample interaction model [12].
The cantilever is hence assumed to be a linear elastic
solid whose characteristic equation for free oscilla-
tion can be written as:

cosh(k, L) cos(k, L) +1=0 (1)

Laser source

Photodiode

Cantilever

Cantilever tip

Ultrasonic transducer

Fig. 1. Operating principle of an atomic force microscope in
acoustic mode (AFaM).

Fig. 2. AFM topography of a composite sample filled with 20 phr
fumed silica. Points A and B are marker for the acoustic
spectroscopy showed in the next figure.

and

12p
7E =f g, ®)

where L is the length of the cantilever, &, is wave
number of the stationary wave propagating in the
cantilever; fis the frequency of the vibrations; p and
E the density and the Young modulus of the
material, respectively; ¢ the thickness of the beam;
cp a constant summarizing all the elastic character-
istics of the tip. By solving the characteristic Eq. (1)
for the free oscillation modes k,, and measuring the

k2 =1/ 4n?
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Fig. 3. Acoustic spectroscopy showing the frequency variations
of the cantilever vibration amplitude along the surface path from
point A to point B of Fig. 2. Resonance frequency is about
720kHz in point A and 675kHz in point B.

corresponding resonance frequency f, the dynamic
constant cp of the tip can be obtained. It should be
noted that any resonance mode can be used in
principle to determine the cg value but the more
intense one should be preferred.

The contact of the cantilever tip with the
substrate is assumed to be linear elastic. Under
these hypotheses, the characteristic equations de-
scribing the flexural resonance conditions of the
system take the following form [12]:

ke
ke
x (1 +cos ky L' cosh k, L)
+ (cosh k, L' sin ky L' — sinh k, L' cos k, L)
x(1 — cos k, Ly cosh k, Ly)]

(kn Ll)3
=2 -
3

[—(cosh ky Ly sin ky Ly — sinh ky Ly cos ky L)

(1 4+ cos ky L cosh ky L), 3)

where k, is the wave number of the flexural
vibration, k¢ is the elastic constant of the cantilever
and k* is the elastic constant of the spring by which
the tip-substrate interactions are modeled. As it is
shown in Fig. 4, L; and L’ are the distances locating
the tip position from the cantilever base and the free
edge, respectively.

After the Hertzian contact model, the k* elastic
constant is related to the geometry of the contact
and the elastic characteristic of the two contacting

L
L1 »e LI >
k*
Cantilever
holder
Sample

Fig. 4. Linear elastic contact model for tip-sample interactions.

bodies by the following equations [12]:

= 3/ 6(E*)2 R*FN, (4)

1_1—\)1 1—\)2
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1 1 1
F_R_1+R—2’ (6)

where E" is the equivalent contact modulus, E; and
E> the elastic moduli of the two bodies, v; and v, the
Poisson’s ratios of the two bodies, Fy is the normal
force involved in the contact and R is the
equivalent contact radius, Ry and R, being the radii
of curvature of the two contacting bodies in the
contact point, viz. the tip and the surface.

If any resonant frequency of the cantilever in
contact with the substrate under the load Fy is
measured, Egs. (2) and (3) can be solved directly for
k" and then E can be quantified from Egs. (4)~(6).
For this purpose, the knowledge of the geometric
characteristics of the cantilever is required, in
particular the tip radius R. During the calibration
procedure the cantilever resonance frequency is
measured on a flat substrate whose elastic modulus
and Poisson’s ratio are known, thus allowing the
radius R of the tip to be estimated. In accordance
with Rabe et al. [12], we used silicon (100) as a
reference material with £ = 130 GPa and v = 0.181.
The estimates of the tip curvature radius R were
made for a new cantilever before scanning the
samples and after a given number of scans: the
values were found to grow, probably because of tip
fouling due to the polymeric substrate, and an
average value of 374+ 10nm was used throughout
the modulus calculations. During the measurement
operations, the Egs. (2)—(6) were solved for E* and
thus for the elastic modulus of the substrate in the
approximation of R* = R;. The influence of curva-
ture radius R, of the sample surface at the contact
point was disregarded because topographic analysis
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revealed that the values of R, always exceeded
120 nm. For the average tip radius R; of 37 nm, the
approximation R* = R; corresponds to an error of
about 15% in the estimate of E~ (either positive or
negative depending on the surface curvature sign)
which in turn brought about an error of 16-22% in
the estimate of the substrate modulus E, over the
explored frequency range. These values are actually
lower than the uncertainties due to the variation in
curvature tip radius as shown in Fig. 5, the latter
being greater at higher resonance frequencies.

In the calculations of E,, the value of the Poisson’s
ratio of the substrate v, was approximated by the
value of 0.3 since the experiments were performed at
room temperature (25 °C ca) and vibration frequen-
cies were high enough to fall in the glassy state
region of the viscoelastic composites, as predicted by
dynamic mechanical tests via the time-temperature-
superimposition principle (TTSP) [15].

According to the Hertzian contact model, when
contacting the sample the tip develops a stress field
whose lateral dimensions and penetration depth
under the surface are related to the following scale
parameter:

3FN R
a=/ %. (7)

The parameter a becomes significant in defining the
sampling dimensions of the spectroscopic analysis
because only the material experiencing the stress
field generated by the tip takes part in the elastic
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Fig. 5. Variation of the local elastic modulus with the contact

resonance frequency calculated for a mean tip radius of 37nm

(scattered dots connected by solid line) and for tip radius
variation between 27 and 47 nm (dashed lines).
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Fig. 6. Variation of the characteristic sampling dimension with
the contact resonance frequency calculated for a mean tip radius
of 37nm (scattered dots connected by solid line) and for tip
radius variation between 27 and 47 nm (dashed lines).

reaction modeled by the spring k. The estimated
value for E of the substrate actually corresponds to
an average on the stressed volume. The dependence
of the characteristic sampling dimension («) on the
resonance frequency is shown in Fig. 6. The stress
field intensity, represented by the ratio of von Mises
equivalent stress to maximum contact pressure
developed in a sphere—plane contact, is reduced to
less than 10% of its maximum at a penetration
depth of 3a under the surface and to less than 5% at
a lateral displacement of 2a from the contact point
[18,19]. Consequently, we can consider the E value
obtained in a given point as a mean value
representative of the material located inside the
aforementioned geometrical boundaries which, for
the samples analyzed, can be estimated to be always
less than 25 nm apart from the contact point, since
the maximum a values obtained were less than 8 nm
as measured in correspondence to the lowest
detected contact resonance frequency.

4. Results and discussion

An extended investigation of the thermo-mechan-
ical properties of the selected materials is presented
and discussed in a companion paper by this research
group [15]. Some of the thermo-mechanical proper-
ties of the silica—epoxy nanocomposites are sum-
marized in Table 1. It is interesting to observe that a
decrease in thermo-mechanical properties, such as
glass transition temperature, dynamic storage mod-
ulus, Young’s modulus, yield strength and stress at
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Table 1
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Thermo-mechanical properties of silica epoxy-composites [15]

Silica content  Elastic Yield Stress at Tg*

(phr) modulus strength break °O)
(MPa) (MPa) (MPa)

0 2260+71 3534+0.8 30.2+0.9 67+1

10 15004120 17.840.8 19.7+0.3 57+1

20 1900+150 21.34+0.6 23.8+1.0 53+2

30 28004240 2540.6  249+40.7 55+1

4Glass transition temperature as peak temperature of dynamic
loss modulus at 1 Hz.
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Fig. 7. Probability distribution function p; [kHz '] for the
contact resonance frequencies measured on the fracture surfaces.
Silica content in phr: 0 (H), 10 (O), 20 (&), 30 ().

break occurs for samples filled with 10 and 20 phr,
while a trend inversion can be observed for samples
with a silica content of 30 phr.

AFaM acoustic spectroscopy was used to analyze
the fracture surface of SENB specimens, as de-
scribed in the previous section. The collected
resonance frequencies allowed us to generate the
statistical distributions presented in Fig. 7. The
function p¢ is the probability distribution function
of the resonance frequencies measured on the
fracture surfaces. The integral of p; over a frequency
interval represents the cumulative probability for
resonance frequencies to occur inside that interval,
and it also represents the fraction of the surface
exhibiting contact resonance frequencies values
inside that interval. The data were properly normal-
ized in order to yield a cumulative probability value
equal to 1 over the entire explored frequency range.
Taking into account the relationship between the
resonance frequency and the local elastic modulus,
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Elastic modulus [GPa]

Fig. 8. Probability distribution function pg [GPa '] for the local
elastic modulus measured on the fracture surfaces. Silica content
in phr: 0 (H), 10 (O), 20 (A), 30 ().

as stated in the theoretical basis section, the
distributions in the frequency domain p; were re-
plotted in the elastic moduli domain pg as reported
in Fig. 8.

The fractured surface of the unfilled sample
exhibited a sharp pg distribution, while for the
filled samples much broader distributions were
found, indicating the presence of a more hetero-
geneous structure. As expected, all the samples filled
with silica nanoparticles showed high modulus
spectral components in their pg distributions
accounting for the probability to find some silica
particles almost completely exposed on the fracture
surface. In fact, the highest value of elastic modulus
detected on the surfaces is around 70 GPa, very
close to the elastic modulus of amorphous silica
[20]. However, in the case of 10phr fumed silica
nanocomposites a significant portion of the surface
showed elastic modulus values lower than those of
the unfilled matrix. This observation is in agreement
with the macroscopic behavior of this composite. In
fact, as reported in Table 1, the tensile tests
evidenced Young’s modulus, yield strength and
stress at break values much lower than those
measured on all the other compositions.

The highest values of local elastic modulus were
found in the sample filled with a silica content of
20 phr, and appeared to correspond to topographic
reliefs as shown in Figs. 2 and 3. On the contrary,
no direct relation was found between topography
and local stiffness where these latter values were
significantly lower than those of the unfilled matrix,
as in the case of 10 phr filled samples. Figs. 9 and 10
show a representative topographic path and the
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Fig. 9. Example of topographic profile on the fracture surface of
a composite (10 phr filled sample). The vertical scale is enlarged to
appreciate the topographic relief; roughness on sub-micrometric
scale was found to be generally low.
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Fig. 10. AFaM spectroscopy along the surface path represented
in Fig. 9.

corresponding spectroscopic profile acquired on the
fracture surface of 10phr silica nanocomposites.
Comparable resonance values were measured at
points A and B (marked in Figs. 9 and 10),
regardless of their topographic location. Point C,
showing resonance frequency as low as 570 kHz,
was found to exhibit an anomalous sticking
behavior as represented in Fig. 11 where force-
distance spectroscopy curves [7] acquired at points
B and C are shown. The cantilever deflection
current in Fig. 11 represents the current intensity
measured by the laser-photodiode system (see
Fig. 1) as a result of the cantilever deflection while
in contact with the substrate, and is proportional to
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Fig. 11. Force-distance spectroscopy acquired in points B and C

marked in Figs. 9 and 10. Point B (@) approaching and (O)
detaching from the surface. Point C (M) approaching and (OJ)
detaching from the surface.

Table 2
Integrated values of the probability distributions pg of local
elastic moduli

Silica content (phr) Integrated pg for £>30GPa

0 0

10 0.37
20 0.55
30 0.25

the contact force. The vertical distance is measured
on the abscissa as positive from the surface. Point C
showed a substantially higher adhesion force
toward the probe tip as revealed by the pronounced
negative minima of force-distance plots in detaching
the tip from the sample.

By comparing the obtained pg distributions at
different filler content, we observed a reduced
probability of finding local elastic moduli higher
than 30 GPa in the case of 30phr filled samples
compared to 10 and 20 phr filled ones, as shown in
Fig. 8 and Table 2.

The results obtained for the distributions of
elastic stiffness and their relative levels on the
fracture surface can be related to the bulk thermo-
mechanical data partially reported in Table 1 and
more extensively in Ref. [15]. The heterogeneity of
fracture surfaces evidenced by AFaM correlated
fairly well with mechanical tests, showing an
enhanced plastic behavior in silica-filled composites
with respect to the unfilled matrix. The lowest local
elastic modulus values observed for 10phr silica
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nanocomposites were supposed to be related to
localized cavitations phenomena occurring in front
of the propagating crack. On the other hand, the
highest values observed for 20phr silica-filled
samples were attributed to silica particles almost
completely exposed on the fracture surface because
of the poor interfacial bond strength between filler
and matrix. This effect could probably be induced
by a reduction in matrix crosslink-density near the
silica particles, which are thought to hinder the
molecular mobility of reactive groups involved in
the curing reaction. This interpretation was sup-
ported by the reduction of glass transition tempera-
tures (observed both in DSC and DMTA) and an
increase in the damping capacity in nanocomposites
with respect to unfilled matrix [15]. However, no
direct proof was obtained of cavitation occurring
while fracturing the samples until the local elastic
stiffness was measured by AFaM. Density measure-
ments were unable to detect such localized phenom-
ena, nor did SEM images succeed at this because of
the highly deformed appearance of the composites
surfaces by themselves.

In the case of 30 phr filled sample, the reduction
of pg distribution values for modulus values higher
than 30 GPa could be related to stronger interac-
tions between filler and matrix, since the fracture
front propagated across the sample ligament leaving
a noticeably lower amount of silica particles almost
exposed. This interpretation is coherent with DSC
and fracture toughness data [15] and also with
DMTA loss factor spectra (both in the temperature
and in the frequency domains) that indicated the
presence of strong polymer—filler interactions limit-
ing the matrix molecular mobility.

Lastly, it is worth commenting about the values
of local elastic modulus measured on the fracture
surface of the unfilled samples. The peak resonance
frequency was detected at 658 kHz, corresponding
to a local elastic modulus of about 14 GPa; by
comparison the value of the dynamic storage
modulus predicted by means of the TTSP from
dynamic mechanical data previously reported was
about 1.7GPa at the same frequency [15]. The
quantities were different by a factor of almost 8.5,
which could be ascribed to the shortcoming of the
simple linear elastic Hertzian contact model used to
calculate the elastic modulus values from the
contact resonance frequency. On the other hand,
the estimate of the £ modulus by TTSP could be
affected itself by uncertainty since no DMTA tests
were actually performed on the samples at such a

high frequency. Finally, one could also suppose that
the material facing the fractured surfaces measured
by AFM could have an higher elastic modulus due
the its highly deformed state, as evidenced by
fracture toughness test data previously reported
[15]. Actually, the maximum elastic modulus values
measured by AFM on the fracture surface of 20 phr
filled samples was about 68 GPa, which agreed very
well with the elastic modulus of silica particles. In
this case, concurrent SEM observations confirmed
that the filler was partially exposed on the fractured
surface [15]. Apart from the arguments about the
accuracy, the AFaM technique succeeded in detect-
ing the heterogeneity of the composite fractured
surface, allowing us to obtain a quantitative
estimate of the surface stiffness by the distribution
probability of the contact resonance frequencies.
The information resulted in a good correlation with
the observed trend in thermo-mechanical properties
measured by conventional techniques [15].

5. Conclusions

Atomic force acoustic microscopy was used to
analyze the microstructural heterogencity on the
fracture surface of silica-filled epoxy nanocompo-
sites. The distributions of contact resonance fre-
quency were obtained and, after proper calibration,
these data were converted into local elastic modulus
distributions. The results were tentatively related to
the bulk thermo-mechanical behavior. In particular,
the decrease in thermo-mechanical properties such
as glass transition temperature and dynamic storage
modulus for 10 and 20 phr filled samples was found
to correspond to highly heterogeneous fracture
surfaces presenting a wide range of elastic stiffness
values. These heterogeneities were interpreted as
representative of different degrees of filler exposure
on the fracture surfaces and also of localized
cavitation effects involved in crack propagation,
both phenomena accounting for the effective
plasticizing effect induced by silica amounts of 10
and 20 phr.

A substantial reduction in the exposure prob-
ability of silica particles on fracture surfaces was
found for 30 phr filled samples corresponding to an
improvement of the observed mechanical and
dynamic-mechanical properties. This latter feature
was tentatively attributed to the physical immobi-
lization of polymer chains at the polymer—matrix
interface.
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