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Structural changes of silica in polydimethylsiloxane rubber induced by external forces were studied
by means of small-angle X-ray scattering experiments. The silica fraction varies from 9 up to 23
vol% and the elongation ratio from 1 to 3. Within the q-range of 0.02 nm−1�q�1 nm−1 the
primary particles and the clusters which consist of these basic units could be resolved. The
scattering diagrams of the samples without external deformation are radially symmetric and, in
particular, the mass fractal dimension does not depend on the silica fraction. Due to the deformation
the contours of the two-dimensional scattering diagrams become elliptic. A model independent
analysis of the intensity as a function of the q-vector perpendicular and parallel to the deformation
axis revealed that the microscopic cluster size is systematically increased by the macroscopic
external deformation. In particular, the deformation ratio at the microscopic and the macroscopic
length scale is very similar. The mass fractal dimension, as obtained by the slope of the scattering
curve, increases significantly with growing deformation ratio, but is the same in vertical and
horizontal directions. A simple relation derived for the crossover from self-similar to self-affine
fractals can be used to relate the cluster sizes perpendicular and parallel to the deformation and the
mass fractal dimension. By that means, it is demonstrated that the mean number of particles within
each aggregate is constant, although the rubber was stretched up to a factor of 3. © 2010 American
Institute of Physics. �doi:10.1063/1.3447919�

I. INTRODUCTION

Polymer composites are indispensable for the daily life.
One reason might be the outstanding variety of materials,
which is achieved by a combination of soft polymer matrices
and hard particles, to account for almost all sorts of applica-
tions. For example, the permeability and selectivity of poly-
mer membranes can be changed using nanoparticles.1–4 In
the case of silica and carbon black composites a significantly
higher modulus of the composite, a so-called reinforcement
effect, is achieved.5–10 In contrast, a decrease of the viscosity
is found if very small particles are added.11–13 However, even
after several decades of intense scientific research a compre-
hensive knowledge of the correlation between the
macroscopic properties, e.g., the viscosity of a mixture, and
of the microscopic structure is still missing. In particular, in
context with this question the change of the morphology at
the microscopic length scale due to the application of exter-
nal force fields is of interest.

Pure polymer melts have been exhaustively character-
ized, in particular, by small-angle neutron scattering experi-
ments and connected to the theory of polymers.14–19 By that
means the microscopic deformation of the chains due to the
deformation of the macroscopic sample was evidenced. As
illustrated by the above examples, the mixtures of hard par-
ticles and soft matrices exhibit different properties if com-
pared to the pure polymer. Therefore, if the microscopic

structure shall be fully correlated with the macroscopic re-
sponse, both the characterization of the polymer and the par-
ticle phase is necessary.

In the case of carbon black the reinforcement effect was
first explained by the formation of a network of particles.20,21

Therefore, the present work focuses on the important ques-
tion how do external forces, mediated by a polydimethylsi-
loxane �PDMS� rubber matrix, change the silica morphology.
If hard particles are mixed with a soft matrix, then one would
probably expect that only the polymer chains can be de-
formed by the external force. However, as demonstrated,
e.g., Ref. 22, silica consists of a hierarchical structure, i.e.,
the primary particles form clusters, which are the basic units
for larger clusters. If an external force is applied to silica,
then the clusters will be deformed, e.g., Refs. 23–25. In par-
ticular, it is found that due to the stretching of the polymer
matrix, the structure of the clusters can be changed, e.g.,
Refs. 26–28.

Recently, an increase of the mass fractal dimension due
to the external deformation was reported.27,28 In contrast mi-
croscopic experiments reveal a decrease of the mass fractal
dimension if one single cluster is deformed, e.g., Refs. 25
and 29. Studies on carbon black suggest that the filler frac-
tion seems to influence the mass fractal dimension.26 There-
fore, the question arises whether cluster-cluster interactions
can influence the mass fractal dimension systematically and
thus explain the contradictions between the different experi-
ments.

The present work studies the possible appearance of
anisotropies in polymer silica composites using the small-a�Electronic mail: g.j.schneider@fz-juelich.de.
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angle X-ray scattering �SAXS� technique and thus focusing
on the hard particle phase. Such experiments are very well
suited to obtain a precise knowledge on the morphology.30

Due to the benefit of two-dimensional detectors a detailed
study of the anisotropy is possible, and in this case a possible
change of the morphology can be directly observed.26,31

However, frequently one-dimensional cuts in the directions
parallel and perpendicular to the deformation are very con-
venient. In particular, because if the cuts are plotted as a
function of the momentum transfer in a double-logarithmic
representation, the slope can be directly related to the mass
fractal dimension28,30,32 and therefore, to possible changes
due to external forces.

The mechanical properties depend not only on the par-
ticles, rather than on the particle fraction.5–10 Up to now a
detailed study of the change of the morphology or on the
structural changes due to external forces correlated with a
systematic variation of the particle fraction is missing.
Therefore, in order to contribute to a better knowledge of
composite materials, the present paper focuses on the influ-
ence of the filler concentration on the microscopic structural
changes induced by the external deformation. For this pur-
pose external forces are applied on silica PDMS rubber com-
posites and the structural changes are followed by means of
SAXS experiments. Within the q-range of 0.02 nm−1�q
�1 nm−1, the primary particles and the clusters which con-
sist of these basic units could be resolved. As shown below,
the silica-PDMS composite is most suitable for studying the
open questions because without the application of external
forces the scattering diagrams are radially symmetric, and, in
particular, the mass fractal dimension does almost not de-
pend on the silica fraction. Thus, the external deformation
can be directly related to the scattering diagrams. Due to the
variation of the silica fraction the contributions of cluster-
cluster interactions to the mass fractal dimension can be
studied.

II. EXPERIMENTAL SECTION

A. Samples

The PDMS �SiO�CH3�2�n rubber filled with precipitated
silica VN3 was kindly provided by Lanxess �Leverkusen,
Germany�. Detailed descriptions of the precipitated silica
and its synthesis are available in several reviews.10,33,34 The
volume fraction of the filler varies from 9 to 23 vol%. To
cure the rubbers the manufacturer used 0.4 phr Varox 50 and
heated the mixtures 10 min at 175 °C using a press. Then the
samples were vulcanized 10 min at 170 °C and annealed 6 h
at 200 °C.

B. SAXS experiments

The SAXS experiments were performed at the beamline
BW4 of the DORIS III storage ring at the Hamburger Syn-
chrotronstrahlungslabor �HASYLAB� at the Deutsches
Elektronen-Synchrotron �DESY�, Hamburg �Germany�.
The measurements using the standard transmission
configuration35,36 were carried out at a fixed energy of 8979
eV, corresponding to a wavelength �X-ray=0.138 nm. The
scattered intensity was recorded by the two-dimensional

Gabriel-type detector. The intensity I as function of q �or qx

and qy� was obtained by radially averaging over a 20° wide
segment of a circle. To enlarge the accessible range of mo-
mentum transfer q �q= �4� /�X-ray�sin �, where 2� is the scat-
tering angle� and thus the accessible length scale, different
sample-detector distances �2 and 12 m� were combined. In
order to achieve sufficient statistics and to avoid detector
overflow, the scattering diagrams are accumulated 360 s
�12 m� and 600 s �2 m�.

The stretching experiments were performed using an ap-
paratus provided by Heise et al. �Universität Ulm, Ulm, Ger-
many�. Each X-ray experiment starts using a virgin sample
and without the application of external forces. Then the rub-
ber was clamped in the stretching unit and measured again.
Since there are no differences between the scattering dia-
grams of both measurements, this case is referred to as
�=1. The elongation ratio � is defined by

� =
l

l0
, �1�

where l0 is the initial length of the sample and l is the length
of the deformed rubber. As suggested by supplementing ex-
periments �not shown in this work�, a relaxation of the silica
structure, i.e., a change of the scattering diagram during the
measurements, becomes important if the samples would be
fully released, i.e., for example, if the surrounding rubber
tears during the X-ray experiment. This agrees very well
with results of transmission electron microscope �TEM�
experiments.23–25,29,37–40 In order to avoid such kind of relax-
ation phenomena, the elongation ratio is kept constant during
the data acquisition.

III. THEORY

The silica studied by the present work consists of pri-
mary particles which form aggregates due to the high volume
concentrations of the samples involved. The aggregates are
the basic units for larger clusters. By that means a hierarchi-
cal structure, consisting of several characteristic length
scales, is generated. Such an object can be reasonably well
described by the concept of fractals. Therefore, most conve-
niently the scattering diagrams of silica can be analyzed. The
measured intensity I can be decomposed in the particle factor
P, i.e., scattering of the primary particles and the structure
factor S that describes the arrangement of the particles within
the aggregates by I�SP.30,41

If the growth process of the clusters is isotropic, a self-
similar object is obtained for which the simple scaling rela-
tion,

N = a� �

r
�dm

, �2�

is applicable.42 N is the number of primary particles with
radius r within the aggregate of radius �. The prefactor a is
denoted as lacunarity and it has been shown that a�1.43

Therefore, for convenience it is assumed that a=1 hereafter.
The mass fractal dimension dm represents the cluster branch-
ing. For example, if the object is linear then dm=1. When a
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homogeneous sphere is considered then dm=3. Using Eq. �2�
the scattered intensity I,

I � q−dm, �3�

can be calculated.30 If the cluster, initially fully isotropic, i.e.,
spherically symmetric, is deformed, the situation changes.
The modeling of the cluster by a simple self-similar fractal is
no longer feasible, rather than the theory of self-affine frac-
tals has to be applied.42 As reported recently by Roldughin,44

then the simple scaling relation, Eq. �2�, has to be replaced
by

N = � �a

r
�da

= � �b

r
�db

= � �c

r
�dc

, �4�

with �a, �b, and �c representing the half length of the minor
and semiaxis of an elliptically shaped cluster, and da, db, and
dc are three individual fractal dimensions. It is worth to men-
tion that the self-affine scaling includes the case that the
primary particles are not spherically symmetric. However,
the forces applied below to deform the clusters are very weak
in comparison to those related to the chemically bonded
SiO2-molecules which form the silica primary particles.
Therefore, it is assumed that the primary particles are ini-
tially fully spherically symmetric and do not change their
shape due to the external forces, which is implicitly assumed
in Eqs. �4�.28,32 As will be shown below, this assumption is
confirmed by the experimental results.

In the case of a=1 it is possible to rewrite Eqs. �4� by44

N = � ��a�b�c��1/3�

r
�d

�5�

and thus characterizing the self-affine fractal by one fractal
dimension, defined by Eq. �5�, only. If it is assumed that the
number of particles within the cluster is constant during the
deformation, then the right hand sides of Eqs. �2� and �5� are
identical, and thus28

d = dm
1

�1 + 1/3�log��b
2�c�/log��/r��

. �6�

Without restricting the generality, it is assumed that the de-
formation is symmetric and hence �a=�b, where �a=�a /r
and �b=�b /r are the microscopic deformation ratios, which
are not necessarily connected to the macroscopic elongation
ratio.28 Therefore, if the cluster is deformed without breaking
or without loosing particles, the fractal dimension of the self-
affine object is directly related to the known mass fractal
dimension of the corresponding self-similar object. Further-
more, as a consequence of Eq. �5� the scattered intensity is
given by32

S�q̃,�,r0,d� = 1 + ��b
2�c�d/3 ·

	�d + 1�
�q̃r0�d

· �1 +
1

�q̃��2��1−d�/2
·

sin��d − 1�arctan�q̃���
�d − 1�

,

�7�

with the gamma function 	 and the abbreviation

q̃ = q	�b
2 sin2 
 + �c

2 cos2 
 . �8�

Oh and Sorensen45 derived a simple relation between the
radius of gyration of the cluster with an arbitrary mass fractal
dimension and its perimeter radius R,

�2 = 2dm�dm + 1�/��dm + 2��dm + 5��R2. �9�

In the simple case of a homogeneous spheres with dm=3, the
relation R2=5 /3Rg2 is obtained.

Neglecting the physical size limits, the intensity is given
by

I � q̃−d. �10�

Therefore, in the ideal case of the deformation of a fractal,
i.e., neglecting breaking and rupturing effects, the slope of
the intensity as a function of the q-values is given by the
fractal dimension within a log-log plot. However, it is very
important to mention that Eq. �7� is valid even if breaking
and rupturing of the clusters occur. Under these circum-
stances only the simple relation to the undeformed fractal,
via the number of particles in the cluster, is violated. How-
ever, and this is most remarkably, the slope does not depend
on the direction of the cut. In the simple case, the slope can
be calculated by Eq. �6�, and thus, e.g., predicting the in-
crease of the slope due the deformation of the cluster.28

Similar to the modeling of the clusters by mass fractals,
the surface of the primary particles can be represented by the
so-called surface fractal dimension ds.

46 For example, if the
surface is smooth ds=2.0 and if ds=3.0 the surface is infi-
nitely rough.30 The scattered intensity of a fractal surface is
simply30

I � q−�6−ds�. �11�

Therefore, both the mass and the surface fractal dimension
can be obtained by a simple log-log plot of the intensity as a
function of the q-value. Fortunately the slopes usually ob-
served are different and therefore, the mass and surface frac-
tal ranges can be distinguished very easily.

Frequently the particles involved are polydisperse.
Therefore, characteristic oscillations, representing the diam-
eter, which would be observed in the scattering diagrams in
the case of monodisperse particles, are smeared out. How-
ever, then the positions of the crossovers qc between the
fractal ranges provide an approximative value for the radius r
by r=� /qc.

47 One convenient way to determine r is to fit the
intensity with the particle factor of Rayleigh or its approxi-
mations, e.g., the approach of Beaucage.46 However, as will
be evident below, in the particular case shown, it is difficult
to determine the cluster size from such a fit because the
related qc is very close to the edge of the experimentally
resolvable q-window. Therefore, a different technique is used
instead.

IV. RESULTS AND DISCUSSION

Figure 1 shows the two-dimensional scattering diagrams,
i.e., the contour plots of the scattered intensity as a function
of the qx- and qy-axes. The silica fraction varies from 9 to 23
vol%. To prevent the detector from the intense undiffracted
synchrotron radiation, a beam stop is placed in the middle
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position. Its holder is visible at the upper left side of each
diagram. As will be revealed below possible asymmetries
can be observed at small q-values only. Therefore, only the
range 
q
�0.2 nm−1 is depicted. Each of the scattering dia-
grams shown in Fig. 1 is radially symmetric. Slight distor-
tions appear only at the very low q-values and are neglected
hereafter because they might be due to the proximity to the
beam stop or its holder.

The one-dimensional cuts, i.e., the intensity I�qx ,0� and
I�0,qy� referred to as horizontal and vertical cuts, respec-
tively, are depicted in Fig. 2. Here and later only those in-
tensity values are plotted and used for the analysis, which are
not influenced by the beam stop. In order to analyze the
primary particles as well as the clusters, a larger q-range, in
comparison to the two-dimensional plots, is depicted. The

cuts demonstrate that the intensity decays with increasing
q-values, but they do almost not depend on the silica frac-
tion. In particular, the slopes are only very slightly influ-
enced.

As explained above, because of its physical origin, the
diagrams can be divided into two q-ranges: the surface frac-
tal range at large and the mass-fractal regime at small
q-values. The crossover qc reflects the size of the primary
particles. From the range 0.4 nm−1�q�1 nm−1 a constant
surface fractal dimension ds=2.0�0.01 is revealed. The po-
sition of qc does not depend on the filler fraction nor on the
direction of the cut. Fitting the intensity as described in Sec.
III a radius of gyration Rg=8.7�0.1 nm and hence a perim-
eter radius r=11.2�0.1 nm is obtained.

FIG. 3. Mass fractal dimension dm as a function of the silica fraction ob-
tained analyzing the horizontal and vertical cuts. The dotted and the dashed
lines represent the average values for the horizontal and vertical cuts,
respectively.
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FIG. 4. Two-dimensional scattering diagrams of silica �9–23 vol%� in
PDMS. The polymer matrix is stretched by a factor �=2.
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FIG. 1. Two-dimensional scattering diagrams of silica �9–23 vol%� in
PDMS.

FIG. 2. Comparison of �a� horizontal and �b� vertical cuts.
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There is a slight dependency on the silica fraction of the
slope within 0.02 nm−1�q�0.2 nm−1. This is illustrated by
Fig. 3, which shows the mass fractal dimension dm as a func-
tion of the silica fraction and of the two different directions
of the cuts. The slope was determined by using Eq. �3�. The
fitting error is 0.01 or below, and therefore, the error bars are
very small and within the symbol size and almost not visible.
This again demonstrates that the mass fractal dimension does
almost not depend on the silica fraction but, in particular, no
systematic dependency is visible.

Actually, the chosen fitting intervals are a compromise
between the largest possible range and the perturbations due
to the influence of the crossovers. Furthermore, scattering
diagrams of fractals usually show deviations from the simple
exponential decay or the linear decay in the log-log
representation.48 Therefore, if the q-range is varied, the re-
sults obtained by the local fit are changed, with differences
greater than the fitting error given in the figure, which will
become obvious below. However, if the fitting range remains
constant for all of the fits, only the absolute values are af-
fected, but not the conclusions drawn out of the relative val-
ues.

The average values obtained for the horizontal cuts dm

=2.18 and the vertical cuts dm=2.15 agree very well. The
difference is very weak, and therefore, no attempt is made to
relate it to anisotropies in the sample or to other sources, e.g.,
to detector sensitivity.

In Fig. 2 a crossover to a Guinier range or to larger
clusters is not visible at the small q-values, and therefore,
even by using Eq. �7�, the cluster radius cannot be deter-
mined. However, a first order estimation of a minimum size
of �=28 nm is possible, by applying Eq. �7� and using �b

=�c=1. By Eq. �9� and the mean value of dm=2.17, a mini-
mum perimeter radius R=41 nm is obtained. Thus the scal-
ing relation, Eq. �2� �a=1�, gives a minimum number of
primary particles within the aggregates of N=13–17. This is
in the range of 10–100, which seem to be the typical number
of particles in aggregates.49 It is worth to mention that there
are several procedures to obtain the aggregation number N,
even there are several possibilities for calculating it from the
scaling relation.30,50,51 However, the following discussion
does not rely on differences in the absolute value due to the
different ways and therefore, possible consequences are not
considered further. Together with the radially symmetric
scattering diagrams shown in Fig. 1, within the experimental
error and the accuracy of the analysis, the samples can be
referred to as isotropic. However, below it will be demon-

strated that even these samples are slightly anisotropic, but
this effect is very weak in comparison to the stretched
samples.

Figure 4 shows the influence of the deformation of the
rubber matrix by a factor of 2 on the silica in PDMS for the
different filler fractions. The direction of deformation is al-
ways parallel to the qy-axis, i.e., to the vertical direction. The
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FIG. 5. Two-dimensional scattering diagrams of silica �9–23 vol%� in
PDMS. The polymer matrix is stretched by a factor �=3.

(b)

(a)

FIG. 6. The scattered intensity �a� I�qx ,0� and �b� I�0,qy� of the silica �9–23
vol%� in PDMS for different elongation ratios.
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contours at small 
q
-values exhibit weak asymmetries. Very
slightly the deviations from the radially symmetric patterns
become stronger with larger silica fractions. Furthermore,
very close to the beam stop two “banana-like” shapes are
visible in Fig. 4�e�. It seems that this pattern disappears with
decreasing silica fraction. At large 
q
-values for all of the
samples radially symmetric patterns are observed.

Figure 5 shows the influence of stretching the samples
by a factor of 3. The 9 and the 20 vol% samples teared
during deforming from �=2 to 3, and therefore, there are no
scattering diagrams. Each of the diagrams exhibits pro-
nounced asymmetries. At this elongation ratio the banana-
like shapes appear even at 13 and 17 vol%. However, a sys-
tematic dependency on the silica fraction is not visible. At
largest 
q
-values the patterns are still radially symmetric.

The two-dimensional scattering diagrams reveal that the
clusters are aligned due to the external force. Furthermore,
the patterns demonstrate that the clusters become larger in
the direction of the external force and smaller in the perpen-
dicular direction if compared to the radially symmetric con-
tours of the sample without external deformation. However,
there is no remarkable effect on the elliptic contours due to
the silica fraction.

Figure 6 depicts the influence of the external deforma-
tion by means of �a� the horizontal and �b� the vertical cuts.
Due to the external force the intensity at q�qc is changed
but not at the large q-values. In particular, the range
0.2 nm−1�q�0.3 nm−1 which represents the size of the
primary particles is not affected. Therefore, without assum-
ing a particular model function it can be safely concluded
that the radius of primary particles is not changed due to the
deformation.

The cuts connected to the deformation ratio
�=2 demonstrate that the change of the mass fractal dimen-
sion is correlated with the silica fraction. The main effect is
the change of the slope of the intensity, but additionally a
change of the curvature is visible. Remarkably the curvature
of the intensity is opposite if the vertical and the horizontal
cuts are compared. From this result it is evident that the
simple assumption of a linear decay in the double-
logarithmic representation suggested by Eq. �3� cannot ac-
count for the experimental data fully. However, the scattering
diagrams of hierarchical structures are not very well under-

stood. Therefore, first, a simple analysis by fitting Eq. �3� is
attempted as it is common in the literature, e.g., the textbook
of Bunde and Havlin,30 but afterwards the cuts are analyzed
more in detail, to reveal the different features involved step
by step.

Figure 7 depicts the changes in the mass fractal dimen-
sion as a function of the macroscopic elongation ration �.
For the sake of clarity the individual values are shifted by a
constant value on the dm-axis. Clearly, the mass fractal di-
mension increases systematically with increasing �. How-
ever, the slope of the horizontal and the vertical cuts is al-
most the same, as expected by relation �7�. In order to better
visualize the dependency of the mass fractal dimension on
the silica fraction and the elongation ratio, Fig. 8 depicts the
mean value of the mass fractal dimension of the horizontal
and the vertical cuts as a function of �. The dotted lines
serve as a guide for the eye and demonstrate that there is a
pronounced dependency on the silica fraction. Remarkably,
dm of the sample with a silica fraction of 9 vol% does almost
not depend on the elongation ratio, as illustrated by the con-
stant line, which represents the mean value of the un-
stretched sample.

In order to reveal further details, Fig. 9 depicts the hori-
zontal cuts of the sample with 23 vol% silica in a Kratky-like
representation, i.e., Iqd as a function of q. Here and below d
is the individual value for each scattering diagram. Of

FIG. 7. Mass fractal dimension dm��� of the horizontal and the vertical cuts
as a function of the elongation ratio divided by dm��=1� of the unstretched
sample. For clarity a constant c is added. �c=0, 0.1, 0.2, 0.3, and 0.4 for
9,13,17, 20, and 23, respectively.�

FIG. 8. Mass fractal dimension dm��� as a function of the elongation ratio
� divided by dm��=1� of the unstretched sample. The dotted lines serve as
guides for the eyes.

FIG. 9. Kratky-like representation of the horizontal cuts of the sample with
23 vol% silica.
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course, this illustration results in differences at the high-q
side which therefore, not to be considered further. The
Kratky-like representation evidences that at the small
q-values there is a slope which is different from that in the
middle range. Therefore, a crossover qc

hor is generated which
does not exist at �c=1. If one assumes that the size of the
cluster is outside the q-window initially, then due to the de-
formation of the surrounding polymer, obviously the cluster
is compressed. Most remarkably, this crossover is almost in-
visible in the log-log representation of the intensity as a
function of the q-value depicted in Fig. 6�a�, but clearly
present as revealed by the Kratky-like plot.

Figure 10 shows a comparison of the Kratky-like repre-
sentations of the samples with different silica fractions. The
differences are very small. In order to resolve them, the inset
shows a Kratky-like representation with Iqm2, where m2 is
the mean value of the dimension obtained on the right and
left hand sides of the crossover. As suggested by Ref. 26 by
using simply a Gaussian interpolation function, then an ac-
curate determination of qc is possible, without relying on a
particular model function. This is shown in the inset, where
the curves are arbitrarily shifted a little bit in the vertical
direction for the sake of clarity. It shows that there is a very
slight dependency, which is depicted in Fig. 11 for all of the
vertical cuts where a crossover can be clearly resolved. The
line shows the prediction for the sample dimension of the
polymer, just by assuming �b

2�c=1 and assuming qc��=1�
=0.033 nm−1, which is the mean value of the three qc values
of the 23 vol% sample at the lowest elongation ratios. How-
ever, since the qc for �=1 is not visible, this is an first order
approximation, which is only confirmed later. Although there
are pronounced differences between the prediction and the
experimental data points, the overall increase of qc with the
sample deformation is sustained. Therefore, the crossover is
clearly related to the cluster size perpendicular to the defor-
mation, and the above observation of a decreasing cluster
size in the perpendicular direction with increasing deforma-
tion ratio is confirmed. It is worth to note that the difference
of the experimental qc and the calculated line is larger if the

silica fraction is higher. Unfortunately, the qc’s of the
samples with lower silica fraction become visible only at
larger elongation. Therefore, it is not possible to quantify this
effect further. Hence it is not possible to decide whether the
different qc’s at �=3 are generated due to the filler fraction,
i.e., by the distance between the objects, or by the clusters
themselves, likely to be larger at the smaller silica concen-
trations.

The Kratky-like plots of the vertical cuts is depicted in
Fig. 12. Clearly, at some elongation ratios two different fea-
tures, which can be referred to as two different crossovers,

FIG. 10. Comparison of the Kratky-like representations of the horizontal
cuts of samples with different silica fractions at �=1. The inset shows the
same data in the representation Iqm2 as a function of q. m2 represents the
mean value of the slopes at q�qc and q
qc and by that means allowing a
fit by a Gaussian distribution visualized by the lines. In the inset the inten-
sities are slightly shifted arbitrarily for the sake of clarity.

FIG. 11. The crossover at small q’s vs the elongation ratio. The line depicts
the estimation of qc

hor by the macroscopic elongation ratio.

FIG. 12. Kratky-like representation of the vertical cuts �a� 13 vol% and �b�
23 vol%.
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are visible. Due to the deformation, obviously a crossover at
about 0.09 nm−1 is generated. Its strength depends on the
deformation ratio as well as on the silica fraction, but obvi-
ously its position remains constant. Furthermore, at the low
elongation ratios a second crossover is visible. In the case of
the unstrained sample the Kratky-like representation in per-
pendicular direction does not display such a crossover.
Therefore, this is an indication of a small anisotropy. Since
this isn’t visible in the two dimensional scattering diagrams
it is neglected hereafter. In order to quantify the crossovers,
qc

vert is obtained by fitting a Gaussian function as described
before and is depicted in Fig. 13. For the sake of clarity, and
since there is no new information, only the 23 vol% sample
is displayed, whereas the others are intentionally left out.
The line depicts the macroscopic deformation in the recipro-
cal space, i.e., qc��=1� /qc

vert���=c��� /c��=1�=�c. Since
the unstretched sample is anisotropic, qc

vert��=1�
=0.059�0.004 nm−1 was determined by fitting the data.
This value is very close to the experimental value of
qc

vert��=1�=0.041�0.002 nm−1 from the vertical cuts. In
particular, it describes the dependency of qc

vert on � suffi-
ciently well. Therefore, this is a first indication that this
crossover is correlated with the cluster deformation.

Above, qc
hor was clearly related to the external deforma-

tion. By means of the simple relation �c�b
2=1, the expecta-

tion for the cluster size in vertical direction can be estimated
from the crossovers in the horizontal plots. However, as can
be seen in Fig. 13, whereas the prediction works very well at
the small elongation ratios at the higher amplitudes, the pre-
diction completely fails. In particular, the estimation of the
microscopic deformation ratio by the ratio of the q’s at �
=3 and �=1 is about 8, which is very unlikely. Already, if
Fig. 11 is considered, then at the highest elongation ratio a
pronounced difference will be visible. Therefore, the ques-
tion arises, whether the macroscopic relation �b

2�c=1 is un-
able to predict the microscopic structural changes due to
macroscopic deformation of the surrounding rubber or both
crossovers are not related to each other. Hence, the discus-
sion has to address the microscopic situation more in detail.
This can be achieved exploiting Eq. �6�, which relates the

microscopic elongation ratios of the cluster, i.e., �c

= f��� /�b
2. Obviously f���=103�d��=1�/d���−1�log�R/r0� is a cor-

rection term resulting from the strict mathematical treatment,
i.e., the crossover from self-similar to self-affine fractals.
This relation can be used to calculate qc

vert from qc
hor. The

result is shown in Fig. 13. The error bars are a result of the
inaccuracy in the determination of the qc

hor��=1�. However,
the result is very close to the line representing the macro-
scopic deformation. In particular, it is demonstrated that the
cluster is deformed up to a factor of about 3 at the micro-
scopic length scale which agrees very well with the macro-
scopic ratio. Furthermore, the simple relation predicts the
validity of the macroscopic relation �c�b

2=1 in the particular
case of a low filler fraction and low deformation ratio be-
cause then the mass fractal dimension is very close to the
value of the unstretched sample. In the present case, even 9
vol% is low enough, because there, the mass fractal dimen-
sion does almost not depend on the particle fraction. Further-
more, it demonstrates that the clusters are compressed stron-
ger if the silica concentration is higher, in comparison to the
changes expected for the deformation of a pure rubber. In
particular, the connection of the crossovers at the very low
q-values of the vertical and horizontal cuts is therefore, evi-
denced. It is by far not self-evident that Eq. �6� is valid
because it is achieved by assuming that the number of par-
ticles, at least the mean number of particles, within the clus-
ter remains constant. However, in the particular case shown
above this is obviously the case. Friedlander deformed pure
nanoparticles and observed exactly the same behavior.29 Of
course, if the elongation ratios are large enough the cluster
break and by that mean the �average� number of particles in
the clusters decrease.

Finally, the second crossover, which, however, is only
visible in the Kratky-like plots of the vertical cuts, has to be
addressed. Usually, if such a crossover is visible a corre-
sponding length scale is determined, e.g., Ref. 49. On the
other hand, in the case of isotropic samples, other authors
relate the curvature to the underlying fractal nature.48 Figure
13 demonstrates that the corresponding qc is not related to
the deformation because its position is more or less constant,
at least there is no systematic dependency on the filler frac-
tion.

Figure 12 demonstrates that fitting the intensity I�q
�0.2 nm−1� by a straight line is possibly not sufficient. At
least two different slopes can be identified. Figure 14 dis-
plays the two slopes obtained by linear fits of the scattering
diagrams of the 23 vol% sample displayed in Fig. 6�b�. The
two ranges are approximately q�0.1 nm−1 and 0.1 nm−1

�q�0.2 0.1 nm−1. They are compared to the slope obtained
by fitting the intensity in the whole range, i.e. I�q
�0.2 nm−1�. There are differences, however, a common in-
crease with growing deformation ratio is observed. Finally, a
mass fractal dimension dm2�3.2 is obtained. Clearly, this
contradicts the assumption of the scattering of mass fractal
objects. Already these two arguments contradict the assump-
tion of an additional crossover related to a structural feature.
Furthermore, if the scattering diagrams in Figs. 2 and 6 at the
high q-values are considered, then there a similar curvature
visible at around 0.3–0.5 nm−1. In that case it is simply due

FIG. 13. Crossover qc
vert as obtained by fitting a Gaussian function to the

local minima and maxima visible in Fig. 12. Only those values are included
where the crossover can be clearly identified. The line represents the expec-
tation if the cluster size changes with the macroscopic elongation ratio. The
dotted line stands for the mean value of the qc

vert.
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to the smearing out of the oscillations due to polydispersity.
This demonstrates that not only the fractal behavior rather
than the polydispersity of the sample can result in such a
curvature. Therefore, it is finally concluded that this cross-
over is not related to a separate structural feature. This, how-
ever, shows the importance of achieving very low q-values to
understand hierarchical structures and, in particular, to de-
cide whether it is a true crossover or simply a curvature.

V. CONCLUSION

It was demonstrated that the structure of the silica clus-
ters can be changed by the external deformation of the rub-
bery matrix. The microscopic deformation ratios are related
to the macroscopic elongation ratio. As described above the
radius of the silica cluster was roughly 41 nm. Due to the
stretching the cluster finally has sizes of about c�120 nm
parallel and b�20 nm perpendicular to the direction of the
deformation. Such deformation was similarly obtained using
the TEM.23–25,29,37–40 However, it was reported that the mass
fractal dimension decreases due to the deformation, whereas
above an increase was reported. The differences of the scat-
tering and the TEM experiments are on the one hand the
number of clusters involved and on the other hand the envi-
ronment of the particles: the scattering experiments consider
a very large number of objects, and of course their interac-
tions, the cited microscopic experiments studied exactly one
cluster. Furthermore, whereas the present work investigated
silica in PDMS, the microscopic experiments have been per-
formed on the pure silica. The above experiments demon-
strated that the change of the mass fractal dimension is re-
lated to the filler fraction. Thus, it is likely that this would
explain the differences. However, it is very difficult, if pos-
sible, to perform scattering experiments on one single cluster
as well as to perform a rubber deformation experiment in the
TEM. Studying low silica fractions in rubber by means of
SAXS experiments could probably contribute to further
solve this question.

The two-dimensional scattering diagrams at the elonga-
tion ratio of �=3 �Fig. 5� show the onset of a so-called

lozenge pattern. The deviations from the elliptical pattern are
very small, and thus this does not affect or change the above
analysis. However, it is an indication for a “polydispersity”
of clusters.32 Such an effect can be generated by a size dis-
tribution of the initial clusters, a size distribution of the pri-
mary particles, or/and a number distribution of the number of
particles in clusters.32 Furthermore, it could be the result of a
nonaffine deformation of the polymer itself.16,18 Moreover,
due to the finite measurement time, it is possible that the
polymer matrix relaxes and therefore, the average scattering
pattern represents the average over different ratios. All of
these effects, independently of each other, are able to create
the deviations from the perfect elliptical shape, but it is very
likely that all of them contribute to it. Therefore, it is very
astonishing that only such weak deviations are visible.

Finally, the weak banana–like shaped patterns observed
at very low q-values should be addressed. Although this
shape seems to be due to the proximity to the beam stop, and
therefore, artificial, it is predicted by simulations:52 If the
stretching ratio becomes higher, then the deformation is no
longer affine, in particular, due to strain induced filler-filler
interactions. Indeed this phenomenon would depend on the
filler fraction and reflects the observation. Since the banana-
like shapes appear only at the edge of the experimental win-
dow, no further discussion is attempted. However, it should
be mentioned that the low q-values, at which the banana-like
shapes are visible are not used for the above analysis because
a decision between an artifact due to the proximity to the
beam stop or a real effect could not be made.
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