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Abstract
The physical properties of magnetorheological elastomers (MRE) are a complex issue and can be
influenced and controlled in many ways, e.g. by applying a magnetic field, by external
mechanical stimuli, or by an electric potential. In general, the response of MRE materials to these
stimuli is crucially dependent on the distribution of the magnetic particles inside the elastomer.
Specific knowledge of the interactions between particles or particle clusters is of high relevance
for understanding the macroscopic rheological properties and provides an important input for
theoretical calculations. In order to gain a better insight into the correlation between the
macroscopic effects and microstructure and to generate a database for theoretical analysis, x-ray
micro-computed tomography (X-μCT) investigations as a base for a statistical analysis of the
particle configurations were carried out. Different MREs with quantities of 2–15 wt%
(0.27–2.3 vol%) of iron powder and different allocations of the particles inside the matrix were
prepared. The X-μCT results were edited by an image processing software regarding the
geometrical properties of the particles with and without the influence of an external magnetic
field. Pair correlation functions for the positions of the particles inside the elastomer were
calculated to statistically characterize the distributions of the particles in the samples.

Supplementary material for this article is available online

Keywords: magnetism, rheology, magnetorheological elastomers, pair correlation, computerto-
mography, digital image processing, statistical analysis

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological elastomers (MRE) are an interesting
class of actively controllable smart materials. They consist of
magnetic particles embedded into an elastic polymer matrix
[1–4]. This combination of materials allows to dynamically
influence many material properties simply by applying an
external magnetic field, opening the way for a wide range of
applications in technology [5–15]. The magnetic particles are
usually made of a ferromagnetic material, e.g., carbonyl-iron
powder [10–15] or neodymium-iron-boron [16] in a size
range of a few nanometers up to several micrometers. To
generate the polymeric matrices, polydimethylsiloxane
(PDMS) or poly(N-isopropylacrylamide) is frequently used.

Applying a magnetic field to such a kind of MRE,
internal magnetodipolar forces can cause changes in static and
dynamic properties [17–24]. Structurally, during synthesis,
these forces can lead to a rearrangement of the particles
towards chain-like aggregates oriented parallel to the direc-
tion of the applied magnetic field [25–28]. Inducing these
forces in the final product, counteracting elastic restoring
forces by the surrounding matrix oppose to the reorganiza-
tion. The magnitudes of the magnetodipolar forces are largely
dependent on the distribution of the particles inside the
matrix, particularly on the distance between neighboring
particles.

During the last years, a noninvasive method for the three-
dimensional investigation of the morphology of materials
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using x-ray micro-computed tomography (X-μCT) was
developed [29–31]. This measuring technique enables a
quantitative analysis of the geometrical properties of single
particles in MRE materials. It is possible to perform X-μCT
investigations under the influence of an external magnetic
field by implementing a magnetic field setup into the CT-
system [31, 32].

The main interest of the current study is to observe and
analyze the particle distribution within different samples. We
have investigated isotropic samples with and without expo-
sure to an external magnetic field during measurement.
Samples with an already imprinted chain structure (aniso-
tropic samples) due to initial polymerization under the influ-
ence of an external magnetic field are addressed as well. The
initially isotropic samples show a formation of small chain-
like aggregates when applying an external magnetic field.
Consequently, there is a structural difference between the
cases with and without an external magnetic field switched on
[32]. For both cases, pair correlation functions (PCF) are
calculated and compared to the situation in the anisotropic
samples, where chain-like aggregates are always present.
These PCF are of interest as an input for statistical theories,
see also their previous use in the characterization of dipolar
liquids [33–40].

The experimental samples were based on magnetically
soft iron particles with a mean diameter of about 45 μm and a
particle content of 2, 5, 10, and 15 wt% which corresponds to
0.27, 0.70, 1.47, and 2.32 vol%, respectively. These particles
were embedded into a PDMS matrix supplied by Wacker
Chemie AG (Germany). Applying the external magnetic field
was achieved by two permanent magnets in the X-μCT sys-
tem that create an external homogeneous magnetic flux den-
sity of approximately B 270 mT= [31].

2. Experimental

2.1. Setup

To carry out the investigations we used an X-μCT system
based on a nano-focus tube with a maximum acceleration
voltage of 160 kV, a movable sample holder with two
cylindrical permanent magnets to adjust the magnetic field,
and a detector with a photodiode array of 2000×2048
(vertical×horizontal) pixels [29–31]. The permanent mag-
nets were mounted in a displaceable fashion and could gen-
erate a homogeneous magnetic field parallel to the direction
of gravity in the range of B 0 270 mT.= - This enables
investigations of cylindrical regions of 4 mm both in height
and in diameter, within a magnetic field with a degree of
homogeneity of 97% in radial and 94% in axial direction [31].
More details on the measuring setup can be found in [31, 32].

During the CT investigations, the temperature was kept
constant at 20 °C. The projection images in the experiments
were generated by rotating the sample with 0.25° angular
increment for a tube current of 170 μA and an acceleration
voltage of 90 kV. The exposure time was varied between 2

and 6.5 s to achieve a suitable image quality. The magnifi-
cation was 15, which resulted in a resolution of 1 pixel=
3.2 μm. CT-reconstruction was carried out using a home-
made software.

2.2. Samples

Our samples were of cylindrical shape of diameter
d 3.5 mm= and height h 3.5 mm.= The polymer host
matrix was prepared from the elastomer kit Elastosil® RT
745 A/B, provided by Wacker Chemie AG Germany. Elas-
tosil is a two-component silicon with a curing agent in one of
the two components. The components were mixed in a mass
ratio of 1:1. After mixing the components, a highly viscous
silicon oil of viscosity 100 Pash = (at 23 °C), produced by
Wacker Chemie AG (Germany), was added as a softener in a
content ratio of 60 wt% related to the two silicon components.
This softener leads to an adjustment of the elastic moduli of
the polymer matrix and to a reduction of the sedimentation
rate due to gravitation. After mixing the components and the
softener, magnetically soft iron powder ASC200, supplied by
Höganäs AB (Sweden), was added. The average particle size
was approximately 45 μm. Further details about the particle
size distribution can be found in [29].

To investigate the statistical particle distribution in
MREs, different samples with particle contents of 2, 5, 10,
and 15 wt% (0.27, 0.70, 1.47, 2.32 vol%, respectively) were
produced. Samples with isotropic particle distributions were
synthesized by pouring the final mixture (with particles
added) into a mold that was then placed into a 95 °C water
bath for 2 h to guarantee the polymerization of the samples.
Samples with anisotropic particle distributions were produced
by exposing the final mixture to a homogeneous magnetic
field of B 270 mT= generated by a laboratory electronic
magnet from the company Bruker Corp. (Germany) during
polymerization. Again, the specified time for the sample
polymerization amounted to 2 h at a temperature of 95 °C.

After preparation of the samples, CT-scans were per-
formed. We anticipated a particle rearrangement upon appli-
cation of an external magnetic field [32]. Therefore, each
sample was investigated in the absence and the presence of an
external magnetic field. In this process, it was found that the
particles within the anisotropic samples already featuring
chain-like aggregates do not show significant rearrangement
when the magnetic field is applied parallel to the chain
structures. Thus, the cases we discuss in the following are
isotropic samples at B 0,= isotropic samples at
B 270 mT,= and anisotropic samples at B 0.= Example
tomograms of the samples with different particle distributions
are shown in figures 1(a) and (b).

3. Evaluation

A quantitative analysis identifying single particles inside the
elastomeric matrices becomes possible by evaluating the
reconstructed tomographic scans with an image processing
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software. For the quantitative analysis, the software
MATLAB 7.10.0 with the image toolbox DIPimage was
used. Due to a lower absorption coefficient of the elastomer
relatively to the particles, the matrix in figure 1 (in dark red/
dark gray) can be distinguished from the particles (in yellow/
light gray). A threshold criterion based on the gray value in
the tomographic data was used to separate the particles from
the matrix. After separation of the components, individual
particles in clusters were identified (segmented) using a
watershed algorithm [41]. To avoid an incorrect separation of
the particles, it was important to adjust the parameters of the
watershed algorithm. To guarantee an accurate particle seg-
mentation, the threshold criterion and the watershed algorithm
were calibrated to the size distribution of the magnetic par-
ticles obtained by a laser diffraction method. Figure 2 illus-
trates a segmented cluster of particles within an anisotropic
sample for a particle content of 5 wt%.

After segmentation of the clustered particles, the particles
were labeled and their size and center coordinates were
determined and organized into a database. The particle dis-
tribution was determined from this database. In a homo-
geneous sample, a useful approach to statistically characterize
the distribution of particles is to consider the PCF [42, 43]

g
V

N
r r r r , 1

i j i
j i2 ååd= - -

¹

( ) ( ( )) ( )

where N is the number of particles, V is the sample volume,
x y zr , ,i i i i= ( ) and x y zr , ,j j j j= ( ) denote the positions of

particles i and j, respectively, d is the Dirac delta function,

and á⋅ñ denotes an ensemble average. The PCF is proportional
to the probability density for finding a pair of particles in the
sample at a separation as given by the vector r. In an ideal gas

Figure 1. Tomograms of cylindrical MRE samples of 5 wt% particle content with (a) isotropic structure in the absence of an external
magnetic field. The anisotropic sample (b) was generated by applying an external magnetic field in axial direction during the polymerization
process. The host matrix is shown in dark red (dark gray) and the particles in yellow (light gray).

Figure 2. Segmented individual particles in one chain of an
anisotropic MRE sample with a particle content of 5 wt% as opposed
to the still non-segmented particles in the other chain structures.
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of particle density N V , where the ensemble-averaged dis-
tribution of particles is uniform, this probability density is
given by N V .2( ) So g r( ) relates the actual nonuniform
distribution to the uniform ideal-gas distribution. For very
short distances smaller than the finite particle size, g r 0=( )
because the rigid particles cannot interpenetrate. At very long
distances, there is no correlation between two particles any-
more so that the probability density to find a particle at a
separation r from another particle becomes uniform as for the
ideal gas and g r 1=( ) .

Our anisotropic samples were produced in an external
magnetic field parallel to the cylinder axis (z directionˆ‐ ).
Moreover, our isotropic samples were probed under the
influence of an equally oriented magnetic field. These sam-
ples possess a cylindrical symmetry and, therefore, the
probability density to find a particle pair at a certain separa-
tion only depends on the particle distances r∣∣ in the axial
direction and r̂ perpendicular to it. That means a PCF of only
two variables given by

g r r
V

r N
r z z

r x x y y

,
4

2

i j i
j i

j i j i

2

2 2

ååp
d

d

= - -

´ - - + -

^
^ ¹

^

( ) ( ∣ ∣)

( ( ) ( ) ) ( )

∣∣ ∣∣

contains the same information as g r( ) and can be termed
cylindrical distribution function. For the analysis of the iso-
tropic samples in the absence of an external field we can
proceed one step further and consider the radial distribution
function

g r
V

r N
r r r

4
3

i j i
j i2 2 ååp

d= - -
¹

( ) ( ∣ ∣) ( )

with r r: .=∣ ∣ See the supplemental material available online at
stacks.iop.org/SMS/26/045012/mmedia for a detailed dis-
cussion on why equations (2) and (3) are equivalent to
equation (1) when the particle distribution features cylindrical
symmetry or is isotropic, respectively.

In practice, the computation of g r( ) was performed in the
following way. The possible values for the distance r are sorted
into n discrete bins of thickness rD with possible distance
values r k r1 2 ,k = + D( ) where k n0, ... , 1 .Î -{ } A his-
togram of the occurrences of particle distance is computed. The
occupation number of the kth bin is incremented whenever

k r k rr r , 1 .j i- Î D + D∣ ∣ [ ( ) [ This procedure reflects the sum
of distributionsd‐ in equation (3). Since each bin represents a
spherical shell of finite thickness r,D the normalization by r4 2p
is replaced with the normalization by k k r1 .4

3
3 3 3p + - D(( ) )( )

However, our samples are finite, so there is one complication
here. Let bi be the distance of particle i to the sample boundary.
If the interparticle distance r rj i-∣ ∣ would fall into a bin, but
b r r ,i j i< -∣ ∣ the normalization becomes complicated because
the spherical shell corresponding to the bin centered around ri

intersects with the boundary. We have circumvented this pro-
blem by only taking those pairs of particles into account for
which b r r .i j i -∣ ∣ But then a bin only gets the chance to

grow if b k r1 ,i  + D( ) the outer radius of the spherical shell.
Therefore, one division by N in equation (3) has to be replaced
with a division by the number of particles i for which
b k r1 .i  + D( ) To summarize, we have used the following
formula for the calculation of the radial distribution function
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The calculation of the cylindrical distribution function g r r, ^( )∣∣
was performed in an analogous fashion. Here, both distances
r r, ^∣∣ have to be discretized. Bins represent cylindrical shells
with discretized radii and heights and again count the number of
times a separation r rj i-∣ ∣ falls within their shell. Also the same
considerations for the sample boundary apply.

In evaluating the statistics for our experimental systems,
the averages were performed for each individual sample
separately. For this purpose, sufficiently homogeneous
regions were identified as described in the following.

4. Results

4.1. Statistical analysis of MREs with isotropic particle
distribution

First, we had to make sure that the requirement of the
homogeneity of the sample is sufficiently met. The criterion
was based on the homogeneity of the particle number density
within the sample. Imagine around the geometrical center of
our cylindrical sample a smaller cylinder of height H and
radius R. If the particle number density H R,r ( ) within the
enclosed volume is a sufficiently constant function of H and
R, then the sample can be regarded as homogeneous. As an
example, we plot in figure 3 for an isotropic sample with a
particle content of 15 wt% the particle density

H R, 1.5 mmr =( ) within a cylinder of variable height and
fixed radius as well as H R3.0 mm,r =( ) within a cylinder
of fixed height and variable radius. While the former shows
stronger fluctuations, especially for large H before the full
sample height is reached, the latter remains relatively constant
up to the full radius of the sample. The spikes at very low
radii and heights are due to the poor statistics when only a few
particles fit into the cylinder. The significant decrease at high
values of H and R is to some extent due to slight deviations of
the sample from a perfect cylindrical shape, which is also
visible in figure 1. When the test cylinders that are fitted into
the sample for our evaluation reach the overall extent of the
sample, these shape irregularities become important. If voids
are included in the probe volume, the density drops. We
therefore chose a maximum height H 3.0 mmm = and radius
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R 1.5 mmm = and only used the enclosed sample volume in
our calculations.

After determining a sample region that is approximately
homogeneous, we calculated the radial distribution function.
The results are shown in figure 4. For small interparticle
distances we have g r 0,=( ) because even the smallest par-
ticles in the sample show a finite separation distance between
their centers. Starting with r 20 m,m» g r( ) rapidly increases
as more and more configurations become possible where also
particles of larger size do not overlap. Saturation is already
reached at r 70 m.m» This represents a reasonable value,
considering the mean particle diameter of approximately
45 m.m From there on g r( ) remains at a constant level of 1.
Our results suggest that mainly approximate repulsive hard-
sphere-like interactions between the particles determine the
particle arrangement in the sample. If this is the case, almost
the same radial distribution function should be recovered
when the same particles are redistributed in a random and
non-intersecting way. We performed this test by generating
artificial statistical ensembles of hard spheres within the same
overall volume and with the same distribution of volumes of
the individual particles as extracted from the real sample. The
protocol is the following. For each particle in the real sample,
we generate a spherical particle of identical volume. Then we
insert this particle into the available sample volume, one at a
time. During each event of insertion, the corresponding par-
ticle is placed at a random position, avoiding overlap with
previously placed spheres. If there is any overlap with any
previously inserted particle, a new random position is gen-
erated, otherwise we proceed to the next particle, and so on.
When all particles are inserted, the result is an isotropic dis-
tribution of hard spheres that have the same volume

distribution as the particles in the real experimental sample.
100 of these artificial distributions were created and the
resulting radial distribution functions were averaged. The
distribution function obtained from this polydisperse hard-
sphere model is plotted in figure 4 and shows reasonable
qualitative agreement with the real sample. Isotropic samples

Figure 3. Particle number density H R,r ( ) within a cylinder of height H and radius R centered around the geometrical center of an isotropic
sample with a particle content of 15 wt%. (a) When the cylinder radius is kept fixed at R 1.5 mm= and its height is varied, the particle
density H R, 1.5 mmr =( ) shows some fluctuations, indicating that the sample is not perfectly homogeneous in the axial direction,
especially when going beyond H 3.0 mm.= (b) When the height is kept fixed and the radius is varied, the particle number density

H R3.0 mm,r =( ) shows less fluctuations, up to at least R 1.5 mm.= Since the sample shape slightly deviates from that of a perfect
cylinder, here is a significant decrease for both H R3.2 mm,r >( ) and H R, 1.6 mmr >( ) when the test cylinder reaches the overall extent
of the sample and voids are included in the evaluation.

Figure 4. Radial distribution function for the isotropic sample with a
particle content of 15 wt% and vanishing magnetic field. The data
are in agreement with the results from a polydisperse hard-sphere
model where all particles are transformed into spheres, keeping their
volumes as determined experimentally and then randomly distri-
buting them. This suggests that repulsive hard-core-like interactions
dominate the particle arrangement during the preparation process of
the sample.
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with a lower particle content lead to very similar results, albeit
with worse statistics due the lower total number of particles.

The situation changed when an external magnetic field of
B 270 mT= was applied to the sample in axial direction
when measuring the particle distribution. In figure 5(a) we
illustrate the cylindrical distribution function g r r, .^( )∣∣ While
no significant structure of g r r, ^( )∣∣ is observed in the direc-
tion perpendicular to the field, there is a strongly increased
probability for each particle to find another one in close
vicinity in the parallel direction. In particular, there is a peak
at r 0»^ and r 45 m.m»∣∣ The latter distance corresponds to
the mean particle diameter within our samples. Beyond this
peak, however, the correlation rapidly decays and there are no
striking features anymore. These observations are in agree-
ment with the picture of magnetic particles attracting each
other along the external field direction. The attraction seems
to be strong enough to put the particles close to contact in
spite of the counteracting forces generated by a deformed
matrix environment, see figure 5(b). This is in agreement with
the picture of chains of magnetic particles forming in the
sample under the influence of the external magnetic field [21].
However, higher-order correlation peaks are not clearly
identified, possibly due to the relatively low particle content,
due to the elastic interactions preventing particles from
moving too far, and due to the polydispersity of the particles.

Since the PCF does not contain any direct statement on
the number of particles in a chain, a database searching
algorithm was developed to determine this number. For this
purpose, a cylinder with R 25 mm= and H 400 mm= was
defined around each particle. Each particle that was found
inside this cylinder with a center-to-center distance from the
initial particle smaller than the sum of the two particle dia-
meters is defined to belong to the same chain. After the
assignment, the number of particles organized in chains of a

given size were determined and are plotted in figure 6 for the
different particle quantities. We observed that the lengths of
the chains increase with increasing particle content.

4.2. Statistical analysis of MREs with anisotropic particle
distribution

As already shown in figure 1, the anisotropic samples created
by applying an external magnetic field during the poly-
merization process feature chain-like aggregates in the
direction of the originally applied field. These chains span the
entire sample from bottom to top. It has previously been
observed that the structure of chains in anisotropic MREs

Figure 5. (a) Cylindrical distribution function g r r, ^( )∣∣ for the isotropic sample with a particle content of 15 wt% under the influence of an
external magnetic field of B 270 mT.= There is a pronounced peak in the direction parallel to the external field, indicating that the particles
prefer to have their neighbors in a direction along the external field. Since this peak is absent in the absence of an external magnetic field, it
indicates internal rearrangement upon field application. The radial direction g r r0,= ^( )∣∣ is mostly featureless. (b) Tomographic scan to
visualize the chain formation when an external magnetic field is applied to the initially isotropic sample. These data were obtained in the
same way as described in [32].

Figure 6. Numbers of particles organized in chains of given size for
different particle contents. The chains formed in the isotropic
samples when a magnetic field of B 270 mT= was applied. Their
average size increases with increasing particle content.
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typically depends on the particle content [29]. This is also the
case for our anisotropic samples. We illustrate horizontal
cross-sections through our samples with different particle
content in figure 7, where the structural changes with
increasing particle content are evident. At low particle content
of 2 wt%, the chains are thin and orientated in the direction
along the magnetic field initially applied during polymeriza-
tion. With increasing particle content, the structures begin to
thicken and to expand in the direction perpendicular to the
magnetic field (figure 7(d)). Obviously, in the directions
perpendicular to the anisotropy axis, the particles are not
distributed uniformly. Instead, they rather appear to be clus-
tered at certain mutual distances. Such inhomogeneous dis-
tributions are known to be able to significantly affect the
mechanical response [44].

Again we determined the cylindrical distribution func-
tions. Results for particle contents of 2 and 15 wt% are plotted
in figures 8 and 9, respectively. There are obviously huge
differences between the directions parallel and perpendicular
to the anisotropy axis. Along the direction of the chains the
correlation is much stronger and long-ranged, especially for

the samples with low particle content. In both samples, there
is again a peak at r 45 m,m»∣∣ r 0»^ identifying nearest-
neighboring particles in the axial direction. In the direction
perpendicular to the chains, the correlations are lost much
more quickly, especially for the 2 wt% sample. In contrast to
that, the sample with 15 wt% particle content features chains
of larger thickness in the perpendicular directions, so that the
correlations in these directions decay much more slowly. At
long distances in the perpendicular direction, we can first
observe a depleted region where the probability to find other
particles becomes very low and g r r, ^( )∣∣ almost vanishes.
Beyond this depleted region, the values increase again and
indicate the presence of other chains. This manifests itself as a
series of discrete peaks at r 500 m m^ in the sample with
low particle content and as one smeared-out peak in the
sample with high particle content. In figure 10 this is illu-
strated more clearly and also for the other particle contents.
There we plot the cylindrical distribution function
g r r0,= ^( )∣∣ only as a function of the perpendicular distance,
setting the distance in the axial direction to zero.

Figure 7. Tomographic results for the horizontal cross-sections through the center of the anisotropic samples with particle contents of (a)
2 wt%, (b) 5 wt%, (c) 10 wt%, and (d) 15 wt%.

Figure 8. Two different illustrations of the cylindrical distribution function g r r, ^( )∣∣ for an anisotropic sample with a particle content of
2 wt%. The left plot illustrates the behavior for smaller separation distances. There is a pronounced peak at low r ,^ which reflects the
preferred nearest-neighbor positioning along the axial direction. The correlations in this direction are overall very high and decay slowly.
Contrary to that, in the perpendicular direction there are no striking features and the correlation is lost very quickly. The right plot aims to
demonstrate the correlations between separate chains. For long distances r ,^ there is first a depleted region corresponding to the voids
between separate chains. After that, however, there is a series of peaks reflecting the positioning of neighboring chains.
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To further quantify the correlations between the particle
chains, we also performed an analysis using a Delaunay tri-
angulation method [29, 45]. First, for different cross-sectional
planes, see figure 7, the centers of the chains were detected.
Using Delaunay triangulation, each plane was tessellated into
triangles with their vertices located in the chain centers. The
distances between the chains were then determined as the
lengths of the edges of these triangles.

An example for the resulting distributions is shown in
figure 11(a) for a particle content of 15 wt%. Approximately,
the distances between the particle chains follow a Gaussian
distribution. Extracting the average chain separation distance,
we found for our samples that the chain distances first
decrease from the 2 wt% to the 5 wt% case, see figure 11(b).

For the higher particle contents of 10 and 15 wt%, we then
observed both the chain separation distances and the chain
thicknesses to increase. This behavior is connected to the
dependence of the total number of chains on the particle
content. For the particle content of 5 wt%, the chains still
remain thin and aligned, as already shown in figure 7. When
the particle content is further increased, the chains start to
expand in the direction perpendicular to the magnetic field.
This leads to a decreasing number of chains and, therefore, to
an increase in chain distance.

5. Summary

This work demonstrates the possibility to extract and quantify
particle distributions within MRE via X-μCT tomographic
measurements. A statistical analysis of these distributions
leads to insights into the particle interactions within such
materials. X-μCT provides a method to detect individual
particles inside these systems and to track their rearrangement
when an external stimulus is applied. In a measured tomo-
gram, particles are still clustered and not individually visible.
By using methods of digital image evaluation, clustered
particles can be distinguished. This provides the possibility to
analyze their geometrical properties and to generate a data-
base for statistical processing. From the database, PCF char-
acterizing the particle arrangements were calculated. Several
different experimental samples were produced in this work,
all of them consisting of particles of carbonyl-iron powder
embedded into a polymeric matrix made of PDMS. Isotropic
and anisotropic samples were synthesized with particle con-
tents of 2, 5, 10, and 15 wt%. The anisotropic samples were
created by applying a magnetic field during the polymeriza-
tion process, which led to the formation of chains along the
field direction. For the isotropic samples, tomographic studies
with and without an external magnetic field of B 270 mT=
applied during data collection have been carried out. The

Figure 9. Same as figure 8 but for a particle content of 15 wt%. The chains in these systems are typically much thicker and less ordered. Thus,
compared to the particle content of 2 wt% there is less correlation between particles along the chains but more in the directions perpendicular
to the chain axes. For long distances in the perpendicular directions there is again a depleted area where g r r, ^( )∣∣ drops close to zero. Beyond
this depletion zone one smeared-out peak reflects the positioning of neighboring chains.

Figure 10. Cylindrical distribution functions g r r0,= ^( )∣∣ of
anisotropic samples for different particle contents, where only r̂ is
varied and r∣∣ is set to zero. This plot illustrates more clearly the
correlations between separate chains and the depleted region due to
the voids between the chains where it is very unlikely to encounter
another particle.
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analysis of the PCF for these isotropic samples indicated the
absence of structures in the absence of external magnetic
fields. When an external magnetic field is applied, the nearest
particle neighbors are most likely found along the magnetic
field direction as the particles attract each other along this
direction. Apparently, smaller chain-like structures are formed
under the influence of the external field in the isotropic
samples. However, larger anisotropic structures seem to rarely
emerge. The tomographic measurements on the anisotropic
samples were carried out without an external magnetic field
applied during data acquisition, because the field did not
significantly alter the structures. We characterized the
morphology of the chain-like aggregates in these anisotropic
samples by determining corresponding PCF. The chain
morphology strongly depends on the particle content of the
samples. An increasing particle content leads to increased
chain thicknesses perpendicular to the magnetic field. Fur-
thermore, we were able to address correlations in the posi-
tioning of separate chains.

In summary, a tool was described to characterize the
distribution of particles in particle-matrix systems. In the
future, measurements on samples with higher particle con-
tents should be performed. Also the statistics for the calcul-
ation of the PCF can be improved by combining the
tomographic results of more samples. The obtained correla-
tion functions can then be used as an input for statistical
theories. Moreover, measurements on samples with still
higher particle contents and, additionally, measurements on
anisotropic samples exposed to an external magnetic field
perpendicular to the chain axes should be performed.
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