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Structured and polymerized in a uniform external
magnetic field, polymer composites based on
magnetic soft microparticles are considered.
Variations of magnetic field parameters and material
composition provide a possibility of targeted micro-
structural patterning of these composites. The
influences of parameter variations on the resulting
internal micro-structure of the low concentrated
specimens are evaluated and visualized using
optical microscopy and microcomputed tomography.
The experimental findings are discussed in order
to provide advanced possibilities of controlled
patterning of soft magnetic materials. It is
experimentally demonstrated that the final three-
dimensional morphology of composite structure is
determined mainly by the concentration of magnetic
powder. The intensity of the applied magnetic field
influences the rate of structuring of particles in
initially viscous media and, therefore, may provide
a potential opportunity to obtain non-ergodic
microstructures when the matrix is polymerized
before the particles have completed the structuring
process. The results obtained can serve as a basis
for further development of the engineering method
of targeted patterning. The method is intended to
obtain a material with the desired microstructure by
selecting specific parameters of external stimuli and
components of the composite.
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1. Introduction
The magnetic field-induced anisotropy of the microstructure of soft matters such as magnetic
suspensions, gels and elastomers can be used to remotely and actively tailor their physical
properties. In the case of stable ferrofluids and magnetorheological suspensions, the formation
of aggregates of magnetic nano- and microparticles is reversible and primarily leads to changes
in their rheological behaviour [1]. In cross-linked gels and elastomers, the structuring is limited
due to restricted particle mobility in the matrix. On the other hand, these elastic materials are
in a liquid state before the curing process. Thus, they can be structured by an external magnetic
field applied before and during the curing process. In that case, the matter refers to composites
which are initially anisotropic, i.e. they are anisotropic without externally applied stimuli after
they were manufactured. Figure 1 shows an example of real three-dimensional microstructure of
an isotropic (a), i.e. not patterned, and anisotropic (b), i.e. patterned, polymeric composite based
on nickel microparticles. Such systems attract the attention of researchers both from an applied
and fundamental point of view, including basic, engineering and bio-medical applications, e.g.
[1–4].

Field-induced particle structuring in liquid and elastic matrices and its effect on the
materials’ field response have been studied in the past and are still under intensive
theoretical and experimental investigations [1,2,4]. The well-known microscopic approaches of
the rheological behaviour of magnetic suspensions are based on the concept of either chain-
like or dense column-like aggregates formed by the particles [1,5,6]. The size and shape
of these aggregates are determined by the combination of the forces of magnetic attraction
between the particles and viscous forces in the carrier liquid destroying the aggregates.
Theories, based on these concepts, lead to different dependencies of the macroscopic stress
on the global rate of the composite deformation and can provide realistic prediction of
the material behaviour. However, the chain model is rather a very simplified approach
suitable for very diluted systems. In fact, the morphology of particle structures depends
on various physical parameters and may differ significantly from simple chains. Optical
microstructural observations have shown that particles in magnetorheological suspensions
build thick columnar aggregates and more complicated structures oriented in the direction of
the applied field [2]. Moreover, recently it was experimentally shown, using a microchannel
filled with a low concentrated magnetic fluid, that geometrical parameters of the particle
structures depend not only on the strength but on the duration of the applied magnetic field
as well [7]. With increasing duration and strength, the size of the structures increases. This
generally corresponds with results of the known theoretical analysis and computer simulations
[8–10] as well as observations performed for very diluted magnetorheological fluids [11].
In terms of particle structuring dynamics in magnetorheological fluids, two processes are
distinguished: the initial formation of thin chains after the field was applied and further
formation of thicker aggregates [8]. The duration of the second process reaches a couple
of minutes.

As already mentioned above, soft magnetic elastic composites in the non-polymerized state
represent a kind of magnetorheological suspension. When external magnetic field is applied to
the suspension, formation of particle structures should occur similar to the magnetic fluid way.
There are microscopic based predictions of the magnetic and magneto-mechanical response of
structured soft magnetic elastic composites accounting for the linear chain-like aggregates, e.g.
[12,13]. Nevertheless, the criteria of transition from the chain like to the bulk structures as well as
the mechanism of the aggregate formation and destruction have not been developed up to now.
From an experimental point of view, various particle morphologies can be observed in the cross-
linked composites under external magnetic fields. It has been demonstrated in several studies that
microcomputed tomography (μCT) is an excellent tool to provide three-dimensional structural
information about not highly concentrated composite materials based on magnetic microparticles,
e.g. [4,14–18]. This method yields a three-dimensional map of the sample internal structure due to
the X-ray contrast between particles and matrix. Modern X-ray tomography equipment enables
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(b)(a)

Figure 1. Real three-dimensional microstructure of a non-patterned (a) and patterned (b) magnetic polymer containing nickel
microparticles (figure 3). Images are obtained using computed microtomography as described in the article. Without scale.
(Online version in colour.)

spatial resolution down to a few micrometres allowing separation and identification of single
magnetic particles inside the composite. For instance, in [16], the influence of the concentration
of magnetic powder on the final structure of the produced composites was studied. It has
been shown that any variation of the particle concentration results in a completely different
morphology: from homogeneous distribution of particle columns (samples with the lowest
fraction of magnetic powder) to specimens with particle columns, which are self-assembled and
more complex aggregates with their longitudinal axis parallel to the magnetic field. The influence
of the magnetic field strength on the final particle chains morphology was studied in [15]. It
has been observed that appearance of the single chains is a feature of very low concentrated
systems and is stimulated by weak magnetic fields. According to obtained results, the number
of chains formed in the material increases with decreasing field strength while vice versa the
diameter of the structures becomes larger with increasing field strength. There is a similarity
with a structuring observed in magnetorheological suspensions. Apart from the chain-like and
cylindrical dense structures, other kinds of particle aggregates can appear in non-concentrated
magnetic composites under influence of an externally applied magnetic field. These aggregates
can have various morphologies such as sheet-like, tube-shaped and canyon- or net-like structures
and are long-living [14,16,18]. In a recent study non-ergodic tube-like structures were under
investigation [18]. From a theoretical point of view, the thermodynamic equilibrium state of the
diluted and structured magnetic composite must correspond to whole cylinders without the
central cavity. However, non-equilibrium structures, which stably exist for a long time, have
been observed. A critical issue that has not been addressed in the above-mentioned studies, is
the fact the rheological properties of the carrier medium are changing during polymerization
together with a change in a composite’s microstructure. The process of polymerization of silicone
composites is initiated by the addition of a chemical catalyst and actually begins before the
magnetic field for structuring the powder particles has been applied. Thus, in this case, it is
inappropriate to speak about targeted and precisely controlled structuring of composites. As
was briefly noted in [14], the specimen, which required a much longer time for hardening, has a
different morphology comparing to the faster cross-linked one. In the current study, we analysed
the microstructure of rigid magnetic polymers of various compositions, which were structured
in an externally homogeneous magnetic field and then polymerized by ultraviolet radiation. This
approach allows the process of polymerization to be initiated at a given point in time, providing
a possibility of the targeted patterning of composites. Obtained structures are visualized using
microscopy and μCT methods. The article is organized as follows. At first, the basic physical
principles of structuring particles in a viscous medium due to magnetic dipole interaction are
given. Next, the used materials and experimental methods are presented. The main part of the
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article is devoted to the discussion of the obtained patterns and their visualization. It concludes
with a short summary and outlooks.

2. Background
Microparticles of a magnetic polymer are suspended in an initially liquid medium. When the
medium stays permanently liquid, the process of structuring can be described using classical
methods of the theory of phase transitions and heterogeneous fluctuation. External magnetic field
H induces in the particle with a radius r a magnetic dipole moment parallel to the field vector

m = 4
3
πr3χH, (2.1)

where χ is the magnetic susceptibility, which can be defined as

χ = 3
μp − μc

μp + 2μc
, (2.2)

where μp is the magnetic permeability of the particle and μc is the magnetic permeability of the
liquid carrier medium [19]. The permeability χ can be considered equal to 3 for composites based
on typical magnetic microparticles, since the ratio of the magnetic permeability of the particle
material to the permeability of the carrier media is much greater than unity [2].

Considering two particles as point dipoles with the same induced moment m directed parallel
to the applied field m and separated by the distance R (figure 2), one calculates the energy of
interparticle interaction as

W = μ0μcm2

4πR3 (1 − 3 cos 2α), (2.3)

where the α is the angle between the field H and the line connecting the particle mass centres.
When the particles are oriented in the field direction and in contact (figure 2), equation (2.3)

can be written as

W(R = 2r, α = 0) = μ0μcm2

32πr3 . (2.4)

The structure formation upon stimulus of a homogeneous field is governed by ratios of the
interparticle magnetic forces to the Brownian and hydrodynamic forces. For a quiescent liquid, it
is defined solely by the ratio of the interparticle force to the Brownian force

λ = μ0μcm2

16πr3kBT
, (2.5)

where μ0 is the permeability of free space, kB is the Boltzmann constant and T is the absolute
temperature. Thus, the structuring in the applied field will occur if the ratio λ, also called the
interaction parameter, is greater than 1.

It should be noted that for particles with high magnetic permeability it may be necessary to
take into account the multipolar interaction. Moreover, since each magnetized particle creates its
own field, the local field effect will also influence the dipole moment.

Neglecting the Brownian fluctuations of microparticles, the equation of motion for two
particles attracted as a result of magnetic dipole interaction in the medium with viscosity η is

M
d2R
d2t

+ 6πηr
dR
dt

+ 3μ0μcm2

πR4 = 0, (2.6)

where M is the mass of the particle.
Assuming that the particles are oriented in the field direction and initially at rest at a distance

of R from each other, we can estimate the time it takes them to move to the point of contact, that
is in the position R = 2r. When integrating equation (2.6) the inertia can be neglected, because it is
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Figure 2. Magnetic dipole particles in the external magnetic field: particles separated by R distance from each other (a);
particles in contact (b). (Online version in colour.)

several orders of magnitude smaller than the other terms. Thus, we get the following expression
for time t:

t = 6π2ηr
15μ0μcm2

(
R5 − (2r)5

)
. (2.7)

The initial distance between the particles is determined by their size and their volume
concentration φ in the composite, which is

φ = n 4
3 πr3

V
, (2.8)

where V is the volume of the specimen and n the number of the particles with radius r in volume
V. Assuming that the particles are distributed in the carrier medium initially homogeneously, it
is possible to estimate the average initial distance between them as

R0 ∼
(

V
n

)1/3
∼ 2r

(
1
φ

)1/3
. (2.9)

Taking R = R0 in equation (2.7), it is possible to estimate the minimum time of aggregation of
dipole particles in a viscous medium depending on the applied field and at a given concentration
of the composite. Considering that m ∼ r3 (see equation (2.1)) and μp/μc � 1, we obtain that time t
depends on the magnetic field strength, viscosity of the carrier medium and volume concentration
of particles. That is, the size of the particles influences the structuring time only through the
expression (2.8).

The formation of single chains of magnetic particles due to the dipole interaction is the first
stage of magnetic patterning. As has been shown previously, complex structures are the result of
further interaction of chains with both individual particles and each other, e.g. [2,8,20,21]. In the
equilibrium state, the morphology of these complex structures is still determined by the particle
volume concentration φ and the interaction parameter λ. Therefore, we consider below only the
above basic parameters λ, φ and t as characteristic values for the samples under study. However,
it should be noted that the statements considered are valid for systems of monodisperse identical
spheres, while the real composites are based on polydisperse powders with particles of diverse
shapes. Moreover, the actual concentration of the filler in the samples may differ from the desired
concentration specified during their manufacture. Taking this into account, these basic parameters
should be considered as estimates.

3. Material and methods

(a) Magnetic particles
Three types of magnetic powder were used as magnetic filler for the studied composites. Figure 3
shows the images of powder particles obtained with the Euromex ME.2660 microscope in the
reflected light mode. Parameters of powders are given in table 1. Evaluation of the magnetic
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50 µm 50 µm 200 µm

(b)(a) (c)

Figure 3. Microscopic images of usedmagnetic particles: BASF CC carbonyl iron (a); Höganas ASC300 iron powder (b); Alfa Aesar
Ni powder (c). (Online version in colour.)
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Figure 4. Magnetization curves of powders: the pressed powder was measured, and the weight and density of the powder
material was taken into account when calculating the magnetization from the measured magnetic moment. (Online version in
colour.)

Table 1. Parameters of used magnetic powders.

type material particle shape average particle size

BASF CC powder carbonyl iron spherical ∼ 5µm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Höganas ASC300 powder iron irregular ∼ 45µm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Alfa Aesar nickel powder nickel nearly spherical ∼ 70µm
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

properties of powders was carried out on the basis of the magnetization curves obtained
experimentally using vibrating sample magnetometer Lake Shore 7407. Measured curves are
given in figure 4. All powders are magnetic soft and the main difference is the higher saturation
magnetization for iron-based powders. The initial magnetic susceptibility of powders (slope of
the initial linear curve) is relatively the same.
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Figure 5. Schematic of the set-up for specimen fabrication (a) and views of the structured sample on three sides (left-hand
view, top viewand front view)with corresponding indication of themagnetic fieldH and gravitygdirections (b). (Online version
in colour.)

(b) Polymeric matrix
Clear UV resin R3 for bulk products (Research&Production Group Spektr, Russia) made of
oligourethane methacrylates was used as a matrix. The initial viscosity of the resin, i.e. before
curing, was measured with the Anton Paar MCR301 rotational rheometer at T = 23◦C with a
cone-plane geometry at shear rates in the range of 1–100 s−1. The resin is a Newtonian liquid
in the considered range of shear rates with a viscosity of η = 9.77 Pa s. According to the resin
manufacturer’s data, UV irradiation (in the range of UV of 320–380 nm) of the sample within a
few minutes is sufficient for full curing.

(c) Sample fabrication
The magnetic powder and liquid matrix in the given weight fractions (up to approx. 11 wt%) were
mechanically mixed in the laboratory glass and vacuumized in order to remove air inclusions
from the suspension. The resulting mixture was poured into a non-magnetic mould (PTFE) with
plate-like geometry with a size of 12 × 12 × 1.5 mm. Then the form was placed between the
poles of the Bruker B-E25 electromagnet, so that the magnetic field generated by it was parallel
to the sample plane (figure 5). The homogeneity of the magnetic field in the area where the
sample was located was not less than 99%. The source of ultraviolet radiation (diode array) was
placed perpendicular to the sample plane above the mould. The gravity was directed vertically
downwards perpendicular to the sample plane and the magnetic field direction. The procedure
for switching on the magnetic field and the radiation source as well as the concentration of the
magnetic filler in the sample and the applied field strength were varied according to the task of
obtaining a composite with a certain particle pattern. All treatments were performed at T = 23◦C.

(d) Microstructure visualization
For visualization of the microstructure of the fabricated samples, optical microscopy and
computer microtomography were used. Optical observations of the surface of the obtained
samples were carried out using an ME.2660 polarizing microscope (Euromex, The Netherlands)
in a reflected light mode. Calibration of the scales was performed using a stage micrometre
(Präzisionsoptik Gera, Germany). Digital images were recorded by a Carl Zeiss Axiocam CCD
camera and processed with the ZEN 2 software package (Carl Zeiss, Germany). Tomographic
investigations were conducted using the TomoTU set-up [22]. Projection images were generated
with an angular increment of 0.25◦ with an acceleration voltage of 90 kV. CT-reconstruction
process was performed calculating a three-dimensional model from the individual radiographs
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by a software package developed at the TU Dresden. Digital image processing was carried out
using the software packages ImageJ and VG Studio Max (Volume Graphics GmbH).

4. Targeted patterning

(a) Evaluation of key parameters
The interaction parameter λ (equation (2.5)) is determined by the particle size and the applied
magnetic field strength and λ � 1 for all types of particles used, even in very small fields. The
minimum field used in this work was 10 kA m−1, and the maximum 450 kA m−1, hence the
interaction parameter was in the range 106 < λ < 1013. In this way, all the particles could be
involved in the structuring process. Note that we do not take into account the influence of
the geometric demagnetizing factor on the effective magnetic field. Firstly, all the specimens
have the same geometry, and, secondly, for the particle concentrations we use, the influence
of the macroscopic demagnetizing field can be negligible as shown in [23]. In accordance with
equations (2.7)–(2.9), the key role in the dynamics of the structuring process is provided by
the concentration of particles (initial distance between them), the strength of the magnetic field
and the viscosity of the carrier medium. Since the initial viscosity of the matrix remained a
constant parameter, the structuring time is controlled by a variation of the other two parameters.
Dependence of structuring time t on the volume concentration of particles in the sample are
shown in figure 6 for three different magnetic field strengths. These dependencies are the same
for all types of magnetic filler used, as follows from equation (2.7). The use of powders of
different types actually allows one to vary the number of particles per unit volume because
of their different sizes and thus allows for a possible additional impact on the morphology of
the particle aggregates. On the other hand, it is obvious that the size of particles cannot be
neglected in terms of gravitational stability. The use of smaller particles is preferable in terms
of their possible sedimentation over time. The use of large microparticles, however, provides an
advantage in terms of the quality of the μCT-images obtained. In this context, figure 7 represents
reconstructions of μCT-images of three samples with the same concentration of BASF CC carbonyl
iron powder (φ ∼ 0.15 vol.%) with the average particle size of approximately 5 µm. The samples
are structured in various fields and therefore have different patterns (see discussion below).
However, due to the small particle size comparable to the resolution of the measurement method,
we will avoid a direct comparison of three-dimensional microstructure morphology for these
composites. Similar to larger particle samples, a composite, structured in a higher magnetic field
(figure 7c) and with the same filler volume concentration, contains fewer aggregates and they
are thicker than aggregates in a composite structured in a weaker field (figure 7d). Although the
statement about the difference in the number of elongated aggregates for the samples presented in
figure 7b,c is quite obvious (see as well figure 8), it is impossible to conclude correctly about their
thickness. The analysis of the cross-sectional images of the samples is not reasonable, because the
thickness of the aggregates is comparable to the size of pixels and beam-hardening artefacts are
dominant (figure 8). Therefore, for samples based on the filler with smallest particles (BASF CC
carbonyl iron powder), only images obtained using optical microscopy will be shown below.

As follows from the dependencies in figure 6, it is quite realistic to interrupt the process of
structuring of the very low concentrated composites (φ <∼ 0.5 vol.%) by ‘freezing’ the liquid
matrix during the first few minutes after switching on the magnetic field with a strength of several
kA m−1 and there is no need to do it as a snap action. Such ‘freezing’ is realized by means of
UV polymerization. This ‘freezing’ is realized by UV curing, which takes from a few seconds to
a few minutes to cure the bulk specimen. The use of higher fields at very low concentrations
or low fields at concentrations in the range approximately 0.5 vol.% < φ <∼ 1 vol.% provides a
potential opportunity to catch transition structures in the cured composite. Having provided the
composite for a long enough time for structuring it is to be expected that equilibrium structures
will appear regardless of the particle concentration and the applied field strength. In large fields,
the aggregates will form relatively quickly, so their size should be regulated by the concentration
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Figure 6. Dependence of structuring time t on the volume concentration of particles in the sample for various magnetic
field strengths (the viscosity and magnetic permeability of the carrier medium are assumed to be η = 9.77 Pa s andμc = 1,
respectively). (Online version in colour.)
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Figure 7. Reconstructed three-dimensional CT-images of a composite based on BASF CC carbonyl iron (φ ∼ 0.15 vol.%)
patterned at:H = 10 kA m−1 (a),H = 100 kA m−1 (b) andH = 450 kA m−1 (c). (Online version in colour.)

1.5 mm1.5 mm

H

Figure 8. Examples of binarized images of cross-sections of samples presented in figure 7(b)—left and 7(c)—right. The beam
hardening artefacts are comparable to the size of the cross-sections of the particle aggregates. (Online version in colour.)

and size of the filler particles. In general, it is reasonable to use the ratio of time given to particles
for structuring within fabrication process tp to structuring time t (equation (2.7)) as an evaluation
criterion of the final microstructure of the composite. The time tp includes polymerization time
and can be taken in order of magnitude if its exact value is unknown. Such an assessment using
ranges of values seems to us to be the most objective, since the actual concentration of particles
in the composite is also unknown, and it may differ from the desired one. This is due to the fact
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Figure 9. Microscopic images of short chains in patterned atH = 10 kA m−1 and tp/t � 1 composites: (a) sample based on
∼ 0.15 vol.% of BASF CC powder; (b) ample based on∼0.15 vol.% of ASC300 powder; (c) sample based on∼ 0.13 vol.% of Ni
powder. (Online version in colour.)

(b)(a) (c) (d)

H H H H

Figure 10. Reconstructed three-dimensional CT-images: (a) non-patterned, despite the applied field (H = 10 kA m−1),
composite with ∼ 0.13 vol.% of nickel microparticles, tp/t � 1; (b) patterned at H = 10 kA m−1 and tp/t � 1 composite
with < 0.13 vol.% nickel microparticles; (c) patterned at H = 10 kA m−1 and tp/t � 1 composite with ∼ 0.15 vol.% of
ASC300 iron microparticles; (d) patterned at H = 10 kA m−1 and tp/t ∼ 1 composite with ∼1.6 vol.% of ASC300 iron
microparticles. Notable is the shorter length of the chains in sample (d) than in sample (c), although the particle concentration
in sample (d) is almost tenfold greater. (Online version in colour.)

that even small deviations in the number of particles in the volume unit will significantly change
the concentration of the filler (equation (2.8)). Digital analysis of the μCT-images allows one to
determine the number of particles in the sample as post factum. However, this does not give any
advantage in the choice of patterning parameters.

The approach discussed here was used to fabricate targeted patterned composites. The
highlighted results of microstructure visualization of the obtained composites are presented and
discussed below.

(b) Composites with short single chains
A short chain composite, i.e. a composite with chains which do not overlap it, can be obtained
by using a very low particle concentration or, strictly speaking, a low particle number per
volume unit (figures 9–11). However, it should be taken into account that for small fields, such as
∼ 10 kA m−1, the ratio tp/t should be much higher than unity. If this condition is not fulfilled for
a small number of particles, the sample will not be structured (figure 10a). On the other hand, at
higher concentrations one will also obtain short chains when the ratio tp/t is close to unity 10c).
When the field strength is greater than 30 kA m−1, it is not technically possible to implement
conditions tp/t � 1 ∩ tp/t ∼ 1 for the used materials, since it is impossible to realize instant
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(b)(a)

Figure 11. three-dimensional visualization (selected fragments) of the short chains: (a) a composite with < 0.13 vol.%
nickel microparticles patterned atH = 10 kA m−1 (figure 10b); (b) a composite with∼0.15 vol.% ASC300 iron microparticles
(figure 10c) patterned atH = 10 kA m−1. Condition tp/t � 1 is fulfilled. Without scale. (Online version in colour.)

polymerization of the matrix. The increase of initial viscosity of the suspension or reduction of
particle concentration is not so effective and, therefore, the best solution may be to use relatively
low fields at tp/t ∼ 1 to obtain short chains.

Figure 9 demonstrates selected optical images of short chains in such composites. In
figure 10 reconstructed three-dimensional CT-images of non-patterned and patterned at
10 kA m−1 specimens are shown. In addition, the figure 11 provides selected three-dimensional
visualizations of composites with short chains. In addition to short chains, there are also
individual particles in the sample volume. The influence of the magnetic field was insufficient
to involve all the particles in the process of structuring, despite the fact that condition tp/t � 1 is
definitely fulfilled. In fact, time tp was about 12 h during the manufacture of the particular sample
with nickel microparticles patterned at H = 10 kA m−1 and represented in figures 10c and 11a.

(c) Composites with thin long chain aggregates
Composites with long chains are samples in which the chain aggregates trend to overlap the
specimen volume from one side to the other. Long aggregates consist of both thin single chains
and several chains joined together, but their thickness does not significantly exceed the particle
size. There are also a number of shorter aggregates similar to chains in the samples presented
in §4b. To obtain composites with such a microstructure, it is necessary to use a weak and
moderate magnetic field (approx. 10–100 kA m−1) and ensure that the condition tp/t � 1 is met.
The higher the particle concentration (within limits considered up to 2 vol.%), the denser the chain
aggregates are. However, if tp/t � 1, composites with short chains will be obtained (see §4b).
Alternatively, higher magnetic fields (> 100 kA m−1) at lower concentrations (up to ∼0.2 vol.%)
can be used. But in the case of very low concentrations, it should be taken into account that the
size effect may have a significant influence on the patterning. This issue is beyond the scope of this
study. Obtaining non-ergodic structures is not to be expected, since, as already mentioned above,
the condition tp/t � 1 ∩ tp/t ∼ 1 is not realizable for fields significantly greater than 10 kA m−1.
Selected microscopic images of composites with long chain aggregates are given in figure 12,
while their three-dimensional microstructure is presented in figures 13 and 14. Note that sample
(d) in figure 13 is identical in composition to sample (d) in figure 10. Moreover, a field of the same
intensity was used for their patterning. The difference in the microstructure is obtained due to
the different ratio tp/t. In general, such samples are composites, the microstructure of which has
similarity to that of the materials obtained and analysed in [15]: the lower the strength of the
applied field, the more chains appear in the composite. The crucial difference is that in our study
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(b)(a) (c)

Figure 12. Microscopic images of long chains in patterned composites: (a) sample based on∼ 0.15 vol.% of BASF CC powder
patterned atH = 250 kA m−1; (b) sample based on∼0.8 vol.% of ASC300 powder patterned atH = 100 kA m−1; (c) sample
based on∼0.13 vol.% of Ni powder patterned atH = 450 kA m−1. For all samples, tp/t � 1. (Online version in colour.)

(b)(a) (c) (d)

H H H H

Figure 13. Reconstructed three-dimensional CT-images: (a) composite with< 0.13 vol.% of nickel microparticles patterned
at H = 450 kA m−1 and tp/t � 1; (b) composite with∼ 1.4 vol.% nickel microparticles patterned at H = 10 kA m−1 and
tp/t � 1; (c) composite with ∼ 0.8 vol.% of ASC300 iron microparticles patterned at H = 100 kA m−1 and tp/t � 1; (d)
composite with ∼ 1.6 vol.% of ASC300 iron microparticles patterned at H = 10 kA m−1 and tp/t � 1. (Online version in
colour.)

Figure 14. three-dimensional visualization (selected fragment) of the long chains in the composite with∼0.15 vol.% ASC300
iron microparticles patterned atH = 100 kA m−1. Condition tp/t � 1 is fulfilled. Without scale. (Online version in colour.)

the polymerization process was initiated at a given point in time. Another feature is the mutual
orientation of the magnetic field and gravity. In the current study, the magnetic field and gravity
are perpendicular, while in [15] they are coaxial, so the chain aggregates observed by us do not
have thickenings/thinnings at the ends.
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Figure 15. Microscopic images of thick chains in patterned composites: (a) sample based on∼ 0.8 vol.% of BASF CC powder
patterned atH > 450 kA m−1; (b) sample based on∼0.8 vol.%of ASC300 powder patterned atH = 450 kA m−1; (c) sample
based on∼1.4 vol.% of Ni powder patterned atH = 450 kA m−1. For all samples, tp/t � 1. (Online version in colour.)

(b)(a) (c) (d)

H H H H

Figure 16. Reconstructed three-dimensional CT-images: (a) composite with∼1.4 vol.% of nickel microparticles patterned at
H = 450 kA m−1 and tp/t � 1; (b) composite with ∼1.6 vol.% ASC300 iron microparticles patterned at H = 100 kA m−1

and tp/t � 1; (c) composite with ∼0.8 vol.% of ASC300 iron microparticles patterned at H = 450 kA m−1 and tp/t � 1;
(d) composite with ∼1.6 vol.% of ASC300 iron microparticles patterned at H = 450 kA m−1 and tp/t � 1. (Online version
in colour.)

(d) Composites with thick chain/columnar aggregates
Technically speaking, there is a need for a precise criterion that determines when an aggregate is
thin and when it should be considered columnar. To do this, one can use the method presented
in [15,16]. Nevertheless, in the framework of this work we use only subjective judgement based
on images of the microstructure without conducting corresponding quantitative digital analysis.
The presence of thick chains is confirmed in particular by direct optical observations in the
microscope. The differences between these aggregates and the thin chains are obvious, e.g.
comparing figures 12 and 15.

It is quite obvious that composites with column aggregates (thick chains) should appear
at high concentrations of particles and strong magnetic fields. Fields higher than 100 kA m−1

should be used for concentrations of at least ∼1.6 vol.% and fields higher than 300–400 kA m−1

for concentrations not less than ∼0.8 vol.%. Within the framework of these conditions, the ratio
tp/t always will be much greater than unity. Thus, it is reasonable to assume that the structures
obtained correspond to the equilibrium state. Selected microscopic images of composites with
thick chains are shown in figure 15 and their three-dimensional microstructure is presented in
figures 16 and 17.

The intermediate state of aggregation of chains into columns can be tubes or tube-like objects.
We were unable to provide a state in which tubular structures could be observed in the matrix, as
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(b)(a)

Figure 17. three-dimensional visualization (selected fragments) of the columnar structures: (a) composite with∼1.4 vol.% of
nickel microparticles patterned at H = 450 kA m−1 (figure 16a); (b) composite with∼1.6 vol.% ASC300 iron microparticles
patterned atH = 450 kA m−1 (figure 16c). Condition tp/t � 1 is fulfilled. Without scale. (Online version in colour.)

was provided in a composite containing comparable particle concentration but fabricated under
curing with uncontrollable initiation [18]. One may expect their appearance, when ‘freezing’
the structuring process in one of its intermediate states, which was not possible to realize
under conditions used in the current study. We also assume that the appearance of tubular
structures observed in studies [16,18] may be associated with inhomogeneous polymerization
of the composite due to the influence of the filler particles on the catalyst and, consequently, on
the polymerization process.

5. Summary and outlook
We have demonstrated the possibility of targeted patterning of low-concentrated magnetic
polymeric composites. In contrast to previous studies, the process of polymerization of the
composite was initiated at a specific point in time, an equilibrium state of the composite
microstructure to be reached. On the other hand, for specimens with a certain composition
it was possible to ‘freeze’ the non-ergodic state in a controllable way, for example to obtain
short chains at particle concentrations, potentially resulting in the appearance of thick column
aggregates. These results are the basis for the development of engineering approaches of targeted
patterning, which allows one to obtain a material with the desired microstructure by selecting
specific parameters of external stimuli and components of the composite.

We did not directly address the issue of fine-size effects, which undoubtedly plays an
important role in the processes of microstructure formation and should be addressed in future
works. In addition, attention should be paid to composites with a higher concentration of filler.
However, it will require the use of higher computational power and special algorithms for the
reconstruction of μCT-data.

As an additional factor that can significantly affect the final morphology of structured magnetic
composites, a shear flow can be considered. It is possible to directly apply shear strain to
the specimen during the curing process. On the other hand, a rotating magnetic field can be
used (e.g. [24]). In these cases, the size and morphology of the final structures in the polymer
will be determined by competition between structuring processes due to magnetic interaction
and disaggregation due to the hydrodynamic forces. The study of the microstructure of such
composites will also contribute to a deeper understanding of the physics of rheological effects in
magnetic suspensions.
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