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Abstract. Magnetic microcomposites were fabricated by emulsification of a
mixture of polydimethylsiloxane (PDMS) and nickel microparticles. The composites
were obtained in a temperature controlled water-surfactant media with and without
the influence of an external magnetic field. The presence of a moderate external
magnetic field of 80 G (8 mT) during the polymerization stage leads to the
arrangement of nickel microparticles into chains that form the magnetic core of the
synthesized composites. The method allows to control the shape of the composite
particles by applying a magnetic field and varying the stirring speed. Three shapes
of composite particles, namely, spherical, teardrops and ellipsoidal were obtained
and magnetically characterized. Room temperature hysteresis loops and dM/dH
versus H curves in the second-to-third quadrants show that spherical particles are
isotropic while non-spherical particles show an induced uniaxial magnetic anisotropy

which depends on the shape of the resulting composite particles.
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1. Introduction

Magnetic elastomers have emerged as a new class of two-component composites
consisting of small magnetic particles embedded or coated in a polymeric matrix [1,
3]. Combination of a magnetic material in the form of particles with the properties of
a polymer potentially opens their use in actuators for aerospace and automotive
applications [4-6], microelectromechanical systems (MEMS) [1, 7-8] and microfluidic
valves [9-11]. In the field of medicine these composites also may have relevant
potential applications for cancer treatment therapy [12-13] and controlled drugs
delivery [14]. The combination of magnetic properties with those of the polymeric
matrix leads to various functionalities which can be triggered by applying an external
magnetic field; examples of that are the shape memory effect [15], or the
magnetostrictive and elastomagnetic phenomena [16-17]. Therefore, the recent
interest in this new class of functional materials encourages basic research aimed
to develop novel technology. Polydimethylsiloxane (PDMS), which is a
biocompatible type of silicone rubber with hydrophobic and oleophobic properties
[18], is one of the most promising elastomers for this purpose that it can be used in
a wide range of applications. In addition, PDMS has several other advantageous
properties such as high dielectric strength, compressibility, gas permeability,
flexibility, chemically unreactive, and low curing temperature [19-21]. At last, it is
commercially available at a low-cost, is recyclable and usable over a wide
temperature range (from -100 °C to 100 °C) [22-23]. However, the magnetic behavior
and physical properties of the PDMS-based magnetic composites have been less

explored [1].
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Magnetic polymer composites are currently of great interest since they allow
a non-contact remote control using an externally applied magnetic field. The
most direct approach to fabricate these composites is by embedding the
magnetic particles in elastomers. This allows the use of a magnetic field during
polymerization to induce the formation of chains of particles inside the
elastomer, and once the polymerization is complete, these chains remain
embedded in the composite [24]. The chains form due to the dipole-dipole
interaction leading to an uniaxial magnetic anisotropy [25]. This type of dipolar
magnetic anisotropy in particle chains is the same used by magnetotactic
bacteria to produce a magnetic compass [26]. Uniaxial magnetic anisotropy is
a fundamental property in magnetic responsive materials since it provides an
easy and a hard magnetization axes; in this case, the material displays a more
complex behavior than the exhibited by an isotropic composite. In this
contribution, we present a fabrication procedure that combines emulsification of an
elastomer with dispersed magnetic micro-particles under the application of an
external magnetic field to induce the formation of magnetic particle chains during
polymerization. The novelty of our study is threefold: first, a simple method is
presented to fabricate shape-anisotropic microparticles; second, in non-spherical
particles, a uniaxial magnetic anisotropy is induced by the fabrication process, and;
third, the fabrication method is based on emulsification which is a scalable method

for the production of colloidal particles.

2. Experimental section
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PDMS based microcomposites were prepared using PDMS (Sylgard 184) with a
monomer-to-crosslinker weight ratio of 10:1. As magnetic filler, we used
commercially available 99.999 % pure nickel powder from Sigma-Aldrich with a
particle size < 150 ym. In order to reduce the average particle size, nickel powder
was mechanically milled during 2 hours at 90 rpm by using a ball mill from U.S.
Stoneware.

Composites were produced by the microemulsion method from a mixture of 70%
wt. of PDMS and 30% wt. of milled nickel particles. The blend was homogenized
during 20 minutes in an ultrasonic bath, whereas air bubbles were dynamically
extracted using a vacuum pump during 10 minutes. A schematic representation of
the experimental setup used to synthesize the two-component microcomposites is
shown in Fig. 1. 40 ml of a commercially available surfactant was added at room
temperature to 5 ml of the PDMS-Ni dough under continuous stirring with a Cole
Parmer stir-pack general laboratory mixer. The stirrer blades were disks of propylene
with several randomly distributed micro-holes; the experimental setup used had five
blades evenly spaced along of a mounting rod. The diameter of the blades is slightly
smaller than the diameter of the glass test tube used to contain the surfactant. The
microemulsion system was submerged in a water bath while the temperature
increased at 3 °C/min up to a the polymerization temperature of 90 °C. A solenoidal
coil made of copper wire was wound around the outer part of the water bath; the
axial external magnetic field applied during the polymerization process align nickel
microparticles inside the PDMS body.

The magnetic field produced by the handmade solenoidal coil at the center of the

glass test tube was measured by using a F.W. Bell model 5180 Gaussmeter. With a
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stirring speed of 2000 rpm, samples were prepared under a static magnetic field of
80 G (8 mT) and without magnetic field. The effect of stirring speed during emulsion
polymerization under constant magnetic field (B = 80 G) was also tested in a third
sample, wherein the rotation speed was reduced by 80 %.

Milled nickel particles were characterized by X-ray diffraction in a Bruker AXS
model D8 Advance diffractometer with CuKa radiation (40° < 26 < 80°; step
increment 0.02°). The Rietveld refinement on the XRD pattern was carried out with
the MAUD program [27]. Magnetic characterization of both, the nickel particles and
the composites was performed by means of the major hysteresis loops obtained from
a Micromag 2900 alternating gradient magnetometer. Analysis of the shape,
morphology and size of nickel particles and composites were examined by scanning
electron microscopy (SEM); SEM micrographs were obtained using a FEI Philips

XL30 sFEG scanning electron microscope.

3. Results and discussion

Fig. 2(a) shows the experimental and calculated X-ray diffractogram of milled
nickel particles; no traces of secondary phases were observed. The initial refinement
model considers a cubic closed-packed crystal structure with Fm-3m space group
and a cell parameter a = 3.524 A. From the refinement, we obtained a cell parameter
of a = 3.5238 = 0.0006 and an average crystallite size of 244 £ 8 nm.

The SEM micrographs of the nickel particles after grinding are presented in Fig.
2(b) and (c). Nickel particles present irregular shapes with sharp edges and tend to

form spherical agglomerates with an average size of 4 ym. It must be also noted that
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after 2 hours of milling, the grain size of particles (initially below 150 pm), was
considerably reduced (~ 97 %).

Fig. 3(a) shows the SEM micrograph of PDMS-Ni composite prepared from the
microemulsion method in the absence of an external magnetic field at a stirring
speed of 2000 rpm. Note that composites acquire a spherical shape and their surface
incorporate small bulges of the polymeric material. By varying the stirring speed from
400 to 2000 rpm the particles obtained were spherical in shape.

In a second experiment, the stirring speed was kept at 2000 rpm and the external
magnetic field of 80 G (8 mT) is applied. So, the polymerization process takes place
under the presence of the field. As shown in Fig. 3(b) at this stirring speed
microcomposites particle shape changes from spherical to teardrops. These results
suggest that the resulting microcomposite particle shape may change by properly
combining stirring speed magnetic field during the polymerization process. Stirring
leads to particle rotation in the horizontal plane, while the magnetic field acts
perpendicular to this plane; because of the centrifugal force effect, in this
configuration nickel particles are slowly pulled to the back part of the composite
adopting the teardrop shape. In a further experiment, the stirring speed was reduced
to 400 rpm maintaining constant the external applied magnetic field (80 G), the
centrifugal entrainment of nickel particles forming the composite diminishes
reinforcing their trend to align parallel to the field. As a result, nickel particles
wrapped by the polymer do not accumulate in one end of the composite capsule and
after completion of polymerization the resulting composite acquires an ellipsoidal

shape, as Fig. 3(c) shows.
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To perform the magnetic characterization, the particles of the three fabricated
composites were oriented by applying a homogeneous magnetic field of 50 G (5 mT)
and fixed in a PDMS matrix prior to their measurement. Fig. 4 shows their hysteresis
loops measured applying the external magnetic field along two orthogonal directions
(i.e., the long and short axes, respectively); in the graphs, the magnetization axis
has been normalized by its maximum value to emphasize on the differences. Fig.
4(a) compares the hysteresis loops of the as-milled nickel particles and the
synthesized spherical microcomposite particles. In this case, the hysteresis loops
measured parallel and perpendicular to the orientation direction overlap, so, the
magnetic properties of composite particles match with that nickel and do not depend
on magnetic field direction. They are isotropic. Fig. 4(b) shows that the magnetization
of teardrop shape composite particles depends of the magnetic field direction with
respect to the composite axes. When field is applied through the short axis, the
saturation is reached at 4.19 kOe; in contrast, when it is applied field along to the
long axis, the saturation is obtained at a lower field. Ellipsoidal shape samples shown
in Fig. 4(c) have a similar behavior than the teardrop shape samples but with slight
differences in their magnetization values, as Table | shows. They show similar
coercivity and remanent-to-saturation (M/Ms) values. Noting that a higher
remanence is found along the longest axis in the non-spherical particles. The most
significant differences are observed in the saturation magnetic field. The results
clearly show that the particles have uniaxial magnetic anisotropy with the easy
magnetization axis oriented parallel to their longer axis. This uniaxial anisotropy

comes from the Ni particle chains induced by the magnetic field during
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polymerization. This type of dipolar chains are well known to result in a uniaxial
magnetic anisotropy [25]

Fig. 5 shows the dM/dH vs H curves, or switching field distribution (SFD), obtained
from the first derivative of the demagnetizing curve. Fig. 5(a) and (b) show the SFD
along the long and short axes of the composite particles with teardrop and ellipsoidal
shapes, respectively. The effect of the induced magnetic anisotropy due the particle
chains is clearly observed. Both plots show a significant broadening when the
magnetic field is applied through the short axis, owing to the magnetic field is applied
along the hard axis [28]. (c) and (d) compares the SFD obtained along the short and
long axes for teardrops and ellipsoidal microcomposite particles with the one
obtained for isotropic spherical ones. Along the long axis, these curves are narrower
with respect to those shown by the spherical composites, because of the field is
applied along the easy axis. Teardrops and ellipsoidal composites show hard and
easy magnetization directions along their short and large axes, respectively;
accordingly, the magnetization behavior varies when the magnetic is applied along

these principal directions.

4. Conclusion

In conclusion, we have shown that combining a low intensity magnetic field
with a simple and scalable technique, such as emulsification, it is possible to
produce both shape-anisotropic and magnetically anisotropic micro-
composite PDMS-Ni particles. Regarding their shape, the composites can be

spherical, ellipsoidal or teardrop shaped. In non-spherical composites a
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uniaxial magnetic anisotropy is obtained which is attributed to the Ni particle
chains induced during polymerization by the applied magnetic field. The
shape and uniaxial magnetic anisotropy in the developed composites can be
of potential interest for their applications in remotely controlled colloidal

composites.
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FIGURE CAPTIONS

Fig. 1. Schematic representation of the experimental setup used to synthesize the
two-components composites by the microemulsion method.

Fig. 2. (a) Experimental (square black symbols) and calculated (continuous red line)
X-ray diffraction patterns for as-milled nickel particles. The difference between them
is depicted at the bottom of the figure, whereas the green vertical bars indicate the
position of Bragg reflections. (b) and (c) SEM micrographs at different magnifications
of as-milled nickel particles.

Fig. 3. Typical SEM micrograph of microemulsioned composites particles
sinthesized with spherical (a), teardrop (b) and ellipsoidal (c) shapes.

Fig. 4. Room temperature hysteresis loops measured for: (a) nickel powder (black
continuous line) and spherical microcomposites (red dots); (b) and (c) teardrops and
ellipsoidal microcomposites, respectively, along their long (green circles) and short
(blue squares) axes. The hysteresis loop of the spherical microcomposites in (b) and
(c) is indicated by the red dots.

Fig. 5. (@) and (b) switching field distribution for teardrop and ellipsoidal
microcomposite particles, respectively, along the long (green circles) and short (blue
squares) axes. (c) and (d) Comparison of the switching field distribution along the
short (c) and long (d) axes for and teardrops (black line) and ellipsoidal (green line)
microcomposite particles with the one obtained for isotropic spherical ones (red
dots).

TABLE CAPTIONS

Table 1. Magnetic properties derived from the room temperature hysteresis loop for

the polymer-coated composite particles synthesized.

14
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Table 1. Magnetic properties derived from the room temperature hysteresis loop for

the polymer-coated composite particles synthesized.

Particle . Coercivity Saturati_on_
Axis M//Ms magnetic field
shape (kOe) (kOe)
Spherical isotropic 0.040 0.051 4.09
long 0.061 0.051 4.09
Teardrop
short 0.032 0.051 4.19
o long 0.067 0.050 2.74
Elliptical
short 0.035 0.050 2.99
Stir pack
Surfactant
Test tube

Fig. 1. Schematic representation of the experimental setup used to synthesize the

two-components composites by the microemulsion method.
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Fig. 2. (a) Experimental (square black symbols) and calculated (continuous red line)
X-ray diffraction patterns for as-milled nickel particles. The difference between them
is depicted at the bottom of the figure, whereas the green vertical bars indicate the
position of Bragg reflections. (b) and (c) SEM micrographs at different magnifications

of as-milled nickel particles.
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Fig. 3. Typical SEM micrograph of microemulsioned composites particles

sinthesized with spherical (a), teardrop (b) and ellipsoidal (c) shapes.
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Fig. 4. Room temperature hysteresis loops measured for: (a) nickel powder (black
continuous line) and spherical microcomposites (red dots); (b) and (c) teardrops and
ellipsoidal microcomposites, respectively, along their long (green circles) and short
(blue squares) axes. The hysteresis loop of the spherical microcomposites in (b) and

(c) is indicated by the red dots.

18




O©CO~NOOOTA~AWNPE

—®-Long axis (a) (b)
—- Short axis Ellipsoidal

Teardrops

S
%0.5
0.0 ;
1.0 . Isotropic (c) B Ik (d)
— Teardrops Short axis Long axis
% — Ellipsoidal 3
%0.5 ;
oole="1 | T
4 % 0 2 4 -4 3 0 2 4
Magnetic field (kOe) Magnetic field (kOe)

Fig. 5. (@) and (b) switching field distribution for teardrop and ellipsoidal
microcomposite particles, respectively, along the long (green circles) and short (blue
squares) axes. (c) and (d) Comparison of the switching field distribution along the
short (c) and long (d) axes for and teardrops (black line) and ellipsoidal (green line)
microcomposite particles with the one obtained for isotropic spherical ones (red

dots).
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