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This study investigates the magnetorheology (MR) of polydimethylsiloxane (PDMS) that contains magnetic powders of various
compositions, shapes, and concentrations. Two magnetic powders, Fe;O, and CoFe,O,, were synthesized. TEM images reveal that
a powder of spherical particles was obtained at high temperature. A powder with nonspherical star shape was synthesized at low
temperature. A rheological test confirmed a typical Bingham behavior for all the MR fluids prepared in this study. Experimental
results demonstrated that the cobalt ferrite exhibited a more superior yield stress than the ferrite compound. A magnetic powder
of larger particles was found to have higher yield stress. Moreover, the spherical particles yielded a higher yield stress than the
star-shaped particles. The “saturated magnetic strength” increased with the loading of the magnetic powder. Finally, the results
demonstrate that 12 wt% CoFe,O, nanopowder (10 nm) dispersed in the PDMS liquid exhibited a large range of yield stresses (0 to

644 Pa).

1. Introduction

A magnetorheological (MR) fluid can be rapidly transformed
from a Newtonian fluid-like structure to a solid-like structure
with viscoelastic-plastic yielding by applying a magnetic
field [1-7]. Rabinow [8] discovered this phenomenon in
1948. Since then, various metal or ceramic powders with
magnetic characteristics have been dispersed in nonmagnetic
carrier liquids [9], such as oil or aqueous liquids, in the
preparation of MR fluids. The smart damper design [10] is
currently the most advanced application of MR suspensions.
It releases energy using a magnetorheological dashpot and
uses electric power to align magnetic nanoparticles that are
suspended in liquid with a magnetic warp. The particles
are orientated almost perpendicular to the direction of fluid
motion (Figure 1). Accordingly, the flow is blocked and the
viscosity is thus increased. Regardless of the magnitude of a
shock, the energy dissipation always remains optimal in the
smart damper because the viscosity of the suspension can be
adjusted.

Among all the methods to produce the magnetic nano-
particles [11-13], the thermal decomposition method was
the most common one in a lab scale and was therefore
selected in this work. This study investigates the magnetic
fluids, with a view to form magnetic nanoparticles of different
shapes and sizes under the control of chemosynthesis [14-18]
and then to mix them with PDMS to make magnetic fluid
with various solid loadings. MR tests are then performed. The
most common MR fluid consists of particles on a micron-
scale, normally 5-200 ym in size. The micron-scale particles
are too weak to be stabilized by the Brownian motion, and,
using which, the reproducibility of MR characterization is
difficult to achieve. Accordingly, the sedimentation of parti-
cles remains a critical problem to solve in relation to most
designed MR fluids—even those that involve added surfac-
tants. Nanoparticles, however, can be easily stabilized in a
liquid with the aid of Brownian motion and the repulsive
effect from the surfactant. A special synthetic approach was
followed in this study to produce nanoscale particles in a
manner that eliminates the sedimentation problem.



FIGURE 1: Schematic diagram of magnetorheological damper [19].

2. Experimental

2.1.  Preparation of Iron Oxide (Fe;O4) Nanoparticles.
FeCl;-H,O (10.8g, 40mmol), sodium oleate (36.5g,
120 mmol), distilled water (60 mL), ethanol (80mL), and
hexane (140 mL) were put in a 500 mL three-neck flask
and stirred under nitrogen for one hour to dissolve them
completely. Then, the flask was mounted onto a condensing
system and heated to 70°C at a heating rate of 3.3°C/min in
the nitrogen environment. This temperature was maintained
for 4.5 hours and three extractions were performed after
the reaction using distilled water (60 mL). The iron-oleate
complex (1) with a black-brown appearance was obtained. A
rotary concentrator was then used to remove the solvent.

Product (1) (9.00 g, 10 mmol), oleic acid (1.73 g, 6 mmol)
and tri-n-octylamine (30.00 g) were put in a 500 mL three-
neck flask. A magnet was added and stirred in a nitrogen
environment for 40 minutes to mix the contents uniformly.
The condensing system, in the nitrogen environment, was
set up to 300 or 366°C at a heating rate of 3.3°C/min. A
black solution was obtained after reaction for 30 minutes. The
ethanol was used to separate out the black solid, namely, the
Fe;0, product. Finally, the Fe;O, was purified using hexane
to remove the organic substance on its surface (Figure 2).

2.2. Preparation of Iron Cobalt Oxide (CoFe,0,) Nanopar-
ticles. The cobalt ferrite nanoparticles have been prepared
using the method developed by Hyeon as follows [20].
Iron (III) acetylacetonate (0.71g, 2 mmol), cobalt (II) acety-
lacetonate (0.26 g, 1mmol), and 1,2-tetradecanediol (2.56 g,
10 mmol) were put in a 500 mL three-neck flask. Nitrogen
deoxidized phenyl ether (20 mL), oleic acid (1.73 g, 6 mmol),
and oleyamine (2.00 g, 6 mmol) were then added and stirred
in a nitrogen environment for one hour to ensure uniform
mixing. The condensing system, in the nitrogen environment,
was set up to 200°C at a rate of 3.3°C/min and maintained
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for 30 minutes; the system was then heated to 265°C at a
heating rate of 3.3°C/min and maintained for 30 minutes.
Alternatively, the condenser was heated to 300°C and main-
tained for one hour after reaction at 200°C for two hours. A
black solution was yielded after the reaction is complete and
ethanol was used to separate out the black solid. The black
solid thus obtained is the product CoFe,O,. The CoFe,O,
was purified using hexane to remove the organic substance on
its surface (Figure 3). All of the chemicals used were supplied
by ACROS Chemicals and used without further purification.

2.3. Preparation of Magnetic Fluid. The magnetic material
0.2 g was blended with 1.5 mL polydimethylsiloxane (PDMS,
viscosity 100 cp) and stirred uniformly. The content was
poured into the lower plate of rheometer (Anton Paar
Physica MCR301 MRD). Then, the upper plate was lowered
to maintain the spacing between the plates at 0.1cm. The
temperature of the rheometer was kept at 25°C. The yield
stress of the object was measured under various magnetic
strength. The samples were prepared in the following orders:
(1) Fe;0, (300°C), (2) Fe;0, (366°C), (3) CoFe,0, (265°C),
and (4) CoFe,0, (300°C).

2.4. Principle of Magnetorheology. Figures 4(a) to 4(d)
present the basic principle of magnetorheology. When a
magnetic fluid is placed in a magnetic field, magnetic
nanoparticles are temporarily in a network state, as shown in
Figures 4(b) to 4(c). The purpose of shear test is to determine
the critical shear stress, also known as the yield stress, which
disrupts the network state (Figure 4(d)). A larger yield stress
indicates that the tested MR fluid exhibits a stronger MR
effect.

The pure PDMS fluid that was used herein is a Newtonian
fluid. An MR fluid, in contrast, exhibits Bingham character
in a magnetic field. Such a Bingham fluid [19] has a so-called
yield stress (7). The MR fluid must overcome this threshold
for the onset of fluidity in a magnetic field. Equation (1)
defines “apparent viscosity” (y,), taking into account the yield
stress in viscosity calculation.

T =1y + fo)
T T 1
Pla=;=;+1“0'

In (1), T denotes the shear stress; 7, denotes the yield stress; y4,
denotes the quasi-Newtonian viscosity; y represents the shear
rate, which is the gradient of the velocity against the vertical
displacement, and y, represents the apparent viscosity, which
is the ratio of the measured shear stress to the given shear rate.

For a fixed shear rate, a larger yield stress corresponds
to a higher apparent viscosity. The magnetic field is adjusted
by varying the electric current, and the targeted apparent
viscosity is thereby obtained.

3. Results and Discussion

Figure 5(a) presents the wide-angle X-ray diffraction pattern
of Fe;O, particles that were synthesized in this work. All of
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FIGURE 4: Schematic diagram of yield stress.

the characteristic peaks of the crystal (30.1 (200), 35.4 (311),
37.0 (222), 43.1 (400), 53.4 (422), 56.9 (511), 62.5 (440)) are
similar to other scholars’ results [21, 22], proving that the
synthesized particles are granular Fe;O, crystals. The wide-
angle X-ray diffraction pattern of CoFe, O, particles that were
synthesized in this work was shown in Figure 5(b). All of the
characteristic peaks (18.1 (111), 30.1 (220), 35.7 (311), 37.0 (222),
43.1 (400), 53.4 (422), 57.0 (511), 62.5 (440)) of the crystal are
similar to other scholars’ results [23-25], indicating that the
synthesized particles are granular CoFe,O, crystals.

Figures 6(a) and 6(b) are TEM photos of Fe;O, particles
that were synthesized at 366°C and 300°C, respectively. They
reveal that the particles formed at 300°C are star shaped; the

longest diagonal distance between two apexes is 80 nm, and
the internal diameter of the particles is around 40 nm. In
contrast, regular, spherical particles (30 nm in diameter) are
obtained at 366°C, suggesting that a high temperature yields
round and uniform particles, and a low temperature yields
nonspherical particles, even with multi-acute angles.
Crystallization is usually divided into “nucleation” and
“growth” stages. Low temperature favors nucleation but is dis-
advantageous to growth, whereas high temperature disfavors
nucleation but favors growth. The reactant diffusion rate is
low atlow temperature. The crystal nucleus is unlikely to grow
uniformly to form a 3-D symmetrical sphere; in contrast,
particles with polygonal shape are synthesized. The convex
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FIGURE 5: X-ray diffraction pattern of (a) Fe;O, and (b) CoFe,O,.

surfaces of a polygonal particle can more easily capture a
new Fe;O, ionic particle than can do the spherical surfaces,
so the crystal keeps growing along the convexity and forms
several arms. Therefore, star-shaped particles with multiacute
angles are formed. However, the diffusion rate is high at high
temperature, and the crystal nuclei are uniform, so numerous
new Fe; O, ionic particles are stratified on the surface of each
nucleus simultaneously. The crystallization time is too short
to allow any nucleus to form a convexity, so round crystals
uniformly grow instead. The formation of the star-shaped or
polygonal nanoparticles was also observed by other scholars
[26, 27], and similar growth mechanism was proposed.

Figures 6(c) and 6(d) are the TEM images of CoFe,O,
particles that were synthesized at 265°C and 300°C, respec-
tively. Particles that were synthesized at high temperature
were spherical with a relatively uniform diameter of approx-
imately 10 nm. Particles synthesized at low temperature,
however, are nonspherical and have sizes of 3~5nm. The
difference between the shapes of CoFe,O, particles can be
explained similarly to the mechanism of formation of the
Fe;O, particles mentioned previously; a high temperature
promotes the formation of round particles because the rate of
the diffusion of the ionic particles is high enough to make the
suspension contain a homogenous ionic-particle distribution
at high temperature. At higher temperatures, nucleation and
growth may not be easily separated. The homogeneity of the
crystallization process is better and can thus yield a more
spherical particle with a larger diameter. The relationship
between synthesis temperature and the shape of CoFe,O, and
Fe;0, particles is shown in Table 1. Notably, the dependence
of temperature on particle size and shape is only valid for the
“thermal decomposition method” used herein. Similar result
was also reported by other scholars [28].

Figure 7 presents the MR result of CoFe,O, (synthesized
at 300°C) dispersed in PDMS (12 wt%). The MR fluid clearly
changed from a Newtonian fluid to a Bingham fluid when a
magnetic field was applied. As the magnetic field increases,
the yield stress (7;) increases, and the quasi-Newtonian
viscosity (y4,) of the fluid increases. Table 2 summarizes the
results from Figure 7. Table 2 demonstrates that the yield
stress, defined as the extrapolated stress at zero shear rate,
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TABLE 1: Various shapes and sizes of nanoparticles synthesized at
different temperatures.

Synthesis
Particle type temperature Shape Diameter (nm)
(O
Fe,O, 300 Star 40 + 6"
Fe,O, 366 Sphere 30+2
CoFe, 0O, 265 Sphere 3+1
CoFe,O, 300 Sphere 10+3

*The mean value of the core-diameter of the star particles.

TABLE 2: The 7, and g, of CoFe, 0, 12 wt% MR fluid under different
magnetic strengths.

Magnetic field strength (Gauss) 7,, (Pa) Uy (Pas)
0 0 0.5
1400 296.8 0.9
2800 404.3 1.2
5800 511.5 1.4
8600 576.7 1.5
10000 644.3 1.6

increases with the magnetic field. Accordingly, when the
magnetic field increases, the magnitude of the yield stress,
which is the range of deformation before fracture, increases,
as demonstrated in Figure 4(c). If the line of magnetic nano-
particles is broken, then various dispersed particle groups
advance in the original direction of the shear force and thus
flow forward. However, the magnetic field causes the par-
ticle groups to follow an inclination that deviates from the
direction of flow in the flow process. A larger deviation
corresponds to greater resistance of the fluid and, therefore,
a greater viscous stress. Therefore, quasi-Newtonian viscosity
(4,) increases with magnetic force. In fact, the Bingham yield
stress (7,) and quasi-Newtonian viscosity (4,) do not increase
without limit. When the magnetic field continues to increase,
the magnetic fluids eventually reach their own “saturated
magnetic strength?”

Figure 8 plots the relationship between yield stress (7,)
and magnetic flux density (G) for Fe;O, (366°C) fluid at var-
ious concentrations. Evidently, the yield stress increases with
the magnetic field. However, the saturated magnetic strength,
which the yield stress does not further increase after the
magnetic force is raised over, can be obtained for the Fe;0,
suspension at a low concentration. Figure 8 reveals that the
saturated magnetic strengths of 3 wt% and 6 wt% Fe; O, fluids
are 6000 G and 8600 G, respectively. However, the saturation
point of 12wt% Fe;O, is far beyond the measurable range
(10000 G) of the instrument, so it cannot be determined. In
summary, Figure 8 demonstrated that the saturated magnetic
strength increases with the particle concentrations.

Figure 9 plots the shear stress against shear rate for
magnetic nanoparticles with different shape, size, and species.
Figure 9 plots the effect of size on the MR behavior of
CoFe,0, particles of similar shapes (spherical or almost
spherical). CoFe,O, particles with a diameter of 10 nm have
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FIGURE 6: TEM photographs of (a) Fe;O, particles synthesized at 366°C, (b) Fe,;O, particles synthesized at 300°C, (c) CoFe,O, synthesizing
particles at 265°C, and (d) CoFe,O, synthesizing particles at 300°C.
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the best yield stress, 644 Pa, and quasi-Newtonian viscosity,
1.6 Pa S. CoFe,0, particles with a smaller diameter, 3 nm,
have a poor yield stress, which is only one third of that of
the larger panicles, 188 Pa. Theoretically, a larger particle has
fewer connection points and is unlikely to be destroyed by
shear stress. Therefore, it can exhibit a higher MR yield stress.
Figure 9 demonstrates that the yield stress of the CoFe,O,
series clearly exceeds that of the Fe;O, series, indicating that
the magnetic strength of iron cobalt oxide exceeds that of
iron oxide [29]. The incorporation of the Co cation in the
Fe-O matrix greatly increases the magnetic anisotropy of the
materials, resulting in higher coercivity. Ferromagnetic mate-
rials with high coercivity have permanent magnets which can
sustain a harsh and complex hydrodynamic environment and
yield a good MR behavior. The drawback of the particles with
high coercivity is the problem of particle dispersion when the
field is out [30, 31]. How to prepare an MR fluid with high
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magnetic strength but low self-flocculation is a tough task for
us in the future.

Figure 10 illustrates that a round particle of Fe;O, has a
higher yield stress than a star particle. The core diameter of
the star particle (40 nm) exceeds the diameter of the round
particle (30 nm). According to the results for ferrocobalt
oxide, larger particles are associated with higher yield stress,
but the experiment to which Figure 9 pertains yields the
opposite result. The junction of the star-shaped particle may
be the connection between two arms, and it is less stable than
the connection of two round particles. Accordingly, this
fragile joint is easy to be destroyed by a shear force, resulting
in a reduced yield force.

4. Conclusions

Fe; 0, is likely to be synthesized at high temperature (366°C)
as round uniformly sized particles, and at low temperature
(300°C) as star-shaped particles. Based on the MR test results,
we conclude the following.

(1) The yield stress of the CoFe,O, fluid is three to ten
times higher than that of Fe;O, fluid at the same con-
centration.

(2) In an MR fluid of round CoFe,0, particles larger
particles produce higher yield stress.

(3) The yield stress of MR fluid with round particles
exceeds that of such a fluid with star-shaped particles.

(4) In an MR test, the “saturated magnetic strength”
increases with the particle concentration.
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