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Magnetic Fe;O4@polystyrene (PS) nanoscale composite particles were fabricated using a unique Shirasu
porous-glass membrane technique and used as additives to a magnetorheological (MR) suspension with mag-
netic carbonyl-iron (CI) particles. The morphology of the fabricated Fe;O,@PS composites was characterized
by transmission electron microscopy. The effects of the Fe;O,@PS composite particle additive on its MR behav-
ior was examined using a rotation rheometer under an applied magnetic field. The results revealed improved
MR behavior, such as higher storage and loss moduli, and elastic yield stress compared to those of the pure CI-

based MR suspension under an external magnetic field.
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1. Introduction

An actively tunable magnetorheological (MR) fluid
consisting of soft-magnetic particles suspended in a non-
magnetic liquid, such as mineral oil or silicone oil [1-6],
has attracted considerable interest for many potential ap-
plications in mechanical engineering, biomedicine, pig-
ments, and even in aerospace devices owing to their
actively controllable capability. Upon exposure to an ex-
ternal magnetic field, MR fluids exhibit rapid (within
milliseconds) tunable rheological properties from Newtonian
fluid-like to Bingham fluid-like with a solid property.

Among the potential magnetic particles, soft magnetic
carbonyl-iron (CI) microspheres, possessing a large satura-
tion magnetization value, appropriate size, and large
permeability, have attracted enormous attention. On the
other hand, the use of CI particles is limited by their
much higher particle density than nonmagnetic fluids,
which can result in rapid sedimentation in MR fluids. To
improve this sedimentation problem, several experimental
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methods, such as the application of a coating process onto
the CI particles and the introduction of additive particles,
have been attempted [7, 8]. On the other hand the coating
technique is generally complex and various materials, such
as carbonaceous material as fillers [9], silica particles
[10], clay particles [11], thixotropic agents, and surfactants,
have been used additives to solve the dispersion problem.
These methods are a fast and efficiency way to enhance
the repulsive interaction or decrease the distance among
CI microspheres.

In this study, magnetic Fe;04,@PS composite particles
[12], which were initially fabricated by the Shirasu porous-
glass (SPG) membrane emulsification method, were ap-
plied as an additive to enhance both the dispersion state
and MR efficiency of pristine Cl-based MR fluids. The
SPG membrane emulsification method with subsequent
polymerization, which is a type of suspension polymeri-
zation, has become a research hotspot because mono-
disperse polymeric particles with sizes of 1-60 um can be
prepared simply by one-step polymerization using this
SPG membrane technique. By adopting this SPG membrane
method, styrene was removed from the microchannels of
the membranes into a continuous phase by the pressure of
N gas initially. By rotating the continuous phase, styrene
droplets of a fixed size were peeled off from the surfaces
of the SPG membrane and formed a continuous phase in
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a macroemulsion. The styrene macroemulsion was then
mixed with Fe;O,4 suspension together to synthesize the
Fe;0,@PS composite. While the Fe;O,@PS composite
particles themselves exhibit representative MR fluid behavior
with excellent dispersion stability [12], this paper intro-
duced these particles as an additive for a widely-recog-
nized MR suspension with CI particles using a rotation
rheometer from oscillatory tests. Among their rheological
characteristics, the magnetic field-dependent elastic yield
stress displayed a slope of 2.0 to 1.5, showing that this
MR system follows a magnetic polarization mechanism.

2. Experimental

2.1. Materials

The following chemicals were used to prepare the oleic
acid coated Fe;O, (OA-Fe;0,): ferrous chloride from
Yukari, Japan; and ferric chloride, ammonium hydroxide
(28 %), oleic acid (98 %), octane (99 %), and hexadecane
(99 %) from Sigma-Aldrich (USA). Styrene (99 %, Sigma-
Aldrich, USA), as the monomer, along with initiator and
dispersant, were also used in this study. Sodium dodecyl
sulfate (SDS) was used as a dispersant in the dispersion
phase and potassium peroxodisulfate (KPS) was used as
an initiator. CI (density of 7.81 g/cm’, BASF, Standard
CM grade, Germany) and silicone oil (kinematic viscosity
of 1000 ¢S, 0.96 g/cm®, Shinetsu, Japan) were then used
to produce the MR fluid.

The magnetic Fe;04@PS composite particles were syn-
thesized using the methodology reported elsewhere [12,
13]. The Fe;0, particles were first treated with oleic acid
to synthesize the hydrophobic Fe;O4 nanoparticles and
these particles were then admixed with a SDS solution
using an ultrasonicator to complete the follow-up response.
Styrene as the monomer was mixed with hexadecane and
squeezed out from the SPG membrane using a N, gas-
pressure. The two suspensions were then placed in a
three-neck flask for mixing. Once the reactor was heated
to 80 °C, the KPS was added as an initiator. The reactor
was heated to 80 °C with stirring for 24 h. Finally, the
obtained Fe;O4@PS particle composites were dried in a
vacuum oven at 65 °C for 24 h.

2.2. Preparation of MR fluid

A Cl-based MR suspension was fabricated by suspend-
ing 50 wt.% of CI particles in a medium oil, while the
second MR fluid was obtained by inserting Fe;O,@PS
nanoparticles (0.1 wt.%) as an additive. For the additive
system, a weight concentration of the CI microspheres
was kept the same as the first sample.
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2.3. Characterization

The morphology and size distribution of the Fe;04/PS
composite particles were examined by transmission elec-
tron microscopy (TEM, CM-220, Phillips, Netherland).
The crystallinity and chemical structure were analyzed by
X-ray diffraction (XRD, DMAX-2500, Rigaku, Japan)
and Fourier transform-infrared spectroscopy (FT-IR), respec-
tively. The MR behaviors of both MR samples were tested
using a parallel-plate rotation rheometer (MCR 300,
Anton Parr, Austria) for various magnetic field intensities
at room temperature.

3. Results and Discussion

Figure 1 presents TEM images of both Fe;0, and Fe;O4/
PS magnetic composite particles with the same resolution.
The Fe;04/PS magnetic composites were synthesized using
the SPG membrane method via an emulsion polymeri-
zation process, in which the magnetic Fe;O, particles
were embedded almost completely in the PS polymeric
matrix particles. The mean diameter of the Fe;O4/PS
magnetic composites dispersed in ethyl alcohol, which
was performed previously using dynamic light scattering
[12], was approximately 127 nm with 85 % of the particles
within the 80 to 240 nm size range.

Figure 2 presents XRD patterns of the magnetic Fe;O,/
PS composites. The peak at ~19.4° 26 confirmed the
amorphous state of PS, as reported previously [12]. The
crystalline Fe;O, particles showed peaks at 19.4, 30.1,
33.5, 43.2, 53.5, 57.1, 62.6, and 71.0° 26, corresponding
to the (220), (311), (400), (422), (422), (511), (440), and
(533) planes, respectively.

Figure 3 shows the formation of magnetic Fe;O4/PS
composites detected by FT-IR spectroscopy. The peak at
3000 cm™' was assigned to a C-H stretching vibration,
and those at 2923 and 2843 cm™' were attributed to the
symmetric and asymmetric methylene stretching group of

Fig. 1. TEM images of (a) Fe;04 and (b) Fe;0,/PS magnetic
composites.
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Fig. 2. (Color online) X-ray powder diffraction (XRD) pro-
files of Fe;0,/PS magnetic composites.
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Fig. 3. (Color online) Fourier transform-infrared spectroscopy
(FT-IR) of Fe;04/PS magnetic composites.

PS, as reported previously [12], or to oleic acid that had
been applied to modified Fe;O,4[14, 15]. The C=C stretch-
ing (1610 cm™") and C=O0 stretching bands of the carbox-
ylate group due to symmetric (1388 cm™') and asymmetric
(1523 cm™") vibration were verified. In addition, the C-H
out-of-plane bending vibration of the phenyl group was
observed at 740 cm™' and the bands at 582 and 631 cm™
were assigned to the Fe-O stretching bands in Fe;O,
nanoparticles [16].

The viscoelastic properties under different magnetic
field strengths were tested using the dynamic oscillation
method at strains ranging from 0.001 to 100 % at a con-
stant frequency (@ = 6.28 rad/s). During the oscillation
measurement process, the magnetic particles formed fibrous
(or chain)-like structures vertical to the flow direction
generated by a parallel-plate typed rheometer that were
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Fig. 4. (Color online) Storage (a) and loss (b) modulus for CI/
Fe;0,@PS (filled symbol) and CI (open symbol) based MR
fluid.

attributed to polarized interactions among the particles
under an external magnetic field. Figure 4 presents the
storage (G') and loss moduli (G") of the CI particle-based
MR suspensions with or without the Fe;04@PS composite
additive versus the shear strain curves. The G’ and G”
values of the CI/Fe;O4@PS-based MR suspension were
larger than those of the pristine CI-based MR fluid regard-
less of whether or not a magnetic field had been applied.
Under an applied magnetic field, both G’ and G" increased
dramatically and then increased stepwise with increasing
magnetic field strength. When the shear strain was smaller
than the critical value, both the storage and loss moduli
exhibited an almost plateau region known as the linear
viscoelastic region (jivg), where fibrous-like structures
were quite stable. Thus, a constant strain of 0.02 % was
chosen for further frequency sweep measurements. As
soon as the strain reached a critical value, G’ and G”
decreased suddenly as the strain was increased due to
irreversible deformation of the MR fluid from the chain-
like structure to the liquid-like structure-based MR fluid



Journal of Magnetics, Vol. 24, No. 1, March 2019

vvvaVvvvvvvv!
Abaaany kakd
v A K XX
IA%A(ZL;AAAAAAAAAAA
KX

883”333388888

-
o
w
T

o4
o >4 2|
oe<r 4

o4

o 86 kA/m

O 171kA/m
257 kA/m

7 342kA/m

o< p4
oa=<p 4
n opd
om
Oom
om
Oom
“
Cl‘l)
<
4 ron
>

Elastic stress, t' [Pa]
)

_
o,
-
L]
[u}

».
o

107 10" 10° 10"
Strain, y [ %]

Fig. 5. (Color online) Elastic stress for CI/Fe;O,@PS (filled
symbol) and CI (open symbol) based MR fluids as a function
of strain.

N
S
&

even in the absence of an external magnetic field [17, 18].

The strain-dependent elastic stress, 7' = G'y, under a
series of applied extra magnetic field strengths in log-log
coordinates were determined using the data from Fig. 4,
as shown in Fig. 5. In the minor strain region, the elastic
yield stress increased almost linearly with increasing
strain, where the MR suspensions could recover to their
original phase after removing the stress. When the applied
stress exceeded an elastic yield stress value, MR fluids
showed an irreversible change, in which the rate of stress
growth decreased gradually, emerging as a plateau plastic
range.

Figure 6 shows magnetic field-dependent elastic yield
stresses (7,) for both Cl/Fe;04@PS and Cl-based MR
fluids on a logarithmic scale, which were obtained from
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Fig. 6. (Color online) Elastic yield stress for Cl/Fe;O,@PS
(black square) and CI (red triangle)-based MR fluids as a
function of magnetic field strengths.
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the first deflection point of the elastic stress in Fig. 5
under different magnetic field strengths. Compared to
their dynamic yield stresses obtained from a steady shear
test [13], the elastic yield stresses were lower. When the
H value is smaller than the critical magnetic field strength,
H,, t, is proportional to H? [19, 20], as shown in Eq. (1):

ryOCH2 (1

The polarization force increases with increasing H,
which is beneficial to forming a chain-like structure in a
MR fluid. On the other hand, when H > H,, the MR fluid
reaches the local saturation of magnetization and the
relationship between 7, and / can be described in Eq. (2):

T, o€ H" 2)

In addition, a universal yield stress formula has been
recommended to assess a MR suspension in the presence
of extra magnetic field strengths, as shown in Eq. (3)
[21], which is analogous to the electrorheological sus-
pensions in external electric fields [22]:

tanh,/H/ch

JH/H,
The parameter, ¢, is related to the volume concentration

of the MR system and susceptibility. Based on Eq. (3),

the yield stress (z,) could present two limiting conditions
with respect to H, as shown as Eq. (4):

7,(H) = aHZ[ (3)

7, = al’
7, = aﬁHm

Through further analysis, a generalized formula could
be estimated by H, and its corresponding yield stress of
_ 2 n_oH . _ 1H)

7,(H,) = 0.762a H.. When H = E and 7= ) were
applied to Eq. (3), a new universal equation was obtained
as follows:

3= 13134 "tanh JA (5)

H <<H,
H>>H, 4)

Therefore, the elastic yield stress curves can merge into
a single line via Eq. (5), as shown in Fig. 7, which is
similar to that obtained from their dynamic yield stress
[13].

To further demonstrate the characteristics of MR sus-
pensions, an angular frequency sweep test of the CI/
Fe;04@PS (filled) and CI (open)-based MR suspensions
with a constant amplitude of 0.02 % and a frequency
ranging from 1 to 100 rad/s was performed in the pre-
sence or absence of a magnetic field, as shown in Fig. 8.
At zero magnetic field, both the CI/Fe;O,@PS and neat
Cl-based MR suspension exhibited typical Newton fluid-
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Fig. 8. (Color online) Frequency sweep of storage moduli for
Cl/Fe;04@PS (filled symbol) and CI (open symbol)-based
MR fluids with a constant amplitude of 0.02 %.

like behavior in that the G’ value increases with increas-
ing angular frequency. After applying the magnetic field,
the storage modulus improved almost instantaneously by
three orders of magnitude followed by a stepwise increase.
The G’ values of the MR fluid with the additive were
always were higher than that of neat CI under the same
magnetic field and angular frequency [23].

The stress relaxation property of the MR fluids also
plays a major role in describing the behavior of MR fluids,
as indicated in Fig. 9, where the significant state change
from fluid-like to solid-like was observed after applying
the magnetic fields. The shear relaxation modulus G(?) of
both Cl/Fe;04@PS (filled) and CI (open)-based MR
suspensions as a function of time could be deduced from
both G’ and G" with a functional relation in Eq. (6) known
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Fig. 9. (Color online) Relaxation modulus of the CI/Fe;O4@PS
(filled symbol) and CI (open symbol)-based MR fluids.

as the Schwarzl equation [24]:
G@) = G'(w)—0.566G"(w/2) + 0.203G"(w) (6)

In the absence of a magnetic field, the liquid-like phase
of the MR suspension was confirmed with or without the
Fe;04@PS composites. In the presence of a magnetic
field, however, the relaxation modulus exhibited a plateau
versus time in a logarithmic relationship caused by the
strong and stable attraction among the magnetic beads
under a fixed magnetic field strength.

Figure 10 shows the MR efficiency calculated from
(G'-G,")/G,, where G' is the storage modulus of the
MR fluid in the presence of an applied magnetic field
strength and G, is the initial storage modulus under a
zero magnetic field [25, 26]. With increasing magnetic
field strength from 86 to 342 kA/m, the MR efficiency
increased over the entire region and the values of the CI/
Fe;04@PS MR fluid were always higher than those of the
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Fig. 10. (Color online) MR efficiency of the CI/Fe;O4@PS
(filled symbol) and CI (open symbol)-based MR fluids.
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CI MR suspension at the same field strength, meaning
that the additive can improve the MR efficiency. Under
the same magnetic field, the MR efficiency decreased
with increasing angular frequency because the deformed
chain structure of the magnetic particles resulted in a
weak flow resistance [27].

4. Conclusion

Nanoscale Fe;04@PS composite particles were fabri-
cated using a SPG membrane method and then adopted to
a Cl-based MR suspension as an additive. The viscoelastic
behaviors of the CI/Fe;04@PS-based MR fluid were
enhanced compared to the neat Cl-based MR suspension
under an external magnetic field from both the controlled
strain sweep and controlled frequency sweep test. The
elastic yield stresses and magnetic-field dependence were
analyzed using a universal yield stress function, showing
a change in slope from 2.0 to 1.5. Higher MR efficiency
for the CI/Fe;O4@PS-based MR suspension was also
observed over a wide frequency range.
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