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Abstract

Magnetorheological fluids (MRFs) are types of suspensions that contain magnetic particles and a carrier fluid, and are considered
as semi-active smart materials. By tuning the strength of an external magnetic field, like other traditional MRFs, a carbonyl iron
(CI) - poly(methyl methacrylate) (PMMA) particle-based MRF can change reversibly from a fluid-like state to a solid-like state
within milliseconds. In the research reported, Cl particles were encapsulated with PMMA via emulsion polymerization. After
the polymerization, the fabricated CI-PMMA composite particles were dispersed in a suspension medium to prepare MRF. The
synthesized CI-PMMA composite particle-based MRF showed a shear stress of 60 kPa at the magnetic field strength of 0.6 T,
and a greatly enhanced anti-sedimentation stability.
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INTRODUCTION

Magnetorheological fluids (MRFs) are types of suspension that
contain magnetic particles and a dispersion medium, and are
considered as semi-active smart materials since they were reported
in the late 1940s by Rabinow.! They exhibit the mechanical
behavior of changing from a fluid-like state to a solid-like state
within milliseconds with a change in the strength of an external
magnetic field,?> this mechanical behavior being the so-called
controllable magnetorheological (MR) effect. Taking advantage of
this outstanding mechanical characteristic, MRFs have been widely
used in engineering applications such as dampers,3~> vibration
control,® MR polishing,” MR isolators,® MRF-based haptic devices,’
brakes'® and so on. Since the density of most microsized magnetic
particles in MRFs is markedly higher than that of the suspending
medium, the magnetic particles will sediment. The problem is that
this sedimentation leads to a notable decrease of the MR effect;
therefore, the dispersion stability of MRFs plays a significant role
in their applications and needs consideration.

Much endeavor aimed at improving the anti-sedimentation
character has focused on the fabrication of magnetic parti-
cles. For instance, Cao etal. synthesized superparamagnetic
Fe304/poly(methyl methacrylate) (PMMA) nanocomposites,'" Li
etal. prepared single-wall carbon nanotubes'? and Kim etal.
coated polystyrene on nanosized y-Fe,03 magnetic particles.'?
But the magnetization saturation of these nanosized magnetic
composites is too poor for engineering applications. Other sim-
ilar work encapsulated carbonyl iron (Cl) particles with polymer
materials, like PMMA, and the composite particle-based MRFs
demonstrated relatively low shear stress. Choi etal. prepared a
composite particle-based MRF of 25 vol%, the shear stress be-
ing less than 2 kPa,’* Kim etal. fabricated composite particles
and an MRF with 25 vol% of them displayed a shear stress of

around 2 kPa,'> Cho et al. prepared an MRF of 30 vol%, the highest
shear stress being 10 kPa'® and Choi et al. synthesized composite
particles for an MRF, the shear stress of which was about 15 kPa.!”

Some research has highlighted the composition of carrier
fluids, which is aimed at enhancing the anti-sedimentation
characteristics. For example, poly(vinyl pyrrolidone) and carbon
nanotubes were added into carrier fluids as additives,'® two types
of Cl were mixed in an ionic liquid'® and polyimide gels were used
as carrier media.?° These methods improve the anti-sedimentation
properties to some extent, but are expensive and troublesome,
which limit their application in commercial fields.

In the research reported here, a PMMA layer was coated on
Cl particles to fabricate CI-PMMA composite particles. These
composite particles were then dispersed in silicone oil to produce
MRF.2! This MRF shows good anti-sedimentation stability and a
shear stress of about 60 kPa at the magnetic field strength of 0.6 T.
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EXPERIMENTAL

Materials

Methyl methacrylate (MMA; CP), acetic acid (AR), sodium lau-
rylsulfonate (SDS; CP), ammonium persulfate (APS; AR), sodium
hydroxide (NaOH; AR), ethanol (AR) and silicone oil (H201-500)
were purchased from Sinopharm Chemical Reagent Co. Ltd. Cl
particles (model CN) were bought from BASF, Germany, with an
average diameter of 3.5 um.

Preparation of CI-PMMA composite particles

The Cl particles were coated with PMMA via emulsion polymeriza-
tion. Before the reaction, distilled water was purified by nitrogen
gas and MMA was refined by diluted NaOH solution. First, the Cl
particles were activated by acetic acid for a few minutes, and then
washed with distilled water. Second, with a nitrogen flow to pro-
tect the iron particles from being oxidized, appropriate amounts
of distilled water (500 mL), SDS (0.5 g), MMA (30 mL) and activated
Cl particles (100 g) were added into the system and stirred simul-
taneously. Next, aqueous APS solution was added dropwise to
initiate the polymerization. The reaction system temperature was
kept at ca 80 °C throughout the process. After 10 h polymerization,
the black product obtained was poured out, washed with distilled
water and ethanol, then separated from the by-products using
magnetic power and dried in vacuum at 50 °C.

Preparation of the MRF

Both ClI particles and the composite particles were dispersed in
silicone oil, separately, to prepare MRFs; the concentration of these
particles was ca 30 vol%.2

Characterization
The morphology of the particles was characterized using field
emission SEM (JEOL, JSSM-6700F) at an accelerating voltage of 5 kV.
Fourier transform infrared (FTIR) spectra were acquired with a
Bruker FTIR (EQUINOXS55) instrument using KBr wafers. TGA was
performed using a Shimadzu TGA 50 in nitrogen atmosphere,
with a scanning rate of 10°C min~' ramped from 0 to 800 °C.
The samples were in alumina pans. XRD patterns were recorded
using a Philips X'Pert PRD S diffractometer with monochromator
for a 26 range from 10° to 90°. X-ray photoelectron spectroscopy
(XPS) was carried out using a Thermo-VG Scientific ESCALAB 250
instrument with Al Ko radiation at a pass energy of 1486.6 eV.
The MR characterization of the MRFs was carried out at 25°C
using a rotational rheometer (Physica, MCR 301, Anton Paar,
Austria) with a temperature controller. The examination was
performed with a parallel-plate measuring system (PP20) with
a diameter of 20 mm and a testing gap of 1 mm.3
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Figure 2. FTIR spectrum of CI-PMMA particles.

RESULTS AND DISCUSSION

Morphologies of CI-PMMA particles

SEM images of pure Cl particles and CI-PMMA composite particles
are shown in Fig. 1. Figure 1(b) shows an SEM image of the
composite particles at a magnification of x3000, which indicates
that all the Cl particles have been encapsulated with PMMA;
Fig. 1(c) shows an SEM image of a certain CI-PMMA particle at a
magnification of x 15 000, which displays a clear morphology of the
composite particle surface. The size of the CI-PMMA composite
particles (4.3 um) is larger than that of pure Cl particles (3.5 um)
after the encapsulation process. Moreover, compared to pure Cl
particles, the surface of the composite particles is coarser and
the density decreases to 5.6 g cm~3, while the density of the Cl
particlesis 7.2 g cm—3.

FTIR spectroscopy

The FTIR spectrum shown in Fig. 2 confirms the coating of PMMA
on the surface of Cl particles. The strong absorption band at
580 cm~ ! isassigned to the vibrations of the Fe— O group; the sharp
absorption at 1730 cm~' together with the two wide absorption
peaks between 1330 and 1000 cm™' indicate the presence of
—CO-O0R groups. Furthermore, there are no peaks in the ranges
1000-650 and 1680-1600cm™" in relation to ~C=C-, which
demonstrates the completion of the polymerization process.

Thermal stability
TGA of the CI-PMMA composite particles was conducted to
evaluate the thermal stability of the particles and to estimate
the approximate amount of PMMA coated on the surface of the
composite particles. As shown in Fig. 3, the weight loss indicates
the degradation of the coating layer. The curve in Fig. 3(a) reveals
the weightloss process of the PMMA particles,

17,24 the temperature

Figure 1. SEM images of (a) bare Cl and (b, c) CI-PMMA particles.
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Figure 3. TGA curves of (a) PMMA and (b) Cl and CI-PMMA particles.

region of the PMMA particle degradation being 250-400 °C. In
Fig. 3(b), the curves show the thermal character of the Cl particles
and CI-PMMA particles. A noticeable weight loss appears in
the range 200-400°C in the curve for the CI-PMMA particles,
which verifies the degradation of the PMMA layer coated on
the Cl particles, and the content of PMMA in the CI-PMMA
composite is about 5 wt%. Moreover, obvious increasing parts are
observed in both curves, due to the oxidation of iron in the Cl and
Cl-PMMA particles by the trace amount of oxygen in the nitrogen
atmosphere at high temperature.

XPS analysis

The XPS measurements shown in Fig.4 confirm the stable
attachment of PMMA on the surface of Cl particles. The quantitative
results indicate that the content of iron is 31.44% and 6.2% in pure
Cl and CI-PMMA composite particles, respectively. Apparently,
after the polymerization, the content of iron on the surface of
the CI-PMMA composite particles falls dramatically, which proves
the successful coating of PMMA on the surface of the Cl particles.
Also, the contents of carbon and oxygen for both particle types
relate to the absorption of CO, on the surface. Furthermore, as for
Cl-PMMA particles, the PMMA layer which is made up of carbon,
hydrogen and oxygen also contributes to the amount of carbon
and oxygen.

XRD analysis
The XRD patterns of Cl and CI-PMMA composite particles are
shown in Fig. 5. The XRD pattern of the Cl particles parallels the
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Figure 4. XPS spectra of Cl and CI-PMMA particles.
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pattern of a-Fe particularly, which is verified by the standard XRD
patterns with the PCPDF number of 87-0721. In this pattern, the
three sharp peaks appearing at 20 values of about 45°, 65° and
82° evidence the crystalline structure of a-Fe. In the XRD pattern
of the CI-PMMA particles, the three typical sharp peaks are also
seen, which indicates that the polymerization procedure does not
change the crystalline structure of CI.

MR characteristics

Sedimentation

In order to better observe the sedimentation characteristics, both
of the MRFs, based on Cl and CI-PMMA at 30 vol%, were
diluted to 3 vol%.2> Then, the diluted MRFs were poured into
measuring cylinders (10 mL) with gum-stoppers to avoid impurity
contamination. These samples were placed vertically on a static
marble stage at room temperature.?®?” During the process, a
transparent layer forms because the magnetic particles sediment
in the silicone 0il.28 Throughout the measurement, the volumes
of the upper transparent layer were monitored over time. The
formula for the sedimentation ratio (q) is

Vo =V

0

q(%) = x 100

whereVjistheinitial volumeand V; is the volume of the transparent
layer.

Figure 6(a) vividly shows the sedimentation process and Fig. 6(b)
shows the sedimentation ratio as a function of time. This
demonstrates that the MRF with the CI-PMMA composite particles
possesses longer-term stability against sedimentation in silicone
oil. Figure 6(c) shows the sedimentation of MRFs of 30 vol%. The
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Figure 5. XRD patterns of Cl and CI-PMMA particles.
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Figure 6. Sedimentation of CI- and C|-PMMA-based MRFs.
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Figure 7. Shear stress as a function of (a) shear rate and (b) magnetic field strength.

pure Cl-based MRF sediments to its equilibrium in 10 days (left),
while the CI-PMMA-based MRF does not separate into two phases
even over 6 months (right), which further confirms the conclusion
thatthe CI-PMMA-based MRF exhibits a better anti-sedimentation
property. Previous related work all showed anti-sedimentation
character to different degrees: Chin etal. added Co-y-Fe,03
(10%) and CrO, (10%) to an MRF at a concentration of 40 vol%,
which showed a sedimentation ratio of about 70%;*° Fang et al.
synthesized a polystyrene/Fe;O4-based MRF, which displayed a
sedimentation ratio of 70%;*° and Jang et al. coated Cl particles
with poly(vinyl butyral), and an MRF based on these composite
particles showed a sedimentation of 80%.3!

MR effect

The MR effect of the CI-PMMA-based MRF was examined as a
function of external magnetic field strength controlled by current,
using a rheometer with a temperature controller.3 Fig. 7(a) shows
shear stress as a function of shear rate at some steady magnetic
flux density, and Fig.7(b) shows shear stress as a function of
magnetic flux density for a shear rate of 200 s~". In both figures,
the shear stress increases with increasing shear rate and magnetic
field strength. The CI-PMMA-based MRF of 30 vol% displays a
shear stress of about 60 kPa at a magnetic field strength of 0.6
T. This value is lower than that of the pure Cl-based MRF (about
90 kPa) because of the PMMA layer, which reduces the effective
content of iron in the MRF with the same volume percentage, and
the polymer layer also prevents direct contact of iron encapsulated

in it. However, the shear stress of 60 kPa is still markedly higher
than that found in previous similar work, for which the shear stress
values are 2 kPa (25 vol%),'*'> 10 kPa (30 vol%)'® and 15 kPa.'”
In addition, the shear stress does not achieve its maximum value,
as shown in Fig. 7(b), for the limits of the testing instrument,
which demonstrates the potential usefulness of the CI-PMMA-
based MRF.

CONCLUSIONS

Cl particles were encapsulated by crosslinked PMMA via emulsion
polymerization to fabricate CI-PMMA composite particles. The
CI-PMMA composite particle-based MRF showed a shear stress
of 60kPa at a magnetic strength of 0.6 T. Furthermore, the
density of the CI-PMMA composite particles was less than that
of pristine Cl as a result of the PMMA layer. Consequently,
the synthesized CI-PMMA composite particle-based MRF had
dramatically improved sedimentation property and the dispersion
stability in comparison to the Cl-based MRF. In addition, the
polymerization process is accessible and the experiment can be
magnified easily, which is a requirement for potential commercial
applications.
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