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Abstract Soft magnetic carbonyl iron (CI) for application to
magnetic stimuli-responsive smart materials in an external
magnetic field normally implies severe sedimentation prob-
lems because of the density imbalance between the CI particles
and the dispersed medium. As a new method of ameliorating
this problem, Cl/polydopamine (PDA) composite particles
with core—shell structure were synthesized via an oxidative
self-polymerization process, bringing into an account of the
coating efficiency of the PDA. Surface morphology of the
CI/PDA composite particles was characterized by scanning
electron microscopy, while Fourier transform infrared spec-
troscopy, X-ray energy-dispersive spectroscopy, and vibrating
sample magnetometry were adopted to measure the chemical
composition, weight and atomic percentages, and magnetic
properties of the fabricated composites. The magnetic
stimuli-response of their magnetorheological (MR) properties
was examined by using a rotational theometer at various mag-
netic field strengths and compared with pristine Cl-particle-
based MR fluid. The measured dynamic yield stress was fitted
to a universal yield stress equation well. The sedimentation
properties of the CI/PDA-composite-based MR fluid were fur-
ther examined by a Turbiscan™. In addition, the anti-corrosion
characteristic of these particles was also investigated.

< Hyoung Jin Choi
hjchoi@inha.ac.kr

< Yongsok Seo
ysseo@snu.ac.kr

Department of Polymer Science and Engineering, Inha University,
Incheon 402-751, Republic of Korea

2 Intellectual Textiles Research Center (ITRC) and RIAM School of
Materials Science and Engineering, Seoul National University,
Seoul 151-744, Republic of Korea

Keywords Carbonyl iron - Polydopamine -
Magnetorheological

Introduction

Magnetorheological (MR) fluids are smart materials com-
posed of soft magnetic particles and a nonmagnetic fluid. Soft
magnetic particles are more effective than hard magnetic par-
ticles in terms of their capacity to control the MR properties in
response to an external field [1-4]. MR fluids show unique
properties and reversibly change their phase from a liquid-like
to a solid-like phase under a controlled external magnetic field
[5, 6]. In the absence of a magnetic field, the behavior of MR
fluids can be explained by a Newtonian fluid model, but, after
applying the magnetic field, MR fluids follow a Bingham
fluid model [7]. The distribution of the magnetizable particles
accounts for this phenomenon: When the external magnetic
field is absent, the dispersed magnetic particles are distributed
randomly, but under an applied field, they form chain-like
structures aligned in the direction of the magnetic field be-
cause of induced dipole—dipole interactions [8, 9]. In addition,
as the applied magnetic field increases, the fluid becomes
harder and more solid-like, suggesting that we can control
the hardness of the MR fluid by changing the magnetic force
[10]. MR fluids withstand hydrodynamic breaking by re-
forming the chain-like structures in the dynamic phase transi-
tion process [11, 12]. Consequently, rheological properties
like the yield stress, shear viscosity, and dynamic modulus
are changed [13]. Owing to these interesting characteristics,
MR fluids have valuable engineering applications in active
controllable shock absorbers, torque transducers, engine
mounts, MR polishing devices, haptic devices, and
others [14-16].
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Among the numerous soft magnetic particles, carbonyl iron
(CI) powder has become popular due to its high saturation
magnetization, appropriate particle size, and low magnetic
hysteresis [17]. However, the heavy CI particles have a den-
sity mismatch with the relatively light carrier fluids, which
causes a severe sedimentation problem [18, 19]; many
methods have been suggested to solve this problem. In addi-
tion, numerous magnetic materials have been explored as can-
didate for magneto-responsive MR materials.

Recently, several submicron-sized additives, such as clay,
carbon nanofibers, carbon nanotubes, graphene oxide, or
fumed silica particles, have been introduced to the Cl-based
MR fluid to prevent direct contact of the CI particles and
improve the dispersion stability [20]. Another way to solve
this problem is to coat the surface of the CI particles with
polymers or inorganic materials. One of the effective ways
of polymer coating is utilizing the controlled radical polymer-
izations [21, 22]. Through this method, the density mismatch
can be reduced. [23, 24].

On the other hand, the stability against corrosion of the
magnetic particles is an important factor for their long-term
MR performance, because particle corrosion could deteriorate
the MR efficiency [25, 26].

In this study, we developed and analyzed polymer coatings
to improve the dispersion stability of the CI particles. The
selected polymer was polydopamine (PDA). The major origin
of the exceptionally robust adhesion is 3,4-dihydroxy-L-phe-
nylalanine (DOPA), an analogue of dopamine. It is well
known in nature that mussels have high adhesive strength to
diverse substrates [27]; this strong binding strength mainly
comes from the catechol group, which is one of the compo-
nents of DOPA [28-30]. The oxidative self-polymerization of
DOPA has the advantages of being a trouble-free, in situ pro-
cess with simple elements and mild reaction conditions in-
volving an alkaline solution at room temperature [31]. In ad-
dition, PDA has redox ability and chemical reactivity, which
can be used for surface modification in various engineering
fields [32—34]. The structure of catechol and the nitrogen-
containing indole ring in the PDA cause the metal-binding
capability [35], which makes the magnetic-particle-based
PDA modification applicable to various fields such as biosen-
sors [36], magnetism-driven precise positioning of liquid
droplets [37], and a drug carrier [38].

We synthesized PDA-coated CI using a facile in situ self-
oxidative polymerization under mild alkaline conditions to
find a solution for the sedimentation problem of the CI-
based MR fluid. PDA was polymerized at the surfaces of the
CI, which consist mostly of iron; the mechanism of the surface
modification with PDA has been reported previously [39, 40].

This PDA nanocomposite particle coating reduces the den-
sity of the CI particle effectively and improves the sedimen-
tation stability. Rheological properties of MR fluids were ex-
amined by both rotational and oscillatory tests using a
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rotational rheometer under external magnetic fields. Disper-
sion stability was also examined from the sedimentation test
using a Turbiscan™.

Experimental
Materials and methods

Soft magnetic carbonyl iron (CI; CC grade, density 7.87 g/
cm3, BASF, Germany), silicone oil (KF-96, dynamic viscos-
ity = 100 cS, Shin Etsu, Japan), dopamine hydrochloride (Sig-
ma-Aldrich, USA), and Tris(hydroxymethyl)aminomethane
(pH = 8.5, T&I, South Korea) were used as received.

To synthesize the CI/PDA nanocomposites, 4.5 g of CI
particles was added to 900 ml of de-ionized water and ultra-
sonically dispersed for 30 min. Then, 12 g of 1 M
Tris(hydroxymethyl)aminomethane was added to the mixture
to create the weakly alkaline condition. After that, 1.8 g of
dopamine hydrochloride was added and stirred for 48 h at
270 rpm at room temperature. Then, the PDA was synthesized
on the surface of the CI particles by the self-oxidative poly-
merization process. As the reaction proceeded, the color of the
dispersion changed from gray to black. After this process, the
synthesized CI/PDA nanocomposite particles were washed
several times with de-ionized water. Finally, the CI/PDA
nanocomposite was dried under vacuum oven at 80 °C
for 24 h.

Figure 1 shows a schematic diagram of synthesis process
for the CI/PDA core—shell structured particles, and Fig. 1a
describes the detailed reaction pathway of polymerization of
dopamine. In the presence of dissolved oxygen and Tris-HCI,
dopamine changes its structure to dopamine quinone. The
dopamine quinone goes through a 1,4-Michael addition reac-
tion and forms leucodopaminechrome. It then proceeds to an
oxidation reaction, which produces 5,6-dihydroxyindole and
indolequinone. The reverse dismutation reaction between
these two states causes a polymerization reaction [31].

Soft magnetic CI particles (standard CC grade, BASF, Ger-
many) were used as received to make a typical MR fluid
system. The particles were dispersed in silicone oil (KF-96,
Shin Etsu, Japan) to prepare the particle suspended MR fluid.
The concentration of CI and CI/PDA was fixed to 20 vol% in
both systems.

Characterization

Scanning electron microscopy (SEM; S-4300, Hitachi, Japan)
characterized the morphology of the sample, and the X-ray
energy-dispersive spectra coupled with Hitachi S-4200 were
obtained using X-ray energy-dispersive analysis (EDAX).
Fourier transform infrared (FT-IR) spectroscopy (Bruker
VERTEX 80 V) was used for detection of the chemical
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Fig. 1 a The detailed reaction
process of polymerization of
dopamine. b Schematic
representation of synthetic
process for the CI/PDA OH
nanocomposite particles

(a)

Dopamine

Reverse

(b)

structures of the synthesized core—shell structured composite
particles. The magnetic moment of the prepared sample was
characterized in powder form using a vibrating sample mag-
netometer (VSM; Lakeshore 7307, USA). Density of the CI/
PDA particles was examined using a pycnometer. Rheological
performance was characterized using a rotational rheometer
(MCR300, Physica, Stuttgart, Germany) with a
magnetorheological accessory (MRD 180, Physica, Stuttgart,
Germany) and a 20-mm parallel plate measuring system. The
measuring distance between the two parallel plates was 1 mm
consistently. A Turbiscan (MA2000, Turbiscan Laboratory,
France) was used to examine the sedimentation properties of
the pure CI- and CI/PDA-based MR fluids.

Results and discussion

Figure 2 shows morphological images of both pure CI
(Fig. 2a) and CI/PDA (Fig. 2b, c) composite particles ob-
served with the SEM. In both cases, the particles had almost
perfect spherical shape with a wide distribution of particle
sizes. Before the coating process with PDA, pristine CI ap-
peared to have a smoother surface, whereas the PDA-coated
CI particles have small spherical particles on their surfaces.
The densities of pristine CI and CI/PDA were characterized
with a pycnometer; the measured values were 7.87 and 6.17 g/
cm’, respectively. The reduced density confirms the existence
of the PDA coating on the surface of the CI particles.

Figure 2d shows the X-ray energy-dispersive spectroscopy
(EDS) spectra of the CI/PDA nanocomposite. These data in-
dicate that the synthesized material is composed of C, N, O,
and Fe, confirming the existence of PDA in the composite
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because C (19.95 wt%), N (11.49 wt%), and O (7.93 wt%)
are the elements forming the PDA structure.

Figure 3 presents the FT-IR spectra of pure CI and CI/PDA
to determine the chemical structures of the PDA and CI/PDA
particles. Both sample particles were mixed with KBr to make
pellets and then scanned in the 400-4000 cm ' wave number
range. Before the measurement of the sample, baseline correc-
tion of the FT-IR apparatus was performed under vacuum at
room temperature. Peaks at 1384 and 1519 cm™ ' represent the
characteristic peak of C-N—C stretching of the indole ring,
and the N-H shearing vibration of the amide group, respec-
tively. The C=C stretching vibration of the aromatic ring was
detected at 1619 cm™'. Each peak represents the unique chem-
ical structures of the PDA. The FT-IR spectra of the CI/PDA
possess the same unique peaks that were attributed to the
PDA, confirming that the PDA was coated successfully on
the surface of the CI particles.

Figure 4 gives the VSM data of both magnetic particles
measured in a powder state. The magnetic moment was mea-
sured over a magnetic field ranging from —10 to 10 kOe. The
large magnetization values of CI and PDA-coated CI particles
were 210 and 135 emu/g, respectively, at H = 10 kOe; the
particles exhibited typical soft magnetic properties with no
significant hysteresis.

The MR properties of both pure CI- and CI/PDA-particle-
based MR fluids were measured by a rotational theometer in a
controlled shear rate (CSR) mode; the shear rate tests were
conducted in the range of 0.01-200 s . The MR fluids were
mechanically stirred for 2 min before the measurement.
Figure 5 indicates that the shear stress varied as a function of
the external magnetic field in the range from 0 to 343 kA/m. In
the absence of an applied field, MR fluids behave like a
pseudo-plastic with certain level of the yield stress. In the
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Fig. 2 SEM images of pure CI
particles (a) and CI/PDA (b, ¢),
and EDS analysis (d) of the
surface of coated particles at a
point spectrum (Pt from Pt
coating is removed)

presence of a magnetic field, MR fluids in general behave like
a Bingham fluid [41], and the shear stress has a plateau region
over a wide range of shear rate and also shows different shear
stress values as the field strength changes. This can be ascribed
to the formation of strong columns by virtue of the induced
chain-like structures, which are driven by the robust dipole—
dipole interaction between the adjoining magnetic particles
[42]. This indicates that the formed structures re-form under
the stable field, even though the shear deformation breaks the
aligned particle cluster structures [43]. Furthermore, the yield
stress of CI/PDA-based MR fluids was lower than that of pris-
tine Cl-based MR fluid. This result can be explained by the
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Fig. 3 FT-IR spectra of CI/PDA (black line) and PDA (red line)
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effect of the surface morphology and the resulting difference of
the packing density. The morphology and coating thickness are
important factors for the MR properties [44].

The flow behavior of a MR fluid can be described by ap-
plying the Bingham plastic model of Eq. (1), which is one of
the most widely used models for traditional MR suspension
systems, as follows: [45]

T="Ty+ M7
y=0, 7<mT

T2Ty,

(1)

where 7, is the dynamic yield stress, 7 is the post-yield vis-
cosity, and 7 is known to be almost equal to shear viscosity at
the high shear rate [45]. The solid and dashed lines in Fig. 5
for both CI and CI/PDA suspensions were obtained from
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Fig. 4 Magnetization curve of CI and CI/PDA powder as a function of
magnetic field strength
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Fig. 5 Shear stress versus shear rate curves of CI/PDA (closed symbol)
and pure CI (open symbol) based MR fluids

Eq. (1) and demonstrate a deviation from the experimental
data. On the basis of this model, the point of dynamic yield
stress could be found by extrapolating each flow curve to zero
shear rate at a fixed magnetic field strength (H). The yield
stress shows a very close dependency on H in a power law
form 7,,« H". On the other hand, the concept of a critical mag-
netic field strength (H.) was proposed to measure the yield
stress as a function of the applied magnetic field.

Note that for electro-rheological (ER) fluids, a universal
yield stress equation has been previously proposed by
adopting a critical electric field strength (E£,) [46]. Assuming
the same argument in the case of a MR fluid, the new universal
yield stress correlation can be described as follows:

tanh\/Hy/H .
VHo/H., (4)

where « is relevant to the susceptibility of the fluid and vol-
ume fraction or other cognate physical parameters. 7;, has two
limiting behaviors in relation to Hy, which can be expressed as
follows:

_ 2
T, = aHj

7, =aH} for Ho<Hc, (4a)

3
Ty = om/HCHO/2 for Ho»Hc, (4b)

At low H,, 7, is proportional to Hj as expected from the
local saturation of the magnetized particles, but as the mag-
netic field strength reaches the intermediate range, 7, becomes
proportional to Hy 2. After the field strength increases enough
to reach complete saturation, the particles can be treated rig-
orously as dipoles [47]. Both yield stress and modulus are
independent of magnetic field strength, and scale with the
saturation magnetization.

Figure 6 shows a log—log plot of the dynamic yield stress
versus magnetic field strength for both CI- and CI/PDA-par-
ticle-based MR fluids which follows Eq. (5) well, with critical
magnetic field strengths (H.) of 204 and 196 kA/m,
respectively.

A generalized scaling relationship can be obtained from
Eq. (4) using H, and 7,(H,) = 0.7620H,” as follows:

3
= 1313H /- tanh\/]T{. (5)

where 7=7,(Hy) /7,(H.) and H=H/H. The data obtained
from the dynamic yield stress in Fig. 6 collapse onto a single
curve according to Eq. (5) as shown in Fig. 7.

Figure 8 shows the changes in shear viscosities for CI/PDA
suspensions as a function of shear rate. An increase of the
shear viscosity takes on an important role for controlling the
properties of MR fluids. The shear viscosity was measured at
four different magnetic field strengths (86, 171, 257, and
343 kA/m). When the applied magnetic field increased, the
shear viscosity also increased because the external magnetic
field induces a magnetic moment in the particles, which ob-
structs their free rotation [48]. On the other hand, each curve
tends to have a shear thinning behavior independent of the
existence of an external field for both CI and CI/PDA MR
suspensions. This shear thinning behavior comes from chang-
es in the internal structures under shear deformation [49, 50],
implying a solid-like behavior.

Furthermore, dynamic oscillation measurement of the MR
fluids was also performed using a rotating rheometer, in which
before the frequency sweep, an amplitude sweep test was con-
ducted to observe the linear viscoelastic (LVE) regions. In the
LVE regions, the values of the storage modulus are indepen-
dent of the strain region. The amplitude sweep test was carried
out at a fixed angular frequency of 6.28 rad/s, as shown in
Fig. 9. At low strain, the storage modulus has LVE regions.
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Fig. 6 Dynamic yield stress (7,) versus magnetic field strength () for
CI and CI/PDA based MR fluids
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Fig. 7 Plots of 7 versus H for CI (closed symbol) and CI/PDA (open
symbol) suspensions. The solid line is obtained from Eq. (5)

On the other hand, when excessive strain was applied, the
storage modulus decreased because of irreversible changes
to the structure of the MR fluids. On the basis of these results,
the frequency sweeps were conducted in the LVE regions
(with the strain = 0.008).

The frequency sweep was performed to examine the visco-
elastic characteristics of CI/PDA-based MR fluids under dif-
ferent magnetic field strengths ranging from 0 to 343 kA/m.
Figure 10a is frequency sweep which shows the changes of
storage modulus (G') and loss modulus (G”) as a function of
angular frequency for CI/PDA suspension. The storage and
loss moduli represent the elasticity and viscous behavior, re-
spectively. At a fixed magnetic field strength, a plateau region
appeared in both G’ and G" over a wide frequency range,
indicating a strong solid-like structure rather than a liquid-
like structure [S1]. In addition, the higher values of G’ com-
pared to G” were indicative of a predominantly elastic prop-
erty of the CI/PDA suspension.
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Fig. 8 Shear viscosity versus shear rate curves of CI/PDA mixture
(closed symbol) and pure CI (open symbol) based MR based suspension
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Fig. 9 Amplitude sweep CI/PDA (closed symbol) and CI (open symbol)
20 vol% MR fluids under different magnetic field strength

As shown in Fig. 10b, the CI-based MR suspension has
higher value of G’ than the CI/PDA-based MR suspension
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because the CI particles have superior magnetic properties
compared with those of the CI/PDA systems.

The stress relaxation behavior is one way to confirm the
phase change in MR fluids from a liquid-like to a solid-like
phase. Figure 11 demonstrates stress relaxation behavior, in
which the stress relaxation modulus was calculated by using
the values of G’ (w) and G” (w) in Fig. 10a, along with
Eq. (6), which is the common formula known as the Schwarzl
equation [52, 53]:

G(1)=G (w)—0.560G (w/2) + 0.200G (w) (6)

The G(¢) becomes linear on a log—log scale in the presence
of external magnetic fields and increases with higher magnetic
field strength. This result suggests that there are strong inter-
actions among the CI/PDA particles under the magnetic fields
[54], making their solid-like characteristics.
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Fig. 12 Turbiscan spectra of pure Cl-based MR fluid and CI/PDA based
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Fig. 13 Anti-acidic corrosion properties of CI and CI/PDA particles
measured through pH values of dispersed particles in HCI solution

The sedimentation phenomenon of both CI- and CI/PDA-
based MR fluids was examined with a Turbiscan, which uses a
multiple light scattering technique to measure the
destabilizing phenomena in suspension systems. A Turbiscan
sensor consists of two synchronous detectors and a pulsed
near-infrared light source at 880 nm. The transmission detec-
tor measures the light emerging from the sample at 0° from the
incident beam [55]. As shown in Fig. 12, CI/PDA-based MR
suspensions have better dispersion stability than pure CI-
based MR suspensions; this can be explained by the reduced
density mismatch between the oil medium and the particles.
Compared with a previous study of PGMA-coated CI particle
with a density of 6.96 g/cm® [56], the CI/PDA-based MR
fluids exhibit improved sedimentation stability.

Furthermore, the stability against anti-acidic corrosion was
investigated and compared for both pure CI and CI/PDA par-
ticles. The pH values of both particles were measured in HCI
solution as a function of time, which can be shown in Fig. 13.
A rapid increase of the pH value of the CI-HCI solution was
observed, indicating that the reaction occurred between the CI
powder and the acid. On the contrary, a flat line of the pH
value is shown in the CI/PDA-HCI solution system. This re-
sult indicates that the PDA coating improved the anti-acidic
corrosion stability of the CI particles.

Conclusion

As anovel method to fabricate organic—inorganic hybrids that
provide enhanced dispersion stability, PDA-coated CI parti-
cles for MR fluids were synthesized via an in situ self-
oxidative polymerization. After coating, the density of the
particles decreased, suggesting a more stable dispersion ability
of CI/PDA-based MR fluids than those using pristine CI par-
ticles. The morphology of these particles was confirmed by
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SEM. The VSM results showed a decrease of magnetic mo-
ment after PDA coating. The MR properties were measured
via steady shear and frequency sweep testing using a rotation-
al rheometer and compared with pure Cl-based MR fluid.
Even though the MR properties exhibited lower shear stress
than the pristine CI-based MR fluid, typical MR behavior was
well-preserved in both the shear and frequency sweep tests.
The dispersion stability was examined using a Turbiscan. The
MR suspension composed of PDA-coated CI has an improved
sedimentation rate due to the reduced density mismatch. Anti-
corrosion characteristics of these particles were investigated
by comparing their pH values measured in HCI solution as a
function of time.
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