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Polyethyene glycol (PEG)-coated Fe;O, ferrofluids were prepared by suspending the PEG-coated Fe,0,
nanoparticles in an oligomeric PEG-400 carrier liquid, and their magnetorheological steady flow behavior was
investigated. The PEG modification did not change the crystalline structure of Fe;O,, and the PEG-coated Fe;0,
nanoparticles were of nearly spherical shape and had a narrow size distribution (4+1 nm in diameter). These
nanoparticles exhibited no significant aggregation in the absence of the magnetic field. Under the magnetic field, the
nanoparticles aggregated into string-like clusters oriented in the direction of the field. Correspondingly, the ferrofluids
behaved essentially as the Newtonian fluids in the absence of the magnetic field but exhibited, under the magnetic field,
a magnetorheological effect, i.e., the increase of the shear stress/viscosity associated with a pseudo-plastic and thinning
character with no real yield stress. This lack of the real yield stress, possibly reflecting the absence of huge clusters
connecting the measuring parts (plates) in the rheometer, suggested that the magnetorheological effect of the ferrofluids
were related to deformation/disruption of the magnetically formed clusters of finite sizes under the shear. Interestingly,
this effect was most significant for the Fe,O, nanoparticles having an intermediate amount of PEG coating. This
result suggested a possibility that the relaxation of PEG chains in the coating layers of nanoparticles in the clusters

contributed to the magnetorheological effect.
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1. INTRODUCTION

In recent years, ferrofluids (FFs), colloidal suspensions of
magnetic nano-ferroparticles stabilized by polymer coating,
have attracted a great attention in the biomedical fields related
to magnetic resonance imaging (MRI)'™”, hyperthermia
therapy of cancers™”, and targeted drug delivery.”” A particular
interest is placed on the superparamagnetic nano-ferroparticles
(with a diameter < 10 nm) of magnetite (Fe,0,) because of
their high magnetic saturation, negligible toxicity, and easier
surface modification. On application of a magnetic field, these
particles carrying drug or gene can be targeted to a specific
site and/or held in the tumour region. This kind of operation
can reduce the harm to healthy organs, because the circulation
of the drug throughout the body is limited and non-specific

uptake by the reticular-endothelial system can be avoided.
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For regulation of the physical and chemical properties of the
magnetic nanoparticles and enhancement of the stability and
hydrophilicity of the magnetic fluids, several biocompatible
water-soluble polymers have been used to coat the surface
of those nanoparticles. These polymers include dextran®”,
poly(ethylene glycol) (PEG)'*"”, and poly(vinylpyrrolidone)
(PVP).'” In particular, PEG exhibits great predominance
with improved biocompatibility, biodegradability and blood
circulation times.

Characterization of the rheological properties plays an
important role in the molecular design/application of the
magnetorheological fluids, because the rheological properties
of the fluids such as the apparent viscosity, yield stress, and
stiffness can be controlled by an external magnetic field."”
These fluids, including the above-mentioned ferrofluids,
typically consist of micron-sized magnetizable solid particles
suspended in a nonconducting carrier liquid. Those fluids,
behaving as low viscosity Newtonian fluids in the absence
of a magnetic field, are converted to highly viscous (and
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solid-like) materials on application of the field thereby
being utilized as dampers, clutches and actuators, etc. This
magnetorheological change results from organization of
the nanoparticles (randomly dispersed in the absence of the
magnetic field) into chain-, column-, or more complicatedly-
shaped clusters oriented in the field direction.

This paper focuses on three kinds of PEG-coated Fe,O,
nanoparticles prepared with different amount of PEG to
examine their morphology, structure and composition.
Furthermore, magnetorheological property is examined for
ferrofluids of these nanoparticles dispersed in an oligomeric
PEG solvent. It turned out that the ferrofluids behave as
pseudo-plastic fluids having no real yield stress under the
magnetic field. This behavior of the ferrofluids is discussed
in relation to the contribution of PEG coating to the
magnetorheological behavior of those fluids.

2. EXPERIMENTAL

2.1 Materials

Diethylene glycol (99 %) was purchased from Sigma-
Aldrich. FeCl; « 6H,0 (> 99 %), NaOH (> 96 %), PEG-20000
(M,, = 20000 g/mol, > 99 %) , an oligomeric PEG-400
(M,, =400 g/mol, > 99 %), and acetone (> 99 %) were purchased
from Sinopharm Chem Reagent Co. All these chemicals were
analytical grade and utilized, without further purification, in

preparation of ferrofluids. Milli-Q water was also utilized.

2.2 Preparation of PEG-Coated Fe,0, Nanoparticles

The synthesis of magnetite nanoparticles followed
Yin’s method’"” with some modifications. A NaOH/DEG
solution was prepared by dissolving 4 g of NaOH in 20 ml
of diethylene glycol (DEG) and stirring at 400 rpm for 1h
at 120 °C under nitrogen protection. Then, the solution
was cooled and kept at 80 °C for use. A slightly yellow,
transparent PEG/FeCl,/DEG solution was separately prepared
by dissolving a prescribed mass of PEG-20000 and 0.54 g
of FeCl, in 15 ml of DEG and stirring at 400 rpm for 30 min
at 200 °C under nitrogen protection. The mass of PEG was
chosen to be 0.30 g, 0.45 g, and 0.60 g. On rapid injection of
2 ml of the NaOH/DEG solution into the PEG/FeCl,/DEG
solution, the solution mixture turned black immediately.
This change of the color was indicative of the formation of
oxidized Fe;O, nanoparticles having the PEG layer physically
adsorbed to their surface. This mixture was heated to and kept
at 200 °C for 1h to complete the reaction. Differing from the
classical method of coprecipitation of ferric and ferrous salts,
no ferrous salt was utilized in our method because DEG acted
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as not only a solvent but also a reductant partially reducing
Fe** to Fe*" " The high reaction temperature in our method
gave highly crystalline magnetic nanoparticles with narrow
size distribution.

The black magnetic nanoparticles prepared as above were
precipitated and washed five times with acetone, collected by
magnet adsorption, and then freeze-dried at —45 °C for 24 h.
With the use 0of 0.30 g, 0.45 g, and 0.60 g of PEG in the above
reaction, three kinds of PEG-coated Fe;O, nanoparticles were
obtained. They were designated as 0.30PEG-Fe,0,, 0.45PEG-
Fe,0,, and 0.60PEG-Fe,0,, respectively.

2.3 Characterization of PEG-Coated Fe,0,
Nanoparticles

A JEOL JEM-2010 transmission electron microscope
(TEM) (JEOL, Japan) was used to observe the morphology of
PEG-coated Fe,O, nanoparticles at an accelerating voltage of
200 KV. Before the TEM observation, each of three series of
nanoparticles (having different PEG content) was dispersed
in water and drop-wisely cast onto a carbon coated copper
grid, and the excess solvent was removed by freeze-drying.
For each series, about 500 nanoparticles were observed to
determine their average diameter.

Wide-angle X-ray diffraction patterns were obtained at room
temperature with a D-MAX 2550 X-ray powder diffractometer
(Shimadzu, Japan) equipped with a Ni-filtered Cu K, radiation
(CuK,, = 0.154 nm) in the reflection mode. All the measurements
were made at 40 KV and 40 mA, and the scattering angle 2 0
was scanned from 10° to 90° at a rate of 5°/min.

Fourier transform infrared (FTIR) measurements were
carried out with a Perkin-Elmer Paragon 1000 Fourier
Transform Infrared Spectrometer (Perkin-Elmer, USA). Disk-
shaped specimens were prepared by pressing the uniform
mixtures of nanoparticles and KBr, and the FTIR spectra were
recorded from 400 to 4500 cm™' at room temperature.

For characterization of the chemical composition of the
PEG-coated Fe;O, nanoparticles, a weight loss of these
nanoparticles on heating was measured with a TGA2050
Thermogravimetric Analyzer (TA, USA). All measurements
were performed from room temperature to 800 °C at a heating

rate of 20 °C/min in a nitrogen atmosphere.

2.4 Magnetorheological Characterization for
ferrofluids of PEG-coated Fe,0, Nanoparticles
The ferrofluids of the PEG-coated Fe,0, nanoparticles were
prepared by suspending, with the aid of supersonication, three
kinds of nanoparticles, 0.30PEG-Fe,0,, 0.45PEG-Fe,0, and
0.60PEG-Fe,0,, in the solvent (oligomeric PEG-400). The
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nanoparticle concentration was 40 mg/ml in all ferrofluids
examined. Because of a good compatibility between the PEG-
coated nanoparticles and PEG-400 solvent, well-dispersed
suspensions were obtained without sedimentation/formation
of huge aggregates.

A VHX-200 Digital Microscope (Keyence, Japan) was
operated to observe the structure formation under the magnetic
field. Before observation, the ferrofluids of PEG-coated Fe;0O,
nanoparticles were dropped onto a thin glass sheet. After a clear
eyeshot, a magnetic field was applied and photographs were
taken to trace the field-induced evolution of the cluster structure.

Magnetorheological behavior of the ferrofluids of the PEG-
coated Fe,O, nanoparticles was examined at room temperature
with Physica MCR 301 Rheometer (Anton Parr, Germany)
having a magnetorheological device. The parallel-plate fixture
of 20 mm diameter was used, and the gap was set at 0.5 mm.
During the measurements, the electromagnetic coil was
activated with the currents from 0 A to 1.0 A, corresponding to
the magnetic flux densities from 0 T to 0.22 T inside the gap.
Steady shear experiments were carried out for the ferrofluids
at the shear rate ranging from 0.01 to 100 s™' and under

different magnetic flux densities.

3. RESULTS AND DISCUSSION

3.1 Morphology Observation

Fig. 1 shows the TEM image of 0.30PEG-Fe,0, nanoparticles.
These nanoparticles are of nearly spherical shape and have a
narrows size distribution (mostly between 3 and 5 nm) with an

average diameter of 4 nm. The other nanoparticles, 0.45SPEG-

Fig. 1. TEM images of 0.30PEG-coated Fe;O, nanoparticles. The image
was very similar also for 0.45PEG-coated and 0.60PEG-coated
Fe,0, nanoparticles.

Fe;0, and 0.60PEG-Fe,0, with different PEG content, had
the average size and shape very similar to those of 0.30PEG-
Fe;0, nanoparticles.

Bare Fe,0, nanoparticles easily form huge aggregates
because of their large specific surface area and high surface
energy. However, our PEG-coated Fe;O, nanoparticles hardly
formed such aggregates and were well dispersed as seen in
Fig. 1, because the PEG coating layer prohibits real close
contact of nanoparticles to reduce their mutual attraction.

3.2 Crystalline Structure Analysis

The X-ray diffraction patterns of the three kinds of PEG-
coated Fe,O, nanoparticles are shown in Fig. 2. These
patterns detect not only the nanocrystalline structure of the
nanoparticles and but also the mean particle size. The PEG-
coated Fe,O, nanoparticles having different amount of PEG
coating exhibit similar diffraction peaks characteristic to the
standard Fe,O, cubic crystalline phase at 30.2°, 35.6°, 43.2°,
56.8° and 62.8°; These peaks correspond to the diffraction of
the crystalline planes of (220), (311), (400), (511) and (440)
respectively. The coincidence of the diffraction patterns of
those nanoparticles suggests that the crystalline structure of
Fe,0, did not change on the modification of the particles with
PEG chains. This result indicates that the PEG coating occurrs
only at the Fe,O, nanoparticle surface and gives no detectable
chemical/physical change in bulk of the nanoparticles.”

The crystallite size L,,, which represents the mean
dimension of crystallites perpendicular to planes skl, can be
evaluated from the Bragg’s diffraction angle 2 § with the aid

of the Sherrer equation™:
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Fig. 2. X-ray diffraction patterns of the three kinds of PEG-coated Fe;0,
nanoparticles as indicated.
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Here, K (= 0.9) is the shape factor, A is the wavelength of
incident X-ray, and f3 is the pure broadening profile (in unit of
rad); 8 = {B*- b’} "? with B and b, (both in unit of rad) being
the half-width of the measured profile and the instrumental
broadening factor, respectively. The crystallite size of the
PEG-coated Fe,0, nanoparticles thus evaluated, = 5.0 nm,
agrees well with the average nanoparticle size obtained from
the TEM image (= 4 nm; cf. Fig. 1).

3.3 FTIR Analysis

Fig. 3 shows the FTIR spectra of the three kinds of
PEG-coated Fe;O, nanoparticles. For these nanoparticles,
the characteristic adsorption band of Fe,O, magnetite
at 590cm ™ " is found but the other band of maghemite at
630 cm™' is not detected, confirming the purity of Fe,O, in
these nanoparticles without further oxidation. Moreover, Fig. 3
also shows the C-O-C ether stretching and vibration bands
at 1065 cm™' and 1346 cm™', OH stretching/vibration band
at around 3400 cm™', C-H asymmetric/symmetric stretching
and vibration band at 2950 cm™" and 2860 cm ™, respectively,
which verifies the physical adsorption of PEG chains onto the

. 2,14,15
Fe,0, nanoparticle surface.” "

3.4 Thermal Analysis

Fig. 4 illustrates the TGA curves of the three kinds of PEG-
coated Fe,O, nanoparticles indicating the weight change of
these nanoparticles with temperature (7). With increasing 7,
the organic PEG component is completely decomposed to
escape as a gas to convert the magnetite of the PEG-coated
Fe,0, nanoparticles into pore iron oxides. Thus, the PEG
coating layer physically adsorbed on the surface of Fe;O,
nanoparticles can be characterized by the weight loss on
heating. In Fig. 4, the first weight loss at around 100-150 °C
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Fig. 3. FTIR spectra of the three kinds of PEG-coated Fe,O, nanoparticles
as indicated.
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(where PEG is chemically stable) is ascribed to evaporation
of acetone (solvent utilized in synthesis of nanoparticles)
remaining in the specimens, while the second weight loss at
around 230-300 °C is attributed to the decomposition of PEG.
From the second weight loss, the PEG content was evaluated
to be 4.5 wt%, 5.2 wt% and 5.6 wt% for the 0.30PEG-
Fe,0,, 0.45PEG-Fe,0, and 0.60PEG-Fe,0, nanoparticles,
respectively. Thus the PEG content increased with increasing
amount of PEG in the feed solution utilized in the synthesis of

nanoparticles.

3.5 Magnetorheological Behavior

3.5.1 Overview

In general, under an external magnetic field, the magnetic
nanoparticles aggregate to form clusters of the chain, column,
or other complex shapes oriented in the field direction. This
field-induced structural evolution of the PEG-coated Fe,0,
nanoparticles (in the absence of shear flow) was observed with
a digital microscope, and the results for the 0.30 PEG-Fe,O,
ferrorfluids are shown in Fig. 5. The results for the 0.45PEG-
Fe,0, and the 0.60PEG-Fe,0, ferrorfluids were similar to
those seen in Fig. 5.

In the PEG-Fe,0, ferrofluids, the nanoparticles were well
dispersed to form no large aggregates in the absence of the
magnetic field, as confirmed from the digital microscopy (not
shown here). Correspondingly, no aggregate was observed
immediately after application of the magnetic field (panel
a in Fig. 5). However, with increasing time up to 180 s
(panels b, ¢, and d), the nanoparticles gradually moved
under the magnetic field to aggregate into string-like clusters
oriented in the field direction (indicated with the arrow).
Note that the optically observed string-like structure is not

a chain of the nanoparticles (having the average diameter of
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Fig. 4. Thermogravimetric analysis of PEG-coated Fe;O, nanoparticles
as indicated.
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4 nm) connected only in one dimension but a bundle-like
cluster having an optically observable width. This structure
formation results from the field-induced magnetic dipole in
each nanoparticle and the resultant dipole-dipole interaction
between the particles.

The magnetorheological property of the PEG-coated Fe,O,
ferrofluids under steady shear was measured with a rotating
rheometer in the parallel-plate geometry. The magnetic field
was applied in the direction perpendicular to the plates (i.e.,
in the shear gradient direction). Fig. 6 shows plots of the
steady state shear stress o in the absence/presence of the
magnetic field against the shear rate x. The corresponding
shear viscosity, n = o/k, is shown in Fig. 7. In the absence
of the magnetic field, the ferrofluids behave essentially as
a Newtonian fluid having a rate-insensitive viscosity (see
filled squares in Fig. 7) because no large aggregates of the
nanoparticles were formed therein. Under the magnetic field,
the stress and viscosity increase because of the formation of
the string-like clusters due to the field.

As can be noted in Fig. 6, the PEG-coated Fe,0, ferrofluids
exhibit pseudo-plastic behavior under the magnetic field and
this behavior at high shear rates k¥ > 20 s™' can be mimicked
by the Bingham model giving a linear relationship between o
and k.,

o =oyt mik 2

(b)

(©) (d)

Fig. 5. The formation of cluster structures of 0.30PEG-coated Fe,O,
nanoparticles in the direction of magnetic field indicated with
the arrow. The time after application of the magnetic field was
(a) 0's; (b) 60s; (¢) 120 s; (d) 180s. Similar structural evolution
was observed for 0.45PEG-coated and 0.60PEG-coated Fe,O,
nanoparticles.

with o, and 5, being the x-independent yield stress and
plastic viscosity, respectively. The o, and 7, obtained by
fitting the o data of our ferrofluids at high x (> 20 s™') with
Eq.(2) are plotted against the magnetic flux density y in
Figs 8 and 9, respectively. For ordinary magnetorheological
fluids, 7,, is insensitive to y while &, is proportional to y* in
a considerably wide range of  (below a certain threshold).
These features of 77, and ¢, are a natural consequence of
the invariance of 7, and &, on reversal of the magnetic field
direction (from  to -y), as explained later in more details.
In contrast, for our ferrofluids, the proportionality between
o, and y’ cannot be clearly detected even at y < 0.1 T (in a
close vicinity of y = 0); see dotted curves in Fig. 8. This result
suggests that our ferrofluids do not have the real (static) yield

stress that should be unequivocally proportional to v” at least
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Fig. 6. Plots of steady state shear stress against shear rate for the PEG-
coated Fe,O, ferrofluids under different magnetic flux densities:
(a) 0.30PEG-Fe,0,; (b) 0.45PEG-Fe,0,; (c) 0.60PEG-Fe,0,.
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The shear thinning of our ferrofluids (Figs 6 and 7) is
superficially similar to that expected from Eq.(2). However,
the decrease of the stress of those ferrofluids with decreasing
shear rate x is stronger than the linear decrease (down to
o,) expected from Eq.(2). Thus, we again confirm that our
ferrofluids have practically no real yield stress, which means
that the viscosity does not diverge even at the zero-shear
limit. This behavior of our ferrofluids is in contrast to that
of ordinary magnetorheological fluids, the latter obeying
Eq.(2) down to the zero-shear limit and having the real yield
stress due to huge column/string-like clusters connecting the
measuring parts (plates) of the theometer under the magnetic
field. These huge clusters always reorganize themselves
under the shear (due to the action of the magnetic field) to

have the connectivity/size hardly changing with the shear
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Fig. 7. Plots of steady state viscosity against shear rate for the PEG-
coated Fe,0,4 ferrofluids under different magnetic flux densities:
(a) 0.30 PEG-Fe,0,; (b) 0.45 PEG-Fe,0,; (¢) 0.60 PEG-Fe,0,.
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rate. Thus, under a given magnetic field, the rheological
response of the huge clusters at non-zero shear is equivalent
to that at the zero-shear limit, which results in the validity of
Eq.(2) characterized by the real yield stress o (oc v’) and
y-insensitive 77,,. These y dependencies of o, and 7, reflect
shear-rate insensitivity of the huge cluster structure and the
invariance of this structure on reversal of the magnetic field
direction from v to -y. (The invariance of the structure on the
field reversal, from \ to -y, naturally requires o, and 7, to be
even functions of y and thus gives o (cc v’) and N (e v')
for small .)

As judged from the above features of ordinary
magnetorheological fluids, the lack of the real yield stress in
our ferrofluids suggests that the string-like clusters formed
under the magnetic field are rather short and fragmented
because the coating PEG layer disturbs real close contact of
nanoparticles to weaken the inter-particles attraction under the
magnetic field. In this consequence, the magnetorheological
effect seen for our ferrofuilds may be related to deformation/
disruption of those short/fragmented clusters due to the shear
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Fig. 9. Plots of apparent plastic viscosity 7, of the PEG-coated Fe;0,
ferrofluids against magnetic flux density .
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flow: The clusters would be more stabilized under a stronger
magnetic field, which results in a larger mechanical energy
required to deform/disrupt the clusters. Correspondingly, the
stress/viscosity corresponding to this energy increases under
the magnetic field; namely, the magnetorheological effect
emerges. In this sense, this effect in our ferrofluids appears to
be similar to the enhancement of the pseudo-plastic behavior
of ordinary suspensions (under no magnetic field) that contain
finite-sized aggregates of particles: As the aggregates become
more stabilized, the energy required to deform/disrupt the
aggregates becomes larger to give this enhancement.

3.5.2 Effect of PEG-coating on rheological behavior

of ferrofluids

In the absence of the magnetic field, the stress/viscosity
firstly increases with increasing amount of the PEG coating
(from the 0.30PEG-Fe,0, ferrofluid to the 0.45PEG-Fe,0,
ferrofluid) but then decreases on a further increase of this
amount (to the 0.60PEG-Fe,0, ferrofluid), as can be noted in
Figs 6 and 7. This non-monotonic change suggests that our
ferrofluids have at least two contributions to the measured
stress, the stress due to inter-particle potential (that emerges
even in the absence of close contact of particles) and the stress
due to relaxation of PEG chains in the coating layer (swollen
with the oligomeric PEG solvent).””

The inter-particle potential force in our ferrofluids should
be rather short-ranged, as typically known for aggregating
suspensions. In addition, the coating layer should increase its
thickness and become concentrated with increasing amount
of PEG chains therein, which would retard the motion of
those chains and enhance the PEG chain contribution to the
stress.” Thus, we expect that the inter-particle potential force
does not decrease significantly on a small increase of the PEG
content but the stress due to PEG chains in the coating layer
increases because of the increase of concentration and the
retardation of the PEG chain motion. These changes could
result in the increase of the stress/viscosity from 0.30PEG-
Fe,O, to 0.45PEG-Fe,0,. A further increase of the PEG
content (from 0.45PEG-Fe,0, to 0.60PEG-Fe,0,) could result
in the increase of the PEG layer thickness beyond a critical
thickness, and the corresponding decrease of the inter-particle
stress could overwhelm the increase of the stress due to PEG
chains. The decrease of the stress/viscosity from 0.45PEG-
Fe,0, to 0.60PEG-Fe;0, may reflect this situation.

Now, we turn our focus to the contribution of PEG layer to
the magnetorheological effect of the ferrofluids. For discussion
of this effect, we should first note the behavior in the absence
of the magnetic field: Ordinary nano-ferroparticles having no
PEG coating layer usually form huge aggregates, while our

PEG-coated nano-ferroparticles do not. Thus, the PEG layer
on our particles should give a repulsive (steric) barrier that
cannot be overcome by the particle thermal energy of order
of kBT (k; = Boltzmann constant, 7' = absolute temperature)
thereby stabilizing the particle dispersion. In contrast, the
magnetic force brings the PEG-coated particles into close
contact and leads to the cluster (aggregate) formation seen
in Fig. 5. This force should be associated with the magnetic
energy well above kT (otherwise, the clusters would not be
stabilized). Then, in the clusters, the PEG layer on the particles
should be mutually squeezed to overlap to some extent. This
overlapping of the PEG layers in the clusters is the key in the
following discussion.

As can be noted from Figs. 6 and 7, magnetorheological
effect at low shear rate i is larger in the order, 0.45PEG-Fe,0,
> 0.30PEG-Fe,0, > 0.60PEG-Fe,0,. This fact can be related
to the mechanism of the magnetorheological effect discussed
earlier, the flow-induced deformation/disruption of short
clusters formed under the magnetic field. The nanoparticles
may aggregate less densely and the resulting clusters are less
stabilized when the PEG coating layer becomes thicker to
prevent close contact of the nanoparticles, which results in
a decrease of the stress required for deformation/disruption
of the clusters. On the other hand, the relaxation of the PEG
chains in the particle-coating layers overlapping in the clusters
is retarded more strongly when the PEG layer becomes
more concentrated and thicker, which enhances the stress for
deformation/disruption of the clusters. The magnitude of the
magnetorheological effect observed for our ferrofiuids would
be determined by a trade-off of these contradicting changes
of the stress with the PEG layer thickness, possibly becoming
the largest for the intermediate PEG content (0.30PEG-Fe;0,).

For ordinary, aggregating suspensions under no magnetic
field, the decrease of the cluster size with increasing shear
rate results in the pseudo-Bingham behavior. The deviation
from Eq.(2) seen for our ferrofluids seems to be similar to this
behavior of ordinary suspensions, although the clusters in the
ferrofluids are formed because of the action of the magnetic
field. This argument is consistent with the observation that
the stress/viscosity of our three ferrofluids at high shear rate
almost coincide with each other and approach those of the
fluids under no magnetic field; see Figs 6 and 7. As judged
from this coincidence, the cluster size in our ferrofluids under
the magnetic field would have decreased with increasing
shear rate and the clusters appear to have been almost fully
disrupted by the high shear examined. This disruption of
the clusters should have contributed, at least partly, to the
deviation from the Bingham Eq.(2) explained earlier. Thus,
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these arguments are consistent with the magnetorheological
behavior of the ferrofluids. However, no structural evidence
has been obtained. This observation, under the shear and
magnetic fields, is now being attempted.

4. CONCLUSIONS

In this paper, three kinds of PEG-coated Fe,O, nanoparticles
carrying different amount of PEG were synthesized and the
magnetorheological properties were examined for ferrofluids
(suspensions) of these nanoparticles in a oligomeric PEG-400.
The PEG coating physically adsorbed on the nanoparticle
surface was confirmed from FTIR and TGA analysis. The
introduction of the PEG coating did not affect the crystalline
structure of Fe,O, (as confirmed from X-ray diffraction) but
enhanced uniform dispersion of the nanoparticles (no large
aggregates were found in microscopy observation in the
absence of the magnetic field). The ferrofluids essentially
behaved as Newtonian fluids in the absence of the magnetic
field, which naturally reflected this lack of large aggregates.
However, under the magnetic field, the shear stress/viscosity
increased because of formation of string-like clusters of
nanoparticles oriented in the field direction. Differing from
ordinary magnetorheological fluids, our ferrofluids did not
have a real (static) yield stress probably because the clusters
formed therein were short/fragmented and not connecting the
measuring parts (plates) in the rheometer. This fact in turn
suggested that the magnetorheological effect seen for our
ferrofluids corresponded to the flow-induced deformation/
disruption of those short clusters.
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