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A B S T R A C T

To understand the effect of particle size on magnetorheological effect two magnetorheological (MR) fluids,
composed of nano-hollow spheres (NHSs), of diameters 250 nm (MRF250) and 700 nm (MRF700), are studied.
The results are compared with their solid counterpart with Fe3O4 nanoparticles (NPs) based MR fluid of 100 nm
diameter (MRF100). To understand the MR mechanism the flow curves (shear stress vs shear rate) are fitted with
different established models and our samples are found to follow the Bingham Plastic model. The yielding
behavior of the MR fluids is found to be morphology dependent. The MR fluid with larger particles show
maximum yield stress ∼830 Pa at an applied field 0.4 T, due to the combined effect of larger surface area and
higher magnetism. Hollow nano spheres show better stability than that of NPs due to compatible density with
the carrier fluid.

1. Introduction

Magnetorheological (MR) fluid is a smart material consisting of
magnetic particles, with diameter within 0.01–20 μm, suspended in
non-magnetic carrier fluid. Due to the rising dipolar interaction be-
tween the suspended magnetic particles they show typical MR effect, by
forming chain-like structure and in turn changing the effective viscosity
reversibly, under the externally applied magnetic field [1]. The unique
magnetic property of MR fluids made them attractive in various field of
application, such as vacuum sealing, magnetic resonance imaging, in-
telligent sensors, drug delivery, loud speaker and microphone cen-
tering, tunable dampers and clutches [2–6].

MR effects depend on disordered to ordered transition of the par-
ticles assembling under externally applied magnetic field. Therefore
magnetic properties, size and morphology of the particles are important
for better MR response. In last few years different groups used various
structured materials such as particles, sheets, spheres, rods and wires
[7–10] of Iron, Cobalt, Nickel, Carbonyl-Iron, transition metal alloys
and their oxides [9–14] to improve the MR effect. Researchers have also
enhanced the MR response by adding non-magnetic particles in the
suspension [15]. Better MR response was observed for particles with
rough surface and increased area of contact [16]. Besides particles with
higher magnetization are preferable as the yielding point depends on
magnetic saturation (Ms). For better understanding of the MR me-
chanism the particle size dependent magnetorheological property need
to be studied, though very few have been reported so far. The mostly

used magnetic particles in MR fluids is Carbonyl iron, with tunable size
between few μm to 10 μm, anticipating higher yielding stress due to
higher Ms value. However their high density makes them very unstable
in carrier fluid, resulting their limitations for repeated use. There are
several ways to improve the sedimentation stability, e.g. coating the
surface of the particles with polymers to make them dispersible [17],
make the interior of the particles porous to reduce density [18] etc.,
where the former process reduces the magnetization of the material. We
prepared hollow submicron spheres of Fe3O4, which makes it lighter
keeping the magnetization unaltered. Though Fe3O4 show less mag-
netism over Fe and carbonyl iron, its tunable size and less density en-
able it to be more stable in carrier fluid and the magnetic saturation
arising from Fe3O4 microstructures is sufficient for their use as MR
materials.

In the present work, to improve the stability and yield stress,
magnetorheological properties of low density Fe3O4 nano hollow
spheres (NHSs) are investigated, by dispersing them in silicon oil and
the results are compared with corresponding solid nanoparticles (NPs).
From the study NHSs are found to be better candidate for MR appli-
cations compared to their solid counterpart.

2. Experimental

Fe3O4 nanostructures are synthesized using a facile template free
solvothermal method. In the typical synthesis of Fe3O4 NHSs, 1.015 g of
FeCl3·6H2O and 0.465 g of urea are dissolved in 30ml Ethylene glycol,
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which are stirred until clear homogeneous solution was obtained.
Thereafter, 37.5 mg of PVP is added to the solution mixture to syn-
thesize NHSs of 700 nm diameter. PVP acts as a growth modifier as well
as surface stabilizer, in order to restrict the particle growth in nan-
ometer size range. The properly mixed final solution is transferred into

Fig. 1. XRD patterns of the as prepared Fe3O4 NHSs and NPs.

Fig. 2. FESEM image of as prepared NHSs of diameter (a) 750 nm and (b)
250 nm.

Fig. 3. TEM image of the prepared Fe3O4 (a) NHSs of diameter 250 nm (b)
NHSs of diameter 700 nm and (c) NPs of diameter 100 nm.



40ml Teflon lined stainless steel autoclave and heated to 180 °C for
20 h followed by natural cooling to room temperature. The resulting
black precipitate is thoroughly washed with absolute ethanol to remove
all residual reagents and separated by centrifugation. The as-obtained
product is dried at 60 °C for 12 h. To prepare NHSs of diameter 250 nm
we only change the amount of PVP to 75mg. For the NPs we added
200mg of PVP and the reaction was conducted at a temperature 200 °C
for 4 h.

Due to hydrolysis of Fe2+ in the reaction, Fe(OH)2 and FeOOH
nanocrystals are formed, which are thermodynamically unstable be-
cause of their extreme nanoscale size. The nanocrystals aggregates to
form solid spheres to reduce the surface energy and we can control the
aggregation with the amount of growth modifier in the reaction.
Following the 20 h reaction time at 180 °C, the Fe(OH)2 and FeOOH
nanocrystals transform to Fe3O4 with irregular shaped small pores in-
side the solid sphere. As Fe3O4 is denser than Fe(OH)2 and FeOOH, the
pores are formed to maintain the effective density by removing material
from the aggregates. The small pores merge together to form large pores
following the Ostwald ripening process [19]. The PVP coating over
individual nanocrystallite not only limits the aggregation, but also
prevents them from collapsing. With increase in the amount of PVP and
reduction of the reaction time small NPs are formed.

For preparing MR fluids the respective samples are mixed with si-
licon oil (purchased from MERCK) with 50% weight fraction. The
powder samples and carrier oil are mixed with mechanical stirring
followed by sonication until uniformity obtained. MR fluid containing
NPs of diameter 100 nm is marked as MR100 and the other two MR
fluids are marked as MR250 and MR700 containing NHSs of diameter
250 nm and 700 nm respectively.

The prepared submicron structures are characterized using X-Ray
Diffraction (XRD), Transmission electron (TEM) and Field emission
scanning electron microscope (FESEM). Magnetic measurements are
performed using Vibrating sample magnetometer (VSM). Commercial
rheometer “MCR 301” is used for the magnetorheological measure-
ments.

3. Results and discussions

Fig. 1 shows the XRD patterns of the NHSs and NPs, confirming the
formation of face centered cubic inverse spinel structure (JCPDS card
np. 75-0033) of Fe3O4. Fig. 2(a) and (b) show the FESEM images of
NHSs of diameter 700 nm and 250 nm respectively. From FESEM
images formation of cracked spheres of uniform distribution with
hollow interior is confirmed. Fig. 3(a) and (b) show the TEM image of
the NHSs, where from the dark and bright contrast between the outer

line and center part, hollow structure formation is ensured. For better
clarity only TEM image of the as prepared NPs is shown in Fig. 3(c),
confirming the formation of NPs of 100 nm diameter with uniform size
distribution.

The density of the NHSs of diameter 250 and 700 nm are
5.208×103 kg/m3 and 5.214× 103 kg/m3 respectively, whereas the

Fig. 4. Room temperature M-H curve of Fe3O4 NPs and NHSs.

Fig. 5. Shear rate dependent shear stress plot (flow curve) of (a) MR250 (b)
MR700 and (c) MR100.



solid NPs are of density 5.655×103 kg/m3.
The room temperature magnetic hysteresis loops of NHSs and NPs

are shown in Fig. 4. NHSs with higher diameter show higher Ms

(92.2 emu g−1 for 700 nm & 85.1 emu g−1 for 250 nm), whereas both of
them exhibit better magnetization compared to that of NPs
(79.4 emu g−1).

Anticipating better MR property due to low density and higher
magnetization two different MR fluids MR250 and MR700, as described
in the experimental section, were investigated under external magnetic
field varying from 0 to 0.4 T. To compare their results with that of solid
particles MR100 is also investigated under the same conditions. The
shear rate dependence of shear stress of the MR fluids were studied with
shear rate varying from 0.01 s−1 to 100 s−1 (shown in Fig. 5), keeping
the gap between the rotating plates of the rheometer fixed at 0.3mm.
From Fig. 4 the curves are found to be non-linear, implying non-New-
tonian behavior. The curves are fitted with the Herschel-Bulkley (HB)

fluid model [20]

= +τ τ kγṅ
0 (1)

where τ is the shear stress, τ0 the yield stress value and γ ̇, the shear rate.
k and n are model factors which are respectively the consistency index
and flow index.

Though the flow curves for MR250 and MR100 fit well with the HB
fluid model, it is not appropriate for MR700, which is also reflected
from the fitted parameters (Table 1), such as negative value of τ0 and
unacceptable values of n. Even for MR250 and MR100 the values of n
are inconsistent, as n decreases with increase of magnetic field which is
contrary to the behavior of MR fluids. Moreover, it is clear from Fig. 5
that the shear behavior at a particular magnetic field is not similar for
different MR fluids. Thus it is not possible to explain the MR behavior of
all the samples by a simple power law such as Herschel-Bulkley model.

The higher shear rate region of the stress-shear rate curve (Fig. 5)
behaves like a Bingham curve at all the applied magnetic fields.
Bingham Plastic (BP) model [21] suggests that

= +τ τ ηγ ̇B
n (2)

where τBis the Bingham yield stress and η is the field independent
plastic viscosity defined as the slope of the shear stress curve at high
value of γ ̇.

According to BP model, for <τ τB, the magnetic particle-oil sus-
pension is in solid-like state and after the yielding point the magnetic
fluid behaves like liquid state. Under the application of an external
magnetic field, dipole moment arises in the suspended magnetic par-
ticles of MR fluid and they form chain like columnar structure in the
applied field direction and on removal of the magnetic field the fluid
reverses back to the initial state. In a parallel plate rheometer the MR
fluid is placed in between two plates and a shear loading is applied by
rotating the upper plate and keeping lower one fixed. MR fluids resist
the flow by forming chain under applied field and with increasing shear
rate the flow initiates again due to chain deformation. The point at
which shear stress reaches the maximum is called the yielding point.
Yield stress is the most important parameter of MR fluids in application
point of view and it depends on the magnetic saturation and particle
weight fraction.

Now by applying BP model at the linear region of the stress vs shear
rate curve we found the following values of yield stress as shown in
Table 2.

The solid particles of diameter 100 nm show the magnetization
∼80 emu/g which is close to the magnetization of nano-hollow spheres
of diameter 250 nm (85 emu/g). Though the magnetization values are
comparable for these particles, they show huge difference in MR re-
sponse as observed from Table 2. This is due to the larger surface area
as well as better stability (Fig. 7) of the NHSs in the carrier oil. The area
of contact between two spheres of radius r is a small circle of radius a
given by [22]

=
+

Ca
r r
1 13 (3)

where C is a constant which depends on the moduli of elasticity and
Poisson’s ratios of the spheres. It is obvious from Eq. (3) that the area of
contact will increase with increasing r. Larger surface area gives rise to
stronger magnetic interaction and frictional force among the particles.

The shearing stress between the MR fluid and the rotating disc de-
pends on the frictional force (μR, where μ is the coefficient of friction
and R, the normal reaction) between them which is proportional to the
normal reaction, originated from the chain-like structures under an
external magnetic field. The normal reaction, R, consists of magnetic
dipolar interaction (Fm), Van Der Waals (VDW) force and frictional
force among the nanostructures. As the other contributions are much
smaller than the magnetic interaction, it can be considered to be the
origin of R.

Table 1
Rheological behavior of MR fluids under different magnetic field from Herschel-
Bulkley fitting.

MR samples Magnetic field
(T)

τ0(Pa) k (Pa Sn) n

MR250 0 5.37 ± 0.001 0.002 ± 0.001 0.77 ± 0.03
0.2 109.9 ± 0.03 0.19 ± 0.03 0.3 ± 0.02
0.4 147.3 ± 0.03 0.21 ± 0.03 0.32 ± 0.02

MR700 0 −22.4 ± 0.06 0.1 ± 0.06 0.09 ± 0.05
0.2 −275.2 ± 0.32 0.81 ± 0.33 0.09 ± 0.03
0.4 −320.9 ± 4.5 3.85 ± 4.5 0.02 ± 0.02

MR100 0 4.98 ± 0.001 0.001 ± 0.002 0.8 ± 0.05
0.2 13.4 ± 0.002 0.018 ± 0.001 0.39 ± 0.01
0.4 41.3 ± 0.006 0.027 ± 0.004 0.38 ± 0.03

Table 2
Yield stress of the MR fluids from Bingham-Plastic model.

Magnetic Field (T) τB(Pa)

MR250 MR700 MR100

0 13.1 85.9 9.3
0.1 302 444.4 40.8
0.2 491.1 687.8 76.9
0.3 565.2 816.9 113.4
0.4 582.1 829.9 154

Fig. 6. Variation of Bingham yield stress with 1/H.



Magnetic force per unit volume originated as a result of magnetic
dipolar interaction among the nanostructures in contact with each
other can be written as (shown in the Supplementary file)

=m
μ M

πr
F

8
9

0
2

2 (4)

where r is the diameter of the sphere and M is the magnetization.
Within the range of applied magnetic field (0.1–0.4 T) the magne-

tization of the particles are in approach to saturation region and in this
region M can be expressed as [23]

= ⎛
⎝

− − ⎞
⎠

a
H

b
H

M Ms 1 2 (5)

where Ms is the saturation magnetization and a, b are two constants.
Neglecting 1/H2 term we get from Eqs. (4) and (5)

∝ − +m M a
H

a
H

F (1 2 )s
2

2

2 (6)

Fig. 6 shows the fitting of Eq. (6) with the τBvs 1/H graph obtained
from Table 2. The τBvs 1/H curve shows similar nature for NHSs which
is different from that of NPs, indicating its morphology dependency.

Sedimentation tests are performed on all the three samples to
compare the stability of the three different kinds of MR fluids. The
sedimentation rate is calculated using the equation:

=Sedimentation percentage (S)
Volume of supernatant fluid

Total volume of MR fluid
X100%

Fig. 7 shows the sedimentation curves of the MR fluids. NHSs show
much better stability than NPs in the MR fluid due to the lighter density
of NHSs than NPs. MR250 shows slightly better stability over MR700 as
evident from Fig. 6, which is due to the higher density of NHSs with

700 nm diameter.

4. Conclusion:

In summary, magnetorheological fluid with high yield stress and
better stability is successfully prepared by using hollow nano spheres in
a facile method. The typical MR behavior of these fluids is successfully
understood using Bingham Plastic model. We explained the magnetic
field dependence of yield stress by considering the frictional force be-
tween the rotating plate and nano hollow spheres, where the normal
reaction is developed from the magnetic dipolar interaction between
the spheres. The nature of yield stress vs magnetic field curves is found
to be morphology dependent. Therefore, Fe3O4 nano hollow structure
based MR fluids with excellent sedimentation stability and high shear
stress can be a good candidate for future MR fluids based technology.
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