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ABSTRACT

Magnetorheological (MR) fluids with Fe3O4 particles are widely studied nowadays due to their soft magnetic nature, controllable morphol-
ogy, and better chemical stability as compared to their metallic counterpart. However, they can be even more advantageous under Zn
doping with elevated magnetization and hollow configuration with low density, making them more active, stable, and dispersible in the
carrier fluid. Here, we report the preparation of MR fluids with Zn0.2Fe2.8O4 sub-micrometer hollow spheres and their steady-state MR
response under the application of a magnetic field. The MR fluid follows the Bingham plastic nature with a yielding behavior. The variation
of yield stress with the applied magnetic field is explained in the context of a newly developed dipolar interaction model.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031536

I. INTRODUCTION

A magnetorheological (MR) fluid consists of a carrier liquid
where nano- to micrometer-sized magnetic particles are well dis-
persed, and the fluid shows a magnetic field responsive reversible
change in viscosity from liquid state to solid-like state.1–3 Until
today, MR fluids have received considerable attention in technolog-
ical applications such as brake, clutch, dampers, seismic
vibrations,4–5 etc. High concentration and large magnetic saturation
(MS) of the suspended magnetic particles in MR fluids improve the
magnetorheological response. However, MR response is not always
proportional to the particle concentration and rather deteriorates
when the particle concentration goes beyond a certain limit.6

Therefore, to improve MR response, the metallic magnetic particles
with high MS, such as carbonyl iron, are used. However, poor sedi-
mentation stability in suspension due to their high density and
poor oxidative stability recommend the use of additives2,3 and
coating.7–10 Nonetheless, due to additives and coatings, the MR
response gets compromised11 and noneconomic.12 On the other
hand, spinel ferrites with excellent chemical stability and low
density are found to be a stable MR material with good magneto-
rheological response comparable to metallic particles.13,14 They can
be even more advantageous if used in the form of hollow structures
that can improve their stability further by reducing the density.

MR fluids containing hollow spherical Fe3O4 particles were
reported earlier.15,16 Ferrite hollow spheres with good chemical,
physical, and sedimentation stability make an excellent MR mate-
rial both for application purpose and for basic understanding17 of
the MR effect.

In our previous work, we observed Zn doping to improve the
magnetization of ZnxFe3−xO4 hollow spheres up to a certain
doping percentage (x = 0.2).18 In this article, Zn0.2Fe2.8O4 (ZFO)
hollow spheres with diameter ∼700 nm are synthesized via a solvo-
thermal method, and the MR suspension is prepared using them.
The steady-state shear response of the MR suspension is studied
and explained in detail.

II. EXPERIMENTS AND METHODS

ZFO hollow spheres are prepared following the synthesis pro-
cedure as reported earlier.18 In brief, 1.015 g of FeCl3⋅6H2O,
0.0315 g of ZnCl2, and 0.46 g of urea are added in 30 ml ethanol
and stirred until homogeneous solution is obtained. 25 mg of PVP
is added as a surface stabilizer. The properly mixed solution is
transferred into a 40 ml Teflon lined stainless steel autoclave and
heated at 200 °C for 20 h, followed by natural cooling. The resulting
black precipitate is washed with absolute ethanol and dried
overnight.
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The structure and phase of ZFO hollow spheres are charac-
terized by x-ray diffraction (XRD), while the morphology and
elemental analysis are performed by using a scanning electron
microscope (SEM) equipped with energy dispersive x-ray

spectroscopy (EDX) and a transmission electron microscope
(TEM). The magnetic measurements are performed by using a
vibrating sample magnetometer at room temperature with a
maximum applied field of 10 kOe.

FIG. 1. Left: Schematic diagram of the parallel plate magnetorheometer (MCR 301). Right: Schematic diagram of the particle chain formed in the direction of the magnetic field.

FIG. 2. (a) XRD pattern with EDX spectra (inset), (b) SEM image, (c) TEM image, and (d) room temperature M-H loop of the as-prepared Zn0.2Fe2.8O4 hollow spheres.
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The MR fluid with 50 wt. % particle fraction is prepared by
adding ZFO hollow spheres in silicone oil (density 0.981 g/cc at
room temperature) and henceforth named as ZFO-MR fluid. The
mixture is homogenized by mechanical mixing followed by sonica-
tion. No additive is present in the prepared MR fluid. The MR
measurements are performed in an Anton Parr parallel plate mag-
netorheometer MCR 301. The gap between two parallel plates is
kept at 0.3 mm. A schematic of the magnetorheometer is shown in
Fig. 1.

III. RESULTS AND DISCUSSION

The XRD pattern of the as-synthesized sample is shown in
Fig. 2(a), which confirms the formation of a single-phase face-
centered cubic spinel structure, where the EDX spectra in its inset
confirm the element and purity of the as-synthesized material.
The SEM image in Fig. 2(b) shows the formation of regular and
uniform ZFO spheres of average diameter of 700 nm and rough
surface area. Some broken parts of the spheres can also be seen in
the SEM image, which confirm the hollow interior of the spheres.
The hollow structure of the as-synthesized sample becomes more
prominent, from the intensive contrast between the black edge
and bright center of the spheres, in the TEM image, as shown in
Fig. 2(c), with a shell thickness of 120 nm. Density of the hollow
spheres is found to be ∼4.9 g/cc, which is much less compared to
the density (∼5.3 g/cc) of Zn0.2Fe2.8O4 solid spheres. The field-
dependent magnetization (M-H) loop in Fig. 2(d) shows soft
magnetic nature of ZFO hollow spheres with MS = 96 emu/g,
coercivity ∼140 Oe, and remanence ∼14 emu/g. These magnetic
properties suggest that ZFO hollow spheres-based MR fluid will
be quick in MR response and re-dispersible due to negligible
remanence.

Dispersion stability of the prepared MR fluid is shown in
Fig. 3 by plotting the time-dependent sedimentation rate. The MR
fluid system is kept steady during the time of stability test. The sed-
imentation rate is found to be slow as compared to the metallic

magnetic particles,19 which is owed to the low density of ZFO
hollow spheres.

Figure 4(a) exhibits the flow curve of the ZFO-MR fluid and
silicon oil only to understand the origin of high shear stress in the
MR fluid. The high shear stress of the ZFO-MR fluid even at zero
field is due to the rough surface of the hollow spheres which can be
observed in the SEM image [Fig. 2(b)]. The shear stress (τ) of the
suspension increases in the presence of a magnetic field (H), with
the appearance of dynamic yield stress, owing to the formation of
magnetic field-induced columnar structures. During the flow test,
the measurement is repeated for a particular applied magnetic field,
and the flow curve follows the same path each time, proving the
negligible effect of remanence magnetization on MR response. The
sample represents a shear thinning behavior at a fixed applied mag-
netic field, as appeared from Fig. 4(b), where with the increase in
shear rate ( _γ), the columnar structures break and initiate flow
in the MR fluid. All the curves show non-Newtonian behavior
[Fig. 4(a)] and the presence of yield stress under the application of
the magnetic field confirms Bingham plastic (BP) nature following

FIG. 3. Sedimentation stability of ZFO-MR fluid with time.
FIG. 4. (a) Steady shear rate flow curve and (b) variation of viscosity with the
shear rate of the ZFO-MR fluid.
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the BP equation τ ¼ τy þ η _γ, where τy represents the yield stress
and η is the plastic viscosity. By extrapolating the shear rate to zero,
the yield stress (τy) is estimated for different applied magnetic
fields. A yield stress (τy) of ∼1120 Pa is obtained for the maximum
applied magnetic field of 400 mT for the ZFO-MR fluid, which is
better as compared to the MR fluid with pure Fe3O4 hollow
spheres.15 Once the yielding point is reached, the flow curves show
gradual increasing nature with the increase in shear rate for all the
applied magnetic fields. The slope of this linear region at higher _γ
represents the value of plastic viscosity (η), which changes with the
applied magnetic field, indicating the dependence of η on the
applied field.

To understand the MR mechanism, the nature of variation of
the yield stress with the applied magnetic field needs to be studied.
In MR fluids, under a weak applied magnetic field, τy increases
quadratically with increasing magnetic field strength, while at
higher values of the applied magnetic field, τy is expressed as20

τy ¼
ffiffiffi
6

p
fμ0M

1/2
S H3/2. In the ZFO-MR fluid system, the yielding

nature with different magnetic fields does not follow any previously
established model as observed from Fig. 5(a). With the externally

applied magnetic field, each hollow sphere acts as an individual
dipole and forms chain. The nature of variation of τy with H is
explained by considering frictional force between the hollow
spheres and the plates of the magnetorheometer.

Frictional force is proportional to the normal reaction, which
is composed of dipolar interaction force between the magnetic par-
ticles in the particle chains. Under an applied magnetic field, each
sphere acts as a magnetic dipole. The dipolar interaction force
between two dipoles can be expressed as

Fd ¼ � 3μ0m
2

2πl4
, (1)

where m is the magnetic dipole moment and l is the distance
between the particles.

In the MR fluid, the suspended hollow spheres form chain in
the direction of the applied magnetic field through dipolar interac-
tion. Considering infinite number of particles in a chain from a
lower static plate to an upper rotating plate, as shown in Fig. 5(b),
the dipolar interaction force on the hollow sphere in contact with

FIG. 5. (a) Variation of yield stress with the applied magnetic field of the ZFO-MR fluid fitted with the previously established standard model. (b) Schematic of infinite parti-
cles chain formed due to arising dipole moment under the application of the magnetic field and (c) variation of yield stress with the applied magnetic field of the ZFO-MR
fluid fitted with the dipolar interaction model.
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the rotating plate can be calculated as

F ¼ � 3μ0m
2

2π
1

(2r)4
þ 1

(4r)4
þ 1

(6r)4
þ � � �

� �
, (2)

where r is the radius of the ZFO hollow spheres.
By adding the infinite series of Eq. (2), we get

F ¼ � 3μ0m
2

25πr4
π4

90
: (2a)

If we consider a unit volume of length, breadth, and height of
unit scale and n number particles per unit length, then there are n2

number of particles per unit area and n3 number of particles per
unit volume, with n2 number of particle chains per unit cell. So,

the dipolar interaction force per unit area is

N ¼ � 3μ0m
2n2

25πr4
π4

90
: (2b)

N is also a normal reaction that is required for calculating the
frictional force between the particle chains and the upper plate of
the magnetorheometer.

Equation (2b) can be expressed as

N ¼ � 3μ0M
2

25πr4n4
π4

90
, (3)

where M is the magnetization of the particles defined as M =mn3.
The normal reaction of Eq. (3) gives rise to frictional force,

which in turn develops shear in the ZFO-MR fluid. In the range of
the applied magnetic field (400 mT), the ZFO hollow spheres
are in the approach to saturation region, where M can be

FIG. 6. Nature of variation of (a) plastic viscosity with applied magnetic field
intensity and (b) viscosity values at different shear rate ηs with the applied mag-
netic field at different shear rates of the ZFO-MR fluid; inset figure shows the
variation of ηs with 1/H for shear rate 0.01 s−1.

FIG. 7. Variation of (a) storage modulus and (b) loss modulus with angular fre-
quency of the oscillating strain at different applied magnetic fields.
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written as21,22

M ¼ MS 1� a
H

� b
H2

� � � �
� �

, (4)

where a and b are constants. Combining Eqs. (3) and (4) and
neglecting the higher order terms, the field dependence of the
normal reaction in the approach to saturation region, NAS, can be
expressed as

NAS αM
2
S 1� 2a

H
þ a2

H2

� �
: (5)

As the normal reaction is the origin of shear stress, the yield
stress τy should follow the same H dependency. The variation of τy
with 1/H is shown in Fig 5(c). Plastic viscosity, η, also varies fol-
lowing the same pattern as τy with H, as shown in Fig. 6(a).
Viscosity values in our experiment are calculated for different
values of shear rate 0.01, 41.7, 125, 500, and 1000 s−1 with the
applied magnetic field and is denoted as ηs. ηs is found to increase
with magnetic field strength due to stronger chain formation in
the MR fluid, and their nature of variation with H is shown in
Fig. 6(b), fitted with Eq. (5).

Frequency-dependent storage modulus (G0) and loss modulus
(G00) at constant shear rate amplitude (0.5%) is shown in Fig. 7. G0

increases with the increase in the magnetic field, suggesting strong
solid-like behavior over the liquid-like state, which indicates domi-
nating elastic behavior over viscous nature. G00 also shows improve-
ment under field stimuli. It indicates the enhanced dissipative
response in addition to improved elasticity, which is a suitable
characteristic for dynamic applications.

IV. CONCLUSION

In conclusion, MR fluid with Zn0.2Fe2.8O4 hollow spheres is
prepared and its MR effects and sedimentation behavior are studied
in detail. The MR fluid not only shows good dispersion stability
but achieves sufficient value of yield stress at a low applied field of
400 mT. Magnetic dipolar interaction is found to govern the MR
behavior. This MR fluid with dominating elastic behavior over
viscous nature in the presence of an applied magnetic field and
excellent MR response is suitable for commercial use such as brake,
clutch, and MR damper.
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