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A B S T R A C T

In this work, a superparamagnetic fluid based on Fe3O4 hollow nanospheres was developed and the influence of
the particle structure on the rheological properties was investigated. The Fe3O4 hollow nanospheres which were
prepared by using the hydrothermal method presented the superparamagnetic characteristic, and the magnetic
fluid thereof showed well magnetorheological (MR) effect. The stable magnetic fluid had a high yield stress even
at low shear rate and its maximal yield stress was dramatically influenced by the measurement gap. In
comparison to the Fe3O4 nanoparticles based magnetic fluid (MF), the Fe3O4 hollow nanospheres based MF
exhibited better MR effect and higher stability since the unique hollow nanostructure. The shear stress of the
hollow nanospheres is about 1.85 times larger than the nanoparticles based MF because it formed stronger
chains structure under applying a magnetic field. To further investigate the enhancing mechanism, a molecule
dynamic simulation was conducted to analyze the shear stress and the structure evolution of the Fe3O4 hollow
nanospheres based MF and the simulation matched well with the experimental results.

1. Introduction

Magnetic fluids, which were composed of magnetic particles in
carrier fluids, could change their viscosity in milliseconds in the
presence of an external magnetic field (magnetorheological effect).
After removing the magnetic field, they return to the starting state. Due
to their unique semi-active characteristic, the magnetic fluids have
attracted increasing attentions in aviation, apparatus, industrial and
biological field, etc.[1–3]. During the past decades, many efforts have
been conducted to develop high performance magnetic fluid. Various
magnetic particles such as the carbonyl iron (CI), Fe, Ni, Co, Fe-alloy,
Fe3O4, and ferrite particles were applied in the magnetic fluids [4–6].
Since their high magnetic saturation and tunable sizes, the obtained
magnetic fluids presented excellent magnetorheological effect. fabrica-
tion, low density, and multiple nanostructures. Due to their unique
magnetic property, the Fe3O4 based magnetic fluids were widely
applied in drug delivery, magnetorheological fluid, MRI imaging,
separation and etc.[7,8]. As a matured magnetic material, various
methods were developed for tuning the nanostructure of the Fe3O4

materials. Various Fe3O4 particles such as the nanoparticles [9–12],
nanowires [13–15], nanorods [16–18], nanotubes [19,20], na-
nosheets [21], nanocubes, nanoplatelets, octahedral particles [22–24]
and olivary particles [25] have been reported. Although the magnetic

saturation of the Fe3O4 is smaller than the CI particle, it's compatible
surface, small size, and small density match well with the carrying fluid
thus presents better stability [26]. To this end, the study of the Fe3O4

based magnetic fluid is very important not only for their application but
also for fundamental interest [27]. Magnetic particles played the key
role in determine the magnetorheological effect for the magnetic
fluid [28–30]. Under applying the magnetic field, the magnetic
particles assembled to form chain-like structures thus enhanced the
viscosity. It was found that the shape of the magnetic particles highly
influenced the MR performance. For example, the rod-like particles led
to higher MR effect while the wire-like particles improved the
stability [31,32]. In comparison to the spherical particles, the aniso-
tropic magnetic particles could result in stronger chains structure due
to the larger friction force [33]. The inner structure of the magnetic
particles was another critical parameter for the magnetic fluid [34].
Due to its low intensity, the hollow structure would be favorable in
magnetic fluid because it could improve the stability [35–38].
Moreover, the chains structure of the hollow particles based magnetic
fluid must be very different from the nanoparticles [39]. Therefore, the
study of the superparamagnetic fluids based on the Fe3O4 hollow
nanospheres is valuable.

In this work, a novel magnetic fluid based on the superparamag-
netic Fe3O4 hollow nanospheres was developed. The hollow structured
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Fe3O4 nanospheres were synthesized by a simple hydrothermal method
and they were further dispersed in the water to form uniform magnetic
dispersion. The rheological testing indicated the as-prepared magnetic
fluid presented well MR effect with high stability. In comparison to the
Fe3O4 nanoparticles, the hollow nanospheres based magnetic fluid gave
out a better MR performance. A possible enhancing mechanism was
proposed to analyze the nanostructure dependent rheological proper-
ties in the magnetic fluid. At last, a molecule dynamic simulation was
conducted to analyze the magnetic responds of the MF based on hollow
particles. These results supplied much valuable information for design-
ing high performance magnetic fluid. Fe3O4 was attractive in magnetic
fluids because it’s easy.

2. Experiment

2.1. Materials

All the chemical reagents were analytical graded and used without
further purification. Iron(III) chloride hexahydrate (FeCl3·6H2O;
Sinopharm Chemical Reagent Co, Ltd), urea (CO(NH2)2; Sinopharm
Chemical Reagent Co, Ltd), Citric acid trisodium salt dehydrate
(C6H5Na3O7·2H2O; Sinopharm Chemical Reagent Co, Ltd),
PolyVinylPyrrolidone ((C6H9NO)n; Model K-90; Sinopharm Chemical
Reagent Co, Ltd), PolyAcrylaMide-3000000 ((C3H5NO)n; Sinopharm
Chemical Reagent Co, Ltd) and distilled water were used for the
synthesis of Fe3O4 hollow nanospheres.

2.2. Synthesis of Fe3O4 hollow nanospheres

Fe3O4 hollow nanospheres were synthesized by a hydrothermal
method. Typically, 4 mmol FeCl3·6H2O, 12 mmol CO(NH2)2 and
8 mmol C6H5Na3O7·2H2O were dissolved in 40 ml distilled water.
After being vigorously stirred to a uniform solution, 0.3 g
Polyacrylamide-3000000 and 0.1 g PolyVinylPyrrolidone were added
into the solution. Keep stirring until all the reagents were dissolved
completely. Then, the mixture was transferred into a 50 ml Teflon-
lined autoclave. The autoclave was sealed and then maintained at
200 °C for 12 h. After the autoclave was naturally cooled down to room
temperature, the black precipitation was washed with distilled water
and absolute ethanol for three times. Finally, the black precipitation
was dried in vacuum desiccation oven at 60 °C overnight to get the
Fe3O4 hollow nanospheres.

For the synthesis of magnetic fluids, the above Fe3O4 hollow
nanospheres were dispersed into water via sonication. After a uniform
suspension was obtained, the final product was sealed in a vial for the
further measurement. The magnetic fluids based on Fe3O4 hollow
nanospheres with weight fraction of 10%, 15%, 20% were prepared.
Moreover, in order to compare the difference of the rheological
properties in magnetic fluids based on the hollow nanospheres and
nanoparticles, the hollow Fe3O4 nanospheres was treated under a
continuous ball milling for 24 h to achieve the Fe3O4 nanoparticles.
The Fe3O4 nanoparticles based magnetic fluid was prepared after being
dispersing in the water. The two magnetic fluids were prepared via a
similar process.

2.3. Characterization

The crystal structure of the prepared nanospheres was examined via
X-ray diffraction (X-RD) on a Philips X′pert Pro SUPER rotation anode
with Cu-Kα radiation (λ=1.541874 Å). A scan rate of 0.02° s−1 was
applied to record the pattern with the 2θ range of 10−70°.
Transmission electron microscopy (TEM) images were obtained on
JEOL-2010 with an accelerating voltage of 200 kV. The magnetic
property was measured on a superconducting quantum interference
device (SQUID) magnetometer at 300 K with the applied field sweeping
from −20 to 20 kOe.

The rheological properties of the magnetic fluids were tested by a
commercial rheometer (Physica MCR 301, Anton Paar Co., Austria).
Fig. 1 shows the schematic of the testing part. The samples were placed
between two parallel plates and a shear loading was applied on the
sample through the rotating plate, which is made of non-permeable
material and the diameter of the rotating plate was 20 mm. The
rotating plate can also transmit other signals (such as stress, displace-
ment, and strain, etc.) by the sensors connected to it. The magnetic
field is generated by an inbuilt coil and the intensity of the magnetic
field is controlled by the current in the coil. Magnetic induction lines
pass through a permeable framework and sample to form a closed
magnetic circuit.

A certain amount of magnetic fluid was taken and put between the
two parallel plates of the commercial rheometer. The test was taken out
under different shear rate, current and parallel plate gap. All the tests
were carried out at room temperature.

3. Result and discussion

3.1. Characterization of the hollow Fe3O4 nanospheres

As shown in Fig. 2(a)–(c) are the TEM images of the Fe3O4 hollow
particles. Clearly, the particles in the images are spherical and the
nanospheres had a pale center region and a dark edge, which indicated
that the nanospheres had a hollow nanostructure. The average
diameter of the magnetite hollow nanospheres was about 300 nm,
while the shell thickness was about 40 nm. A higher magnification TEM
with one single hollow sphere was used to further investigate the inner
nanostructure of the hollow particles. It was clearly observed that the
hollow sphere was composed of irregular shaped primary particles with
the diameter of approximately 15 nm, which agreed well with the XRD
analysis which would be shown later. The shell of the Fe3O4 hollow
sphere was aggregated by large amount of irregular nanocrystals, thus
it was porous. In order to compare the difference of the rheological
properties in magnetic fluids based on the hollow nanospheres and
nanoparticles, the hollow Fe3O4 nanospheres was treated under a
continuous ball milling for 24 h to achieve the Fe3O4 nanoparticles.
Fig. 2(d) showed the TEM image of the final Fe3O4 product after the
ball milling. Only Fe3O4 nanocrystals with size about 15 nm were
found. No hollow nanosphere was found in the image, indicated all the
particles were broken. This result also supposed that the Fe3O4 hollow
spheres were aggregated by the secondary Fe3O4 nanocrystals.

There are two reasons for the ball milling treatment. Firstly, the ball
milling could break the hollow nanospheres into nanoparticles because
the nanospheres were composed of large amount of secondary Fe3O4

nanocrystals. Secondly, the as-obtained Fe3O4 nanocrystals exhibited
similar crystal nanostructure and magnetic properties to the Fe3O4

hollow spheres, thus they could be used to prepare Fe3O4 nanocrystals

Fig. 1. Principle of testing part for Physica MCR 301.
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based magnetic fluid. The final magnetic fluid was an ideal candidate
for analyzing the influence of the nanostructure dependent rheological
properties.

Fig. 3(a) shows the XRD pattern for Fe3O4 hollow nanospheres. All
the sharp peaks in the pattern could be indexed to be the face-centered
cubic Fe3O4 (JCPDS Card No.75-0033). The broad nature of the
diffraction peaks indicates the final product is composed of secondary
nanocrystals with average size of 15 nm. No other peak was found in
the pattern, indicated the purity of the hollow Fe3O4 nanospheres.
Here, the obtained Fe3O4 nano particles also presented the similar
crystal structure to the hollow Fe3O4 nanospheres (Fig. 3(b)) although
they have different morphologies. Both patterns exhibited the similar

half-peak-broad, indicated the average grain sizes of the two product
were the same.

Fig. 4 showed the field dependence of magnetization for the Fe3O4

hollow nanospheres(a) and Fe3O4 nano particles after ball-milling(b).
The curves exhibited the typical superparamagnetic characteristic and
the remnant magnetism was nearly zero. The saturated magnetization
(MS) of the Fe3O4 hollow nanospheres was 57.65 emu/g. Although the
MS is smaller than the bulk Fe3O4 particles, the value is similar to most
of the previous reported Fe3O4 particles used in the magnetic fluid.
Therefore, this kind of Fe3O4 hollow nanospheres is suitable for
magnetorheological fluid. More importantly, the hollow nanospheres
was composed of secondary Fe3O4 nanocrystals with size smaller than

Fig. 2. TEM images of the Fe3O4 hollow nanospheres (a), (b), (c) and Fe3O4 nanoparticles after ball-milling (d).

Fig. 3. XRD pattern for Fe3O4 hollow nanospheres (a) and Fe3O4 nano particles after
ball-milling (b).

Fig. 4. Hysteresis curves of magnetic Fe3O4 hollow nanospheres (a) and Fe3O4 nano
particles after ball-milling (b) at room temperature.
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30 nm, thus the as-prepared particles were superparamagnetic. The
magnetic fluid prepared by the superparamagnetic Fe3O4 hollow
nanospheres would be more stable than the ferromagnetic fluid. Most
importantly, the Fe3O4 nanoparticles presented the same magnetic
propertied to the Fe3O4 hollow nanospheres. In consideration of the
similar property, these two particles were the ideal candidate for
investigating how does the hollow structure influence the mechanical
properties.

3.2. Stability of the magnetic fluids based on the Fe3O4 hollow
nanospheres

An experiment has been taken out to compare the stability proper-
ties of the magnetic fluids based on Fe3O4 hollow nanospheres and
Fe3O4 nanoparticles. The weight fraction of the two kinds of magnetic
fluids used for the stability testing was 20% and a centrifugal machine
was used. Firstly, 40 ml magnetic fluid based on hollow nanospheres
and 40 ml magnetic fluid based on nanoparticles were put into two
centrifuge tubes, respectively. The centrifugal speed was 2000 r/min.
The states of the two kinds of magnetic fluids were recorded by a
camera after centrifuging for 10 min (Fig. 5), then the tubes were put
into the centrifugal machine carefully and centrifuging for another
10 min. This process was repeated until the two kinds of magnetic
fluids did not appear obvious change.

These two kinds of magnetic fluids were dealt with an ultrasonic
machine and the state is shown in Fig. 5(1). It can be found that these
two kinds of magnetic fluids were both dispersed uniformly. Fig. 5(2)
was got after centrifuged for 10 min and the sedimentation was taken

place for the magnetic fluid based on Fe3O4 nanoparticles. Fig. 5(3)–
(6) were the experiment results of centrifuging for 20, 30, 40, 50 min,
respectively. After centrifuging for 50 min, the sedimentation of the
magnetic fluid based on Fe3O4 nanoparticles was very serious and the
sedimentation of the magnetic fluid based on Fe3O4 hollow nano-
spheres was very slight. Based on the above result, it was found that the
stability property of the magnetic fluid based on Fe3O4 hollow nano-
spheres was more excellent than the magnetic fluid based in Fe3O4

nanoparticles.

3.3. Rheological properties of the magnetic fluid based on the Fe3O4

hollow nanospheres

To study the rheological properties of the magnetic fluid based on
the hollow Fe3O4 nanospheres, three kinds of magnetic fluids with
weight fraction of 10%, 15%, 20%, respectively, were prepared. Each
kind of suspension was tested under different shear rate, magnetic flux
density and gap between the parallel-plates of the rheometer.

Firstly, the shear rate dependent shear stress of the magnetic fluid
was studied. Here, the test was taken out on a commercial rheometer
with shear rate sweeping logarithmically from 0.01/s to 100/s. Fig. 6
showed the influence of the magnetic flux density and different gap on
rheological properties of the 10 wt% magnetic fluids. It can be seen that
the shear stress vs. shear rate curves can be divided into two phases. In
the first phase, the shear stress increased immediately when the shear
rate was applied and in the second phase it increased slowly or kept at a
constant. When shear was applied in the presence of an external
magnetic field, the magnetic particles would aggregate to form chain-

Fig. 5. Stability experiment results for Fe3O4 nano particles (a) and Fe3O4 hollow nanospheres (b).

X. Ruan et al. Journal of Magnetism and Magnetic Materials 429 (2017) 1–10

4



like structures parallel to the direction of the external magnetic field to
resist the shear, so a yield stress appeared. This typical phenomenon
can be described by Bingham model:

τ τ η γ γ τ τ
γ τ τ

= + ( )̇⋅ ̇ ≥
̇ = 0 <

0 0

0 (1)

τ0 was the yield stress of the magnetic fluid based on Fe3O4 hollow
particles. When the shear stress τ was smaller than the yield stress τ0,
the suspension was in a solid-like state. Then, the shear stress
decreased after being yielded and this phenomenon was originated
from the slippage between the particle-links and walls. When the shear
stress τ was larger than the yield stress τ0, the magnetic fluid would
transform back to a fluid-like state. Here, η γ( )̇ was the viscosity of the
suspension, it decreased with the increasing of the shear rate.

The curves in the Fig. 6 were fit by formula (1) and then τ0 and η γ( )̇
were obtained (Table 1). It could be seen from Table 1 that a yield
stress existed in the curves when an external magnetic was applied.
Clearly, the changing of the yield stress τ0 under different magnetic flux
density was complex. With increasing of the magnetic field, the yield
stress τ0 and η γ( )̇ would first increase and then decrease. While the

external magnetic field is 0.12 T, both of them reached the maximum
value.

The transformation of the magnetic fluid between solid-like and
fluid-like states happened in millisecond order and was reversible. The
curves of the shear stress vs. shear rate for the 15 wt% and 20 wt%
magnetic fluids were similar with that of the 10 wt% magnetic fluid, so
they were not shown here for brevity.

Secondly, the magnetic flux density dependent shear stress of the
magnetic fluid was studied. The tests were taken out on the commercial
rheometer with magnetic flux density sweeping from 0 T to 0.96 T
linearly. The shear stress changing along with the magnetic flux density
under different gap was shown in Fig. 7. It could be observed that the
shear stress firstly increased along with the external magnetic field and

Fig. 6. The transformations of the shear stress with the change of the shear rate under
for the 10 wt% magnetic fluid under different magnetic flux density and the gap was
0.6 mm (a), 0.8 mm (b) and 1.0 mm (c), respectively.

Table 1
τ0 and η γ( )̇ under different conditions for the gap was 1 mm.

Flux Density 0 T 0.12 T 0.24 T 0.48 T 0.72 T 0.96 T

τ0 (Pa) 0.08981 14.93311 13.45178 8.16997 4.96299 2.86519
η γ( )̇ (Pa·S) 0.01312 0.19863 0.1676 0.12488 0.06882 0.0479

Fig. 7. The transformations of the shear stress with magnetic flux density under
different gap of the parallel-plate for different weight percent, (a) for 10 wt%, (b) for
15 wt%, (c) for 20 wt%.
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then decreased when the gap was 1 mm and 0.8 mm for the 10 wt%
and 15 wt% magnetic fluids. But for the 20 wt% magnetic fluid
(Fig. 7(c)), the shear stress increased with the increasing of the external
magnetic field no matter how large the gap was. The reason for this will
be expounded later on.

In this work, to investigate the influence of the hollow structure on
the rheological properties of the magnetic field, both the fluids based
on the Fe3O4 hollow nanospheres and Fe3O4 nanoparticles were tested.
Typically, the two magnetic fluids exhibited the magnetorheological
effect. In comparison to the nanoparticles, the yield shear stress of the
hollow Fe3O4 nanospheres is higher (Fig. 8), which further indicated
the rheological property of the hollow spheres is more excellent.
Because the crystallization and the magnetic properties of the two
particles were similar, the enhanced MR effect must be responded to
the hollow nanostructure.

The reason for the above phenomenon will be explained. From the
TEM images, we can get that the diameter of the hollow nanospheres is
about 300 nm and the diameter of the nano particles after ball-milling
is about 15 nm. So, we can work out that one hollow particle is
composed by about 1600 secondary nanoparticles. We assume that the
interaction force only exists between the neighboring particles and the
particles arrange along the direction of the external magnetic field.
Under the assumption of dipole model, the interaction force between
two neighboring particles can be express as:

F
μ

πr μ
m m=

3
2

⋅ .0
4

1 (2)

So, we can get the interaction force of the hollow particles
(Fig. 8(a)) and the nanoparticles (Fig. 8(b)):

μ
π R μ

nm nmF =
3

2 (2 )
⋅a

0
4

1 (3.1)

μ
π r μ

m mF =
3

2 (2 )
⋅b

0
4

1 (3.2)

and n=1600.
We can also get from Fig. 9 that the contact area of hollow particles

is about 9–16 times of that of the nanoparticles. So, we can finally get
that the stress of the hollow nanospheres is about 1.25–2.22 times of
that of the nanoparticles under the same external magnetic field.
Another reason for this is that hollow nanospheres can assemble more
chains than the nanoparticles under the condition of the same weight
fraction because of the hollow structure. While the particles are bearing
a shear, the contact area and the direction of the particles chains will be
changed. That would lead the changing of the ratio of the stress. So, the
ratio of the stress of these two kinds of particles would be changing
continually and this fits well with the experimental results shown in
Fig. 8.

The weight fraction of the magnetic fluid and testing gap critically

affected the measuring results. Fig. 9 were the schematic diagram of the
process for Fe3O4 hollow nanospheres and Fe3O4 nanoparticles chan-
ging from a random structure to a chain-like structure when an
external magnetic field. This process was depended on the acting force
between the particles when the external magnetic field was applied. So,
firstly the acting force between the particles was analyzed. The acting
force between particles was primarily composed by four parts:

F F F F F
⎯→⎯

=
⎯→⎯

+
⎯→⎯

+
⎯→⎯

+
⎯→⎯

ij
m fr

ij
r

ij
v

(4)

where F
⎯→⎯ m

ij was acting force between the magnetic dipoles, F
⎯→⎯ fr

was

friction force, F
⎯→⎯

ij
r
was repulsive force between the particles and F

⎯→⎯
ij
v
was

Van der Waals (VDW) force. The movement of the particles is slightly
influenced by the repulsive force and VDW force, so they could be
ignored in this work.

The acting force between the magnetic dipoles F
⎯→⎯ m

ij could be
calculated by the formula [40]:

F F σ
r

θ r θ θ
⎯→⎯

= ( ) [(3 cos − 1)→ + sin(2 )
→

]ij
m

ij
ij ij0

4 2

(5.1)

F πμ μ σ β H β α
α

α μ μ= 3
16

, = − 1
+ 2

, = /f p c0 0
2 2

0
2

(5.2)

where r→, θ
→

and z→ were the unit vectors for the spherical coordinates,
H0 was the external magnetic flux density, μ0 was the permeability of
vacuum.

The friction force was composed by two parts, one was the friction
force between particles and wall, the other was the friction force
between particles and particles.

F μ N
⎯→⎯

=
⎯→⎯

i
fr

i i (6)

F μ F
⎯→⎯

=
⎯→⎯

ij
fr

ij ij
r

(7)

where F
⎯→⎯

i
fr
, μi, N

⎯→⎯
i were the friction force, friction coefficient and

normal force between particles and wall, respectively; F
⎯→⎯

ij
fr
, μij were the

friction force, friction coefficient between the particle and particle,

respectively. F
⎯→⎯

ij
r
is small in comparison with N

⎯→⎯
i , so F

⎯→⎯
ij
r
could be

ignored in our research. The friction force between particles and wall
was determined by the normal force caused by the shear [41] and the
friction coefficient.

When an external magnetic field was applied, particles assembled
to form chain structure along the direction of the external magnetic
field. In this case, a normal force suddenly appeared between the
particles and wall. With the increasing of the shear rate, the chains’ tilt
angle became larger, which caused the interaction force between the
particles transforming from repulsion to attraction [42]. The further
increment of the shear rate led to rupture of the chains, thus the
normal force disappeared. So, the friction force between particles and
wall would decrease or disappear while the shear was applied. Under
the influence of the external magnetic field and shear, the chains would
rupture and regroup ceaselessly until reached a dynamic equilibrium

Fig. 8. The rheological properties for Fe3O4 nanoparticles (a) and Fe3O4 hollow
nanospheres (b).

Fig. 9. The interaction schematic for Fe3O4 hollow nanospheres and Fe3O4 nanoparti-
cles.

X. Ruan et al. Journal of Magnetism and Magnetic Materials 429 (2017) 1–10

6



state. Similarly, the aggregations of particles changed from a chain-like
structure to a cluster-like structure which would decrease the number
of aggregations. The touch between the aggregations and wall would
also decrease and this would lead to a decrease of the friction force. So
the friction force suddenly increased under the applied magnetic field
and then decreased with the increasing of the shear rate and the
external magnetic field.

The acting force between the magnetic dipoles increased with the
increasing of the external magnetic field. After the magnetization
intensity of particles was saturated, the acting force between the
magnetic dipoles would no longer increasing with the increasing
external magnetic field. So the shear stress increased rapidly when
the external magnetic field was applied, and then increased gently after
the magnetization of the particles reaching saturation.

When the gap between the parallel-plate of the rheometer was
changed, the trend of the shear stress according to the shear rate
changed. This was because that the gap between the parallel-plate of
the rheometer would have an obviously effect on the normal force. The
normal force could be expressed as follow [41]:

N τ V
π h

n
⎯→⎯

= 2
3

→0
3/2

1/2 5/2 0 (8)

where V was total volume of the magnetic fluid, τ0 was the yield stress
of the magnetic fluid and h was the gap distance of the rheometer. It
could be seen that the normal force would increase rapidly when the
gap distance was decrease, so the friction would increase.

The acting force between the magnetic dipoles and the friction force
would increase when the external magnetic field was applied and then
decrease along with the increasing of shear rate. The friction force
would increase along with the decreasing of the gap distance and
decrease along with the increasing of shear rate. Therefore, the shear
stress would increase rapidly while an external magnetic field was
applied and then decrease while the shear rate was increasing with a
larger gap distance. For the smaller gap distance, the shear stress
would be mainly determined by the friction force (Fig. 10).

3.4. Molecular dynamic simulation of the magnetic fluid based on the
Fe3O4 hollow nanospheres

The acting force between the Fe3O4 hollow nanospheres was
studied. Liu et al.[43] has proposed an easy-to-use modified dipolar

force model F
→

ij
m
, which is preferred to describe the magnetic interaction

force of two close magnetized particles and is presented as:

⎪
⎪

⎧
⎨
⎩

c d r d

r d
F

F

F
=

⋅ , for ≤ ≤ 1.5

, for > 1.5
m m ij

dipole
ij ij ij

ij
dipole

ij ij
ij

(9)

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟c

r
d e

= 1 + 3 −
2 60.17

1 +
− 22.79 1

100m
ij

ij
θ

2

( −34.55)/12.52

F m m r m r m r r

m r m m r m

= − [( ⋅ ) ˆ − 5( ⋅ˆ)( ⋅ˆ) ˆ

+ ( ⋅ˆ) + ( ⋅ˆ) ]

dipole μ
πr μ i j i j

j i i j

ij
3

4 ij

0
4 1

(10)

cm is the correction factor for adjusting the magnetic dipole model to
two close magnetized particles. dij is the average value of the diameters
of two considered particles. Ɵ is the angle between the direction of the
external magnetic field and the relative positional vector rr rˆ = /ij ij and
Fdipole

ij denotes the magnetic interaction force between two magnetic
dipoles [44]. μ0 and μ1 are the permeability of vacuum and the matrix,
respectively. mi and mj are the magnetic moment of particles i and j.
The other numerical constants are the fitting coefficients from the data
analysis.

To avoid the overlap of magnetized particles, the excluded volume
force Fij

ev was introduced. This force was calculated by Melle et al.
as [45]:

A
μ

πd
ξ r dF

m m
r=

3 ⋅
4

exp[− ( / − 1)]⋅ˆev i j

ij
ij ij ijij

0
4

(11)

where A=2 and ξ =10. The parameter A was chosen in order to give
zero interaction force when two particles which align along the field
direction and interact with the dipolar force are in contact.

The van der Waals force Fvdw
ij was also taken into account for

modelling the particle–particle interaction. This force can be expressed
as:[46]

⎧
⎨⎪

⎩⎪
r d h

r d h
F

r

r
=

ˆ, for − >

ˆ, for − ≤
vdw

A d

r d ij ij

A d

h ij ij
ij

24 ( − ) min

24 min

ij

ij ij

ij

2

min2 (12)

where A=5×10–19 is the Hamaker coefficient, and hmin=0.001dij was
used. Herein, the main particle–particle interaction force model has
been established.

When a particle moves in the water, it will be hindered by the
viscous drag force Fd

i from the surrounding water. The drag force can
be deduced in vector form as:

πd ηF v= −3d
ii (13)

Fig. 10. Schematic of forming chain-like structure when an external magnetic field and shear were applied for the Fe3O4 hollow nanospheres (a) and Fe3O4 nanoparticles after ball-
milling (b).
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where v is the moving velocity of the particles.
The force of gravity and buoyancy applied on the particle is:

πd
ρ ρF g=

6
( − )gb i

i

3

w (14)

where ρw is the density of the water, ρ is the density of the particle and
g is the gravitational acceleration.

As Fe3O4 hollow nanospheres are superparamagnetic material, the
magnetic torque applied on the particles is so small that the magneto
induced body rotational motion of the iron particles can be neglected.
The inertia effect and stochastic motion of the particles were also not
taken into account. This processing is reasonable because the magnetic
interaction of the particles dominates their random thermal motion
when an external magnetic field is applied rapidly, as discussed
analogously for magnetorheological fluids by Mohebi et al. [47] With
the aforementioned forces, the kinematic equation can be constructed

as:

⎧
⎨⎪

⎩⎪

⎡
⎣⎢

⎤
⎦⎥ F

F

F F F F F

F

= ∑ ( + + ) + for ∑ >

= 0 for ∑ ≤

dt ζ j i ij
m

ij
ev

ij
vdw

i
gb

i i
d

d
dt i i

d

r

r

d 1
≠

i
t

i
(15)

where ζ πd η= 3 it is the translational drag coefficient and F∑ i denotes
the total forces excluding the viscous drag force from the water applied
on particle i. Eq. (15) can be solved using a numerical method.

A cubic cell in the magnetic fluid with an edge length of L=4 µm
(about 13×d50) was considered and periodic boundary conditions were
used. The time step was 10−7 s and the computational steps were
3×106. It was assumed that the particle size distribution was uniform
and the diameter of the particles was 300 nm. The weight fraction of
the magnetic fluid used in this simulation was 10% and the particles
dispersed in the magnetic fluid were Fe3O4 hollow nanospheres, the
carrier liquid was redistilled water. The magnetic flux densities used in
this simulation were 0.12 T, 0.24 T, 0.48 T, 0.72 T, 0.96 T, respectively.
The configurations of the magneto-induced, rearrangeable microstruc-
ture in the magnetic field in a steady, uniform magnetic field would be
presented.

The curves for shear stress versus shear rate were obtained by the
molecular dynamic simulation (Fig. 11). Clearly, the shear stress
increased rapidly with the increasing of the shear rate and then kept
almost constantly which is because of the yield of the magnetic fluids. If
the magnetic flux density was small, it also could be seen that the shear
stress increased rapidly with the increasing of the magnetic flux
density. When the magnetic flux density is large, the shear stress
increased gently with the increasing of the magnetic flux density which
was because of the magnetized saturation of the Fe3O4 hollow nano-
spheres.

The structure evolution which was induced by the magnetic field

Fig. 11. The curves for shear stress versus shear rate obtained by molecular dynamic
simulation under different magnetic flux density.

Fig. 12. The structure evolution simulation of the magnetic fluids 10 wt% based on the Fe3O4 hollow nanospheres and the magnetic flux density is 0.12 T; (a) for shear rate 10 (1/s), (b)
for shear rate 30 (1/s), (c) for shear rate 100 (1/s).
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was shown in Fig. 12. When magnetic field was imposed, the Fe3O4

hollow nanospheres would rapidly arrange into chains. The chains
would be tilted as soon as the shear was applied. When the shear rate
was small (Fig. 12a), the chains were just tilted slight and the chains
were consecutive. The interaction force between the particles was
strong at this time. So, the shear stress increased when the magnetic
fluid suffered a shear. Along with the increasing of the shear rate, an
obvious tilt of the chains appeared (Fig. 12b). Along with the
sequentially increasing of the shear rate, the breakage and rebuild of
the chains happened (Fig. 12c). The breakage and rebuild of the chains
would reach a balance state quickly. So, the shear stress kept almost
constant when the shear rate was large than 30 (1/s). The molecular
dynamic simulation for the structure evolution could help us under-
standing the changing inside the magnetic fluid more detailed when it
was suffered shear and magnetic field. The simulative results could also
help us researching the properties of the magnetic fluid which were
difficult to obtain with experiment more detailed.

4. Conclusions

In this work, a novel kind of Fe3O4 hollow nanospheres based
magnetic fluid was reported and its rheological properties were
analyzed. The testing results indicated the magnetic fluids presented
the typical magnetorheological effect and the shear rate dependent
shear stress behavior fit a typical Bingham Model. Due to the high
saturation magnetization intensity of Fe3O4 hollow nanospheres, the
shear stress of the magnetic fluid thereof could reach a maximum value
about 330 Pa. Both the content of Fe3O4 hollow nanoparticles and the
plate gap of the rheometer influenced the rheological properties. In
comparison to the Fe3O4 nanoparticles, the Fe3O4 hollow nanospheres
based magnetic fluid presented a better MR effect. An experiment
about the stability was taken out which proved that the magnetic fluid
based on Fe3O4 hollow nanospheres was more stable than the magnetic
fluid based on Fe3O4 nanoparticles. A possible mechanism was
proposed and it was found that the stronger chain structure was the
origination. Molecular dynamic simulations about the shear stress and
the structure evolution of the magnetic fluid based on Fe3O4 hollow
nanospheres were taken out. The simulative results matched well with
the experimental results and this would help us understanding the
properties of the magnetic fluid more detailed. Finally, this work
supplied value information for analyzing the MR mechanism and the
Fe3O4 hollow nanospheres would have wide application in industry
area.
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