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The influence of the particle size on the rheological property of magnetic fluid was studied both by the
experimental and computer simulation methods. Firstly, the magnetic fluids were prepared by dispersing
Fe3O4 nanospheres with size varied from 40 nm to 100 nm and 200 nm in the solution. Then, the
rheological properties were investigated and it was found that the relative magnetorheological effects
increased with increasing the particle size. Finally, the molecular dynamic simulation was used to ana-
lyze the mechanical characteristics of the magnetic fluid and the chain-like model agreed well with the
experimental result. The authentic chain-like structure observed by a microscope agreed with the si-
mulation results. The three particles composed of the similar cluster nanostructure, thus they exhibited
similar magnetic property. To this end, the unique assembling microstructures was the origination of the
mechanical difference. And it was found that the higher MR (magnetorheological) effects of the large
particle based magnetic fluid was originated from the stronger assembling microstructure under the
applying magnetic field.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic fluids are a kind of smart materials which are pre-
pared by dispersing the magnetic particles into the carrying fluids.
Because of the magnetic dipolar–dipolar interaction among the
magnetic particles, the magnetic fluids possessed typical MR ef-
fects, of which the viscosity could change reversibly and rapidly by
tuning the external magnetic field [1–3]. According to the dis-
persing particles, the magnetic fluids could be simply divided into
magnetorheological (MR) fluid and ferrofluid [4]. The magnetic
saturation of the carbonyl iron particles is larger than the micro/
nano-sized iron oxide, therefore, the relative MR effect in the MR
fluid is higher than the ferrofluid. Due to their unique magnetic
properties, the magnetic fluids have been attractive in a diverse
range of applications, such as vacuum sealing, [5] magnetic re-
sonance imaging, [6] intelligent sensors, [7] buffer solution in
chips, [8,9] and drug delivery [10].

It is widely accepted that MR effect originates from the disorder
to order transition of the particulate assembling under applying an
external magnetic field [11]. Therefore, the magnetic property,
shape, size, and inner-structure of the magnetic particles become
the critical roles for affecting the rheological properties [12–15].
During the past decade, several groups performed intensive work
ongxl@ustc.edu.cn (X. Gong).
in this area to investigate the MR mechanism. Magnetic particles
with various morphologies such as the cubic, [16] octahedral,
[17,18] rod, [19,20] fiber [21] were applied for preparing MR fluids.
Stronger assembling chains would be obtained for the anisotropic
magnetic particles than the spherical ones, [22] because they have
a larger contact surface. The larger friction force among the ag-
gregated particles led to the higher viscosity. Moreover, the recent
research indicated that the bundle wire-like aggregations com-
posed of magnetic wires were more stable than the magnetic
particles, thus wires based magnetic fluid presented better MR
effect than the one composed of monodisperse particles [23]. To
this end, the investigation of the particle structure dependent MR
effects is favorable.

How does the particle size influence the mechanical properties
of the magnetic fluid? This is a very fundamental question for
understanding the MR mechanism [24]. Unfortunately, few work
has been reported on this subject. The mostly used magnetic
particles in MRF is commercial carbonyl iron, whose size is only
tunable between several um to tens of um. If the size of the iron
particles decreases to nano sized, they are very un-stable [25].
Therefore, other particles with tunable sizes are expected to solve
this problem. Recently, Fe3O4 based magnetic fluids have attracted
increasing interests since their better stability than the common
carbonyl iron based MR fluid [26–29]. The magnetization of the
Fe3O4 micro/nanospheres is sufficient for usage thus they could be
considered as a proper substitution in MR materials. Various
preparation method for Fe3O4 micro/nanospheres were reported
and the size, shape, magnetic property of the Fe3O4 could be
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targetingly obtained [30–33]. Therefore, the Fe3O4 is not only an
ideal candidate for understanding the MR mechanism but also
attracting for its application.

In this work, the influence of the particle size on the rheological
properties of the Fe3O4 magnetic fluids was both experimentally
and theoretically studied. Firstly, the Fe3O4 nanospheres with
different size were synthesized by using a modified solvothermal
method [34]. Then, the rheological property of the Fe3O4 magnetic
fluids thereof was tested and it was found that the MR effects
increased with the particle size. Finally, the molecular dynamic
simulation was used to analyze the mechanical characteristics of
the magnetic fluid. The proposed chain-like model agreed well
with the experimental result. This work is valuable for further
understanding the origination of the MR effect.
2. Experimental

2.1. Chemicals

Diethylene glycol (DEG), ethylene glycol (EG), and polyacrylic
acid (PAA) were purchased from Sigma-Aldrich. Iron(Ⅲ)chloride
hexahydrate (FeCl3 �6H2O) and sodium acetate anhydrous
(CH3COONa, NaAC) were obtained from Sinopharm Chemical Re-
agent Co., Ltd. All chemicals were of analytical grade and used
without further purification. Deionized water was used in these
experiments.

2.2. Preparation of magnetic fluids with different Fe3O4 particle sizes

Monodisperse Fe3O4 nanospheres with different sizes were
synthesized in a binary solvent system with diethylene glycol
(DEG) and ethylene glycol (EG). Typically, FeCl3 �6H2O (2.16 g),
NaAC (8 g) and PAA (0.2 g) were dissolved in an 80 mL mixture of
DEG and EG. After stirring for 30 min, the obtained yellow solution
was transferred into a telfton-lined stainless-steel autoclave. The
sealed reactor was heating at a temperature of 200 °C for 12 h. By
cooling to room temperature, the obtained Fe3O4 nanospheres
were washed by ethanol and deionized water for 5 times, re-
spectively. Finally, about 0.6 g Fe3O4 nanospheres were achieved
under drying in a vacuum oven. Here, the size of the Fe3O4 na-
nospheres was tunable by varying the DEG/EG ratio. The ratio of
64/16 leads to 40 nm, while the 60/20 and 50/30 leads to 100 and
200 nm, respectively. The relative Fe3O4 nanospheres based MRFs
were prepared by dispersing the above powder into the carrying
fluid. Thus the relative MRFs prepared by 40, 100, 200 nm nano-
spheres were defined as MRF-40, MRF-100 and MRF-200,
respectively.

2.3. Characterization

The transmission electron microscopy (TEM) images were ob-
tained on a JEM-2100F at an accelerating voltage of 200 kV. The
samples which were diluted in absolute ethyl alcohol were de-
posited on a double-sided copper grid for TEM observation. X-ray
diffraction (XRD) patterns of the samples were obtained with a
Japan RigakuDMax-γA rotating anode X-ray diffraction equipped
with graphite with graphite monochromatized Cu Kα radiation
(λ¼1.54178 Å). Infrared (IR) spectra in the wavenumber range
4000–400 cm�1 were recorded with a TENSOR Model 27 Fourier
transition infrared (FT-IR) spectrometer using a KBr wafer. Ther-
mogravimetric (TG) analysis was conducted on a DTG-60 H ther-
mogravimetric instrument, samples were analyzed in alumina
pans at a heating rate of 10 °C min�1 to 700 °C under the atmo-
sphere of air flowing at 50 mL min�1. The Au contents of the
products were determined on an Optima 7300DV inductive
coupled plasma atomic emission spectrometer (ICP-AES). The UV–
vis spectra were records on a TU-1901 spectrophotometer. A
magnetic property measuring system (MPMS) vibrating sample
magnetometer (VSM) (SQUID, Quantum Design Co., America) was
used in studying the magnetic hysteresis loops of Fe3O4 nano-
spheres with different diameters.

2.4. Rheological properties of the magnetic fluid

The rheological properties of the Fe3O4 nanospheres based
MRFs were investigated by using a commercial rheometer (Physica
MCR 301, Anton Paar Co., Austria) with a magnetic field generator.
1 mL of the testing sample was placed on the plate in a uniform
magnetic field. The magnetic field was applied perpendicular to
the double parallel plates of the rheometer, thus the obtained
particle chains were also perpendicular to the flow direction. The
gap between the plates was kept at 1 mm. There were two types of
measurements: magnetic flux density sweep tests and shear rate
sweep tests. Pre-shearing and pre-structuring were carried out
before the rheological tests. For the magnetic flux density sweep,
the shear rate was set as 10 s�1, 50 s�1, 100 s�1, 200 s�1 while the
magnetic field density was varied from 0 mT to 160 mT at room
temperature. On the other hand, the rheological curves were also
obtained in shear rate sweep tests by changing the shear rate,
while keeping the magnetic flux density as a constant.
3. Results and discussion

3.1. Characterization of Fe3O4 nanospheres with different sizes

In this work, the Fe3O4 nanospheres were synthesized by a
modified bi-solvent solvothermal method. By varying the ratio of
DEG/EG, the size of the Fe3O4 nanospheres was tunable. When the
ratio was 64/16, 40 nm Fe3O4 nanospheres. As shown in Fig. 1, all
the obtained Fe3O4 nanospheres was well dispersed without ag-
gregations. Typically, these Fe3O4 nanospheres were composed of
large amount of tiny nanocrystals, thus presented a cluster-like
nanostructure, which agreed well with the previous report. The
100 nm and 200 nm Fe3O4 nanospheres also exhibited the similar
secondary nanostructure. The Fe3O4 nanospheres have uniform
spherical shape and size with narrow distribution enable them to
be ideal candidate for preparing the MRF.

Fig. 2(a) showed the XRD diffraction pattern of the Fe3O4 na-
nospheres with 100 nm. The strong peaks in the pattern could be
indexed to be the (220), (311), (400), (422), (511) and (440) crystal
face in the cubic Fe3O4 (19-0629). No other peak was found in the
XRD pattern, indicating the purity of the final product. Moreover,
the broad nature of the peak also indicated the Fe3O4 nanospheres
consisted of small nanograins, which agreed the TEM analysis.
Here, the polyacrylic acid was used as the surfactant during the
synthesis, thus it inevitably presented in the final nanospheres.
Fig. 2(b) presented the typical FTIR spectrum of the Fe3O4 nano-
spheres. The two peaks located at 1550 and 1405 cm�1 were
corresponded to the COO� antisymmetrical vibration and COO�

symmetric vibration, indicated that large amounts of carbonxylate
groups were strongly coordinated to the iron cations [35]. Due to
the presence of this water-soluble polymer, the as prepared Fe3O4

nanospheres could be dispersed into the water to form stable
dispersion. The TG curve demonstrated that there was a large
weigh loss between 200–300 °C in Fig. 2(c), which may be at-
tributed to the residue PAA content in the Fe3O4 nanospheres. By
calculation, the weight ratio of the PAA was about 10%.

The magnetic properties of the Fe3O4 nanospheres with dif-
ferent diameters were investigated by a MPMS VSM at room
temperature. Fig. 3 shows the hysteresis loops of the samples. All



Fig. 1. TEM images of the obtained Fe3O4 nanospheres with average diameters of (a) 40 nm, (b) 100 nm, (c) 200 nm. Histograms of particle sizes distribution of the obtained
Fe3O4 nanospheres with average diameters of (d) 40 nm, (e) 100 nm, (f) 200 nm.

Fig. 2. (a) XRD pattern of the obtained Fe3O4 nanospheres. (b) FTIR pattern of the obtained Fe3O4 nanospheres. (c) TG curve of the obtained Fe3O4 nanospheres.

Fig. 3. The magnetic hysteresis loops (magnetization versus an applied magnetic
field) of Fe3O4 nanospheres with different diameters.
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the hysteresis loops are smooth and no hysteresis was found
which indicated the coercive force and the residual magnetization
approach to zero. Clearly, all the Fe3O4 nanospheres exhibited
superparamagnetic behavior. Interestingly, the magnetic satura-
tion of the Fe3O4 nanospheres with 40 nm, 100 nm, and 200 nm
were 70, 68, 72 emu/g, respectively. The variation of the Ms is very
small, which indicated the three kind of nanospheres showed al-
most the same magnetic property. The above analysis indicated
that the Fe3O4 nanospheres exhibited a cluster-like nanostructure,
thus the secondary nanograin played a critical role on the mag-
netic property. Although the size of the Fe3O4 nanospheres was
different, they depicted similar secondary nanostructure. To this
end, the magnetic characteristics of the Fe3O4 nanospheres with
different size were almost the same.

3.2. Magneto-responsive rheological properties of the magnetic
fluids based on different Fe3O4 sizes

The same magnetic property of the magnetic particle is the most
important precondition for investigating the structure dependent



Fig. 4. (a) Shear stress as a function of shear rate, magnetic field intensity, particle sizes. (b) Shear yield stress as a function of magnetic field intensity and particle sizes. In
this figure (a) the sketch of the Physica MCR301 test system. The weight ratio of the Fe3O4 in the magnetic fluid is 10%.
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magnetic fluid. To our knowledge, the systematically studying the
influence of the particle size on the rheological property of the MRF
has not been conducted due to the difficulty of the preparation of
magnetic particle with different size but the same magnetic prop-
erty. In this work, the ideal candidate was obtained by the sol-
vothermal method and the MRFs were prepared by dispersing the
relative sized Fe3O4 nanospheres into deionized water, in which the
mass fraction of the magnetic particles were kept at 10%.

Fig. 4(a) showed the typical shear rate dependent shear stress
of the as prepared MRFs. Similar to the tradition MRFs, the shear
Fig. 5. (a) Viscosity versus magnetic field of MRFs with 100 nm Fe3O4 nanospheres at d
sizes Fe3O4 nanospheres at a constant shear rate of 10 s�1. (c) Viscosity versus magnetic fi
50 s�1. (d) Viscosity versus magnetic field of MRFs with three different sizes Fe3O4 nan
stress increased with the shear rate under applying the constant
magnetic field [36]. It was found that the shear stress was de-
pendent on the size of the Fe3O4 nanospheres. Clearly, under the
same shear rate, the MRF-200 showed higher shear stress than the
MRF-100 and MRF-40. Moreover, the larger magnetic field often
led to the higher shear stress. Fig. 4(b) showed the magnetic field
dependent shear stress of the relative samples. Obviously, the
shear stress increased with the magnetic field, demonstrated the
typical MR effect. The quickly increment within 60 mT magnetic
field indicated the quick saturation of the magnetic particles and
ifferent shear rate. (b) Viscosity versus magnetic field of MRFs with three different
eld of MRFs with three different sizes Fe3O4 nanospheres at a constant shear rate of
ospheres at a constant shear rate of 100 s�1.



Fig. 6. Dimensionless viscosity versus the Mason Number of MRFs with three
different sizes Fe3O4 at different shear rate. The line is a fit to a power law and the
power exponent value is =k 0. 75.
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the level off must be attributed to its unique magnetic character-
istics. The magnetic induced shear stress for the MRF-40, MRF-100
and MRF-200 were calculated to be 3.5, 11, and 12 Pa respectively.
Therefore, the MR effect increased with increasing the particle
size.

Under the applying magnetic field, the magnetic particles
aligned in the magnetic direction to form chain-like structures.
Since the increased dipole–dipole interaction, the viscosity of the
MRF increased and presented the MR effect. In our measurement,
the mass fraction was kept as a constant. With the increasing of
the size, the total particle number in the fluid decreased while the
volume fraction was not changed. In this case, stronger assembling
chains may be formed in the MRF with large Fe3O4 nanospheres.
Horia Chiriac claimed that the greater magnetostatic interaction
would present between the larger magnetic particles. Therefore,
the larger Fe3O4 nanospheres in the MRF led to the higher MR
effect. Too larger magnetic particles led to much smaller particle
number, thus the increment of the MR effect decreased with fur-
ther increasing the particle size from 100 nm to 200 nm.

Fig. 5(a) showed the influence of the magnetic field on the
viscosity of the MRF-100. Similar to the shear stress, the viscosity
of MRF was firstly reached the highest value and then tend to level
off. The shear rate showed an important effect on the viscosity and
the increased shear rate led the decrement of the viscosity. Fig. 5
(b) showed the magnetic field dependent viscosity under the shear
rate of 10 s�1. It was found that the viscosity increased with the
magnetic field and the MR effect increased with the particle size.
Similar results were also obtained in the other two conditions
(50 s�1 and 100 s�1). Interestingly, with increasing of the shear
rate, the difference of the curve for large particle based MRFs be-
came reduced. As we know, the MR effect was origination from the
transformation of uniform dispersion to ordered assembling of the
magnetic particles. These chains structure must be destroyed by
the shear and be re-assembled under the magnetic field. Under
higher shear rate, the re-assembling would be weaker thus the
viscosity decreased with increasing the shear rate. It means that
the shear rate becomes high enough breaking the chains, which is
faster than reforming the chains, then the MRF starts to flow. With
increasing of the particle size, the increment of the particle–par-
ticle interaction decreased and the number of the assembling
chains decreased, thus the difference of the viscosity decreased
with increasing of the shear rate.

Mason number was also introduced to show the influence of
magnetic field and shear rate on the MRFs with different particle size.
Kniti Shah used the ratio between the hydrodynamic and magneto-
static forces acting on the particles as the Mason number (Mn) [37].
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that μ μ≫p c and then β ≈ 1, thus the dimensionless viscosity as a
function of Mason number of the magnetic fluid was plotted in
Fig. 6 (the originated data was from Fig. 3). The Mason number
showed an important effect on the dimensionless viscosity and the
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power exponent, ≈k 0. 75, does not show any dependence to the
magnetic field strength, particle size and shear rate.

3.3. Theoretical simulation of the structure transformation in the
magnetic fluids with different Fe3O4 sizes

Albert P. Philipse and Dinia Mass have developed a chain model to
describe the MR properties of MRF [38]. Under applying the
magnetic field, soft chain-like structure was formed due to the di-
pole–dipole interaction. Since the chain-like structure, the viscosity
of the MRF increased. If the shear rate is small, the chain-like
structure is hard to be destroyed. However, when the shear rate is
high, the structure will be destroyed easily and further lead to the
decrement of the viscosity. The dipole interaction energy um between
two neighboring particles can be described by this formula: [39]
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Here mi means the magnetic moment of a particle, μ is the per-
meability, dp the particle diameter, rij is the center-to-center distance
between two neighboring particles and θ is the angle between the
center-to-center vector and the magnetic field. The value of m was
showed by Gans etc [40].
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M denotes the magnetization of the MRF and H means the
magnetic field. Fig. 3 showed the hysteresis loops of different sizes
Fe3O4 nanospheres and the value of the magnetization were al-
most the same.

The influence of applied magnetic field also concludes:
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i

Here Fi
h denotes magnetic field force to Fe3O4 nanoparticle.

Molecular dynamics simulations were preformed to analyze
the MR effect. A cube, L in length, was considered in this model.
Appreciable quantity Fe3O4 nanospheres which were dispersed in
deionized water constituted this computing element. Only the
dipole interaction energy uij

m between two neighboring particles

and the external magnetic energy ui
h to each particle were taken

into account in this system. So the system energy could be de-
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Fig. 7. Potential energy of the computing element versus time. An adaptive time
step of order ∆ =t s0. 001 is employed in all simulations.
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Neither the inertia effect nor stochastic motion of the nano-
spheres was taken into account. There is no necessary to consider
the magneto-induced body rotational motion of the particles be-
cause the Fe3O4 is superparamagnetic and the magnetic torque
applied on the nanospheres is very weak. It can be concluded that
the magnetic interaction of the particles dominates their random
thermal motion when an external magnetic field is applied rapidly,
which was discussed similarly for magnetorheological fluids by
Mohebi [41]. Consulting Akira Satoh' work, [42] the kinematic
equation can be constructed as:
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When solving the equations, nanospheres were dispersed in
the MRF randomly and the initial velocity was set as zero. Euler
formula was used to calculate these particles' motion equation.
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Fig. 7 showed the system potential energy of each computing
element. It was found that the element with lager size particles
had a lager potential energy. Clearly, with increasing of the par-
ticles size, the magnetic potential energy of the MRF increased.
The MRF-200 had the strongest chain-like structure when the
external magnetic was applied.
Moreover, the inner-structure transformation also could ob-
tained by using the molecule dynamic (MD) analysis. Fig. 8(a)–
(c) shows the chain-like structure in the MRF motivated by ex-
ternal magnetic through the results from MD analysis. With in-
creasing of particle sizes, the distance ( rij) of every two neigh-
boring particles decreased. As a result, particles' interaction force,
external magnetic force, particles' interaction moment of force and
external magnetic moment of force, which showed in Formula
(8)–(11), would increase with increasing of nanoparticle sizes from
40 nm to 200 nm. Furthermore, the authentic chain-like structure
was observed under a microscope by pumping the MRF with dif-
ferent size into a same microchip [43]. A permanent magnet was
placed parallel to the main channel of the chip to provide the
magnetic field. The particle chains in Fig. 8(d) were intensive and
spindly and thicker in Fig. 8(e). Fig. 8(f) showed the most thickest
and extraordinary sparse particle chains due to the largest particle
size. It can be concluded that the simulation results showed the
same tendency with the experimental observation by contrasting
Fig. 8(d)–(f) with figure (a), (b) and (c). Therefore, the MRF with
larger size particles showed much better magnetorheological
properties. As a result, the strength of chain-like structure in-
creases with the increasing of the nanospheres sizes (dp) and the
magnetic field strength (H). That is the reason that the viscosity
and shear yield stress have a positive dependence to particle sizes
and magnetic field. The simulation result agreed well with the
experimental results.
4. Conclusions

In conclusion, a novel kind of magnetic fluids with tunable MR
effects were developed. Firstly, the Fe3O4 nanospheres with con-
trollable size were prepared by using a binary solvothermal
method. Then, the rheological properties of the MRF thereof were
investigated by both the experimental and simulation analysis. It
was found that the relative magnetorheological effects increased
with increasing the particle size. Due to the larger dipolar–dipolar
interaction and the stronger chains structure, the MRFs with larger
particle size gave the better MR effect. The chain-like model could
well describe the MR mechanism and it matched well with the
experimental result. This work supplied valuable information for
further understanding the MR origination.



Fig. 8. (a) Microstructure of MRF with 40 nm Fe3O4 nanospheres, (b) Microstructure of MRF with 100 nm Fe3O4 nanospheres, and (c) Microstructure of MRF with 200 nm
Fe3O4 nanospheres. The magnetic field intensity is 120 kA/m. (d) Chain-like structure of MRF with 40 nm Fe3O4 nanospheres, (e) Chain-like structure of MRF with 100 nm
Fe3O4 nanospheres, (f) Chain-like structure of MRF with 200 nm Fe3O4 nanospheres.
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