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In this study, molecular dynamics simulations based on a magnetic dipole theory were
developed to study microstructural evolution, rheological properties and potential ener-
gies of magnetic fluids (MF) under steady shear or compression. In general, the magnetic
interaction dipole forces drive the nanoparticles to form firstly a chain-like and then a
column-like structure under an externally applied magnetic field. The potential energies
are time-dependent and the static yield stresses increase with the growth of magnetic
field strength. Under the steady shear, the one-dimensional chain or column structures
would transform into lamellar patterns. The shear stresses were theoretically predicted
and they agreed well with experimental results. Under compression, when magnetic flu-
ids were compressed along the magnetic field, simulation results show that the materials
exhibit enhanced yield stresses and the work of compressive loading is absorbed mostly
by the repulsive potential energy.

Introduction. Magnetic fluids [1], a kind of colloidal suspension of magnetic
nanoparticles, have attracted considerable interests due to their wide applications,
such as magnetorheological technology, storage technology [2], biomedicine [3], etc.
Due to their specific magnetic property, the rheological property of the magnetic
fluids changes dramatically when an external magnetic field is applied. Recently
[4, 5], experiences and theoretical analyses have been employed to investigate the
microstructural evolution or rheological properties of magnetic fluids. These works
indicate that the aggregations of magnetic particles are formed in suspensions and
the shape, size and the quantitative distribution of the one-dimensional aggre-
gates have significant influence on the rheological properties of magnetic fluids.
In addition, experimental results [6] also demonstrate that the microstructures of
magnetic particles indeed strongly affect their rheological properties. However,
to the best of our knowledge, the mechanical property transformation based on
the microstructural evolution has not been investigated. Because the aggregates
have significant influence on the rheological properties, it is very important to
investigate the characteristics of these micro-aggregates and how they affect the
rheological properties of magnetic fluids. In addition, the study on the inner po-
tential energy evolution of the magnetic fluid is also very important and attractive.

Molecular Dynamics (MD) is a form of computer simulation, which is used
to model the configuration and property of a classical multi-body system based
on Newton’s laws of motion. It provides an effective way to determine mechani-
cal behaviours of materials on the atomic scale. To our knowledge, the MD can
be used to investigate microstructural evolution of magnetic fluids under a mag-
netic field [7–9]. However, the research on the relations between the mechanical
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properties and microstructural evolution has not been performed. In this study,
MD is introduced to investigate the structural and rheological characteristics of
magnetic fluids, and the overall average stress formula [10] in an atomistic system
is introduced to make mechanical analysis. Then the stress condition of magnetic
fluids can be achieved based on the microstructures obtained by MD simulation.

This study aims to model and simulate the evolution process of three-dimen-
sional microstructures in magnetic fluids under an external magnetic field when
they are under shear or compression loadings. More importantly, the yield stresses
and the evolution of potential energies under different conditions based on the
microstructures are analyzed. The simulation results show that the yield stresses
are enhanced with the magnetic field increasing or the increase of compressive
strain, which is further verified by experimental studies. Moreover, the inner
potential energy convert from dipole-dipole, particle-field magnetic energy and
Van der Waals potential energy to repulsive potential energy with microstructural
evolution under an external magnetic field was studied. The repulsive potential
energy absorbs the work of external force making the compressive loading mostly.
This research expands the cognition of magnetic fluids and is important for the
magnetic fluid applications.

1. The simulation model and experimental.
1.1. The simulation model. The magnetic nanoparticles are taken as spher-

ical particles, the diameters of which distribute from about 12 nm to 28 nm but
with an average value of 20 nm, as Fig. 1a shows, dispersing in an incompressible
Newtonian fluid medium of ηs = 0.10Pa·s viscosity. The magnetic moments of the
particles are determined by their volumes and the saturation magnetization of the
materials making them immediately mi = M · πd3

i /6 for particle i, where i is the
mark number of a particle, di is the diameter of particle i, M = 4.5 × 105 A/m is
the saturation magnetization. The model system is a cubical box with edge length
L = 300nm, containing about 5 vol.% of magnetic nanoparticles. In this study,
as shows Fig. 1b, two simulations were carried out:

(A) One is concentrated on the study of the microstructure and rheological
properties of magnetic fluids in a simple shear. The fluid is imposed by a simple
shear flow with a shear rate γ̇ along the x-direction, and the velocity increases
linearly along the z-direction (v = γ̇z · x̂).

(B) The other is to study magnetic fluid behaviours under a compression
loading condition. The uniform compressive loading is along the z-direction. In
both situations, an external magnetic field with a magnitude H is applied along the
z-direction through the box. In order to simplify the simulations, the Stokes drag
force is considered as the only hydrodynamic effect on the nanoparticles, while the
gravity and buoyancy effects are neglected. The magnetic dipole interaction um

ij ,
the steric repulsive potential ur

ij between the particles i and j and the particle-field
interaction potential uh

i are described as [1]:

um
ij =

μ0mimj

4πr3
ij

[ni · nj − 3 (ni · tij) (nj · tij)] , (1)

ur
ij = kT

πσd2
a

2

[
2 − 2rij

δ
ln

(
da + 2δ

rij

)
− rij − da

δ

]
, (2)

uh
i = −μ0mi · H , (3)

and the Van der Waals potential energy [11]:

uVan
ij = −A

6

[
2

L2
r + 4Lr

+
2

(Lr + 2)2
+ ln

L2
r + 4Lr

(Lr + 2)2

]
, (4)
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Fig. 1. (a) The sketch of the diameter distribution of particles. Each point
sphere denotes a particle and the corresponding axis value refers to its diameter value.
(b) Different loading modes are exerted on the considered box in the simulation.

with the vacuum permeability μ0, the particle interdistance rij = ri − rj , and
tij = rij/rij , rij is the norm of vector rij ; ni and nj are the unit vectors denoting
the direction of magnetic moments of particles i and j; σ = 1.0 × 1018 m−2 is the
surface concentration of absorbed molecules of the surfactant, and δ = 1.5×10−9 m
is the thickness of the absorbed molecule da = (di + dj)/2, with di, dj being
the diameters of particle i and j, respectively; k is the Boltzmann constant, and
T = 298K is the absolute temperature of the medium; A is the Hamaker constant,
and Lr = 2(rij − da)/da. Furthermore, the magnetic dipole interaction force Fm

ij ,
the steric repulsive force F r

ij , the particle-field force F h
i and the Van der Walls

interaction force FVan
ij are obtained as

Fm
ij =

3μ0mimj

4πr4
ij

[
(ni · nj) tij − 5 (ni · tij) (nj · tij) tij

+ (ni · tij)ni + (ni · tij)nj

]
,

(5)

F r
ij = kT

πσd2
a

2δ
ln

(
da + 2δ

rij

)
· tij , (6)

F h
i = μ0 (mi · ∇)H , (7)

FVan
ij =

16A
(Lr + 2)3 · (L2

r + 4Lr)
2 tij . (8)
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T m
ij and T h

i are the torques due to the dipole-dipole interaction and particle-field,
respectively:

T m
ij = −μ0mimj

4πr3
ij

[ni × nj − 3 (nj · tij)ni × tij ] , (9)

T h
i = μ0mi × H . (10)

Suppose that the nanoparticles initially randomly disperse in the box and
their velocities are zero, then the translational and rotational motions are shown.
For the particle i, the spatial position vector ri(t) and the orientation vector of
magnetic moment ni(t) are described by the following equations [9]

dri

dt
=

1
ζt

⎡
⎣ N∑

j(j �=i)

(
Fm

ij + F r
ij + FVan

ij

)
+ F h

i + F b
i

⎤
⎦ + γ̇zix̂ , (11)

dni

dt
=

⎡
⎣ 1

ζr

⎛
⎝ N∑

j(j �=i)

T m
ij + T h

i + T b
i

⎞
⎠ +

γ̇

2
ŷ

⎤
⎦ × ni , (12)

with ζt ≡ 3πdηs being the translational drag force coefficient and ζr ≡ πd3ηs the
rotational drag force coefficient, respectively; the stochastic or Brownian force F b

i

in equation (11) and the stochastic torque T b
i in equation (12) obey the statistical

thermal bath fluctuation rules [12]

〈F b
iφ(t)〉 = 0 , 〈F b

i,φ(t)F b
i,χ(t′)〉 = 2kT ζt · δijδφχδ(t′ − t) , (13)

〈T b
iφ(t)〉 = 0 , 〈T b

i,φ(t)T b
i,χ(t′)〉 = 2kT ζr · δijδφχδ(t′ − t) . (14)

Further, the overall average stress in the system, especially the shear stress
σ̄xz and the normal stress σ̄zz along the magnetic field were calculated by [10]

σ̄αβ =
1
V

n−1∑
k=1

∑
i≤k

∑
j>k

FijΔrz
k , (15)

where Fij is the interaction force between different layers; Δrz
k is the interval of

layers and n is the number of layers. The relative viscosity is obtained from the
equation of

ηeff =
σ̄xz

γ̇
. (16)

The above equations were numerically solved by the Euler method. The time
step for the simulation was Δt0 = 2×10−7 s and the cutoff radius for the particle-
particle interactions was taken as rcoff = 7d. When calculating the shear stress
in the system, we also took into account the effect of the Stokes drag force of
the nanoparticles, which were suspended at the top of the fluid and attached to
the moving plate due to the magnetic field force. Periodic boundary conditions
were imposed in the x-and y-directions, and shear boundary conditions in the z-
directions. The microstructure formation process and the corresponding average
stress under different conditions were obtained by averaging the values of numerous
calculations.

1.2. Experimental. In order to verify our simulation results in the shear
condition, a magnetic fluid containing 5 vol.% magnetite nanoparticles was pro-
duced and its rheological property was measured, including the tests of the static
yield stress and the shear stress when exposed to a steady shear flow. The ex-
periment was conducted by an Anton Paar Physica MCR301 rheometer with a
magnetorheological device, where the working condition was the same as that in
MD simulation.
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t/Δt0 = 104 t/Δt0 = 5 × 104

t/Δt0 = 10 × 104

Fig. 2. Evolution of microstructures in magnetic fluids over time, while the magnetic
field strength H = 30kA/m and shear rate γ̇ is zero.

2. Results and discussions. The microstructures and stress state in the
magnetic fluids without shears were discussed firstly. Fig. 2 shows the microstruc-
ture evolution over time when the shear rate is zero. It is obvious that the magnetic
dipole nanoparticles would aggregate into chain-like structures and then merge into
column-like structures with time under an externally applied magnetic field. This
result has proven that the magnetic fluids are thermodynamically and hydrody-
namically instable; also, the interaction force between different chains is much
weaker than that in the same chain. Fig. 3 shows the evolution of potential energy
densities over time. It can be seen that the magnetic field energy uh, magnetic
dipole energy um and the Van der Waals potential energy uVan decrease at first
and then keep stable with time, while uh goes down especially drastically. At the
same time, the repulsive potential energy ur increases suddenly and becomes a
constant. It is deduced that the decreasing potential energies um, uh and uVan

convert to ur and inner friction consumption. The time for the overall energy
stabilization is about 1.5ms. In order to ensure the microstructures and their
rheological properties in a relatively stable situation, all the integral time of the
following simulation is t = 105Δt0 ≈ 20ms.
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Fig. 3. Variation of potential energy density in the system over time, with ρ(um),
ρ(uh), ρ(uVan) and ρ(ur) being the densities of magnetic dipole energy, magnetic field
energy of particles, Van der Waals potential energy and the repulsive potential energy of
interacting particles, respectively.
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Fig. 4. The microstructure of magnetic fluids goes along with the increase of magnetic
field.
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Fig. 5. The static yield stress as a function of the magnetic field strength in magnetic
fluids.

Fig. 4 illustrates the microstructures of magnetic fluids under different mag-
netic fields in the static state. Without the external magnetic field, the nanopar-
ticles with random magnetic moments would form a flocculent-like aggregation
due to their dipole-dipole interactions; when the magnetic field is turned on, the
particles form chain-like aggregates and these structures are strengthened by the
increasing magnetic field strength. The average force fp parallel to the z-direction
per unit horizontal area in the suspension was obtained from the average stress for-
mula, and the static yield stress τy was obtained from the relationship τy = fp·sin θ,
where θ is the inclination angle when the structure is affected by a shear. Thus,
the relationship between the static yield stress and the magnetic field strength
has been obtained. Fig. 5 shows the simulation results (when θ ≈ 16.5◦ and their
comparison with experimental results. The simulation results generally agree with
the experimental ones – the static yield stress increases with the enhancement of
the magnetic field strength. The results of Figs. 4 and 5 demonstrate that the
more compact the chain-like structures, the greater the static yield stress.

The following simulations are for the microstructural and rheological prop-
erties of the magnetic fluids imposed by a simple steady shear flow. Fig. 6 illus-
trates the variation of microstructures with different shear rates under a magnetic
field. By comparing the three sets of images, it is clear that the chain-like and
column-like aggregates disperse randomly when γ̇ is very small, while they grad-
ually incline towards the x-direction with the increase of γ̇, for the velocity field
linearly increases along the z-direction. When γ̇ is large enough, the magnetic
aggregates evolve into lamellar patterns, which are parallel to the x-direction, and
these changes are attributed to the effects of the Stokes drag force driven by the
shear flow. Fig. 7 shows that the inner potential energies evolve with the shear rate
sweep. With the shear rate increase, um, uVan originally decrease and then keep
stable; uh increases slowly, but ur increases rapidly when the shear rate is lower
than 1.5 s−1 and then shows period changing with a small amplitude. The increas-
ing energy of ur absorbed the work of external force making the shear flow and
then was consumed to drive the motion of particles to aggregate new structures.

Fig. 8 shows the flow curve of the magnetic fluids at the constant magnetic
field strength H = 30kA/m. The shear stress increases linearly with the increasing
shear rates, which could be described by the ‘Bingham model’; the relative viscosity

263



Taixiang Liu, Rui Gu, Xinglong Gong, Shouhu Xuan, Hengan Wu, Zhong Zhang

x x

γ̇ = 1 s−1

x

x

γ̇ = 5 s−1

x x

γ̇ = 10 s−1

Fig. 6. Microstructures in magnetic fluids for different shear rates when H = 30 kA/m;
the left and right figures in each set are the images observed three-dimensional and
perpendicular to the shear flow, respectively.
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Fig. 7. Variation of the potential energy density over the shear rate.
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Fig. 8. The shear stress and relative viscosity as a function of shear rates in magnetic
fluids when H = 30kA/m.

steeply declines when γ̇ is small (γ̇ < 2 s−1) and then comes to a relatively small
constant (approximately ε∞ = 9.5Pa·s) when γ̇ becomes more than 5 s−1. The
simulation values basically coincide with the experimental results as shown in
Fig. 8. By comparing the results of Figs. 6 and 8, it could be deduced that when
the nanoparticles aggregate into lamellar structures in such a large shear, the
viscosity resistances, to which the structures are subjected, would reduce and the
relative viscosity of the suspension would decrease, accordingly.

From the above results, we can conclude that the thick and compact column-
like aggregates along the magnetic field may give rise to a strong yield stress
in magnetic fluids. Similar conclusions in the MR fluid experimental research
have been drawn. The MR fluids under compression exhibit a strongly enhanced
MR effect, where the yield stress is more than 10 times higher if compared to
conventional MR fluids [13–14]. We would like to extend this approach to magnetic
fluids. It is expected that the compression of magnetic fluids would result in much
stronger microstructures in them.
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ε = 0.10 ε = 0.30

ε = 0.50

Fig. 9. Microstructures in magnetic fluids under compression loading when H =
30 kA/m and ε̇ = 3.1 s−1.

Fig. 9 show the microstructures of magnetic fluids under three typical com-
pression strains of 0.10, 0.30 and 0.50, respectively. Obviously, the chain-like ag-
gregates become much thicker and more compact columns with the increase of the
compressive strain along the field direction. Since the yield stress is proportional
to the average normal stress along the magnetic field direction, the relationship
between yield stress and compressive strain under a uniform compression loading
was obtained. Fig. 10 shows the relations between the relative yield stress and the
compressive strain at different compressive rates, where the relative yield stress
is the ratio of static yield stress under compression to that without compression.
It can be seen from Fig. 10 that the relative yield stress grows significantly with
the increase of compressive strain when the compressive rate ε̇ is a constant. This
result indicates that magnetic fluids under compression loadings would lead to a
stronger yield strength. Moreover, values of the relative yield stress also increase
with the compressive rate, which demonstrate that the chain-like structures under
quick compression in the magnetic fluid would tend to form more rigid column-
like structures. Fig. 11 shows that ur increases quickly with the enhancement of
strain, while the values of uh, um, uVan keep constant. Hence, ur absorbs the work
of compression loading mostly, then forces the aggregation structures to change
into thicker columns so enhancing the yield stress of magnetic fluids.
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Fig. 10. The relative yield stress in magnetic fluids as a function of compressive strain.
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Fig. 11. Variation of potential energy densities in the system over compressive strain
when H = 30 kA/m and ε̇ = 3.1 s−1.

3. Conclusion. In this work, the microstructures and the rheological prop-
erties of magnetic fluids exposed to an external magnetic field under shear and
compression loading are studied by molecular dynamics simulation. The inner
potential energies are investigated for their microstructure evolutions. The sim-
ulation stress in the shear condition coincides fairly with the experimental ones,
which proves that MD is an effective method to investigate the rheological proper-
ties of magnetic fluids. The simulation results indicate that the magnetic nanopar-
ticles would aggregate into chain-like microstructures under a magnetic field; these
structures might be strengthened with the enhancement of field density, so that
the static yield stress increases at the same time. The potential energy decrease of
particle-particle, particle-field and Van der Waals interactions contributes to the
increase of repulsive potential energy and the inner friction consumption. Steady
shear motion may rearrange the one-dimensional structures into lamellar patterns
along the shear, which could bear small viscosity friction in a large shear, therefore,
the relative viscosity of magnetic fluids decreases. On the other hand, magnetic
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fluids under compression loadings would result in more compact microstructures
and consequently lead to enhanced yield stresses. This research is important to
expand the cognition and for the application of magnetic fluids.
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