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Abstract
This work studied the effect of interparticle friction force on the magnetorheological properties
for magnetic fluid using particle-level dynamic simulations. A novel numerical model
considering the friction force and elastic normal force between coarse microspheres was
developed. The analysis revealed the relationship between magnetic fluid microstructure and
friction coefficient (µ) of particles for the first time. Under steady shear flow, plate-like
aggregations were formed under a moderate friction coefficient (µ ≈ 0.2), while thick chains
with large inclinations were observed under strong friction forces (µ > 1.5). When
0.2 ≤ µ ≤ 1.5, the friction forces hardly affected the rheological properties. If µ > 1.5, friction
forces could enhance the shear stress by 102%. Friction force hampered the relative movement
of magnetic particles in the thick chains and enlarged the average dip angle of microstructures.
The magnetic dipolar force between microspheres generated stronger shear stress in such
particle aggregations. The optimal friction coefficient was determined as 2 ≤ µ ≤ 2.75 in
simulations by considering the saturation magnetizations, external fields, shear rates, and
particle concentrations. The enhancement of shear stress was relevant to the relative strength
between magnetic force and friction interaction. Simulated shear stress in magnetic field sweep
matched well with experiments in the literature. This work will open a promising avenue in the
development of high-performance magnetic fluid.

Keywords: magnetic fluid, MR effect, friction force, microstructures,
particle-level dynamic simulations

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetic fluid is a smart material prepared by suspending
magnetic particles into a non-magnetic liquid matrix [1]. Car-
bonyl iron and magnetite were the most conventional mag-
netic materials due to their high saturation magnetization,
super-paramagnetic properties, and easy availability [2, 3].
Under an external magnetic field, particles will attract each
other under the action of magnetic dipolar force and aggregate

into chain-like or plate-like microstructures. The viscosity and
yield stress enormously grow within the order of milliseconds,
which is called the magnetorheological (MR) effect [4]. This
reversible and controllable mechanical property makes mag-
netic fluid be widely applied in engineering and biomedical
fields, such as dampers, vibration absorbers, magnetic reson-
ance imaging, and magnetic thermal therapy [5–10]. However,
sedimentation is always a challenge in the magnetic fluid due
to the inherent density mismatch between particle and matrix.
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In the past decades, great effort has been devoted to improve
the MR effect and overcome the sedimentation at the same
time, such as modifying the shape and surface of magnetic
particles [11–13]. TheMR effect of magnetic fluid depends on
the assembledmicrostructures of dispersedmagnetic particles,
which is finally dominated by the interparticle forces. The fric-
tion force or so-called tangential force greatly influences the
particle aggregations and macroscopic mechanical properties
[14, 15]. Several novel magnetic fluids based on plate-like and
flower-like particles with a large friction coefficient presen-
ted excellent MR effect and settlement stability [16, 17]. Por-
ous iron magnetic fluid with rough particle surfaces presented
higher storage modulus than solid iron magnetic fluid under
a small field [18]. However, the large friction force does not
always enhance the MR effect. Siebert’s experiments indic-
ated that a higher shear viscosity was achieved by reducing
the destructive friction effect in magnetic fluid [19]. The trend
of shear stress versus interparticle friction coefficient has not
been investigated yet. To develop high-performance magnetic
fluid, revealing the effect of interparticle friction on steady
shear rheology of magnetic fluid is urgently required.

Simulation has become a powerful tool in developing the
mechanism of magnetic fluid due to the merits of low cost
and easy to change parameters. Molecular dynamics, particle-
level dynamic simulations, finite element method, and compu-
tational fluid dynamics have been utilized to explain the exper-
imental results and predict the MR effect [20–23]. Among
these numerical methods, particle-level dynamic simulations
possess the same time scale and spatial scale with the evolution
of microstructures in real magnetic fluid [24]. This method is
widely applied to study the rheological behavior of magnetic
fluid under different loadings. Ruiz-López et al simulated the
yield stress of magnetic fluid in shear mode and squeeze mode,
which matched well with experiments [25, 26]. The change
of mechanical properties were explained by microstructures
evolution. However, the interparticle friction force was usu-
ally ignored in steady shear simulations of magnetic fluid [27].
It was found that the friction affected the dynamic response
of magnetic fluid under oscillatory shear flow [28]. However,
only several pre-defined regular microstructures were con-
sidered and simulated. The existing theoretical model needs
to be further improved to evaluate the complex particle inter-
actions from the point of fundamental research. Based on the
above analysis, particle-level dynamic simulation is desirable
to study the influence of friction forces on the MR effect of
magnetic fluid.

In this work, modified particle-level dynamic simulations
were employed to investigate the influence of interparticle fric-
tion on theMR effect ofmagnetic fluid based on general coarse
magnetic microspheres. The clarified simulation model con-
sidered the friction force and elastic normal force between
particles. The microstructures and shear stress of magnetic
fluid under the action of interparticle friction forces were
obtained. Friction coefficient dependent shear stress under
different saturation magnetizations, external field strengths,
shear rates, and particle concentrations, was systematically
discussed. The optimal friction coefficient was determined. A
possible mechanism was developed to explain the relationship

Figure 1. Schematic diagram of (a) the simulation box and
(b) small asperities at the surface of coarse magnetic microspheres.
The height of asperities was not plotted in scale.

between interparticle friction force and MR effect. Finally, the
shear stress of Fe3O4@SiO2 magnetic fluid reported in the lit-
erature was simulated to verify the accuracy of this work [29].
A quantitative correspondence between simulation and exper-
iment was obtained.

2. Numerical method

2.1. Basic assumptions and conditions

The basic assumptions and set up of simulations are illustrated
in this section. Monodisperse coarse magnetic microspheres
are randomly distributed in a cubic simulation box at the ini-
tial (figure 1(a)). Periodic boundary conditions are adopted on
the x-z and y-z planes, while shear boundary conditions are
employed on the x-y plane. Then, a uniform magnetic field
along the z-direction is applied. The steady shear flow toward
the x-direction starts at the same time. Microstructures and
shear stress of magnetic fluid keep evolving until homeostasis.
The magnetic dipolar force, van der Waals force, elastic extru-
sion force, friction force, and hydrodynamic viscous force are
considered. The gravity, buoyancy, inertia, moment of iner-
tia, and Brownian force are neglected. In typical experiments
and applications of magnetic fluid, the driven force of shear
flow is much stronger than the particle-matrix interaction. For
simplicity, the matrix is assumed in a steady shear flow with a
constant shear rate during the simulations.

The roughness of particles can be modeled by a large num-
ber of small asperities on the surface (figure 1(b)) [30]. For
conventional coarse magnetic microspheres, the typical height
of asperities h is usually 10–3 ∼ 10–1 of the particle diameter
[31]. If a pair of microspheres with a relative tangential velo-
city are squeezed against each other, the deformation of those
asperities will generate a normal extrusion force and a tangen-
tial friction force.

2.2. Interparticle forces

The relationship between magnetic moment m and mag-
netic field strength H can be characterized by the Langevin
function [32]:

mi =Ms

[
coth(x)− 1

x

]
Vp
H
H
, x=

MsVpH

kBT
, (1)
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where Ms represents the saturation magnetization. Vp means
the average volume of microspheres. kB and T stand for
Boltzmann’s constant and absolute temperature, respectively.
H = |H|. After being magnetized by the external field, each
sphere will also generate a magnetic field in the surrounding
area. The field strength induced by sphere i at the position of
sphere j is:

Hi =− 1
4πrij3

[mi− 3(mi · r̂) r̂] , (2)

where rij indicates the distance between two spheres. r̂ is a
unit vector from i to j. The total magnetic field strength and
magnetic moment of each sphere can be obtained by using the
superposition method. According to the point-dipole model,
the magnetic dipolar force imposed on sphere i exerted by
sphere j is given by:

Fm
ij =

3µ0

4πrij4
cm [(−mi ·mj+ 5mi · r̂ mj · r̂) r̂

− (mi · r̂)mj− (mj · r̂)mi] .

(3)

Here, the magnetic permeability of the matrix is assumed the
same as µ0 = 4π × 10−7 N A−2. θ in degree is defined as the
angle between r̂ and the external field. cm is the correctional
factor to the point-dipole model [33]:

cm =

1+

(
3−

2rij
d

)2 [ 0.6017

1+ e
(|θ|−34.55)

12.52

− 0.2279

]
r≤ 1.5dij

1 r> 1.5dij,
(4)

where d is the diameter of microspheres. cm only works
between neighboring particles. The error of the point-dipole
model cm–1 ranges from −23.1% to 33.3%.

The van der Waals force between two microspheres is
expressed as [34]:

FvdW
ij =

A
6
Rijd

2

[
1

Rij
2 − d 2

− 1

Rij
2

]2
r̂, (5)

where A = 3 × 10−20 J is the Hamaker constant [35].
Rij = max[rij, 1.01d] [36].

The Hertz contact theory is employed to describe the elastic
normal force. If two particles are in contact (rij < d), particle i
experiences an extrusion force as [37]:

Fn
ij =−2

3
E

1− ν2
h

1
2 (d− rij)

3
2 n, (6)

where d − rij is the overlap distance between particles. h rep-
resents the height of asperities on the surface. E represents the
Young modulus and ν stands for the Poisson ratio of the asper-
ities. n is a unit vector outward from particle i.

The interparticle friction force is calculated according to the
normal force. Two situations, the stick-phase and slip-phase
can be distinguished according to the following criterion [31]:

Ft
ij =


−2
7

∣∣Fn
ij

∣∣
d− rij

δ
∣∣Ft

ij

∣∣< µ
∣∣Fn

ij

∣∣ (stick-phase)
µ
∣∣Fn

ij

∣∣ Ft
ij∣∣Ft
ij

∣∣ otherwise (slip-phase),
(7)

where µ means the friction coefficient. δ is the relative tan-
gential displacement between two particles during a time step
of the simulation. Here the tangential force in the stick-phase
is modeled as a linear spring-like force with a threshold. The
stiffness of the tangential spring is related to the normal force
and finally depends on the overlap distance. It is very difficult
to measure the friction coefficient between two microspheres
by experiments. Wu and Brizmer et al developed the elastic-
plastic contact model of spheres and theoretically deduced
the value of µ, which was dependent on the normal force
[38, 39]. With a decreasing normal force, the friction coeffi-
cient increased from µ = 0.27 to µ > 1. This work is prin-
ciple research on the magnetic fluid based on coarse magnetic
particles. To obtain the relationship between shear stress and
interparticle friction force, the friction coefficient was con-
sidered as different constants in the simulations. The value of
µ was set between 0.2 and 3.75 in this work.

2.3. Kinetic equation

In a magnetic fluid, the flow of the matrix around each mag-
netic particle is a laminar flow with a small Reynolds num-
ber. The characteristic length of the flow is the diameter of
particles L = O(10–6 m). The characteristic velocity of the
flow is the relative velocity between particle and matrix. This
value can be determined from the rheological tests as U =
γ̇h = O(10–1 m s−1). Here h = 1 mm represents the thick-
ness of the magnetic fluid sample in the rheometer. Finally,
the Reynolds number is obtained as Re = ρUL/η = O(10–1).
η = 10–3 Pa∙s is the viscosity of water. The viscous drag force
imposed on a single microsphere is given by:

Fd
i =−3πηdch (vi−ui) , (8)

where vi − ui is the relative velocity of particles. ch is a cor-
rection factor to the Stokes law for concentrated particle sus-
pensions [40]:

ch =
1+ 5.81φ

(1−φ)
3 + 0.48

3
√
φ

(1−φ)
4 +φ3Re

[
0.95+

0.61φ3

(1−φ)
2

]
,

(9)
where φ is the volume fraction of particles. Considering all
the aforementioned interactions, the kinetic equation can be
concluded as:∑

j̸=i

(
Fm
ij +FvdW

ij +Fn
ij+Ft

ij

)
+Fd

i = 0. (10)

In this work, the kinetic equation was solved by using the
explicit scheme. The interactions among the particles in the
next time step were determined according to the current pos-
itions of particles. The velocities of particles in the next time
step were calculated from the viscous drag force. For each pair

3
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of particles in contact, the stress component generated by the
interparticle normal force and friction force is written as [31]:

Sij =
rij
2

[(
Fn
ij+Ft

ij

) r̂
2
+
r̂
2

(
Fn
ij+Ft

ij

)]
. (11)

Themagnetic potential energyUm andmagneto-induced stress
tensor σ can be written as:

Um = µ0

[∑
i

−mi ·H+

∑
j>i

1
4πrij3

(mi ·mj− 3mi · r̂ mj · r̂)

 ,

(12)

σ =
1
V

∑
j>i

[
rij
(
Fm
ij +Fvdw

ij

)
+ Sij

]
, (13)

where V is the volume of the simulation box.

3. Results and discussion

General coarse magnetic microspheres with different satura-
tion magnetizations were mainly investigated in this work. To
verify the accuracy of simulations, shear stress of magnetic
fluid based on Fe3O4@SiO2 core–shell microspheres repor-
ted by Chae et al were finally simulated and compared to
experiments [29]. The simulation parameters of two kinds of
magnetic particles were chosen as typical experimental values
in the literature (table 1) [29, 33, 41–44]. For general coarse
micro-spheres, two representative saturation magnetizations
(200 and 366 kA m−1) were chosen as samples. The viscosity
of the matrix was set as 0.1 Pa s in this work [29].

3.1. Evolution of microstructures and shear stress

To determine the relationship between particle aggregation
and rheological property of magnetic fluid based on coarse
magnetic microspheres, the microstructures and shear stress in
steady shear flow were first simulated. Here, the particle con-
centration, saturation magnetization, external field, and shear
rate were 10 vol%, 200 kA m−1, 34 kA m−1, and 100 s−1.
The friction coefficient was set as 0.27 according to the con-
tact theory [38, 39].

The snapshots of microstructures at different moments
were plotted in figure 2 by using the OVITO software [45].
The asperities on the surface were so small that particles were
still spherical in the micrometer scale. When applying the
external field and shear flow, magnetic fluid instantly gained
the negative potential energy due to the particle-external field
interaction (figure 3(a)). N ≈ 2000 represented the total num-
ber of particles in the simulation. At this time, microspheres
still exhibited a chaotic state with a uniform radial distribu-
tion function (RDF) of g(r) ≈ 1 (figure 3(b)). Then, particles
rapidly aggregated along the z-axis and formed short single-
particle-width chains within 0.5 ms. The magnetic potential

energy per particle sharply decreased into a trough. An obvi-
ous peak at r/d = 1 and three minus peaks at r/d = 1.7,
1.9, and 2.5 appeared in the RDF curves. The rest of the
curve was very close to zero. The main peak reflected the
head-to-tail configuration of particles along the field direction
and the others represented the aggregation in the x-y plane.
At 2 ms after the start of the simulation, short chains merged
into long chains and rotated toward the direction of flow. The
decreasing speed of magnetic potential energy slowed down
from 1.3 × 10−14 to 7.1 × 10−16 J s−1. Shear stress linearly
increased over time until a peak value. This phenomenon was
similar to the stress–strain curve of elastic materials before
yielding in the quasi-static tensile. The slop was 20.4 Pa ms−1

obtained from linear fitting. This phenomenon indicated that
magnetic fluid exhibited solid-like properties at the current
state. The steady shear flow was not fully developed yet. The
dip angle of particle chains showed a great influence on the
shear stress. If the angle θ between r̂ and the external field was
25◦, the magnetic dipolar force gave the maximum contribu-
tion to the shear stress [34]. After that, particle chains were
destroyed by the flow of thematrix and reconstructed under the
magnetic dipolar forces. Thick chain-like aggregations were
observed at 10 ms. Shear stress started to fall back and fluctu-
ated around a certain value. The knee point was corresponding
to the breakage of microstructures as well as the yield point of
magnetic fluid. RDF curves also fluctuated with the destruc-
tion and reconstruction of microstructures. The peak values of
RDF slightly increased with the development of shear flow,
which indicated the microstructures became more and more
compact. At 50ms, thick particle chains evolved into plate-like
microstructures parallel to each other. The magnetic potential
energy reached a steady-state, which meant the dynamic equi-
librium of magnetic fluid. The average shear stress from 25 to
50 ms could represent the macroscopic shear stress of mag-
netic fluid according to figure 3(a).

According to equation (6), the elastic normal force was
in proportion to the three halves power of the overlap
distance. Even though the height of asperities was only
h/d ≈ 10–3 ∼ 10–1, the normal force might grow to a large
extent if large deformation appeared between particles. An
extremely large normal force would cause the divergence of
simulations. According to the literature, an upper limit of the
interparticle elastic normal force was set as Fn

max = 10 Fm
max

to avoid this problem [33, 34, 46]. Here Fm
max represented

the maximummagnetic dipolar force between a pair of micro-
spheres. The extrusion force would not further increase after
reaching this upper limit. The simulated shear stress under dif-
ferent upper limits of elastic normal force was compared in
figure 4(a). Here the maximum elastic normal force between
particles was set as 5, 10, 15, and 20 times the maximummag-
netic dipolar force. The curves were quite close to each other.
Both themaximum shear stress and average shear stress exhib-
ited no difference. The upper limit of the normal force did
not affect the simulation results. In conventional simulations
of magnetic fluid, an exponential repulsive force was usually
employed instead of the Hertz contact theory [33, 34]. Similar
upper limits were adopted for the repulsive force to ensure the
robustness of programs.
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Table 1. Simulation parameters of general coarse microspheres and Fe3O4@SiO2 microspheres.

Symbol Physical meaning General coarse microspheres Fe3O4@SiO2 microspheres

d Particle’s diameter 300 nm 280 nm
E Young modulus of asperities 1 GPa 70 GPa
ν Poisson’s ratio of asperities 0.25 0.17
µ Friction coefficient 0.2 ∼ 3.75 0.227
Ms Saturation magnetization 200–366 kA m−1 200 kA m−1

H Magnetic field strength 34–400 kA m−1 34–171 kA m−1

Figure 2. Microstructures of magnetic fluid based on general coarse microspheres at different moments under a uniform magnetic field and
steady shear flow. The edge length of the simulation box: 6.13 µm.

The influence of Young modulus on shear stress was
discussed in figure 4(b). The Young modulus of magnetic
particles was set from 1 to 70 GPa. Here general coarse
magnetic microspheres with a saturation magnetization of
200 kA m−1 were studied. No significant differences were
observed from the curves. The change of E in an order of mag-
nitude did not lead to the deviation of simulation results. Thus,
the Young modulus of Fe3O4@SiO2 core–shell microspheres
in this work was set as 70 GPa. The Young modulus of pure
general coarse magnetic particles was approximated as 1 GPa.
Although 1 GPa was not the exact value measured in experi-
ments, this approximation was still reasonable.

3.2. Effect of friction force in MR properties

3.2.1. Under a medium friction coefficient. This work was
aimed at revealing the correlation between friction force and
MR effect from the point of fundamental research. In this sec-
tion, the friction coefficient was set as 0.2, 0.3, 0.4, and 0.5
according to the typical values in the literature [46, 47]. The
particle concentration, saturation magnetization, magnetic
field strength, and shear rate were set at 10 vol%, 200 kAm−1,
34 kA m−1, and 100 s−1, respectively. The shear stress was
independent of friction force under a medium surface rough-
ness of 0.2 ≤ µ ≤ 0.5 (figure 5(a)). However, the friction
force significantly increased the shear stress of non-magnetic
particle suspensions with the same friction coefficient [31].
Lobry found that interparticle normal force and tangential
force both gave a great contribution to viscosity in a suspen-
sion of polystyrene spheres[46]. Singh’s simulation revealed
that friction force caused a large increase in shear viscosity of
concentrated non-magnetic particle suspension [47]. This was
because the magnetic dipolar force dominated the rheological
behaviors in magnetic fluid, while the extrusion force was

the main interaction in non-magnetic particle suspensions.
Furthermore, the concentration of particles in non-magnetic
particle suspensions, such as shear thickening fluid, could
reach as high asφ > 50 vol% [48]. The volume fraction ofmag-
netic fluid in experiments and applications was usually in the
range between 10‘and 30 vol% [49, 50]. Lower concentration
brought less extrusion interaction between particles, and fur-
ther weakened the influence of friction force on the MR effect.

According to equation (13), the shear stress was generated
by three kinds of interparticle forces: magnetic force (includ-
ing van der Waals force), elastic normal force, and friction
force. The contribution of each part to shear stress was sep-
arately plotted in figure 5(b). Shear stress caused by mag-
netic force linearly increased to 186 Pa in the first 10 ms
of simulations and then fell back. The average contribution
from 25 to 50 ms was 60.6 Pa. The elastic normal force
gave a negative contribution to shear stress until 30 ms. The
largest contribution was −42.6 Pa. The formation and inclin-
ation of chain-like microstructures generated strong extrusion
between particles. The force equilibrium was mainly the bal-
ance between magnetic force and extrusion interaction. The
direction of normal force was approximately opposite to the
magnetic force and thus generated negative shear stress. After
30 ms, the shear stress originated from normal force fluctu-
ated around zero. The normal extrusion hardly influenced the
rheological properties in dynamic equilibrium. Shear stress
generated by friction force ranged from −4.71 to 3.91 Pa.
The average contribution was 1.62 Pa, two orders of mag-
nitude smaller than the maximum contribution of the mag-
netic force. This phenomenon was consistent with the results
in figure 5(a). According to equation (7), the scale of friction
force was an order of magnitude smaller than the normal force.
The phenomenon that the contribution of friction force fluctu-
ated around 0 reflected the irregular direction of friction forces
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Figure 3. (a) The magnetic potential energy per particle and shear
stress versus time. (b) Radial distribution functions at different
moments.

between particles. From the point of statistical average, fric-
tion gave no contribution to shear stress.

3.2.2. Under a large friction coefficient. The micro-
structures and shear stress of magnetic fluid under a large
friction coefficient was simulated in this section. The particle
concentration, saturation magnetization, and shear rate were
maintained at 10 vol%, 200 kA m−1, and 100 s−1. Two rep-
resentative magnetic field strengths: 34 and 171 kA m−1 were
chosen as samples. For magnetic particles with such a satura-
tion magnetization, an external field of 171 kA m−1 was very
close to the saturation region. Under a strong external field,
the friction force still presented no effect on shear stress when
µ≤ 1.5 (figure 6(a)). Once the friction coefficient reached the
region of 1.5 < µ < 2.75, the shear stress fluctuated at a high
level after the yield point, which was substantially deviated
from figure 5(a). When µ = 2.5, the shear stress generated
by magnetic force, elastic normal force, and tangential force
was compared in figure 6(b). Shear stress caused by the mag-
netic force still linearly increased and fluctuated at a high level
after the yielding point. The elastic normal force always gave
a negative contribution to shear stress and reached a plateau
after the yielding. The contribution of the friction force was

Figure 4. (a) Effect of the upper limit of normal force and
(b) Young modulus on shear stress of magnetic fluid.

still close to zero. Figure 6(c) showed the average shear stress
was improved by 102% (from 124 to 251 Pa). The maximum
shear stress was observed when µ = 2.5. If the friction coef-
ficient further increased, shear stress dropped back to 124 Pa.
Under a weak field, the improvement of shear stress was only
24% (from 66 to 82 Pa). But the optimal friction coefficient
µ = 2.5 was not influenced by magnetic field strength.

This dramatic increase in shear stress was originated
from the particular aggregation of magnetic particles.
Microstructures of magnetic fluid with a medium and large
friction coefficient were compared in figure 7. Plate-like
aggregations were observed at the end of simulations when
µ = 0.5. There was more space between the plates com-
pared to the microstructures when µ = 0.27 (figure 2). How-
ever, inclined thick chain-like microstructures were always
obtained when µ = 2.5. The different thickness of micro-
structures was obvious in the top view (figure 7(a)). Once the
magnetic fluid reached the yield point, single-particle-width
chains were destroyed by the shear flow. The flow of the mat-
rix also created opportunities for the broken chains to contact
each other along the x-axis. As a result, single-particle-width
chains merged into inclined thick chains. Then, two thick
chains were analyzed from the top view (figure 7(c)). The
front chain imposed a magnetic attraction on each particle
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Figure 5. (a) Shear stress versus time curves of magnetic fluid
based on general coarse magnetic microspheres with different
friction coefficients. (b) The contribution of inter-particle magnetic
force, normal force, and friction force to shear stress when µ = 0.5.

in the rear chain. The particles on the edge of the rear chain
experienced a weaker magnetic force than those in the center
due to the larger distance from the front chain. The magnetic
attraction also possessed a y-component as a result of the
relative direction between particles. Under a small friction
coefficient, particles on the edge gradually moved along the
y-axis and formed plate-like microstructures. Under a large
friction coefficient, the magnetic dipolar force along the shear
direction cannot overcome strong friction interactions. The
movement of particles along the y-axis and the formation of
plate-like microstructures were blocked. The larger dip angle
of thick chain structures resulted in larger shear stress. In sum-
mary, the influence of friction coefficient on microstructures
was relevant to the relative strength between magnetic dipolar
force and friction interaction. The break-up and reformation
of thick chains led to the fluctuation of shear stress at a high
level. If µ exceeded 2.5, the aggregation along the field dir-
ection was also hindered. Long chains were replaced by short
ones, which led to a decrease in shear stress

The contribution of interparticle magnetic force, elastic
normal force, and friction force to shear stress when µ = 2.5
was discussed in figure 6(b). Although the friction forces were

Figure 6. (a) Shear stress versus time of magnetic fluid based on
general coarse magnetic microspheres under large interparticle
friction coefficients, H = 171 kA m−1. (b) Contribution of magnetic
force, normal force, and tangential force to shear stress when
µ = 2.5. (c) Average shear stress versus friction coefficient under
different magnetic fields. Inset: illustration of general coarse
magnetic microspheres, the asperities on the surface were not
plotted in scale.

quite strong, its contribution to shear stress was still close to
zero. The increasing friction coefficient greatly changed the
aggregation of particles. But the friction force only gave a
small direct contribution to shear stress, which was the same
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Figure 7. Microstructures of magnetic fluid with different friction
coefficients at the end of simulations, (a) top view and
(b) perspective view. (c) Schematic diagram of the evolution from
thick chains to plate-like microstructures.

as figure 4(b). It was the magnetic force among particles who
generated strong shear stress and improved the MR effect
under such a situation. In other words, the interparticle fric-
tion force indirectly enhanced the MR effect.

The trend of shear stress versus friction coefficient and the
optimal friction coefficient under different saturation magnet-
izations, external fields, shear rates, and particle concentra-
tions were then simulated. The surface roughness of magnetic
particles could be modified according to the working condi-
tions to achieve the best MR effect.

If the saturation magnetization of general coarse magnetic
microspheres was increased to 366 kA m−1, the relationship
between shear stress and friction coefficient was also invest-
igated. Here the external fields were chosen as 34, 171, and
400 kA m−1. Generally speaking, the larger saturation mag-
netization of particles, the stronger external field was required
to reach saturation. The last magnetic induction could ensure
the particles in the saturation state. The particle concentra-
tion and shear rate were set at 10 vol%, and 100 s−1. Figure 8
indicated the shear stress under different friction coefficients
was always enhanced with the increasing external field. The
improvement of shear stress caused by interparticle friction

Figure 8. Average shear stress of magnetic fluid based on general
coarse microspheres versus friction coefficient under a weak,
medium, and saturated magnetic field. Inset: illustration of general
coarse magnetic microspheres, the asperities on the surface were not
plotted in scale.

forces also exhibited the same trend. The optimal µ was 2.0
under a 34 kA m−1 magnetic field and increased to 2.75 when
the external field reached 171 kA m−1. This value remained
unchanged after magnetic saturation.

If the saturation magnetization increased, the y-component
of magnetic dipolar force was enhanced due to the larger mag-
netic moments. This non-uniformmagnetic attraction was also
in proportion to the magnetic field strength. The difference in
magnetic dipolar forces under various external fields became
more obvious than the situation of lower saturation magnetiz-
ation. Particles on the edge of the thick chains experienced
stronger driving forces to form plate-like microstructures
(figure 7(c)). To improve the MR effect, the interparticle fric-
tion should be increased to hinder the aggregation of particles.
Thus the optimal µ increased with the external field and finally
exceeded the value whenMs = 200 kAm−1. The y-component
of magnetic dipolar force saturated if H = 400 kA m−1, thus
the optimal µ did not further increase.

The trend of shear stress versus friction coefficient
under different shear rates and particle concentrations were
simulated at last. The saturation magnetization and external
field strength were 366 and 171 kA m−1. If the shear
rate increased from 60 to 100 s−1, the maximum shear
stress was improved from 714 to 778 Pa, while the optimal
µ = 2.75 remained unchanged (figure 9(a)). Single-particle-
width chains were easily destroyed under a large shear rate.
The evolution of microstructures became faster with the
increasing velocity of the matrix. Furthermore, the inclin-
ations of plate-like microstructures and thick chains also
increased when increasing the shear rate. Microstructures
with a larger dip angle generated stronger x-component
of magnetic dipolar forces between particles to resist the
shear flow. Therefore, the shear stress improved with the
increasing shear rate. However, the change of shear rate
did not influence the relative strength between magnetic
dipolar force and friction interaction. The trend of shear
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Figure 9. (a) Average shear stress versus friction coefficient curves
of magnetic fluid based on general coarse magnetic microspheres
under different shear rates, φ = 10 vol%; (b) under different particle
concentrations, γ̇ = 100 s−1. Inset: illustration of general coarse
magnetic microspheres, the asperities on the surface were not
plotted in scale.

stress versus friction coefficient was independent of the
shear rate. When the particle volume fraction increased
from 10 to 20 vol%, the maximum shear stress increased
from 778 to 1281 Pa. The optimal µ decreased from
2.75 to 1.75 (figure 9(b)). Although the total magnetic
force imposed on each coarse magnetic microsphere was
strengthened with the increasing volume fraction. But the
high concentration also created a lot of contact opportun-
ities between particles and greatly enhanced the extrusion
and friction forces. The effect of friction force on shear
stress was determined by the competition between magnetic
force and friction interaction. Only a small friction coeffi-
cient was required to improve the MR effect in concentrated
suspensions.

3.3. Experimental verification

To verify the accuracy of this work, the shear stress in
magnetic field sweep of an existing magnetic fluid, the
Fe3O4@SiO2 magnetic fluid, was simulated and compared
to experiments. The physical properties of particles and

Figure 10. Comparison of simulated and experimental shear stress
of Fe3O4@SiO2 magnetic fluid in magnetic field sweep,
γ̇= 100 s−1. Inset: illustration of Fe3O4@SiO2 microspheres, the
asperities on the surface were not plotted in scale.

simulation parameters were set the same as the literat-
ure [29]. Figure 10 indicated that simulation results were
very close to experiments. Shear stress presented a linear
dependence on the magnetic field strength with a slop of
1.6 Pa m kA−1. Some deviations from the experiments were
observed when the magnetic field was around 100 kA m−1.
The experimental data points were measured from Chae’s
work by using the Origin software [29]. The figure recog-
nizing process of the software might bring some errors
in experimental shear stress. The error of simulations was
originated from the limit of the simulation scale. The influ-
ence of large-scale particle aggregations on shear stress
was not considered due to limited computer performance.
More effort will be put to investigate this issue in the
future.

4. Conclusion

In conclusion, the influence of interparticle friction on the MR
effect of magnetic fluid was studied using modified particle-
level dynamic simulations. The friction coefficients greatly
influenced the microstructures of magnetic fluid and improved
the shear rheological properties. Under a moderate friction
force (0.2 ≤ µ ≤ 1.5), plate-like microstructures were formed
in the homeostasis of magnetic fluid. Shear stress was inde-
pendent of the friction coefficient, which was due to the low
particle concentration and irregular direction of friction forces.
Under a large friction coefficient (µ > 1.5), particles always
aggregated into inclined thick chains. The MR effect could be
improved by 102% in steady shear flow. Friction forces restric-
ted the relative movement of particles in the thick chains and
hampered the formation of plate-like microstructures. Thick
chains possessed larger dip angles than plate-like microstruc-
tures. Interparticle magnetic forces generated strong shear
stress under such a situation. The enhancement of shear stress
was relevant to the relative strength between magnetic force
and friction interaction. The optimal friction coefficient under
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different saturationmagnetizations, external fields, shear rates,
and particle concentrations were determined by simulations.
The surface roughness of magnetic particles could be modi-
fied according to the working conditions to achieve the best
MR effect. WhenMs = 200 kA m−1, the optimal µ= 2.5 was
independent of the external field. If Ms = 366 kA m−1, the
optimal µ increased from 2 to 2.75 with the increasing mag-
netic field strength until saturation. The optimal friction coef-
ficient was not influenced by the shear rate, while this value
decreased with the increasing particle concentrations. Finally,
simulated shear stress of an existing Fe3O4@SiO2 magnetic
fluid matched well with experiments. This work promoted the
comprehension of MR mechanism and provided suggestions
for the preparation of high-performancemagnetic fluid. Future
workwould be aimed at further improving the accuracy of sim-
ulations and investigating the influence of interparticle friction
on the electric conduction of magnetic fluid.
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