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Abstract: With the aim of studying the microscopic characteristics of a magnetorheological fluid 14 

(MRF) in a magnetic field, the theoretical analyses of the particles dynamics in a magnetic field are 15 

presented, and a model for the particle motion is proposed. Based on these analyses, a three-16 

dimensional numerical simulation of the microstructure of MRFs in different magnetic fields is 17 

performed. Furthermore, the microstructures of the MRFs are investigated using industrial computed 18 

tomography (CT) imaging. The numerical simulation and industrial CT results indicate that the chain 19 

structure of the same MRF becomes more apparent as the magnetic field strength increases, and in 20 

the same external magnetic field, this chain structure also becomes more apparent with an increase in 21 

the particle volume fraction. The lengths of particle chains in different magnetic fields are also 22 

captured in the industrial CT experiments. When the magnetic field strength is 12 mT, the particle 23 

chains of the MRF with a particle volume fraction of 30% reach more than 10 mm in length, which 24 

bridge the inner diameter of the container, and the dense clusters-like structure is formed, the clusters-25 

like structure becomes denser with an increase in magnetic field. Moreover, the particle chain lengths 26 

of MRF with high particle volume fractions increase sharply with the magnetic field. The experiments 27 

demonstrated that the industrial CT is an efficient method to study the microstructures of MRFs by 28 

providing particle distributions of MRFs more clearly and intuitively. 29 
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1. Introduction 33 

Magnetorheological fluids (MRFs), as a type of solid–liquid two-phase smart material, are 34 

mainly formed by dispersing micron-grade magnetic particles into a carrier fluid, meanwhile, the 35 

stabilizers, antioxidants, thixotropic agents and lubricants are used as surfactant additives to improve 36 

its stability [1]. MRFs possess rheological behaviors. That is, without an applied magnetic field, the 37 

MRF is characterized as a Newtonian fluid, however, under an applied magnetic field, it instantly 38 

transforms from a free-flowing liquid into a semi-solid or solid, which presents a controllable yield 39 

strength [2, 3]. Moreover, these transformations are reversible [4]. MRFs are widely used in brake 40 

apparatus [5], controlled vibration dampers [6], sealing elements [7], polishing devices [8] and other 41 

engineering fields [9, 10] because of these properties. 42 

It is widely recognized that the macroscopic properties of MRFs depend on their interior particle-43 

formed microstructures [11, 12]. With the development of high–performance MRFs and the 44 

requirements of the working environment, the microstructures of MRFs require further understanding. 45 

In the past several decades, the understanding on the microstructures of MRFs has constantly 46 

advanced, and the research on their microscopic characteristics continues, however, the limitation of 47 

experimental methods and conditions severely restrict the research of their microscopic properties. 48 

As such, the previous electron microscopic, scanning electron microscopy (SEM), light microscopic 49 

examinations and x-ray diffraction are mostly focused in analyzing the inner structure and 50 

determining the phase constitution of this class of materials, these techniques have the inherent 51 

disadvantage of sample destruction, which do not allow the subsequent evaluation of the mechanical 52 

properties of MRFs. Additionally, the three-dimensional structural analysis is not allowed. 53 

An appropriate method to address these problems becomes an important research topic in recent years. 54 

In the previous research on the microstructure of MR materials, the surface morphology of 55 

magnetorheological elastomers (MREs) composites was examined by computed tomography (CT) 56 

[13]. In [14], the effect of acetone contents on the MREs microstructure at the interfacial regions was 57 

investigated by using the three-dimensional nano-CT imaging. Similar to MRFs, MREs are a type of 58 



 

 

multiphase multifunctional composite intelligent materials, which consist of an elastic matrix filled 59 

with micron-sized magnetic particles, and possess the similar high technical characteristics to MRFs, 60 

such as controllability, reversibility and rapid response, the sedimentation stability of MREs is better 61 

than MRFs [15, 16]. The primary goal of this study is the structural characterization of MRFs 62 

subjected to magnetic fields. In this paper, MRFs with different number of particles in three magnetic 63 

fields are numerically simulated firstly, then industrial CT imaging is used to observe the MRF 64 

particle distributions, which not only preserves the primary structures of the MRFs sample but also 65 

generates a three-dimensional map of the sample geometry. The particle dispersions of MRFs 66 

subjected to magnetic fields are reproduced intuitively and accurately. 67 

2. Literature review 68 

2.1. Research on microscopic characteristics of MR materials 69 

Many studies and analyses of MRFs have been conducted toward understanding their 70 

microscopic characteristics and the effect of the microstructures on their macroscopic properties. 71 

Vagberg et al. [17] obtained the microstructure of MRFs at varying Mason number by taking 72 

snapshots. Tian et al. [18] researched the microstructures of magnetorheological elastomers with 0% 73 

and 15% weight fractions of silicone oil under a magnetic field that was rotated with a 45ºangle by 74 

SEM, and found that the sample with 15% silicone oil contribution resulted in a less volume fraction 75 

of iron particles. Hu et al. [19] observed the microstructures of magnetorheological elastomers with 76 

curing agent weight ratio were 1:10, 1:20, 1:25 and 1:30 by SEM, and the results indicated that the 77 

carbonyl iron particles formed chain-like structures in matrix and they were assembled along the 78 

magnetic field direction. Pei et al. [20] researched the microstructure evolution of a 79 

superparamagnetic magnetic fluid based on Fe3O4-immobilized-SiO2-nanospheres by the method of 80 

molecular dynamic. Zhao et al. [21] simulated the microstructures of magnetic fluids under the 81 

applied external magnetic field by the Monte Carlo method. Gharibvand et al. [22] tested the 82 

microstructures of MRFs in shear flow using dissipative particle dynamics, and found that the 83 

structures of particles were weakened as shear rates increased. Lagger et al. [23] gained insight into 84 

the microstructural behavior of a MRF under shear action using a discrete element simulation method, 85 

and found that the particles arranged in chains, sheet-like structures, or columns along the magnetic 86 

field lines. Hajalilou et al. [24] used x-ray diffraction and transmission electron microscopy to 87 



 

 

evaluate the phase formation, structural and morphological changes for MRFs with Ni-Zn ferrite and 88 

Fe3O4 nanoparticle additive. Xu et al. [25] established a biphasic coarse-grained molecular dynamics 89 

model for MRFs, which including magnetic dipoles and abrasive particles. Meanwhile, the effects of 90 

magnetic field gradient, magnetic strength and abrasive particle concentration are studied both from 91 

theoretical analysis and numerical simulation. Liu et al. [26] simulated the three-dimensional 92 

microstructures of magnetic particles in different magnetic fields using Monte Carlo simulations and 93 

GPU accelerated technology. Li et al. [27] established the microscopic finite element model of MREs 94 

in two-dimension, and obtained the micrograph of the MREs by SEM. Xu et al. [28] established the 95 

theoretical model of particle motion of MREs in a magnetic field, and the movement simulation of 96 

two particles under a magnetic field is carried out. Chen et al [29] conducted micro-macro analysis 97 

of slip differential heat of MRFs including force, movement and heat between neighboring particles 98 

based on magnetic dipole and Hertzian contact theories. 99 

2.2. Discussion 100 

As detailed in the review of previous research, it is clear that current studies on the microscopic 101 

characteristics of MRFs and the similar materials are mainly focused on the experiments, 102 

analysis models and numerical simulations, which have achieved great progress. However, it is not 103 

allowed to do the subsequent evaluation of the mechanical properties by using the traditional 104 

experimental methods (SEM, light microscopic examinations and x-ray diffraction) due to the sample 105 

destruction. In this paper, a three–dimensional numerical simulation is used to calculate the 106 

microstructures of MRFs in magnetic fields, and the industrial CT is utilized to further analyze their 107 

microstructures. 108 

Industrial CT is a nuclear imaging technology that can elucidate the internal structures, 109 

components, materials and defects of detected objects clearly and intuitively via two-dimensional 110 

cross-sectional or three-dimensional images in the absence of damage. At present, industrial CT is 111 

mainly used for nondestructive inspection of samples, materials processing and mineral research. 112 

Tang et al. [30] observed the pore structure of permeable brick by using industrial CT. Cui et al. [31] 113 

researched the fractures and minerals in subbituminous and bituminous coals by industrial CT. Kou 114 

et al. [32] used industrial CT to determine the microscopic relaxation dynamics of hard granular 115 

ellipsoids subjected to an oscillatory shear. 116 



 

 

3. Dynamical model and numerical simulation 117 

3.1. Dynamical model 118 

When a magnetic particle with a radius 𝑅 is placed into a uniform external magnetic field 𝐻, 119 

the magnetic moment m of this particle can be expressed as follows [11, 28]: 120 

𝒎 = 𝑉𝑴 =
4

3
𝜋𝑅3𝜒𝐻, (1) 

where 𝑉 =
4

3
𝜋𝑅3, 𝑴 = 𝜒𝐻 and 𝜒 are the volume of the particle, magnetization of the particle and 121 

magnetic susceptibility. 122 

Considering the influence of additional magnetic fields produced by other particles, the magnetic 123 

force 𝐹1 can be obtained by the enhanced dipole model, which is expressed as follows [33]: 124 

𝑭𝟏 = ∑
4𝜋𝜇0𝑅6𝐻2𝜒2

3𝑟𝑖𝑗
5 {[(1 − 5 cos2 𝜃) −

𝑅3𝜒

3𝑟𝑖𝑗
3

(1 + 4 cos2 𝜃)] 𝒓𝑖𝑗

𝑁

𝑖=1
𝑗≠1

+ 2𝑟𝑖𝑗 cos 𝜃 (1 +
𝑅3𝜒

6𝑟𝑖𝑗
3 ) 𝒌} , 

(2) 

where 𝜇0, 𝑟𝑖𝑗, 𝒓𝑖𝑗, 𝜃 and 𝒌 are the magnetic permeability in a vacuum, the relative position from 125 

particle 𝑖 to particle 𝑗, the relative position vector from particle 𝑖 to particle 𝑗, the angle between 126 

the center connecting line of two particles and the external magnetic field and the unit vector of the 127 

external magnetic field, respectively. 128 

During the motion process, a repulsive force is produced due to the collision of the particles. 129 

Ignoring the friction between the particles, the repulsive force 𝐹2 can be expressed as follows [34]: 130 

𝑭𝟐 = ∑
3𝜇0𝑚2

32𝜋𝑅4
𝑒𝑥𝑝 [−𝛽 (

𝑟𝑖𝑗

2𝑅
− 1)] �̂�𝒊𝒋,

𝑗≠𝑖

 (3) 

where 𝛽 is a material parameter, which represents how fast or slow the repulsive force increases, 131 

𝑚 =  ‖𝒎‖ and �̂�𝒊𝒋 =
𝒓𝒊𝒋

𝑟𝑖𝑗
 are the Euclidean norm of magnetic moment m and the unit vector of the 132 

relative position of the two particles, respectively. 133 

MRFs are usually incompressible viscous liquids. Thus, when the particles move in the matrix, 134 

the viscous resistance of the particles can be described by the Stokes equation [11, 29]: 135 

𝑭𝟑 = −6𝜋𝑅𝜂𝝊, (4) 
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where 𝜂 is the viscosity coefficient of the matrix and 𝝊 is the velocity vector of the magnetic 136 

particles. 137 

The gravity and buoyancy forces of magnetic particles can be expressed by Equations (5) and 138 

(6) , respectively: 139 

𝑭𝟒 =
4

3
𝜋𝑅3𝜌1𝑔, (5) 

𝑭𝟓 =
4

3
𝜋𝑅3𝜌2𝑔𝐳, (6) 

where 𝜌1  and 𝜌2  are the density of magnetic particles and matrix, respectively. 𝑔  is the 140 

gravitational acceleration, z is the unit vector in the vertically upward direction. 141 

In order to reduce the calculation process, the effect of gravity and buoyancy forces on particle 142 

motion are defined, which is performed by comparing the ratios of the maximum magnetic forces of 143 

a magnetic particle with the gravity and buoyancy forces under different magnetic fields, respectively. 144 

The parameters used in the simulation are listed in Table 1. The ratio  of the maximum magnetic 145 

forces of a magnetic particle with the gravity and buoyancy forces are shown in Figure 1. Figure 1 146 

indicated that the magnetic forces were much stronger than gravity and buoyancy forces, and the ratio 147 

increased with the magnetic field strength, which demonstrated that effect of gravity and buoyancy 148 

forces could be ignored in the simulation. The Brownian force also has very small contribution to the 149 

resultant force on particles, which is not considered in the simulation [28, 35]. 150 

Table 1. Simulation parameters. 151 

Parameter Parameter value Parameter Parameter value 

𝜇0 (H ∙ m−1) 4𝜋 × 10−7 R (μm) 8 

𝜂 (Pa ∙ s) 0.001 𝜌1(𝑘𝑔 ∙ 𝑚−3) 7.86 × 103 

𝜒 1.0   𝛽  10 

T (K) 298 𝜌2(𝑘𝑔 ∙ 𝑚−3) 0.97 × 103 

 152 
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 153 

Figure 1. The ratio of the maximum magnetic force of a magnetic particle with the gravity  154 

and buoyancy forces under different magnetic fields. 155 

Based on Equations (1) – (4) and Newton's Second Law, the dynamical equation of the particles can 156 

be expressed as follows: 157 

𝑚1𝒂 = 𝑚1
𝑑2𝑢

𝑑𝑡2 = 𝑭𝟏 + 𝑭𝟐 + 𝑭𝟑, (7) 

where 𝑚1 = 𝜌1𝑉 is the mass of a particle，𝒂 is the acceleration of a particle. 158 

3.2. Simulation algorithm 159 

Without an external magnetic field, the magnetic particles are distributed randomly in the matrix. 160 

The particles are in a steady state, as their initial velocities are v = 0 without considering the Brownian 161 

motion. Once an external magnetic field is applied, the magnetic particles are magnetized into 162 

magnetic dipoles, and the particles are accelerated under the combined action of magnetic force, 163 

viscous resistance and repulsive force. Then, the corresponding velocity and displacement are derived, 164 

which changes the combined action forces as a result. In turn, the derived velocity and displacement 165 

are also changed. These steps iterate until the system reaches a stable equilibrium. In this paper, the 166 

velocity Verlet algorithm [36, 37] is used to calculate the dynamical equation, which obtains the 167 

position and velocity of each particle simultaneously without losing accuracy. The velocity Verlet 168 

algorithm in this paper is stated as follows: 169 

The initial position 𝒖 of a particle is 170 

{𝒖 = �̂�|𝑡 = 0}, (8) 

where �̂� is generated by a random function. 171 

The initial velocity 𝒗 of a particle is 172 
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{𝒗 = 0|𝑡 = 0}. (9) 

The acceleration 𝒂 of a particle at time t is 173 

𝒂(𝑡) =
𝑭𝟏(𝑡) + 𝑭𝟐(𝑡) + 𝑭𝟑(𝑡)

𝑚1
. (10) 

Assuming the increment of time used in this simulation is ∆𝒕, the position 𝒖 and the velocity 174 

𝒗 of the particle in time 𝒕 + ∆𝒕 can be expressed as follows: 175 

𝒖(𝑡 + ∆𝑡) = 𝒖(𝑡) + 𝒗(𝑡)∆𝑡 +
𝟏

𝟐
𝒂(𝑡)∆𝑡2, (11) 

𝒗(𝑡 + ∆𝑡) = 𝒗(𝑡) +
𝟏

𝟐
[𝒂(𝑡) + 𝒂(𝑡 + ∆𝑡)]∆𝑡. (12) 

The position, velocity and resultant force of the particles are constantly updated, and Equations 176 

(8) – (12) are iterated until the system reaches a steady state. 177 

In order to define the number of time step and the stable equilibrium state of the simulation, the 178 

energy equations of the particles are introduced. Under the action of an external magnetic field H, 179 

particles are magnetized and moved. During this process, the energy of the particles changes. The 180 

involved energies include magnetic field energy, interaction energy of the neighboring particles and 181 

the repulsive energy [26]. 182 

the magnetic energy is generated by the action of an external magnetic field H, which is shown 183 

as follows [21]: 184 

𝑈1 = −𝜇0𝒎𝒊𝐻, (13) 

where 𝒎𝒊 is the magnetic moment of particle i. 185 

The repulsive energy is generated by the collision between particles, which is expressed as 186 

follows [21, 26]: 187 

𝑈2 = 𝜋𝑑2𝜉𝑘𝐵𝑇 {1 −
𝑟𝑖𝑗 − 𝑑

2𝛿
−

𝑟𝑖𝑗

2𝛿
𝐼𝑛 (

𝑑 + 2𝛿

𝑟𝑖𝑗
)}, (14) 

where 𝑘𝐵 is the Boltzmann constant, and 𝑘𝐵 = 1.38 × 10−23 J/K, d is the diameter of a particle, 188 

𝜉 is the number of surfactant molecules per unit area, 𝛿 is the thickness of the magnetic particle 189 

surfactant layer, and 𝛿 = 0.05 μm. 190 

The interaction energy of the neighboring particles is shown as follows [21, 26]: 191 



 

 

𝑈3 =
𝜇0𝑚2

4𝜋𝑟𝑖𝑗
3 {𝒏𝒊 ∙ 𝒏𝒋 − 3(𝒏𝒊 ∙ 𝒓𝒊𝒋) ∙ (𝒏𝒋 ∙ 𝒓𝒊𝒋)}, (15) 

where the 𝒏𝒊 and 𝒏𝒋 are the unit vector given by 𝒏𝒊 = 𝒎𝒊/m and 𝒏𝒋 = 𝒎𝒋/m, respectively. 192 

The energy of the total system can be calculated as: 193 

𝑈 = ∑ 𝑈𝑖.

𝑛

𝑖=1

 (16) 

In the simulation, each particle is described by a motion quantity in every step. Energy before 194 

and after the particle moves are set as U4 and U5, respectively. If U5 < U4, this motion quantity will 195 

be effective. If not, the quantity may be effective with a probability of 𝒆𝒙𝒑 (−
𝑼𝟓−𝑼𝟒

𝒌𝑩𝑻
) [21, 26]. When 196 

total energy changes a little, structure is considered to be a stable equilibrium state, and this structure 197 

is the ultimate. The detailed calculation flow is presented in Figure 2. 198 

 199 

Figure 2. Calculation flow of the numerical simulation 200 

3.3. The method for saving computational time and choosing the time increment 201 

A complete simulation is a time consuming process, because the computation of the forces on 202 

particle i is related to the interaction between the particle i and all other particles. In an MRF system 203 

with the number of particles is N, the interactions need to be computed in each increment is N(N-1)/2 204 

without any technical method. 205 

Eq. (2) indicates that the magnetic force between two dipolar particle sharply decreases with the 206 



 

 

increase of the distance between them, as shown in Figure 3, where r is the distance between two 207 

dipolar particles. The magnetic force between the two dipolar particles will tend to vanish if r is 208 

sufficiently large. 209 

In order to save computing time, link-cell and Verlet list methods are used to improve computing 210 

efficiency, as shown in Figure 4, the computation region is separated into many small square cells of 211 

size ri, which is defined as the cut off distance. It can be seen from Figure 3 that if the distance 212 

between two dipolar particles is more than 6R, the magnetic force between the two dipolar particles 213 

is pretty small, which could be negligible. Therefore, ri = 6R is used in computation. In the simulation 214 

system, all the particles are located in a cell, and a particle which interacts with particle i should be 215 

in the shadow region, as the search for the interacting particles only covers 3 x 3 x 3 cells for a 3-D 216 

problem or 3 x 3 cells for a 2-D problem. Subsequently, a judgement need to be determined is whether 217 

other particles in these cells are out of the cut off circle or not, and a Verlet list for particle i is produced 218 

at the same time. 219 

 220 

Figure 3. The relationship between magnetic force and r/R. 221 

 222 

Figure 4. The schematic for the combined link cell and Verlet list method. 223 



 

 

A proper time increment affects the results of simulation, in each time increment, the velocity 224 

and the position of each particle will update using the equation of motion and the forces on the particle. 225 

A relative small time increment can result in an unnecessary consumption of time, and a relative big 226 

time increment affects the convergence of computation and results in an incorrect result. The magnetic 227 

force between dipolar particles involves very strong non-linearity, which makes the choice of a proper 228 

time increment is of critical importance. 229 

The distance between particles strongly affects the stability of computation. The fact that the 230 

magnetic force increases sharply with the decrease of the distance between two particles, and If a 231 

fixed time increment is applied in the simulation, either the simulation time increases greatly, or the 232 

two particles may overlap and even pass through each other. Moreover, it is difficult to choose a fixed 233 

time increment because the positions of particles change continuously and the relative distances 234 

between different particles are various. In this paper, the variable time increment is used in the 235 

simulation. The variable time increment is determined by the maximum gradient of the resultant force 236 

[38], which is performed by examining the curvature at the minimum of the potential well when two 237 

particles aligned in the direction of the applied magnetic field. Assuming two nearby particles start 238 

and approach each other due to the attractive force between the two particles and contact each other 239 

in ∆𝑡, if the resultant forces on one particle at time t and t+∆𝑡 are F(t) and F(t+∆𝑡), respectively, the 240 

time increment ∆𝑡 is determined with ∆𝑡 = 2√𝑚 |
𝑑𝐹(𝑟)

𝑑𝑟
|

𝑟=𝑟0

−1

, where r0 is the distance between the 241 

two particles when they contact each other. 242 

3.4. Simulation results and analysis 243 

In this simulation, the simulated objects were cubes with side lengths that were set to 1 mm. A 244 

cube contained magnetic particles and a matrix, where the magnetic particles were all spherical. In 245 

the absence of a magnetic field, the magnetic particles were distributed randomly in the cube. In order 246 

to calculate the interaction between the walls of cube and particles, it was assumed that the walls were 247 

covered with particles, then the forces between the particles and the walls could be cleverly replaced 248 

by the interaction between the particles. In the simulation, a particle microcosmic system with a 249 

smaller order of magnitude was simulated to provide the media information similar to the 250 

macroscopic properties of MRF. In order to make the simulation results closer to the actual effect, the 251 



 

 

periodic boundary condition was applied, which was as a particle system was regarded as a cube, and 252 

it was surrounded by other same cubes. 253 

Three types of MRFs with particle numbers of 500, 1000 and 1500 were simulated with an 254 

applied magnetic field in this section. Figure 5 shows the energy variation of three MRFs systems in 255 

an external magnetic field. In Figure 5, it indicated that total energy of MRF reduced as the number 256 

of simulation steps increased. The structure of MRFs could be considered stable when number of 257 

simulation step was 50000. The simulation results of three types of MRFs after 50000 steps are shown 258 

in Figures 6–8. 259 

 260 

Figure 5. Energy variation curves of three types MRFs system in an external magnetic field. 261 
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Figure 6. Simulation results of a cube containing 500 MRF particles in differing magnetic 266 

field. (a) B = 6 mT, (b) B = 12 mT, (c) B = 18 mT. 267 
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(c) 271 

Figure 7. Simulation results of a cube containing 1000 MRF particles in differing magnetic 272 

field. (a) B = 6 mT, (b) B = 12 mT, (c) B = 18 mT. 273 
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  (c)  277 

Figure 8. Simulation results of a cube containing 1500 MRF particles in differing magnetic 278 

field. (a) B = 6 mT, (b) B = 12 mT, (c) B = 18 mT. 279 

Figures 6–8 indicated that the MRFs with different volume fractions presented a similar variation 280 

phenomenon when the magnetic field strength increased from 6 mT to 18 mT. In a 6 mT magnetic 281 

field, the magnetic particles began to form chains. However, the chains were relatively short, with 282 

lengths of 4–8 particles accounting for the largest proportion, and individual particles still existed in 283 

the matrix. When the magnetic field strength increased to 12 mT, the number of short chains began 284 

to decrease, and the number of long chains began to increase. At this point, almost no single particles 285 

remained in the matrix. When the magnetic field strength increased to 18 mT, the chain lengths 286 

increased significantly, growing by 1.5 to 2 times in length compared with the chains in the 12 mT 287 

magnetic field. Furthermore, it was clear that some particle chains combined to form bundled and 288 

clustered structures. In the same magnetic field, the numbers and lengths of particle chains presented 289 



 

 

an increasing trend with the increasing particle volume fraction, which was obvious when the 290 

magnetic field strength increased to 18 mT. 291 

4. Experimental 292 

4.1. Materials and instrumentation 293 

The MRFs for this experiment were the silicone oil-based MRFs GH-MRF-250, GH-MRF-350 294 

and GH-MRF-450, which were purchased from Zhang Dongnan Studio. In these MRFs, soft magnetic 295 

carbonyl iron particles (average diameter: 8 μm, density: 7.86 g/cm3; Beijing DK Nano Technology 296 

Co., Ltd.) were used as a dispersed phase, dimethyl silicone oil (viscosity: 500 cSt at 25 °C, density: 297 

0.97 g/cm3; Shin-Etsu, Japan) was used as suspending medium, sodium dodecyl benzene sulfonate 298 

and oleic acid supplied were used as surfactant to improve the sedimentation stability and reduce 299 

aggregation, diatomite powders and graphite were used as inorganic thixotropic agent and antiwear 300 

agent. The corresponding volume fractions of magnetic particles in GH-MRF-250, GH-MRF-350 and 301 

GH-MRF-450 were 20%, 30% and 40%, respectively. Their zero field viscosity were 242.5 mPas, 302 

382.5 mPas and 688.3 mPas, respectively. The working temperature was –40–150 °C. The 303 

magnetization curves of the three types of MRFs are shown in Figure 9. 304 

 305 

Figure 9. Magnetization curves of the three types of MRFs. 306 

This experiment was performed through an x-ray microtomography system (X5000, North Star 307 

Imaging, Inc.). The system possessed a large scanning envelop and could load sizable objects while 308 

maintaining enough sensitivity to inspect very small items. In the experiments, the cone beam x-ray 309 

was applied to scan the samples with the step-by-step method at 360°. The x-ray tube was Micro-310 



 

 

focus, the voltage and current of the x-rays were 200 kV and 150 μA, respectively. The effective 311 

spatial resolution of the system was better than 0.5 μm after geometric magnification (greater than 312 

2000×), and the minimum focal spot size was smaller than 0.5 μm. The distance between the MRFs 313 

and the x-ray source and between the MRFs and the detector were set to 116 mm and 430 mm, 314 

respectively, which were the most appropriate locations for imaging according to manufacturer’s 315 

recommendation. The scanning period was set to 90 min. During this period, 1800 projection images 316 

were obtained to synthesize a three-dimensional image. The detailed experimental system is shown 317 

in Figure 10. 318 

 319 

Figure 10. Industrial CT experimental system. 320 

As shown in Figure 10, the MRF was filled into a cylindrical container (volume = 1.57 mm3, 321 

cross-sectional diameter = 10 mm) which was made of acrylonitrile butadiene styrene plastic. The 322 

container was placed in the center of the coil and supported by green pearly foam. The inner diameter, 323 

outer diameter, height, number of turns and wire diameter were 140 mm, 180 mm, 70 mm, 1500 and 324 

1 mm, respectively. The coil with the MRF was placed on a computer numerical control stage, which 325 

could rotate 360° repeatedly around its central axis. The cone beam x-ray was launched by the x-ray 326 

controller and passed through the coil and the MRF, at last, it received by the flat panel detector. A 327 

circular copper plate with a thickness of 3 mm and a diameter of 30 mm was pasted in the x-ray 328 



 

 

emitter, which is used to compensate for the overexposure area where the x-ray was not blocked by 329 

the coil during the scanning process. The DC power supply and the teslameter were used to provide 330 

current to the coil and to measure the magnetic field of the scanned object, respectively. The CT 331 

scanning process is shown in Figure 11. 332 

 333 

Figure 11. The scheme of CT scanning process. 334 

4.2. Experimental results and analysis 335 

Using the experimental parameters detailed in the previous section, three types of MRFs were 336 

scanned with external magnetic fields of 0 mT, 6 mT, 12 mT and 18 mT, respectively. The automatic 337 

data collection, volume processing, reconstruct the inverse projection of the three-dimensional 338 

structures and length capture of the particle chains were conducted in the NSI analysis software EFX-339 

CT. The scanning result of the GH-MRF-350 in a 12 mT external magnetic field is shown in Figure 340 

12, and the scanning results of the GH-MRF-250, GH-MRF-350 and GH-MRF-450 in the 0 mT 341 

magnetic field are shown in Figure 13. 342 

 343 

Figure 12. Scanning results of GH-MRF-350 in a 12 mT external magnetic field. 344 
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(a) GH-MRF-250                    (b) GH-MRF-350  346 

 347 

(c) GH-MRF-450 348 

Figure 13. Particle distribution of three types of MRFs in a 0 mT external magnetic field. 349 

Figure 13 indicated that the magnetic particles were distributed irregularly when no external 350 

magnetic field was applied, and the particle distribution was uneven in each MRF sample. Meanwhile, 351 

some particles condensed into a flocculent structure. The irregular shapes and size difference of the 352 

particles were due to image artifacts, wherein the distance between particles was too short to be 353 

recognized and the adjacent particles were identified as a whole. 354 

In this experiment, the information of the particle distributions anywhere in the scanned object 355 

could be obtained, this process was similar to extracting relevant information from three-dimensional 356 

models in the corresponding modeling software, which was more convenient and intuitive than the 357 

previous experimental methods [17-19]. Furthermore, particle distributions could be quantitatively 358 

analyzed in this experiment. To better analyze and compare the particle distributions of the MRFs, a 359 

cylinder in the scanning result was extracted, and the relevant figures in different rotation angles were 360 

used to exhibit the scanning results, as shown in Figure 14. Figures 15–23 show the scanning results 361 
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for the three types of MRFs in 6 mT, 12 mT and 18 mT magnetic fields, which presented a 362 

corresponding relation with Figure 14. Figure 24 showed the variation curves of particle chain lengths 363 

with the magnetic fields. 364 

  365 

Figure 14. The extracted objects. 366 

 367 

 368 

Figure 15. Experimental images of GH-MRF-250 in a magnetic field B = 6 mT. 369 



 

 

 370 

Figure 16. Experimental images of GH-MRF-250 in a magnetic field B = 12 mT. 371 

 372 

Figure 17. Experimental images of GH-MRF-250 in a magnetic field B = 18 mT. 373 



 

 

 374 

Figure 18. Experimental images of GH-MRF-350 in a magnetic field B = 6 mT. 375 

 376 

Figure 19. Experimental images of GH-MRF-350 in a magnetic field B = 12 mT. 377 



 

 

 378 

Figure 20. Experimental images of GH-MRF-350 in a magnetic field B = 18 mT. 379 

 380 

Figure 21. Experimental images of GH-MRF-450 in a magnetic field B = 6 mT. 381 



 

 

 382 

Figure 22. Experimental images of GH-MRF-450 in a magnetic field B = 12 mT. 383 

 384 

Figure 23. Experimental images of GH-MRF-450 in a magnetic field B = 18 mT. 385 



 

 

 386 

Figure 24. The variation of particle chain lengths with the magnetic fields in three types of MRFs. 387 

Figures 15 and 18 indicated that no obvious particle chains were formed in GH-MRF-250 and 388 

GH-MRF-350 when the magnetic field strength was 6 mT, but the tendency of particles to align with 389 

the magnetic field could be clearly observed on the surface and interior. The average particle chain 390 

lengths of GH-MRF-250 and GH-MRF-350 in a 6 mT magnetic field were only 0.5 mm and 0.8 mm. 391 

Figure 21 indicated the chain structures of GH-MRF-450 could be clearly observed, and the clusters-392 

like structures began to form in a 6 mT magnetic field, the average particle chain lengths of GH-393 

MRF-450 reached 2.8 mm. Figures 16 and 19 indicated that the obvious chain structures were formed 394 

in GH-MRF-250 and GH-MRF-350 when the magnetic field strength was 12 mT, and the average 395 

particle chain lengths of GH-MRF-250 and GH-MRF-350 in a 12 mT magnetic field were 1.1 mm 396 

and 1.4 mm. The number of the particle chains in GH-MRF-350 was greater than GH-MRF-250. 397 

Compared with Figure 21, Figure 22 indicated that the particle chain lengths increased rapidly in GH-398 

MRF-450 when the magnetic field strength was 12 mT, which bridged the inner diameter of the 399 

container, and the dense clusters-like structure was formed. Figures 17 and 20 indicated that the 400 

particle chain structures increased apparent in an 18 mT magnetic field compared with Figures 16 401 

and 19, the average particle chain lengths of GH-MRF-250 and GH-MRF-350 in an 18 mT magnetic 402 

field were 1.8 mm and 2.2 mm. Figure 23 indicated the denser clusters-like structures were formed 403 

in GH-MRF-450 when the magnetic field was 18 mT. In this state, the particle chains and the clusters-404 



 

 

like structures tightly connected, which nearly presented a cluster structures completely. The 405 

experiments indicated that the when an external magnetic field was applied, the magnetic particles 406 

began to form chains. Even in a magnetic field of only 6 mT, this phenomenon still clearly occurred, 407 

and the chain structures became more obvious with the increasing magnetic field. Meanwhile, the 408 

number of individual particles began to decrease, and the number of long chains began to increase, 409 

which was consistent with the simulation. The chain structures became increasingly apparent with 410 

the increasing particle volume fraction under the same external magnetic field, which was also 411 

consistent with the simulation. In Figure 24, the variation curve of GH-MRF-450 was exhibited with 412 

a different line type was that the particle chain lengths exceeded 10 mm in 12 mT and 18 mT magnetic 413 

fields, which bridged the inner diameter of the container. Figure 24 indicated that the particle chain 414 

lengths of MRF with high particle volume fractions increased sharply with the magnetic field. 415 

5. Conclusions 416 

In this study, the particles dynamics of MRFs in a magnetic field were analyzed, the model for 417 

the particle motion was proposed, and the particle distributions of the MRFs in different external 418 

magnetic fields were simulated. Furthermore, the same conditions were experimentally reproduced 419 

using industrial CT to study the microscopic characteristics of MRFs. 420 

(1) The proposed motion model is able to intuitively simulate the microscopic characteristics of 421 

MRFs in magnetic fields in three-dimension, and the variations of particle chains of MRFs with 422 

different particle number under different magnetic fields could be extracted in the simulations. 423 

(2) The application of industrial CT is an efficient method to clearly and intuitively study the 424 

microstructure of MRFs, meanwhile, the particle chains lengths of MRFs with different volume 425 

fractions in magnetic fields could be quantificationally captured by the industrial CT. 426 

(3) The numerical simulations and industrial CT experiments indicate that the chain structure of 427 

the MRF particles becomes more apparent with increasing magnetic field strength, and in the same 428 

external magnetic field, the chain structure also becomes more apparent with an increase in the 429 

particle volume fraction. 430 

(4) The particle chain lengths of MRF with high particle volume fractions increase sharply with 431 

the magnetic field. 432 

6. Future work 433 
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In this paper, the microscopic properties of MRFs in magnetic fields were studied in detail. 434 

However, the microstructure of MRFs and its evolution in working state are extremely complex, 435 

which are also influenced by many factors, such as operating temperatures, shear and squeezing 436 

actions. In order to understand the properties of MRFs more comprehensively and deeply, the 437 

theoretical models about microstructure of MRFs under different influence factors should be further 438 

investigated, the numerical simulations considering these influence factors should be performed, and 439 

the relevant experimental devices in these aspects also need to be developed in the future. 440 
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