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Summary An enhanced dipole model is suggested by taking into account the effect of the magnetized particles on a magnetic field and 
verified with FE simulation, based on which and making use of a statistical approach a micro-macro description for magnetorheological 
fluids (MRFs) is formulated. It can consider the effects of all the main influencing factors, and can well replicate the main characteristics of 
the constitutive behavior of MRFs. 

 
INTRODUCTION 

 
Yield shear stress is one of the most important indexes of magnetorheological fluids (MRFs), which can be 

attributed to the interaction between magnetized particles. In analysis a magnetized particle is usually assumed 
approximately as a magnetic dipole and the additional magnetization of a dipole induced by the other magnetic dipoles 
is often neglected [1,2], which may lead to an incorrect estimation. The comparison between the results with the 
conventional dipole model and that with FE simulation shows that in the particle chain in an MRF, such kind of 
additional magnetization may play a significant role. An enhanced dipole model is suggested, based on which and 
making use of a statistical approach a micro-macro description for the yield shear stress of MRFs is formulated. The 
results obtained with this model agree well with those obtained with FE simulation and experiment. 
 

AN ENHANCE DIPOLE MODEL FOR MRFs 
 

In an applied uniform magnetic field H0, the additional magnetic field intensity at point i induced by dipolar j can 
be expressed as 
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where R is the radius of particle, r ij is the vector from particle i to particle j and χ is the susceptibility. 
The total magnetic field at particle i is 
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The magnetic induction intensity B j of particle i is i0i B H , where μ0=4π×10−7Hm−1 is the permeability in free space, 

and the magnetic moment of a particle of radius R is 3(4 3)i Rm iH . The potential of a dipoles-system can be 

expressed as 
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The magnetic force on particle i can be derived as 
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where k denotes the direction of H0. Making use of Eq. (4) the contribution of the 
chain inclined with θ i from H0 (Fig.1) to the resistance against the shear deformation 
of an MRF can be obtained as 
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Fig.1 Deformed single chain
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where n is the number of the particles in the chain. If the macroscopic yield shear 
stress of an MRF 0    , where τ0 is the shear stress without applying a 

magnetic field and the normal distribution of θ i is assumed [2,3], one has 
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where φ is the particle volume fraction,μandσare the mean and standard error, respectively, related to shear strain 
and its rate. It can be seen that the effects of H, χ, R, t (the thickness of nonferromagnetic coating), strain and strain rate 
on the yield shear stress can be considered in the modeling, which should be significant for the evaluation of the yield 
shear stress and the design if high-performance MRF. It can be shown that n≥5 can provide sufficient accuracy. 
 

APPLICATION AND DISCUSSION 
 

The variations of T against θ are shown in Fig. 2, and the variations of  against γ are shown in Fig. 3. It can be 
seen that, compared with the results obtained with the previous dipole model (DM), the results with the proposed 
enhanced dipole model (EDM) better match the results obtained with finite element method (FEM), implying the 
reasonability for EDM to be applied in the analysis of the mechanical properties of MRFs. The variations of τ against B, 
obtained with DM and EDM, are shown respectively in Fig. 4, it can be seen that τ increases with the increase of B, but 
the slope decreases as the magnetization of the particles tends to its saturation state. The variations of τ against   are 
shown in Fig. 5, where it can be seen that τ increases with the increase of shear strain rate  , when it is relatively small, 
but it decreases when  is very large. The results in Figs. 4 and 5 agree reasonably with the experimental results (EXP) 

[3,4]. 
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Fig. 2 Variation of Ti versus θ of a single chain                          Fig. 3 Variation of τ versus γ of an MRF 
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Fig. 4 Variation of τ versus B of an MRF                          Fig. 5 Variation of τ versus dγ/dt of an MRF 

 

CONCLUSIONS 
 

A micro-macro analysis is developed for evaluation of the yield shear stress of magnetorheological fluids (MRFs). 
Starting from the FE simulation and an enhanced model for the interaction between two magnetic dipoles, the resistance of a 
deformed particle-chain to the shear deformation of an MRF is obtained, and the yield shear stress of the MRF is finally 
obtained with a statistical approach. The model can take into account the effects of the main influencing factors, and can well 
replicate the main characteristics of the constitutive behavior of MRFs observed in experiments.  
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