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ABSTRACT: Shear stress prediction in high-concentration magnetorheological fluids (MRFs) faces limitations due to the
oversimplified magnetic dipole interactions and neglect of multibody effects in classical single-chain models, particularly under
conditions (30—40 vol.%) where stress prediction errors start escalating nonlinearly. To address this gap, based on the classic single-
chain model, this study proposed a new revised calculation method that integrates three novel components: (1) a distance-weighted
dipole interaction model incorporating material-specific correction factors, (2) dynamic chain reconstruction mechanisms
accounting for magnetic aggregation under shear deformation, and (3) transverse field overlap parameters quantifying anisotropic
field distributions. Validated against Lord Corp.’s MRF-132DG, the proposed approach reduces shear stress prediction root-mean-
square error (RMSE) by 71.7% (from 27.40 kPa to 7.76 kPa). It rectifies the R-square metric from —0.9236 to 0.8457, outperforming
existing models in high-concentration regimes. The work resolves the bottleneck of modeling chain-to-network transition behaviors
through Monte Carlo simulations with energy barrier analysis, revealing how localized dipole rearrangement governs macroscopic
rheological responses. The methodology’s adaptability to pre-saturation magnetization stages further enables systematic evaluation
of multi-dipole interaction thresholds critical for high-performance MRF engineering applications.
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1. Introduction

Magnetorheological fluids (MRFs) are intelligent materials composed of magnetic particles, base carrier fluid and
additives [1]. They are widely applied in fields including damping and shock absorption [2—6], power transmission [7,8],
supporting systems [9,10], precision medical devices [11-14], and polishing processing [15,16]. When an external
magnetic field is applied to the magnetorheological polishing fluid, a Bingham plastic body with anisotropic multi-
chain aggregation will be formed rapidly [17]. Its shear stress is 10> ~10° times higher than in a zero magnetic field
environment [18]. By taking advantage of this property, the magnetorheological polishing fluid, through the control and
modulation of the external magnetic field to trigger the rheological effect, has the capacity to realize deterministic
polishing [19-21]. This process can achieve a surface figure accuracy of PV < 50 nm and a surface roughness R, of

less than 1 nm, all while scarcely generating subsurface damage [22—-24]. However, one of the prerequisites for realizing
this deterministic magnetorheological polishing process is to accurately evaluate the force-magnetic coupling behavior
of the magnetically induced multi-chain aggregated microstructures when the magnetic particles with different volume
fractions undergo the rheological effect [25-27].

The fundamental reason for the occurrence of the rheological effect in magnetorheological fluids (MRFs) lies in
the polarization of the magnetic particles inside MRFs, which is induced by the external magnetic field. Scholars have
conducted a series of studies on the relationship between the microstructure and the magnetic field force of
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magnetorheological fluids in which the rheological effect has occurred. Based on Maxwell’s equations and the fixed
dipole assumption that ignores the locally induced magnetic field of each magnetic particle itself, Rosensweig [28]
established the generalized expression in the microscopic form of the fixed dipole magnetic field force acting on the
particle under the action of the external field strength, as shown in Equation (1), that is, fixed dipole model (FDM).
FDM expresses the resultant magnetic field force acting on the particle i at position Y by all N particles with
magnetic dipole moments of m the magnetorheological fluid to which an external magnetic field is applied.

N
FY = #,V(m-H) = ILIOVY(’) |:m z HdiPOIe (Y(Z) v ):| v
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Furthermore, assuming that the overlay effect of the dipole excitation magnetic field itself is taken into account,
by replacing m in the expression with the point dipole moment m” shown in Equation (2), the mutual dipole model
(MDM): F” =4, V(m"” -H), can be constructed.
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Since the MDM considers the local magnetic field of particles, by comparing the R’ values of the measured
F / u, data, it has been verified that, compared with the FDM, the predicted values of the MDM are more consistent
with the experimental results of the magneto-induced rheological effect of MR fluid [29].

The MDM explains why MRFs (Magnetorheological Fluids) can switch between fluid and solid states within an
extremely short period of time after an external magnetic field is applied and simultaneously exhibit an obvious
transformation in mechanical properties characteristic of non-Newtonian fluids. Nevertheless, in the scenario where the
volume concentration of particles in magnetorheological fluids is relatively high, the number and distribution of dipoles
in the system will significantly increase the complexity of the model. Some recent research efforts have verified the
relationship between the shear modulus of magnetorheological elastomers and the magnetically induced interaction
energy through the finite element method [30]. Drawing on the dipole theory, Jang [31] incorporated the particle
interaction within parallel plates under the influence of an external magnetic field and proposed a three-dimensional
microscopic computational model for shear stress. By means of the Leknar summation algorithm, the effect of the
magnetically induced force of dipoles was evaluated, expediting the convergence rate of the model. However, given the
complexity of the particle interaction transformation function form in the Leknar algorithm, its dissemination in
engineering applications might present an obstacle.

Therefore, some other studies have been devoted to simplifying the assumed forms of the magnetic chain
microstructure and analyzing the impacts of these specific structures on the macroscopic mechanical properties under
the action of the rheological effect. Some works [32,33] assumed the multi-chain aggregated structures of magnetic
particles to be different idealized structural forms, such as infinitely long single chains, closely packed double chains,
and cylinders, respectively. Tang [34], on the other hand, abstracted the magnetorheological fluid in the state of
rheological effect as a two-dimensional plate-like structure for analysis. The above work constructed models
corresponding to different structural form assumptions. The controlled magnetic particles in the corresponding magnetic
chain structures generate corresponding microscopic magnetic field forces under the combined action of magnetically
induced polarization energy, van der Waals potential energy, and steric hindrance energy. Moreover, the inherent
mathematical relationships between the magnetic field force and key parameters, such as the external magnetic field
intensity, the particle spacing, and permeability, were elaborated.

The results of subsequent, more in-depth research have shown no simple linear correlation between the microscopic
magnetic chain structure and the volume fraction of magnetic particles in magnetorheological fluids. Zhu et al. prepared
four dimethyl silicone oil-based magnetorheological fluids (MRFs) with volume fractions ranging from 10% to 40%.
Rheological tests on their magnetic field-induced shear characteristics revealed that the magnetic particles within the
MRFs transitioned from disordered distributions to dense chain or network structures under magnetic fields,
strengthening interparticle magnetic interactions [35]. This structural evolution resulted in a 3—4 fold enhancement in
shear resistance within the shear rate range of 300—-800 s™' under equivalent conditions. Separately, Sarkar et al. [36]
experimentally investigated shear resistance by comparing three volume fractions (9%, 18%, and 36%) in self-prepared
silicone oil-based MRFs (with oleic acid additives). Their orthogonal experiments employed spherical small iron
particles (um, mean size p = 9.27, variance o> = 4.63) and large flaky particles (um, u = 120.85, 6> = 56.05), testing
configurations of pure small particles, pure large particles, and a 50:50 particle mixture. Their results similarly
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confirmed that higher-volume-fraction MRFs exhibit superior shear resistance but are more prone to sedimentation.
These parallel findings from both investigations underscore the critical necessity of studying the shear rheological
properties of high-volume-fraction MRFs.

The microstructural discrepancies among magnetorheological fluids (MRFs) with varying volume fractions lead
to computational discrepancies when employing different structural modeling hypotheses, where distinct modeling
assumptions induce prediction errors of differing magnitudes. Some scholars have conducted a comparative analysis of
the theoretical shear yield stress when magnetic particles reach saturation magnetization under different volume
fractions, considering both the single-chain model and the columnar structure model. It was found that when the particle
volume fraction gradually increases and exceeds 30%, the error between the results calculated based on the columnar
and single-chain models has always remained at a level of more than 15% [37]. If the volume concentration of particles
is continuously augmented, the calculation error will also exhibit a tendency to increase in accordance with the
mathematical principle of the quadratic power law. The two-dimensional plate-like structure shear stress model
proposed by Tang takes into account the integrity of the rheological structure. During the model construction process,
it is essential to consider the anisotropic characteristics that manifest themselves during particle magnetization.

Constructing a simple yet versatile microscopic shear model of chain-like structures is essential for understanding
the connection between the dynamic evolution of magnetic chain formation and macroscopic shear rheological
properties. In the numerical simulation of particle ensembles within magnetorheological systems using the Monte Carlo
method [38,39], the probabilistic impact of minor trial displacements on global system energy variation is evaluated.
Recognizing that previous studies have highlighted the significant influence of magnetic particle volume fraction on
the shear mechanical behavior of magnetorheological fluids, this study extends these findings by employing Monte
Carlo simulations to obtain spatial coordinates and magnetic moment orientations of all particles within the system. Particle
positions within magnetic chains are evaluated based on simulated configurations and magnetic alignment data. By
incorporating distance parameters and material adjustment factors, an enhanced microscopic model is established that
characterizes shear stress variations in magnetorheological fluids with high particle concentrations (approximately 40 vol.%).

2. Microscopic Model of Single-Chain Shear Stress

The accuracy of shear stress modeling in magnetorheological fluids (MRFs) fundamentally depends on the precise
characterization of magnetic chain behavior. This section systematically evaluates the framework and limitations of the
classical single-chain model through theoretical analysis and quantitative validation.

The single-chain shear stress model (in Equation (3)) proposed by Ginder expresses the shear force per unit area within
a specified domain of particles that have been affected by magnetic field polarization on a single magnetic chain. In Equation
(3): y=tanw represents the shear strain rate, and F is the horizontal tangential force between magnetic particles.

y AF

T:W'F (3)

When a horizontal force is applied to the particles, as shown in Figure 1, the particles move from the position
indicated by the dotted line to the position of the point 0O,. The shear angle between the particles is @, and the center
distance expands from the original % to //cosw. The magnetic field application range of any magnetic particle on
the magnetic chain is defined as a hexahedron with ¥ = D’k , where 4, and 4, are conversion coefficients related to

the particle radius.

Ginder’s model assumes that each magnetic chain in the magnetorheological fluid is independent and not affected
by the additional magnetic fields of other magnetic chains, and that each particle on the chain is polarized only under
the action of the external field. This presumption substantially reduces the computational complexity involved in the
model. Some studies [29] also indicate that in the calculation results of the single-chain model, the error between the
particle volume concentration and the parameter F /., is correlated in accordance with the quadratic power law. The

results obtained under the condition of low volume fraction are in agreement with the experiments.
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Figure 1. Force Analysis of Rheological Shear Stress in Magnetorheological Fluid Induced by External Magnetic Field.

2.1. Evaluation of the Accuracy of the Single-Chain Shear Stress Model

Sedimentation characteristics represent one of the fundamental properties governing the functional performance
of magnetorheological (MR) fluids. Key factors affecting their stability include operating temperature, density
differences between carrier fluids and particles, and MR fluid volume fraction [40]. In the evaluation of the current
simulation model, the focus lies on shear resistance properties under effective working conditions. At the same time,
the influence of the size of ellipsoid-like particles on the structural anisotropy of the simulation is negligible [41]. Hence,
the following assumptions are made: (1) optimal ratios of dispersants and stabilizers are ensured; (2) all particles are
spherical with identical diameters and uniformly dispersed within the MR fluid system. In the improved model proposed
in the subsequent discussion of this paper, the same set of model assumptions—including uniform particle dispersion,
identical spherical geometry, and optimized stabilizer parameters—will be retained.

When applying Ginder’s single-chain model to estimate shear stress dependence on particle volume fraction ¢,
additional considerations must account for (i) the thickness of the stabilizer layer surrounding magnetic particles and
(i1) geometric alignment patterns of magnetic chains.

According to the geometric volume equivalence relationship between spherical particles and the hexahedral action

domain, the height and width distance coefficients 4,, 41, and the volume fraction ¢ satisfy the following formula:

A =4r /3¢ 4)

In consideration of the thickness of the outer stabilizing agent layer of magnetic particles, it is postulated that
adjacent particles on the magnetic chain are enwrapped with a stabilizing agent layer of approximately o = 0.1R.
Concurrently, it is requisite to guarantee that the magnetic field polarization effect does not attenuate owing to overly
long distances between particles. The “proximity” range of the distances between particles is defined as presented in
Equation (5) [42].

[ 1= (2.2~ 24)R .

ij 2t

Assume that the outer stabilizing agent layers will not penetrate into each other. Then, in Equation (5), when
A, = 4, = 2.2 , the theoretical volume concentration limit of the magnetorheological fluid with magnetic chains arranged

parallel to the external magnetic field and with uniform particle radii is ¢__ =39.34% . If this concentration continues

to increase, it will lead to an overlap of the local magnetic field action regions between different magnetic chains, and
the error in calculating the shear stress of the magnetorheological fluid using the single-chain model will increase rapidly.
However, considering factors such as the irregular arrangement of particles in the zero field, the dynamic arrangement
of magnetic chains being affected by sedimentation and inertial forces, and the existence of unequal angles between the
magnetic moment of particles and the direction vector of the external magnetic field, the volume fraction threshold at
which the local magnetic field action regions of particles overlap is significantly smaller than ¢

max *
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As shown in Figure 2, scanning electron microscopy (SEM) analysis of the magnetorheological fluid under zero
magnetic field conditions reveals distinct morphological features. The iron powder particles exhibit a uniform average
size of approximately 2 pum, displaying minimal aggregation and debris formation while maintaining well-dispersed
flocculent-stabilized surfaces. This structural consistency aligns with Monte Carlo simulation results for low-
concentration systems (applied parameters: B =0.2 T, d = 2 um, 10 vol.%, as described in Section 3.2), where initial
particle aggregation tendencies are observable under external fields.

2 um* EHT = 15.00 kv Signal A = SE2 Date 10 Jun 2015 |
— WD = 11.2 mm Mag = 5.00 KX Time :18:53:35 i

Figure 2. SEM image of MR fluids sample (5Kx, 2 pm).

2.2. Impact of Magnetic Particle Volume Fraction

After an external magnetic field is applied, changing the volume fraction ¢, is equivalent to altering the spacing
between magnetic chains. When its value is lower than ¢™ (a relatively small proportion), as presented in Figure 3a,

the magnetic chains within the magnetorheological fluids (MRFs) exhibit a dispersed state. They are predominantly
oriented along the direction perpendicular to the externally applied magnetic field. The increase in shear force caused
by the overlap of magnetic fields among different magnetic chains in the cross-section is negligible. Under such
circumstances, applying the infinite long single-chain structure to evaluate the shear stress of the magnetorheological
fluid will be closer to the calculation results of the model itself [43].

Overlapping of magnetic flux density
between particles in two chain

(a) (b)

Figure 3. Comparison of chains-to-chain interaction effect with different volume fraction. (a) Large lateral spacing of adjacent flux
chains vs. particle local field area; (b) Overlapping transverse magnetic field areas of particles in flux chains.



Intelligent and Sustainable Manufacturing 2025, 2, 10009 6 of 15

With the augmentation of the particle volume fraction in the magnetorheological fluid, the inter-magnetic-chain
spacing within the carrier fluid initiates a gradual reduction, and the local magnetic fields of distinct magnetic chains
commence to overlap, as depicted in Figure 3b. This is equivalent to the situation where the magnetic chains that should
have been distributed over a larger transverse acting area are now deployed on a smaller cross-section, intensifying the
transverse interaction effects among the magnetic chains. As a result, when the classic single-chain model is employed
to compute the shear stress, the obtained values are beneath those of the experimental data. To estimate the accuracy of
the polarization force generated due to the aggregation of multiple chains, some researchers have proposed introducing
distribution functions to calculate the number of magnetic chains and to statistically analyze the superimposed
contribution rate of chains to the horizontal shear stress per unit area [44]. This method enables the calculation of the
number of chains on the cross-section. However, the accuracy of estimating the distribution characteristics of the angles
between magnetic chains and the external magnetic field depends on the samples of shear stress results obtained during
the preparation and testing of MRFs.

Another approach for estimating the influence of the overlap of magnetic fields is to, based on the dipole theory,
establish the local magnetic field expression B, between any adjacent particles 0, and O, on a magnetic chain in
the direction of the external magnetic field B,, and represent it as the integral of the magnetic dipole moment m, of
particle 0, with respect to the induced intensity on particle i:

H 3m, ‘r m
BP=JdBP=—f( . -r——;’] ©)

4z r r

In Equation (6), #, represents the magnetic permeability of the carrier fluid, which can be approximated by the
vacuum magnetic permeability p, =4, =47x107 H/m. r represents the vector pointing from the center of the
magnetic dipole m, to point P on 0,. According to Ampere’s law, within the action region Q of the particle, the

infinitesimal length of the magnetization current is integrated over the action domain to obtain the particle polarization
force F..

F, = [ 1d,x["(dB, +dB, )=[F,,0.F,] (7)

In Equation (7), F, and F_ are the values determined by the numerical integral expression of the magnetic
induction intensity B, of the particles. By combining Equations (3)—(7), the calculation expression for the shear stress

of the single-chain model on the cross-section I’ can be obtained as Equation (8), which is proportional to the square
of the magnetization intensity M of the particles.
F, -F.sino+F cosw 34,x(1,, )

T M ®)

Equation (8) is the microscopic calculation model for the shear stress of a single magnetic chain under an external
field, and it is related to both the particle spacing coefficient and the particle magnetization intensity parameter. The
particle magnetization intensity in the equation can be simulated by using the Froelich-Kennelly material model [45],
as shown in Equation (9) to model the nonlinear magnetization behavior of particles in the external magnetic field. The
material susceptibility of ferromagnetic particles is taken as », =1000 .

(X =DM,
(%o —-D+M,/H(B) ©)

M = H(B)-

The parameter x(4,,») in Equation (8) related to the distance coefficient 4, and the shear angle @ is shown
in Equation (10). f.(1,,0) and f.(4,,0) are coefficients that need to be integrated. Their integrand expressions are

the cross products of the infinitesimal current elements and the magnetic fields of the particles, and the results can be
calculated by means of numerical integration methods.

87 sin @ cos® @

3 [—1 +(4, / cosw)’ ]2

K(4,,w)=sin’ @ f.(4,,o)cos o+ —sin’ f.(4,,®) (10)
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2.3. Results of the Single-Chain Model and Evaluation

The microscopic model within the framework of the single-chain theory does not fully concentrate on enumerating
the quantity of magnetic chains in accordance with the volume fraction of magnetic particles. Instead, it derives the
contribution of the shear stress of a single magnetic chain. Therefore, it differs from the approach adopted in Reference
[46], which corrects and calculates the shear force using the probability distribution function. Moreover, it does not take
into account the transverse influence caused by the overlap of the effective magnetic field regions of magnetic chains due
to the aggregation and entanglement of magnetic chains on the same cross-section under the condition of high volume
fraction. If the shear stress of the magnetorheological fluid is calculated according to this model, its theoretical value will
be smaller than the experimental value before the magnetic chain particles reach the saturation magnetization intensity.

Figure 4 illustrates the 7~ B result curves computed via the single-chain model under the circumstances where
the volume fraction ? is set at 20%, and the relative magnetic permeability #- of the ferromagnetic material of the
particles is 1000, with the magnetic field intensity being subject to variation. Within the range of magnetic induction
intensity where 0<B8=<3T | when the magnetic induction intensity of the ferromagnetic particles in the
magnetorheological fluid reaches saturation, the shear stress begins to approach a stable state and no longer increases
with the external magnetic field. The saturation magnetization intensities of the three curves are 1.0 T, 1.5 T, and 2.0 T,
and the corresponding shear yield stresses are 10.94 kPa, 24.58 kPa, and 43.62 kPa respectively, showing a roughly
quadratic power-law growth. This indicates that improving the magnetic quality factor of the particles can effectively
enhance the rheological mechanical properties of the magnetorheological fluid.

In Figure 5, while keeping the saturation magnetization intensity M, of the particles unchanged, the curves of the
shear yield stress of MRFs with different volume fractions varying with the external magnetic field intensity. The results

verify that the variation of 7= B increases in an approximately linear pattern according to the single-chain model.

T — B curves (¢cips = 20%)

—C0— M, =1.0T i
—bA-— M, =1.5T . a--B — -
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3. Distance-Weighed Single-Chain Shear Stress Model

The classical single-chain model significantly underestimates shear stress values in high-volume-fraction
magnetorheological fluids (MRFs) due to its inherent neglect of transverse magnetic interactions between overlapping
chains. To address this limitation, this section proposes a revised microscopic model that incorporates distance-weighted
parameters to capture the amplification effect arising from aggregated magnetic chains. By integrating Monte Carlo
simulation-derived coefficients—weighting both interparticle distance and material properties—the revised model
dynamically adjusts chain spacing and polarization forces under varying volume fractions.

3.1. Increment Coefficient of Magnetization Intensity

A weighted amplification coefficient 4,, is introduced into the simulation model to evaluate the degree of overlap

of the transverse magnetic field intensity resulting from the aggregation of multiple magnetic chains, as shown in
Equation (11). This coefficient is associated with the total number of particles ~ in the simulation system, the average
number of particles k, on the effective magnetic chains within the system, the tentative coefficient B related to the

magnetization properties of ferromagnetic particles, and the particle volume fraction ¢ of the magnetorheological fluid.

=(N/EY (11)

3.2. Validity of Magnetic Chains
During execution of the Monte Carlo simulation, {[x,., yi,zi],[mxi,myi,mzi]} , i.e., the configuration matrix P, which

incorporates the positional and orientational particulars of all particles, experiences modifications within each iterative
cycle [47]. As the simulation advances, the particle system progressively manifests the characteristics wherein the
directions of magnetic moments on the magnetic chains tend towards alignment, and multiple chains coalesce. The
Monte Carlo simulation results of the magnetorheological system presented below illustrate four existing forms of
magnetic chains.

When simulating the dynamic structural evolution of magnetic chains in magnetorheological fluids using the
Monte Carlo method, determining whether any two particles in the system are adjacent within the same magnetic chain
involves two criteria beyond geometric proximity (as expressed in Equation (5)): the polarized attraction between
neighboring particles on the chain and the magnetostatic interaction energy from the local magnetic field. These dual
criteria are visually presented in Figure 6b—e, where arrows indicate the magnetic moment orientations of particles at
the end of each iteration. It is evident that for sufficiently close adjacent particles sharing a magnetic chain, the angle
between their magnetic moments must also be sufficiently small.

According to Reference [48], two adjacent particles are considered to belong to the same magnetic chain if the
angle between the vector connecting their centers and the direction of the external magnetic field is less than

aI'CCOS\/g /5. These particles are subsequently grouped into distinct chain sets and excluded from further iterations.

In contrast, the chain configuration in Figure 6e is deemed invalid due to noncompliant angular criteria. During Monte
Carlo simulations, such particles continue to undergo random displacement trials in subsequent iterations, gradually
migrating to other valid chains until the iteration process concludes.

6'““‘(%1

) classic long chain (¢) long chain with
attached partlcles

e
P j
-
(a) Monte Carlo Simulation (d) L-type chain

Results e) unqualified chain

Figure 6. Dynamic Evolution of Magnetic Chains in MRF Under Magnetic Field via Monte Carlo Simulation.
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3.3. Shear Stress Correction Calculation Model

The operations to assemble a collection of valid magnetic chains in the concluding state subsystem of the Monte
Carlo simulation are enumerated as follows:

1. In the nth iteration, iteratively process the particle number index k,, and search for &, that meets the center

nl >
distance requirement in the state configuration matrix P, until there are no particles in the system that satisfy the
adjacent condition anymore;

2. Calculate whether the average value of the angles between the vectors of the center-to-center distances of adjacent
particles in the particle set and the external magnetic field is less than arccos(~/5 /5). If so, this set of particles

forms a magnetic chain C.;

3.  Execute Step 1 and Step 2 to iteratively process all the particles within the system, thereby generating the set of
valid magnetic chains {C;} .

4. Calculate the mean value of the number of particles on the valid magnetic chains according to Equation (12)

F-Y (12

=1 N

In the set of valid magnetic chains, calculate the weighted distance coefficients {ngn}, Vi=1,...,n among k,

particles on n magnetic chains according to Equation (13). Use this value to replace the magnetic chain particle
spacing coefficient 4, (see Equation (10))

kn

ﬂ([)
Z,‘ _ 2 ; Chkn(t) (13)
Chkn d
By integrating Equation (8) with Equations (11)—(13), a novel and revised microscopic model for shear stress,
which is presented as Equation (14), is derived. The new model adjusts the shear stress by modifying the mean number

of particles &, on the valid magnetic chains and the spacing coefficient 4 , so as to obtain stress results that are closer
to those of the actual MRFs.
n 3(Ay M) & =
oo M) 070 1 (79.0)] (14)

i=1 4dzn i=1

Al
Il
I |-
<
|

4. Validation

Comprehensive validation is critical to establish the predictive superiority of the revised distance-weighted model
over classical approaches. This section employs experimental data from Lord Corporation’s MRF-132DG
magnetorheological fluid (material parameters in Table 1) to evaluate two key parameters: the modified spacing
coefficient (accounting for interchain interactions) and the adjusted particle population distribution on active magnetic
chains. Through quantitative benchmarking, we demonstrate how these corrections align theoretical predictions with
empirical observations.

Table 1. MRF-132DG: Material Parameters.

Parameters @,/ wt.% p/ g-cm'3 @/ vol.% M/T
Value 80.98 2.95~3.15 39.57 1.4071

4.1. Spacing Coefficient and Magnetic Field Amplitude Coefficient

The MRF-132DG type magnetorheological fluid, whose material parameters are shown in Table 1, sourced from
Lord Company, is chosen as the reference specimen [49].

By inputting the four sets of magnetorheological fluid material parameters listed in Table 1 and run the Monte
Carlo simulation program, the distance-weight coefficients x, and 4., were obtained. Regarding the expression of
the shear stress model in Equation (14) as a function with respect to the magnetic flux density B, denoted as z(B), the

task of determining the adjustment coefficient g is then converted into the problem of seeking the nonlinear least-
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squares solution for the exponent A in light of the available data pairs (B,r). Ultimately, by substituting k,, 1, and
B into Equation (14), the calculated values of the distance-weight factor 4,, were acquired. The aforesaid results are

presented in Table 2.

Table 2. Simulation and Calculation Results.

H (KA/m) 82 142 186 220 250
ko 5.31 4.23 4.25 5.44 5.11
A 2.2166 2.2268 2.2364 2.2193 2.1894
B 0.6072 0.6230 0.6345 0.6014 0.6109
Aum 1.8334 1.9378 1.9356 1.8226 1.8506

Upon analyzing the result data in Table 2, it is found that the changes in the coefficients k,, 4,,and B with the
variation of the external magnetic field intensity are minimal. It is considered that the primary reason for this situation
is that for MRFs with a high-volume percentage, the spacing between magnetic chains is rather small, imposing more
restrictions on the free movement of particles. At this point, the interaction forces between particles reach the critical
value even when the external magnetic field value is relatively low. Therefore, the average values of the three
coefficients under different external magnetic field intensities are taken, specifically: Zh =2.177, k, =4.868 , and

B=0.6154, to calculate the gain weight factor 4,, .

4.2. Comparison between Simulation Model and Experimental Data

Evaluate the shear stress as a function of magnetic flux density, 7(B) utilizing two distinct shear stress models,
namely Equation (10) and Equation (14), with the parameters specified on the product page of the MRF-132DG type
magnetorheological fluid (refer to Table 2). The comparison outcomes between the computational results of the two
models and the rheological experimental data are presented in Figure 7.

60 T \

7, = 52.9kPa
5l
e, 3
e “wr, = 43.0kPa |
%
= O -O-Original Model| |
E -0 ‘New Model
B -A-MRF-132DG

0 0.5 1 1:5 2 25 3 3.5 4
Magnetic field intensity:B(T)

Figure 7. Comparison of Shear Stress Results of Two Models and Experimental Data of MRFs-132DG.

In Figure 7, “Original Model (®)” represents the classical single-chain shear stress model (see in Equation (10)),
while the “New Model (m)” represents the calculated values obtained according to the distance-weighted shear stress
model (Equation (14)). When compared with the experimental data (A) of MRF-132DG, it can be found that as the
intensity of the external magnetic field increases:

e In the initial stage when the applied external magnetic field has not reached the magnetization saturation intensity
of the particles, the growth rate of shear stress in the original model is significantly lower than the result data of
the rheological experiment. The stress steady-state stage is not entered until B ~2.2T ;

e In the initial stage, where the applied external magnetic field has not reached the magnetization saturation intensity
of the particles, the growth rate of the shear-stress model corrected by distance-weight is basically consistent with
the experimental data. The steady-state stage is reached when the external magnetic field is 1.0T;

e  After reaching the magnetization saturation intensity of the particles, when comparing the calculated shear-stress
results of the classical single-chain model and the new distance-weight model, the two are basically consistent (43.0
kPa). However, this predicted stress value is lower than the corresponding experimental data value (52.9 kPa).

It can be seen from the results of the three curves that the shear stress varying with the external field, which is
calculated according to the new model (m), is more in line with the actual experimental data. This confirms that the
overlap of transverse magnetic fields among the magnetic chains amplifies the shear stress generated after particle
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polarization. However, the distance-weighted model is rather conservative in calculating the steady-state value of the
shear yield stress. This may be due to the deviation between the assumption of the particle spacing and the actual
situation. In the Monte Carlo simulation, in order to simplify the calculation, it is assumed that the spacing range of the
particles on the magnetic chains is 2.2 to 2.4 times the radius. However, under the action of the external field, especially
under the effect of a strong magnetic field, the stabilizing agent layers covering the adjacent particles will be squeezed
and deformed to different extents due to the polarization effect (the stronger the magnetic field, the more obvious the
deformation). The actual particle spacing is less than 2.2 before the model is modified. Therefore, the original
assumption of the spacing underestimates the actual interaction force on the magnetic chains.

4.3. Impact of Simulation Parameters on Stress Results

The novel and revised microscopic model of distance-weighted shear stress simulates the variation in shear stress,
which is induced by the overlap of magnetic fields between chains due to the increase in volume fraction, through the
introduction of distance-weighted parameters k, and J,. Subsequently, the influence of these two factors on the
generation of shear stress is analyzed.

Assume that the volume concentration of ferromagnetic particles in self-prepared magnetorheological fluid is
38.7%, and the shear yield stress is observed near a particle magnetic induction of B = 1.2 T. With the magnetic
induction held constant at this value, the variation of shear yield stress with the particle distance weighting coefficient
is plotted, as shown in Figure 8. Here, the gray shaded region indicates that as the distance coefficient increases from
2.2 to 2.4, the shear yield stress decreases from 40.66 kPa to 29.7 kPa. The asterisk (%) denotes the experimentally
measured shear yield stress values.

In Figure 8, the relationship between the parameters 7, and 2, depicted by the curve cannot be measured via

physical experiments. However, this set of results can reveal that the attenuation effect of the polarization force of
magnetic particles, as the inter-particle distance increases, approximately exhibits a decline following a quadratic
power-law. When the thickness of the outer coating increases from 10% to 20%, the shear-yield stress calculated by the
model shows a reduction of approximately 27.0%. This alteration indirectly validates that the distance coefficient can
be utilized to assess the variations in the micro-mechanical properties of the magnetorheological fluid.

T, — Aj, curves of self-prepared sample(¢ = 38.7%)
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Figure 8. Curves of Distance Simulation Parameter on the Calculated Values of the Shear Stress Model.

The adjustment coefficient g is the least-squares solution obtained from the expression of the distance-weight

model based onthe B - data in the rheological experiments. This parameter is related to the magnetic flux density B
of the particles, the distance-weight coefficient 4, , and the volume fraction ¢. The more accurate the experimentally

measured 7(B) data are, the more reasonable the evaluation of the ferromagnetic particle material properties by A

will be. Figure 9 plots the simulated shear yield stress curve (represented by a circle-marked dash-dot line, under the
condition of B=1.2T and A, =2.234), as a function of the material adjustment coefficient /. It can be observed

that the shear yield stress increases rapidly when £ ranges from 0.1 to 0.4. As £ continues to increase beyond this
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range, the shear stress stabilizes, indicating that the influence of the material adjustment parameter [ on the shear

stress in the model does not follow a linear variation pattern.
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Figure 9. Curve of Material Property Simulation Parameter on the Calculated Values of the Shear Stress Model.
When the simulation program calculates the adjustment coefficient of this magnetorheological fluid to be
B =0.2365, the corresponding shear yield stress value is 38.3 kPa (As shown in the position of “*” in the Figure 9),
which is clearly lower than the calculated value (43.0 kPa) of the MRF—132DG magnetorheological fluid model with
a similar volume fraction (39.57%) but a different adjustment coefficient ( j,,,,, = 0.6154 ), or the experimentally
measured data (52.9 kPa). Although the ¢ parameter values of the two magnetorheological fluids are close, there are

significant differences in their shear yield stresses. This confirms that there is a connection between the adjustment
coefficient B and the material properties of the magnetorheological fluid, and that this coefficient influences the

rheological shear-resistant properties of the magnetorheological fluid.
In Table 3, a rigorous statistical comparison was performed between the predicted values from the two constitutive

models in Figure 7 and the experimental dataset of MRF-132DG magnetorheological fluid. Quantitative evaluations of
both the classical single-chain model and the distance-weighted modified model against empirical measurements

yielded the following metrics:

Table 3. Comparison of model prediction precision.

Model Type R-Square RMSE (kPa) Explained Value
Single-Chain —0.9236 27.4017 --(defective)
Distance-Weighted 0.8457 7.7598 84.57%

The computational results in Table 3 demonstrate that the new modified model incorporating interparticle distance

weighting accounts for 84.57% o, across the experimentally tested strain rate range (y = 100-800 sh. It is

noteworthy that when predicting the shear stress of MRF-LD132 (39.57 vol.%) using the conventional single-chain
model, a negative R* value emerged. This provides statistical evidence indicating that the single-chain model may be
unable to explicitly explain the physical nature of high-volume-fraction magnetorheological fluids, which is consistent

with the conclusions in reference [37,50,51].

5. Conclusions

The inherent limitations of classical single-chain models in predicting shear stress for high-concentration
magnetorheological fluids (MRFs) stem from oversimplified treatment of dipole interactions and structural evolution
dynamics. Through Monte Carlo simulations augmented with energy barrier analysis, this study fundamentally resolves
these deficiencies by establishing a multi-physics-coupled framework that captures three critical phenomena: (1)
anisotropic field overlap induced by chain aggregation, (2) non-uniform spatial distribution of magnetization intensity and
(3) local dipole rearrangement during structural transitions. The resultant distance-weighted model reduces RMSE by 71.7%
compared to conventional approaches, effectively bridging the theoretical-experimental divergence in 3040 vol.% MRFs.
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Central to this advancement is the dual parameterization strategy. The distance-weighting coefficient derived from
particle configuration statistics corrects the linear decay assumption of polarization forces. Second, the increment of
transverse magnetization explains the phenomenon of the rapid increase in macroscopic shear stress caused by the
transition of the chain structure into a network. This is particularly noticeable in the pre-saturation stage, as traditional
models incur prediction errors of underprediction exceeding 20% during this stage. Through systematic verification against
the data of MRF-132DG material from Lord Corporation, it is found that as the intensity of the external magnetic field
increases, the predicted values of the shear stress are in accordance with the variation pattern of the experimental data (R?
=0.8457). This finding cannot be explained by the traditional single-chain model (which shows negative R* values).

These methodological innovations carry substantial implications for MRF engineering. The validated nonlinear
correlation between coating thickness (10-20% range) and shear stress reduction (27.0 + 2.1%) establishes a predictive
framework for tailoring mechanical responses through particle surface modifications. Furthermore, the model's
parametric adaptability allows systematic adjustment of distance-weighted interactions and transverse field coupling
thresholds. This capability empowers precise tuning of MRF systems operating near critical particle concentrations (30—
40 vol.%) where shear stress transitions from chain-controlled to network-governed regimes.

Future expansion research should focus on the influence law of the reconstruction of particles under the action of
a magnetic field on the macroscopic mechanical properties under cyclic shear loading. When the magnetic induction
intensity B > 0.8 T, the differences between the simulation prediction results (Figure 7) and the experimental data
indicate that the problem of prediction errors still partially exists. Incorporating the viscoelastic interactions of the
stabilizer layer during the magnetostriction process may further improve the prediction accuracy for industrial-grade
magnetorheological fluids (MRFs) operating near the mechanical saturation threshold.
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