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Abstract

The effect of different concentrations of oleic acid additive on the yield behavior of a mag-
netorheological fluid (MRF) was investigated from the perspective of tribology. Different
concentrations of oleic acid (OA) influence the magnetorheological effect by altering the
lubricating properties of the base carrier liquid. Good lubricity of the carrier fluids led
to lower shear stresses. The friction between the particles and that between the particles
and plates were a part of the shear stress. The structural evolution was promoted by both
lubrication and shearing. The shearing thinning of the MRF was delayed under good
lubricity, and the particles were easier to roll. The friction forces, along with Brownian
forces, Stokes forces, and magnetic attraction, affect the structural evolution of MRF. This
study provides a new theory for the formulation design of magnetorheological fluids,
reducing design costs and improving production efficiency.

Keywords: magnetorheological fluid; friction; lubricating performance; activation energy

1. Introduction
Magnetorheological fluids (MRFs), which are usually used for brakes, clutches,

dampers, mounts, and polishing [1–5] are smart materials that can change their viscosity
reversibly under different magnetic fields [6]. The viscosity changes are usually similar to
those of Bingham fluids with a shear yield stress. Therefore, studying the mechanism of
yielding of MRFs is important.

MRFs are prepared by dispersing solid ferromagnetic micrometer-sized carbonyl iron
particles in a continuous phase (carrier fluid). The particles are always micrometer-sized
carbonyl iron particles, and the carrier fluids contain various minerals or synthetic oils with
some additives. Although the influence of the magnetic properties of iron particles on the
yield stress has been widely studied, the lubricating performance of carrier fluids has not
received much attention. According to the most widely accepted particle magnetization
model, particles are field-induced magnetized and form a chain-like structure by magneto-
static interactions between particles (which can transform into columnlike structures under
high field strength or layered structures under shearing). These structures resist shear flow
vertical to the chain [7,8]. In this model, the yield stress is considered to originate from the
separation between particles when the chain breaks under shears vertical to the chain [9,10],
where friction is absent in this model [4,8–11].
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In recent years, researchers have found that friction forces should be part of the shear
stress of the MRF. Shear stress can be reduced by “wall slip effect” [12], i.e., the friction
between chain and electrode plates. Hu et al. found that, when the applied field strength
increases, the main wear mode of the electrode changes from three-body abrasion to two-
body abrasion, implying that the particles gather into a block and slide relative to the steel
balls, indicating friction between the particles and the electrode [13]. Many researchers
have reported that the wall slip effect influenced the yield stress of the MRF. In 1991,
Bossis et al. found that the yield stress of MRF on glass was much lower than that on a
stainless-steel electrode. The phenomenon was explained as follows: “the observations
are obviously connected with the slipping of the fibers (iron particle chains).” Although
their experiment did not control the permeability of the electrode, they were the first to
propose a wall slip effect in MRF [14]. Gómez-Ramírez et al. found that increasing the
surface roughness of an electrode resulted in a higher yield stress. They also reported a
thickening phenomenon when increased exciting current (Iex). The explanation was that,
under high applied magnetic field strength, the “slip layer” crashed [15]. Kieburg et al.
found 16% [16], Wu et al. found at most 17% [17], and Peng et al. found only a 10–20% [18]
increase in the yield stress increment when the plate became rougher. These results imply
that the friction between the particles and plates is part of the shear stress. Friction between
particles has been studied less, but it is also believed to contribute to shear stress. Shan
et al. found that there was a “cross point” of the damping factor (tanδ)–Iex curves of MRF
under different sweep frequencies. A spring–dashpot model was proposed to explain this
phenomenon. This model consisted of one spring representing the attraction of particles
and two dashpots representing the friction between particles and electrode plates and the
friction between particles. Only the model consisting of the friction between particles could
be explained [19]. The shear-stress–shear-rate curve was reported to show a Stribeck-curve-
like relationship, implying that friction might sometimes be the dominant factor for the
rheological behavior of MRF [20]. These results show that friction is an important part
of shear force transmission; however, the influence of the lubricating performance of the
carrier fluid on the yield stress has been less studied.

Friction should not only affect the shear stress, but also the particle structures. For
structure formation, it was believed that Brownian forces, Stokes drag, and magnetic forces
are three main forces to form a structure, and the λ parameter [21–25] and the Mason
number (Mn) [26,27] were used to evaluates the determinate forces and, therefore, the
structure of particles. Friction forces were also not considered. In recent years, many studies
have suggested that friction influences particle structure, and these influenced structures
exhibit various rheological behaviors that deviate from the Bingham model. Stick-slip, a
typical friction behavior, has been observed in the magnetorheological effect [28]. Caballero-
Hernandez et al. reported that the yield stress decreases at low shear rates when the applied
magnetic field strength increases (shear unthickening) [29]. Tian et al. proposed shear
thickening and unthickening phenomena of MRF [30–32]. When the shear rate or applied
magnetic field strength increased, the shear stress increased suddenly. When the applied
magnetic field strength was sufficiently high, the shear stress suddenly decreased, and
the normal force suddenly increased. These phenomena were explained by the friction
mode change within the MRF. Compared with the influence of friction on shear stress,
the influence of friction on structural evolution has been less studied, but it affects the
rheological behavior and yield stress of the MRF [33–35].

In this study, the effect of friction on yield stress and the manner in which it affects
the particle structure in an MRF were investigated. This work attempts to study the effect
of friction on the yield stress and the way it affects the particle structure in MRF. In this
study, yield behaviors of MRFs with common and good lubricating performances were
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tested. Oleic acid (OA), an organic friction modifier, could reduce boundary friction with
little change in viscosity. Therefore, the carrier fluids of PAO2 represented the “common
lubricity”, and the carrier of PAO2 with OA represented the “good lubricity”. OA is always
added in MRF as a surfactant to decline the settling of ferroparticle in MRF, and there were
few reports that OA reduced yield stress. However, MRFs that worked under titanium–iron
plates showed about 50% yield stress reduction after 0.1 wt% OA added, which was higher
than most of the previous studies about friction to yield stress of MRF.

This suggested that friction, being along with magnetic forces, should be a main
part as shear transfer. Rheological performances also showed complex changes. The
shear thickening phenomenon was more difficult to happen that required higher applied
magnetic field strength. “Better lubricating performances of carrier fluids” and “higher
shear rate” (when the shear rate was not too high) often led to the same effect. There results
suggested being along with Brownian forces, Stokes drag and magnetic forces, friction was
a factor on structure evolution. By adding oleic acid in varying proportions to the base
oil, it was discovered that oleic acid regulates the properties of magnetorheological fluids
(MRFs) by affecting the lubrication performance of the base carrier liquid. This article
further investigates the influence of friction on the magnetorheological effect. Therefore,
the structural evolution process of MRFs is influenced by the combined effects of friction
and Brownian forces, Stokes forces, and magnetic attraction at the particle–particle and
particle–plate interfaces within the MRFs.

2. Experimental
2.1. Preparation of MRF

Different mass fractions of oleic acid, carbonyl iron powder and base oil were weighed
using a precision balance and a pipette gun, and then added to the beaker one by one.
Subsequently, they were dispersed using a high-speed shear disperser with a rotational
speed of 15,000 r/min. Each dispersion lasted for 15 min, followed by a 2 min standing
period. This process was repeated four times, resulting in a total dispersion time of 60 min.
The obtained magnetic rheological liquid was then subjected to ultrasonic dispersion for
60 min, and finally, the required magnetic rheological liquid was obtained. Carrier flu-
ids with different lubricating performances were prepared by adding OA into PAO2 by
0%, 0.02%, 0.05%, 0.1%, 0.5%, and 1% (wt). Carbonyl iron (CI) powder (Basf Corp., Lud-
wigshafen, Germany), with an average diameter of 3.6 µm, as determined from scanning
electron microscopy (SEM) analysis and 7.8 g/cm3 in density, was chosen as the ferromag-
netic particles. Synthetic base oil poly-α-olefin (PAO2, Chevron Lubricants Inc., San Ramon,
CA, USA), 0.81 g/cm3 in density, was chosen as the carrier fluid. OA, (Macklin Biochemi-
cal Technology Co., Ltd., Shanghai, China) was used as a friction additive to modify the
lubrication performances of the carrier fluids. The MRF was prepared by mixing the CI
powder with different carrier fluids in a mass ratio of 81:19 (equivalent to 30% CI particles
by volume within the MRF). The densities of PAO2 with different amounts of OA added
changed little. The mixture was stirred using a high-speed shear emulsifier for 5 min and
then tested within 12 h.

2.2. Tribological Tests and Sample Characterization

A ball-on-three-plates friction test apparatus (MCR301, Anton Paar, Graz, Austria)
was used to conduct friction tests. An iron steel ball (12.7 mm in diameter) and three
iron/titanium plates were chosen as the friction pairs. The antifriction performances of
PAO2, PAO2 with different concentrations of OA, and MRFs produced using different
carrier fluids with different concentrations were tested. All friction tests were performed at
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25 ◦C, an applied pressure of 2.12 N (normal force on each plate of 1.00 N), and shear rate
from 0.001 to 3000 rpm. All the friction tests were performed three times.

2.3. Rheological Tests

A rheometer (MCR 302, Anton Parr, Graz, Austria) was used to test the rheological
behaviors of the MRFs. A rotor with a diameter of 20 mm, composed of titanium or iron,
was selected as one plate. The other electrode plate was always iron.

At the beginning of the test, a sufficient amount of MRF sample was added between
the two plates. The gap between the two plates (d) was set to 1 mm, and the spilled
MRF was removed. In the field-changing experiment, the shear rate was fixed at 0.1 or
10 s−1, and Iex changed linearly from 0 to 3 A. Shear-stress–Iex curves were obtained. In the
shear-rate-changing test, Iex was set to 0.1, 1, 2, 3, or 5 A, and the shear rate changed from
0.001 to 100 s−1 exponentially. During each test, the shear rate, Iex, shear stress (τ), and
normal stress (N) toward the upper plate (rotor) was recorded. All the experiments were
performed at 25 ◦C, and degaussing was done before each test to eliminate the influence of
remanence. The Bingham model and power-law relationship were used for data fitting, to
calculate the yield stress, and to fit the relationship between the exciting current and the
normal stress of the shear stress.

3. Results and Discussion
3.1. Influence of Friction on Shear Stress in MR Effects

The lubricating performances of PAO2 and OA with added PAO2 are shown in
Figure 1a,b. From Figure 1a, an iron steel ball (12.7 mm in diameter) and three titanium
plates were chosen as the friction pairs. The addition of oleic acid significantly reduces
the friction coefficient of the friction pair. At low rotational speeds, the friction coefficient
decreases as the amount of oleic acid increases. However, at high rotational speeds,
the difference in friction coefficients among different concentrations of oleic acid is not
significant. From Figure 1b, an iron steel ball (12.7 mm in diameter) and three iron plates
were chosen as the friction pairs. The addition of oleic acid significantly reduces the friction
coefficient of the friction pair. The friction coefficient decreases as the amount of oleic acid
increases. When the friction pair materials are all iron materials, different concentrations
of oleic acid result in a more significant reduction in the friction coefficient of the friction
pair. The COF under boundary lubrication decreased from approximately 0.35 to 0.12 for
the Fe–Ti friction pair, and from approximately 0.6 to about 0.13 for the Fe–Fe friction pair
when the concentration of OA reached 0.05 wt%. The rheological behavior also changed,
and the shear stress decreased after OA was added. The reduction in shear stress reached
the maximum when the concentration of OA in the carrier fluid was 0.05 wt% (Figure 1c),
which corresponded to the lubricating performances of OFM that would reach its best
level under a concentration of approximately 10−2 wt% [36] (Figure 1a,b). This indicated
that the change in lubricating performance was the reason for the change in rheological
performance. The rheological performances of MRF with a carrier fluid of pure PAO2 or
PAO2 with PAO2 with 0.1 wt% OA are shown in Figure 1d,e.

As shown in Figure 1d, when 0.1%wt of oleic acid was added, the shear stress changed
relatively smoothly under different excitation currents. This indicates that after adding oleic
acid, the ferromagnetic particles in the magnetic fluid and the lubrication effect between
the plates were better. No shear thickening phenomenon proposed by Tian et al. occurred
at low shear rates [31–34]. This further demonstrates that the lubrication state between
the particles and the plates of the magnetic fluid affect the force-magnetic response of the
magnetic fluid.
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Figure 1. Better lubricating performances of a carrier would significantly decrease the shear force.
(a,b) Lubricating performances of carrier fluids with different concentrations of OA under the friction
pair of (a) Fe−Ti or (b) Fe−Fe. (c) Rheological performances of MRF with the carrier fluid of PAO2 or
(d) PAO2 with PAO2 with 0.1 wt% OA. (e) Shear-stress−Iex curve of MRF under Fe−Ti plates under
shear rates of 0.1 and 10 s−1. (f) Shear-stress−Iex curves under the different concentrations of OA.

As shown in Figure 1e, without adding oleic acid, different constant shear rates under
the same excitation current will affect the shear stress of the magnetorheological fluid. When
oleic acid is added, different constant shear rates have a relatively small impact on the shear
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stress of the magnetorheological fluid. This also indicates that when the lubrication state
between the magnetic fluid particles and between the electrodes is changed, the shear stress
can be significantly reduced. The lubrication state at the interface between the magnetic
fluid and the electrode plate has a significant impact on the shear stress.

The yield stresses calculated using the Bingham model are listed in Table 1. The
Bingham plastic model is one of the most widely employed constitutive equations for de-
scribing the flow behavior of viscoplastic materials, including cementitious pastes, drilling
muds, and concentrated suspensions. In the context of steady-state shear flow, the model
postulates a linear relationship between the shear stress τ and the shear rate

.
γ once the

applied stress exceeds a critical threshold, known as the yield stress [31,32]. The governing
equation is expressed as:

τ = τ0 + η0·
.
γ.

where τ0(kPa) is the Bingham yield stress, η0 (Pa·s) is the plastic viscosity, which corre-
sponds to the slope of the post-yield linear region. This formulation inherently implies
that the material behaves as a rigid solid when τ < τ0, and as a Newtonian fluid with
an apparent viscosity η0 when τ > τ0. It is imperative to note that the Bingham model
is a two-parameter linear approximation; deviations from linearity at low shear rates are
frequently observed in real systems, necessitating caution in its application. The yield stress
of magnetorheological fluids based on carrier liquids with different lubricating capacities
was calculated according to this equation.

Table 1. Yield stress reduced proportion of yield stress and of MRF with carrier fluid of PAO2 and
carrier fluid of PAO2 with 0.1 wt% OA.

Iex (A)
Yield Stress (kPa) Reduced Proportion of

Yield StressPAO2 PAO2 with 0.1 wt% OA

0.1 0.32 0.14 56%
1 8.5 4.9 43%
2 21.7 12.4 43%
3 42.9 20.2 53%
5 66.7 32.3 52%

The yield stress decreased by approximately 50% when OA was added under each
exciting current, indicating the nonnegligible influence of OA on the yield stress. Shear
stress under a test with a constant shear rate (0.1 or 10 s−1) and increasing exciting current
also showed approximately 50% (shear rate = 0.1 s−1) and 70% (shear rate = 10 s−1) shear
stress decreases after OA was added (Figure 1f).

Good lubricity causes a 50% or 70% loss of shear stress; however, the proportion of
50% or 70% should not be believed to be the ratio of friction to total shear stress. Good
lubricity might not only reduce the friction forces but also affect the particle structures,
leading to shear stress under different shear mechanisms. It is reasonable to believe that
the friction between the particles and the electrode plate contributes to approximately 15%
of the shear stress based on earlier studies [15–18], in which only the roughness of the
electrode changed. However, the changes in lubricity varied under different experimental
conditions. Although the proportion was not certain, there was evidence to show that,
under good lubricity, shear would be dominated by friction behavior; under common
lubricity, shear would be dominated by the breaking of the chain structure. Similar to Mn,
the Stokes force and magnetic attraction were decisive, and friction and magnetic attraction
also played leading roles in the shear stress transition under different conditions.

When the frictional forces were lower than the magnetic attraction when the two
attached particles broke, the shear stress was dominated by the friction forces. A low
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shear rate and good lubrication would help in determining the friction. This might be
because, under good lubrication, the friction forces were easily lower than the magnetic
attraction. At high shear rates, the chain structure would inevitably be pulled apart against
the magnetic attraction to provide a sufficient shear rate. Experimental evidence supports
this hypothesis. When Iex < 1.5 A, simulation results showed that τ ∝ Iex

1.46 at a low shear
rate (0.1 s−1) and τ ∝ Iex

1.69 under a high shear rate (10 s−1) (Tables 2 and 3). The former one
was explained in former studies as the “frictional yield stress” (friction forces dominated
yield stress), and the latter one was called “Bingham yield stress” (magnetic attraction
dominated yield stress) [37]. When OA was added, under both low and high shear rates,
τ ∝ Iex

1.51, which was close to 1.46 and acted like the frictional yield stress (Tables 2 and 3).
The influence of lubricity on particle structures is discussed further in the third section.

Table 2. Parameters of the fitting equation for shear stress and normal stress of MRFs and excitation
current under a constant shear rate of 0.1 s−1 under Fe–Fe plate and Ti–Fe plate.

Stress (kPa)

Fe–Fe Plate Ti–Fe Plate
0.1 s−1 0.1 s−1

a(shear)
a(shear)

with OA b(shear) b(shear) OA a(shear)
a(shear)

with OA b(shear)
b(shear)

OA

τ (Iex:
0A–1.4A) 12.4 ± 0.2 13.0 ± 0.1 1.80 ± 0.02 1.72 ± 0.02 10.1 ± 0.3 4.7 ± 0.2 1.46 ± 0.04 1.51 ± 0.07

τ (Iex:
1.4A–2.8A) 10.4 ± 0.2 13.7 ± 0.8 2.17 ± 0.03 1.67 ± 0.07 10.7 ± 0.2 4.3 ± 0.1 1.34 ± 0.02 1.62 ± 0.01

τ (Iex:
0A–2.8A) 10.7 ± 0.5 12.9 ± 0.9 2.11 ± 0.05 1.66 ± 0.06 11.1 ± 0.4 4.4 ± 0.1 1.33 ± 0.03 1.61 ± 0.02

Normal stress 2.41 ± 0.01 2.61 ± 0.01 1.69 ± 0.02 1.95 ± 0.01

Table 3. Parameters of the fitting equation for shear stress and normal stress of MRFs and excitation
current under a constant shear rate of 10 s−1 under Fe–Fe plate and Ti–Fe plate.

Stress (kPa)

Fe–Fe Plate Ti–Fe Plate
10 s−1 10 s−1

a a Under
OA b b Under

OA a a Under
OA b b Under

OA

τ (Iex:
0A–1.4A) 15.7 ± 0.3 14.0 ± 0.2 1.95 ± 0.04 1.64 ± 0.03 15.9 ± 0.2 5.2 ± 0.1 1.69 ± 0.02 1.51 ± 0.02

τ (Iex:
1.4A–2.8A) 17.2 ± 0.9 12.8 ± 0.7 1.92 ± 0.08 1.75 ± 0.07 17.4 ± 0.1 5.2 ± 0.1 1.48 ± 0.01 1.43 ± 0.02

τ (Iex:
0A–2.8A) 15.9 ± 0.7 12.6 ± 0.8 2.02 ± 0.10 1.74 ± 0.06 17.7 ± 0.4 5.2 ± 0.1 1.48 ± 0.02 1.42 ± 0.01

Normal stress 2.67 ± 0.06 2.61 ± 0.02 1.85 ± 0.12 1.84 ± 0.03

Figure 2 shows that the detailed rheological performances showed that lubricating
and shearing affect the rheological performances in the same direction, and the affection
of shearing became less obvious when lubricated. Figure 2a shows that in the magne-
torheological experiment, when both the upper and lower plates are made of titanium
material, the effect of adding oleic acid on the normal force of the MRF when the shear
rate is constant. After adding oleic acid, the iron magnetic particles in the magnetorhe-
ological fluid show a decrease in normal force as the excitation current increases. This
means that the excellent lubrication properties between particles and between particle
plates will reduce the compression of the chain-like structure formed by ferromagnetic
particles on the plates, thereby lowering their shear yield strength. Figure 2b shows the
ratio of shear stress to normal stress. It is similar to the concept of the friction coefficient
in tribology. It can be more intuitively observed that the ratio of shear stress to normal
stress in the magnetorheological fluid after adding oleic acid has significantly decreased.
And it has little correlation with the constant shear rate. This further indicates that the
lubrication performance between particles and between particle plates has a significant
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impact on the force-magnetic response of the magnetic fluid. The normal stress (N) of
the MRF worked represented by the normal pressure between particles or particles and
plates, and changed in two stages with Iex. In the first stage (excitation current < 1.5 A), the
positive pressure was roughly proportional to the square of the excitation current. In the
second stage (excitation current > 1.5 A), the increase in normal pressure with increasing
current slowed (Figure 2a,b).

Figure 2. The influence of oleic acid on the MR mechanical effect. (a) The N−Iex curve of MRF for
Fe−Ti electrode plates. (b) The curve of the shear-stress–normal-stress ratio (τ/N) changing with Iex.
(c) Proposed mechanism.

The yield stress and magnetic field usually had a power-law relationship. Ferromag-
netic materials have polarization saturation and the index was generally 1–2. The yield
stress (τy) and external magnetic induction (B) are usually described by the following
equation [38]:

τy = m·∂·ε·Bδ.

where m was the internal characteristic parameter of the MRF, ∂ was the ferromagnetic
particle volume fraction, ε was the magnetoconductivity, δ was the internal magnetization
of the MRF, and B was the magnetic induction intensity. Set m·∂·ε as the entirety λ, then

τy = λ·Bδ.
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A theory based on the high COF hinders structural evolution was proposed. Based on
previous studies [4,39], when the particle and the plate would not attract each other, the
normal force of the MRF should be proportional to Iex.

Based on the above formula, the relationship between the shear stress of the mag-
netorheological fluid and the excitation current, as well as the relationship between the
normal stress and the excitation current, were fitted.

Therefore, the τ–Iex curves before and after 1.5 A were also studied separately. The
following power function was used to simulate the τ–Iex curves and the N–Iex curves:

τ = a(shear) × Iex
b(shear) (1)

N = a(normal) × Iex
b(normal) (2)

a(shear), a(normal) and b(shear), b(normal) are the fitting parameters of the shear stress, normal
stress and excitation current.

The direction of the normal force is defined as positive when it is perpendicular to
the upper plate and points upward. This indicates that the ferromagnetic particles of the
magnetic fluid form a chain-like structure and squeeze the plate under the action of the
excitation current.

The simulation results are shown in Tables 2 and 3. Based on the previous experiments,
τ and N both should be proportional to the square of the exciting current (b = 2), and the
proportional coefficient, a, should not change with the lubricating performances of the
carrier fluids. However, the simulation results indicate different rheological performances.

Detailed rheological performances show that lubricating and shearing affect the rheo-
logical performances in the same direction, and the effects of shearing become less obvious
with lubrication.

Friction caused extra activation energy (Ea(friction)) for structure evolution, being like
activation energy (Ea) in a tribochemical reaction [40,41]. Brownian forces were like
the temperature, Stokes forces were like mechanical excitation, and friction modifiers
were like the catalyst in tribochemical reactions. Friction might “lock” particles into
a thermodynamically metastable, dynamically stable structure. Friction modifiers de-
creased the Ea(friction) and helped particles to form a thermodynamically stable structure
state. Stokes forces excited particles and also helped particles form a thermodynami-
cally stable structure state. Under the excitation of Stokes forces, the addition of OA has
a smaller effect.

The shear-force-to-normal-force ratios were 0.5 when OA was added, which was a
little higher than the COF of Fe–Ti or Fe–Fe lubricated by sufficient OA. In the absence of
OA, this ratio was even higher (Figure 1c). This shows that, even with sufficient lubrication,
friction and magnetic attraction contribute to the shear stress. The physical meaning of
coefficient a(shear) obtained using Equation (1) is more complicated. After OA was added,
the a(shear) under the Fe–Ti electrode plates decreased from approximately 10 (low shear
rate) or 16 (high shear rate) to approximately 5 (Tables 2 and 3). If the shear stress and
normal stress roughly increased with the same power as the exciting current, a(shear) could
represent the product of the friction coefficient and a(normal).

3.2. Friction Force as a Kind of Basic Force to Influence Rheological Performances of MRF
3.2.1. Friction Caused Evolution Activation Energy

The decrease in a(shear) can be understood as a decrease in the coefficient of friction,
which results in a decrease in the shear stress. The effect of friction should not only be on
shear stress, but also on the particle structures. (Figure 3a–f) As for structure formation,
it was believed that Brownian forces, Stokes drag and magnetic forces are the three main
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forces to form a structure, and the λ parameter and the Mason number (Mn)were used to
evaluate the determinate forces and therefore the structure of particles. The Mason number,
Mn, is a dimensionless parameter that quantifies the relative importance of hydrodynamic
viscous forces to magnetic interparticle forces in a magnetorheological fluid under shear [32].
It is defined as

Mn =
η

.
γ

µ0H2 .

where η is the dynamic viscosity of the carrier liquid,
.
γ is the applied shear rate, µ0 is

the vacuum permeability, and H is the external magnetic field strength. This definition
follows the convention established in earlier works, in which friction forces were also not
considered. In recent years, many studies suggested the influence of friction on particle
structure, and these influenced structures would lead to various rheological behaviors that
deviate from the Bingham model. Stick-slip as a typical friction behavior was found in MR
effect. Caballero-Hernandez et al. reported that yield stress could sometimes decrease in
low shear rate when applied magnetic field strength increases (shear unthickening). Tian
et al. proposed the shear thickening and unthickening phenomenon of MRF [31,32]. When
the shear rate or applied magnetic field strength increased, shear stress would suddenly
“jump up”. When the applied magnetic field strength is high enough, the shear stress
would suddenly decrease and the normal force suddenly increased. These phenomena
were explained by the friction mode change within MRF. Compared with the influence of
friction on shear stress, the influence of friction on structure evolutions was less studied,
but it affects the rheological behavior and yield stress of MRF.

Figure 3. The tribological effects of OA on the internal particles of MRF. (a) Common lubricity.
(b) After applying a magnetic field with common lubricity. (c) Good lubricity and apply a magnetic
field. (d) Shear with common lubricity, (e) Good lubricity and apply a magnetic field by sheared.
(f) Structure of OA.

Figure 3a shows the friction between particles and electrode plates. Friction could be a
part of shear force transfer. Figure 3b shows that, like Brownian forces, Stokes drag, and
magnetic forces, friction forces are a kind of force within a magnetorheological system and
could influence the structure evolution of particles. Friction might “lock” particles into
a thermodynamically metastable, dynamically stable structure. Figure 3c shows that the
friction modifiers decreased the Ea(friction) and helped particles to form thermodynamically
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stable structure state. Figure 3d,e, show that the friction between particles and electrode
plates. Friction could be a part of shear force transfer. In the structural evolution, Stokes
forces excited particles and also helped particles to form a thermodynamically stable
structure state. Under the excitation of Stokes forces, the lubricating performances might
have less effect on structure evolution. Figure 3f is Structure of OA.

This work attempts to study the effect of friction on the yield stress and the way it
affects the particle structure in MRF. In this study, yield behaviors of MRFs with common
and good lubricating performances were tested. Oleic acid (OA, Figure 3f), an organic
friction modifier, could reduce boundary friction with little change in viscosity. Therefore,
the carrier fluids of PAO2 represented the “common lubricity”, and the carrier of PAO2
with OA represented the “good lubricity”. OA is always added in MRF as a surfactant to
decline the settling of ferroparticle in MRF, and there were few reports that OA reduced
yield stress. However, MRFs worked under titanium–iron plates showed about 50% yield
stress reduction after 0.1 wt% OA added, which was higher than most of the previous
studies about friction to yield stress of MRF. The ratio of tangential force to normal force
was also reduced, being closer but still higher to the coefficient of friction (COF) of Fe–Fe or
Fe–Ti lubricated by its carrier fluids with OA. This suggested that friction, being along with
magnetic forces, should be a main part as shear transfer. Rheological performances also
showed complex changes. The shear thickening phenomenon was more difficult to happen
and that required higher applied magnetic field strength. “Better lubricating performances
of carrier fluids” and “higher shear rate” (when the shear rate was not too high) often led
to the same effect. These results suggested that along with Brownian forces, Stokes drag
and magnetic forces, friction was a factor on structure evolution.

Three rheological details require attention. First, there have been many previous
studies on the influence of friction on the yield stress of MRF that reported that the shear
stress change ratio was concentrated at approximately 15%. Kieburg et al. studied MRF
under brass electrode plates, resulting in a 16% increase in yield stress when the plate
became rougher [16]. Wu et al. found that an increase in shear stress of up to 17% was
caused by a rougher sandpaper electrode plate [17]. Peng et al. found that 5 kPa (10–20%)
differences in yield stress were caused when the COF between the electrode plate and the
particle chain changed from 0.1 to 0.4 [18]. However, these ratios were much lower than
that in this study (50% or 70% when OA was added). These previous studies changed
the COF between the plate and the particles; however, in this study, the entire lubricating
performances of the carrier fluids changed. This implies that, under good lubricity, not
only is there a decrease in friction forces as a part of the shear stress, but also there are more
structural changes.

Second, experimental results showed that, under a low shear rate (0.1 s−1), the normal
force was Iex

1.69. The addition of OA (N ∝ Iex
1.95) or increase in shear rate (N ∝ Iex

1.85 when
shear rate = 10 s−1 and no OA is added) would both increase the power (Table 2). The
power changed slightly with the addition of OA for the MRF under a high shear rate, where
N was Iex

1.84 (Table 3 and Figure 2a). High lubricating performance and a high shear rate
influenced the rheological behavior in the same direction.

Moreover, in the shear-stress–Iex relationship, an increase in the lubrication effect
implies a decrease in the influence of the shear rate. In the field-changing experiment, the
shear stress varied under different constant shear rates for all Iex. However, this difference
mostly decreased when OA was added (Figure 3e). The small change in the ratio of shear
stress to normal stress (τ/N) when shear rate changed under OA lubrication (Figure 2a),
(b) also supports this. Under low-lubrication conditions, τ/N under high or low shear rates
differed greatly, and both were higher than one. Under good lubrication conditions, the
difference in τ/N under high/low shear rates was very small (both approximately 0.5).
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Many previous studies have reported that the influence of the surface roughness becomes
much less obvious when Iex increases. Gómez-Ramírez et al. found that increasing the
surface roughness of the electrode resulted in a higher yield stress; however, when the
applied magnetic field increased, the increment decreased [15,17]. However, when OA was
added, under all magnetic field strengths, the MRF showed a decreased yield stress. This
implies that not only the wall slip but also the friction between particles affects the yield
stress, and friction may affect the structure of the MRF.

A theory based on the high COF that hinders structural evolution was proposed. Based
on previous studies, when the particle and the plate do not attract each other, the normal
force of the MRF should be proportional to Iex 2–2.4 [39,42,43]. However, this conclusion
is based on the assumption that a chain35 or body-centered tetragonal (BCT) structure
formed between the particles. Friction, similar to the Brownian motion, Stokes force, and
magnetic force, also affects the structural evolution of the MRF [31,32]. Friction is part of the
structural evolution activation energy (Ea(friction)), which slows down structural evolution
and forces the formation of dynamically stable structures. In contrast, Stokes and Brownian
forces break and reorganize the formed structures, making the structure thermodynamically
stable. If Ea(friction) is compared to the activation energy in a tribochemical reaction [44,45],
then Brownian forces should be thermal excitation, and Stokes forces should be mechanical
excitation, which increase the energy of particles to help them “go across” Ea (Figure 2c).

At low shear rates and without lubrication, the Stokes force is not sufficiently strong,
causing the particle structure to remain in a metastable state, which causes the normal force
to deviate from the theoretical power with a change in Iex (Figure 3b,c). The shear stress is
higher because the activation energy of the structural evolution is high. Therefore, in addi-
tion to dynamic friction and magnetic force, shear stress is also necessary to overcome the
force that causes the structure to evolve, resulting in an increase in shear stress. After OA is
added, Ea(friction) should decrease; therefore, the structure becomes the thermodynamically
stable structure predicted by theory (Figure 3c).

Thus, friction modifiers act as catalysts in tribochemistry (Figure 3c). When the shear
rate is high, the Stokes forces as a mechanical excitation also help to reduce Ea and bring
the power closer to the theoretical value (Figure 3d,e). Similar to the tribochemical reaction
of mechanical excitation, which is less sensitive to temperature or other catalysts, under
high shear stress, the addition of OA causes little change in the power because Ea(friction)

was already overcome by Stokes forces (Figure 3d). The power value of 1.85 < 1.95 may
result from the thermodynamically stable changes from chain-like to partly layeredlike.

At the beginning of the experiment, the gap between the electrodes was set to
1 mm. As the magnetic field increases, the ferromagnetic particles gradually form a
chain-column structure and compress the upper electrode plate. As a result, the gap be-
tween the electrodes changes and becomes larger than the initially set gap. The change
in the gap between the two plates (d) when the MRF was operating was notable. An
unstable d changes the volume of the MRF working space, affects the contact area of the
MRF with the electrode plates, and ultimately affects the efficiency of torque transmission.
The experiments showed that, when Iex exceeds a certain value, d increases as Iex increases.
When the lubricating performance of the carrier fluid became better, the required “certain
value of Iex that caused increasing d” increased, which meant d was stable in a wider Iex

range (Figure 4).
This can also be explained by friction as an activation energy that hinders structural

evolution. At a high COF, the particles may not squeeze smoothly into the chain structure.
The particles attached to the side of the chain had a large static friction force, and the
component in the direction normal to the pole plate was also large. Static friction also
hinders the particles from undergoing other structural evolutions, such as falling off the
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attached chain to form a new chain (Figure 3b). When the exciting current increased so that
the magnetic attraction force that drew the particles into the chain structure was greater
than the static friction force, the particles were attracted to the chain structure, resulting in a
longer chain length and a larger d. When the COF between particles was low, the activation
energy of the chain structure evolution was also low (Figure 3c), and particles not squeezed
into the formed chain could undergo structural evolution, such as reorganization into a
new chain. Therefore, the increase in d with Iex was postponed.

Figure 4. The distance between two electrode plates changed with exciting current under carrier
fluids with good or poor lubricating performances.

3.2.2. Low Friction Caused More Rolling of Particles

The rolling/sliding ratio of the particles was high at low speeds; therefore, it was
not sensitive to the addition of OA (Figure 5a–c).The rolling of particles is believed to be
universal in MR effects [33–36]. When a particle moves horizontally with a high rolling/slip
ratio, τ is lower than for one that moved with a low rolling/slip ratio or underwent
separation. Low friction and low shear rate are the basis for a high rolling/slip ratio.
Under a high excitation current or high friction coefficient, the frictional forces between the
particles or between the particles and polar plates are relatively large, which hinders the
rolling of the particles. When the shear rate increases, rolling does not provide sufficient
horizontal speed; therefore, the rolling/slide ratio also decreases. This is also considered to
be the reason for the shear-thickening phenomenon of the MRF [31,32]. At low speed and
OA lubrication, the rolling/slip ratio remains high; therefore, the power of τ to Iex should
be lower than the predicted value of 2.0.

Figure 5. Rolling/slip ratio influenced by the frictional forces between particles and plates and the
shear rate. (a) High rolling ratio under low speed; (b) High sliding ratio under high speed; (c) High
sliding ratio under low speed with friction.
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The shear thickening phenomenon when increasing the applied magnetic field forces
or shear rate (when the shear rate was very low) in MR effects was reported and attributed
to the rolling–slide ratio changes when the shear rate or applied magnetic field strength
increased. As shown in Figure 6, OA had no effect on the inherent shear thickening under
a high shear rate of solid dispersions with a high-volume fraction.

Figure 6. The τ/N-shear rate curve of MRF with or without OA (Fe−Ti electrode plate).

However, OA caused the shear thickening phenomenon (under low shear rate) of MRF
to disappear under lower current. This might be because the low COF between particles
and of particles to plates did not “lock” the rolling. When the exciting current became
higher, the shear thickening phenomenon did not vanish but was delayed to approximately
0.01 s−1. This might be because a low COF makes the particles easier to roll.

The yield behaviors of MRFs with common and good lubricating performances were
tested. Oleic acid (OA), as shown in Figure 1f, an organic friction modifier, can reduce
boundary friction with little change in viscosity [35]. Therefore, the carrier fluids of PAO2
exhibited “common lubricity,” and the carrier of PAO2 with OA exhibited “good lubricity.”
OA is always added to MRF as a surfactant to reduce the settling of ferroparticles, and
there have been a few reports that OA reduced yield stress. However, MRFs working
under titanium–iron plates showed an approximately 50% yield stress reduction after
0.1 wt% of OA was added, which was higher than reported in most previous studies on
the friction to yield stress of MRF. The ratio of the tangential force to the normal force
was also reduced, being closer to but still higher than the coefficient of friction (COF) of
Fe–Fe or Fe–Ti lubricated by carrier fluids with OA. This suggests that friction, along with
magnetic forces, is the main contributor to the shear transfer. The rheological performance
also exhibited complex changes. Shear thickening was less likely to occur and required a
higher applied magnetic field strength. “Better lubricating performances of carrier fluids”
and higher shear rate [33]” (when the shear rate was not too high) often led to the same
effect. These results suggest that, along with Brownian forces, Stokes drag, and magnetic
forces, friction is a factor in structural evolution.

4. Conclusions
In this article, the main approach is to alter the proportion of oleic acid added, and

under different friction pairs of materials and plate materials (fe–fe/fe–ti), to change the
lubrication state between particles and the plates in the magnetic fluid. By regulating
the key interface friction lubrication state within the MRF, the force/magnetic response
phenomenon of the MRF is changed. The experimental results all demonstrate that the
lubrication state of the key interface within the MR affects the shear stress and yield stress
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of the magnetic fluid, and can regulate the magnetic fluid effect. The specific conclusions
obtained are as follows:

1. Friction forces are believed to be part of the shear stress. The higher lubricating
performance of the carrier fluid results in lower friction forces between particles and
particles with plates, always leading to a lower yield stress. Lower friction forces and
shear stress cause the friction forces to have a higher ratio within the shear stress. In
terms of rheological details, lubrication and a high shear rate often have the same effect
on rheological performance. The added oleic acid affects the lubrication state between the
ferromagnetic particles within the magnetic fluid as well as between the particles and the
electrode plates, thereby influencing the shear stress and yield stress of the magnetic fluid.
Moreover, the better the lubrication state, the smaller the shear stress and yield stress of the
prepared magnetic fluid.

2. The normal force changes with an exciting current of lower power when the MRF
works under a low shear rate and lower lubricating performance. Low friction caused
more rolling of particles. When a magnetic fluid is subjected to an external magnetic field
(with an excitation current), the ferromagnetic particles within it rapidly form a chain-like
structure that squeezes the electrodes, thereby generating a normal stress. After adding
OA, the chain column-like structure formed by the MRFs reduces the friction force between
the electrodes. When the friction force is sufficiently low, the chain column-like structure
and the electrode interface gradually undergo rolling motion as the shear rate increases.
This can be attributed to the formation of thermodynamically metastable and dynamically
stable structures. The friction is similar to the activation energy that hinders the structural
evolution. Low friction and low applied field strength also make it easier for the particles
to roll, causing a delay in shear thickening.

3. A critical value exists for the mass fraction of added OA. When the mass fraction
is lower than the critical value, the higher the mass fraction, the better the lubrication
performance of the base fluid, and the lower the shear stress of the MRFs. The optimal
addition mass fraction of oleic acid in this study was 0.05%wt. Beyond this addition
ratio, the impact on the mechanical properties of the magnetic fluid was not significantly
different. This 0.05%wt of oleic acid may have been fully adsorbed between particles and
the plates, and the change in lubrication performance has been the most significant. This
research provides an effective theoretical basis for the formulation design and preparation
of magnetic fluid. The magnetic fluid effect can be regulated by adjusting the lubrication
performance of the base liquid. This provides a new design theory for the formulation of
MRFs, thereby reducing design costs and improving production efficiency.
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Abbreviations

a(shear) Coefficient simulated by the formula τ = a(shear) × Iex b(shear)

a(normal) Coefficient simulated using the formula N = a(normal) × Iex b(normal)

b(shear) Coefficient simulated by the formula τ = a(shear) × Iex b(shear)

b(normal) Coefficient simulated using the formula N = a(normal) × Iex b(normal)

Iex Exciting current
Mn Mason number
MR effect Magnetorheological effect
MRF Magnetorheological fluid
N Normal stress
OFM Organic friction modifiers
τ Shear stress
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