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Abstract. Sedimentation instability is a signif-
icant problem of magnetorheological fluid. In
most situations, using different surfactants to
coat iron powder is inadequate in maintaining
a stable fluid and often leads to sedimentation
within a few days. One of the ideal requirements
for magnetorheological (MR) fluid is the prepa-
ration of a fluid with outstanding sedimentation
stability. This research explores the use of sev-
eral carrier fluids and techniques to achieve a
more stable magnetorheological (MR) fluid. Or-
thogonal experiments are conducted to determine
the most effective balance of carrier oil and ad-
ditive substances. The new findings demonstrate
that the most effective combination is achieved
by using the produced MR fluid with the com-
pound scheme. This final combination analy-
ses indicate that at normal temperature the best
choice has a viscosity of PaS value of 1.924 and
a sedimentation rate of 1.51% after four weeks
of installation. The optimal MRF exhibits supe-
rior sedimentation stability and fluidity over an
extended duration.

Keywords: Magento-Rheology, Viscosity, Sedi-
mentation, Smart Fluid.

1. Introduction

The Greek term ’Rheos’ means to move or
progress smoothly. Rheology is the scientific
study of how materials flow when subjected to
external forces. Magnetorheological (MR) fluid
refers to a kind of fluid that experiences an in-
crease in its apparent viscosity when there is a
magnetic field employed on it. MR fluids, some-
times called magnetorheological fluids, consist of
small particles that stay in a base fluid influ-
enced by the magnetic field. The fundamental
fluid is an oil variant. The MR fluid undergoes a
rapid transition in its liquid state upon exposure
to the applied magnetic field. This special fea-
ture facilitates a prompt and efficient connection
between physical systems and electrical compo-
nents. Magneto-rheological fluid has many ap-
plications in common industries like automotive,
aerospace, hydraulics, and medical domains [1].

Following the resolution of certain industrial
challenges, the potential advantages for differ-
ent MRF applications, both in terms of tech-
nological and economic aspects, have proven
highly promising. Consequently, the develop-
ment of MRF is an ongoing and continual pro-
cess. Around six decades ago, during the 1940s,
Jacob Rabinov discovered the MR fluid effect
while working at the institute known as the
United States National Bureau (UNB) of Stan-
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dards. Simultaneously, W. Winslow was en-
gaged in the development of a rival technique
known as electro-rheological fluid (ERF). Since
their discovery in the late 1940s, more studies
have been conducted on ERF than on MRF.
Both systems need electricity, although there
are some similarities and differences. The ERF
technology requires thousands of volts and sev-
eral milliamperes, whereas the MRF technology
typically requires between two and twenty-four
volts and a few amperes. Similarly, the electro-
rheological (ER) consequence is contingent upon
a field of electrostatic, whereas the MR effect re-
lies on a field that depends on magnetic force [2].

In the last five years, there have been more
publications on MRF than on ERF in the ac-
cessible domain. During the first stages of
MRF development, many unexpected phenom-
ena were documented, including thickening, sed-
imentation, and abrasion during use. The com-
mercialization of the first MRF-based applica-
tion, particularly for automotive use, encoun-
tered many difficulties. In recent years, several
colleges and corporations in the United States,
European nations, and Japan have conducted
research on stability, sedimentation, and abra-
sive behaviour. Currently, MR fluid technolo-
gies used as dampers in vehicle clutches, and, in
active bearings have either been introduced as
a product or are close to the beginning of new
production [3].

2. Concept of MR fluid

Rheology is the scientific discipline that inves-
tigates the behaviour of circulation and defor-
mation. The examination of movement involves
both elastic and plastic distortion, since they
share similar characteristics and must be exam-
ined together. In a typical application using a
standard liquid, such as a hydraulic pump or
a damper, the primary characteristic of utmost
significance is viscosity, which varies in response
to temperature fluctuations. Consequently, tem-
perature is often seen as an unmanageable char-
acteristic. Dynamic or kinematic viscosity are
the two forms of expression for viscosity. The

definition of dynamic viscosity is as follows:

η̇ = τ/γ0 (1)

where, share stress is τ in (N per mm2) and share
rate is γ0 in (1/s) and η̇ in (Pa S). Similarly,
kinematic viscosity can be explored as,

ϑ = η̇/ρ (2)

here, ρ is the density (kg/m3) and ϑ in (m2/s).

The thermal dependence of a standard fluid,
such as mineral oil or silicon oil, is obtained us-
ing the estimate:

η̇(Th) = C.eb/(r+273) (3)

The variables C and b are determined from
experimental measurements for certain liq-
uids. When Newton examined the relationship
amongst shear rate and shear stress for differ-
ent substances. For water, this correlation is
linear. A fluid with these characteristics is of-
ten referred to as a Newtonian fluid. For any
Newtonian fluid, the dynamic viscosity remains
constant. Figure 1 illustrates the usual connec-
tions among shear stress and shear rate, as well
as the analogous connections involving dynamic
viscosity as well as shear stress for different so-
lutions. Furthermore, calculations have been es-
tablished to precisely measure the correlations
between these rheological characteristics, in ad-
dition to their pictorial depiction. The corre-
lation among viscosity, shear stress as well as
shear rate is contingent upon the nature of the
liquid. The curve in black labelled using the lit-
tle letter ‘a’ indicates that the fluid in curve is a
‘Newtonian fluid’. Its viscosity remains regular
regardless of the varying the value of shear rate,
but for the shear stress exhibits a straight cor-
relation with the values of shear rate. Water is
the prototypical fluid that exhibits this charac-
teristic. For curves ‘b’ and ‘c’, the shear stress
exhibits a diminishing ‘b’ or escalating ‘c’ cor-
relation with the values of shear rate. Viscosity
and shear rate have a comparable connection,
whereby each of these fluid characteristics corre-
lates to one another. The typical fluids exhibit-
ing these characteristics are ketchup and tooth-
paste. The curve (d) exhibits behaviour that
closely resembles that of an MRF. If there is no
magnetic field applied, the rheological properties
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Fig. 1: Different types of fluids [4].

of any MR fluids closely resemble those of the
fluids used as carrier, with the exception that
the presence of iron particles in the MR fluid
causes a modest increase in viscosity [2, 4].

In the figure 1 for Newton type fluid,

η̇ = τ γ̇ (4)

shown in the curve ‘a’. For Yasuda type fluid,

η̇ − η̇∞
η̇0 − η̇∞

=
[
1 + λαγ̇2

]n−1
α (5)

represented by b. Ostwald type fluid is repre-
sented by

τ = kγ̇n (6)

Finally, another representation for Herschel-
Bulkley for the equation,

τ = τ0 + kγ̇n or τ = τ0/γ̇ + kγ̇1−n (7)

3. MR fluid formation and
sedimentation
characteristics

The rheological state undergoes reversible tran-
sitions between liquid and solid phases. Most

programs lack the ability to quickly manipulate
these elements due to their fixed nature inside
a certain context. For all fluids, the change
in viscosity due to temperature is reversible.
However, this does not facilitate easy control
of viscosity. In the context of MR (magneto-
rheological) materials, the fluid viscosity may
be precisely regulated by manipulating the mag-
netic field. The reversible alteration of viscosity
till reaching a solid state is a fundamental char-
acteristic of MR fluid technology. The magneto-
rheological fluid (MRF) effect refers to the dis-
parity in rheological characteristics seen when
there is a influence of magnetic field is employed
compared to when it is absent. MR fluids in gen-
eral contain of ferrous micro-magnetic elements
suspended in a suitable liquid used as carrier,
such as synthetic oil, water, or hybrid oil. The
MR fluid consists of three primary constituents:
The components of this mixture are as follows:
1) A fluid that serves as the base and carrier, 2)
Metal particles that are capable of being mag-
netized, and 3) Additives that help stabilize the
mixture [5].

Still, the significant disparity in concentration
between particles as well as the fluid used as
carrier results in a notable sedimentation issue
for MR fluid. The limited sedimentation dura-
bility of MR fluid impedes its widespread use,
particularly in material refining and damper ap-
plications. To prevent the settling of particles,
several surfactants have been used to alter the
surface characteristics of the particles, hence cre-
ating steric repulsion between them [6–8].

Furthermore, other techniques such as the use
of core-shell soft magnetic particles [9, 10], the
incorporation of special magnetic nanoparticles
like carbon nanotube [11], and plasma process-
ing have recently been employed [12]. The tech-
niques have significantly enhanced the sedimen-
tation consistency of the MR fluid. However,
the issue of sedimentation has not been fully re-
solved. In addition, the inclusion of the chemi-
cals leads to the emergence of additional issues,
such as an increase in the zero-field viscosity of
MR fluid. Hence, there is a need for further
enhancements in sedimentation stability as well
as zero-field viscosity. This work aims to en-
hance the performance of MR fluid by incor-
porating various surfactants into soft magnetic
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particles, resulting in improved stability, and re-
duced zero-field viscosity. To achieve this objec-
tive, we measured the sedimentation stability or
zero-field viscosity of MR fluid using various sur-
factants, including both single surfactants and
compound surfactants. We also analyzed the
impact of surfactant material on the character-
istics of the MR fluid and conducted research
to determine the optimal relationship between
surfactant compounds [13–19].

3.1. Materials and integration

Black iron oxide consists of 98% or more Fe3O4.
Iron oxides serve as a highlight agent in Mag-
netic Resonance Imaging (MRI) by reducing
proton relaxation durations. The superparam-

Fig. 2: Preparation of MRF.

agnetic contrast agents consist of a magnetically
crystalline core that is insoluble in water, often
made of magnetite (Fe3O4). The average core
diameter varies between 4 and 10µ. The crys-
talline core is often enveloped by a coating of
dextrin or starch derivatives. The overall dimen-
sion of the particle is represented by the average
diameter of the hydrated particle. Silicone oil,
known for its elevated flash point and superior
viscosity-temperature characteristics, is used as
the carrier fluid. Alternatively, Castor oil has
also been employed for this purpose. The sur-

factants used include oleic acid, sodium dodecyl
benzene sulfonate (SDBS), and commercially ac-
quired grease.

The surfactant employed was a high-quality
white grease. The grease was meticulously
blended with a carrier oil for approximately 2
hours. Subsequently, black-iron particles were
introduced into the mixture, which was then
subjected to a water bath for an additional 2
hours. The resulting mixture was vigorously
stirred for an additional hour using a planetary
ball mixture machine at ambient temperature
with 300 rpm speed. Therefore, we can get a
uniform blend of MR fluid. Subsequently, it
undergoes testing using the cup and bob style
rheometer. The creation of magneto-rheological
fluid is described in a separate article, and this
process is almost similar [14,15].

Tab. 1: Parameter of Black iron oxide.

Parameter Black Iron
Molecular Weight 231.53
Appearance Black powder
Bulk Density 1.1 g/mL
True Density 4.6 g/mL
Size Range 0.4-0.7 µ m
Average Particle Size 0.45-0.5 µm
Morphology Spheroidal

The processed magnetorheological (MR) flu-
ids are distributed evenly across four testing
tubes, all test tube containing a volume of 10
cm3 of MR fluid.

Tab. 2: Parameter of Commercial Grease.

Properties Commercial grease
Appearance An off-white grease, with a

mild citrus odor
Specific Gravity 0.77 - 0.82
Active 30 - 40
Content % m/m
Drop > 185oC
Temperature
Temperature -20 to +140oC
Range

The test for sedimentation is conducted
through visual observation. Therefore, it is ad-
visable to do the test inside and ensure appro-
priate illumination to clearly observe the separa-
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tion between the turbid and supernatant layers.
Measurements are taken at regular time inter-
vals to determine the distance between the clear
fluid and the thick, cloudy MR fluid. Figure 2
depicts the configuration of the sedimentation
test apparatus.

Tab. 3: Parameter of Carrier Oil.

Properties Silicone Oil Hybrid oil
Viscosity (Pa-s) .37 0.048
Flash point >295oC >270oC
Fire point >460oC >282oC
Specific gravity 0.97 0.927
Density (g/cm3) 1.07 0.914

An uncomplicated approach to assess the con-
sistency of deposition in MR fluid involves mon-
itoring the progression of particles. MR fluid
specimens will be deposited in testing tubes for
a duration of 14 days in this study.

Fig. 3: Sedimentation test of MRF.

The sedimentation ratio is the ratio of the
height of the carrier fluid-rich phase to the to-
tal height of the MR fluid. The zero-field vis-
cosity of MR fluid is typically determined by
the shear strain rate and can be measured us-
ing the NDJ-5S Viscosimeter (manufactured by
Chongqing Drawell Instrument Co., Ltd). The
measurement is conducted at a temperature of
25oC and a shear velocity of 1.0 s−1.

Prior to doing the zero-field viscosity measure-
ment of the MR fluid, its flow capacity will be
observed initially. Every measurement is repli-
cated thrice, and the mean value is obtained. If
the MR fluid has lost its ability to flow freely, it
is not appropriate for use. Consequently, the vis-

Tab. 4: Parameter of different types of samples.

Types Diameter Concentration Carrier Additive
µm Wt % Oil Percentage

Sample 1 0.45-0.5 30 Silicon 0.05
Sample 2 0.45-0.5 30 Hybrid 0.05
Sample 3 0.45-0.5 40 Silicon 0.15
Sample 4 0.45-0.5 40 Hybrid 0.15

cosity of the fluid at zero magnetic field strength
will not be measured using a viscosimeter. Prior
to doing the zero-field viscosity measurement of
the MR fluid, its flow capacity will be observed
initially. If the MR fluid has lost its ability to
flow freely, it is not appropriate for use. Conse-
quently, the viscosity of the fluid at zero mag-
netic field strength will not be measured using
a viscosimeter. As seen in figure 4, the sam-

Fig. 4: Sedimentation test of MRF in Lab.

ples are tested with time and the final state of
the prepared fluid is found in the figure 4b. In
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the figure 3, the MR fluid will clearly stratify
after a lengthy placement period. The excess
fluid makes up the top layer, and undifferenti-
ated MRF makes up the bottom layer. The sed-
imentation rate R,

R = (S/L)∗100 (8)

where L is the volume of suspension and L is
the volume of MR fluid prior to implantation, is
used to express sedimentation stability. Further-
more, viscosity is a crucial performance metric
for MR fluid and should be monitored because it
is influenced by different surfactants. The NDJ-
5S viscometer measures the viscosity of MRF at
30 ± 1oC.

4. Experimental results
and discussion

To determine the properties of MR fluid and its
long-term stability, samples are created by com-
bining varying proportions of silicon oil and hy-
brid oil. All the samples have been retained for
a duration of 3 days, and the sedimentation has
been quantified by measuring the millimetre val-
ues from the test tube. The rate of sedimenta-
tion has also been quantified based on the avail-
able data. This research aims to determine the
optimal choice for a stable mixture of MR fluid.
In addition, various features have been measured
to characterize MR fluids.

4.1. Case study with Silicon Oil

Initially, commercially acquired grease is com-
bined with silicone oil. Next, the dispersion fluid
is agitated using a rotary agitator at a speed
of 300 revolutions per minute at room temper-
ature. The MR fluid is prepared by dispersing
black iron oxide particles in silicone oil. A to-
tal of eight types of magnetorheological (MR)
fluids are created. The iron particle content is
consistently maintained at 40% in all MR flu-
ids. The additives they corresponded to varied
in terms of their respective proportions. Table
1 displays the constituents of MR fluids. The
sedimentation is quantified through visual ex-
amination of the displacement of the interface

between the transparent and cloudy sections of
the carrier oil. Figure 5 depicts the observa-

Fig. 5: Sedimentation test result for silicone oil carrier
with time.

tion of sedimentation for particles with varying
ratios of additives. An increased concentration
of magnetic particles has a beneficial influence
on the magnetorheological phenomenon. How-
ever, the impact of additions on the stability of
the magnetorheological fluid has been examined
by experimental investigation. The stability of
the prepared sample has various values and un-
dergoes temporal variations. The outcome was
contingent upon the composition of the additive,
iron particles, and the specific type of oil em-
ployed.

To enhance their stability, the percentage of
additives has been modified employing MR fluid.
MR fluid with reduced additive content is ap-
plied in the first four instances. In this scenario,
the particles exhibit a faster settling rate in the
fluid compared to the previous four scenarios,
despite the presence of a higher concentration
of additive. The graph displayed variance be-
cause of varying percentages of additives. En-
hanced stability of the MR fluid can be achieved
by augmenting the quantity of additives. Sam-
ple 8 had superior performance compared to the
other samples.

4.2. Case study with Hybrid Oil

In this subsequent trial, MR fluids are formu-
lated using varying proportions of hybrid oil as
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Tab. 5: Mixture quantity of different types of samples
with silicone oil.

Types Black Iron Oxide Silicon Oil Additive
(µm) (%) (%) (%)

Sample 1 23 75 2
Sample 2 28 70 2
Sample 3 33 65 2
Sample 4 0.45-0.5 38 60 2
Sample 5 21 75 4
Sample 6 26 70 4
Sample 7 31 65 4
Sample 8 36 60 4

Fig. 6: Rate of change of sedimentation for silicone oil
carrier with time.

the carrier fluid. The research findings presented
in figure 7 and Table 5 indicate that the compo-
sition of the hybrid oil and additive has been
altered to achieve sedimentation stability using
a surfactant. Hence, the examination will focus
on the additive’s content ranging from 2 to 4
percent and the ratio of carrier oil. Figure 7
illustrates the variation in the rate of sedimen-
tation ratio of MR fluid when different amounts
of individual surfactants are present.

As evidenced by the experimental figure, the
sedimentation ratio consistently decreases as the
surfactant content increases in all instances.
When the amount of surfactant is reduced, there
is no significant enhancement in the stability of
sedimentation. This might be viewed as a par-
tial coverage of the CIP surface by the surfac-

Fig. 7: Sedimentation test result for hybrid oil carrier
with time.

Fig. 8: Rate of change of sedimentation for hybrid oil
carrier with time.

tant. With an increased surfactant concentra-
tion, the sedimentation ratio drops because of
the production of large, loosely bound floccules.
These floccules have the potential to hinder the
settling of particles.

Finally, it can be determined that with incre-
ment of additives and grease will improve the
stability of MR fluid but as per previous research
the MR fluid may lose the fluidity if the additive
and iron particle get more than forty percent of
total fluid [10,11,20,21].
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Fig. 9: Sedimentation test result Vs time.

4.3. Discussion and analysis

In this experiment, the content of MR VIF and
sedimentation is expressed as percentage and for
the different content of silicone oil and hybrid
oil is expressed. Figure 7 displays the zero-field
viscosities of the MR fluids with different com-
pounding contents, and Figure 8 shows the sedi-
mentation ratio of those fluids. Based on obser-
vations from Table 4 and Figure 4, the following
phenomena are revealed:

• The zero-field viscosity is always lower,
apart from situations in which the oil’s per-
centage is kept at the maximum 40%. On
the other hand, the funnelform viscosity
testing instrument allows both components
to flow freely. Moreover, viscosity exhibits
a rising tendency when additive and iron
particle concentrations rise.

• The zero-field viscosity is always lower, ex-
cept for situations in which the oil’s per-
centage is kept at the maximum 40%. On
the other hand, the funnelform viscosity
testing instrument allows both components
to flow freely. Moreover, viscosity exhibits
a rising tendency when additive and iron
particle concentrations rise.

• Only for the hybrid oil does a drop in the
additive amount, along with a change in the
carrier oil, result in a decrease in the sedi-
mentation ratio and settling time.

Moreover, the relative zero-field viscosity is
between 2 and 0.3 Pa s, which is within the
range needed by most magnetic resonance de-
vices. The greatest yield stress of MR fluid mea-
sured with surfactant shows that at 0.43 T mag-
netic field, the yield stress may reach 55 kPa.

5. Conclusions

The impact of various surfactants on the car-
rier oil is assessed by evaluating the sedimen-
tation ratio and zero-field viscosity of the MR
fluid. The inclusion of a singular surfactant
does not yield a high-performance magnetorhe-
ological (MR) fluid. The standard preparation
technique involves the compounding of several
surfactants. The research findings demonstrate
that the MR fluid treated with a combination of
silicone oil and black iron oxide compounding
exhibits superior features, including enhanced
sedimentation stability and improved zero-field
viscosity. The optimal compounding concentra-
tion is determined to be 40 percent of additive
black iron oxide. Simply put, the MR fluid ex-
hibits optimal properties when the mass fraction
of each surfactant is 4%. For final outcome it
can be concluded for a longer period of time,
the ideal MRF demonstrates better sedimenta-
tion stability and fluidity with black iron oxide
and silica oil.
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