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Abstract
Sedimentation stability is one of the most important features of magnetorheological (MR)
fluids. Clay-based additives are known for improving the stability of the MR fluids. This article
describes the dependency of the clay-based additive concentration on the sedimentation stability
and the rheological properties of MR fluids in non activated state (without magnetic field). The
sedimentation was measured for two different base oil viscosities, two different carbonyl iron
particle sizes, and additive concentration between 2 and 6 wt%. The measurements showed that
the sedimentation rate exponentially decreases with the additive concentration, while the yield
stress is rising. The measurements of rheological properties also showed the dependency of
rheological properties of MR fluid with a clay-based additive on loading history. The influence
of carrier fluid viscosity or particle size has a minor effect on the sedimentation in comparison
with the clay-based additive. The addition of 6 wt% slows down the sedimentation by more than
3000 times compared to MR fluid without additives. The MR fluid with 4.85% of clay-based
additive achieves slightly better sedimentation stability than commercial MR fluid LORD
MRF122.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological fluids (MR fluids or MRFs) are sus-
pensions of iron micron sized-particles dispersed in a non-
magnetic fluid which significantly change their properties
depending on the surrounding magnetic field. In 1948, Jacob
Rabinow described electromagnetically controlled fluid clutch
using MR fluid for the first time [1].

MR fluids are usually considered as Bingham fluids with
significant yield (initial) stress [2]. Common MR fluids with
spherical micro-sized Fe particles reach a value up to 100 kPa
[3]. The MR effect (MR effect) is a state of dispersed particles
that in the presence of a magnetic field are forced to make

chains roughly parallel to the line of the magnetic force [4, 5].
These features seem to be advantageous for use in industrial
devices with controllable force like dampers [6–9], brakes, and
clutches [10–12]. Low sedimentation stability has been one of
the biggest obstacles which have limited common industrial
use of MR systems.

Sedimentation, therefore, belongs to one of the most
important features of a MR fluid which determines the func-
tionality of MR devices. Whereas a decrease of CI (carbonyl
iron) particle concentration in the upper part of MR devices
decreases the MR effect and hence reduces its working range,
hard sediment on the bottom of the device can cause seri-
ous damage to the device. The reason for sedimentation is the
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gravitational force on iron particles caused by a high density of
iron compared to the density of carrier fluid. This phenomenon
can be significantly slowed down by several modifications:

Zhang et al [13] observed the influence of particle size
on the sedimentation rate. The results showed that smal-
ler particles improve sedimentation stability (and wear), but
also decrease the yield stress. Rosenfeld et al [14] used for
MR fluid an addition of nanopowder iron, which proved to
increase the zero-field yield stress in comparison with micron-
sized particles. However, this addition decreased the mag-
netic field dependency yield stress. Zhu et al [15], Kim
et al [16], or Leong et al [17] confirmed the positive effect of
nanoparticles on sedimentation stability. Zhu et al [15] used
the nanoparticles which were prepared by the direct current
(DC) arc discharge method which proved to achieve almost
the same magnetic properties as standard CI microparticles.
Bae et al [18] used microcrystalline cellulose particles to
improve sedimentation stability. However, these additional
particles increase plastic viscosity in a non-activated state.
Wereley et al [19] created MR fluid by mixing two differ-
ent powder sizes—micron-sized and up to 15% of nanometer-
sized particles. Fifteen percent of wt content of nanoparticles
increased the formation of mudline from 20 to 180 min
while maintaining almost the same yield stresses in both
activated and non-activated states. This conclusion was con-
firmed in studies [2, 20, 21]. Ngatu et al [3] also mixed 6–
10 µm iron particles with iron nanowires which also sig-
nificantly improved the sedimentation stability with only a
small impact on the yield stress. Shah and Choi [22] optim-
ized MR fluid properties using bi-disperse plate-like particles.
Although the nanoparticles have a positive effect on sedi-
mentation, their higher content causes the reduction of mag-
netic field dependency yield stress [23]. Kikuchi et al [24]
used the rotor as a centrifugal accelerator of tested MR fluid
samples to reduce the time for the sedimentation tests. They
stated that on-negligible differences in the results obtained
from the centrifugal acceleration test and gravitational test can
be found.

The gravitational force on the particles can be also com-
pensated by coating them with low specific density material,
which causes higher buoyancy. Mrlík and Pavlinek [25], Chae
et al [26] and Cheng et al [27] coated MR particles with vari-
ous polymers. Their measurements proved better sedimenta-
tion stability of MR fluids using coated particles; however,
such modification of particles is extremely expensive and it
is, therefore, suitable only for special MR devices.

The sedimentation rate can be slowed down using vari-
ous additives. The most common anti-sedimentation agents
are fumed silica [28] or clay-based agents [29–32]. The clay
particles fill the space between the CI particles and hence pre-
vent the CI particles from falling through the fluid. The side
effect of these additives is the change of rheological properties
ofMR fluid, particularly the increase of yield stress and plastic
viscosity in the non-activated state. Lopez et al [33] prepared
the suspension of kerosene with 10% of CI particles and vari-
ous contents of clay additives. The measurements showed that
the rheological properties of the MR fluid with organoclay
additive are also very time dependent on the course of the

Table 1. Main properties of base oils.

OL-J3 OL-J32

Mixture
OL-J3:OL-J32
(73:27 wt%)

Density (kg m−3) 838 862 845
Kinematic vis-
cosity (20 ◦C)
(mm2 s−1)

8.9 37.1 15.4

Shear viscosity
(20 ◦C) (mPa s)

7.5 32 13

shear rate. The influence of the additive on the sedimentation
rate was in contrast to [29–31] very small, probably due to the
unusual composition of this MR fluid.

Although the clay-based additives are cheap and signific-
antly improve the sedimentation stability, the rise of yield
stress and plastic viscosity in a non-activated state decrease
the dynamic range of MR devices. Therefore, there is always
a trade-off between the dynamic range and the sedimentation
stability. This article experimentally evaluates the influence
of clay-based additives on sedimentation stability and rheolo-
gical properties which should be useful for choosing the best
content of the additive for the required sedimentation stability.

2. Materials and methods

The aim of this work was an experimental description of sed-
imentation stability and suspension rheology without a mag-
netic field and finding the mathematical description between
the additive concentration and sedimentation speed. The sedi-
mentation stability of MR fluids in the activated state was not
measured because the majority of MR fluid volume in MR
devices is out of the magnetic field. All the presented measure-
ments were conducted at zero magnetic field. The sediment-
ation stability was observed in dependency on the following
parameters:

• The concentration of clay-based additive and its activator
• The viscosity of the base fluid
• Size of CI particles

The sedimentation of all the fluids was measured at room
temperature (22 ◦C–26 ◦C).

2.1. Preparation of MR fluid

As a base oil, mineral oils Paramo OL-J3 and OL-J32 were
used. The parameters of these oils are in table 1:

Two different viscosities (at 20 ◦C) of carrier fluid were
used for sedimentation tests:

• 7.5 mPa s—Low base oil viscosity (pure OL-J3).
• 13 mPa s—High base oil viscosity (73 wt% of OL-J3 and
27 wt% of OL-J32) which corresponds to the viscosity of
commercial MR fluid MRF122 from Lord company.
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Figure 1. The size distribution of the particles measured from SEM photos (a) OM grade particles; (b) HQ grade particles.

As an anti-sedimentation agent, organophilic phyllosilic-
ate Claytonite 40 was used. The concentrations between 2 and
6 wt% in carrier fluid were tested. This additive requires the
use of an activator. A mixture of propylene carbonate/water
(95/5) was used. The rate of CLAYTONE 40 to the activator
was 60:40 wt%.

For the tests, CI particles from the BASF company were
used. The particle concentration is 22% by volume in every
sample. Two different sizes were used: (a) BASF OM; (b)
BASF HQ. The weight distribution of particle size, obtained
from scanning electron microscope (SEM) photos, is in
figure 1.

The preparation of the MR fluid consisted of the follow-
ing steps: (a) adding additive CLAYTONE 40 to the base oil
and mixing at high stirring speed 15 min; (b) adding of the
activator—mixing 15 min; (c) adding of CI particles and mix-
ing 3 h.

The iron particles and the additive changes the rheological
behavior of the final mixture. Whereas the particles change
(without magnetic field) only the viscosity, the clay-based
additives change the behavior of the fluid from Newtonian to
Bingham. The rheological properties of the final MR fluids
were measured by viscosimeters Haake ROTOVISCO 1 and
TA Instruments HR-1. The flow curve of measured MR fluids
is fitted by the Bingham-plastic model (1), which is often used
for the description of MR fluid flow curves.

τ = τy + µ · γ̇ (1)

where
τ (kPa) shear stress
τy (Pa) yield stress
µ (Pa s) plastic viscosity
γ̇ (s-1) shear rate
For each fluid, the shear stress τ wasmeasured at shear rates

γ̇ 400 and 800 s−1. The values of shear stress were changing
in time after setting a constant shear rate. Therefore, the value
of shear stress was obtained from the average value between
10 and 30 s of maintaining a constant shear rate, when the
shear stress had stabilized. These two values were fitted to

the equation (1) and calculated yield stress τy and plastic vis-
cosity µ. For several MR fluids, the flow curve was directly
measured to verify Bingham-plastic behavior. The flow curves
were obtained from a 40 s long logarithmic sweep of shear rate
within 0.01–1000 s−1.

2.2. Sedimentation measurement

The sedimentation rate wasmeasured by a stand that canmeas-
ure the density of iron particles in the MR fluid sample. The
scheme of the measuring stand is shown in figure 2. The test
tube with the sample ofMR fluid is lifted up and down through
the magnetic active zone created by a magnetic circuit with a
coil. The magnetic flux density is measured by the Hall probe.
The dependency of the magnetic flux density is recorded in
dependency on the position of the tube. The higher concen-
tration of iron particles rapidly reduces the magnetic resist-
ance of the magnetic circuit, which causes the rise of meas-
ured magnetic flux density. The lift is automatically turned
on by a control circuit based on Arduino, which secures an
automatic measurement with a period of 10 min (for fast set-
tling particles) or 30 min (for slow settling particles). The sed-
imentation rate is determined by the position of the mudline
dependent on the time. Mudline is an upper surface of particle
sediment with the same density as an unsettled sample of MR
fluid with homogeneously dispersed particles. All sediment-
ation tests were carried out at room temperature. The sedi-
mentation rate is calculated from linear interpolation of the
mudline position in time after the end of mixing. This method
is described in detail in [34].

3. Results and discussion

3.1. The dependency of the concentration of the
additive—low base oil viscosity

Figures 3 and 4 show the sedimentation of MR fluid with car-
rier fluid viscosity of 7.5 mPa s. The results prove the depend-
ency of the sedimentation rate on the content of CLAYTONE
40 additive.
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Figure 2. Scheme of the sedimentation measuring stand (a); real sedimentation measuring stand (b).

Figure 3. The time mudline position in time for the various
concentration of CLAYTONE 40 additive (7.5 mPa s base fluid
viscosity).

Figure 3 shows that the sedimentation rate can be con-
sidered as constant within a certain period after mixing. At
some time, the majority of particles settle down. After this
time, the sedimentation rate slows down until the mudline pos-
ition stabilizes. This behavior can be seen forMRfluid without
additives. The sedimentation rate is 8.6 mm h−1 for the time
18 h after mixing. After that time, the mudline position sta-
bilizes at 82.6 mm under the surface. The volume above the
mudline consist of the pure base oil.

The sedimentation rate of the MR fluid with 2% of the
additive is significantly lower (0.089 mm s−1) for 50 h. The
sedimentation rate gradually drops to zero between 50 and
150 h. After that time, themudline position stabilizes at 52mm

Figure 4. The time mudline position in time for the various
concentration of CLAYTONE 40 additive—detail (7.5 mPa s base
fluid viscosity).

under the surface. The difference in mudline position of the
MR fluid without additives and 2% of additive is probably
caused by the claytone particles filling the space between the
iron particles.

The sedimentation rate of MR fluids with 4.85% and 6%
of additives is 0.0158 respectively 0.0025 mm h−1. In these
cases, the sedimentation rate is constant in the whole meas-
urement interval. The dependency of mudline position on the
time can be seen in figure 4.

The additive also changes the rheological properties of the
MR fluid, which can be seen in figures 5 and 6. It is obvious
that the additive causes the rise of yield stress and also plastic
viscosity. Figure 5 also compares the measured flow curves
with a fitted line corresponding to the Bingham model made
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Figure 5. Fluid curves of MR fluids in dependency on CLAYTONE
40 additive (7.5 mPa s base fluid viscosity)—shear stress
dependency.

Figure 6. Fluid curves of MR fluids in dependency on CLAYTONE
40 additive (7.5 mPa s base fluid viscosity)—shear viscosity
dependency.

of two points for shear rate 400 and 800 s−1. For a 4% con-
centration of additive, the flow curve obtained from the shear
rate sweep corresponds well with the Bingham-plastic model
fitted into the shear stress measured at constant shear rates.
For higher additive concentrations, the yield stress calculated
from the Bingham-plastic model is higher than the yield stress
measured from the flow curve.

3.2. The dependency of the concentration of the
additive—high base oil viscosity

The following set of measurements was done with the carrier
fluid viscosity of 13 mPa s. Again, the concentration of the
clay-based additive significantly slows down the sedimenta-
tion rate. The sedimentation rate for this base fluid and the
additive concentration of 4%was, contrary to the assumptions,
faster than in the case of theMR fluid from section 3.1 (see fig-
ures 7 and 8).

Figures 9 and 10 compare the measured flow curves of MR
fluids obtained from the shear rate sweep with a flow curve

Figure 7. The time mudline position in time for the various
concentration of CLAYTONE 40 additive (13 mPa s base fluid
viscosity)—overview.

Figure 8. The time mudline position in time for the various
concentration of CLAYTONE 40 additive (13 mPa s base fluid
viscosity)—detail.

obtained from the Bingham-plastic model (1) fitted into meas-
ured points for shear rate 400 and 800 s−1. In this case, the
yield stress calculated using equation (1) corresponds to the
yield stress measured directly from a shear rate sweep.

3.3. The dependency of the CI particles size

Figures 11 and 12 compare the sedimentation of MR fluids
with particle size 2 µm (HQ) and 3.9–5.2 µm (OM). The
concentration of CLAYTONE 40 for both MR fluids was
4.85 wt%. The base fluid viscosity was 13 mPa s.

The sedimentation rate is higher for the bigger particle size.
It can be seen that the difference between the fluids rises in
time. Figure 12 also shows the sedimentation stability of MR
fluid with 4.85 wt% of CLAYTONE additive compared to
the commercial MR fluid LORD MRF-122ED. Both MR flu-
ids with 4.85 wt% of CLAYTONE 40 additive exhibit better
stability.
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Figure 9. Flow curve of the MR fluids with various content of
CLAYTONE 40 additive (13 mPa s base fluid viscosity)—Shear
stress dependency.

Figure 10. Flow curve of the MR fluids with various content of
CLAYTONE 40 additive (13 mPa s base fluid viscosity)—Shear
viscosity dependency.

Figure 11. Measured dependency of the CI particles size on the
sedimentation speed—short term period.

3.4. Measurement evaluation

The sedimentation rates of MR fluids and measured or calcu-
lated rheological properties of all testedMRfluids are summed

Figure 12. Measured dependency of the CI particles size on the
sedimentation speed—long term period.

up in figure 13 and table 2. Within the tested concentration
of CLAYTONE 40 additive, the sedimentation rate exponen-
tially decreased with increasing concentration of the additive.
In contrast to the expectations, the MR fluid with a more vis-
cous carrier fluid (13 Pa s) exhibited a faster sedimentation
rate for additive concentrations above 6% compared to theMR
fluid based on low viscosity carrier fluid (7.5 Pa s). The faster
sedimentation rate can be, however, explained by the lower
yield stress and plastic viscosity of the MR fluid composed of
carrier fluid with viscosity 13 Pa s for the same concentrations
of the CLAYTONE 40 additive. The CLAYTONE 40 additive
causes the increase of plastic viscosity and yield stress. These
two parameters can indicate the sedimentation rate. However,
there is no straightforward dependency between yield stress
and sedimentation rate. The reason for this behavior can be
the time-dependency of rheological properties on shear rate
history caused by the additive (thixotropy), which was also
observed by [33]. That means that the measured/calculated
yield stress is smaller for a mixed state in comparison with the
standstill sample. The comparison of the sedimentation rate of
MR fluids with different particle sizes showed that the smaller
CI particles slow down the sedimentation rate. The sediment-
ation stability of MR fluid with OM particles and 4.85% of
the organoclay additive was slightly better (0.0158 mm h−1)
than commercialMRfluidMRF122DG fromLORD company
(0.0208 mm h−1).

4. Conclusions

The presented measurements proved the exponential depend-
ency of the sedimentation rate on the clay/based additive con-
centration for two different base oils. The measurements also
showed, that clay-based additive also changes the rheological
properties of the fluid. The behavior of the fluid without mag-
netic field changes from Newtonian to Bingham. Increasing
the content of the additive also causes the rise of the yield
stress, which will decrease the dynamic range of MR devices.
The found dependencies can help to choose the proper additive
concentration to reach the desired sedimentation stability but
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Figure 13. Sedimentation rate in dependency on additive concentration, base fluid viscosity, and CI particle size.

Table 2. Sedimentation rates of measured MR fluids.

Carrier fluid viscos-
ity CI particles

Concentration
of CLAYTONE

40 (wt%)
Plastic vis-

cosity (mPa s) Yield stress (Pa)
Sedimentation
rate (mm h−1)

7.5 OM — 20.3 0 8.6
7.5 OM 2 34.4 6.8 0.887
7.5 OM 4 68.7 81.3 0.095
7.5 OM 4.85 62.9 177.3 0.0158
7.5 OM 6 117.7 354.1 0.0025
13 OM — 24.6 0 6.46
13 OM 4 55.5 7.2 0.0189
13 OM 4.85 51.2 22.6 0.013
13 OM 6 99.5 68.8 0.0056
13 HQ 4.85 91.8 229.9 0.0117

to cause only a small increase in yield stress at zero magnetic
field.

It can be anticipated, that the clay-based additives influence
the rheological properties ofMR fluid in an activated state (at a
certain magnetic field). These measurements are prepared for
the following paper.

It is, also, necessary to mention that none of the experi-
mental MR fluids are suitable for operation in real MR devices
because of the high abrasivity of the final compound. The suit-
able anti-wear agents and their impact on the MR fluid prop-
erties should also be found out in future work.
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