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Abstract In this study, we examined three kinds of stabilizing additives to prepare stable MRF
with good fluidity. We selected three stabilizing additives; a styrene isoprene block copolymer, a
hydrophobic fumed silica, and an organogelator (CMOL SB03; PMDA-2C8/oleyl). We measured
the rheological properties both for the dissolutions of the stabilizing additives in the base oil and
MRFs prepared with the additives by using a rheometer; MCR302 (Anton Paar Corp.). From the
experimental results, the viscosity of styrene isoprene block copolymer dissolution increased
with concentration showing non-Newtonian properties. We selected a suitable concentration as
5wt% to satisfied good fluidity without forming gel. Since the viscosities of 7wt% fumed silica and
1wt% CMOL SB 03 dissolutions in the base oil consequently showed similar viscosity of the
5wt% copolymer, MRFs using such conditions were prepared. From the results of the stability
test, the addition of the copolymer was effective to satisfy the stability of the MRF. We also found
that the addition of such stabilizing additives were effective to increase the magnetic property of
MRFs.

1 Introduction
A magnetorheological fluid (MRF) is an oil slurry with
magnetic particles. MRF attracts much attention as a
functional fluid, of which viscosity can be controlled by
magnetic field (Rabinow, 1948). The fluidity of MRF
relates the viscosity of a base oil and the size and the
concentration of particles. Also, we the preparation
conditions are not suitable, particle sedimentation and/or
oil separation often occur due to the density difference
and familiarity of the particles and the base oil. Using
smaller particles can increase the stability of MRF.
Surface coating of magnetic particles is also effective on
the stability (Fang et al., 2012); however, the magnetic
characteristic decreases for both methods. The addition
of nanoparticles (Park et al., 2009) and increasing the
viscosity of the base oil (Kim et al., 2012) are effective
to increase not only the stability, but also the magnetic
characteristics. However, the viscosity of MRF increases,
consequently the slurry loses its fluidity.
The objective of this study was to increase the
sedimentation stability of MRF by using suitable
stabilizing additives. We selected three kinds of
additives and considered the mechanism of stabilization
with the connection of the network structure build by the
additives and interaction with the magnetic particles. We
also examined the effect of such additives on the
magneto-rheological characteristics of MRF.

*

2 Experimental
2.1 Materials and preparation
The base oil used in this study was a highly refined
paraffinic mineral oil (mineral oil-P4, kinematic
viscosity at 40°C 2.0×10-5 m2/s, viscosity index 122).
The magnetic particles were carbonyl iron powder (CS,
BASF) having a density of 7860 kg/m3. The 10, 50, and
90% pass diameters of the powder were 2.8, 5.6, 12.3
µm, respectively. We examined the following three
stabilizing additives.
1) Styrene isoprene block copolymer
Average molecular weight: 284,000.
2) Hydrophobic fumed silica
Aaverage particle size: 16 nm
3) Organogelatore; CMOL SB03 (Daicel Corp.)
N,N,N”,N”’-1,2,4,5-tetra alkyl/alkenyl pyromellitamide
(PMDA-R) with two 2-ethyl hexyls and two oleyls as
branch alkyl groups (Sakanishi et al., 2015)
Each stabilizing additive was stirred into the base oil at
80°C for 5 h–2 days until well mixed and/or dissolution.
We continued to stir while lowering the room
temperature over a period of 1 h, then left the solutions
to rest overnight at room temperature. Then, each sample
was mixed with the carbonyl iron powder to prepare
MRF. The solid concentration was set at 75 wt% (24.3
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of the MRF. The measurement temperature was set at
20±0.5°C with a Peltier control system.

vol%). We added 1.0 wt% oleic acid as a dispersant,
together with 0.5 wt% high molecular weight phenolic
antioxidant and 0.5 wt% alkenyl succinimide as an
ashless detergent dispersant. They were mixed using a
bladeless rotation/revolution mixing apparatus (Awatori
Rentaro, ARE-250, Thinky Corp.) at 2000 rpm for 5 min
to obtain MSF samples.

3 Results and Discussions
Figure 2 shows the steady flow characteristics of styrene
isoprene block copolymer dissolutions with different
concentrations. 1 wt% dissolution showed the constant
viscosity with shear rate (Newtonian fluid). The
dissolutions of 2–4% showed shear thinning properties
gently depending on the shear rate of more than 10 s-1.
The addition of more than 5% caused remarkable shear
thinning properties over the whole range of the shear rate.

2.2 Rheological measurement
The rheological properties of the stabilizer samples in
the oil were measured using a strain-control type cone
and plate rheometers (MCR 302，Anton Paar). Steady
flow characteristics were measured for shear rate in the
range from 0.01–1000 s-1. The measurement temperature
was set at 25±0.5°C with a Peltier control system. In
casting a sample on the rheometer plate, we left it for
more than 5 min until the temperature arrived at the set
point.
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2.3 Stability test
Each MRF was poured into a 10 mL
graduated cylinder and left at rest (Figure 1).
After three weeks (504 h), the height of an
oil layer formed in the upper of the cylinder
was meaured to calculate the oil separation
ratio, φ, defined as the following :
φ = v/V
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where v and V are the volume of the
oil layer and total volume of the oil
in the poured MRF, respectively.
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Figure 2. Steady flow characteristics of styrene isoprene block
copolymer dissolution with different concentrations

(Transmission Electron Microscope) observation

Figure 3 shows the dynamic viscoelastic moduli for
styrene isoprene block copolymer dissolution (1–5%).

The morphology of the structure of the styrene isoprene
block copolymer was observed using a TEM (JEM-140;
JEOL Co., Tokyo, Japan) with an accelerating voltage of
100 kV. In the preprocessing, the sample was dissolved
in the base oil, and sample was attached to a support film
grid and stained with osmium tetraoxide 2% aqueous
solution for 4 h to achieve osmium coating on the
surface of self-assembled structures.
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2.5 Magneto-rheological characteristic
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The magneto-rheological characteristics of MRFs were
measured using a strain-control type rheometer (MCR
101, Anton Paar Corp.) with a parallel plates
arrangement with the distance of 0.5 mm. The diameter
of the plate was 19.956 mm. 0.2 mL MRF sample was
catsted to a Magneto-rheological device cell
(MRD170/1T) with TwinGap™ geometry (TG/MRD)
having the gap of 0.3 mm each in order to apply a
constant magnetic flux density, B. The shear stress, τ,
was meaured with varying magnetic flux density at
constant shear rate of 100 s-1. Thus obtained B-τ chart
was used to evaluate magneto-rheological characteristic
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Figure 3. Dynamic viscoelastic moduli for styrene isoprene
block copolymer dissolution (1–5 wt%)
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worked as a surfactant, coagulated and/or agglomerated
iron particles dispersed in the oil and settled for several
days. As a result, the oil separation layer was formed.
The settling layer of the particles was more rigid than
that formed in the MRF without oleic acid. We have
defined a criterion of oil separation ratio as 3% for
quality control of MRF products. Since the oil separation
of the copolymer fainally showed 2.4% (▲), we judged
that the additive was effective to prevent the oil
separation. Although the addition of 7wt% fumed silica
(●) was also effective to decrease the oil separation ratio
(the ratio was 14.4%), the ability was not enough for the
criterion. In contrast, MRF using CMOL SB03 showed
significant separation of 54% after 50 h (■, finally
became 54.2%).

Since the values of loss modulus, G”, for 1–3 wt% were
proportional to ω, we found that these samples were
viscous fluids without the elastic properties. According
to the data of 4 wt%, G” was also proportional to ω,
while storage modulus, G’, indicating the elasticity was
proportional to ω2. Furthermore, when we focused on the
data of 5 wt%, since G” and G’ were proportional to ω
and ω2, respectively, at lower frequency, the sample was
a typical viscoelastic fluid. The value of ω at the cross
point of G’ and G” was 0.63 rad/s. The expression of the
viscoelastic properties may cause by the interaction
among the stabilizer molecules at higher concentrations;
however, the dissolutions did not form gel structure in
this concentration range.
Figure 4 shows the results of higher concentration
(6–10 wt%) of the same stabilizing addtives. Since G’
exceeded G” independently of ω, we found that the
dissolutions were gel states and G’ gradually increased
with the increase of the copolymer concentration. Since
the dissolutions became gels by adding more than 6 wt%,
we selected a suitable concentration as 5 wt% to satisfied
good fluidity of MRF.
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Figure 5. Steady flow characteristics of MRFs prepared with
different stabilizing additives
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Figure 4. Dynamic viscoelastic moduli for styrene isoprene
block copolymer dissolution (6–10 wt%)
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Figure 5 shows the steady flow characteristics of
MRFs. MRF prepared only the iron powder and the base
oil (▽) showed a shear thinning property for the shear
rate more than 1 s-1. The viscosity at 1000 s-1 decreased
one order of magnitude compared with that at 1 s-1. With
the addition of 1 wt% oleic acid as a dispersant (▼), the
viscosity of the MRF decreased. With the addition of 5
wt% styrene isoprene block copolymer to the MRF
(containing 1wt% oleic acid), the viscosity increased tenfold showing significant shear thinning property. The
addition of 7 wt% fumed silica and 1 wt% CMOL SB 03
consequently showed similar viscosity increasing
abilities.
Figure 6 shows stability test of MRFs, of which the
horizontal axis shows the time after left at rest. MRF
prepared with the iron powder and the base oil (without
oleic acid) showed oil separation ratio of more than 30%
after one day and finally reached to 34.8% (▽). In
contrast, the oil separation ratio increased as 60.7% with
the addition of oleic acid (▼). Since the added oleic acid
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Figure 6. Oil separation ratio of MRFs prepared with different
stabilizing additives. The test was conducted after 27
days to ensure enough mixing

After the stability test, the rheological properties
(steady flow characteristics and viscoelasticity) of
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collected oils from the oil layers were conducted. From
the results, we found that the rheological properties of
oils collected from MRF with fumed silica and that with
CMOL SB03 were almost the same as that of the base
oil. In contrast, the oil collected from the MRF with the
copolymer showed higher viscosity and viscoelasticity
than that of the base oil. We expected that fumed silica
and CMOL SB03 may exist on to the surface of the iron
particles, while the copolymer molecules exist
homogeneously in the oil. Therefore, the improvement
of stability by the copolymer might cause from the
increase of the viscosity and viscoelasticity of the
solvent which can prevent the sedimentation of the
particles. Meanwhile, fumed silica and CMOL SB03
may build certain structure or interaction for getting the
particles involved; however, such structures were too
weak to improve the stability of MRFs.
Figure 7 shows the TEM image of styrene isoprene
block copolymer in the base oil. A certain specific
functional group of the copolymer molecules may
detected as many dots of similar distance in the image.
Although the entwining of molecules cannot observed
from the image, it might become the evidence that the
molecules existed uniformly in the base oil.
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Figure 8. Magnetic characteristics for MRFs prepared with
different stabilizing additives.

4 Conclusion
Suitable stabilizing additive for MRF should increase the
stability without significant increase of viscosity, as well
as increase the magnetic property. Three stabilizing
additives were selected in this study and their rheological
properties, stabilization ability for MRF, and the effect
on the magnetic characteristics of MRF were evaluated.
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