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Unwanted agglomeration of micro particles in magnetorheological fluid is an important problem for many technological
applications. Furthermore, the stability of this kind of fluid is also studied as an important property in many research papers. Prior
to use, a redispersion of agglomerated or aggregated (connected by solid phase) particles is often necessary. The objective of this
study is to evaluate the dispersibility effect of magnetic nanoparticles as a carrier, while keeping the magnetorheological (MR) effect
as high as possible. A simple device based on the estimation of the penetration force of a standard needle is presented. The needle
moves across the sample vertically with a constant velocity and it is attached to a scale which registers the force displaced by the
needle during the dynamic test. The effect with and without other additives was also studied. Transmission electron microscopy
(TEM) and Scanning Electron Microscopy (SEM) reveal a protective behavior of nanoparticles around the micro particles. We
conclude that addition of magnetic nanoparticles improves the dispersibility characteristic compared with common dispersing
additives without affecting the MR effect.

1. Introduction
A magnetorheological fluid (MRF) is a smart soft material
with a dramatic rheological magnetic field-response, which
increases the apparent viscosity of the MRF suspension [1],
proportional to the strength of the magnetic field [2] due to
the high concentration of magnetizable micro size particles
[3, 4], typically spherical [5], and suspended in a nonmagnetic carrier [6]. The characterization of this programmed
response materials, the volume content of particles, size,
and shape [7–9] determines its technological applications,
among biomedical prosthesis, dampers and seismic insulators, aerospace industry, and drug vehicles design to mention
just a few [8, 10–15].
One of the major problems concerning these suspensions
and specifically in MRF applications is the stability and redispersibility of the fluid, which is one pending task to be considered. The sedimentation phase is an inevitable phenomenon,
inherent to the density difference between the components
of the MRF [16], highly dependent on the electrochemical

repulsive forces, which results from the interaction between
electrolytes adsorbed to the surface material of the suspended
magnetizable particles, and the composition of the dispersing
phase [16, 17]. Both the gravitational physical phenomena,
centrifugal acceleration and electromagnetism [18–20], and
the electrochemical forces result in the accumulation of the
solid phase, forming the so called cake, in the bottom of the
container. Several efforts have been made in order to improve
the stability in magnetorheological suspensions, like adding
iron particles to polymeric matrixes [21, 22].
The rheological behavior of a “well designed” MRF
should have an easily and widely tunable response by the
application of the magnetic field. The response is maximized
for sufficiently high particle concentrations, and this may
require solids contents as high as 30% v/v. The typically use of
organic media, surface modifier, or nonmagnetic nanoparticles [23–29] could improve the stability of the fluid but also
have the disadvantages of the increased viscosity of the system
and thus could hinder the magnetorheological effect. In some
cases the organic media have no surface charge and hence
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Figure 1: (a) SEM picture of the iron micro particles; bar length 5 𝜇m. (b) TEM picture of the magnetite nanoparticles; bar length 20 nm. (c)
SEM picture of the iron micro particles and magnetite nanoparticles; bar length 5 𝜇m (inset picture: cloud of nanoparticles around one Fe
micro particle).

there is no electrostatic repulsion between particles, which
could prevent their irreversible aggregation induced by van
der Waals and magnetic (due to the remnant magnetization)
interactions.
Still nowadays how to evaluate this characteristic is not
clear and a few researches were focusing on the stability of this
suspension and not what happened after the sedimentations
occurs. A good dispersibility is associated with ease and
quickness of dispersion and poor dispersibility with difficulty
and slowness of dispersion. This often is related to rates, and
therefore the rate of dispersion with time is commonly held
to be related to, or indeed to be, a measure of dispersibility or
redispersibility.
Meanwhile, redispersion is one of the biggest challenges
in the characterization of MRF [30, 31]. It can be described
as the capability of an MR suspension to incorporate homogeneously the sediment through the suspension, once the
particles have settled, in which the most important thing to
determine is the stiffness of the sediment [32]; the lower it is,
the easier it is to redisperse by shaking [33].
Described by Bombard et al. [34], the measure of the
redispersibility can be estimated by the calculation of the
work applied from a penetrating steel blade onto an MRF
at a constant speed of 1 mm/s. The calculation consisted in
integrating the area under the curves of force as function
of displacement. Some variations of this method previously
described were presented later by Iglesias et al. [33] using
a standard needle and the hardness of the sediment was
recorded by digital weighing scale.
Later on, it is shown [35, 36] that, in order to achieve
more redispersibility in an MRF, the ferromagnetic particles
should be coated with a high-temperature fluorinated polymer which could be implemented. Furthermore [35] provides
the measurement of the cake hardness, which is carried out
by a micromechanical instrument DMA-7e, PerkinElmer,
Waltham, MA.

In this work, the effects of three MRF samples with 30%
v/v volume fraction of solid phase of magnetic micro particles
in mineral oil dispersing in MR #1: 0.4% AlSt (aluminum
stearate), MR #2: 0.4% AlSt (the viscosity modifier is a mixture of two polymers: one is a polyester (like 2-alcoxy-dialkylsuccinate) and the other is a styrene-di(alkyl) fumarate block
copolymer), and MR #3: 6.2% v/v volume fraction nanoparticles as a carrier fluid (ferrofluid) without other additives were
investigated by the penetration of a standard needle and a
weight scale. The results show that the addition of nanoparticles could improve the dispersibility behavior of the MRF,
keeping a highest value on the magnetorheological effect.
Furthermore, the penetration technique can be a complementary test to predict the storage behavior in MRFs.

2. Materials and Methods
2.1. Materials. HQ carbonyl iron powder from BASF (Germany) was used as solid phase. It consists of polydisperse
spherical particles with a median particle size of d50 = 2.3 𝜇m
(particle diameter ranges from 0.5 to 3 𝜇m) and an iron content of 97% (density = 7.5 g/cm3 ). The base carrier fluid was
mineral oil (Sigma Aldrich) and it was used for all the suspensions; its viscosity at 25∘ C is (0.028 ± 0.001) Pa⋅s. Samples
MR #1 and MR #2 contain aluminum stearate (Aldrich),
and MR #2 has a viscosity modifier to improve the stability
and it is composed of two polymers: one is a polyester (2alcoxy-dialkyl-succinate) and the other is a styrene-di(alkyl)
fumarate block copolymer. MR #3 contains nanoparticles
(ferrofluid) used as carrier. It was prepared following the procedure described in [37], the nanoparticles have an average
size of 7.8 ± 0.3 nm. The ferrofluid carrier had a solid concentration of 6.2% by volume. Figure 1(a) shows the TEM picture
of the iron micro particles while Figure 1(b) shows the SEM
picture of the nanoparticles used. As we can see in Figure 1(c)
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Figure 2: (a) Instinctive hardness test; (b) sketch of the device; (c) penetration force for water and acetone; (d) scanning setup.

each iron micro particle is surrounded by a “cloud” of magnetite nanoparticles (inset picture).
2.2. Rheological Properties. The rheological properties of the
MR # fluids were determined in a Paar-Physica MCR-300
(Austria) magneto rheometer using a plate-plate configuration 20 mm in diameter, with a 0.35 mm gap. The maximum
applied field was B = 431 m T. All measurements were taken
at 25.0 ± 0.2∘ C.
2.3. Redispersibility. The method is based on recording the
stiffness of the sediment by using a penetration standard
needle connected to a digital semimicro balance (Mettler
AE163, Switzerland) with a precision of 0.1 mg (9.8 × 10−4 mN
weight). The velocity of the penetration was fixed at a
constant value of 10 mm/s. Figure 2(a) shows the instinctive
manual method to determine if the “cake” is hard or soft
after sedimentation and the proposed device is shown in
Figure 2(b). A stepper motor (1.8∘ /step) is placed in the
bottom of the device in order to drive a free vertical screw of
the double decked platform located above it and is separated
80 mm from each layer to create enough space for the guide
columns, to maintain the platform in horizontal alignment,
and constitutes the mobile part of the mechanism, whose
main objective is to displace vertically and uniformly the test
tube crowning the device, towards a needle fixed to a scale,
which is connected to a computer.
The scanning test consists of recording the mass displaced
by the needle while the test tube moves vertically towards
it, as shown in Figure 2(d). The sensitivity of the method
is illustrated in Figure 2(c) where the penetration force is
plotted as a function of the penetrated distance in water and
in acetone. Note that the device can detect the immersion in
both liquids, by manifestation of the buoyancy of the needle.

It should be noted that the sample tube is a removable
container and does not constitute part of the device configuration, allowing independent storage and therefore the
capability of analyzing samples with sedimentation-periods,
lasting as long as the study warrants. With this setup, the
device allows performing many penetration cycles in order
to study the redispersibility of the suspensions under test.
From Figure 2(c) we can estimate the relation between
the forces as a function of the penetration depth by a linear
fitting of the first penetration step (20 mm depth). In the
sample with water this value is 0.052 ± 0.003 mN/mm, while
in the acetone sample is 0.038 ± 0.002 mN/mm. Furthermore,
we can distinguish the different peak force value needed to
penetrate each liquid (1.52 mN for acetone and 2.25 mN for
water sample).
Redispersibility test for all samples was evaluated allowing MRF formulations to settle in test tubes for all samples:
just prepared and after 10 and 30 days of storage.

3. Results and Discussion
3.1. Magnetorheological Test. The magnetorheological characterization of the suspensions was carried out by obtaining
the shear stress versus shear rate in a wide range of applied
magnetic field. Figure 3(a) shows the steady state rheograms
(shear stress versus shear rate) obtained for MRF #1, MRF #2,
and MRF #3 for different magnetic field applied.
In all the cases of samples MRF #1, MRF #2, and MRF #3
the magnetorheological behavior is similar. The lower value
of shear stress in the sample MRF #1 compared to the others
is due to the absence of any additives, while the value of MRF
#2 and MRF #3 without magnetic field is nearly double as a
consequence of the increase of the viscosity of the carrier in
both cases. Furthermore, the maximum value achieved with
a magnetic field strength of 430 mT is more or less similar
in all of them, with a small difference in the case of the
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Figure 3: (a) Steady state rheograms (shear stress versus shear rate) for all samples. (b) Shear rate values (min. and max.) into the postyield
region (shear rate > 30 s−1 ).

addition of nanoparticles, as López-López et al. [14] found
that the yield stress increased significantly, if sufficiently
concentrated ferrofluids were used as carriers in MRFs. Also,
this small increase of the MR effect in sample MRF #3 could

be explained due to the formation of a protective “halo”
of magnetite nanoparticles around the iron micro particles
shown in Figure 1(c). This structure prevents the particles
from aggregation and maximizing the MR response.
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Figure 4: (a) Dynamic yield stress and (b) shear viscosity as a function of magnetic field strength.

The dynamic yield stress (𝜎𝑦 ) and the viscosity (𝜂𝐵 ) for
MRF #1, MRF #2, and MRF #3 suspensions were estimated
by fitting the shear stress (𝜎) versus the shear rate (d𝛾/dt) data
from Figure 3 to the Bingham plastic model 𝜎 = 𝜎𝑦 +𝜂𝐵 𝑑𝛾/𝑑𝑡.
These fits were performed for shear rate values well into the
postyield region (d𝛾/dt > 30 s−1 ). As observed in Figures 4(a)
and 4(b), the application of a magnetic field provokes a nonNewtonian plastic behavior. Figure 4(a) indicates a similar
MR effect in all suspension. From a rheological point of view,
it seems that the advantage of the MRF #3 with nanoparticles
over the others MRFs is the wider range of field-controlled
viscosity variation (Figure 4(b)).
3.2. Redispersibility. Sedimentation is an inevitable consequence of the two components of MR fluid. It has a liquid
carrier like oils or water and a solid part composed of iron,
nickel, or other metallic particles as well. Longer periods of
sedimentation lead inevitably to the formation of sediment
and in consequence to nonoperating of the MR fluid. The key
of the design MR fluid is then to use conditions such that
the mechanical hardness of this sediment is not as high as to
produce an easy redispersion upon gentle shaking.
Figure 5 shows the redispersion experiment of the samples. These experiments were performed during 30 days of
storage with one measure on day ten. As we can see in the
figure for just prepared samples, the penetration test was
similar in all of them. The initial slope and the force peak are
nearly the same for all the samples, but this behavior was not
quite what we could predict after 10 and 30 days.
In MRF #1 and MRF #3 the increase of the force peak since
30 days of storage was about three times the initial value and
this was similar in the third penetration step. In the MRF #2
the behavior was different. The slope value of MRF #2 after
10 days of storage was lower than the other fluids, but at the
end of the test (day 30), the value was seven times higher than

the first penetration step and decreases with the subsequence
step to a similar value of MRF #1 thanks to the addition of the
additives. Furthermore, in MRF #1 the peak force increases
10% and in MRF #3 decreases 10% of the initial value after
three penetrations after 30 days of storage.
It is important to remark that the samples without nanoparticles offer a larger penetration resistance near the end of
the run, clear evidence of the finding of hard, compact sediment. On the contrary, the samples prepared with nanoparticles are characterized by a slight monotonous increase all
along their height but remain small after 10 and 30 days. This
MRF #3 shows minimum penetration force and it could be
confirming that the halo of nanoparticles keeps the iron
microspheres away from each other, preventing their irreversible aggregation by either van der Waals or magnetic
attraction.

4. Conclusions
The addition of nanoparticles as a carrier indicated that it
could be enhancing the magnetorheological behavior of the
MR fluid compared to the fluid containing stabilizing and
thickening compounds additives. Another remarkable difference of the MR fluid with nanoparticles is the larger magnetic
field-induced variation in the viscosity compared with the
other fluids under study.
The method based on the evaluation of the hardness of the
sediment by measuring the force of penetration of a standard
needle led us to the conclusion that the use of nanoparticles
as a carrier liquid in our formulation avoids the formation
of compact sediments during long shelf or storage periods.
A volume fraction of nanoparticles of 6.2% v/v was evaluated
and was enough to achieve such easy redispersion. The benefit
on the redispersibility of the fluid could come from the
protecting effect of nanoparticles surrounding the iron micro
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Figure 5: (a) Force versus penetration step for all MRFs. (b) Slope and peak force value of 0, 10, and 30 days after storage.
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particles and avoiding short-range attractions between them,
thus hindering the occurrence of compact sediments.
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