Off-state viscosity and yield stress optimization of magnetorheological fluids: a mixture design of experiments approach
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Magneto-Rheological Fluids (MRFs) are
composite or multiphase materials. They
are commonly prepared with some
ferromagnetic phase dispersed in a
chemically inert, non-volatile liquid.
Typical materials include iron powders and
mineral, silicone or synthetic oils. MRFs
have the ability to change their rheological
properties. When a magnetic field is
applied, MRFs can change from a fluid to a
near solid in a reversible way – with a
relatively fast time of response (~10
milliseconds). The rheological properties
are controlled by the field strength, which
makes MRFs very promising for several
technological devices, especially in
mechatronics.
The magneto-rheological effect increases
with the volume fraction of iron powder
that is the active phase. However, one of
the challenges in formulating good MRFs
is to keep the so-called off state viscosity –
the viscosity without magnetic field – as
low as possible. Since the earlier works of
Mooney [1], Krieger-Dougherty [2],
Thomas [3], and Frankel and Acrivos [4] it
is well established that the relative
viscosity of any suspension increases
exponentially with the volume fraction.
It is also well-known that mix powders
with different particle sizes and/or size
distribution
can
be
advantageous.
Chemical and food engineering processes,
powder metallurgy and ceramics industries,
etc. have used this approach with success
[5]. Farris reported that there is substantial
reduction on the relative viscosity in
multimodal suspensions – when compared
to unimodal suspensions – if the total
volumetric fraction  is above 55% v/v

and depending on the volume fraction of
large particles (L/) [6].
To increase the maximum packing volume
fraction and to reduce the viscosity for
powders of uniform spheres with different
size ratios, optimum blend ratio of binary,
ternary, quaternary or quinary mixtures
was well established by Lee [7]. Besides,
Dinger and Funk [8] – based on the
seminal work of Andreasen and Andersen
[9] – have shown that it is possible to
reduce the viscosity of powder dispersions
with mixtures. This, however, requires
mixing at least two decades of particle size.
Three or more decades are often used. The
ideally infinite number of decades is
obviously impossible. In such way the
gross particles are the main components,
and the amount of other components
decreases with the size reduction.
For powders with log-normal size
distribution and mixing less than one size
decade, the above mentioned approach
does not work. More recently, He and
Ekere, through computer simulation, have
suggested
that
for
concentrated
suspensions of non-colloidal particles with
log-normal distribution, the viscosity
decreases as the standard deviation of the
particle diameters increases [10].
It is also well-known that to maximize “onstate” force of MRF, bimodal particle
distribution is better than unimodal [11,12].
On the other hand, according Carlson [13],
large particles are the choice to minimize
“off-state” forces.
The purpose of this paper is to optimize the
blend ratio of ternary mixtures of spherical
iron powders with different modes to get
the minimum “off-state” viscosity as well

as to maximize the yield stress under field
in Magnetorheological Fluids. The Mixture
Design of Experiments methodology [14]
was here utilized considering the powders
‘A’ (coarse); ‘B’ (medium); and ‘C’ (fine)
as mixture components and the viscosity
and yield stress as mixture responses. The
minimum viscosity was found close to the
A-C triangle edge of a response surface
diagram. On the other hand, the maximum
yield stress was on the B-C edge. Figure 1
shows the mixture contour plot for the
mean viscosity of the ternary blend. It can
be seen that there is a region (arrow) where
the “off-state” viscosity is minimized.
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Fig. 1 Contour plot of the mean viscosity for the
ternary mixture A-B-C.

The results show the power and robustness
of DOE methodology to optimize and to
tailor MRF performance, according to the
desired application.
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