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Abstract: The paper summarises the results of laboratory testing of three commercially available magnetorheological (MR) fluids operated
in the oscillatory squeeze mode. Tested fluids include the Basonetic 204 and Basonetic 4035 (BASF) and MRF-122EG (Lord Corporation).
The oscillatory squeeze mode produces large forces at small displacements. This feature may be well utilised in fabrication of new MR de-
vices. The purpose of the experiments was to evaluate the suitability of MR fluids for applications in MR vibration dampers being devel-
oped under the current research project. The results enable a comparative analysis of investigated fluids and verification of phenomena
encountered in the oscillatory squeeze mode and reported in the literature.
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1. INTRODUCTION

MR fluids are suspensions of ferromagnetic particles in a car-
rier liquid (typically oil or water) whose rheological properties can
be controlled through the action of a magnetic field. The fluids can
be operated in the valve mode (used in vibration dampers
(Sapinski, 2006)), in the direct shear mode (used in brakes
and couplings) or in the squeeze mode (used in dampers
and bearings (Bonneau and Frene, 1997; Farjoud et al., 2008;
Guldbakke and Hesselbach, 2006; Mazlan, 2008)). Literature
on the subjects abounds in reports on the valve and coupling
modes whilst the squeeze mode still poses a major challenge
to researchers.

Properties of MR fluids operated in the squeeze mode are de-
pendent on application requirements. In the case of vibration
damping systems, of particular importance is the ability to gener-
ate significant forces when MR fluid is displaced from the squeeze
zone and to provide for a wide variability range of rheological
parameters.

This paper summarises the laboratory testing of selected MR
fluids operated in the oscillatory squeeze mode with a constant
contact area between the sample and plate. Since MR fluids
dedicated directly to this operation mode are not available com-
mercially, experiments were done on samples of MR fluids which,
according to the manufacturers’ specifications, are recommended
for use in vibration dampers.

The purpose of the experiments was to evaluate the suitability
of those MR fluids for use in squeeze mode vibration dampers,
which are investigated by the authors under the current research
project.

2. SQUEEZE MOEDE

Two cases of the squeeze mode operation of MR fluids are con-
sidered: with the constant volume (Fig. 1a) and with the constant
contact area (Fig. 1b). Stresses obtained for MR fluid when squeezed

approach 100-150kPa with relatively small displacements of the order
of several millimetres. These features can be used to develop novel
devices using the MR fluid technology (Bonneau and Frene, 1997;
Gotdasz and Sapiriski, 2011; Zhang et al., 2011).

There are only few studies exploring the squeeze mode of the MR
fluid operation and the involved phenomena. In the work Horak
(2013), attention is given to the effect of the displaced carrier fluid
from the squeeze zone. As a result, the properties of the MR fluid will
change during its operation in the squeeze mode.
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Fig. 1. Squeeze of the MR fluid: a) with the constant volume,
b) with the constant contact area
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Fig. 2. MR fluid particles a) column-like chain structures,
b) deformation due to compression

Another phenomenon observed when a MR fluid is operated
in the squeeze mode is the change of the fluid structure. In the
presence of a magnetic field, ferromagnetic particles are arranged
in column-like chain structures (Fig. 2a) which get deformed due
to compression (Horak, 2013; Tao, 2011) (Fig. 2b).
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When operated in the squeeze mode, the MR fluid provides
increased resistance to compressive loading and its yield stress
tends to increase. As a result, the yield stress of the MR fluid may
increase even 6-times (Tao, 2011).

Another aspect of the MR fluid behaviour in the squeeze
mode is the clumping effect (Farjoud et al., 2008; 2011) which
involves aggregation of MR fluid particles leading to formation
of ferrous particle aggregate clumps in the fluid. As a result, pro-
gressively increasing force will develop in consecutive test runs.

Moreover squeeze force is also influenced by pressure gener-
ated in the MR fluid under the action of the applied magnetic field.

3. EXPERIMENTS

3.1. Examined fluids

Testing is done on three MR fluids, two manufactured by the
BASF Company (Basonetic 2040, Basonetic 4035) and MRF-122EG,
manufactured by Lord Corporation (http://www.basonetic.com/,
http://www.lord.com/). The choice of those particular fluids was
prompted by the intention to conduct an experiment on a MR fluid with
a relatively low volumetric density (<3 g/cm?3). Similar density of tested
fluids is indicative of similar solid fraction. The percentage of ferro-
magnetic particles in MR suspension is an important factor affecting
the behaviour of the MR fluids.

MR fluids Basonetic 4035 and MRF-122Eg have a similar vis-
cosity in the absence of the magnetic field (indicated by similar
viscosity of the carrier fluid) but differ significantly in the level
of saturation magnetisation. Basonetic 2040 features a higher
zero-state viscosity and its saturation magnetisation level is ap-
proaching that displayed by Basonetic 4035. Selected properties
of fluids used in tests are summarised in Tab. 1.

Tab. 1. Properties of MR fluids

MRfuid | oS D‘:g%rg;c yi'(i,‘iﬁi,"y m:;;l:e:?zt::::)n
[g/cm?] [Pa's] [kA/m]
Basonetic 2040 2.47 0.956 418
Basonetic 4035 2.68 0.106 417
MRF-122EG 2.38 0.127 359

3.2. Experimental set-up

Tests were performed in the experimental set-up shown
schematically in Fig. 3 (National Science Centre, contract number
1185/B/T02/2011/40). Testing device consist of a frame on which
a linear servo-motor (1) is mounted, enables to change the posi-
tion of the measuring plate with the accuracy 0.001mm. A force
sensor (2) is attached to the motor, used for measuring the tensile
and compression forces. The sample of the MR fluid was placed
inside the test cell (3).

The investigated sample of MR fluid (5) was placed between
the electromagnet cores (7) and a movable plate made of a para-
magnetic material (4). The magnetic circuit is closed by the cham-
ber housing (6). The applied magnetic field induction is altered by
varying the current intensity in the electromagnet coil (8). In the
electromagnet core and in the housing the ducts are made
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to allow the flow of the cooling fluid, which ensures the tempera-
ture stabilisation of the system. All experiments were conducted
at the constant temperature 25°C.

A PC with the dedicated software (LabView version 2010)
enables the control of position and speed of the linear motor
and steering of the electromagnet power supply, as well as data
acquisition.

/
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Fig. 3. Schematic diagram: a) experimental set-up, b) test cell

The schematic of the squeeze flow geometry is shown in Fig. 4.
A mobile plate with the diameter @ 45mm was placed between
the electromagnet core and the cell housing, having identical diame-
ter. The height of the gap between the core and the cell cover
is hg=10mm, the sample volume 1.6ml and the initial height of the
gap is ho=1mm. The amplitude of the applied triangular excitation
inducing the plate position is Ah=0.2mm.
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Fig. 4. Schematic of geometry

Experiments were performed in the presence of the magnetic
field with the flux density B: 70, 100, 140, 200 and 270 [mT] under
the applied excitation with the frequency f=0.1 and 0.5 [Hz], corre-
sponding to the squeeze rate 0.04 and 0.02 [mm/s]. The squeeze
force was assumed to have the positive sign.

3.3. Results

Fig. 5 shows plots of squeeze force and of the applied excita-
tion (changes in the plate’s position) for one of the MR fluids
(MRF-122EG) and for various levels of magnetic flux density. The
plots of displacement excitations for f=0.1 and 0.5Hz are slightly
different, which is associated with the accuracy of level involved
in the linear motor executing the pre-set operation pattern.

The relationship between the squeeze force (F) and change
of the gap height (Ah) is shown in Fig. 5, 6 and 7. For all investi-
gated fluids, during the return movement of the plate (gap in-
crease), the squeeze force rapidly decreases, going down to its
initial level.
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Fig. 5. Squeeze force and plate displacement vs. time; MRF-122EG;

a) f=0.1Hz, b) f=0.5Hz

For flux density B<100mT, the force increase is linear for the
fluids Basonetic 4030 and MRF-122EG. In the case of the fluid
Basonetic 2040, however, a dramatic force increase was regis-
tered in the final phase of the squeezing process.

For flux density B>140mT, a two- stage force increase was
observed for MRF-122EG and Basonetic 4035. In the first stage
the squeeze force increases rapidly and then begins to increase
linearly, at a lower rate, finally reaching its maximal value. Re-
vealed differences between force vs. gap height plots obtained
for MR fluids differing in viscosity of their carrier fluids may be
indicative of the influence that the structure of the fluid has on the
process of squeezing. In Basonetic 2040 (based on a high-
viscosity oil), formation of chain structures is hindered because
of higher resistance to motion experienced by ferromagnetic
particles. In the case of various MR fluids subjected to magnetic
field with the same flux density, those with less extended particles
structures will experience squeezing.

For the fluid featuring the highest zero-state viscosity (Basonetic
2040), the squeeze frequency does not significantly affect the regis-
tered force pattern. The influence of the squeeze rate on the squeeze
force is revealed only in fluids whose carrier fluid has lower viscosity
(MRF-122EG and Basonetic 4035). This behaviour of MR fluids may
be indicative of the influence that the rate of the chain structure for-
mation has on the squeezing force. A high squeeze frequency short-
ens the time needed by the MR fluid particles to form a chain struc-
ture. In MR fluids containing low-viscosity carrier fluids formation
of chain structures will take less time.

For flux density B=270mT, a non-zero force is registered
whilst the moving plate returns to its initial position. This force
is the consequence of pressure developed in the MR fluid due
to the action of a magnetic field. A thorough analysis of this phe-
nomenon is presented in the work Salwinski and Horak (2012).

The plots of maximal squeezing force are provided in Fig. 9.
No matter what the squeezing rate, for lower flux densities the
greatest resistance to squeezing is registered for fluids with high-
est viscosity. This may by cause to the fact that under the action
of weaker fields, the carrier fluid viscosity becomes the major
determinant of the MR fluid behaviour. High viscosity of the carrier
fluid may be responsible for lower values of the maximal squeeze
force registered in measurements taken at higher flux densities.
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Most probably, high viscosity of the carrier fluid impacts on the
dynamics of MR particles forming the chain structures, that is why
at the instant the squeezing begins, the less developed particle
structure will get deformed.
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Fig. 9. Maximal force vs. flux density

It is worthwhile to mention, that for flux densities B<100mT
the maximal squeezing forces registered for MR fluids with similar
viscosity yet differing in saturation magnetisation are similar, evi-
dencing the dominant influence that viscosity of the carrier fluid has
on the behaviour of MR fluids operated in the squeeze mode under
the action of magnetic field with a relatively low flux density.

The highest value of the maximal squeezing force is obtained
for the MR fluid featuring high saturation magnetisation and low
viscosity. The squeezing rate is found to have little effect on maxi-
mal squeeze force.

Fig. 10 shows the photo of MR fluid (MRF-122EG) after the
experiments, revealing the carrier fluid released from the MR fluid.
The identical process is observed for all investigated fluids. Re-
lease of the carrier fluid is associated with the fact that ferromag-
netic particles in the squeeze zone are maintained in position
by the magnetic field and the carrier fluid mostly will be pushed
from the gap, causing the rheological properties of MR fluids to be
altered. That is so because the (percentage) proportion of the
solid phase in MR fluid is changed, too.

Fig. 10. MRF-122EG after experiments

acta mechanica et automatica, vol.7 no.2 (2013), DOI 10.2478/ama-2013-0020

4. SUMMARY

The paper summarises the results of testing of three commer-
cially available MR fluids (Basonetic 2040, Basonetic 4035, MRF-
122EG) operated in the oscillatory squeeze mode. Investigated
fluids differed in their zero-state viscosity and in the level of satu-
ration magnetisation.

The resistance to squeeze exhibited by MR fluids are deter-
mined by several factors, such as: yield stress, viscosity, strength
of chain-like structures of ferromagnetic particles, the rate of for-
mation of chain structures. Furthermore, the magnetostatic pres-
sure associated with MR fluid and magnetic field interactions
is a major determinant, too.

The behaviour of all investigated MR fluids was similar.
The differences between the registered force values and the
shapes of the squeeze force plots are attributable to various levels
of intricacy of MR fluid particle structures and differences in vis-
cosity of carrier fluids in the investigated samples.

It was observed that the carrier fluid tends to get separated
from the ferromagnetic particles during the experiments.

No progressively increasing squeeze force was observed
in consecutive squeeze test runs. It is reasonable to suppose,
therefore, that no ‘clumping effect’ occurred during the experi-
ments.

The behaviour of MR fluid operated in the squeeze mode
is a complex research problem. At the current stage it is impossi-
ble to address and explain all aspects involved in the squeeze
mode of MR fluid operation. The analysis is further complicated by
lack of specific data about the composition and structure of inves-
tigated fluids, for instance the shape and size of forming particles.
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