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Abstract

In this work the normal force behavior of magnetorheological suspensions are systematically investigated.
Four magnetorheological suspensions with different volume fractions (10%, 20%, 30%, and 40%) are pre-
pared and both the static and dynamic normal forces of the samples are measured by using a commercial
plate-plate magneto-rheometer under constant and sweeping magnetic field. A positive normal force will be
generated when the applied magnetic field exceeds a critical value. The normal force firstly increases with
the increasing of magnetic field strength and then reaches a saturation value. A magnetization model is uti-
lized to represent this mechanism. The oscillatory dynamic normal forces with time are studied and their
changes with shear rates are dependent on the volume fraction. Comparisons between static and dynamic
normal forces show that the differences between them are dependent on the volume fraction and magnetic
filed. The temperature effect on the normal force is studied and under high magnetic field the normal force
would increase slightly with the increasing of temperature.
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1. Introduction

Magnetorheological suspension (MRS) or magnetorheo-
logical fluid (MRF), invented by Rabinow in the 1940s, is
a smart material consisting of magnetic particles dispersed
in non-magnetic liquid such as oil or water. This material
exhibits fast, strong and reversible changes in its rheo-
logical property when a magnetic field is applied, making
it very interesting for lots of applications (Carlson et al.,
1996; Kordonsik et al., 2000; Spencer Jr et al., 2003; Li et
al., 2007; Hiemenz et al., 2008; Chen and Liao, 2008;
Wang et al., 2009). The rheological properties or force
behaviors of MR suspensions can be divided into two
aspects: shear response in the direction perpendicular to
that of magnetic field and normal behavior along the field
direction. Most of the studies on the MRS have focused on
the perpendicular field dependent shear response (Ginder
et al., 1994; Yong et al., 2009) and the researches on the
normal force behavior are relatively rare.

Normal forces of magnetorheological fluids are very
important for designing precision MR devices and MRF
polishing, evaluating the rheological properties of the mate-
rial, and understanding the structure deformation of the
magnetorheological fluids. Shkel and Klingenberg (2000)
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made the theoretical calculation showing that the normal
stress o33 and the magnetic field intensity H can be
expressed as o33 oc H'. In 2002, Vicente ef al. (2000) firstly
experimentally studied the normal force of the concentrated
MR suspension, which containing 50% volume fraction
carbonyl iron particles, by using a commercial controlled
stress parallel-plate theometer. They found the normal force
could be generated when two criteria were satisfied: the
magnetic field must reach a critical value and the MRS
must be under shearing. The positive and strain dependent
normal force reached a maximum with the increasing of the
shearing strain. However, See and Tanner (2003) found that
the normal force generated and acted to push the plates
apart even when the MRS was not subject to any defor-
mation. It increased with the increasing of the magnetic
flux density. Moreover, the normal force decreased with
increasing of the shear strain, and eventually reached a pla-
teau value. Then Laun er al. (2008) investigated the first
and second normal stress differences of a 50% volume frac-
tion MR fluid by using a commercial magneto-rheometer
with plate-plate and cone-plate geometry. Without shear,
the static normal force Fy for plate-plate increased with
magnetic flux density as a power law: Fy oc B**. The first
normal stress difference N; was positive and about five
times larger than the shear stress. The second normal stress
difference N, was also positive. Chan et al. (2009; 2011)
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described an experimental study on the characteristics of an
excited MR fluid in the field direction using a self-devel-
oped two-plate rheometer. The normal force of an MRF
was increased with increasing of the B-fields and the rela-
tion was also confirmed with a power law having an expo-
nent of about 2. The normal force can be further increased
by imposing shear actions on the excited MRF. They used
a mathematical model on the basis of the particle chain tilt
phenomenon to describe this. Recently, Lopez-Lopez et al.
(2010) reported a theoretical model based on the equilib-
rium between hydrodynamic and magnetostatic torques and
forces in a field-induced aggregate of particles subjected to
shear, especially they took into account the inhomogeneity
of the applied field and explained the disagreement
between the work by Vicente ef al. (2002) and these by
Laun et al. (2008) and See and Tanner (2003). Jiang et al.
(2011) studied experimentally the dependence of the nor-
mal stress on the shear rate and magnetic field strength in
the shear flow of magnetorheological (MR) fluids. Espe-
cially they showed that the normal stress increased con-
siderably decreased suddenly and significantly upon the
onset of shear thickening in MR fluids. The ratio of shear
stress to normal stress was discussed and it increased with
increase of the shear rate, but decreased with increase of the
applied magnetic field. However, to the best of our knowl-
edge, it has not been systemically investigated how the
static and dynamic normal forces depend on the iron con-
centration, the type of externally applied magnetic field,
temperature and any other parameters.

In this work, a series of magnetorheological suspensions
with different iron concentrations were prepared and their
normal forces were systemically tested and discussed. At
first, by using a commercial plate-plate magneto-rheom-
eter, the static and dynamic normal forces for the various
concentration MR suspensions were measured under sta-
tionary or shearing condition. Both constant magnetic field
and sweeping magnetic field have been employed to inves-
tigate their influence on the normal forces. Then a mag-
netization model is utilized to represent the variation of
normal forces with magnetic field. The influences of shear
rates on dynamic normal forces are observed. Comparisons
between dynamic and static normal force were made. At
last, the temperature effect on the normal force was stud-
ied. It will give us a comprehensive understanding of nor-
mal forces of MR fluids.

2. Experimental

2.1. Materials

MR suspensions were composed of carbonyl iron pow-
der particles in silicone oil. The carbonyl iron particles
were purchased from BASF (model CN) whose average
particle size was about 6 um. Silicone oil (H201) was pur-
chased from Sinopharm Chemical Reagent Co. Ltd and the
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viscosity of silicone oil was about 20 mPa's. A small
amount of stearic acid (2 wt%) was added to prevent sed-
imentation occurring and ensure easy redispersibility after
long term rest, due to the large density mismatch of the
particles and the base oil (Zhang et al., 2008; Jiang ef al.,
2011). Four different MRS samples with iron particle vol-
ume fractions of 10%, 20%, 30% and 40% were prepared.
The samples were vigorously shaken to ensure the required
homogeneity before measurements.

2.2. Apparatus

The normal forces of MR suspensions were measured
using a plate-plate magneto-rheometer (Physica MCR301,
Anton Paar, Austria) with a temperature controller. The
diameter of the plate was 20 mm and the plate gap was
fixed at 1 mm. The magnetic field was applied normally to
the sample plate via the magnetorheological unit (Physica
MRD 180) and the temperature controller made sure that
the tests could be taken at different temperatures from 0 to
100°C by using a water bath. The normal force was mea-
sured with a sensor built into air bearing and it could be
recorded from -50 to 50 N with an accuracy of 0.03 N.

2.3. Methods

Two types of experiments were performed to study the
static and dynamic normal forces. In all cases, the samples
were sheared in a shear flow beforehand. The samples were
sheared without a magnetic field at 50/s for 150 seconds to
ensure good dispersion. Then, the shearing was then stopped
for 30 seconds to equilibrate the sample. At last, the normal
force was measured with different methods as follow.

Magneto-constant experiments: The constant magnetic
field was applied and the normal force was monitored with
time: static normal force was got without shearing while
dynamic normal force was obtained under steady shear
rate. This method is used to understand how the normal
forces vary with time.

Magneto-sweep experiments: For static normal force, the
samples were then excited by linear-sweeping magnetic
field from 0 to 227 kA/m without shearing; for the
dynamic normal force, the samples were then excited in
the same way under steady shear rate. These testing can
directly show the relation between the normal forces and
magnetic filed.

All the tests were repeated for three times to guarantee the
validity of the results and the temperature was fixed at 25°C
except for studying the temperature effect on normal forces.

3. Results and Discussion
3.1. Static normal force

Static normal forces which were measured by the mag-
neto-constant method were firstly obtained when the mag-

netic field was kept as a constant value and no torsional
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Fig. 1. (Color online) Static normal forces (SNF) and dynamic
normal forces (DNF, shear rate is 1/s) during 600 s under various
magnetic fields for 30% MR suspension.

motion was applied. For 30% MR suspension (Fig. 1),
under low magnetic field strength the static normal forces
decrease with the increasing of the testing time and tend to
a steady value Fy. Besides, under low magnetic field (e.g.
31.17 kA/m), the time needed is longer than that under
high magnetic field (e.g. 102.4 kA/m). The value of normal
forces fluctuate slightly under low magnetic field, how-
ever, they keep steady during all the testing time at high
magnetic field. Within a high magnetic field, the magnetic
attractive force is bigger than the one in the small magnetic
field and drives the particles align along the flux and form
a chain structure more quickly and steady. Under a higher
magnetic field 151.1 kA/m the static field normal forces
increase a little with increasing of the testing time. How-
ever, the static normal force changes obscurely and can be
regarded as a constant value. A similar phenomenon can
also be found for other MR suspensions (not shown here
for brevity). Thus, a 10 min period was adopted as the
standard waiting time for testing the static normal force.
The steady static normal forces Fy for the four MR sus-
pensions are extracted and plotted as a function of mag-
netic field strength, as shown in Fig. 2(a). As soon as the
magnetic field is applied, the normal force generates and
shows a positive value, meaning the sample is tending to
push apart the two plates. With increasing of the externally
applied magnetic field the normal force increases. A sim-
ilar phenomenon can be obtained where static normal
forces are measured by using the magneto-sweep method.
As shown in Fig. 2(b), the applied magnetic field strength
increases linearly from 0 to 227 kA/m and the highest
magnetic field is larger than that in magneto-constant
method. The magneto-sweep method can help us under-
stand normal forces of as-prepared MRS more easily and
directly than magneto-constant method. In comparison to
the value obtained by magneto-constant method, the one
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Fig. 2. (Color online) Static normal force with magnetic field
strength measured by (a) magneto-constant method and (b) mag-

neto-sweep method (the insert of (b) shows the normal forces of
30% MRF under small magnetic field).

tested by the magneto-sweep method is higher, which is
because less testing time is used for the magneto-sweep
method (as the static normal force decreases with time).
Notably, the normal force Fy increases with the increas-
ing of the magnetic field strength H, and reaches a plateau
value finally. This result indicates that the normal forces of
the MRS can be saturated under a certain externally
applied magnetic field, which is very similar to the shear
yield stress saturation of MR suspensions (Ginder et al.,
1994; Jolly et al., 1996; Shkel and Klingenberg, 2000;
Fang et al., 2009). For low faction samples, such as 10%
and 20% MRS, the saturation values are about 3 and 14 N
when the applied magnetic field strength is 100kA/m.
However, for 40% MRS, the normal force doesn’t reach
the saturation value even under a 227 kA/m magnetic field
strength. In this case, larger magnetic field strength is
needed for higher volume fraction sample to make all the
magnetic particles be saturated. Therefore, the higher vol-
ume fraction sample often leads to a higher saturation mag-
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netic field. To our knowledge, no similar observation has
been reported. In the previous work, the volume fraction of
the samples was higher and the applied magnetic field was
smaller than these in our study. Therefore, the saturation
phenomenon can not be found.

In addition, at a high magnetic field, the static normal
forces increase when the volume fraction of the sample
increases from 10% to 40%. Under the low magnetic field
(<125 kA/m) the static normal forces increase when the
volume fraction increases from 10% to 30%. However,
they decrease when the volume fraction increases from
30% to 40%. Here, the force between the particles is not
directly dependent on the applied field but on the effective
field in the suspension (Lemaire and Bossis, 1991). The
effective magnetic field H. is given by H.y =H-4nM. M is
the magnetization and it is given by M=yH.s. So H.y =H/
W(Hep), where p(H)=1+4my(Hey) is the permeability of the
suspension. The permeability increases with increasing of
the volume fraction and then the force between the particles
decreases. However, the increasing of the volume fraction
will lead the number of the chains increase and the force
raise. There must be a competition between the permeability
and the volume fraction. Thus the normal forces depend on
both of the magnetic field and the volume fraction.

Notably, the zero applied field value of normal force is
negative, which means the MR suspensions attract the
plate come together. Here, the normal forces in the absence
of magnetic field were carefully investigated and the nor-
mal force of rheometer was reset to zero before each mea-
surements. The value of initial normal force for each
sample is between -0.2 N and -0.1 N, which is bigger than
the systematic errors. Therefore, the positive normal force
can not be generated under a low magnetic field. As soon
as the magnetic field reaches the critical value, the normal
force changes from negative to positive (Insert of Fig.
2(b)). The critical value is definitely measured for each
sample and depended on its volume fraction (e.g. 7 kA/m
for 30% MREF). It is found that critical field strength is
existed where a liquid experiences a phase transition to a
solid phase (Tao et al., 1989), which means chains are
formed as the applied magnetic field exceeds the critical
value. Below the critical value, the surface tension of the
fluid and the gravity of particle adsorbed on the plate lead to
a normal adsorbing effect. Then, the negative normal force
is generated. Solely the critical magnetic field is reached, the
normal pushing effects could overcome the attracting effect
and then the normal force becomes positive.

When a magnetic field is externally applied, chains or
columnar aggregates are formed in the MR suspensions
(Lemaire et al., 1992; Grasselli et al., 1994; Fermigier and
Gast, 1992; Zhou et al., 1998; Furst and Gast, 2000). This
microstructure transformation leads to the generation of the
normal forces, as explained by See and Tanner (2003) and
Laun et al. (2008). Fig. 3 shows the scheme for the for-

174

Fig. 3. (Color online) Microstructure for the origin of a positive
normal force due to squeezing of magnetized spheres into exist-
ing chains.

mation of the normal force. If no magnetic field is applied,
the magnetic spheres are randomly suspended in the carrier
fluid and normal force could hardly be found. However, as
soon as the magnetic field is applied, the iron particles in
the suspensions are constrained by magnetostatic energy
and then rearranged to form chains or aggregates parallel
to the magnetic flux density vector, which further span
plate-plate gap. The lateral forces push the spheres forward
the existing chains or columns. Due to the squeezing, the
existing chains or columnar aggregates are elongated along
the magnetic field, which produces a force tends to push
the plate apart. With increasing of the magnetic field the
magnetostatic energy enhances and then the further gen-
erated normal force increases. When magnetic field
strength reaches the critical value, the magnetic particles
approaches their saturation magnetization, the lateral
squeezing force can’t be enhanced even by increasing the
magnetic field. At last, the normal forces are saturated.
The gap distance d between the upper and the lower
plate, which can be obtained directly from the rheometer,
also changed by tuning the magnetic field. Fig. 4 shows the
relationship between the average plate-plate gap and the
applied magnetic field strength for 30% MR suspension
measured by magneto-constant methods. The gap distance
increases from 1 to 1.018 mm while the magnetic field
strength enhances from 0 to 194.77 kA/m. The distance
increases quickly at the beginning of the magnetic field
increasing. When the magnetic field is larger than 125kA/
m, the increasing velocity decreases and the gap distance
tends to level off. Here, the change tendency of the gap dis-
tance is similar with the normal force because the gap vari-
ation comes from the normal force. With increasing of the
applied field, the normal forces push the plate and raise the
gap distance. At last, the gap distance reach plateau at large
fields. It is reported (Shkel and Klingenberg, 2000) that the
MR suspension often shows a typical magnetostriction
property. Our work directly supports this view. Notably, the
gap variation would affect the magnitude of the applied
magnetic field. Here the variation is small and thus the
influence of the magnitude of the applied magnetic field is
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Fig. 4. Average plate-plate gap with the magnetic field strength
for 30% MR suspension measured by magneto-constant method.

ignored. When the MR suspension pushes the plate, the
plate would push the sample in return. There must be a
compression effect on the MR suspension. The suspension
works in a squeezing model (Li and Zhang, 2008) and this
is the reason why normal force generates.

3.2. Power-law and magnetization model

It has been predicated by Shkel and Klingenberg (2000),
without shearing and the MR fluid are treated as continua
with linear, homogeneous, and anisotropic permeability
properties, the normal force or normal stress with magnetic
field strength can be expressed as Fyoc oy;ckH", k relates
to the material magnetostriction coefficient and magnetic
susceptibility and n=2. Here a modified magnetization
model was also employed (Zubieta et al., 2009) to describe
the relation between normal force and magnetic field,
which can be expressed by the following equation

Fy= FN'*‘(FNO—FNm)(ZeiaH—eizaH) (1)

where Fy stands for the formal force with magnetic field
strength. Fy is ranged from zero applied field value Fy, to
the saturation value Fy, . H is magnetic field strength and
o is saturation moment index of normal force Fy. As
shown in Fig. 5, both the power-law equation and mag-
netization model are used to fit the normal force of 30%
MREF, where Fy,, Fy, o are -1.43, 34.43, 0.013 and k, n are
0.0033, 1.89 respectively. The magnetization model can fit
the curve better than the power-law equation at all the
range of magnetic field strength including saturation
appearances, while power-law equation can only coincide
with static normal force at low magnetic field.

All other volume fraction MR suspensions were studied
and the normal force was fitted by both models and the
parameters are shown in Table 1. For power-law equation
the exponent n is less than or equal to 2, which maybe
relates to the inhomogeneity of the applied field and that
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Fig. 5. (Color online) Static normal force as a function of mag-
netic field strength using the power-law equation and magne-
tization model for 30% MRF.

Table 1. Parameters of static normal force for power-law equa-
tion and magnetization model.

MRS
Model Value
10% 20% 30% 40%
Power- k[N/n 0.022 0.0059 0.0033 0.0015
(kA/m)"]
law
equation n 1.15 171 1.89 2
Fno [N]  -0.064  -0.94 -1.43 247
Magneti-
zation  Fy, [N] 496 2044 3434 7041
model
o[m/kA]  0.022 0.017 0.013  0.0075

the MR fluids aren’t perfect transverse isotropic materials
(Lopez-Lopez et al., 2010; Andablo-Reyes et al., 2011;
Orellana ef al., 2011). The index increases with the increas-
ing volume fraction of MREF, as the dense networks exist in
high concentration samples, and the multibody effects can
significantly increase the chain’s microstructural strength
compared to the single-width isolated chain, which mainly
forms in the low concentration fluids (Fermigier and Gast,
1992; Furst and Gast, 2000). For magnetization model, the
saturation normal force tested with magneto-sweep method
is about 5, 20, 34, and 70N for these samples, respectively.
The saturation value Fy,, increases with increasing of the
volume fraction, due to the high fraction MFS can form
more chains and aggregates as previously mentioned. The
saturation index o decreases with increasing of the volume
fraction which means high fraction suspensions need large
saturation magnetic field strength and the index inverses to
the saturation magnetic field strength.

175



ChaoYang Guo, XingLong Gong, ShouHu Xuan, YanLi Zhang and WanQuan Jiang

(a) 0.4 . 10%
509 | . 20w W,,.x"‘"
Z 40'%0.0 M 40%v'v
=4 V'
L -0.2 P vvv
8 30 1 0 3 GH[k%\/m]Q 15 18 vvvv
£ 20- Ry
© 'vv'
g 104 v' f“"—-‘_
2 v.o"
04 wysntliuan"
0 50 100 150 200 250
Magnetic field strength H[kA/m]
() 40
MRS-30%
_ . 010 —
zZ 30— 1/s ‘P‘.MM
= A 10/s
L v 100/s .
g 20 AA‘AvMM
-9 .l‘vvvvv
T >
£ 101 ‘::.
o _ayY
0] e’
0 50 100 150 200 250

Magnetic field strength H[kA/m]

Fig. 6. (Color online) Dynamic normal force measured by mag-
neto-sweep method with magnetic field strength for (a) all the
samples at a shear rate of 10/s and (b) 30% MRS at shear rates
of 0.1, 1, 10, 100/s (the insert of (a) shows the normal forces of
30% MRF at small magnetic field).

3.3. Dynamic normal force

Magnetic field dependent dynamic normal forces of 30%
MR fluid were measured at a constant shear rate of 1/s
(Fig. 1). When the magnetic field is applied, the dynamic
normal force generates. For the constant magnetic field the
most noticeable aspect is the oscillation in the dynamic
normal force and the period is about 62.8 seconds. For the
rheometer rotation tool, the shear rate of the rotation axis
dy/dt=Rw/h is 1/s, and the rotation period T can be
obtained as T=2m/w=2nR/h/(dy/dt}=21=62.8 second (® is
angular speed, R is the radius of the plate and h is the gap
between the plates). The rotation period of the axis is equal
to the oscillatory period of the dynamic normal forces.
Besides, similar oscillation normal forces could be found
for other shear rates, and the periods are the same with the
rotation of the rotation axis. Therefore, the oscillatory nor-
mal forces must arise from the rotation of the axis, which
means that the oscillation must come from the plate mis-
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alignments (Andablo-Reyes et al., 2011; Orellana et al.,
2011). The two plates defining the gap are not precisely
perpendicular to the rotation axis but tilted by a small
angle. The upper plate moves with fixed angular speed
while the lower plate remains stationary, the two plates
rotate in and out of alignment with period the full rotation
of the rotation axis. Therefore, the dynamic normal forces
oscillate with the same period.

Interestingly, the dynamic normal force in every period
keeps almost constant for the same magnetic field. That
means a steady microscopic structure can be formed more
quickly at steady flow than at rest. The dynamic normal
force tested during a long time or short time is almost the
same. There is no need to wait for 10 min to get a steady
value such as for the static normal force. Hence, the
dynamic normal forces measured with magneto-constant
and magneto-sweep method are almost the same. As is
similar to the static normal force characterization (Fig. 2),
the dynamic normal force increases with increasing of the
magnetic field and it tends to be saturated finally at high
magnetic field. Besides, the negative dynamic forces exist
without externally applied magnetic field (Insert of Fig.
6(a)). Dynamic normal forces at different shear rates (e.g.
0.1/s, 1/s, and 100/s) have been measured with magneto-
sweep method and the same tendency can be found (Fig.
6(b)). Recently, Lopez-Lopez et al. (2010) have given an
expression for the first normal stress difference and the
second normal force difference for MR fluids at shearing
in the considered range of magnetic fields

0] of 1 . 1,.2
= = _1 4
N, a,uOH[ 41<sm(40) Z}Lsm (2 0)} 2)
N,= —,uOHZB xsin(2 H)coszé‘—‘]—‘ﬂvsinz(Z 6’)} 3)

where |, is the magnetic permittivity of free space, @ is the
volume fraction of magnetic particles in MR fluids, @,
~0.64 is supposed to be the internal volume fraction of the
aggregates, k¥ and A are dimensionless parameters and the
angle 0 is tilt angle of aggregated particles. So at a constant
shear rate the dynamic normal forces without considering
the inhomogeneity of the applied field can simplify to
Fy= %;ﬂzz(z\/1 Ny H @)
where R is the radius of the plate. Therefore, a similar
square relation between dynamic normal forces and
applied magnetic field can be obtained in the linear per-
meability region. Besides, the magnetization model can
also be utilized to fit the dynamic normal forces for all the
region of magnetic field (not shown here for brevity).
However, the dynamic normal force doesn’t increase
monotonously with shear rates (Fig. 6(b)). For example,
the normal force tested under a shear rate of 1/s is larger
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Fig. 7. (Color online) Dynamic normal forces with shear rates for
all the MR fluid samples.

than the one under 0.1/s but smaller than the one under 10/
s. Therefore, the dependency of dynamic normal force on
the shear rates under a constant magnetic field was inves-
tigated. At a constant magnetic field of 102.4 kA/m (Fig.
7), the dynamic normal forces of four samples are obtained
where the shear rate increases logarithmical from 0.001 to
100/s. Similar with Lopez-Lopez’s results (2010), three
regions can be found through the dynamic normal force vs.
shear rate curve for the 10% MR fluid: (i) vertical gap-
spanning structure region (shear rate is less than 0.005/s)
where normal force is a plateau value; (ii) titled gap-span-
ning structure region where the normal force diminishes;
(iii) non-gap-spanning structure region where the normal
force reaches another plateau value. Besides, the decrease
of the shear stress at a low shear rate region in the case of
electrorheological fluids has been observed (Choi et al.,
2009; Liu et al., 2010). For the 20% and 30% samples, the
normal forces increase considerably with increasing of the
shear rate, but abruptly decrease at a shear rate of 0.3/s and
then reach a steady value. This is identical with Tian’s
experiments (2011). At such volume fraction samples the
Lopez-Lopez’s titled gap-spanning structure region is
hardly observed. For the 40% MR fluid, the normal forces
increase obviously with increasing of shear rates and then
tend to a steady value where shear rate is 1/s. No suddenly
decreasing (normal forces) are found with the shear rates.
Besides, the same could be found for other magnetic fields.
So the dynamic normal force with shear rate curves depen-
dent on the volume fractions of MR fluids. This phenom-
enon can be attributed to the microscopic structure
transformation of MR suspensions at steady flow.

The microstructure transition has been observed by Klin-
genberg et al. (1990) for a steady flow behavior of ER sus-
pensions and by Claracq et al (2004) for the MR
suspensions. When the shear rate is smaller than the critical
value, the chains between the plates remain intact and start
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to tilt away from electric flux direction. Therefore, similar
effect will lead to the increasing of the normal forces due
to shearing induced magnetic torque (Vicente et al., 2002).
When the shear rate reaches the critical value, for the small
volume sample (e.g. 10%), the isolator chains or columnar
adhered to the plates are mainly formed under applying the
magnetic field. They would be destroyed and the effect to
push the plate is weakened and thus the normal force
decreased. However, with further increasing of the shear
rate, the breaking of the structures by the shear and the
rebuilding by the applied magnetic reach new balance and
the normal forces keep steady values. For the large volume
fraction MR fluids (e.g. 40%), not only the chains but also
dense networks exist after applying the magnetic field.
When the shear rate reaches the critical value, the rebuild-
ing effect may exceed the breaking effect and the new bal-
ance structure forms and normal forces don’t decrease with
the shear rates. For the 20% and 30% MR fluids, when the
shear rate exceeds the critical value, the new balance struc-
ture is suddenly generated but weaker than the old one, so
the normal forces decrease abruptly. In addition, the larger
volume fraction MRS and the higher magnetic field often
lead to a higher value of critical shear rate.

3.4. Comparison of static and dynamic normal force

In this work, the differences between the static normal
force and the dynamic normal force are investigated. The
static normal force is measured without shearing, while
dynamic normal force is measured at a shear rate of 10/s
under the same conditions, as shown in Fig. 8. For 10%
MRS, the static normal force is larger than dynamic normal
force under all the magnetic field. However, although the
static normal force of the 20% MRS is also larger than
dynamic normal force at high magnetic field strength, it is
found that the static normal force is smaller than dynamic
normal force at low magnetic field. When the volume frac-
tion increases to 30%, the static normal force of the MRS
is almost equivalent to its dynamic force. At last, if the vol-
ume fraction of the MRS is increased to 40%, the dynamic
normal force is larger than the static normal force for all
the field strength. Previously, Laun et al. (2008) and Chan
et al. (2009 and 2011) reported that the dynamic normal
force was always larger than the static normal force. How-
ever, different results are observed in our work, which may
be due to their work only focused on single volume frac-
tion MR suspension (e.g. Laun ef al., 2008 only used 50%
volume fraction MR suspension).

During the testing process, when the magnetic field was
applied, the iron particles are rearranged to form chains or
columnar aggregates. In this case, both complete chains
adhered to the two plates and incomplete chains dispersed
in fluid are formed (Fig. 3). For MR suspensions with low
fraction, almost all the particles can form chains or colum-
nar aggregates under magnetic field and a static normal
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Fig. 8. (Color online) Static and dynamic normal force (shear rate
is 10/s) with magnetic field strength for all the samples.

force is generated. Here, the attracting effects between
chains are weak. When the shearing is applied, some
chains and aggregates break and rearrange, which will
weaken the pushing effect to the upper plate. Therefore, the
dynamic normal force is smaller than the static normal
force. For high fraction MR suspensions, more complete
chains and incomplete chains are existed in the suspension
in comparison to the low fraction MR suspensions. When
a shearing is applied, new complete chains may be formed
due to the particle rearrangement under such a dynamic
shearing process. The increasing of the complete chains
can enhance the pushing effect, thus the dynamic normal
force is larger than static normal force. For the intermediate
fraction sample, due to the poor constraint of magnetic
energy under low magnetic field, more incomplete chains
can be rearranged to form chains and dynamic normal
force becomes larger than the static normal force. In con-
trast, under high magnetic field the magnetic energy con-
straints almost all the particles to form chains adhered to
both plates. Under shearing, the chains break down and the
pushing effect becomes weak, and then the dynamic nor-
mal forces decrease. As a result, the dynamic and static
normal forces of the MRS are highly dependent on the vol-
ume fraction and magnetic field.

Because the dynamic normal forces change with shear
rates (Fig. 6), some differences are found between the static
and dynamic normal forces of different shear rates. Simi-
larly, for 10% MR fluids, the static normal forces are always
larger than the dynamic normal forces with shear rate from
0.001 to 100/s. For 40% MR fluids, the dynamic normal
forces with shear rate from 0.001 to 100/s are also larger
than the static normal forces. However, for the intermediate
fraction sample (20% and 30%), the comparisons between
the dynamic and static normal force dependent not only on
magnetic field but also on the shear rates. For instance, at a
certain magnetic field, the static normal force is smaller than
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Fig. 9. (Color online) Static normal force with magnetic field
strength at various temperatures for 20% and 30% MREF.

the dynamic normal force at a small shear rate but larger
than the dynamic normal force at a large shear rate.

3.5. Temperature effect on static and dynamic nor-
mal force

Temperature effect on static and dynamic normal force is
also investigated. Fig. 9 shows the static normal forces
measured by magneto-sweep experiments at four temper-
atures (10°C, 40°C, 70°C, 85°C for 20% and 30% MR sus-
pensions). It is found that at different temperatures the
static normal forces vary inconspicuously under low mag-
netic field but increase slowly at high magnetic field
strength. A similar phenomenon is observed for the
dynamic normal force. As shown in Fig. 10, the dynamic
normal force (at a shear rate of 10/s) increases with the
increasing of temperatures for both samples under a high
magnetic field. It is reported that the shear stress decreases
with the increasing of temperature (Weiss and Duclos,
1994; Sahin et al., 2009), which must be due to the vari-
ation of the particle volume fraction caused by expansion
and contraction of the carrier oil. In this case, with the
increasing of the temperature, the viscidity of the carrier oil
decreases. More complete chains may be formed, which
further enhance the normal response of particle to push the
plate. Dynamic normal forces increase more obviously
than static normal force with the increasing of temperature
at high magnetic field, which indicates a stronger micro-
structure can be formed for dynamic normal force.
Besides, for the 10% and 40% MR fluids the same tem-
perature effect on the normal forces can be obtained (not
shown here for brevity).

4. Conclusions

In this paper, a systemically experimental investigation
on the normal force behavior of MR suspensions is
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Fig. 10. (Color online) Dynamic normal force (shear rate is 10/s)
with magnetic field strength at various temperatures for 20% and
30% MRF.

reported. A series of magnetorheological suspensions with
different iron volume concentrations (10%, 20%, 30% and
40%) are prepared, and both the static normal forces and
dynamic normal forces are measured by using a commer-
cial plate-plate magneto-rheometer under constant and
sweeping magnetic field. It is found that a critical magnetic
field value is needed to generate the static and dynamic
normal force. Normal forces firstly increase with the
increasing of magnetic field strength, and then it reaches a
saturation value. A magnetization model is proposed to
describe the variation of both normal forces and the sat-
uration static normal force calculated by this model is
about 5, 20, 34, 70 N for the samples, respectively.

The dynamic normal forces at a constant shear rate have
a period with the rotation of the rheometer tool, which may
arise from the plate misalignments. Their changes with
shear rates are different for the various samples. For the
low concentration MR fluids, three regions could be easily
found. For the intermediate concentration MR fluids, the
dynamic normal forces suddenly decrease at the onset of
the shear rate. For the high concentration fluid, the
dynamic normal forces don’t decrease with the shear rate.

Comparison between static normal forces and dynamic
normal forces is made. The static normal force is larger
than dynamic normal force for low fraction suspensions,
but smaller than dynamic normal force at high volume
fraction of samples. For intermediate volume fraction, they
are almost equal. Therefore, the dynamic and static normal
forces of the MRS are highly dependent on the volume
fraction, magnetic field and shear rates.

The temperature effect on both static and dynamic nor-
mal force at low magnetic field strength could be ignored,
while they increase slightly with the increasing of tem-
perature at high magnetic field, which could be attributed
to the decreasing viscidity of the carrier oil.
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