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1. Introduction

Magnetorheological fluids are suspension consist-
ing of three parts: ferromagnetic particles, non — a magnetic
carrier and additive. Without the action of a magnetic field,
ferromagnetic particles are randomly dispersed in the non-
magnetic fluid. Under the action of magnetic field, these fer-
romagnetic particles attract each other and form a chain
structure along the magnetic field direction, resulting in the
resistance to shear stress. The appearance is like a solid state
[1-2]. The shear ability of the magnetorheological fluid var-
ies with the magnetic field. After removing the magnetic
field, the magnetorheological fluid immediately returns to
the free flow state. The response time of the magnetorheo-
logical effect is very short, usually in milliseconds, and the
transformation between solid and liquid is reversible. As a
kind of intelligent material, magnetorheological fluid has
many advantages, such as rapid change, continuous, high ef-
ficiency, safety and reliability [3]. Compared with other de-
vices, magnetorheological fluid devices have the following
advantages: control and adjustment have continuously
changing performance, which can carry out precise real-
time control [4]. The structure is simple, the work is soft, the
noise is low, and the response speed is fast. Therefore, the
use of new product development and magnetorheological
effect compared to some products, has obvious advantages
and market competitiveness in the use of performance, man-
ufacturing, and price, has been used in aviation, aerospace,
machinery, automobile, precision machining, control and
other fields. With the development of research, magnetorhe-
ological fluids will be used in more fields and will show
wide application prospects.

2. Constitutive model of magnetorheological fluid

Bingham model, Casson model and Herschel-
Bulkley model are used to describe the rheological behavior
for such fluids as magnetorheological fluids [5]. The Her-
schel-Bulkley model is a three variable model, and the com-
putation is rather complicated. The Bingham model and
Casson model have high computation accuracy and simple
calculation method [6]. At present, the two models are used
to simulate the rheological behavior of magnetorheological
fluid. Bossis [7] and other have studied the yield stress of
MR fluid. It is found that there is a dependency between
yield stress and magnetic field. Alghamdi et al. [8] have an-
alyzed the application of MRF in transmission technology.
Zhao Chunwvei et al. [9] observed the microstructure of mag-
netorheological fluidsand analyzed the formation and evo-
lution of the microstructure of magnetorheological fluids

under magnetic field [10]; rheological behavior of a magne-
torheological fluid under the magnetic field in the experi-
ment, using the Bingham model and Casson [11] model to
fit the magnetic field under the action of magnetorheologi-
cal fluid shear stress the relationship [12] between force and
shear rate, analysis of the changes of magnetic field of mag-
neto rheological fluid shear stress, with the actual reference
value to engineering application of magnetorheological
fluid.
The Bingham model can be expressed as [13]:

r =1,(B)sign(y)+ny. (1)
The Casson model can be expressed as:

TO.S — TO(B)O'ssign(}}) +770.5}}0.5. (2)

Type: 7 is shearing force of magnetorheological
fluid; B is magnetic induction magnetic field; z(B) is yield
caused by magnetic field stress; 7 is magnetorheological
fluid viscosity; yis shear rate.

3. Preparation and experiment of magnetorheological
fluid

3.1. Preparation of magnetorheological fluid

Magnetorheological fluid is the most widely used
material for preparation of carbonyl iron powder. Because it is
an industrial product, with large yield, low cost, high permea-
bility and low magnetic coactivity, its magnetic saturation is
about 2.1T, and has excellent soft magnetic properties. The lig-
uid load of magnetorheological fluid should have the following
characteristics: high boiling point, low freezing point, good
chemical stability, non-toxic, no odor, low price and so on. At
present, the non-magnetic carrier is mainly silicon oil, mineral
oil, synthetic oil, water and ethylene glycol. In this experiment,
two methyl silicone oils were used as the carrier liquid.

Magnetorheological fluids with 10% carbonyl iron
powder volume fraction were prepared. Carbonyl iron pow-
der, base liquid and stearic acid were weighed according to
the calculated ratio. The average particle size of carbonyl
iron powder is 3.3 um. The base solution is dimethyl sili-
cone oil with a viscosity of 25 cst. The surfactant is stearic
acid and the mass fraction of stearic acid is 2% of carbonyl
iron powder. The carbonyl iron powder and stearic acid are
mixed into stainless steel container and stirred at high speed
for several hours. The treated mixture is removed in real
condition. The surface of magnetic particles is purified by
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drying in an empty drying chamber. Then the suspended
phase powders after pretreatment and drying are mixed with
dimethyl silicone oil in a stainless steel grinding tank and
dispersed by high-speed grinding. The magnetorheological
fluid is obtained.

3.2. Experiment condition

The test instrument used in this experiment is An-
tongpa Physica MCR 301 flat plate rheometer. During the
experiment, the magnetorheological fluids were put be-
tween the upper and lower plates of the rheometer and
sheared at a shear rate of 50 s for 150 s without magnetic
field to ensure good dispersion of the magnetorheological
fluids. Then the shear stress of MRF was measured under
different conditions.

The current is set to 1, 2, 3 and 4 A respectively.
According to the data of the instrument manual, the mag-
netic induction intensity of the magnetic field is 0.23, 0.44,
0.65 and 0.86 T respectively. The shear rate is set to vary in
the range of 0-1000s. The temperature is 25°C and the
shear time is 10 s. Sampling once every 0.1 s, the shear
stress and the shear stress of magnetorheological fluid are
measured. Changes in apparent viscosity. The shear rate is
300 s%, the magnetic field varies in the range of 0-0.5 T, the
temperature is 25°C the shear time is 10 s, and the shear
stress of MRF is measured every 0.1 s.

Table 1

Experimental conditions for measurement of shear stress
and apparent viscosity of magnetorheological fluids

I, A B, T y, st T,°C ts
1 0.23
2 0.44
3 0.65 0~1000 25 10
4 0.86
Table 2

Experimental conditions for measuring
shear stress changes in magnetorheological fluids

LA B, T 7,51 T,°C t,s
1
2
3 0-15 300 25 10
4

4. Experimental results and analysis

The relation between shear stress and shear rate of
magnetorheological fluid is shown in Fig. 1 when the mag-
netic field is applied. It is shown that under the action of
constant magnetic field, with the increase of shear rate, the
shear stress first decreases slightly, then gradually increase
and tends to be stable. The larger the magnetic field is, the
more obvious the initial shear stress decreases. At the same
shear rate, the shear stress increases with the increase of the
magnetic field, and the range is 1.08~12 kPa. The relation-
ship between apparent viscosity and shear rate of magne-
torheological fluids is shown in Fig. 2. In Fig. 2, it can be
seen that the apparent viscosity decreases significantly with
the increase of the shear rate under the constant magnetic
field. At the same shear rate, the apparent viscosity increases
with the increase of the magnetic field, and the range is
2.5 Pa.s~ 28.7 kPa.s.
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4.1. Using Bingham model for fitting

The rheological behavior of magnetorheological
fluid using Bingham model fitting calculation, as shown in
Fig. 3, the fitting results are shown in Table 1, see from
Fig. 3and Table 3, magnetorheological fluid shear stress has
the good linear relationship between stress and shear rate,
the magnetic field increased from 0.23 T to 0.86 T, cut by
Bingham model the calculated stress increased from 1369 to
8825 Pa, the magnetic field is increased by 274%, the shear
yield stress increases 545%.
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Fig. 3 Using Bingham model to fit the shear stress of MRFs

Table 3
Fitting calculation results on shear
stress of MRFs using Bingham model

B, T | Fitting equation R? 1y, Pa H, Pas
0.23 | y=1.15x+1369 0.991 1369 1.15
0.44 | y=2.41x+3703 0.980 3703 241
0.65 y=2.73x+6491 0.976 6491 2.73
0.86 y=2.79x+8825 0.995 8825 2.790




4.2. Using Casson model for fitting

The Casson model is used to fit the rheological be-
havior of magnetorheological fluids. As shown in Fig. 4, the
fitting results are shown in Table 2. From Fig. 4 and Table 2,
it can be seen that there is a good linear relationship between
the shear stress and the shear rate of magnetorheological flu-
ids. The magnetic field increases from 0.23 T t0 0.86 T, and
the shear yield stress calculated by Casson model fits fol-
lows. 1043 Pa increased 7624 Pa, 274% and shear yield
stress 631%. It can be concluded that the results of the two
models fitting the MRF shear stress all have good linear cor-
relation, and the shear yield stress obtained by Bingham
model is slightly higher.

Under the action of magnetic field, the ferromag-
netic particles in magnetorheological fluids are arranged in
a chain structure. When the magnetorheological fluids begin
to shear, the grain chains between the plates are suddenly
destroyed and cannot be restored in time. The macroscopic
manifestation is that the shear stress decreases. With the in-
crease of shear rate, new particle chains are formed under
the action of magnetic field, shear stress increases gradually,
and apparent viscosity decreases. When the shear rate in-
creases to a certain extent, the fracture and formation of
grain chains will reach equilibrium, and the shear stress will
reach a stable value. The larger the magnetic field is, the
stronger the interaction force between particle chains in
MREF is, and the larger the shear stress is. It can be concluded
that with the increase of shear rate, the shear stress increases
and tends to stabilize, and there exists a shear thinning phe-
nomenon in the shear stress.
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Fig. 4 Using Casson model to fit the shear stress of MRFs

The relationship between shear stress and magnetic
field of magnetorheological fluid is shown in Fig. 5. It
shows that with the increase of magnetic field, the shear
stress increases significantly, and its range is 200 Pa ~
11 kPa. When the magnetic field is relatively small, the fer-
romagnetic particles in magnetorheological fluid do not
reach magnetization saturation. Under the action of mag-
netic field, particles interact with each other, forming the
chain column structure. The macroscopic expression is that
the shear stress increases rapidly, showing a rapid growth.
With the increase of magnetic field, the ferromagnetic par-
ticles in magneto rheological fluid are magnetized locally,
and the shear stress increases steadily. The macroscopic
stress is approximately linear growth of shear stress. It can
be predicted that if the magnetic field continues to increase
and the particles are close to full magnetization saturation,
the shear stress will change very little, and the shear stress
will reach a stable value when the particles are completely
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magnetized. It can be concluded that the shear stress of the
magnetorheological fluid increases significantly with the in-
crease of the applied magnetic field.

Table 4

Fitting calculation results on shear stress of
MRFs using Casson model

B, T | Fitting equation R? 1y, Pa H, Pas
0.23 y=0.55x+32.3 0.997 1043 0.30
0.44 y=0.60x+55.5 0.992 3080 0.36
0.65 y=0.64x+75 0.985 5625 0.41
0.86 y=0.65x+87.4 0.992 7627 0.42
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Fig. 5 (Similar number of figures) Dependence of shear
stress on magnetic field

5. Conclusions

1. Under the action of magnetic field, the stress
shear of magnetorheological fluid of hydroxyl iron powder
increases slowly with the increase of shear rate, and the ap-
parent viscosity decreases exponentially; the magnetic field
remains unchanged, and the shear stress increases with the
increase of shear rate. It tends to be stable and shear thin-
ning exists.

2. Under the action of magnetic field, the shear
stress and apparent viscosity of magnetorheological fluid
increase significantly, the range of shear stress is
1.08~12 kPa, and the apparent viscosity range is
2.5 Pa.s~28.7 kPa.s. The shear yield stress calculated by Bing-
ham and Casson model is 1043~8825 Pa. With the increase of
the magnetic field, the shear stress of the magnetorheological
fluid increases significantly, and the change range is 200 Pa
~11 kPa.

3. The relationship between shear stress shear rate
and apparent viscosity of MRF is analyzed, and various fac-
tors affecting the response characteristics of MRF materi-
als, design parameters and optimization desigh of MRF ma-
terials are analyzed. It provides a theoretical basis for im-
proving the properties of magnetorheological materials.
According to the characteristics of magnetorheological flu-
ids, the rheological characteristic curves are provided for
the design of related products.
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ANALYSIS AND EXPERIMENTAL STUDY
ON RHEOLOGICAL PERFORMANCES OF
MAGNETORHEOLOGICAL FLUIDS

Summary

Silicone-based Magnetorheological Fluids (MRFs)
were prepared with 10% volume fraction of carbonyl iron
powder. Rheometer Physica MCR 301 was used to test the
rheological performances of MRFs.The experimental re-
sults show Bingham model and Casson model could well
describe rheological behaviors of MRFs. Shear stress of
MRFs increases but apparent viscosity is significantly de-
creased and tends to be stable with the increase of shear rate
in the presence of magnetic field. The results also show that
MRFs are shear thinning fluids. The dependence of shear
stress on magnetic field was tested under the condition of
constant shear rate and increasing magnetic field, shear
stress of MRFs increases remarkably.

Keywords: magnetorheological fluid, rheological perfor-
mance, magnetic field, structural model.
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