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Abstract: The compression tests under the unidirection for magnetorheological (MR) fluids have
been studied at different compressive speeds. The results indicated that curves of compressive stress
under different compression speeds at the applied magnetic field of 0.15 T overlapped well and were
shown to be an exponent of about 1 of the initial gap distance in the elastic deformation region and
accorded well with the description of continuous media theory. The difference in compressive stress
curves increases significantly with an increasing magnetic field. At this time, the continuous media
theory description could not be accounted for the effect of compressive speed on the compression of
MR fluid, which seems to deviate from the Deborah number prediction under the lower compres-
sive speeds. An explanation based on the two-phase flow due to aggregations of particle chains
resulting in much longer relaxation times at a lower compressive speed was proposed to explain this
deviation. The results have guiding significance for the theoretical design and process parameter
optimization for the squeeze-assisted MR devices such as MR dampers and MR clutches based on
the compressive resistance.
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1. Introduction

Magnetorheological (MR) fluids are smart materials that can transform from New-
tonian fluid to Bingham fluid under an applied magnetic field [1,2]. They often exhibit
viscoelastic properties in mechanics, which have properties of both viscous fluid and elastic
solid [3]. The shear yield stress of MR fluids is an important argument in the applications,
which determines the mechanical properties of MR appliance. The low shear-yield stress of
MR fluids limits the application of MR fluids in the industry [4–6]. To obtain higher me-
chanical strength of MR fluids, new MR fluids with high magnetic performance have been
invented [7,8]. Furthermore, more and more attention has also been paid to compressive
mechanical properties in squeeze mode. The squeeze-strengthening effect of MR fluids
was first proposed by Tang et al. [9]. At the same applied magnetic field, the mechanical
performances of MR fluids are strongly dependent on the particle chain structure [1,10,11].
The arrangement of particles in MR fluids changes from disorder to order under the ap-
plied magnetic field. Furthermore, single chains are formed simultaneously, accompanying
incomplete chains, such as broken, branched, isolated, etc. [10]. Compression can repair
the weakness of chain structure in MR fluids and form a stronger column or body-centered
cubic (BCC) structure, which improves the yield strength of MR fluids [11]. The structure
evolution of MR fluids in squeeze mode has been validated by the computer simulation
and examined by scanning electron microscopy [5,11].

In the study of the compressive properties of MR fluids, the influence factors, such
as magnetic field (B), initial gap distance (h0), viscosity of carrier fluid (η), and particle
volumes concentration (ϕ), have been widely discussed [12–20]. Researchers found that
the compressive force (F) mainly depends on the power law relationship of B as F∝Ba (a is
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about 2) [12–14]. Guo et al. studied the relationship between F and the instantaneous gap
distance (h) or compressive strain (ε) of MR fluids as F∝hn or F∝(1-ε)n, and the exponent n
is about −3 to −2 [15]. Vicente et al. and Ruiz-L’opez et al. reported that the compressive
stress (P) increases proportionally with ϕ as P∝ϕ [16,17]. They proved that higher ϕ help
the particles in MR fluids form a more robust structure in a high-concentration suspension.
F was also discovered to increase with increasing η under the same h0, which was attributed
to the fact that the high-viscosity carrier fluid can maintain the particle structure more
effectively [15,17]. Recently we have studied the compressive properties of MR fluids under
different magnetic fields and different initial gap distances and compared the measured
and calculated compressive stresses [18]. Tang et al. have proposed that the nominal
shear-yield stress (τE) is in direct proportion to P as τE∝P [11]. τE of MR fluids was
found to be about ten times higher under compression than under shear at the same
B [10,18–20]. Carlson has found that τE of MR fluids is proportional to ϕ with an exponent
of 1.52 (under high ϕ), that is τE ∝ϕ1.52 [21]. Guo et al. found that τE has a relationship
with h as τE∝h−k, and k is a relevant parameter with the squeeze-strengthen effect [15].
Luo et al. studied the main factors influencing the quasistatic compressive properties of
MR fluid. At the same time, the initial stress (σ0) and the compressive yield stress (σy)
were found to depend on the power law relationship of B or ϕ, including σ0∝ϕB2, σy∝B2

and (σy-σ0)∝ϕ2 [22]. P. Pei and Y. B. Peng conducted a systematic molecular dynamics
simulation for squeezed MR fluids. They demonstrated that the squeeze-strengthening
effect of MR fluids is improved with increasing B, but weakened with increasing squeeze
rate at more than the critical squeeze rate [23]. Horak has developed a new nonlinear model
of MR fluids under quasistatic squeeze flow based on the theories of continuum mechanics
and tensor transformation [24]. Wang et al. have investigated the fracture mechanism
of chains of MR fluids and established the fracture criterion based on the magnetic force
model [25]. They found that the interaction between hydraulic force and magnetic force
leads to fracture. Zheng et al. have researched the relationships among h0, B, ϕ and the
sealing properties of MR fluids on the seal of MR fluids based on the quasistatic tensile tests
and proposed a theoretical model to calculate the burst pressure of MR fluid seal according
to the theory of magnetic dipole [26].

In recent years, the squeezing–strengthening effect of MR fluids has been used to
guide the scheme design of ultra-strong MR devices. Singh et al. designed a compact
squeeze film MR damper to decrease vibrations at different working conditions [27]. Ruan
et al. exploited a new MR damper under the squeeze-valve bi-mode with a maximum
damping force of about 6.5 kN, which is very potential in the application of the semi-active
control [28]. Wang et al. used the Navier-Stokes equation to simulate the 2D squeeze flow
in the squeezed MR damper and obtained the 2D speed field and distribution of pressure
of MR fluid [29]. Wang et al. developed an MR brake under compression-shear mode, and
the maximum torque produced by this brake is 241 Nm, which is about 17.9 times that of a
non-compression brake [6]. Huang et al. proposed a heavy-duty MR mount with a flow
and squeeze model, providing a maximum damping force of 18.843 kN [30].

For the design and control of squeezed MR devices, the compressive speed (v) is an
important design parameter. However, much attention has been paid to v of MR fluids
under squeeze mode by many researchers. Mazlan et al. reported that the effect of v
on the stress-strain curves of MR fluids is negligible under the compressive speed of
17–170 µm/s [31]. Guo et al. observed that when the particle concentration of MR fluid
is 15%, v of 8.3–33.3 µm/s has very little impact on the force-gap relationship [32], which
agrees with the result of Mazlan et al. [31], but F increased with decreasing v at the 30%
MR fluid. They thought that stronger structures could be formed at slower v for the high-
concentration MR fluid. To MR homologue-ER fluid, Tian et al. at v of 2.6–52 µm/s [33]
and McIntyre and Filisko at v of 2.4–38.5 µm/s [34] obtained that F/P of ER fluid decreases
with increasing v. These different results showed that the influence of v on the MR behavior
is different under different conditions. However, the effect of the compressive speed on the
compressive performances of MR fluids in squeeze mode has not been thoroughly studied.
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In this study, the quasistatic unidirectional compressions of MR fluids in a series of
different compressive speeds and magnetic fields have been investigated in the constant
area. The results showed that compression at a lower compressive speed could make MR
fluids have stronger compressive/shear yield resistance. The results are opposite of what
we conventionally expect for the low Deborah number, which is a rheological parameter
characterizing the viscoelasticity of fluid, that a low Deborah number generated by a low
compressive speed corresponds to a liquid-like mechanics performance. The results were
attributed to the sealing effect and the squeeze-strengthening effect caused by robust chain
structures during compression at the low compressive speed.

2. Experiments

The apparatus of compressive experiment employed in this study is the MCR 302
rheometer of Anton Paar, as shown in Figure 1a. Figure 1b shows the schematic diagram
of the rheometer. The radii R of the plates are both 10 mm. The maximum-measured
normal force F is 50 N. The compressive stress P was represented as P = P1 − P2 during
compression, and it could be calculated by P = 2F/πR2 [35]. The compressive strain ε can
be described as ε = (h0 − h)/h0. The magnetic field of the rheometer was in the range of
B = 0–1 T, corresponding to the applied current of 0~5 A. Figure 1c,d indicate the magnetic
induction line and the magnetic flux density distribution of the MCR 302 rheometer at
the applied current of 3.0 A, respectively. The MR fluid (MRF-2035) produced by Ningbo
Shangong Co., Ltd., Ningbo, China is with ϕ = 35%.
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Figure 1. MR experimental setup. (a) MR fluid at applied magnetic field for MCR 302 rheometer;
(b) Schematic of the test system; (c) Magnetic induction lines of the rheometer under 3A current;
(d) Magnetic flux density distribution of the rheometer under 3A current.

The gap distance between the two plates was first adjusted to h0 = 1 mm. After
applying a current to the MR fluid for about 40 s, compressions were performed. The
different applied currents of 0.41 A, 1.15 A, 2 A, and 2.88 A correspond to different applied
magnetic fields of 0.15 T, 0.3 T, 0.45 T, and 0.6 T, respectively. Under different magnetic
fields, seven compressive speeds of 1, 5, 10, 25, 50, 75, and 100 µm/s were applied, respec-
tively. The applied current remained constant during compression and turned off after the
compression. Because of the force sensor deformation, the actual displacement under a
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compressive force was smaller than the nominal displacement. So, the actual compressive
speed is less than the nominal one. During the experiment, the compressive speed could be
flexibly controlled by rising and falling in a linear/logarithmic way. All experiments were
performed at a room temperature of 25 ◦C.

3. Theoretical Analysis

The relationship of shear stress versus the shear rate of MR fluids has been measured
by a MCR 301 rheometer at h0 = 1 mm when the applied currents changed from 1 to 5 A. It
showed that the static shear-yield stresses, which were obtained from the ramp-up curves
of shear stress versus shear rate by the rheometer, depend on the power law relationship of
B, as shown in Figure 2:

τEsta = 10226B1.53 (1)
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Figure 2. The shear yield stress of the MR fluid versus magnetic fields.

This result is in agreement with the previous investigation [16,32].
According to the Bingham constitutive equation and the lubrication approximation

under constant area, the compressive stress P can be described as [36]:

P =
2r0

3h
τE +

4r0τE
7h

√
2S =

2r0τE
h

(
1
3
+

2
7

√
2S

)
(2)

where r0 is the radius of the upper plate, τE is the shear yield stress, and S is the plasticity
number as S = ηRv/h2τE (v is the compressive speed and in the Bi-viscous model, η is the
pre-yield viscosity). In this experiment, taking η = 0.24 Pa·s, R = 10 mm and substituting
Equation (1) into Equation (2), the compressive stress can be calculated. Meng and Filisko
found that the compressive stress will predominate if S < 0.5, and the second term in
Equation (2) has little contribution to the total compressive resistance, and it may be negli-
gible [16,34]. We try to seek the maximum value of S when Bmin = 0.15 T, vmax = 100 µm/s,
hmin = 0.5 mm (the units of τE, B, and h, are Pa, mT, and m, respectively). Under this
condition, the calculated Smax was 0.43. Therefore, Equation (2) can be simplified as

P =
2R
3h

τE (3)

Guo et al. have demonstrated that τE of MR fluids has an exponential relationship
with h about [15]:

τE =
K
hn (4)
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where K is constantly relative to the material of MR fluids, and n is relative to the squeeze-
strengthen effect and the sealing effect. Substituting Equation (4) into Equation (3),
Equation (3) can be expressed as

P =
2RK

3hn+1 (5)

For the maximum instantaneous gap distance hmax, the compressive stress Pc can be
represented as

Pc =
2RK

3hn+1
max

(6)

For a given MR fluid, n is a material constant that is considered not to vary with
h in the range of considered gap distance. Dividing Equation (5) by Equation (6), the
normalized compressive stress P/Pc is represented by the normalized instantaneous gap
distance h/hmax as

P
Pc

=

(
hmax

h

)n+1
(7)

Taking hmax = 1 mm, the natural logarithmic form of Equation (7) becomes

ln P = ln Pc − (n + 1) ln h (8)

According to Equation (6), Pc is a constant when hmax = 1 mm. n should be a constant
to a given MR fluid. Equation (8) means that in ln–ln plot, the intercept is ln Pc, and the
slope is (n + 1). Moreover, ln P shows linear change with ln h. So, the magnetic field, the
compressive speed, and the material factor K should affect neither n nor ln Pc according to
Equation (8).

4. Results and Discussions

Figure 3 shows the curves of P versus h of compressions when B was applied for 0.15 T,
0.3 T, 0.45 T, and 0.6 T under different compressive speeds v. Seven curves show a roughly
similar trend, and P increases quickly with the decreasing h. When B = 0.15 T, P increases
quickly with the decrease in h, as shown in Figure 3a. The compression of MR fluid can be
divided into two processes. In I process, P increased almost linearly with the decreasing h.
ε is no more than 0.012 in this process, which can be called the elastic deformation process.
In the II process, P increased slowly with decreasing h, which can be called the plastic flow
process. The curves at different v overlap for the most part. The overlapped curves can
be fitted with an exponent of 1.06. The viscous stresses under a zero magnetic field are
shown in Figure 3a. Experimental verification clearly shows that viscous stress has little
contribution to the total compressive stress. The result for v effect on P is consistent with
that by Mazlan et al. [31], observing that v has little effect on P.

When B = 0.3 T, as shown in Figure 3b, the compressive curves most coincide with
each other as v decreasing from 100 to 10 µm/s under the compressions. With the further
decrease in applied v to 5 µm/s, the compressive curves are almost consistent at large h, and
there is a small deviation when compressions are over. With decreasing v, this deviation is
more obvious. A similar result has been obtained for MR fluids under B = 0.28 T [32].
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Figure 3. The curves of compressive stress under different compressive speeds. (a) B = 0.15 T;
(b) B = 0.3 T; (c) B = 0.45 T; (d) B = 0.6 T.

When B = 0.45 T, as shown in Figure 3c, all curves are no longer well-overlapped at
the end of the compressions, and the difference between curves becomes more remarkable.
P at a low v is higher than that at a higher v under a certain h. Four compressive curves
with compressive speeds from 100 to 25 µm/s only indicate a small deviation when the
compressions are over. With a further decrease in v, the deviation is more significant among
the curves. In Figure 3d, all seven curves when B = 0.6 T show obvious differences among
each other, which is contrary to the results of Guo et al. [15], showing that the normal forces
increase faster at higher v under B = 0.43 T. However, it is consistent with the experimental
results for ER fluids [33,34].

Comparisons between two different v (1 and 100 µm/s) under four different B (0.15 T,
0.3 T, 0.45 T, and 0.6 T), respectively, have been carried out during compression, as shown
in Figure 4. It indicates that P curves overlap well at low B, and v has little effect on P
under these conditions. With the further increase in B, P is no longer overlapped, and the
differences among P curves increase with decreasing v.

According to the experimental values in Figure 3, the calculated values of logarithm
for P and h at B = 0.15 T, B = 0.3 T, B = 0.45 T, and B = 0.6 T are displayed in Figure 5a–d,
respectively. The curves at different v can be fitted by linear functions. When B = 0.15 T, the
curves applied at different v overlap over most of the ranges. In the plastic flow process, a
linear line with a slope of −2 is well-used to capture lnP with lnh at different v. The fitted
curve is also shown in Figure 5a. Based on the continuum media theory, the power law
relationship between F/P and 1/h with the index n = 1 is predicted [15]. Therefore, the
value of the theoretical slope (n + 1) should be 2. It is an obviously weak gap distance
dependence under this low field of 0.15 T. Therefore, we may conclude that n should be
about 1 at this low B in Equation (4). Figure 5a indicates that the principle of the continuous
media theory may well depict the squeezing behavior of MR fluid at this low B.
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Figure 4. Comparison of the value of compressive stresses under two different compressive speeds
(5 and 10 µm/s) and different magnetic flux densities (0.15 T, 0.3 T, 0.45 T, and 0.63 T).
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Figure 5. Logarithmic curves of compressive stress with different compressive speeds. (a) B = 0.15 T;
(b) B = 0.3 T; (c) B = 0.45 T; (d) B = 0.6 T.

When B = 0.3 T, the curves at different v overlap for the most part except for that of
v = 1 µm/s and v = 5 µm/s, as shown in Figure 5b. As shown, a good linear relationship
is theoretically predicted with a slope of 2 in the plastic flow process for v from 100 to
10 µm/s. Additionally, the curve of v = 1 µm/s fitted with a slope of −2.43 is shown in
Figure 5b.

When B = 0.45 T, the slopes are 2.04 (100 µm/s), 2.06 (75 µm/s), 2.14 (50 µm/s),
2.34 (25 µm/s), 2.85 (10 µm/s), 4.11 (5 µm/s), and 7.46 (1 µm/s), as shown in Figure 5c.
According to Equation (8), it seems that the slopes are dependent on neither B nor v.
However, Figure 5c shows that the experimental slopes are no longer in agreement with
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the theoretical value, and they are different from each other. It increases with the decrease
in v. An average value of the slopes is 3.29.

With the further increase in B to 0.63 T, the difference between the slopes becomes
more pronounced, as shown in Figure 5d. The slope range is 2.33–16.30, and the mean
value is 5.79. It also displays a trend that the slope decreases with the increase in v. The
linear function for the curve at v = 1 µm/s is lnP = 4.92–9.52 lnh. P depends more strongly
on v than that at v = 100 µm/s given by lnP = 4.86–2.42 lnh. Figure 5c,d show that the
deviations are accelerated with decreasing v from 0.45 T to 0.63 T. All experimental results
of the slope greater than 2 imply that P of MR fluids is underestimated by the continuum
media theory, especially under high B and low v. Additionally, P increases with decreasing
v more quickly than the theoretical prediction under the same initial gap distance. From
Figure 5c,d, we can see that v and B affect the intercept lnPc. lnPc range from about 4.81 to
8.88 at B = 0.45 T with an average value of 4.85 and from about 4.87 to 5.02 at B = 0.63 T with
an average value of 4.96 under different v, respectively. It means that v and B have little
effect on lnPc. Overall, the values of the experimental slopes are all much larger than the
theoretical values of 2 at a higher B. It shows that the description based on the continuous
media theory can not account for the effect of v on the squeezed MR fluids.

According to Equation (3), the shear-yield stress under the compression can be cal-
culated under different B and v, which is often called the normal shear-yield stress τEnor.
The comparison between τEnor and the static shear-yield stress τEsta at different v under
h = 0.91 mm and h = 0.81 mm are shown in Figures 6a and 6b, respectively. It indicated
that τEnor does increase with increasing B, which is good in agreement with Ruiz-López
et al. [37], and decreasing v. v has little effect on τEnor at the lower B and has a great effect
on τEnor at the higher B, as shown in Figure 6. τEnor under the compression is obviously
higher than τEsta without compression. In addition, the range of the pressure sensor used
in the dynamic compression is only 50 N. The maximum compressive stress can only reach
about 300 kPa, so only part of τEnor is shown in Figure 6b.
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Figure 6. Comparison between normal shear-yield stresses yield and static shear-yield stresses under
different compressive speeds and instantaneous gap distances. (a) h = 0.91 mm; (b) h = 0.81 mm.

MR fluids are often considered viscoelastic material under high B [16,21]. The yield
stress of MR fluids is usually used to indicate the degree of solidification under B. Deborah
number (De), which is a dimensionless quantity in rheology, is applied to represent the
fluidity of materials at specific conditions. De is an important parameter to evaluate the
viscoelasticity of fluid [38]. It can be defined as the ratio of relaxation time (θr) to observation
time/testing time (θt) of the material mechanical response at observing conditions [39]. De
may be represented as

De =
θr

θt
(9)



Materials 2023, 16, 3109 9 of 13

Equation (9) shows that when the value of De is smaller, the material shows Newtonian
fluid behavior. Additionally, when the value of De is larger, it shows non-Newtonian solid-
like behavior. Testing time can be described as [39]

θt =
h2

0
v

(10)

where h0 is the initial gap distance, and v is the test speed or compressive speed. Substitut-
ing Equation (10) into (9), De can be rewritten as

De =
vθr

h2
0

(11)

According to Equation (11), a low v with a long θt corresponding to a small De results
in a liquid-like mechanical property of materials, and a high v with a short θt corresponding
to a large De results in a solid-like mechanical property. Therefore, we can expect that the
compressive/shear-yield stress of MR fluid will increase when v increases, and the MR
fluid shows a solid-like property. However, the results showed in Figures 3 and 6 that a low
compressive speed corresponds to a large compressive/shear-yield stress are contrasted
to the result predicted by De. So, the obtained experimental results of MR fluid and the
prediction of De in the viscoelastic material seem to have deviation under lower test speeds.
There must be some reason for this opposite result.

The strength of MR fluids is generally considered to be determined by the applied
B magnitude. Except for B, the chain microstructures of MR fluids under B have a great
effect on the mechanical property of MR fluids [1,9–11]. The microscopic mechanism of the
MR effect under B is shown in Figure 7. As shown in Figure 7a, the particles are randomly
distributed under a zero B. Magnetized particles form chains, including broken, branched,
and isolated incomplete chains in the direction of B, as shown in Figure 7b. As shown in
Figure 7c, more complete chains will be formed under B. When the MR fluid between two
parallel plates is sheared, its volume remains constant. However, the volume of the MR fluid
will be reduced with a decreasing gap in the constant area compression. The base liquid
and the partially magnetized particle will be squeezed out. Under extreme conditions, this
reduction of volume is due to only being out of the base fluid. The magnetized particles are
assumed to rearrange themselves in the direction of B, which prevents the flow of liquid.
This is the so-called sealing effect [15,16]. It is assumed that the magnetized particles and
the base liquid in the MR fluid exist in relative motion during compression [16,40]. The
conclusion that a lower compressive speed resulted in a higher and stronger structure of
the interconnected particle chains and a greater resistance preventing the movement of
the base liquid can be obtained. At the same time, the particle volume fraction will be
increased as soon as the sealing effect happens, which will cause an increase in the yield
strength because the yield stress of MR fluids is proportional to the volume fraction of
the particle [19,21]. As analyzed above, the notable improvement of the chain structure
inter-connectivity at the low v and the increasing volume fraction lead to the increase of
the compressive/shear-yield stress.

In addition to the sealing effect, the squeeze-strengthening effect is another important
factor that affects the variation of yield stress during compression. Tao found that the
chain ends are the weakness of the MR microstructure because of the wall effect [10].
Compression can repair the weakness of the chain structure, which leads to the formation
of more robust columns/body-centered cubic (BCC) structures [10,11,18]. Columns/BCC
structures will become shorter and thicker during compression, which results in the cross-
linking of particle chains. All of these greatly increase the chain structural strength and
compressive/shear strength. Additionally, the compressed process of MR fluids is a
dynamic-forming process in which the old chain breaks and the new chain forms. As is
known to all, the magnetizing time of MR particles and the formation of weak single-chain
structures are in the millisecond order, but the formation of the robust columns/BCC
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structures is generally on the order of seconds. Figure 3c,d and Figure 6 show that the
lower the compression speed, the higher the compressive/shear-yield stress. That means
that the formation rate of the new chain is higher than the breaking rate of old chains
under the low compressive speed, and the robust columns/BCC structures are more likely
to be formed at low compressive speeds. This is in agreement with the result for ER
fluids [33,34], which showed that the particle chain structures of ER fluid are damaged
more seriously when the compressive speed is high, resulting in lower current density and
lower compression stress. Li et al., studying the shear performance of MR fluid, also found
a similar phenomenon in that the shear stress increases first and then decreases with an
increasing shear rate in a certain range [40]. They owed to the effect of shear rate on the
destruction and reconstruction of particle chain structure in MR fluids. Therefore, the most
fundamental reason causing the difference in yield strength of MR fluids is the effect of
compressive speed on the collapse and reconstruction of the particle chain structure.
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field. (b) under an applied middle magnetic field. (c) under an applied high magnetic field.

The MR fluid behaves as fluid-like under the zero B and as solid-like under the high
B. Therefore, it is often used as a viscoelastic material. The particles of the MR fluid are
magnetized under the applied B, and the robust columns/BCC structures are generated
along the direction of B during compression. The squeeze flow of MR fluids is often
regarded as a two-phase flow of base liquids and particles under the magnetic field. A
narrow channel will be formed between the chain structures. During compression, the base
liquids will squeeze the chain structure when passing through this narrow channel, and
the particle of the chain will be dragged, which can be called the viscous force FD. FD will
destroy the chain structure. According to FD = 3πηdvp, a lower v corresponds to a lower
particle speed vp and a weak FD. A weak FD at a low v will cause a weak destructive force
and a strong interaction between particles. At the same time, the chains tend to re-establish
themself during compression because of the attraction between magnetized particles, which
can be called the attracting force FA. Thus, the combined action of FD and FA controls the
final chain structure of the particles during compression. At the same B and compressive
force, FD will decrease with decreasing v, so FA should increase. It means that MR fluids
show a more solid-like mechanical property under a lower v. However, it seems to be
contrary to the viscoelastic properties of the fluid that is characterized by De. According to
Equation (11), De should decrease with the decreasing v to the most viscoelastic material.
However, in MR fluids, there are the attracting forces FA between magnetized particles;
the low v results in more robust chain structures. The relaxation time θr of robust chain
structures is greatly increased as well. As shown in Figure 3c,d and Figure 6, the increase
of θr should be greater than the decrease of v under the lower v, which leads to the high
value of De and the solid-like property. Therefore, we can conclude that more robust chain
structures at a lower v result in a larger θr, which plays a decisive role in a high De.
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MR fluids often work in three basic geometrical arrangements: flow mode, shear mode,
and squeeze mode. Among these modes of MR fluid, the geometrical arrangement designed
for the squeeze mode usually generates the highest resistance [19]. Many applications of MR
fluids under squeeze-assisted mode have been suggested. The high-performance damper
has always been in great demand in civil engineering. Ruan et al. developed an MR damper
with squeeze-valve bi-mode that has been proven to have great potential application in
semi-active control fields [28]. Additionally, the floor vibration and the vibration isolation
of heavy-duty machines have great requirements for designing a vibration mount with a
large force output. Huang et al. introduced a heavy-duty MR mount under a flow-squeeze
model that has employed a novel squeeze-flow-valve to come into two symmetric radial
flow channels, which can improve the B [30]. Sarkar et al. developed an MR brake under
compression-shear mode that can generate larger torque than that operating only under
shear [41]. Compressive frequency and compressive amplitude are important parameters
in the design of MR devices with squeeze-valve mode. When the compressive amplitude
is the same, v increases with increasing compressive frequency. Similarly, v increases
with increasing compressive amplitude when the compressive frequency is the same.
Compressive frequency or compressive amplitude affects the damping force by changing v.
Therefore, the design and control of MR devices based on the compressive resistance of
MR fluids will fail if the v influence is not considered. In further research, it is necessary to
focus on the v optimum for practical squeezed MR devices.

5. Conclusions

MR fluids are often regarded as non-Newtonian fluids under B. Researchers usually
use non-Newtonian continuum media theory to represent the response of a fluid under
unidirectional compression. In this study, the theory for quasistatic compression was
extended by normalized logarithm form. Compressions of MR fluids were investigated
at different v using an MCR 302 rheometer. Experimental results of compression show
that high P could be obtained in the case of the high B and the low v., and the theory
underestimates the compressive resistance at a low v and a high B. The shear-yield stress of
squeezed MR fluids is obviously higher than that of MR fluids without being squeezed.
A lower v leads to a higher compressive/shear-yield stress under a high B. The effect of v
on the compression of MR fluids is opposite to the De prediction at a lower v. Under slow
compression, the aggregation of the chain structure leading to a longer relaxation time is
currently used to account for this deviation.

Author Contributions: Conceptualization, all authors; investigation, H.W.; data curation, C.B. and
F.Z.; formal analysis, W.L.; methodology, H.W.; supervision: C.B.; writing—review and editing, C.B.
and H.W.; visualisation, W.L. and F.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been sponsored by the National Natural Science Foundation of China (Grant
No. 51205367), Science Technology Project of Zhejiang Province (Grant No. 2014C31090), Natural
Science Foundation of Zhejiang Province (Grant No. LY15E050009).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wu, R.; Tang, H.; Fu, Y.; Zheng, J.; Lin, H.; Huang, H.; Chen, S. Study on wall-slip effect of magnetorheological fluid and its

influencing factors. J. Intell. Mater. Syst. Struct. 2022, 33, 352–364. [CrossRef]
2. Wang, H.; Bi, C.; Zhang, Y.; Ji, A.; Qiu, P. Transient behavior of compressed magnetorheological brake excited by step currents.

Sci. Rep. 2021, 11, 12193. [CrossRef] [PubMed]

http://doi.org/10.1177/1045389X211014953
http://doi.org/10.1038/s41598-021-91836-6
http://www.ncbi.nlm.nih.gov/pubmed/34108598


Materials 2023, 16, 3109 12 of 13

3. Yu, J.; Dong, X.; Su, X.; Qi, S. Development and characterization of a novel rotary magnetorheological fluid damper with variable
damping and stiffness. Mech. Syst. Signal Process. 2022, 165, 108320. [CrossRef]

4. Zhang, G.; Chen, J.; Zhang, Z.; Sun, M.; Yu, Y.; Wang, J.; Cai, S. Analysis of magnetorheological clutch with double cup-shaped
gap excited by Halbach array based on finite element method and experiment. Smart Mater. Struct. 2022, 31, 075008. [CrossRef]

5. Noresson, V.; Ohlson, N.G. A critical study of the Bingham model in squeeze-flow mode. Mater. Des. 2001, 22, 651–658. [CrossRef]
6. Wang, H.Y.; Bi, C. Study of a magnetorheological brake under compression-shear mode. Smart Mater. Struct. 2020, 29, 017001.

[CrossRef]
7. Trukhanov, A.V.; Turchenko, V.O.; Bobrikov, I.A.; Trukhanov, S.V.; Kazakevich, I.S.; Balagurov, A.M. Crystal structure and

magnetic properties of the BaFe12−xAlxO19 (x = 0.1–1.2) solid solutions. J. Magn. Magn. Mater. 2015, 393, 253–259. [CrossRef]
8. Trukhanov, A.; Kostishyn, V.; Panina, L.; Korovushkin, V.; Turchenko, V.; Thakur, P.; Thakur, A.; Yang, Y.; Vinnik, D.; Yakovenko,

E.; et al. Control of electromagnetic properties in substituted M-type hexagonal ferrites. J. Alloys Compd. 2018, 754, 247–256.
[CrossRef]

9. Tang, X.; Zhang, X.; Tao, R.; Rong, Y. Structure-enhanced yield stress of magnetorheological fluids. J. Appl. Phys. 2000, 87,
2634–2638. [CrossRef]

10. Tao, R. Super-strong magnetorheological fluids. J. Phys. Condens. Matter 2001, 13, 979–999. [CrossRef]
11. Zhang, X.Z.; Gong, X.L.; Zhang, P.Q.; Wang, Q.M. Study on the mechanism of the squeeze-strengthen effect in magnetorheological

fluids. J. Appl. Phys. 2004, 96, 2359–2364. [CrossRef]
12. See, H. Field dependence of the response of a magnetorheological suspension under steady shear flow and squeezing flow. Rheol.

Acta 2003, 42, 86–92. [CrossRef]
13. Laun, H.M.; Gabriel, C.; Schmidt, G. Primary and secondary normal stress differences of a magnetorheological fluid (MRF) up to

magnetic flux densities of 1T. J. Non-Newton. Fluid Mech. 2008, 148, 47–56. [CrossRef]
14. Gong, X.; Guo, C.; Xuan, S.; Liu, T.; Zong, L.; Peng, C. Oscillatory normal forces of magnetorheological fluids. Soft Matter 2012, 8,

5256–5261. [CrossRef]
15. Guo, C.; Gong, X.; Xuan, S.; Qin, L.; Yan, Q. Compression behaviors of magnetorheological fluids under nonuniform magnetic

field. Rheol. Acta 2013, 52, 165–176. [CrossRef]
16. de Vicente, J.; Ruiz-López, J.A.; Andablo-Reyes, E.; Segovia-Gutiérrez, J.P.; Hidalgo-Alvarez, R. Squeeze flow magnetorheology.

J. Rheol. 2011, 55, 753–779. [CrossRef]
17. Ruiz-López, J.A.; Hidalgo-Alvarez, R.; de Vicente, J. A micromechanical model for magnetorheological fluids under slow

compression. Rheol. Acta 2016, 55, 215–221. [CrossRef]
18. Bi, C.; Wang, H.; Liu, W.; Wu, K. A Comparative Analysis of Measured and Calculated Compressive Stresses of Magnetorheologi-

cal Fluids under Unidirectional Compression and Constant Area. Materials 2022, 15, 3057. [CrossRef] [PubMed]
19. Mazlan, S.A.; Ekreem, N.B.; Olabi, A.G. The performance of a magnetorheological fluid in squeeze mode. Smart Mater. Struct.

2007, 16, 1678–1682. [CrossRef]
20. Wang, H.; Bi, C.; Zhang, Y.; Zhang, L.; Zhou, F. Compressions of magnetorheological fluids under instantaneous magnetic field

and constant area. Sci. Rep. 2021, 11, 8887. [CrossRef]
21. Carlson, J.D. MR fluids and devices in the real world. Int. J. Mod. Phys. B 2005, 19, 1463–1470. [CrossRef]
22. Luo, Q.; Wang, Y.; Liu, H.; Wang, J.; Li, Y.; Li, T. Analysis of quasistatic squeeze behavior of magnetorheological fluid from the

microstructure variations. J. Intell. Mater. Syst. Struct. 2021, 32, 2127–2138. [CrossRef]
23. Pei, P.; Peng, Y.B. The squeeze strengthening effect on the rheological and microstructured behaviors of magnetorheological

fluids: A molecular dynamics study. Soft Matter 2021, 17, 184–200. [CrossRef] [PubMed]
24. Horak, W. Modeling of magnetorheological fluid in quasi-static squeeze flow mode. Smart Mater. Struct. 2018, 27, 065022.

[CrossRef]
25. Wang, Y.; Luo, Q.; Liu, H.; Wu, J.; Lian, M.; Li, T. Aggregated chain morphological variation analysis of magnetorheological fluid

(MRF) in squeeze mode. Smart Mater. Struct. 2019, 28, 105038. [CrossRef]
26. Zheng, J.N.; Li, Y.Z.; Chen, C.; Chen, S.M. The sealing properties of magnetorheological fluids under quasi-static tensile. Smart

Mater. Struct. 2020, 29, 105031. [CrossRef]
27. Singh, R.K.; Tiwari, M.; Saksena, A.A.; Srivastava, A. Analysis of a Compact Squeeze Film Damper with Magneto Rheological

Fluid. Def. Sci. J. 2020, 70, 122–130. [CrossRef]
28. Ruan, X.; Xuan, S.; Zhao, J.; Bian, H.; Gong, X. Mechanical performance of a novel magnetorheological fluid damper based on

squeeze-valve bi-mode of MRF. Smart Mater. Struct. 2020, 29, 055018. [CrossRef]
29. Wang, F.; Ying, Z.X.; Wang, L.X. Simulation on hysteresis characteristic of squeeze mode magneto-rheological damper based on

non-convex constitutive relation. Korea-Aust. Rheol. J. 2021, 33, 261–271. [CrossRef]
30. Huang, J.; Li, S.; Zhou, Y.; Xu, T.; Li, Y.; Wang, H.; Wang, S. A heavy-duty magnetorheological fluid mount with flow and squeeze

model. Smart Mater. Struct. 2021, 30, 085012. [CrossRef]
31. Mazlan, S.A.; Ekreem, N.B.; Olabi, A.G. An investigation of the behaviour of magnetorheological fluids in compression mode.

J. Mater. Process. Technol. 2008, 201, 780–785. [CrossRef]
32. Guo, C.; Gong, X.; Xuan, S.; Yan, Q.; Ruan, X. Squeeze behavior of magnetorheological fluids under constant volume and uniform

magnetic field. Smart Mater. Struct. 2013, 22, 045020. [CrossRef]

http://doi.org/10.1016/j.ymssp.2021.108320
http://doi.org/10.1088/1361-665X/ac701a
http://doi.org/10.1016/S0261-3069(01)00026-7
http://doi.org/10.1088/1361-665X/ab5162
http://doi.org/10.1016/j.jmmm.2015.05.076
http://doi.org/10.1016/j.jallcom.2018.04.150
http://doi.org/10.1063/1.372229
http://doi.org/10.1088/0953-8984/13/50/202
http://doi.org/10.1063/1.1773379
http://doi.org/10.1007/s00397-002-0258-7
http://doi.org/10.1016/j.jnnfm.2007.04.019
http://doi.org/10.1039/c2sm25341k
http://doi.org/10.1007/s00397-013-0678-6
http://doi.org/10.1122/1.3574932
http://doi.org/10.1007/s00397-016-0910-2
http://doi.org/10.3390/ma15093057
http://www.ncbi.nlm.nih.gov/pubmed/35591393
http://doi.org/10.1088/0964-1726/16/5/021
http://doi.org/10.1038/s41598-021-88407-0
http://doi.org/10.1142/S0217979205030451
http://doi.org/10.1177/1045389X20988082
http://doi.org/10.1039/D0SM01149E
http://www.ncbi.nlm.nih.gov/pubmed/33332517
http://doi.org/10.1088/1361-665X/aab7c7
http://doi.org/10.1088/1361-665X/ab39f9
http://doi.org/10.1088/1361-665X/aba53f
http://doi.org/10.14429/dsj.70.12788
http://doi.org/10.1088/1361-665X/ab7e34
http://doi.org/10.1007/s13367-021-0020-2
http://doi.org/10.1088/1361-665X/ac0673
http://doi.org/10.1016/j.jmatprotec.2007.11.257
http://doi.org/10.1088/0964-1726/22/4/045020


Materials 2023, 16, 3109 13 of 13

33. Tian, Y.; Zhang, M.; Zhu, X.; Meng, Y.; Wen, S. Ultrahigh yield stress in a general electrorheological fluid under compression.
Smart Mater. Struct. 2010, 19, 035009. [CrossRef]

34. Meng, Y.; Filisko, F.E. Unidirectional compression of electrorheological fluids in electric fields. J. Appl. Phys. 2005, 98, 074901.
[CrossRef]

35. Jiang, J.; Tian, Y.; Ren, D.; Meng, Y. An experimental study on the normal stress of magnetorheological fluids. Smart Mater. Struct.
2011, 20, 085012. [CrossRef]

36. Covey, G.H.; Stanmore, B.R. Use of the parallel-plate plastometer for the characterization of viscous fluids with a yield stress.
J. Non-Newton. Fluid Mech. 1981, 8, 249–260. [CrossRef]

37. Ruiz-López, J.A.; Hidalgo-Alvarez, R.; de Vicente, J. On the validity of continuous media theory for plastic materials in
magnetorheological fluids under slow compression. Rheol. Acta 2012, 51, 595–602. [CrossRef]

38. Mcintyre, E.C.; Filisko, F.E. Filtration in electrorheological suspensions related to the Peclet number. J. Rheol. 2010, 54, 591–603.
[CrossRef]

39. Wang, Z.; Cheng, S.; Zhuo, Y. Numerical Research on the Influence of Deborah Number on Flow and Heat Transfer of Maxwell
Fluid in a Tube with Laminar Pulsating Flow. J. Therm. Sci. 2020, 29, 972–981. [CrossRef]

40. Peng, X.; Li, H. Analysis of the magnetomechanical behavior of MRFs based on micromechanics incorporating a statistical
approach. Smart Mater. Struct. 2007, 16, 2477. [CrossRef]

41. Sarkar, C.; Hirani, H. Theoretical and experimental studies on a magnetorheological brake operating under compression plus
shear mode. Smart Mater. Struct. 2013, 22, 115032. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1088/0964-1726/19/3/035009
http://doi.org/10.1063/1.2064310
http://doi.org/10.1088/0964-1726/20/8/085012
http://doi.org/10.1016/0377-0257(81)80024-9
http://doi.org/10.1007/s00397-012-0626-x
http://doi.org/10.1122/1.3378762
http://doi.org/10.1007/s11630-019-1157-x
http://doi.org/10.1088/0964-1726/16/6/051
http://doi.org/10.1088/0964-1726/22/11/115032

	Introduction 
	Experiments 
	Theoretical Analysis 
	Results and Discussions 
	Conclusions 
	References

