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Qiangian Wen, Yu Wang,? Jiabin Feng, and Xinglong Gong®
CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics,
University of Science and Technology of China, Hefei 230027, People’s Republic of China

(Received 13 July 2018; accepted 7 August 2018; published online 21 August 2018)

The time-dependent performance of magnetorheological elastomers (MREs) under a magnetic field
is important for the precise control of smart devices based on MREs. Here, the transient responses
of anisotropic magnetorheological elastomers, including magnetic field-induced storage modulus
(AG’) and loss modulus (AG”), were investigated under different step magnetic fields. The results
indicated that AG’ increased over time while AG” decreased after the initial jump in the loading
stage of the step field. AG’ quickly dropped to 0, while AG” continued to decrease gradually in the
removal stage of the step field. A comprehensive model based on magnetic dipolar and viscoelastic
parameter models was proposed to explain the transient responses. Published by AIP Publishing.

https://doi.org/10.1063/1.5048368

Magnetorheological elastomers (MREs) are composites
which consist of micro-sized magnetizable particles embed-
ded into a non-magnetizable polymer matrix. Their many
properties, such as stiffness, viscosity, magnetostriction, and
electrical conductivity, can be controlled by an external mag-
netic field.'™ At present, MREs have been widely applied in
various smart devices such as vibration absorbers,”® vibra-
tion isolators,7’8 and sandwich beams.”'°

In most MRE-based devices, the step magnetic field was
employed to achieve rapid and controllable stiffness.'''?
Therefore, it is very important to study the transient response
of MRE:s for the precise control of the MRE-based devices.
However, most of the previous studies focused on the magnetic
field-dependent behaviors of MREs in the steady state.'>'*
The time-dependent properties of MREs in the unstable state
were rarely studied. The existing research studies have shown
that the transient magnetorheological response of MREs was
mainly due to the restructuring of the ferromagnetic filler after
step magnetic field perturbation.’>'” However, a phenomeno-
logical multiple-exponential model was proposed to describe
the transient response of MREs under the step magnetic field
in previous studies. There is still a lack of knowledge on the
correlation between the microstructural evolution and the tran-
sient response of MR materials.

In this study, the magnetic field-induced storage modu-
lus (AG’) and loss modulus (AG”) of anisotropic MREs
under different step magnetic fields were investigated. A
comprehensive model based on the magnetic particles’ rear-
rangement was proposed to explain their transient magneto-
rheological response. The MRE samples were fabricated
with carbonyl iron particles (Type CN, BASF Co.,
Germany), Polydimethylsiloxane, and curing agent (Sylgard
184, Dow Corning GmbH, USA). The anisotropic MRE sam-
ples were cured at 90°C for 20 min under a pre-structure
magnetic field of 1.5T. The mass fraction of carbonyl iron
particles was 50 wt. %. The shear storage modulus and loss
modulus of MREs were measured using a plate-plate
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magneto-rheometer (Physica MCR 302, Anton Paar Co.,
Austria). The sample size was 20 mm in diameter and 1 mm
in thickness. The measurement was conducted in an oscillat-
ing mode with a constant strain amplitude of 0.1%, a fre-
quency of 5Hz, a pre-pressure force of 10N, and a
temperature of 25 °C.

Figures 1(a) and 1(b) show the time dependences of AG’
and AG” of the anisotropic MREs under different step mag-
netic fields. The results showed that AG’ and AG” remained
around O in the absence of the magnetic field
(=50 <t < 0s). This indicated that the storage and loss
modulus of MREs were independent of time when B =0.
When the step magnetic field was applied (0 <t < 100s),
AG' increased rapidly at first and then gradually stabilized,
while AG” started to decrease rapidly after the initial jump
and then gradually stabilized. After the step magnetic field
was removed (t > 100s), AG’ rapidly dropped to 0, while
AG" still increased rapidly at first and then gradually stabi-
lized. The magnetic field-induced property changes of MREs
were mainly determined by the magnetic properties and
microstructure of the particles. Previous studies had indi-
cated that particles within the anisotropic MREs did not
exhibit an ideal straight-chain structure along the direction
of the pre-structure magnetic field."®2° In this experiment,
the measured scanning electron microscopy (SEM) images
of the sample also proved it. Figure 1(c) shows the chain-
like structure in the MREs along the direction of the pre-
structural magnetic field. However, a more sophisticated
image [Fig. 1(d)] shows that the internal particles were not
ideal straight-chain structure but a wavy-chain structure.
Thus, the resulting interaction forces between the particles
due to the magnetic polarization under the external field
would prompt the linearization of the wavy-chain structure
[Fig. 2(a)]. The transient response of the MREs under step
magnetic field perturbation was definitely related to the
restructuring process of the filler particles.

A comprehensive model was proposed here to describe
the transient response of MREs under the step magnetic field.
On the microscale, the proposed composite material con-
sisted of a polymeric matrix with embedded magnetizable

Published by AIP Publishing.
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The inset shows the way of the step
magnetic field loading. SEM images
of the anisotropic MREs (c) at 60x

particles as shown in Fig. 2(a). The considered idealized
two-dimensional microstructure is shown in Fig. 2(b). Its
internal structure was motivated by the wavy-chain arrange-
ment of magnetization particles, as shown in Fig. 1(d), which
was formed due to the particle interaction during the curing
process of the composite’s polymeric matrix with an applied
magnetic field. The representative volume element (RVE) in
Fig. 2(b) contained three circular particle inclusions. For the
neighboring particles 1 and 2 in the wavy-chain structure,
the magnetostatic energy between the two particles is>'
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FIG. 2. (a) The schematic diagram of particles’ movement. The red and
green arrows indicate the direction of particle’s movement and magnetiza-
tion, respectively. (b) The magnetic dipolar model of MREs. (c) Generalized
parameter model of viscoelastic materials. (d) The shear strain of MREs’
matrix under a step shear stress of 100 Pa at t = 0, fitted by prony series
with different N.

magnification and (d) at 1000x
magnification.
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where m is the dipole moment, r (= /x2 + y?) is the inter-
particle distance, 0 is the angle between the line connecting
the two dipoles and the direction of magnetization, g is the
permeability of vacuum, and u, is the relative permeability
of the matrix. The magnetic dipole interaction is

_8E12 3m? s(s2—4) X

= X y S=—, (2)
Ox |y, Amupoyot (1_|-S2)7/2 Yo

Fo=

where y is the inter-particle distance in the direction of m.
The magnetic field-induced transverse stiffness is
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where s (= x/y¢) is defined as the transverse geometric char-
acteristic parameter of the wavy-chain structure. When the
anisotropic MREs [Fig. 2(b)] (s < 0.4) were applied with a
step magnetic field, driven by negative magnetic interaction
force F., the particles tended to move along the negative X
direction to make the wavy structure linearization.
Moreover, with decreasing s, F, decreased and K, increased
[see Fig. S2]. It could explain why the stiffness increased
over time after the step field was loading.

The matrix of MREs is generally a polymer, which is a typ-
ical viscoelastic material. To clarify the time-dependent charac-
teristic of the particles’ movement, a generalized prony series
viscoelastic parameter model [Fig. 2(c)] was adopted here
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where Ay = &(t — o), A,, and 1, are the amplitude and the
characteristic time of the nth process, respectively. The num-
ber (N) of Kelvin element models is related to the viscoelas-
tic properties of the matrix material. Therefore, the N for
different matrices may be different, depending on the visco-
elastic properties of the MRE matrix. The creep experiment
of MREs under zero magnetic field was conducted, and the
data were fitted by prony series with different N [Fig. 2(d)].
Obviously, the fitting curve (N = 1) deviated from the exper-
imental data in the initial stage of creep. Both the curves of
N =2 and N =3 fitted the experimental data very well and
the two curves were almost coincident, which indicated that
the parameter model with minimum N = 2 could character-
ize the matrix’s viscoelastic properties well.

Based on the above analyses of the magnetic dipole
interaction with the wavy chain structure and the viscoelastic
properties of the MREs’ matrix, the proposed comprehensive
model of MREs is shown in Fig. 3(a). The particle aggre-
gates tended to be straight when the step field was applied
(indicated by the red arrow) and then returned to the initial
position after the step field was removed (indicated by the
black arrow). According to this model, the particle’s move-
ment in the loading stage (Ax;) and removal stage (Ax,) can
be expressed as a double-exponential function
— A2€ 75,

Axi(t) = Ag — Are 5)

Ax,(f) = By + Bye 7 + Bae 6)

where 1y, T2, T1,, and 1, are the characteristic times of par-
ticle’s movement, and A, and B,, (n =0, 1, 2) are the positive
weight of each exponential function term [see Eq. (S15)].
The characteristic times indicated how fast the internal par-
ticles reach the equilibrium position. A smaller characteristic

15
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time means a shorter time for the particle to arrive at the
equilibrium position.

From the time-dependent particles’ movement, the
expression of AG”(r) and AG’(¢) under the step magnetic
field could be given. AG” depended on the increased fric-
tional loss between particles and the matrix compared to the
zero-field condition. When the step magnetic field was
applied, because of the magnetic dipole interaction, the rela-
tive displacement of particles and the matrix was limited. It
is assumed that the friction is proportional to the magnetic
dipole interaction during the movement. Therefore, AG” in
the load stage (AG,”) was mainly related to the increased
interaction between the matrix and the particles

(=X =N Au()_1

[(Xo —Ao) +A1€7% -i-Az€7é ,

Yo Yo Yo
@)
2 2
AG () o |Fo| = — sils” —4)
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zim 7 X S Co+Cie 1+ Che -,
Ty KoYo

®)

where the approximation ignores the second and higher-
order terms of the Taylor series expansions. After the step
magnetic field was removed, the magnetic dipole interaction
rapidly disappeared and the relative displacement of particles
and the matrix was not limited. Therefore, AG” in the
removal stage (AG,”) was related to the increased free move-
ment of the particles in the matrix

r

AG,"(t) o Ax,(t) = B + Bre 7 + Bye =, (9)
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TABLE I. Fitting results of the characteristic time.

B (mT) 71 (s) T2 (s) Tin (8) Ton (8)
110 5.29 492 2.89 28.6
220 4.36 40.3 2.81 36.7
440 4.02 38.9 2.96 31.2
660 3.82 35.4 2.93 28.6
880 3.36 21.8 2.82 29.7

Both AG/ (AG’ in the loading stage) and AG,” (AG’ in the
removal stage) were determined by the field-induced
stiffness

3m?

AG/ (1), AG, (1) x K, x (4 — 45s%)

" Ay poyo
2
ocDO—D1<Co+C1€_;+C2€_E) , (10)

where the approximation ignores the three and higher-order
terms of the Taylor series expansions. After the magnetic
field was removed, m rapidly dropped to 0, causing AG,’ rap-
idly decrease to zero as shown in Fig. 1(a). In summary,
AG/”, AG,”, and AG/ all have the exponential function
forms as expressed in Egs. (8)—(10), respectively.

Figures 3(b)-3(d) show the fitting results of AG,”, AG,”,
and AG/. It is seen that the experimental data were fitted
very well by the model. Table I lists the fitting parameters of
the characteristic time. Based on the derivation from the pro-
posed model [see Sec. 2 in the supplementary material], the
characteristic time in the field loading stage (N=1)

. 2
T= “ — wherekm:3L57 (11)
ki + (k™' + koY) T HoYo

which was negatively correlated with the magnetic field, and
the characteristic time in the field removal stage (N =1)

12)

which was only related to the viscoelastic properties of the
matrix. As shown in Table I, 7; and 7, decreased with the
increase in the magnetic field, while 7y, and t,, were basi-
cally unchanged with different magnetic fields. These results
indicated that the change trends of the fitting characteristic
time were in accordance with the expectation from the pro-
posed model well.

In conclusion, the transient dynamic responses (AG’ and
AG") of anisotropic MREs under different step magnetic
fields were investigated. The change trends of AG’ and AG”

Appl. Phys. Lett. 113, 081902 (2018)

over time showed a strong ‘“viscoelastic” characteristic.
These trends were attributed to the restructuring of the mag-
netic filler particle. The magnetic dipole interaction of the
wavy chain structure and the viscoelastic properties of the
matrix would finally affect the characteristic time of the
movement. The characteristic time in the field loading stage
decreased with the increase in the step magnetic field, while
the characteristic time in the field removal stage remained
basically unchanged with the step magnetic field.

See supplementary material for the characteristic of the
magnetic dipole interaction and influence of the step mag-
netic field on the characteristic times.
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