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Magnetorheological Elastomers (MREs) are smart materials with the ability to
modulate their mechanical properties by changing the external magnetic fields,
offering extensive potential for applications requiring variable stiffness and
damping devices. A comprehensive mechanical model that explains the
influence of loading conditions on the performance of MRE is crucial for
understanding their intrinsic mechanisms during operation, and for the design,
analysis, and improvement of intelligent energy dissipation and vibration control
devices based on MRE. In this study, a four-parameter mechanical model was
established to reveal the intrinsic mechanisms about the effects of external
magnetic fields, loading frequency, and strain amplitude on the storage
modulus, loss modulus, equivalent stiffness, and equivalent damping of MRE
materials. The dynamic mechanical properties of the MRE materials prepared
from carbonyliron powder and PDMS were tested, and parameter identification of
the established model was performed. The comparison results between the
theoretical model analysis and the testing results demonstrated that the
proposed mechanical model effectively characterizes and predicts the
mechanical behavior of MRE materials. Furthermore, based on the prepared
MRE materials, a stiffness-controllable energy dissipator operating in shear
mode was designed and fabricated, and the mechanical performance of the
shear energy dissipator was experimentally evaluated. This research provides a
basis and guidance for the design and mechanical performance analysis of devices
based on MRE, confirming the feasibility of MRE materials as core components in
intelligent energy dissipation devices.

KEYWORDS

magnetorheological elastomers, stress-strain curve, magnetic dipoleviscoelastic model,
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1 Introduction

Magnetorheological materials (MREs) are a type of smart material that can respond to
magnetic fields. When the external magnetic fields are applied on the MRE, the storage
modulus of the MRE can multiply. When the external fileds are removed, the storage
modulus of the MRE can return to the original state. The transformation process described
above can be done whithin milliseconds (Biswal and Rao, 2016; Yang et al., 2019; Morillas
and de Vicente, 2020). Due to their ability of continuously, rapidly, and reversible changeing
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in their mechanical properties under the control of an external
magnetic field, MRE have wide-ranging applications in many areas
such as seismic resistance in buildings (Selvaraj and Ramamoorthy,
2020; Yang et al,, 2020; Zhao et al., 2021), vibration damping in
vehicles (Sun et al., 2017; Du et al., 2020; Jin et al., 2020; Rocca and
Russo, 2021), and precision instruments (Golini et al., 1999; Xing
et al., 2015; Choopani et al., 2022). Furthermore, MRE materials
possess the advantages of both magnetorheological materials and
elastomers, overcoming drawbacks such as settling of
magnetorheological fluids, poor stability, and the need for
sealing. As a result, they have become a hot topic in the field of
magnetorheological material applications in recent years (Xing et al.,
2015; Yang et al., 2019; Nam et al., 2020; Selvaraj and Ramamoorthy,
2020; Yang et al., 2020).

Pre-structured anisotropic MRE exhibit significantly better
mechanical properties compared to isotropic MRE, with higher
magneto-induced modulus and higher magnetorheological effects
(MR effect) (Ginder et al., 2000; Chen et al., 2007; Sun et al., 2008;
Nam et al., 2020). Currently, extensive research has been conducted
by researchers through experimental and theoretical analysis to
study the performance and applications of MRE materials. These
studies can be divided into two groups based on the material
working mode: tension-compression mode and shear mode. In
the shear mode, the research on the mechanical properties of
MRE can be further divided into two parts. One part focuses on
characterizing the mechanical properties of MRE materials, such as
magnetorheological effect, storage modulus, and loss factor (Agirre-
Olabide and Elejabarrieta, 2016; Ju et al., 2016; Dargahi et al., 2019;
Nam et al, 2020). The other part involves characterizing the
performance of devices based on MRE materials, such as tunable
isolators, dampers, and vibration isolators (Ginder et al., 2001; Ni
et al,, 2009; Yang et al.,, 2016; Kavlicoglu et al., 2020).

Current research mainly focuses on the mechanical properties of
MRE materials under dynamic loading conditions, including storage
modulus, loss modulus, loss factor, as well as the equivalent stiffness
and damping of devices based on MRE materials. However, there
has been relatively limited research on the intrinsic mechanisms of
MRE materials in the shear working mode. Existing theoretical
models for studying the performance of MRE materials are either
based on viscoelastic models, which can explain the viscoelastic
mechanical properties but fail to explain the magneto-induced
mechanical behavior of MRE, or based on magnetic dipole
models, which can explain the magneto-induced mechanical
behavior but cannot account for the frequency- and time-
dependent viscoelastic characteristics of the materials. Both
models have their limitations. Therefore, a comprehensive
mechanical model that can explain the influence of loading
conditions on the performance of MRE materials is crucial for
understanding the intrinsic mechanisms of MRE materials during
operation and for the design, analysis, and improvement of smart
energy dissipation and vibration reduction devices based on MRE
materials.

In this study, a four-parameter magnetic dipole-viscoelastic
comprehensive mechanical model was established to elucidate the
inherent mechanisms of MRE material performance under loading
conditions. Shear mechanical tests were performed on the prepared
MRE samples using a sinusoidal loading method. The stress-strain
relationships of the MRE samples under different cyclic loading
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conditions were obtained, and the effects of external magnetic field,
loading frequency, and strain amplitude on the storage modulus,
loss modulus, equivalent stiffness, and equivalent damping of MRE
materials were analyzed. The mechanical model was parameterized
through dynamic mechanical testing of the prepared MRE materials.
Finally, a shear-mode energy dissipator was designed and fabricated,
and the mechanical performance of the shear energy dissipator was
experimentally tested. A comparison between the theoretical model
and experimental results demonstrated that the comprehensive
mechanical model established in this study can effectively
characterize and predict the mechanical behavior of MRE materials.

2 Mechanical model

The mechanical properties of MRE can be precisely controlled
by an applied magnetic field. These mechanical characteristics
depend on the chain-like structure of magnetic particles within
the MRE material. Therefore, current research mainly focuses on the
magnetic dipole mechanical properties of MRE by considering the
internal magnetic dipole model of MRE materials. However, if only
the internal particle microstructure is considered, using the widely
applied magnetic dipole model without considering the viscoelastic
mechanical properties of the polymer matrix, although it can explain
the variation of MRE’s mechanical properties with the magnetic
field, it fails to explain the frequency dependence and time
dependence, which are related to the viscoelastic properties of the
material. Therefore, it is necessary to consider the influence of both
the microstructural magnetic particle arrangement and the
macroscopic viscoelastic properties of the polymer matrix.

Based on the above reasons, this study establishes a
comprehensive magnetic dipole-viscoelastic mechanical model
that takes into account both the microstructural magnetic
particle arrangement and the macroscopic viscoelastic properties
of the polymer matrix in MRE materials. By considering these two
aspects, the model explains the inherent mechanisms behind the
effects of applied magnetic field, loading frequency, and strain
amplitude on the dynamic mechanical properties of MRE materials.

Previous research has shown that the magnetic particles inside
anisotropic MRE materials do not align in an ideal linear chain
structure along the direction of prestructuring but rather distribute
in a wavy, non-linear chain structure within the matrix (Rudykh and
Bertoldi, 2013; Wen et al., 2018), [see Supplementary Figure S1].
Therefore, when an external magnetic field is applied, the internal
chain-like arrangement of magnetic particles undergoes structural
changes under the influence of the magnetic field, resulting in
alterations of the mechanical properties of MRE materials.

The magneto-mechanical properties of MRE originate from the
magnetization and redistribution of magnetic particles within the
material. An idealized two-dimensional microstructure is depicted
in Figure 1, consisting of three adjacent magnetic particles. Taking
the center of particle 1 as the origin, the Y-axis is established along
the main chain direction of the particle chain, and the X-axis is
perpendicular to the Y-axis. The dark positions represent the
original positions of the magnetic particles within the MRE
material, while the blue positions represent the locations to
which the magnetic particles move under shear loading. Under
the influence of an applied magnetic field, the changes in magnetic
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FIGURE 1
Magnetic dipole mechanics model.

interaction force and magnetic chain-induced stiffness between
adjacent particles can be derived as follows.

For this structure, the magnetic force on particle 2 by particle
1 in the presence of an applied magnetic field is

3u,m?

Fy, =—
2 47rt

x (3cos0” - 1) (1)

Where y, represents the vacuum permeability, m represents the
projection of the magnetic moment of a single magnetic particle
along the main chain of the particle chain, r represents the distance
between adjacent particles (r = \/x2+ y2), and 6 represents the
angle between the line connecting adjacent particles and the main
chain (Y-axis) of the particle chain.

The magnetic force on particle 2 by particle 1 in the Y
direction is

3ugm*> -2 x

F,=F;- cos0 = X ————,§= (2)
ooe anyy T2+ y

Then the increased magnetostriction in the y-axis direction due
to the magnetic interaction of the particles is
_OF, 3uym’ s'-125+8 x

K - =X 3
YTy 4my;  (1+s2)% : Yo ®)

Based on literature research, it is known that the s value of pre-
structured MRE materials is less than 0.4 (Wen et al., 2018). Eq. 3
can be expressed as Ky = K (B) x K (s), where the first term K (B) is
related to the applied magnetic field, and the second term K (s) is
related to the relative positions of the magnetic particles. As the
applied magnetic field increases, K (B) increases. Additionally, the
magnetic particles transition from a wave-like structure to a more
linearized configuration, resulting in a decrease in the distance (x)
between particle 2 and the main chain, leading to a decrease in s.
Consequently, the second term K(s) of the magneto-induced
stiffness K, also increases [see Supplementary Figure S2A].
Therefore, K, exhibits an overall increase, indicating that the
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magneto-induced stiffness of MRE materials increases with an
increasing applied magnetic field.

Based on literature research, when the applied magnetic field
remains constant and the shear strain of the MRE material increases,
the influence of the material’s Poisson effect on its mechanical
properties can be neglected (Wen et al.,, 2018), i.e, x is constant.
Therefore, the magnetic force exerted by particle 1 on particle 2 in
the Y-direction can be expressed as

3uym*  t-28 y
F,=Fyp-cos0="" . —— == 4
o dnxg (1+2)%  x @

Then the increased magnetostriction in the y-axis direction due
to the magnetic interaction of the particles is
OF, 3u,m® 8t'—12£2+1 y

K,=—== . b= = 5
Y ¥y 4anxy  (1+£)% Xo ©)

In this case, as the y-value increases and t increases, K (t)
decreases [see Supplementary Figure S2B], while K (B) remains
constant. Consequently, the magnetic stiffness K, decreases.
Therefore, the magnetic stiffness of the MRE material decreases
with increasing shear strain amplitude.

The magnetorheological energy storage modulus of MRE is
mainly determined by the magnetic stiffness K,, which is
represented by AG’ocKy. Therefore, the trends of both the
magnetorheological energy storage modulus and the magnetic
stiffness are the same.

The magnetorheological loss modulus AG” of MRE materials is
mainly determined by the additional frictional losses between the
magnetic particles and the matrix, which is proportional to the
projection of the magnetic interaction forces between the particles in
the X-axis direction (perpendicular to the main chain of particles),
represented by AG” oc |F,|.

The magnetic force on particle 2 by particle 1 in the
x-direction is

3um®  s(s-2) x

F, =F,- sinf = X — s="— (6)
e amyy (2 +DE

The equation can be expressed as F, = F(B) x F(S), where the
first term F (B) is dependent on the external magnetic field, and the
second term F (S) is related to the relative positions of the magnetic
particles. When the external magnetic field increases, F (B) increases.
Although the magnetic particles tend to linearize and the distance x
between particle 2 and the main chain decreases, leading to a
decrease in s, the second term F (S) in F, decreases [see
Supplementary Figure S3A]. However, the term F (B) related to
the external magnetic field has a more significant effect. Therefore,
Fy overall exhibits an increase. Hence, the magnetorheological loss
modulus of MRE materials tends to increase with the increasing
external magnetic field.

When the external magnetic field remains constant and the
shear strain of the material increases, assuming the Poisson’s effect
of the material is negligible (x remains constant), the magnetic force
exerted on particle 2 by particle 1 in the Y direction can be
expressed as

um®  1-2¢ y

F;, =F, - sinf = et == 7
12 =Fn )% x (7)
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FIGURE 2

Magnetic dipole-viscoelasticity composite mechanics model.

In this case, as the y-value increases and t increases, F (t)
decreases while F (B) remains constant. The transverse magnetic
force Fy decreases [see Supplementary Figure S3B]. Therefore, as the
shear strain amplitude increases, the magnetic loss modulus of MRE
materials decreases.

The above discussion focuses on the influence of the internal
magnetic particle structure of MRE materials at the micro-level on
their mechanical properties, providing an explanation for the
mechanisms by which external magnetic fields and strain
amplitudes affect the mechanical behavior of MRE materials.
However, it is important to note that the loading frequency also
has a significant impact on the mechanical properties of MRE
materials. The effects of loading frequency on the mechanical
behavior of MRE materials cannot be fully explained by the
micro-level magnetic dipole model alone. Therefore, it is
necessary to combine a macro-level viscoelastic mechanical
model of the MRE material matrix to further elucidate the
mechanical properties of MRE materials.

Based on the analysis of the non-linear magnetic dipole
mechanical model and the viscoelastic mechanical model of the
polymer matrix, this study proposes a comprehensive magnetic
dipole-viscoelastic mechanical model for MRE materials, as
shown in Figure 2, to describe the mechanical performance of
MRE materials under different external magnetic fields, loading
frequencies, and shear strain amplitudes. In this model, the
macroscopic mechanical properties of the polymer matrix are
characterized by the Kelvin model, while the microscopic
mechanical properties of the magnetic particles under the
external magnetic field are represented by the magnetic dipole
model.

The mechanical performance of MRE materials consists of
three components: the matrix, the magnetic particles, and the
interaction between the magnetic particles and the matrix.
Therefore, changes in the mechanical properties of MRE
when the
magnetization under the external magnetic field or when there

materials  occur magnetic particles undergo
are changes in their relative positions due to deformation of the
material. The mechanisms by which external magnetic fields and
strain amplitudes affect the mechanical behavior of MRE materials
have been discussed earlier and will not be repeated here. The effect
of loading frequency on the interaction between the magnetic

particles and the matrix is minimal, so we only need to consider its
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effect on the matrix and the magnetic particles. At lower loading
frequencies, the magnetic particles have sufficient response time to
form magnetic chains, so the influence of loading frequency on the
mechanical properties of the magnetic particles is minimal.
However, the matrix cannot keep up with the loading frequency
due to the internal segmental motion, resulting in significant
changes in its mechanical properties. Therefore, the changes in
the mechanical properties of the matrix dominate at lower loading
frequencies. As the loading frequency increases, the formation and
breakage time of the magnetic chains decrease, and the magnetic
particles become less capable of forming sufficient magnetic
of the
magnetic particles undergo significant changes, exerting a more

chains. Consequently, the mechanical properties
pronounced influence on the overall performance of the MRE
material.

By analyzing the comprehensive mechanical model
established in this study, it is found that the overall stiffness
of MRE materials is composed of the stiffness of the matrix and
the magnetorheological stiffness of the magnetic particles.
Similarly, the overall damping of the material is composed of
the damping of the matrix and the magnetorheological damping
of the magnetic particles. Therefore, the mechanical behavior of
MRE materials can be described using four parameters. Hence,
the expression for the mechanical model of MRE materials

established in this study is denoted as
() = kiy(8) + €1y () + Ky (1) + €y () )

where k; represents the stiffness of the matrix, ¢; represents the
damping of the matrix, k, represents the magnetorheological
stiffness of the magnetic particles, and ¢, represents the
magnetorheological damping of the magnetic particles.

3 Experiment
3.1 Materials and methods

3.1.1 Preparation of samples

The MRE samples were fabricated with carbonyl iron particles
(Type CN, BASF Co., Germany), Polydimethylsiloxane, and curing
agent (Sylgard 184, Dow Corning GmbH, United States).

The preparation process (as shown in Figure 3) is as follows:
100 g of PDMS precursor is added, followed by the addition of
77 g of Carbonyl Iron powder. The mixture is vigorously stirred
for 5 min until it is homogeneous. Then, 10 g of curing agent is
added, and stirring is continued for 15 min until the mixture is
uniform. The mixture is poured into a mold and transferred to a
sealed container. Vacuum is applied to the container to remove
any air bubbles. The mold is covered with a lid and placed in a
thermal-magnetic coupling device (as shown in Figure 4A) at a
temperature of 100°C and a uniform magnetic field of 1T for
15 min for curing. Afterward, the mold is placed in an 80°C oven
for an additional 30 min for further curing. Finally, the
anisotropic MRE sample can be obtained by removing it from
the mold (as shown in Figure 4B).

Indeed, it can be observed that the MRE sample has solidified
and formed a chain-like structure along the direction of the
magnetic field.
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FIGURE 4

(A) Schematic diagram of the thermal-magnetic coupling device; (B) The prepared MRE sample.

3.1.2 Performance testing of samples

The instrument used to test the shear mechanical properties
of the MRE sample is the Modular Compact Rheometer 302
(Anton Paar Co., Austria, see Supplementary Figure S4). The
accessory used during the testing process is the PP20 plate
measuring system. The temperature is controlled at 25°C
throughout the entire testing process. The testing method is as
follows: a circular sample with a thickness of 1 mm and a
diameter of 20 mm is placed between two parallel circular
A controllable and
uniform magnetic field is applied between the parallel plates.
A pre-load of 5 N is applied to prevent sample slippage during the

plates of the same diameter (20 mm).

test. The testing conditions are as follows (as shown in Table 1): a
sinusoidal loading mode is used, and the sample is tested at
frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 2 Hz, 3 Hz, and 4 Hz, with
strain ranges from 20% to 80% in 20% increments and magnetic
fields ranging from 0 to 1,000 mT in 200 mT increments. A total
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TABLE 1 Test condition of MRE sample.

Frequency (Hz) Magnetic flux Shear
density (mT) strain (%)

0.1 0, 100, 200, 400, 600, 800, 1 000 20, 40, 60, 80

0.5 0, 100, 200, 400, 600, 800, 1 000 20, 40, 60, 80

1 0, 100, 200, 400, 600, 800, 1 000 20, 40, 60, 80

2 0, 100, 200, 400, 600, 800, 1 000 20, 40, 60, 80

3 0, 100, 200, 400, 600, 800, 1 000 20, 40, 60, 80

4 0, 100, 200, 400, 600, 800, 1 000 20, 40, 60, 80
of 168 (= 6*4*7) dynamic shear mechanical property
measurements are conducted under different working
conditions.
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FIGURE 5

Relationship curves between MRE storage modulus and magnetic field under different frequencies. (A) 0.1 Hz, (B) 0.5 Hz, (C) 1 Hz, (D) 2 Hz, (E) 3 Hz,

(F) 4 Hz.

3.2 Results and discussion

3.2.1 Stress-strain curves of MRE

Figure [see Supplementary Figure S5] shows the hysteresis loops
of the MRE obtained at a loading frequency of 4 Hz under different
external magnetic fields. It can be observed that the slope of the main
diagonal of the MRE hysteresis loop increases with the increase in
the external magnetic field. For example, for a shear strain of 20%,
the slope of the main diagonal of the hysteresis loop increases by
17.9% from 0 mT to 1,000 mT. The area enclosed by the hysteresis
loop also increases, indicating that both the storage modulus and the
loss modulus of the MRE increase with the enhancement of the
external magnetic field. This indicates that the prepared MRE
exhibits a effect.
Furthermore, the shape of the hysteresis loop evolves from

material significant magneto-rheological
elliptical to parallelogram, reflecting the nonlinearity of the
prepared MRE material.

Figure [see Supplementary Figure S6] depicts the hysteresis
loops of the MRE material measured at different loading
frequencies with a magnetic induction of 800 mT. It can be
observed that as the loading frequency increases, the slope of the
main diagonal of the hysteresis loop decreases continuously,
reaching its minimum value at a loading frequency of 4 Hz. The
shape of the hysteresis loop evolves towards an elliptical shape with
the increase in loading frequency.

Based on Figures 9, 10, it can be observed that the strain
amplitude has an influence on the hysteresis loops of the MRE
material. As the shear strain increases, the slope of the main diagonal
of the hysteresis loop decreases, indicating a decrease in the effective
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stiffness of the MRE material. Additionally, as the shear strain
increases, the area enclosed by the hysteresis loop increases,
indicating an increase in the energy dissipation of the MRE material.

3.2.2 Storage modulus of MRE

The storage modulus is calculated as

Oy

AG' = — x cos 0

©)
&

where oy represents the stress amplitude, & represents the strain

amplitude, 0 represents the phase lag angle.

3.2.2.1 The influence of magnetic field

Figure 5 depicts the influence of external magnetic field on the
storage modulus of the MRE material under different shear strain
amplitudes. The results demonstrate that the storage modulus of the
MRE material increases with increasing magnetic induction
intensity under any loading frequency and strain amplitude
condition. The underlying mechanism behind this phenomenon
can be revealed by the proposed magneto-dipole-viscoelastic
comprehensive mechanics model in this study. As the external
magnetic field increases, the contribution of the magnetic
stiffness term K (B) in the magneto-induced stiffness increases.
Additionally, the magnetic particles tend to linearize from a wavy
structure, leading to an increase in the term K (s) in the magneto-
induced stiffness. Consequently, the overall magneto-induced
stiffness increases, and the storage modulus follows the same
trend, resulting in an increase in the storage modulus of the
MRE material with increasing magnetic induction intensity.
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However, the dependency of the storage modulus on the
magnetic induction intensity decreases with increasing strain
amplitude. For instance, at a loading frequency of 4 Hz, as the
magnetic induction intensity increases from 0 mT to 1,000 mT, the
storage modulus increases from 446.6 kPa to 536.2 kPa (a relative
increase of 20.1%) under a shear strain amplitude of 20%. On the
other hand, under a shear strain amplitude of 80%, the storage
modulus only increases by 7.6% (from 247.6 kPa to 266.4 kPa). This
phenomenon can be explained by Eq. 5. According to Eq. 5, the
magneto-induced stiffness K consists of the external magnetic field-
related term K (B) and the magnetic particle relative position-related
term K (t). When the change in the external magnetic field AB is the
same, the variation in the external magnetic field-related term K (B)
is also the same. Therefore, with a larger strain amplitude, the
magnetic particle relative position-related term K (t) becomes
smaller, resulting in a smaller product of the two terms, the
magneto-induced stiffness K. Since the storage modulus follows
the same trend as the magneto-induced stiffness K, the magneto-
induced storage modulus of the MRE material decreases with
increasing shear strain amplitude.

Furthermore, at a shear strain amplitude of 20% and higher
magnetic induction intensity, the storage modulus exhibits
magnetic saturation. The saturation magnetic induction
intensity of the prepared MRE material is approximately
1,000 mT. For example, at a loading frequency of 1 Hz and a
strain amplitude of 20%, the storage modulus increases by 36.3 kPa
as the magnetic induction intensity increases from 0mT to
200 mT. However, when the magnetic induction intensity
increases from 800 mT to 1,000 mT, the storage modulus only
increases by 7.9 kPa. The magnetic saturation behavior of the
material’s storage modulus can be attributed to the nonlinear
relationship between the magneto-induced stiffness and the
magnetic induction intensity. As the magnetic induction
intensity increases, the magnetization intensity of the internal
magnetic particles initially grows and then stabilizes. In
accordance with Eq. 3, the external magnetic field-related term
K (B) tends to stabilize. Additionally, the magnetic particles tend to
linearize from a wavy structure, resulting in a decrease in the
parameter s and the function K (s) also initially increases and then
stabilizes. Consequently, as the magnetic induction intensity
increases, the material’s magneto-induced stiffness initially
increases and then stabilizes. The storage modulus, following
the trend of the magneto-induced stiffness, exhibits apparent
magnetic saturation. Moreover, the lower shear strain amplitude
exhibits magnetic saturation behavior first, which can be attributed
to the closer proximity between the magnetic dipoles at lower
strain amplitudes. Under the same magnetic field intensity, the
magnetization intensity of the magnetic particles becomes greater,
hence resulting in the earlier occurrence of magnetic saturation at
lower shear strain amplitudes.

3.2.2.2 The influence of frequency

The loading frequency also has a significant impact on the
storage modulus. Figure 6 illustrates the influence of loading
frequency on the storage modulus of the MRE material under
different external magnetic fields. It can be observed that the
effect of loading frequency on the storage modulus is quite
complex. With increasing loading frequency, the storage
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modulus initially increases, reaches a minimum value at 1 Hz,
and then rapidly decreases, reaching another minimum value at
4 Hz. For example, at a shear strain amplitude of 60% and a
magnetic induction intensity of 1,000 mT, the storage modulus
of the MRE material is 387.5 kPa at a frequency of 0.1 Hz. With
increasing loading frequency, it reaches the maximum value of
416.2kPa at 1Hz and then rapidly decreases to 311.3 kPa
at 4 Hz.

The underlying mechanism behind this trend of the storage
modulus with loading frequency can be analyzed based on the
previous discussion on the influence of loading frequency on the
mechanical properties of the material. In the frequency range of
0.1-1 Hz, the mechanical properties of the matrix dominate. As the
chain segment motion of the matrix cannot keep up with the speed
of external loading, the storage modulus of the material increases
with increasing loading frequency. As the loading frequency further
increases in the range of 1-4 Hz, the mechanical properties of the
magnetic particles become more dominant. With increasing loading
frequency, the formation and disruption time of magnetic chains
decrease. Consequently, the magnetic particles are unable to form
sufficient magnetic chains, leading to a decrease in the storage
modulus of the material.

3.2.2.3 The influence of strain

At any loading frequency and magnetic induction intensity, the
storage modulus decreases exponentially with increasing strain
amplitude, as shown in Figure 7. This trend becomes more
pronounced, especially at higher magnetic induction intensities.
For example, at a loading frequency of 3 Hz, increasing the strain
amplitude from 20% to 80% results in a decrease in the storage
modulus by 256 kPa at 0 mT magnetic induction intensity, and a
decrease by 322 kPa at 1,000 mT magnetic induction intensity. The
phenomenon of decreasing storage modulus with increasing strain
amplitude in MRE materials can be explained using Eq. 4. As the
shear strain amplitude increases, the K (t) term in the magneto-
induced stiffness decreases. Consequently, under the same magnetic
field conditions, the magneto-induced stiffness of the MRE material
decreases with increasing shear strain amplitude. Since the storage
modulus of the material follows the same trend as the magneto-
induced stiffness, the storage modulus of the MRE material
decreases with increasing strain amplitude. Furthermore, at
higher magnetic induction intensities, the decrease in the storage
modulus with increasing strain amplitude becomes even more
pronounced. The underlying mechanism for this phenomenon
can be explained using Eq. 5. The storage modulus of the MRE
material consists of two parts: the inherent storage modulus of the
material itself and the magnetic field-induced storage modulus
dependent on the applied magnetic field. As the strain amplitude
increases, the inherent storage modulus of the material decreases.
Combined with Eq. 5, when the incremental increase in strain
amplitude is the same, the decrease in the K (t) term, which is
related to the relative positions of magnetic particles, is also the
same. At higher magnetic induction intensities, the value of the K
(B) term, which is related to the magnetic field, becomes larger,
leading to a greater decrease in the magneto-induced stiffness K and
a faster decrease in the magnetic field-induced storage modulus. As a
result, the storage modulus of the material decreases more
significantly.
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3.2.3 Loss modulus of MRE

The loss modulus is calculated as

g
AG" = =2 x sin 0 (10)
€0
where 0y represents the stress amplitude, ¢, represents the strain
amplitude, and 6 represents the phase lag angle.

3.2.3.1 The influence of magnetic field

Figure 8 shows the influence of external magnetic field on the
loss modulus of MRE at different shear strain amplitudes. The
results indicate that the loss modulus of MRE increases rapidly with
the increase of magnetic induction intensity under any loading
frequency and strain amplitude conditions. This is because the
magneto-induced loss modulus of MRE mainly depends on the
increased frictional losses between magnetic particles and the
matrix. With the increase of the external magnetic field, the
magnetic interactions between the magnetic particles intensify,
resulting in an increase in the normal pressure between them
and the matrix, which leads to an increase in frictional losses.
Therefore, the loss modulus of MRE increases with the increase
of the external magnetic field. Additionally, it can be observed that
the material’s loss modulus exhibits significant magnetic saturation
effects at various strain amplitudes and loading frequencies. This is
attributed to the nonlinear relationship between the magnetization
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intensity of magnetic particles within the material and the magnetic
induction intensity.

3.2.3.2 The influence of frequency

Figure 9 illustrates the influence of loading frequency on the loss
modulus of MRE under different external magnetic field conditions.
It can be observed that the loss modulus of the material remains
nearly constant within the frequency range of 0.1-4 Hz. This is
because, within the frequency range of 0.1-1Hz, the matrix
dominates the energy dissipation in the material, and the loading
frequency has little effect on the energy dissipation of the matrix.
Therefore, the loss modulus remains unchanged within this
frequency range. In the frequency range of 1-4Hz, the
mechanical properties of the magnetic particles dominate, while
the loading frequency has almost no influence on the magnetic
interactions between the particles. Moreover, as analyzed by the
mechanical model mentioned earlier, the effect of the loading
frequency on the interaction between the matrix and magnetic
particles can also be neglected. Therefore, the loss modulus of
the material remains constant below 4 Hz.

3.2.3.3 The influence of strain

Furthermore, as the strain amplitude increases, the loss modulus
of MRE material decreases, as shown in Figure 10. This
phenomenon can be explained by the

magnetic  dipole
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mechanical model established earlier (Figure 1). With the increase in
strain amplitude, the distance between magnetic particles is
stretched, resulting in a decrease in the magnetic interactions
between particles. As a result, the compressive pressure between
the magnetic particles and the matrix decreases, leading to a
reduction in frictional losses between them and consequently a
decrease in the loss modulus.

3.2.4 Equivalent stiffness of MRE

In order for MRE materials to be practically applied, it is
necessary to characterize the macroscopic mechanical properties
of components composed of MRE materials, in addition to
understanding the microstructural properties such as storage
modulus and loss modulus. This includes characterizing the
equivalent stiffness and equivalent damping of the MRE-based
components.

The equivalent stiffness is a macroscopic representation of the
energy storage modulus of a material. The equivalent stiffness of an
MRE material is calculated as

Kzamux_amin (11)

€ max — € min

3.2.4.1 The influence of magnetic field

The influence of magnetic induction on the equivalent stiffness
of the material at different shear strain amplitudes is shown in
Figure 11. It can be clearly observed that the equivalent stiffness of
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the material increases with an increase in magnetic induction.
Furthermore, as the shear strain amplitude increases, the
dependence of the equivalent stiffness on magnetic induction
decreases. For instance, at a loading frequency of 1Hz, with
magnetic induction increasing from 0mT to 1,000 mT and a
shear strain amplitude of 20%, the equivalent stiffness of the
increases from 643.7kPa to 738.9kPa (a relative
increase of 14.7%). On the other hand, when the shear strain

material

amplitude is 80%, the equivalent stiffness increases from
360.1 kPa to 393.9kPa (a relative increase of 9.4%). The
underlying reason for this phenomenon is similar to that of the
storage modulus. With an increase in shear strain amplitude, the
distance between magnetic particles is stretched, leading to a
weakening effect of magnetic interparticle interactions. This, in
turn, results in a reduced dependence of the equivalent stiffness
on magnetic induction at the macroscopic level.

Additionally, the material’s equivalent stiffness exhibits a
significant magnetic saturation effect with an increase in
magnetic induction. This is due to the nonlinear relationship
between the magneto-induced stiffness of the MRE material and
the magnetic induction. Specifically, as the magnetic induction
increases, the magnetization intensity of the internal magnetic
particles in the material initially grows and then stabilizes,
ultimately reaching magnetic saturation. This magnetic saturation
phenomenon becomes particularly pronounced at low shear strain
amplitudes. This is because a lower shear strain amplitude
corresponds to shorter distances between internal magnetic
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dipoles in the material. Under the same magnetic field conditions,
this results in higher magnetization intensity of the magnetic
particles. Consequently, the magnetic saturation effect is more
prominent at low shear strain amplitudes.

3.2.4.2 The influence of frequency

The influence of loading frequency on the equivalent stiffness of
MRE materials follows a complex pattern, as shown in Figure 12.
The equivalent stiffness of the material increases slowly within the
range of 0.1-1 Hz. However, once the loading frequency reaches
1 Hz, there is a significant decrease in the equivalent stiffness. The
complex trend of the equivalent stiffness with loading frequency can
be explained by considering the impact of loading frequency on the
mechanical properties of MRE materials, as discussed -earlier.
Within the loading frequency range of 0.1-1 Hz, the mechanical
properties of the material’s matrix play a more dominant role. Due
to the inability of the matrix polymer chains to keep up with the
movement imposed by external loads, the equivalent stiffness of the
material increases with increasing loading frequency. However, as
the loading frequency further increases and reaches 1-4 Hz, the
mechanical properties of the magnetic particles become dominant.
Within this range, the formation and disruption time of magnetic
chains in the MRE material shorten. As a result, the magnetic
particles become increasingly unable to form sufficient magnetic
chains, ultimately leading to a decrease in the material’s equivalent
stiffness.
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3.2.4.3 The influence of strain

The influence of strain amplitude on the equivalent stiffness of
MRE materials follows a distinct pattern, where the equivalent
stiffness decreases exponentially with increasing strain amplitude,
as shown in Figure 13, regardless of the loading frequency and
magnetic induction conditions. The underlying mechanism behind
this behavior is that as the strain amplitude increases, the distance
between magnetic particles increases, leading to a reduction in the
magnetic interaction forces between the particles and consequently a
decrease in the magneto-induced stiffness. This decrease is
manifested at the macroscopic level as a decline in the equivalent
stiffness.

3.2.5 Equivalent damping of MRE
For the simple harmonic loading mode, the equivalent damping

of the material is calculated as

_E

8w

i (12)
where & represents the strain amplitude and w represents the
angular frequency.

3.2.5.1 The influence of magnetic field

As shown in Figure 14, under any loading frequency and shear
strain amplitude conditions, the equivalent damping of MRE
increases significantly with the increase of magnetic induction.
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This phenomenon can be explained using the magnetic dipole
mechanical model presented earlier (Figure 1). When the applied
magnetic field intensity increases, the magnetic interaction between
the magnetic particles increases, leading to an increase in the normal
pressure between the magnetic particles and the matrix. This results
in increased frictional and energy losses between the magnetic
particles and the matrix, leading to an overall increase in the
equivalent damping of the MRE material. Additionally, the
distance between the magnetic particles decreases with the
enhancement of the magnetic field intensity, further contributing
to the increase in the equivalent damping of the MRE material.

Moreover, it can be observed that MRE materials are more prone
to exhibit magnetic saturation, especially at higher loading
frequencies, such as 4 Hz. This is because a higher magnetic field
intensity requires the magnetic particles in the magnetic chain
structure to move a longer distance from the initial position at
zero field to the final position. However, as the loading frequency
increases, the time available for the formation and disruption of the
magnetic chain structure decreases. At this point, the main limiting
factor for the internal magnetic particles of the material to move
towards the main chain and the sufficient formation of the magnetic
chain structure is no longer the applied magnetic field conditions,
but the response time. Therefore, as the loading frequency increases,
the enhancement of the ideal magnetic chain structure formation
due to the increase in magnetic field intensity becomes smaller and
smaller. This leads to a reduced influence of the magnetic field
intensity on the equivalent damping of the material, ultimately
resulting in a greater tendency for MRE materials to exhibit
magnetic saturation with higher loading frequencies.
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3.2.5.2 The influence of frequency

The influence of loading frequency on the equivalent damping of
MRE materials follows a simple and evident pattern. As shown in
Figure 15, the equivalent damping of MRE materials decreases
rapidly with increasing loading frequency. This is because as the
loading frequency increases, the time for the formation and
disruption of the magnetic chain structure within the MRE
material decreases. Consequently, the MRE material fails to fully
establish magnetic chain structures, leading to a decrease in its
damping performance.

3.2.5.3 The influence of strain

The influence of strain amplitude on the equivalent damping of
the material is shown in Figure 16, where the equivalent damping
decreases with increasing strain amplitude. This behavior is
determined by the viscoelastic properties of the MRE material’s
matrix, and it can be attributed to two main factors: the structural
changes and magnetic chain formation induced by the magneto-
rheological effect, and the nonlinear characteristics of the material
under high shear strain conditions. Firstly, as the shear strain
amplitude increases, the magnetic particles in the magneto-
rheological elastomer align more orderly and form more magnetic
chain structures. Due to the increased alignment of magnetic particles,
the internal viscous dissipation in the MRE material decreases, leading
to a reduction in the material’s damping performance. Secondly, the
nonlinear characteristics of the magneto-rheological elastomer also
contribute to the decrease in the equivalent damping. The material
exhibits linear behavior within a small range of shear strain. However,
as the shear strain amplitude increases, the material starts to exhibit
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nonlinear behavior. In the nonlinear region, the damping
characteristics of the material undergo changes. With increasing
shear strain, the nonlinear behavior of MRE leads to a decrease in
the material’s equivalent damping.

4 Comparison of model predictions and
experimental results

During the material testing phase, cyclic shear loading tests were
conducted on the MRE material under different applied magnetic
fields, loading frequencies, and shear strain amplitudes. Based on the
previously established magnetic dipole-viscoelastic comprehensive
mechanical model, the parameter values of the mechanical model
were determined through parameter identification. Subsequently,
the equivalent stiffness and equivalent damping of the prepared
MRE material were calculated. Figures [see Supplementary Figures
$7-10]
experimental results and model predictions.

By comparing the model predictions with the actual test results, it
was found that the established mechanical model can accurately predict

present selected representative comparisons between

the dynamic mechanical properties

characteristics of MRE materials. This provides a theoretical

and magneto-mechanical

foundation for the practical application of MRE materials.
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5 Mechanical performance of the
energy absorber

5.1 Fabrication of the energy absorber

To improve the utilization of the magnetic field and achieve a
higher magnetic flux density, as well as to reduce the lateral
deformation of a single layer of MRE, a shear energy absorber
was designed and fabricated in this study using a configuration of
five layers of steel plates interleaved with four layers of MRE. The
assembly is connected using bolts and fixtures at both ends, as
shown in Figure 17. The specific dimensions of the internal
components are as follows: the MRE layer dimensions are
90*90*5 mm, and the steel plate dimensions are 100*90*5 mm.

5.2 Experimental equipment

The loading equipment used in the experiment is a 250 kN
tensile-compression fatigue testing machine (809.25 model, MTS
Co., United States). The DC power supply box used is a dual-channel
DC power supply box (APS3005S-3D model, GRATTEN Co., CN).
The electromagnet used is the YR-P50/27 model electromagnet
(CNYRIL Co., CN)
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Relationship curves between MRE equivalent damping and frequency under different shear strain amplitudes. (A) 20%, (B) 40%, (C) 60%, (D) 80%.

5.3 Performance testing

5.3.1 Experimental methods

This experiment uses sinusoidal cyclic loading to test the
mechanical performance of the magneto-rheological shear
damper using a displacement control mode. During the test, the
shear damper is first placed on the tension-compression fatigue
testing machine. Then, the electromagnet is positioned on the
brackets at both sides of the shear damper and connected to the
DC power supply. The testing system is depicted in Figure [see
Supplementary Figures S11].

The shear damper in this study was tested under the following
conditions: loading frequencies of 0.1 Hz, 0.3 Hz, 0.5 Hz, 1 Hz, and
2 Hz; shear displacements of 1 mm, 2 mm, 3 mm, and 4 mm; and an
applied magnetic field ranging from 0 to 100 mT with increments of

25 mT. A total of 80 test cases were conducted as shown in Table 2.

5.3.2 Experimental results
5.3.2.1 The influence of magnetic field

Figure 18 shows the force-displacement hysteresis curves of the
shear damper under different applied magnetic field conditions at a
loading frequency of 0.5 Hz. From the graph, it can be observed that
the main diagonal slope of the force-displacement hysteresis curve
increases with the increase in magnetic induction, indicating that the
equivalent stiffness of the shear damper increases with the increasing
magnetic induction. This suggests that the shear damper exhibits
variable stiffness characteristics. This is attributed to the increase in
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the equivalent stiffness of the MRE layer in the shear damper with
the enhancement of the applied magnetic field. Additionally, the
area enclosed by the force-displacement hysteresis curve also
increases with the increase in magnetic induction, indicating that
the energy dissipation capacity of the shear damper continuously
improves. This indicates that the shear damper also exhibits variable
damping characteristics.

5.3.2.2 The influence of frequency

Figure 19 shows the force-displacement hysteresis curves of the
shear damper obtained from the experimental tests at different
loading frequencies with an electrical current intensity of 2.0 A.
It can be observed that as the loading frequency increases, the
maximum control force of the shear damper initially increases and
then rapidly decreases when reaching 2 Hz. The main diagonal slope
of the hysteresis curve initially increases with the loading frequency
and then rapidly decreases within the range of 1-2 Hz.

This behavior can be attributed to the response time of the
magnetic particles in the MRE material at lower loading frequencies
of 0.1-1 Hz, where they have sufficient time to form adequate
magnetic chain structures. At this range of frequencies, the
mechanical properties of the magnetic particles are relatively
stable. However, the segmental motion of the MRE material’s
matrix becomes slower compared to the loading frequency as it
increases, causing gradual changes in its mechanical properties. At
this point, the matrix’s mechanical properties become more
significant in the material. Therefore, the maximum control force

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1253055

Huang et al.

10.3389/fmats.2023.1253055

«®©
=

i

Equivalent damping (kN*s/m) (0

P 7 (I - N - N I |
=3

n

=)
=

Equivalent damping (KN*s/m) >
w
& S
= <

NN NN
3
<

~
>

-
L

/

...
a
Equivalent damping (kN*s/m) M

-
-

Equivalent damping (KN*s/m) o
¥

—o— 0mT —w— 600mT
== 200mT —+— $00mT
e 300m T —— 1000mT

-4

0 30 40 50 60 70 8
Shear strain y (%)
0.1 Hz

=4

—— OmT —v— 600mT
~—+—200mT —+— $00mT
—a— 400mT —— 1000mT

0 30 40 50 60 70 8
Shear strain y (%)

2 Hz

g8
<

FIGURE 16
Relationship curves between MRE equivalent damping and shear strain amplitude under different frequencies. (A) 0.1 Hz, (B) 0.5 Hz, (C) 1 Hz, (D)
2 Hz, (E) 3 Hz, (F) 4 Hz.

® w
nh S h S h

<

—
)

-
£

/

N
9
Equivalent damping (kN*s/m) T
>

-
=

®©

Cc
—— ;T —v— 600mT E 40 —o— 0mT —v— 600mT
——200mT —+— $0mT = ——200mT —— $00mT
—a—300mT —— 1000mT CE 38 —a— 300mT —— 1000mT
En 36
234
H
3 32
E 30
Z28
3
" " " " i " o 26 " " " " " " "
20304050607080H20304050607080
Shear strain y (%) Shear strain y (%)
0.5 Hz 1 Hz

—— 0mT —v— 600mT
=—+—200mT —+— $00mT
e 400m T —— 1000mT

L
- N W

A N e ©

43

0 30 40 50 60 70 8
Shear strain y (%)

3 Hz

N~

30 40 50 60 70 80
Shear strain y (%)
4 Hz

[N
=

Physical picture

FIGURE 17

Designed and fabricated shear energy dissipator.

Schematic diagram
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TABLE 2 Test condition of magnetorheological shear energy dissipator.

Frequency (Hz) Current (A) Shear displacement (mm)

0.1 0,05,10,1520 1,23, 4
0.3 0,05,10,1520 1,23, 4
0.5 0,05,10,1520 1,23, 4
1 0,05,10, 1520 1,23

2 0,05, 1.0, 1.520 1

and the main diagonal slope of the shear damper increase within the
loading frequency range of 0.1-1 Hz.

However, when the loading frequency exceeds 1Hz, the
response time for the magnetic particles to form magnetic chain
structures decreases. As a result, the mechanical properties of the

A
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magnetic particles rapidly decline, leading to the sharp decrease in
the shear damper’s performance beyond 1 Hz of loading frequency.

5.3.2.3 The influence of shear displacement

Figure 20 shows the influence of different shear displacement
amplitudes on the force-displacement hysteresis curves of the shear
damper at an electrical current intensity of 2.0 A. It can be observed that
the maximum output control force of the shear damper increases with
the increase in shear deformation. However, the main diagonal slope,
which represents the equivalent stiffness, decreases with the increase in
shear deformation. The enveloping area of the force-displacement
hysteresis curve continuously increases with the increase in shear
deformation, indicating an increase in energy dissipation.

Furthermore, it can be noticed that among all the hysteresis
curves, there is a “plateau” segment in the force-displacement
hysteresis curve when the shear damper transitions from tension
to compression, i.e., when the shear force approaches 0 kN. During

B
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Influence of different external magnetic fields on the force-displacement curve at a loading frequency of 0.5 Hz (A) 2 mm, (B) 3 mm.
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this segment, the shear displacement of the shear damper increases,
but the shear force does not increase. This phenomenon can be
attributed to the insufficient precision in the fabrication of the shear
damper. Due to the inadequate precision, there exists a gap between
the main body of the shear damper and the end fixtures. Therefore,
when the shear damper transitions from tension to compression,
i.e., when the shear force is near 0 kN, the shear damper exhibits an

increase in shear displacement without a corresponding increase in
shear force.

5.4 Model validation

The equivalent stiffness of the shear damper can be calculated
using Eq. 13 based on the hysteresis curve of the shear damper.
k; _ F max F min

X max — X min

(13)
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In Eq. 13, k' represents the equivalent stiffness, F .5, and F i,
are the shear forces at the maximum positive displacement and
maximum negative displacement, respectively, and x ;55 and x i,
are the corresponding displacements.

In Figure 21, it can be observed that the equivalent stiffness of
the shear energy absorber increases slightly at loading frequencies
below 1 Hz. However, when the loading frequency exceeds 1 Hz, the
equivalent stiffness of the shear energy absorber decreases rapidly.
This phenomenon is attributed to the decrease in the mechanical
properties of the magnetic particles in the MRE material, as well as
the variation in the mechanical properties of the matrix and
magnetic particles in the material.

Figure 22 shows the relationship between the equivalent stiffness
of the energy absorber and the current intensity at a loading
frequency of 0.5 Hz. It can be seen that the equivalent stiffness of
the shear energy absorber increases with the increase in current
intensity. This indicates that the shear energy absorber based on
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MRE materials possesses real-time controllable and adjustable
mechanical properties.

Through the theoretical analysis of the mechanical model
established in this paper, the equivalent stiffness of the shear
energy dissipator can be obtained, which is calculated as

K _ F max ~ F min
theoretical —
max ~ X min

A

_ 0 max — O min

= x —xXN (14)
€ max — € min h
AxXN
= Kinaterial X h

Where A is area of single material layer, h is thickness of single
layer material, N is number of layers of material, and Kjnateriar is
equivalent stiffness of material.

The calculated values of the shear energy absorber from
theoretical analysis are found to be in good agreement with the
experimental results, as shown in Figure 22. This validates the
correctness of the magnetic dipole-viscoelastic comprehensive
mechanical model established in this study. It indicates that the
model can accurately describe the mechanical behavior of MRE
materials and provide a theoretical basis and guidance for further
practical applications of MRE materials.

6 Conclusion

In this paper, a four-parameter magnetic dipole-viscoelastic
comprehensive mechanical model was proposed to explain the
underlying mechanism of the mechanical properties of MRE under
different loading conditions. An MRE material was prepared using
carbonyl iron powder and polydimethylsiloxane, and the dynamic
mechanical properties of the MRE material under different loading
conditions were experimentally tested. The experimental results showed
that the storage modulus and loss modulus of the MRE material
increased with increasing magnetic induction intensity, exhibiting
significant magneto-rheological effects. The storage modulus
decreased and then increased with increasing loading frequency,
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while the loss modulus was almost unaffected by the loading
frequency. The storage modulus and loss modulus of the material
rapidly decreased with increasing shear strain amplitude. The
application of a magnetic induction intensity of 1T led to a
significant increase in the equivalent stiffness and equivalent
damping. The mechanical model established in this study was
validated by parameter identification using the tested MRE material,
demonstrating its ability to characterize and predict the mechanical
behavior of the prepared MRE material. Furthermore, a shear energy
absorber was designed and fabricated based on the prepared MRE
material in this study. Experimental testing of the shear energy absorber
confirmed the predicted mechanical properties obtained from the
model analysis, showing good agreement with the measured
equivalent stiffness. This further validated the accuracy of the
magnetic  dipole-viscoelastic ~comprehensive mechanical model
established in this paper. The results indicate that the proposed
model can accurately describe the mechanical behavior of MRE
materials and provide a theoretical basis and guidance for further
practical applications of MRE materials.
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