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Characterization of mechanical properties of magnetorheological elastomers (MREs) is essential for the design of
smart materials and devices with customized features and functionalities. While the properties of MREs under
shear mode have been extensively researched, MREs with tilt angle under compression mode have been less
exploited. In this study, a magneto-mechanical model of anisotropic MREs is established based on magnetic
dipole theory and energy method considering the reconfiguration effect of compressive strain on the micro-
structure of the magnetic chain. This leads to the provision of a dynamic magneto-mechanical model of the
anisotropic MREs, incorporating the magneto-induced mechanical model, by using the robust fitting method.
Experiments were conducted to assess the force-deflection (stress—strain) characteristics of MREs with tilt angle
under compression mode, subject to the regulation of the tilt angle of magnetic chain, magnetic flux density, and
mass fraction of magnetic particles. The magnetic-induced modulus, obtained from the theoretical model, is
experimentally verified through magneto-mechanical testing, alongside an analysis on the dynamic mechanical
properties under different dynamic strain amplitudes and frequencies. The mean square error (MSE) in terms of
magneto-mechanical storage modulus in the robust fitting ranges from 2.73% to 10.86%. Experimental results
also show that the range of magneto-induced stress (typically from 178 KPa to 74.6 KPa) decrease when the tilt
angle of the magnetic chain increases (from 15° to 25°) corresponding to 60% mass fraction. The compression
strain of the anisotropic MREs, affecting both the spacing of adjacent magnetic particles and the tilt angle of
magnetic chain, causes significant changes in the magnetic-induced modulus. In addition, the hysteresis loops
under different deformation (Mullins effect) show an increasing energy dissipation with decreasing tilt angle.

of MREs summarized different testing methods (dynamic or quasi-static)
and fabrication technical, which present field-controllable properties of
MREs.

1. Introduction

Magnetorheological elastomers (MREs) are widely used as “smart”

materials in dynamic vibration absorbers [1-4], sensors [5-7], grippers
for intelligent robots [8,9], magnetically driven soft robots [10], and
wearable electronic devices [11,12] etc. MREs originate from the family
of magnetorheological materials. This MREs material exhibits control-
lable mechanical properties responding to an external magnetic field. In
addition, the electrical conductivity of different MREs is subjected to
mechanical strain and magnetic flux to achieve signal receive and con-
trol of intelligent device [13]. The magneto-mechanical property of
MREs is fundamental for the functional and structural design of smart
devices. The research on magneto-mechanical properties of MREs is
mainly from two aspects: theoretical model and material design. The
reviews [14,15] of syntheses and magneto-mechanical characterization
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Various models were proposed to characterize magneto-mechanical
properties of anisotropic and isotropic MREs. The basis of the theoret-
ical model adopts the magnetic dipole model [16,17] for analyzing the
magneto-induced modulus. The expressions of the magnetic induction
energy and elastic strain energy in the energy method is parsed to get the
constitutive relation [18,19]. A great deal of research has been done on
the theoretical model of the magneto-mechanical shear behavior, and a
brief overview is given below. A two-parameter dipole moment semi-
empirical model [16] was established through experimental tests. The
theoretical stress—strain relationship was derived to describe shear
modulus relation with dipoles distance and particle diameter [17].
Meanwhile, a stress-strain relationship model of quasi-static MRE shear

Received 5 October 2022; Received in revised form 10 January 2023; Accepted 20 January 2023

Available online 6 February 2023
0304-8853/© 2023 Elsevier B.V. All rights reserved.


mailto:chenzb@hit.edu.cn
www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2023.170441
https://doi.org/10.1016/j.jmmm.2023.170441
https://doi.org/10.1016/j.jmmm.2023.170441
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2023.170441&domain=pdf

L. Wang et al.

[18] was developed to analyze the two stress sources, which contain the
interaction of magnetic particles and rubber matrix and magnetic dipole
moment. In addition, the MREs nonlinear response of 2D pure shear and
3D axisymmetric shear under magnetic field was also studied to validate
the proposed general criterion [20] based on the general criterion of
bifurcation and stability theory. The model describing MREs with
wrapped nanoparticles of soft shell was proposed to predict the rela-
tionship of magnetic parameters and shear modulus [21]. The general
dipole model could not accurately predict the shear modulus of the
complex microstructure. In order to the analysis of the magneto-induced
model more accurate and reliable, a variety of microstructure mor-
phologies are considered as following literatures. The mechanical model
of anisotropic MREs with straight and waveform magnetic chain [19]
was proposed. The shear stiffness formula was derived from the static
magnetic energy and shear strain energy when the material was sub-
jected to shear deformation. The magnetic-mechanical coupling model
of MRE materials under large pre-stress conditions is proposed [22],
which analyzed the effect of pre-stress on magnetic-induced shear
storage modulus. The magnetic-induced mechanical model for esti-
mating shear modulus based on magneto-static deformation was pro-
posed [23] by considering three different forms of spatial distribution
including chain, plane and isotropic. A magneto-elastic energy storage
model [24] was proposed depending on the microstructure in terms of
the mean deformation gradient and magnetic field, which considers
magnetic dipole interaction and finite strain effect in a homogenized
framework. The mechanical model of finite column [25] was proposed
based on viscoelasticity to predict the performance of MREs under shear
behavior.

In addition, there are studies based on the magneto-mechanical
properties under compression [26-29] or tensile [30,31] behavior,
which proposed some magneto-mechanical model. The static compres-
sive magneto-mechanical properties of MREs [26] under magnetic field
(parallel and perpendicular to the chain direction) was studied for the
performance of magneto-static modulus. The large-strain behavior [32]
of isotropic and anisotropic MREs was characterized experimentally
under uniaxial compression. The linear viscoelastic region [33] in
compression mode was studied in high frequencies (200 Hz). Further-
more, the MR properties of isotropic and anisotropic MREs experimen-
tally under dynamic compression was analyzed, considering magnetic
particle fraction, excitation frequency, and strain amplitude in six pa-
rameters empirical models [28]. The magneto-induced mechanical
properties of MREs in dynamic compression mode was further devel-
oped considering large pre-strain [29]. The experimental results show
that the storage modulus of relative MR calibration at 20% large strain

CIPs Stirring

& | p N e
~- 9 \\\-/ ‘

Electromagnet

Heating<—}—.Mou1d
a

Vulcanization under magnetic field

Magnetic field

Magnetic chain tilt angle

Journal of Magnetism and Magnetic Materials 570 (2023) 170441

increased by 188.32% for isotropic MRE and the anisotropic MRE
increased by 216.24%. The proposed MREs with flax fibers [31] have
superior mechanical and conductivity properties. The magnetic-induced
mechanical properties in compression behavior was investigated
revealing a smaller plastic deformation and energy absorption effi-
ciency. Mechanical characterization of the above magnetorheological
elastomers based on the injection molding manufacturing process. In
recent research progress, 3D printing technology was used for devel-
oping special topology structures and hybrid MREs [34,35]. The various
dot patterns MREs [36] consisting of isotropic, anisotropic and config-
urations inspired from basic lattice structure such as BCC and FCC. By
rational design of the microarchitectures of porous structures and pre-
cise deposition of the multiple material phases in the space, many re-
searches proposed architected materials with tailor-made mechanical
properties under compression [37]. The research presents the effect of
shape factor on compression mode dynamic properties of MRE by
considering strain-rate and amplitude [38]. Moreover, a methodology
was proposed for compensating for the magnetic force generated by
electromagnets for accurate characterizations of MREs compression
mode [39]. These proposed models describe magneto-mechanical
properties of anisotropic MREs under compression mode, however, the
magneto-mechanical model of the anisotropic MREs, presented for tilt
angle of magnetic chain influenced by compressive deformation,
haven’t been suitable performed.

With the goal of enhancing magnetorheological properties, the
magnetic chain angle in microstructure was concerned on the researches
of magneto-mechanical properties of anisotropic MREs. The magneto-
mechanical properties of anisotropic MREs are highly dependent on
the internal microstructure of magnetic chains, which mainly contains
the lattice of magnetic particles and the magnetic chain arrangement.
The mechanism of microstructure design (tilt angle of magnetic chain) is
used as the modulation of magnetorheological effect. The magnetic
moments ratio is regarded as indirect parameter for anisotropic coeffi-
cient, which of horizontal and vertical directions for anisotropic MREs
with different magnetic particle concentrations was characterized by
using vibrating sample magnetometer (VSM) [40]. The microstructural
effect of anisotropic MRE is influenced by the curing process of magnetic
field and magnetic particle fraction of hybrid precursor. The results
show that a critical concentration of magnetic particles makes the
transformation of anisotropic magnetic chains to a more complex three-
dimensional microstructure. Regardless of the mechanical behaviors,
the microstructure of magnetic chains in anisotropic MRE is important
for magneto-mechanical properties. The quasi-static and dynamic shear
magnetic-induced properties of different magnetic chain angles [41]
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Fig. 1. Process flow chart of anisotropic MRE preparation.
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Fig. 2. The illustrations of magneto-mechanical test setup of anisotropic MREs under compression.

were investigated to propose the constitutive model describing shear
magnetic-induced model. The anisotropic MREs with 45-degree mag-
netic chains synthesizing with different concentrations of silicone oil
[42] were researched to discuss the dynamic shear viscoelastic magneto-
mechanical properties. The iron micron-sized particles and magnetic
chain angles of anisotropic MREs [43] were investigated for analyzing
the shear dynamic mechanical properties of MREs, optimizing the par-
ticles size, shape and alignment. The above researches prove that the
magneto-mechanical properties strongly depend on the microstructure,
in particular on the particles used and their arrangement. While the
magneto-mechanical properties of anisotropic MREs considering the
effect of compressive deformation on the tilt angle of magnetic chains is
less analyzed. Therefore, the magnetic-induced mechanical properties of
anisotropic MREs with the tilt angle under quasi-static and dynamic
compression is regarded as the key research object.

In this paper, the main content consists of three parts. Section 2
presents the customized electromagnetic coil with a compression head
to experimentally characterize magnetic-induced mechanical properties
of the anisotropic MREs. The special preparation procedure is that the
precursor material was injected in an angular mold, placing on the
center of the vertical magnetic field and heating the mold to accelerate
vulcanization. Section 3 established theoretical magneto-mechanical
model based magnetic dipole theory considering the compressive
strain and tilt angle of magnetic chains. Section 4 discussed the theorical
and experimental results of both static and dynamic mechanical prop-
erty of anisotropic MREs with tilt angle. The coupling effect of the tilt
angle and compressive strain on magnetic-induced modulus was
revealed by using theorical and experimental methods. The Mullins ef-
fects present the variation of unloading path of hysteresis loop in
anisotropic MREs with tilt angle. Owing to considerable strain ampli-
tude and frequency, dynamic mechanical properties of the anisotropic
MREs were evaluated for different tilt angles and CIPs mass fractions.

2. Material and experimental methods
2.1. MRE preparation

Magnetorheological elastomer samples with anisotropic thickness of
5 mm were prepared with 0, 15- and 25-degree magnetic chain tilt angle
in spatial microstructure. The MRE samples with 40%, 60% and 80%
mass fraction of magnetic particles in the corresponding tilt angles were
prepared to study the magnetic-induced mechanical properties of
anisotropic MREs under different magnetic flux density. The process
flow of anisotropic MRE preparation is shown in Fig. 1. The magnetic
particles were selected from carbonyl iron particles (CIPs, China Xindun
alloy Corp.) with diameters ranging from 3 to 8 pm. The preparation of
magnetorheological elastomers with tilt angles is divided into 4 steps.

The first step was to prepare a well-mixed precursor by pouring the
corresponding fraction of magnetic particles and the curing agent into a
mixing cup with silicone rubber (Shin-Etsu Silicones, KE-2000ST) and
placing it on a stirrer for constant speed mixing (60 rpm/min, 3 min).
Secondly, the homogeneously mixed precursors were left in a negative
pressure vacuum chamber (800 mmHg pressure) for 8 min. Then the
defoamed precursors were slowly injected into the alloy mold with a
circle groove (20 x 5 mm) by machine processing. Finally, the mold was
sealed by the cover, which was heated by using thin plate heater of
temperature at 80 °C in the gap of the magnetic field generator (China
Dexing Electromagnetic DXSBV-100) that provide 1 T magnetic flux
density for curing 20 min.

2.2. Experimental setup

The characterization of magneto-mechanical properties of MR elas-
tomers in compression mode involves the application of an axial mag-
netic field and mechanical loading. Therefore, the cylindrical coils with
a lamellar chuck at end of the coil core is designed to facilitate the
clamping of the mechanical testing machine. A disc-shaped horizontal
surface at the other end of customized coil has advantages on acting
uniform and stable compressive loading and magnetic field on the
anisotropic MREs. The coil was made of 1.6 mm diameter copper wire
equipping a highly permeable pure iron core of cylindrical section of 20
mm diameter. A high strength coil skeleton was made of resin using 3D
printing method. The customized electromagnetic coils are be clamped
in the upper directions of the universal testing machine (UTM) to pro-
vide a flux density during the compression of MR elastomers as shown in
Fig. 2. The electromagnetic coil is used for studying the effect of
compression deformation on the magneto-mechanical properties
revealing the nonlinear magneto-mechanical characteristics of aniso-
tropic MREs. The Instron E10K testing instrument, for obtaining the
stress/strain hysteresis loop, was used for calibrating the magnetic-
induced modulus. The central control system of the UTM has been in-
tegrated in the industrial microcomputer. The load-acting beam is
driven by an oil-free linear rotary motor, which has a linear load ca-
pacity of 10KN. The DC power supply (100 V, 20A) was used for
providing the source of the clamped electromagnetic coils in Fig. 2.
Magnetic flux density was measured by using a Gauss meter corre-
sponding to controllable current. It is worth noting that the compression
test under vertical magnetic field is different from the shear test. The
magnetorheological elastomer is magnetized to produce magnetic force
against the surface of the coil compression head, which displays nega-
tive value on the test software. Therefore, the load balance point needs
to be recalibrated under a given magnetic field condition at different
current. A uniform pre-strain value was selected as 0.1% after contacting
the compression surface. The MRE samples were cut into a size of 8 mm



L. Wang et al.

ro P

@ ------------- H

(b)

Journal of Magnetism and Magnetic Materials 570 (2023) 170441

The magnetic chain configuration of
compressive deformation

Fig. 3. (a) The subsystem of deformed dual magnetic dipoles; (b) The reconfiguration of magnetic chains under load and magnetic flux density.

x 8 mm X 5 mm to meet the ISO standard to meet the test requirements
on MREs for magneto-mechanical coupling testing in compression.

3. Modelling and theory

The magnetic-induced mechanical model of anisotropic MREs with
tilt angles of magnetic chain under compression was established by
classical magnetic dipole theory and energy method. The improved
quasi-static dipole model was proposed to analyze the regulation of
magneto-induced compressive modulus considering both compressive
strain and tilt angle of magnetic chain.

The most of MREs microscopic magnetic-induced model by using the
magnetic energy model are derived from Rosensweig’s theory. The
improved double magnetic dipole model present that two adjacent
particles (dipoles) in the same chain with tilt angle suffer the vertical
magnetic field and compressive strain in Fig. 3. The interaction magnetic
energy of the deformed double magnetic dipole m; and my subsystem
can also be expressed as:

1 mem 3 (= S\ (= -
Eiiv1 :4— 3 T s\mir Mip1- 1 @
THoH, r r

where r is spacing of adjacent magnetic dipoles of the same magnetic
chain in the perpendicular magnetic field direction before deformation,
Uo is the vacuum permeability, y; is the relative permeability of the
matrix. i and i + 1 represent the subscripts of the adjacent magnetic
dipoles, and m; is the magnetic dipole moment of the i th magnetic dipole
of a certain magnetic chain under the external magnetic field. The
magnetic field induced modulus of MRE under compression mode in
[44] performs linear behavior with applied magnetic field. The linear
magnetic field formulation used in both the model in the literature and
the proposed model, as well as a sample prepared with similar mass
fraction. Therefore, the magnetic dipole moment of single particle can
be expressed as the Eqn. (2).
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Ff is a composite magnetic field (A/m); y refers to the magnetic
susceptibility of the particle and a its radius. The magnetic field of dipole

i is influenced by both the applied magnetic field m and the magnetic
field generated around the magnetic dipoles. Therefore, the Eqn. (3) of
the magnetic field of magnetic dipole i after magnetization in MRE can
be deduced as.
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Here we denote the magnetic dipoles around dipole i in the chain
uniformly as the subscript variable parameter j; m; is the magnetic dipole

moment of magnetic particle j; r;j is the distance between magnetic
particles i and j; 7; is the unit vector in its direction. When considering
only the interaction between magnetic particles in the chain, assume
that the distance between each particle is equal. r denotes the average
distance between two particles, so there is r; = jr. The magnetic dipole

moment of the composite magnetic field can be expressed as Eqn. (4).
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Assuming that each particle has the same magnetic dipole moment
that we have m; = m; = m.

1
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In the Eqn. (5), ¢ = Z’: lj% ~ 1.202. Consider the interaction energy

4
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between two magnetic dipoles in a magnetic chain system, Eqn. (6)
represents the magnetic energy of the double dipoles subsystem.

n
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In the Eqn. (6), o’ present the angle of MRE microstructure magnetic
chain after compression deformation; ry is the original spacing of adja-
cent magnetic dipoles in the same magnetic chain; r is the compressive
deformed spacing of adjacent magnetic dipoles; and x is the spacing in
horizontal direction of adjacent magnetic dipoles in the same magnetic
chain. The microstructural parameters of the dual magnetic dipole
subsystem are shown in Fig. 3(a) and the reconfiguration of magnetic
chain under load and magnetic flux density is present in Fig. 3(b).

The microstructure of the dual magnetic dipole subsystem is
analyzed due to the compression effect. The strain expression can be
deduced from the correlation between strain and magnetic dipole
spacing r =ro(1 + ¢€). According the compression strain ¢ =r/ro — 1, the
relationship of the subsystem parameters before and after deformation
can be obtained as,

2 2
cos’a = ;’0(17—5—28) 7)
B(l+e) +x2

From the original microstructure Eqn. (8) of the dual magnetic dipole
subsystem, we can conclude the total magnetic interaction energy of the
subsystem in Eqn. (9).

tana = i (€]
o
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The following equation converting the mass fraction to the equiva-
lent volume fraction is used in the calculation of the magneto-
mechanical model.

Vp PP

= = (10)
Vx+vp (1 —(ﬂ)ﬂl,+§0ps

¢

where ¢ presents the volume fraction, and ¢ the mass fraction; p;
donates the density of silicone rubber (p; = 1.09 g/cm?) provided by the
Shin-Etsu and p, donates the density of carbonyl iron particles (p, = 4.5
g/cm®) provided by China Xindun Alloy Corp. The volume fractions
corresponding to all prepared samples were listed to the parameter
columns in Table 2.

Therefore, the macroscopic magnetic energy of the finite volume
MRE can be expressed as Eqn. (11).
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Then the magnetic energy density function is present as Eqn. (12)
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The magneto-induced stress under compression in Eqn. (13) is
deduced by the partial derivative of magnetic energy density function to
compressive strain.

Journal of Magnetism and Magnetic Materials 570 (2023) 170441

E,
E,
n
I_
& Em c
e
1 m
AR

Fig. 4. The modified Kelvin magneto-viscoelasticity model.

The magnetic-induced modulus under compression can be deduced
by the second partial derivative of the magnetic energy density function
or first partial derivatives of the magneto-induced stress function to the
compressive strain, which is shown as Eqn. (15).
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Thus, the theoretical equation for the compressive magnetic-induced
modulus of MREs with tilt angle of magnetic chain is shown as Eqn. (16):
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To simplify the magneto-induced stress function, the extracted pa-
rameters A, B, C, and D are related to tilt angle a that can exhibit strong
nonlinear characteristics. The parameter P shows the magnetic proper-
ties and size of the particles. The magneto-induced stress function con-
tains high-order exponential terms in order to ensure the accuracy of the
model. It is assumed that the higher-order terms above the third orders
of the compressive strain can be omitted as infinite terms compared to
other terms. The magnetic-induced stress function is expressed as Eqn.
(14).

o —0.304P(A + Be + Ce* + Dée?)
" re(e 4+ 1)*(3rg + 3roe — 48ya)’ (62 + 2¢ + tana + 1)°

(14

The nonlinear mechanical characteristics of the magnetic-induced
modulus of the MREs with tilt angle of magnetic chain under compres-
sion can be precisely described as Eqn. (16). The magnetic energy of the
anisotropic MREs changes significantly under the influence of both the
external magnetic field and compressive load. The magneto-mechanical
coupling effect of anisotropic MREs cannot be accurately evaluated by
the traditional magneto-mechanical model.

The modified Kelvin viscoelasticity model in Fig. 4 is introduced to
characterize the dynamic magneto-mechanical properties of the aniso-
tropic MREs under compression mode. The proposed magneto-induced
mechanical model of the anisotropic MREs is embedded to obtain the
dynamic viscoelastic model. These parameters that are the magneto-
induced modulus “Ep,” and the dissipation coefficient of magneto-
induced “ny”, need to be obtained experimentally for the viscoelastic
model shown in Fig. 4. The parameter “ny,”, corresponding the dissi-
pation coefficient under a given magnetic field, is obtained by sub-
tracting the area of the hysteresis loop at the magnetic field strength
from the area of the hysteresis loop at zero field in compression exper-
iments. The parameter “E,” presents the difference between the slope of
the constitutive-curves under magnetic flux and the slope of the
constitutive-curve at zero field, corresponding to compression strain.
The E;, E; and 5 parameters in MREs dynamic viscoelastic model can be
identified by using robust fitting method. The magneto-induced
modulus Ep, in Eqn. (16) is substituted into the Eqn. (A4) in the ap-
pendix. 5, obtained in the magneto-mechanical experiments stands the
enclosed area of magneto-mechanical hysteresis loop.
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(c) 0=25°

Fig. 5. The magnetic chain microstructure of anisotropic MREs with tilt angle (¢ = 60%).

Table 1
The calculation parameters of theoretical model.
Parameters Symbols  Reference
values
MRE magnetic chain The diameter of the particle  2a 4-8 pm
microstructure
The angle of MRE magnetic ~ « 0-80°
chain
the reduced spacing of ro/2a 1.65
adjacent magnetic dipoles
Material magnetic Relative permeability of the 4 1
properties matrix
Vacuum permeability o 4z x 107
Tem/A
Specific magnetization of X 0.65-3
the CIPs
Carbonyl iron powder 3 60 %, 80%
mass fraction
Compression strain in € 1%, 5%

static mechanics

4. Result and discussion

The magneto-induced mechanical model of anisotropic MREs is
established based on the magnetic chain microstructure, which provides
a theoretical method for characterizing the magneto-induced modulus.
The microstructure of magnetic chain was characterized by using the
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ultra-depth-of-field microscope to obtain the chains morphology of
anisotropic MREs with different tilt angles as shown in Fig. 5. Due to the
effect of magnetic fields at different angles during the preparation of
anisotropic MREs, the magnetic chains are reflected on 0, 15, and 25-de-
gree angles in Fig. 5(a), (b), and (c), which validated reliability of the
manufacturing process.

4.1. Theorical analysis of characteristic parameters

The anisotropic MREs with different tilt angles of magnetic chain
have special configurations. The microstructural parameters of magnetic
chain are subjected to compressive load, which have sensitive changes.
The constitutive relation of magneto-induced mechanics presents
nonlinear characteristics that mainly reflect on the enhancement effect
of magneto-induced modulus. The nonlinear characteristics of magneto-
mechanical properties under large compressive deformation cannot be
ignored. Thus, the high-order coupling terms of compressive strain,
adjacent dipoles spacing and chain tilt angle appear in the theoretical
formula (15) of magneto-induced modulus. The analysis results corre-
sponding magneto-induced mechanical model suggest significant effect
of anisotropy according to the material parameters of the prepared
anisotropic MREs as shown in Table 1. As an example, Fig. 6 shows the
influence of the magnetic flux density and the chain tilt angle on the
magneto-induced modulus by utilizing the magneto-induced mechani-
cal model of anisotropic MRE.

The comparable trends for the magneto-induced modulus of
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Fig. 6. Influence of tilt angle of magnetic chains on magneto-induced elastic modulus of anisotropic MREs under different compressive strain (a) ¢ = 1%, ¢ = 60%;

(b) £ = 5%, ¢ = 60%.
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Fig. 7. (a) The neutral tilt angle of magnetic chain; (b) The effect of compressive strain on magneto-induced modulus (B, = 220mT, ¢ = 60%).
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anisotropic MRE were observed on magnetic flux density and chain tilt
angle under different compressive deformation in Fig. 6. The results
suggest that magneto-induced modulus of anisotropic MREs is a mono-
tonic change as increasing magnetic flux density in Fig. 7(b). In addition,
the magneto-induced modulus firstly decreases and then increases as

increasing the tilt angle of magnetic chain. The magneto-mechanical
property of anisotropic MRE with tilt angle a, which is neutral angle
that is subjected to compression strain, represents the minimum
magneto-induced modulus in the entire domain. Theoretically, the
maximum value of the chain tilt angle is 90°that the direction of the
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Fig. 9. Effect of magnetic flux density on magneto-mechanical stress—strain curve of anisotropic MREs (¢ = 40%) with tilt angle of magnetic chain (a) a = 0°; (b) a =

15°% (c) a = 25°.

magnetic chain is perpendicular to the action direction of the magnetic
field and compressive load. Fig. 7(a) illustrates smaller neutral tilt angle
of anisotropic MREs as increasing the compressive strain.

The dipolar forces between particles in the same chain are decom-
posed along x axis (F,) which is the parallel direction of compression
surface and z axis (F,) being the compression and applied field direction.
The reason for this phenomenon is that the horizontal component F, of
dipolar forces are balanced each other, thus resulting in a decreasing
trend corresponding magneto-induced modulus. The actual tilt angle of
magnetic chain becomes larger under compressive deformation by the
adjacent magnetic dipoles configuration as shown in Fig. 3. In summary,
the nonlinear magneto-induced mechanical characteristics of aniso-
tropic MRE are mainly affected by both the chain microstructure pa-
rameters and the compressive strain.

Furthermore, the tendency demonstrates the influence of magnetic
flux density, compression strain and chain tilt angle on the relationship
between magneto-induced modulus and the reduced spacing. This fa-
cilitates the understanding of the mechanism of the magneto-induced
mechanics as shown in Fig. 8. When the reduced spacing ro/2a = 1 in-
dicates the contact arrangement of two adjacent magnetic dipoles in the
same magnetic chain. The magneto-induced modulus appears gradually
decrease after a sharp increase with the increase of the reduced spacing
in Fig. 8(a)(b)(c). The reason for the peaks of these curves is that the
interaction of the dipoles arranged on the magnetic chain produces the
magnetic dipole moment in the Z-direction. The magnetic energy of the
adjacent dipoles is obtained from Eqn. (1), which determines the
magneto-induced modulus. The adjacent magnetic dipole spacing r =
ro(1 + ¢) for expression form 1/r2 in Eqn. (6), can be processed on both

sides to obtain r/2a = rO(1 + €)/2a. So, the magnetic energy of the
adjacent dipoles calculated by Eqn. (6) has a maximum value, which is
affected by the compression strain. When the compression strain in-
creases, keeping the same r/2a, the corresponding the reduced spacing
ro/2a increases, as shown by the shift in the curve peak. The results show
larger flux density corresponding to a stronger magneto-induced
modulus with the increase of the reduced spacing in Fig. 8(a). The
compressive strain is applied to constitute the model. The trend of the
magneto-induced modulus represents the peak reduction and shifting
with increasing the reduced spacing in Fig. 8(b). The magneto-induced
modulus gradually stabilizes when the reduced spacing is greater than
1.5. The dipolar interaction has a weaker form at larger the reduced
spacing due to magnetic particle with micron-sized volume. As to the
value of the magneto-induced modulus at peaks, though theoretically
existent, we cannot easily verify its existence, and it is unlikely that the
material process can be controlled so precisely. Fig. 8(c) illustrates the
effect of magnetic chain tilt angle on the magneto-induced modulus
corresponding to the increase of reduced spacing. The magneto-induced
modulus slightly decreases in the overall range corresponding to the
increase of the tilt angle. The reduced spacing affects the magnetization
properties of the magnetic chains in MREs, which in turn leads to in-
fluence the magneto-induced mechanical properties of the MREs. The
reduced spacing of adjacent dipoles ro/a is defined to describe the mean
gap between adjacent magnetic dipoles in a chain. The reduced spacing
is shown in Tab. 1 referring to the preparation process of anisotropic
MREs under the magnetic flux density of 1 T.
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Fig. 10. Effect of magnetic flux density on magneto-mechanical stress—strain curves of anisotropic MREs of different CIPs mass fraction with tilt angles of magnetic
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4.2. Magnetic field effect

The anisotropic MREs with different tilt angles of magnetic chain and
mass fractions were tested by using compressive coil of customized
design generating perpendicular magnetic fields to obtain hysteresis
constitutive curves. Fig. 9 illustrates the effect of magnetic flux density
on the compressive hysteresis loops of anisotropic MREs (40% mass
fraction) with 0°, 15° and 25° tilt angles at 5% strain. The results are
presented for different magnetic flux densities that the influence of tilt
angles of magnetic chain on the major axis slope and the enclosed area of
hysteresis loops. These suggest magnetic field stiffening of anisotropic
MREs, which shows the increase of stress—strain curves slopes for mag-
netorheological effect.

The slope of the hysteresis curve, presented the elastic modulus of

Table 2

MRE under magnetic field, significantly increase with increasing mag-
netic flux at same material parameters, including tilt angle and mass
fraction. The rate of slope represents the growth rate of the elastic
modulus increase, as the compressive strain of MRE under the magnetic
flux density increases, which reflects the nonlinear increase in the
magneto-elastic stress in Eqn. (13). The magneto-mechanical hysteresis
loops are subjected to the tilt angle of magnetic chain in MRE micro-
structural design. The slope of hysteresis loops decreases more sharply
corresponding to increasing the tilt angles of magnetic chain. This is due
to dipolar forces (F,, loading direction) of the CIPs magnetic chain
decreasing as the tilt angle of magnetic chain increasing. The sequen-
tially arranged dipoles of magnetic chain of anisotropic MREs increase
the attraction in same chain under higher magnetic field intensity. The
results show that become greater stiffening under compressive load and

Viscoelastic and magneto-induced modulus of anisotropic MREs in experimental results (Pa).

Parameters Young modulus Magneto-induced modulus E, Loss modulus Kelvin-Voigt model

o/al 90mT 144mT 192mT El E2 1
40%,/0°/13.9% 1.03 x 107 1.268 x 10° 2.058 x 10° 2.348 x 10° 2.10 x 10° 1.57 x 10° 3.18 3.95
40%/15°/13.9% 4.51 x 10° 8.334 x 10° 1.297 x 10° 1.663 x 10° 1.47 x 10° 1.68 x 10° 3.67 4.28
40%,/25°/13.9% 4.03 x 10° 4.064 x 10° 6.32 x 10° 9.458 x 10° 5.92 x 10° 1.76 x 10° 3.92 5.16
60%/0°/26.7% 2.64 x 107 1.580 x 10° 2.634 x 10° 3.333 x 10° 4.16 x 10° 1.68 x 10° 3.78 5.96
60%/15°/26.7% 7.88 x 10° 1.218 x 10° 2.483 x 10° 3.578 x 10° 6.94 x 10° 1.71 x 10° 3.12 6.54
60%,/25°/26.7% 7.82 x 10° 5.972 x 10° 1.028 x 10° 1.487 x 10° 1.01 x 10° 1.95 x 10° 2.85 6.78
80%/0°/49.2% 3.63 x 107 2.882 x 10° 5.569 x 10° 8.073 x 10° 6.15 x 10° 1.68 x 10° 4.25 7.82
80%/15°/49.2% 1.29 x 107 1.453 x 10° 2.887 x 10° 3.924 x 10° 2.61 x 10° 1.75 x 10° 5.98 8.12
80%/25°/49.2% 9.08 x 10° 9.434 x 10° 1.554 x 10° 2.07 x 10° 1.32 x 10° 2.16 x 10° 6.25 8.89
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Fig. 11. Comparison between experimental data and model for magneto-
induced modulus (¢ = 80%, € = 5%).

the magnetic stress increase sharply.

In addition, this magnetorheological effect is relation with the
enclosed area of hysteresis loops, which suggest the influence of the tilt
angle of magnetic chain on the energy dissipation under magnetic flux
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density. Smaller tilt angle of magnetic chain can lead to lower energy
dissipation as shown in Fig. 9. Therefore, the design mechanism of
magnetic chain is utilized by achieving field-controllable modulation,
containing stiffness and damping properties of anisotropic MREs.

The magnetorheological effect is enhanced under increasing the
mass fraction of anisotropic MRE without tilt angle, however, decrease
with increasing tilt angle of magnetic chain, which propose a magne-
torheological controllable mechanism of different directions. The tilt
angle of the prepared anisotropic MREs in the study is smaller than the
neutral angle, so the experimental results under compression are
consistent with the model prediction of the magneto-induced modulus.
Furthermore, the increasing of mass fraction of anisotropic MREs is
considered for discussing the effect of both chain tilt angle and CIPs mass
fraction on the equivalent stiffness and energy dissipation. The regula-
tion of equivalent stiffness is revealed by modifying mass fraction and
tilt angle, when compared to the anisotropic MRE, as seen in Fig. 10(a)
(c) and (d). The results show the range decrease (from 178 kPa to 74.6
kPa) of magneto-induced stress when the tilt angle of magnetic chain
increasing corresponding to 60% CIPs mass fraction. The simultaneously
increase of mass fraction and tilt angle balance the decrease of magneto-

induced modulus due to increasing tilt angle, corresponding to 102.8
kPa for the MRE of a = 25° and ¢ = 80%. A tabular summary (Table 2) of
the various experimentally obtained moduli of anisotropic MREs is
presented, containing Young modulus, magneto-induced modulus and
loss modulus. The loss modulus is determined from dynamic properties
of anisotropic MREs in section 4.4. The corresponding viscoelastic
model parameters for magnetorheological elastomeric materials with
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Fig. 12. Schematic of stress—strain hysteresis loops of anisotropic MREs (¢ = 60%) with tilt angle of magnetic chain for Mullins effects (a) a = 0°; (b) « = 15°; (c) a
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Fig. 13. Dynamic modulus of anisotropic MREs with tilt angle of magnetic chain under different strains amplitude (f = 5 Hz).

different volume fractions and chain tilt angles are also shown in
Table 2, containing E1, E2, and 7.

In order to evaluate the performance of the proposed model of
anisotropic microstructure, the compression modulus obtained from the
models are compared with these experimentally measured in Fig. 11.
Parameters used in theoretical calculations are listed in Tab. 1. The
modeling results showed that the magneto-induced compression
modulus of all samples increased with magnetic flux density. The
theoretical results and experimental results were fitting well, which
consider tilt angle of magnetic chain and CIPs mass fraction. As above
mentioned, experimental tests have been performed within the tilt an-
gles of magnetic chain in the range of 40%-80% mass fraction CIPs. The

11

proposed model presents a compression elastic modulus that is inde-
pendent of excitation frequency. In reference [34], magneto-mechanical
elastic modulus of anisotropic MREs under different excitation fre-
quencies are less affected, however, the isotropic MREs are relatively
sensitive for strain-rate effect. Therefore, the quasi-static compressive
mechanical testing was utilized by using Instron E10K equipment to
characterize magneto-induced modulus. The anisotropic MREs with
special mechanical properties of magnetic field dependent have
consideration of the preparation process to obtain reasonable magnetic
dipole spacing.



L. Wang et al.

4.0x107
—_ 7 ] —
Es:/3.5x10 —40%
g 3.0x107+ [ Jo=60%
C 2.5%x107 [ W 80%
=]
< 2.0x107
5 1.5x1071
= 1.0x107
£ 5.0x10° ’_m

0.0 : ‘ .
0 15 25
Tilt angle (degree)

(@)

Journal of Magnetism and Magnetic Materials 570 (2023) 170441

7x10

6x10° ] __
©=40%

5x10° L |p=60%
»=80%

w £
X X
— —
=} =]

EN EN
1

1

2x10°

initial loss modulus (Pa)

1x10°

W

0 15 25
Tilt angle(degree)

(b)

Fig. 14. The dynamic modulus of anisotropic MREs at different tilt angles under zero-field (¢ = 1%) (a) Initial storage modulus; (b) Initial loss modulus.

4.3. Mullins effects

The hysteresis loops of Mullins effects were investigated for aniso-
tropic MREs with tilt angle of magnetic chain. The strain of the MREs
increases with increasing stress along the loading direction as shown in
Fig. 12. These curves in Fig. 12 are marked to represent the maximum
displacement of the compression experiment, including 0.2, 0.5 and 1
mm. When the stress reaches the peak, the MREs produce softening
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during unloading, which isn’t return along the original path due to the
Mullins effect. The different displacement of anisotropic MREs were
discussed for the sample of 60% mass fraction CIPs as an example.
Similar trend of increasing energy dissipation could be observed when
the compression displacement increases in Fig. 12. However, the rate of
change of energy dissipation within increasing the tilt angle of magnetic
chain, is smaller at larger deformation which means higher rheological
effect for smaller tilt angle. The absent magnetic field dependent
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Fig. 15. Dynamic magneto-mechanical hysteresis loop of anisotropic MREs (60%, 10 Hz) under different magnetic flux (a) « = 0° tilt angle; (b) a = 15° tilt angle; (c)

a = 25° tilt angle.
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stiffness and damping properties of anisotropic MREs with the tilt angle,
can be used to develop MRE-based smart devices in many engineering
applications.

4.4. Dynamic properties of anisotropic MREs

The experiments were designed for characterization of dynamic
properties of anisotropic MRE samples with tilt angle in compression
mode on basis of standardized methods described in ISO 7743. The
complex modulus of anisotropic MREs under compression was tested by
using dynamic mechanical analyzer (DMA). The dynamic compressive
experiments mainly characterize the complex modulus using 0-1%
strain scan as shown in Fig. 13. The results present the effect of the
magnetic chain tilt angle, strain amplitude and CIPs mass fraction on the
dynamic mechanical properties of anisotropic MREs under compression
mode.

The storage modulus at 60% mass fraction has large fluctuations as
increasing dynamic strain amplitude, corresponding to the anisotropic
MRE of 15-degree tilt angle, observed in Fig. 13(c). Since the strain
amplitude is less than 1%, anisotropic MREs has not reached yield
deformation. Therefore, the variations in storage modulus are signifi-
cantly different from the Payne effect [28] produced after yield defor-
mation. The anisotropic MREs of 80% mass fraction with chain tilt
angles of 0, 15 and 25°show a dynamic trend for storage modulus that is
decreasing and then gradually increasing compared to Fig. 13(a), (c) and
(e). The storage modulus of anisotropic MREs with 25-degree tilt angles
show the stability region during 0.4-1% strain amplitude in Fig. 13(e).
There is a negative correlation for the enhancement of magneto-
rheological effect, corresponding to anisotropic MREs with larger tilt
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angle, by increasing the mass fraction of magnetic particles, as an
example in Fig. 13(e) and (f). The trend of loss modulus of anisotropic
MREs at different chain tilt angles is presented for gradually increasing
over the ranges of 0 ~ 0.3% strain amplitude in Fig. 13(b), (d) and (f).
The increases of chain tilt angle of anisotropic MREs presented smaller
loss modulus. The tilt angle of magnetic chains in anisotropic MREs is a
significant parameter for the microstructure design.

The dynamic modulus at 1% dynamic strain amplitude was extracted
for the parameter analysis in the compressive mode as shown in Fig. 14.
The storage modulus gradually decreases with the increase of the chain
tilt angle, which gradually weakens the contribution of the mass fraction
of magnetic particles to the storage modulus. The loss modulus de-
creases rapidly and then increases slightly at anisotropic MRE of 40%
and 60% mass fractions corresponding to the increase of chain tilt angle.
In summary, the loss modulus of anisotropic MRE decreases gradually
with increasing tilt angles. The loss modulus of anisotropic MRE with 15
and 25°is much lower compared to the MRE with 0-degree magnetic
chain in Fig. 14(b).

Fig. 15 demonstrates the effect of magnetic flux density on the
stress-strain response of anisotropic MREs with different tilt angles of
magnetic chain, corresponding to 5% strain amplitude and frequency 10
Hz. The results show that the slope and the enclosed area of the hys-
teresis loops as increasing in magnetic flux density, however, the tilt
angle of anisotropic MREs increase leading to the slope and the enclosed
area decreasing. These suggest magnetic field stiffening and tilt angle
softening of the MREs similar to the results of quasi static testing.

The effect of excitation frequency on the dynamic mechanical
properties of anisotropic MREs with tilt angles of magnetic chain was
investigated. The results, presented in Fig. 16 for f=5 ~ 50 Hz and ¢ =
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Fig. 17. Dynamic magneto-mechanical storage modulus of anisotropic MRE (60% mass fraction) under different frequencies (a) « = 0°, B = 90mT; (b) « = 0°, B =
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5%, show that the slope of hysteresis loop of those MREs with tilt angle
slightly decreases and then significantly increases as rising excitation
frequency. As an example, Fig. 16(a) and (b) compare the magneto-
mechanical property of the anisotropic MRE with 0-degree magnetic
chain under different excitation frequencies, ranging from 5 to 50 Hz.
The results, corresponding to magnetic flux densities of B=90 mT and B
= 178 mT, demonstrate increase in the slope of hysteresis loop with
higher frequency, which explains a strain-rate stiffening effect [34].

The dependency frequency of the slope of hysteresis loop or equiv-
alent stiffness is relatively large in the case of the anisotropic MREs with
larger tilt angle, as shown in Fig. 16(c) and (d). Thus, the excitations
frequency at higher level leaded a sensitive effect for the anisotropic
MREs with greater tilt angle. In addition, greater tilt angle, however,
decreases the energy dissipation by the MRE with 15-degree compared
to the MRE with 25-degree. This is consistent with the performance of
quasi-static test results.

The dynamic storage modulus Es of anisotropic MREs subjected to
magnetic flux and frequency (strain-rate), is evaluated for using the
proposed model in the compression mode. The testing data were
employed to determine Es using the general method for compression
mode of polymers, depicted in ISO 4664-1. The storage modulus is
affected by the peaks of dynamic stress and strain. The ratio is the slope
of hysteresis loop. Fig. 17(a) and (b) demonstrate variations in the
storage modulus of the anisotropic MREs with 0-degree tilt angle under
different excitation frequencies and flux densities, respectively. The
results show that magnetic flux increasing enhance the stiffening effect
for only frequency contribution. Moreover, the trend of storage modulus
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of anisotropic MRE:s illustrates nonlinearity in those fitting curves as the
angular frequency gradually increasing. Owing to considerable tilt angle
of magnetic chain in anisotropic MREs, the results, presented in Fig. 17
(c) and (d) for a = 15° and a = 25° and B = 90 mT, suggest that the effect
of frequency or strain-rate on storage modulus under magnetic flux has
more significant performance on rheological effect.

The double square formula as weight function for robust fitting
method was used to verify the improved Kevin viscoelasticity model,
incorporated the proposed magneto-induced model. The results show
the high accuracy of nonlinear fitting in all conditions, the mean square
error (MSE) presented for the maximum 0.108 and the minimum 0.027.
These results also confirm that the proposed magneto-induced me-
chanical model is suitable for dynamic mechanical model. Kelvin-Voigt
viscoelastic model belongs to the category of phenomenological model,
arising from experimental results. The viscoelastic parameters are
expressed as the elastic spring part and viscous damping part of the
macroscopic material in the combined form. The units of E1 and E2 are
Pascal. This is different from the bulk phase based mechanical modeling
of elastic composites.

5. Conclusions

In this study, the magneto-mechanical properties of anisotropic
MREs with different tilt angles of magnetic chain under quasi-static and
dynamic compression deformation were experimentally investigated.
Experimental characterization in compression mode was carried out by
using the customized coil with compressive head. The results illustrated
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that larger the tilt angle of magnetic chain lead to the smaller magneto-
induced modulus under compression mode. Theoretical model was
performed based on microscale modeling approach considering the tilt
angle of magnetic chain and compressive strain. The proposed model,
incorporating modified magnetic dipole theoretical model, was used to
validate the experimental results. The neutral tilt angle of magnetic
chain in anisotropic MRE present the minimum of magneto-induced
modulus over the range. Those anisotropic MREs under magnetic
field, were discussed for the influence of the tilt angle, dipoles reduced
spacing and compression strain on magneto-induced modulus. The
compression deformation is beneficial for the enhancement of the
magneto-induced modulus of the MREs.

Furthermore, the experimental investigation has been conducted for
the effects of those parameters on dynamic mechanical properties. This
mechanism of microstructure design facilitates the regulation of the
magnetorheological effect, which present stiffness and damping
decreasing. The results show a significant effect on the zero-field

Appendix
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modulus of anisotropic MREs, presented for dynamic strain scanning,
that decreases sharply as the increase of tilt angle of magnetic chain. The
influence of frequency or strain-rate on the dynamic magneto-
mechanical property of anisotropic MREs under compression mode
was analyzed for different tilt angles of magnetic chain. The improved
Kelvin viscoelastic model in Appendix, incorporating the proposed
model, was employed as describing dynamic magneto-mechanical
property of the anisotropic MREs. The experimental results were well
fitting in the improved Kelvin model, which show that the mean square
error (MSE) is between 0.0273 and 0.1086. Thus, the proposed magneto-
induced mechanical model of anisotropic MRE has potential applica-
tions for mechanical metamaterials, adaptive vibration absorbers, soft
body robotics, and prosthetic devices etc.
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In Eqn. (A1), E1 and E2 present elastic parameters in the modified Kelvin magneto-viscoelasticity model; 7 is the inherent viscoelastic coefficient
and #, is magneto-induced viscoelastic coefficient corresponding to the damping loss. oy, and &, represent the dynamic stress and dynamic strain in
the viscoelastic model, respectively. y is a phase difference between strain wave and stress wave in Eqn. (A2). o is angular frequencies in following

equations.

(E\ + E;)0y. + 16, = (E\E; + E\E,, + EyEy ey + (Einp + Euf + Ein,, + Exn,, )éve + 10,0 (A1)

£,0(t) = £9e™ = g(cos(wr) + isin(wr))  6,,(1) = coe V)

(A2)

Submitting the alternating strain and stress of dynamic response Eqn. (A2) into viscoelastic constitution differential Eqn. (A1), can obtain

stress-strain dynamic response function Eqn. (A3).

_ O (iw)
T Pr(io)

6, (t) g™ = (Es(w) + iEL (@) )ege™

(A3)

Eg and Ej, represent the dynamic compression storage modulus and loss modulus, respectively, so the compressive complex modulus is Eqn. (A4).

_ EE; + E(Ey + EEy — n1,0% + (B + Enp + By, + Eang )@

E (iw -
(i) E, +E, +inw

(A4)

The expressions for the compressive storage modulus and loss modulus are as follows.

(Ei + E))(E\E, + E\E,, + E;E,)) + (E| + E, )&’

Es(w) =
s(@) (E\ + Ey)* + rPa?

(A5)
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EL:

70,0 + (B + E)*n,, 0"
(E) + E,)* + 1Par

The loss tangent can present as Eqn. (A7).

tand =

W1, @ + Eine + (B + Ey)'n,0
(E] + Ez)(ElEz + E1Em +E2Em) + (E1 + Em)n2w2
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(A6)

(A7)

In this study, a simple verification of magnetic induction in the selected magnetic field range is shown in Fig. A1, which indicates that the magnetic
field does not reach magnetic saturation at about 250 mT. Thus, these provide proof on the validity of the linear magnetic field assumption.
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