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ARTICLE INFO ABSTRACT

Keywords: The effects of pre-strain on compression mode dynamic characteristics of both isotropic and aligned magneto-
Magnetorheological elastomer rheological elastomers (MREs) are experimentally investigated considering wide ranges of particle volume
Pre-strain

fraction (15%, 30%, and 45%), frequency (1-30 Hz), and magnetic flux density (0-750 mT) under different
levels of pre-strain (6%, 11%, and 21%). Results exhibited strong dependence of MRE behavior on the pre-strain,
which was further coupled with the effects of the particle volume fraction and frequency, and the magnetic field.
The elastic and loss moduli of isotropic MREs consistently increased in a nonlinear manner, when pre-strain
increased from 6% to 21%, suggesting pre-strain stiffening and pre-strain dampening effects, respectively,
while aligned MRE showed dissimilar trends depending on particle volume fraction. Results revealed higher pre-
strain effects for isotropic MREs than aligned MREs. The relative MR effect in view of elastic modulus (MR ) for
both types of MREs consistently decreased with increasing pre-strain, while in view of loss factor (MR,) showed
the same trend only for aligned MRE. MR, of isotropic MRE generally showed maximum around 11% pre-strain.
Results further revealed maximum MRy, up to 286%, 973% and 2258% for the isotropic MRE, respectively, with
volume fraction of 15%, 30% and 45%, and obtained as 320%, 293%, and 386% for aligned MRE. Simple
phenomenological models were subsequently proposed to predict the compressive moduli as well as stress-strain
hysteresis characteristics of both types of MREs. A reasonably good agreement was observed between the models’
results and the experiment data for the ranges of pre-strain, volume fraction, frequency, and magnetic flux
density considered. The developed models can be effectively employed for the development and design of
controllable MRE-based adaptive devices operating in compression mode.

Compression mode
Dynamic characteristics
Phenomenological model

1. Introduction

Magnetorheological elastomers (MREs) are “intelligent” composite
materials, which includes magnetizable particles embedded in a
nonmagnetic polymeric matrix. Owing to mutual interaction among
ferromagnetic particles in microscopic level, MREs exhibit controllable
physical properties in macroscopic scale when an external magnetic
field is applied. MREs can be fabricated by mixing micron-sized
magnetizable particles in a silicone or natural rubber [1,2]. The
magnetizable particles can be spatially dispersed in consistent way
(isotropic) or in column-like structures (aligned) inside the medium [3].
The column-like structures in aligned (aligned) MREs can enhance their
stiffness and damping properties in comparison with isotropic MREs [4].
The response time for such smart materials to the magnetic field is
generally in the order of a few milliseconds [5]. Due to the unique
features of MREs, they found to be ideal candidates for numerous
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engineering applications such as adjustable vibration isolators [6-8],
and tunable vibration absorbers [9-11].

To design MRE-based devices, it is crucially important to identify and
characterize their dynamic behavior in response to both magnetic and
mechanical loadings in different modes of operation. Even though MREs
can undergo large deformation in different operational modes, such as
shear and compression/extension [12], reported studies have mainly
focused on shear mode characterization due to its straightforward
experimental procedure in which the mechanical and magnetic force
occur in the orthogonal directions [13-16]. Unlike the shear mode, the
mechanical and magnetic forces act in the same direction in the
compression mode thus the measured force is a combination of both
magnetic force, resulted from the two magnetic poles, and the
field-dependent viscoelastic force as results of compressing MRE [17].
This makes compensation for the magnetic force, in the compression
mode, an essential task. Furthermore, while generation of a controlled
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magnetic field using a reasonable size of the electromagnet is quite
difficult challenge in compression mode, rheometers [18] and
double-lab shear tests [19] have provided simpler characterization
procedures for the shear mode.

Generally, MR effect, determined as relative increase in modulus by
increasing the magnetic flux density to maximum level [20,21], in MREs
under shear mode, has a tendency to weaken under large strain ampli-
tudes owing to incrementing space between the magnetically attractive
particles [22]. MREs in the compression mode, however, show relatively
superior MR effect as the particle distances reduce during the
compression [23]. Gordaninejad et al. [24] obtained MR effect of nearly
99% in MREs under compression loading compared with 68% observed
in MREs under shear loading. Likewise, Lerner and Cunefare [25]
developed adaptive vibration absorbers featuring MRE materials and
proved that the resonant frequency of the absorbers can shift up to 507%
and 470%, in the compression and shear mode, respectively.

Table 1 summarizes recent studies addressing experimental
compression mode properties of MREs under different experimental
conditions in a chronological order. The maximum MR effect together
with the zero-field modulus of the MRE used in each study are also
provided in the table. As it can be realized a wide variation in the MR
effect, ranging from 8% to as high as 500% has been reported. This
difference could be attributed to both the material prescription of the
MREs including, size, alignment, and concentration of magnetizable
particles as well as the operating conditions such as the driving fre-
quency, pre-strain, strain amplitudes, and range of applied magnetic flux
density.

Examination of Table 1 reveals that vast majority of the studies have
neither reported nor assessed the effect of pre-strain (or pre-stress) on
dynamic behavior of MREs. However, in many applications involving
compression of the MRE such as vibration isolators and absorbers, the
MRE will likely undergo comprehensive static strain due to weight of the
supported structures. The static pre-strain can considerably alter the MR
effect due to decrease in the distance between the magnetizable parti-
cles. Despite its important significance, very limited studies have been
conducted on the effect of pre-strain on the viscoelastic and hysteresis

Table 1
Summary of studies reporting compression mode characterization of MREs.
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behavior of MREs. Koo et al. [32], Martins et al. [35], and Vatandoost
et al. [36] have characterized properties of MREs under specified con-
stant pre-strain of 5%, 6.5%, 0%, respectively. Lee et al. [41] charac-
terized compressive properties of aligned MREs in static regime and
showed that lower level of pre-strain in the specimen yielded greater
stress adjustments in presence of 300 mT magnetic flux density. Sapouna
[37]1 experimentally assessed the impact of pre-strain on dynamic
behavior of MREs at a constant frequency of 5 Hz and obtained 50% and
30% increases in the storage and loss moduli of aligned MRE, respec-
tively, and correspondingly 25% and 5% for isotropic MRE, when
pre-strain was increased from 2% to 10%; however, the effect of
pre-strain, particularly in a wide range, at various frequencies and
higher amounts of magnetic flux density has not yet been investigated.

As it can be realized, reported studies suggest relatively limited
knowledge on the impacts of the pre-strain on dynamic features of the
MREs in the compression mode. It should be noted that the influences of
pre-strain on the properties of filled elastomers are well known. In filled
rubbers, an increment in elastic and loss moduli is noted with rising pre-
strain [43]. The dynamic properties of MREs are thus expected to
depend on the pre-strain. While the pre-strain’s impacts on off-state
properties of an MRE is comparable to that of a passive
filled-elastomer, the dynamic properties of MREs may show significant
pre-strain effect in the presence of the magnetic field. Kalina et al. [44]
numerically investigated the effect of mechanical pre-load on defor-
mation dependent properties of structured (aligned) and unstructured
(isotropic) MREs employing a microscale continuum method. They
showed that by varying the pre-load, various impacts can happen on the
basis of the microstructure of MREs, predominately, the reciprocal
interacting among magnetic particles in curvy chains, which is
accountable for their macroscopic reactions such as magnetostriction
strain. Besides, the MR effect, which highly relies on the local spatial
distribution of magnetizable particles [45], apart from particle volume
fraction, is highly dependent on the pre-strain as it can considerably
alter the distance between the magnetizable particles.

Considering above, the effect of pre-strain is of paramount impor-
tance as it significantly affects the viscoelastic properties of MREs and

Lead author and Pre- Magnetic flux Maximum MR Frequency (Hz) or Strain Zero-field Isotropic/ Particle size (um) and
year strain density (T) effect (%) rate (mm,/min) (%) modulus/ Aligned concentration (%)
(%) stiffness (volume (v) or weight
w)

Bellan [26], 2002 - 0-0.052 100 5 Hz 4-5 4.1 Mpa Both types 2, soft, 5-30 v

Farshad [27], 2005 - 0-0.44 101 1 mm/min 30 0.427 Mpa Isotropic 3.8, soft, 80 w

Boczkowska [28], - 0-0.3 100 5 mm/min 1 0.16 Mpa Both types 6-9, soft, 1.5-33 w
2007

Fuchs [29], 2007 - 0-0.4 500 0.5-45 Hz 0.1-8 4 Mpa Both types 3-7, soft, 50-70 w

Kallio [30], 2007 - 0-0.87 11 0.5-15 Hz 1-10 920 N/mm Both types 3-5, soft, 30 v

Fuchs [31], 2010 - 0-0.62 17 - 20 - Aligned 3-7, soft, 70 w

Koo [32], 2010 5 0-0.6 38 0.1-1 Hz 5 3 Mpa Isotropic 10, soft, 30 v

Gordaninejad [24], - 0-1.6 99 Static 20 0.67 Mpa Aligned 2-8, soft, 30-70 w
2012

Liao [33], 2012 - 0-1.1 - - 1-5 - Both types 6, soft, 80 w

Li [23], 2013 - 0-0.1 10-15 0.1-100 Hz 0.5-5 2.6 Mpa Aligned 15, soft, 10-30 v

Liao [34], 2013 - 0-0.4 22.7 3200-5600 Hz 1-14 4.09 Mpa Aligned 2-9 soft, 60-80 w

Schubert [22], - 0-0.450 111 10 mm/min 50 2.05 Mpa Both types 3.7-4.7, soft, 0-30 v
2015a

Martins [35], 2017 6.5 0-0.6 10 1-10 Hz 1.5 4000 N/mm Aligned -, soft, 30 v

Vatandoost [36], 0 0-0.260 500 0.1-8 Hz 2-14 0.25 Mpa Isotropic 3-5, soft, 70 w
2017

Sapouna [37], 2-10 0-0.5 28 5Hz 0.25-2 12 MPa Both types (6, 220), soft, 30 v
2018

Agirre-Olabide - 0-0.085 8 50-200] Hz 0.1-0.7 - Isotropic 1.25, soft, 0-30 v
[38], 2018

Wan [39], 2018 - 0-0.5 30 1-60 Hz 1 23.5 Mpa Aligned 5-9, soft, 30 v

Bellelli [40], 2019 - 0-0.2 - 1 mm/min 5-10 4.1 Mpa Both types 45, soft, 20-80 w

Lee [41], 2019 3-18 0-0.3 15 1 mm/min Up to 20 1-2 Mpa Aligned 3-10, soft, 29-44 w

Shi [42], 2020 - 0-1 45.9 1-5 Hz 8-10 510 N/mm Aligned 3-5, soft, 30 v

“”: Not reported.
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thus should be considered in the design of MRE-based devices, operating
in compression mode. This work aims at thorough experimental exam-
ination of the impact of pre-strain on the dynamic compression mode
characteristics of both isotropic and aligned MREs comprising different
particle volume fraction under varied frequency and magnetic flux
density. The force-deflection features of isotropic and aligned MRE
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samples, manufactured with 15%, 30%, and 45% volume fraction of iron
particles, were acquired under harmonic excitation with strain ampli-
tude of 2.5% superimposed on three different pre-strains, including 6%,
11%, and 21% at diverse frequencies varying from 1 to 30 Hz, and
magnetic field density up to 750 mT. The experimental data were sub-
sequently scrutinized to assess the effect of pre-strain on the

(b)

Fig. 1. Microstructure images of fabricated isotropic (left column) and aligned (right column) MREs samples taken by Confocal microscopy with 50X magnifications:

(a) 15% volume fraction, (b) 30% volume fraction, and (c¢) 45% volume fraction.
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compression moduli and loss factor of the isotropic and aligned MREs,
apart from relative MR effect. A novel physically motivated
phenomenological-based model is afterward proposed to predict the
compression mode elastic and loss moduli as well as stress-strain hys-
teresis loops of both types of MREs as functions of the pre-strain, volume
fraction, driving frequency and magnetic flux density. The study should
provide guidance for potential applications of MREs in vibration iso-
lators and absorbers, where the pre-strain plays an important role.

2. Experimental methods
2.1. MRE specimens

Several isotropic and aligned MRE batches with 15%, 30%, and 45%
volume concentrations of carbonyl iron particles (CIPs), corresponding
to 56.5%, 76%, and 86% mass faction of CIPs, respectively, were
fabricated in the laboratory. The spherical magnetically soft CIPs (SQ,
BASF Inc., Germany), with diameter varying from 3.9 to 5 pm were
embedded inside a very stretchable platinum-based silicone elastomer
(Eco-Flex 00-20, Smooth-On Inc., USA) as the medium. The complete
fabrication procedure is presented in Ref. [17]. In a nutshell, the CIP
were initially added to the medium and then thoroughly blended using a
mixer for around 5 min. The blended mixture was then degasified in a
vacuum apparatus for almost 5 min under negative pressure of 736
mmHg, and then slowly placed into two molds, made of cylindrical
plexiglass (radius = 50 mm; thickness = 8 mm). One of two batches was
allowed to cure for almost 24 h at room temperature, whilst the other
batch was cured for 3 h within a homogenous magnetic flux density of
1200 mT, provided by an adjustable air gap electromagnet. Subse-
quently, several cylindrical MRE specimens with diameter and thickness
of 18 mm and 8 mm, respectively, were cut from both batches. The
dimension of MRE specimens were chosen in accordance with the cur-
rent standards for compression testing of rubber-like materials (ISO
7743 [46]). It is noted that the aligned MRE samples were vertically cut
parallel to the chain orientation of magnetic particles.

The distribution of magnetic particles inside MREs was evaluated
utilizing an engineering laser confocal microscope (OLYMPUS LEXT
OLS4000). In this regard, the MRE specimens were vertically sliced
parallel to chain orientation employing a scalpel, and then placed under
the microscope. Fig. 1 demonstrates the microstructure of both MREs
with various particle volume fractions. The white spots in the pictures
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are the iron particles and the grey backdrop demonstrates the medium of
the isotropic (left column) and aligned (right column) MRE specimens.
For the isotropic and aligned MREs, correspondingly, homogeneous
distribution of particles and the chains of particles in the medium can be
clearly observed. Fig. 1 further reveals that the aligned chains, however,
are more noticeable for relatively lower level of particle volume
fraction.

2.2. Testrig

A test apparatus was custom-built to identify pre-strain dependent
characteristics of MREs with different particle volume fraction (15%,
30%, and 45%). The experimental test setup has been extensively
elaborated in Ref. [17]. In summary, the setup contained a U-I design of
a compact electromagnet, which allowed application of magnetic flux
density of up to 1T in the compression direction of the MRE. Two
identical MRE specimens, either two isotropic or two aligned MRE
specimens, were bonded to the U- and I-form cores of the electromagnet
as displayed in Fig. 2, which were fixed on the actuator of a material
testing system. The U-shaped core of the electromagnet was connected
to the actuator shaft and the I-section was linked to an immovable beam
via a 9 kN load cell. The experiments were performed employing the
regulated techniques outlines in ISO 7743 [46] for characterizing
force-displacement (stress-strain) characteristics of each type of MRE
specimen subject to harmonic excitations with strain amplitude (&) of
2.5% superimposed on different static pre-strains. Hence, the pre-strain
applied prior to the harmonic compression excitations. While, there is no
specific level of static pre-strain have been suggested for dynamic testing
of rubbers [47,48], the levels of static pre-strains should be selected such
a way that the samples stay undamaged during the tests. Staying in
compression region (&, >¢o) was another key factor in selecting the levels
of the pre-strains in the present study. Considering this, the static
pre-strains were selected as &, = 6%, 11%, and 21%. It should be noted
that the considered wide range of static pre-strain superimposed by
small sinusoidal excitation can be found in numerous applications such
as vibration isolators and absorbers, engine mounts and automotive
tires, in which such large level of pre-strains are expected and inevitable
due to weight of the supported structures by MREs. It is also noted that
even though such large static pre-strains may temporarily destroy the
filler network, application of magnetic field can easily reconstruct the
broken filler network. It is due to the fact that a very soft silicone rubber

Upper fixture

Winding coil 3
and I-shape core

Fig. 2. Pictorial illustration of the test setup for compression mode characterization of the MRE: The red cylinders in the left picture illustrate the position of two

MRE samples.
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was chosen as the matrix, thereby not only maximizing the relative MR
effect but also allowing magnetic particles to easily structure themselves
in presence of magnetic field.

Thus, multiple uniaxial experimental tests have been conducted in
which the static pre-strain was initially applied and then the harmonic
tests were performed on the specimen at different values of magnetic
flux density as well as excitation frequencies. Hence, the experiment
design involved factorial combinations of three pre-strains (e,=6%,
11%, and 21%), applied at four different frequencies (f = 1, 10, 20 and
30 Hz) together with six different amounts of magnetic flux density (B =
0, 150, 300, 450, 600 and 750 mT) on each particle volume fraction
(15%, 30%, and 45%) of the MRE specimen, thereby leading to a total of
216 tests. Controlled magnetic flux was realized employing a 1000-Watt
power supply. It is noted that the magnetic flux induction within air gap
of the electromagnet in absence and presence of MREs were calculated
and summarized in Ref. [17]. It should be noted that the force measured
during compression mode characterization of an MRE consists of two
components: (i) the magnetic pull force generated between I-form and
U-form cores of the electromagnet; and (ii) the compression viscoelastic
force of the MRE. The force and displacement measurements considering
wide range of magnetic flux density were also performed without
presence of the MRE specimens within air gap. These measurements
were, hence, employed to establish a systematic methodology to pre-
cisely predict the magnetic pull force developed by the electromagnet in
presence of MRE in the gap [17]. The calculated pull force was deducted
from the overall force, recorded by the load cell, in order to extract the
field-dependent viscoelastic force of the MRE. The corresponding sche-
matic diagram of the test process and subsequent data analysis are
depicted in Fig. 3.

2.3. Data analysis

The force-displacement data were collected in LabView during each
trial employing a sampling frequency incrementing from 50 Hz to 5000
Hz, depending on the loading frequency. The steady-state force and
displacement data, acquired during four successive oscillation cycles,
were low-pass filtered and averaged for subsequent analyses of corre-
sponding stress-strain characteristics, as depicted in Fig. 3. The cut-off
frequency of the low-pass filter ranged from 2 Hz to 200 Hz, depend-
ing on the loading frequency. By compensating for the magnetic force,
the resulting force and displacement data related to compression of MRE
subsequently obtained from total force, measured by load cell. These
data are, afterward, employed to acquire stress-strain behavior of the
MREs, the compression mode elastic (E') and loss (E”) moduli, which
represent energy storage and dissipation characteristics of MREs,
respectively. The compression moduli are commonly approximated by
the slope of the main axis and the closed area of the stress-strain curves,
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correspondingly, employing peak-to-peak measurement [47] as:

E— ? _ (E’)Z + (E”)2 6))
0
E
E'=—2% @)
&
where E’, 0y, and &, are the complex modulus, maximum stress,

maximum strain amplitude. Besides, E4 = § ode represents the dissi-
pated energy per cycle which can be obtained from the confined area
within the stress-strain curves. Significant inaccuracies may be antici-
pated for MREs with relatively higher particle volume fraction, which
can reveal nonlinearities such as strain-stiffening effect, particularly at
the end of loading path in stress-strain characteristics even under rela-
tively lower deformations. Hence, in this study the compression elastic
and loss moduli are calculated on the basis of the first harmonic
approach using Fourier series of the experimental records, which the
ASTM D5992-96 [49] suggests this method for approximating moduli of
the rubber-like materials demonstrating nonlinear hysteretic features, as

o(t) =0, + ZEO (E, sin(nwt) + Elcos(nwt)) 3)

wheres denotes the steady-state output stress and o, represents mean
stress, corresponding to an applied pre-strain. n, w, and t represent an
integer for indexing number of harmonics, angular frequency and
physical time, respectively. The first harmonic moduli, n =1, including
E), and E} can be regarded as linear estimation to a nonlinear visco-
elastic reaction, which can be visualized as a perfect ellipse (equivalent
linear stress-strain characteristic) [50]. To further assess the influences
of pre-strain on stress-strain features of both MREs in terms of the energy
storage (or equivalent stiffness) and energy dissipation (equivalent
damping) characteristics, the ‘pre-strain stiffening’ and ‘pre-strain
dampening’ effects are defined here on the basis of the estimated first
harmonic compression elastic and loss moduli, respectively, from the
experimental results as:

/ /

. . . Es) - E,
%Pre — strain — stiffening = —"-——""" x 100 4
g £
&p min
1" . 7

%Pre — strain — dampening :w x 100 5)
Eé',, min

where Es,, and E; are the compression mode elastic and loss moduli,

max max

respectively, corresponding to the maximum pre-strain of 21%.E€P _and

min

E! are the reference compression moduli corresponding to the lowest

€p min
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7. Averaging the recorded
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9. Magnetic force
— — [ 8. One force-displacement cycle ]

Fig. 3. Schematic diagram of the test process and data analysis.
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pre-strain of 6%. To provide a direct and precise description for the test
results, all the quantitative results of the linear slope of the main axis and
the region bounded by the stress-strain curves, compression mode elastic
and loss moduli, loss factor together with the pre-strain stiffening and
pre-strain dampening effects for both types of MREs are summarized in
Table S1 through Table S11, and Fig. S1 through Fig. S16 in Appendix A.
Supplementary Data. It is also noted that the data related to the loading
frequency of 20 Hz and 30 Hz for all the pre-strains, particularly, at
higher level of flux density could not be obtained considering the high
applied current to the electromagnet and safety issue. Therefore, for the
sake of consistency, the results related to the loading frequency of 20 Hz
and 30 Hz, together with maximum flux density of 750 mT, are just
presented in the supplementary data.

3. Experimental results

In the following sections experimental data are analyzed to system-
atically explore the impact of pre-strain on stress-strain behavior,
viscoelastic properties including compression elastic and loss moduli,
loss factor as well as relative MR effect of both kinds of MREs.

150
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100 H--Pre-strain=6%

-
— — T o e e e -

Stress (kPa)
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o
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3.1. Effect of pre-strain on stress-strain properties

The experimental stress-strain features of the isotropic and aligned
MREs with different volume fractions, consistently, showed hysteresis
phenomenon mostly attributed to viscosity of medium of MREs. Results
indicated great dependence of the stress-strain behaviours on the pre-
strain, anisotropy, volume fraction, frequency and the magnetic flux
density. As an example, Fig. 4 exemplifies the impact of pre-strain on the
stress-strain traits of the isotropic and aligned MRE samples with three
different volume fractions (15%, 30%, and 45%) subject to harmonic
excitation of 1 Hz without presence of the magnetic field. The results
exhibit relatively linear viscoelastic behavior in which hysteresis loops
are nearly elliptical for both types of MREs, which is more pronounced
under the lower levels of pre-strain and volume fraction. Results also
revealed that both the main axis slope and the region bounded by the
stress-strain hysteresis curve, which can be considered as the equivalent
stiffness and damping, respectively, enhance with increasing the pre-
strain from 6% to 21%. This behavior is consistent with those previ-
ously reported for passive filled-elastomers under uniaxial loading [43].

The particle-matrix and particle-particle interactions are the two
main reinforcement mechanisms, that can explain the increase in
modulus of filled-elastomers compared to that of unfilled-elastomers

150
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Pre-strain=11%
= 1001 ---Pre-strain=6%
(a7l
e
o 50f
N
o
(%]
0 -
-50

-3 -2 -1 0 1 2
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©

Fig. 4. The effect of pre-strain on the stress-strain features of the isotropic (left column) and aligned (right column) MREs with different particle volume fractions: (a)

15%, (b) 30%, and (c) 45% (f = 1 Hz, and B = 0 mT).
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[51]. The reinforcement mechanisms can be enhanced in a linear and
quadratic manner, respectively, for low and high filler volume fraction,
taking into account interactions between neighborhood particles [52].
By increasing the static pre-strain, the effective volume faction of
filled-elastomer increases due to immobilized occluded [52] and
surface-bound [53] elastomeric matrix, thereby, increasing the equiva-
lent stiffness of filled-elastomers. Moreover, the increase in the equiva-
lent damping of filled-elastomers due to increasing pre-strain may be
attributed to the enhanced friction between magnetic particles as results
of their relative motions to the surrounding elastomeric medium as well
as particle-medium interaction [54]. Even though the results presented
for the loading frequency of 1 Hz, similar tendency was also observed at
the other loading frequencies considered in this study, as can be realized
in Tables S1-S3.

Results shown in Fig. 4 also suggest that the impact of pre-strain on
the equivalent stiffness and damping becomes more pronounced by
incrementing the volume fraction of iron particles, irrespective of
loading frequency. Moreover, the stress-strain hysteresis loops move
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upward with increasing pre-strain which is probably due to the strain
amplification effect which enhances the filler-matrix interaction [53].
This tendency has also been reported for passive filled rubber-like ma-
terials [63]. Increasing pre-strain from 6% to 21%, yields notably higher
peak stress during compression loading as shown in Fig. 4. Results also
show that at the zero magnetic flux density, the isotropic MREs revealed
higher pre-strain stiffening and pre-strain dampening effects compared
to the aligned MREs, irrespective of loading frequency and particle
volume fraction, which can also be realized from Tables S4 and S5. This
can be ascribed to the lower number of particle-matrix interactivities in
aligned MREs in which many particles are close to each other or even
aggregated within particle chains, causing lower pre-strain stiffening
effect, compared to isotropic MREs. As an example, increasing the
pre-strain from 6% to 21% yielded pre-strain stiffening effects of up to
52%, 182%, and 743% for the isotropic MREs with 15%, 30%, and 45%
particle volume concentrations, respectively. The corresponding
pre-strain stiffening effects for the aligned MRE were found to be 15%,
35%, and 70%. Besides, the corresponding pre-strain dampening effects
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Fig. 5. The influence of pre-strain on the strain-stress traits of the isotropic (left column) and aligned (right column) MREs with different particle volume fractions:

(a) 15%, (b) 30%, and (c) 45% (f = 1 Hz, and B = 450 mT).
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for the isotropic MREs were obtained as 135%, 137%, and 1115%
compared with 27%, 74%, and 152% for the aligned MREs, corre-
sponding to 15%, 30%, and 45% particle volume concentrations,
respectively.

Fig. 5 demonstrates the impact of pre-strain on the stress-strain
properties of both sorts of MREs with three different volume fractions
(15%, 30%, and 45%). The results are presented for driving frequency of
1 Hz in the presence of magnetic field (B = 450 mT), as example. Fig. 5
shows that pre-strain stiffening effects of both MREs enhances when
particle volume fraction increases, which is also observed in absence of
field according to Fig. 4. Relatively similar tendency was also observed
at the other loading frequencies, as can be realized by Table S4. The
results, nonetheless, show that increasing pre-strain from 6% to 21%,
generally yielded lower pre-strain stiffening effect for both MREs, when
compared with those observed in the absence of the magnetic field
(Fig. 4), irrespective of particle volume fraction. This is in part attributed
to the fact that the relatively higher pre-strain of 21% causes particles
get too close to each other, which becomes more pronounced in presence
of magnetic field owing to magnetic attraction, thereby relatively
lowering number of dipole-dipole interactions among magnetic parti-
cles. The observed decrement in pre-strain stiffening effect, however, is
more pronounced for the isotropic MRE due to greater distance between
magnetic particles as compared with aligned MRE, thus appearing
further susceptible to variation in pre-strain. As an example, for the
chosen conditions (f = 1 Hz, B =450 mT) and particle volume fraction of
30%, increasing pre-strain from 6% to 21%, yielded relatively lower pre-
strain stiffening effects of 26% and —0.3% for the isotropic and aligned
MREs, correspondingly, in comparison with those attained without
presence of magnetic field, 182% and 35%, respectively.

It is also noted that the observed reduced pre-strain stiffening of both
types of MREs, when pre-strain increased from 6% to 21% is not caused
by the matrix failure. It is because that the zero-field elastic modulus of
both types of MREs consistently increased with increasing pre-strain
from 6% to 21%, regardless of loading frequency and particle volume
fraction, which can also be realized from Figs. S1, S4, and S7, and also
from Figs. S10-S14. However, when pre-strain increased from 6% to
11%, only elastic modulus of the aligned MRE generally decreased,
which is due to breaking of filler network. Instead, the magnetic in-
teractions between particles is rather more dominant than polymer
elasticity in altering the stiffness of MRE at higher level of pre-strain.
More particularly, the very low or negative pre-strain stiffening effect
for the aligned MRE in the presence of magnetic field, can mostly
credited to this fact that the magnetic particles are already close to each
other within chains of anisotropy at relatively lower level of pre-strain
(6%), then become too close to each other at higher level of pre-strain
(21%). At the same time applying magnetic field causes magnetic par-
ticles touch each other, thereby relatively reducing the number of
particle-particle interactions or may even disturb the alignment of the
particles, and thereby leading to slight softening effect.

Fig. 5 further implies that the negative pre-strain stiffening for the
aligned MRE is more observed at lower level of 15% as compared 30%
particle volume fraction. It is attributed to comparatively greater dis-
tance of iron particle within chains of anisotropy at relatively lower level
of particle volume fraction of 15% as compared to 30% according to
Fig. 1, thereby becoming more sensitive to alteration in pre-strain. The
negative pre-strain stiffening effect has also been observed for an
isotropic MRE [56] and aligned MRE [57] in shear mode.

Considering energy dissipation properties, Fig. 5 shows that the pre-
strain dampening effect is generally less pronounced in presence of
magnetic field in comparison with that in nonattendance of magnetic
field, irrespective of particle volume fraction. This is also observed at the
other loading frequency, as can be perceived from Table S5. Further-
more, in presence of magnetic field, pre-strain dampening effect for the
isotropic MRE is also more pronounced than the aligned MRE, irre-
spective of particle volume fraction, loading frequency. For instance, for
the chosen excitation in Fig. 5, increasing pre-strain from 6% to 21%,
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yielded 36% and 1% pre-strain dampening effects for the isotropic and
aligned MREs with 30% particle volume fraction, respectively, while
resulted in 137% and 74% in the zero field. Further examination of re-
sults at other loading conditions revealed that pre-strain dampening of
the aligned MRE consistently increased with increasing particle volume
fraction, irrespective of loading frequency and magnetic flux density, as
can also be viewed from Table S5. However, a comparable tendency was
not detected for the isotropic MRE, when magnetic field exists.

Fig. 6(a) and (b) illustrate the influence of pre-strain on the stress-
strain features of the isotropic and aligned MREs with particle volume
fraction of 30% subjected to two different frequencies (1 Hz and 10 Hz),
as examples. Results, presented for B = 600 mT, suggest that increasing
pre-strain from 6% to 21% yields relatively minimal effect on the stress-
strain properties of both MREs in terms of linear slope (equivalent
stiffness), when frequency increases from 1 Hz to 10 Hz. More particu-
larly, the pre-strain stiffening effect of the isotropic MREs slightly in-
creases as frequency increases, while the aligned MRE showed very
small decrement. In general, relatively similar trends were found at the
other level of magnetic flux density, as can be noted from Table S4. Fig. 6
further revealed that pre-strain’s impact on energy dissipation charac-
teristics of both MRE is comparatively less pronounced, when frequency
increased from 1 Hz to 10 Hz. Similar tendency was also seen at other
flux density only for the aligned MRE.

Further examination of the results at the other particle volume
fraction in presence of magnetic field , revealed that pre-strain stiffening
of the isotropic MRE with 15% particle volume fraction tends to
decrease with increasing loading frequency, while the 45% isotropic
MRE increases with loading frequency in a general manner, irrespective
of level of magnetic flux density, according to Table S4. On the other
hand, pre-strain stiffening for aligned MRE is slightly increased with
increasing loading frequency in a general manner, irrespective of par-
ticle volume fraction and magnetic flux density. Furthermore, results
showed that pre-strain dampening of the isotropic MRE with particle
volume fraction of 15% consistently decreased with increasing driving
frequency, while generally increased when particle volume fraction
exceeds 15%. Pre-strain dampening for aligned MRE with 15% and 30%
generally showed decrement with increasing driving frequency only
when flux density exceeds 150 mT, whereas 45% aligned MRE revealed
increment with incrementing loading frequency, as can be noticed from
Table S5.

3.2. Influence of pre-strain on the compression elastic and loss moduli

The impact of pre-strain on the dynamic viscoelastic characteristics
of the isotropic and aligned MREs in the compressive loading are further
evaluated in the form of the elastic modulus (E), loss modulus (E”), and
the loss factor (), which the latter is described as a fraction of the loss
modulus over the elastic modulus, by presenting Figs. 7 and 8 related to
the particle volume fraction of 30%. It is noted that the specific data
associated with the compression moduli at all the loading conditions and
particle volume fractions are summarized in Tables S6-S8 in Appendix
A. Supplementary Data. Fig. 7 illustrates the effects of pre-strain on
behavior of the compression moduli and loss factor of the two isotropic
and aligned MREs, as examples, at distinct driving frequencies (1, and
10 Hz) under magnetic flux density of 150 mT. Results display that the
elastic modulus of the isotropic MRE rises in a nonlinear way with
increasing pre-strain, ranging from 6% to 21%, independent of excita-
tion frequency, which is consistent with the pre-strain stiffening effect
observed in the stress-strain characteristics (Figs. 4 and 5). For the
aligned MRE, however, the elastic modulus slightly decreases with rising
in the pre-strain from 6% to 11%, and then rises with further increment
in the pre-strain from 11% to 21%, notwithstanding the driving fre-
quency. Quite comparable trend has also been detected but for an
isotropic MRE with 33% particle volume fraction in shear mode in which
the MRE at first softens before it become stiff [56]. The initial decrease
in the elastic modulus of aligned MRE can be in part credited to the
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Fig. 6. Effect of pre-strain on stress-strain characteristics of the isotropic (left column) and aligned (right column) MREs with 30% volume fraction under magnetic

flux density of 600 mT subject to different frequencies: (a) f = 1 Hz, (b) f = 10 Hz.

breaking of particle network, thereby reducing the binding of the me-
dium to the particle network. While the increment in the elastic modulus
of aligned MRE at higher pre-strain is likely due to greater compression
of the trapped medium within the anisotropic chains, apart from slight
increasing in the effective volume fraction of filled rubbers, like MREs,
under increasing pre-strain [53].

Fig. 7(b) shows that the loss modulus of the isotropic MREs rises with
incrementing pre-strain, without regard to loading frequency. This
tendency has also been observed for an isotropic MRE foam subjected to
frequency of 10 Hz, when compressive pre-strain increased from 35% to
50% [58]. The loss modulus of the aligned MRE, nevertheless, shows
comparable results under increasing pre-strain at lower frequency of 1
Hz, while decreases with increase in the pre-strain when loading fre-
quency exceeds 1 Hz. It should be mentioned that a decrement in the loss
modulus of chloroprene rubbers by increasing the pre-strain super-
imposed by a small uniaxial compression oscillation has also been
noticed [59]. Chloroprene rubbers are synthetic rubbers like the
employed silicone elastomer for fabrication of the examined MRE
specimens in this study.

Fig. 7(c) demonstrates that rising pre-strain from 6% to 21% yields
pretty comparable loss factor for the isotropic MRE, while loss factor of
the aligned MRE increases within (6%-11%) pre-strain range and then
decreases with further increment of pre-strain from 11% to 21%. Ex-
amination of the results at the other flux densities showed that the loss
factor of the isotropic MRE also showed trends similar to that of the
aligned MRE, when magnetic flux density exceeds 150 mT. Even though
the results in Fig. 7 were presented for specific loading conditions,
comparatively same patterns were also noted at the other level of
magnetic flux density and driving frequency, as can be noted from
Figs. S4-S6 and Table S7, respectively, in Appendix A. Supplementary
Data.

Fig. 8 illustrates changes in the elastic and loss moduli of both types
of MREs with particle volume fraction of 30% under increasing pre-
strain considering various degrees of the magnetic flux density. The
outcomes are displayed, as example, at a frequency of 1 Hz. As it shows,

the elastic modulus of the isotropic MRE continuously increases with the
pre-strain, irrespective of magnetic flux density. The elastic modulus of
aligned MRE, however, firstly decreases with increasing pre-strain from
6% to 11% and subsequently enhances with increment of pre-strain from
11% to 21%, which is consistent with the observed trends in Fig. 7.
Results also show that the loss modulus of the isotropic MRE increases
with rising pre-strain, while the aligned MRE generally reveals compa-
rable loss modulus under increasing pre-strain, irrespective of magnetic
flux density, as can be viewed in Fig. 8(b). However, zero flux density
formed an exception, where only the aligned MRE shows slight incre-
ment within 6%-21% pre-strain range. Further examination of the re-
sults revealed that the effect of pre-strain on the elastic and loss moduli
of both MREs generally decreases with rising in magnetic flux density,
thereby suggesting coupled pre-strain and magnetic field effect on the
performance of MREs. This trend is also consistent with the stress-strain
hysteresis findings presented in Figs. 4 and 5. By increasing pre-strain
from 6% to 21%, for instance, the elastic modulus of the isotropic
MRE increases from about 0.22 MPa to 0.62 MPa in the absence of
magnetic field, corresponding to 182% increase. In the presence of
magnetic field (B = 450 mT), the elastic modulus of the isotropic MRE
increases from about 1.44 MPa to nearly 1.81 MPa, corresponding to
26% increment.

Fig. 8(c) indicates that the loss factor of both MREs generally in-
creases when pre-strain increased from 6% to 11% and tends to decrease
with further increment in pre-strain from 11% to 21%, regardless of
magnetic flux density. Loss factor for the isotropic MRE, however, shows
relatively comparable trends within the range of pre-strain at compar-
atively lower level of magnetic flux density compared to the aligned
MRE, which is consistent with the observed outcomes illustrated in
Fig. 7(c). Furthermore, the elastic modulus of the two kinds of MREs
increases significantly with rising in the magnetic flux density up to 600
mT. The rate of enhancement in the modulus, however, relatively re-
duces when the magnetic flux density exceeds 450 mT, which is ascribed
to the magnetic saturation of the MREs with incrementing magnetic flux
density. The results shown in Fig. 8(b) also reveal that the loss modulus
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Fig. 7. Influence of pre-strain on the compression mode elastic modulus (a), loss modulus (b), and loss factor (c) of the isotropic (left column) and aligned (right
column) MREs with volume fraction of 30% under different excitation frequencies (B=150 mT).

of the aligned MRE is fairly getting close to each other for fields above
450 mT. This implies that the loss modulus of the aligned MRE starts to
show tendency to saturate, irrespective of pre-strain. The tendency for
magnetic saturation is, however, more pronounced for the loss factor of
both kinds of MREs, when magnetic flux density exceeds 450 mT, as
compared with the elastic and loss moduli, as can be realized from Fig. 8
(o).

Although Figs. 7 and 8 present the results for the particle volume
fraction of 30%, similar tendencies were also found for compression
moduli and loss factor of both types of MREs with particle volume
fractions of 15% and 45%, regardless of magnetic flux density and
loading frequency as shown in Figs. S1-S3, Figs. S7-S14, as well as
Table S6 and Table S8 in Appendix A. Supplementary Data. However,
only the elastic and loss moduli of the aligned MRE with 15% particle
volume fraction tend to decrease with increase in pre-strain ranging
from 6% to 21%, while these moduli unceasingly increased in a
consistent manner for 45% aligned MRE with the same increment in pre-
strain, regardless of loading frequency and magnetic flux density.
Furthermore, the pre-strain effects for the isotropic MRE are more pro-
nounced in comparison with the aligned MRE, irrespective of particle
volume fraction, loading frequency, magnetic flux density. Moreover,
without presence of magnetic field, both elastic and loss modulus of both

10

types of MREs, consistently increase with increasing pre-strain, regard-
less of particle volume fraction and loading frequency.

Examination of entire results revealed maximum pre-strain stiffening
effects of 53%, 248%, and 743% for the isotropic MREs with volume
fraction of 15%, 30%, and 45%, respectively, when pre-strain increased
from 6% to 21%, which can be noted from Table S4 in Appendix A.
Supplementary Data. These were occurred at zero flux density as ex-
pected, according to Fig. 5 through Fig. 8, whilst under excitation of 30
Hz, 10 Hz, and 1 Hz, respectively, for the volume fraction of 15%, 30%,
and 45%. The corresponding effects for the aligned MREs were obtained
as 30%, 44%, and 70%. These were also happened at zero magnetic field
as anticipated, whereas at excitation frequency 30 Hz, 20 Hz, and 1 Hz,
correspondingly, for the volume fraction of 15%, 30%, and 45%.

3.3. Impact of pre-strain on the relative MR effect

Further assessments are made to study the influences of pre-strain on
magnetic field-dependent properties of the isotropic and aligned MREs
in form of relative MR effect, which designates the relative alteration in
elastic modulus (MRy ) or loss factor (MR,) from the off-state condition
to a given or maximum possible flux density [22]. The relative MR ef-
fects are calculated considering given excitation conditions (pre-strain
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Fig. 8. Effect of pre-strain on the compression mode elastic modulus (a), loss modulus (b), and loss factor (c) of isotropic (left column) and aligned (right column)
MREs with volume fraction of 30% under various degrees of magnetic flux density (f = 1 Hz).

and frequency), and different maximum flux densities. It is noted that
the specific data related to relative MR effects at all the loading condi-
tions and particle volume fractions are summarized in Table S9 through
Table S11 together with Figs. S15 and S16 in Appendix A. Supplemen-
tary Data. However, as examples, Fig. 9(a) and (b) exemplify variations
in MRy and MR, of both types of MREs with particle volume fraction of
30% with respect to pre-strain under magnetic flux density of 600 mT
considering two levels of driving frequency 1 Hz and 10 Hz. The results
suggest nonlinear decrease in MRy for the isotropic MRE with
increasing pre-strain, irrespective of the excitation frequency. This is
also consistent with the results presented in Figs. 5 and 8, suggesting
coupled pre-strain and field-stiffening of the MREs. The MRy for the
aligned MRE also decreases almost linearly with pre-strain ranging from
6% to 21%, although the decrease is very small to negligible under
increasing pre-strain from 6% to 11%, irrespective of loading frequency.

The results presented in Fig. 9(a) is also consistent with the results
presented in Figs. 4 and 5, suggesting less magnetic field dependent
properties, when particles getting too close or even touch each other at
relatively higher level of pre-strain, which is more pronounced for
aligned MREs compared to isotropic MREs. Another possible reason is in
part attributed to distortion of the column-like structures of particles in
the aligned MRE under relatively higher pre-strain, yielding to lowered

relative magnetic permeability, thus reducing relative MR effect. This
inclination has also been reflected in a small number of researches
evaluating compressive elastic modulus subject to static [41] and dy-
namic loadings [60], which is become more pronounced for compara-
tively greater level of particle volume fraction of 30% [22,40]. The rate
of decrement in MRy with increase in pre-strain for aligned MREs is less
pronounced compared to that for the isotropic MREs. This is mainly due
to the existing columnar particle chains in aligned MREs including
particles which are already close to each other even under relatively
lower level of pre-strain, thereby becoming less sensitive to further
increment of pre-strain as compared with the isotropic MRE. This
behavior, similarly, can happen for the isotropic MRE under relatively
higher level of pre-strain. Fig. 9(a), for instance, proves comparable
MRy for the isotropic MRE under increasing pre-strain from 11% to
21%.

Results further suggest that the MRy for the isotropic MRE is rela-
tively less sensitive to increase in excitation frequency, when pre-strain
ranging from 11% to 21% as compared with (6%-11%) pre-strain range.
This is due to the observed nonlinear pre-strain stiffening effect as can be
comprehended in Figs. 7 and 8, which limits the strain-rate stiffening
effect, defined as stiffening of MREs due to increase in loading fre-
quency, and hence restricts the MRy . Besides, within the 6%-11% pre-

11
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Fig. 9. The effects of the pre-strain on the relative MR effect in sense of elastic (a) and loss factor (b) of the isotropic (left column) and aligned (right column) MREs

with 30% volume fraction under different excitation frequencies (B= 600 mT).

strain range, MREs are relatively softer and thus more sensitive to strain-
rate stiffening effect, thereby showing stronger dependence of the MRy
on the excitation frequency. This is, however, was not observed for the
aligned MRE.

Fig. 9(b) demonstrates that the MR effect in view of loss factor, MR,
for the isotropic MRE shows opposite trends with respect to variations in
pre-strain from 6% to 11% as compared with MRy, while decreases with
progressive increment of pre-strain from 11% to 21%, irrespective of
loading frequency. The MR, of the aligned MRE, however, uninter-
ruptedly reduces with increase in pre-strain rising from 6% to 21%,
without being affected by excitation frequency. Further assessment of
the attained MR effects at the other loading frequency (20 Hz, and 30
Hz), flux densities varying from 150 mT to 750 mT, and also particle
volume fraction (15% and 45%) revealed that both MRy and MR, for
both types of MREs showed similar trends with respect to increase in
pre-strain, ranging from 6% to 21%, as shown in Fig. 9, according to
provided Tables S9-S11 as well as Figs. S15 and S16 in Appendix A.
Supplementary Data. However, loading frequency of 1 Hz when particle
volume fraction is 45%, formed an exception where MR, of the isotropic
MRE steadily decreases when pre-strain increases from 6% to 21%.

Further examination of the entire obtained MR effects summarized in
Tables S9-S11 as well as Figs. S15 and S16 in Appendix A. Supple-
mentary Data, revealed that the aligned MRE with particle volume
fraction of 15% revealed higher MRy in comparison with the isotropic
MRE, without regard to pre-strain and loading frequency. Besides, the
aligned MRE with particle volume fraction of 45% also revealed higher
relative MR effect as against the isotropic MRE, at relatively greater level
of pre-strain (11-21%), when loading frequency exceeds 1 Hz, according
to Fig. S16 and Table S11 in Appendix A. Supplementary Data. Besides,
MRy of the aligned MRE generally increases with increasing loading
frequency, despite of pre-strain and particle volume fraction. Addi-
tionally, MRy of the isotropic MRE with particle volume fraction of 15%
also showed increment with increasing loading frequency. However, at
particle volume fraction of the 30%, MRy of the isotropic MRE initially
increases with loading frequency from 1 Hz to 10 Hz and then slightly
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reduces with additional increment in strain-rate from 10 Hz to 30 Hz, in
spite of pre-strain, and magnetic flux density. While MR of the 45%
isotropic MRE generally decreased, when driving frequency rises from 1
Hz to 30 Hz. Moreover, MR, of the isotropic MRE generally drops with
growing driving frequency, no matter of pre-strain and particle volume
fraction. MR, of aligned MRE with 15% particle volume fraction also
decreases with increasing loading frequency, while reveals comparable
trends under increasing loading frequency when particle volume frac-
tion exceeds 15%, irrespective of pre-strain.

Additional investigation of the calculated MR effects provided in
Tables S9-S11 in Appendix A. Supplementary Data, disclosed maximum
MRy up to 286%, 973% and 2258% for the isotropic MRE with volume
fraction of 15%, 30% and 45%, correspondingly. These were obtained at
driving strain rates of 10 Hz, 10 Hz, and 1 Hz, in that order, at minimum
pre-strain of 6% as expected. The corresponding MRy for the aligned
MREs are found to be 320%, 293%, and 386%, occurred at minimum
pre-strain of 6%, and loading strain-rates of 20 Hz, 20 Hz, and 30 Hz, in
the same order, for the volume fraction of 15%, 30% and 45%. Results
also revealed maximum MR, up to 676%, 1099% and 6645% for the
isotropic MREs with volume fraction of 15%, 30% and 45%, respec-
tively. These were observed at excitation frequency of 1 Hz, 10 Hz, 1 Hz,
correspondingly, under relatively lower level of pre-strain of 6%, as
expected. The corresponding maximum MR, for aligned MREs are also
found to be 619%, 537%, and 950%, at excitation strain-rate of 1 Hz, 10
Hz, and 1 Hz, correspondingly, at lower level of pre-strain of 6%.

Further examination of the entire results also suggested that isotropic
MREs with 45% and 30% particle volume fraction may be regarded
more adapted for designing adjustable MRE-based vibration isolators
expose to low (~1 Hz) and high (~10 Hz) frequency excitations, in turn,
where comparatively greater MR, is required and at the same time
lower level of static pre-strain (~6%) is unavoidable. Results, likewise,
indicated that the aligned MREs are superior compared to the isotropic
MRE:s for designing adaptive MRE-based vibration absorbers, requiring
higher payloads with an attempt to track single resonant frequency,
where quite lower MR,, is desirable, as the lower damping causes higher
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vibration attenuation for adaptive tuned vibration absorbers [61,62].
4. Model development

In this section, based on the observed experimental data, pre-strain
dependent phenomenological-based models have been developed to

, , , / / / / 2
e 1. B) = B (1A (6) ) 1 Ao ) 1= e 4 (20 )
e
" " 2
B (e £ B) = B (1416 ) 1+ B+ p107) (1 - ) (1)

predict dynamic viscoelastic and nonlinear hysteresis behavior of both
isotropic and aligned MREs in compression mode. Apart from the pre-
strain effect, the developed models also take into account the varia-
tion in the excitation frequency, applied magnetic field as well as vol-
ume fraction.

4.1. The compression elastic and loss moduli

In many applications involving MREs under compression mode, such
as MRE-based vibration isolators and absorbers, MREs will undergo
quite large static pre-strain due to weight of the supported structures,
before superimposed by any vibration excitation. As discussed in Section
3, the static strain can considerably alter the MR effect in view of elastic
and loss factor due to decrease in the distance between the magnetizable
particles as well as changing the shape of specimen. When no magnetic
field exists, MREs can be treated like passive filled rubber-like materials.
A finite viscoelastic constitutive model has been developed by Hao et al.
[63] for estimating the storage and loss moduli of passive filled
rubber-like materials in tension mode considering static pre-strain, fre-
quency, and amplitude of excitation. A microscale continuum model has
been developed by Kalina et al. [44] which can qualitatively explicate
the impact of mechanical preloads on the deformation dependent per-
formance of MREs with orderly and random spatial distribution of the
particles. A nonlinear viscoelastic model was developed by Lejon [56] to
predict pre-strain dependent properties of isotropic MRE in shear mode
under small amplitude of 0.15%. Even though pre-strain is an important
design factor in compression mode and has substantial effect on prop-
erties of MREs, there is no pre-strain dependent models which can
accurately predict the compression elastic and loss moduli together with
hysteresis behavior of both isotropic and aligned MREs with different
volume fractions considering variation in driving strain-rate and mag-
netic flux density. Such a model can facilitate the analysis and estima-
tion of the performance of tunable MRE-based vibration suppression
mechanisms at early stages of their design.

In the present study, therefore, simple phenomenological models are
developed for predicting the pre-strain dependence of the viscoelastic
features of the MREs under compression mode. It is noteworthy that the
strong effects of the pre-strain on the compression mode properties are
also evident from the experimental results, presented in Fig. 4 through 9
in Section 3, which are further coupled with the physical and loading
conditions (volume fraction, frequency and magnetic flux density).
Apart from volume fraction dependent properties, results further implies
that the elastic and loss moduli rise with increase in the magnetic flux
density and tend to saturate under higher flux density. Besides, the
elastic and loss moduli of the two isotropic and aligned MREs increase
with increment in the excitation frequency in a general trend, and
mostly show tendency to saturate at relatively higher level of excitation
frequency, ranging from 20 Hz to 30 Hz, relatively regardless of particle
volume fraction, pre-strain, and magnetic flux density, as can be
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perceived from Tables S6-S8 in Appendix A. Supplementary Data.
Owing to the observed coupled dependence of the elastic and loss
moduli on the pre-strain, volume fraction, frequency and magnetic flux
density, the effective compression elastic and loss moduli of both
isotropic and aligned MREs may be expressed by simple
phenomenological-based models as:

(6)

where E and E’represents the elastic and loss moduli, sequentially. Ej is
the Young’s modulus of the silicone elastomer based medium, taken as
0.0606 MPa [18]. &, ¢, f, and B are the static pre-strain, particle volume
fraction, loading frequency, and magnetic flux density, respectively. The
proposed phenomenological model is based on the multiplicative split of
the moduli into a pre-strain dependent, volume fraction dependent,
frequency dependent, and magnetic field dependent parts, with only
seven parameters. To effectively predict pre-strain, frequency and
magnetic field dependent properties, a power function, exponential, and
fractional models were proposed, respectively. For volume fraction
dependent properties, however, the Einstein-Guth model [64], which
can estimate complex modulus of filled rubbers, was employed consid-
ering general coefficients. The proposed model involves seven unknown
parameters, f§, to s and fj to S, for each elastic and loss moduli,
correspondingly, which were determined with minimization of the fault
functions J and J” between the model-predicted moduli and respective
experimentally measured responses as:

M N o P 2
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where E,, and E}; are elastic and loss moduli obtained from the measured
data, respectively, and indices i, j, k and I denote the experimental data
corresponding to specific values of the pre-strain, volume fraction, fre-
quency, and magnetic flux density, respectively. M, N, O and P stand for
the number of outcomes corresponding to the respective input factors
considered in the error function, which were taken as 3, 3, 4, and 5,
respectively. The error minimization problem was solved employing the
Genetic algorithm (GA) followed by the nonlinear Sequential Quadratic
Programming (SQP) technique for the purpose of acquiring precise
convergence to global minima, as suggested in Ref. [65]. Repeated so-
lutions were obtained considering different initial values of the co-
efficients, which all converged to nearly identical solutions, summarized
in Tables 2 and 3 for the elastic and loss moduli models, respectively, for
both the isotropic and aligned MREs.

Figs. 10 and 11 compare the model-predicted elastic and loss moduli
of the isotropic and aligned MREs, respectively, with the experimental
records for three distinct values of the pre-strain as well as volume
fraction. Figs. 10 and 11 present the comparison under driving fre-
quency and magnetic flux density of 1 Hz and 300 mT and also 10 Hz
and 450 mT, respectively, as examples. The comparisons demonstrate
that the proposed simple phenomenological models can reasonably well
estimate the elastic and loss moduli of both types of MREs with different
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Table 2
Identified coefficients of the proposed model for estimating the elastic modulus of both kinds of MREs.
Constant 8 5 A B A Bs Bs
Isotropic MRE
E 9.0739 8.2388 0.8689 —8.2219 25.8811 0.8379 4.7096
Aligned MRE
E 11.3866 72.6082 3.8618 —3.6533 22.5994 1.7655 5.0534
Table 3
Identified coefficients of the proposed model for estimating the loss modulus of both kinds of MREs.
Constant 5 B A s VA B3 4
Isotropic MRE
E' —227.6527 —1.1122 0.0238 —10.0130 28.2890 1.5030 4.9695
Aligned MRE
E’ —105.6616 —1.0987 0.0109 —8.4531 35.2759 2.1375 5.2561
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Fig. 10. Comparisons of the pre-strain dependent compression elastic (a) and loss moduli (b) predicted from the proposed model with the measured data for the
isotropic (left column) and aligned (right column) MREs with different volume fractions (f = 1 Hz, B = 300 mT).

particle volume fraction for the range of the pre-strain considered in the
study. A quite similar degree of correspondences between the model and
measured data were also observed across the full ranges of pre-strain,
volume fraction, driving frequency and magnetic flux density exam-
ined in this research.

The performance of the proposed models was also evaluated quan-
titatively using the coefficient of determination , R?, is a statistical
measure to inspect the goodness of fit between the measured and model
responses. The R? for the models, predicting the isotropic and aligned
elastic moduli, were obtained as 93.49% and 87.84%, respectively while
were found as 87.40% and 83.99%, for models predicting loss moduli of
isotropic and aligned MREs, correspondingly. The root-mean-square
error (RMSE) was also calculated as 0.496 and 0.607 for the models
predicting the isotropic and aligned elastic moduli, respectively. The
corresponding RMSE for the models estimating the isotropic and aligned
loss moduli were also found to be 0.411 and 0.571, respectively. These
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indicate that the proposed pre-strain dependent, volume fraction
dependent, frequency dependent, and magnetic field dependent model
can fairly well capture the elastic and loss modulus of both types of
MREs.

4.2. Stress-strain hysteresis characteristics

In order to predict stress-strain hysteresis traits of the isotropic and
aligned MREs subject to harmonic compression deformation, a
nonlinear Kelvin-Voigt viscoelastic model was developed in which the
stored and dissipated energy elements are lumped and linked in parallel
configuration, as shown in Fig. 12. The proposed model represents the
steady-state stress output of the MRE in response to a harmonic excita-
tion input as:

owre(t) =E(€, ¢, f, B)e(t) + (e, @, f, B)é(r) (8)
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Fig. 11. Comparisons of the pre-strain dependent compression elastic (a) and loss moduli (b) predicted from the proposed model with the experimental data for the
isotropic (left column) and aligned (right column) MREs with different volume fractions (f = 10 Hz, B = 450 mT).
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Fig. 12. Nonlinear viscoelastic model for MREs.

where o(t), €(t), and &(t) are the stress, strain, and strain-rate, respec-
tively in which t represents physical time related to harmonic input
oscillation. E(ep, ¢, f, B)and &(ep, ¢, f, B), correspondingly, represent
the dynamic compression elastic modulus and viscosity of the visco-
elastic materials such as MREs. Furthermore, ¢,, ¢, f, and B are the static
pre-strain, particle volume fraction, excitation frequency, and magnetic
flux density, respectively. Let us consider a harmonic excitation under
complex strain input £ (t) as:

£ = e ©

where ¢ is strain amplitude. In the proposed viscoelastic Kelvin-Voigt
model, the elastic modulusE(ep, ¢, f, B)and viscosity &(ep, @, f, B) can
be related to the elastic and loss moduli of the MRE. The complex dy-
namic modulus, E* can be used to relate complex stress and strain as:

6= E¢ = (E +iE")¢ 10)
where E and E” are the compressive elastic and loss moduli, one-to-one.
Now considering Eqs. 8-10, the E(ep, ¢, f, B)and £(ep, ¢, f, B) can be
expressed with respect to elastic and loss moduli of MREs as:

E(g,. o, f, B)=E an

"

= 2nf 12)

5(8/77 o f B)

Thus, in the proposed nonlinear viscoelastic model presented in Eq.
(8), the elastic modulus and viscosity components can be identified
using elastic and loss moduli of the MREs formulated in Eq. (6). Fig. 13
illustrates the usefulness of the suggested nonlinear viscoelastic model
in forecasting compression mode stress-strain characteristics of both
types of MREs, as examples, at two magnetic flux density of 300 mT and
450 mT, considering different loading frequency (1 Hz, 10 Hz, and 30
Hz), and varied static pre-strains (6%, 11%, and 21%). Reasonably well
correspondences between the model approximated stress-strain features
of both types of MREs and the corresponding measured data were also
obtained upon the whole ranges of pre-strain, volume fraction, loading
frequency and magnetic flux densities studied in this research.

(@)ep=11%,9=30%, f=10 Hz,B=450 mT (b)e,=6%,p=30%, f=30
Hz,B=300 mT

(©) &p=11 %, p=45%, f=10 Hz, B=300 mT (d) &,=21%, p=45%,
f=1 Hz, B=300 mT

5. Conclusion

The results showed strong dependence of the elastic and loss moduli
of isotropic and aligned MREs on the pre-strain, which was further
coupled with the effects of the volume fraction and frequency, and the
magnetic field. The elastic and loss moduli of isotropic MREs consis-
tently increase in a nonlinear manner, when pre-strain increased from
6% to 21%, while aligned MRE showed dissimilar trends depending on
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Fig. 13. Comparisons of the stress-strain hysteresis traits estimated by the proposed model with the experimental records for the isotropic (a, ¢, and d), aligned (b)

MREs subject to different level of pre-strain and excitation conditions.

particle volume fraction. The pre-strain stiffening effect, however, was
generally limited in the presence of anisotropy, and magnetic field-
stiffening of the MREs, while dramatically enhances with increase in
volume fraction, particularly for isotropic MRE. Pre-strain-stiffening and
pre-strain dampening effects for isotropic MRE are always more
noticeable than aligned MRE. Pre-strain dampening of aligned MRE al-
ways increased with increasing particle volume fraction, while isotropic
MRE only showed this trend in absence of magnetic field. Both pre-strain
effects of isotropic MRE consistently decreased with increasing fre-
quency in absence of magnetic field, while aligned MRE showed similar
behavior, when particle volume fraction exceeds 15%, whereas at 15%
showed increment with increasing frequency. The relative MR effect
considering elastic modulus (MR ) for both types of MRE consistently
decreased with increase in pre-strain, which is more evident for the
isotropic MRE as opposed to aligned MRE. The relative MR effect per-
taining to loss factor (MR, ) showed the same trend only for aligned MRE.
MR, of isotropic MRE generally showed maximum around 11% pre-
strain. Results further revealed maximum MRy, up to 286%, 973%
and 2258% for the isotropic MRE, respectively, with volume fraction of
15%, 30% and 45%. The corresponding MRy for aligned MREs obtained
as 320%, 293%, and 386%. Results also revealed maximum MR,, up to
676%, 1099% and 6645% for the isotropic MRE, respectively, with
volume fraction of 15%, 30% and 45%. The corresponding MR, for
aligned MREs obtained as 619%, 537%, and 950%. Results also rec-
ommended that isotropic MREs with 45% and 30% particle volume
fractions may be better suited for designing MRE-based vibration iso-
lators under low (=1 Hz) and high (=10 Hz) frequency excitations,
correspondingly, when lower level of static pre-strain (~6%) is inevi-
table. Results, likewise, indicated that the aligned MREs are relatively
superior compared to the isotropic MRE for designing MRE-based vi-
bration absorbers, when relatively higher level of payload is unavoid-
able. Simple phenomenological models were proposed for predicting
pre-strain dependent compression moduli and stress-strain hysteresis
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characteristics of both kinds of MREs, which showed a reasonably good
agreement with the experimental data across the full spectrum of pre-
strain, volume fraction, loading frequency, magnetic flux density
investigated. The proposed models could thus serve as a guidance for
designing MRE-based devices considering different level of pre-strain
and volume fraction.
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