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Magnetorheological elastomer (MRE) is one of the most promising smart materials with

excellent magnetic-control mechanical properties. This work focuses on the study of the

dynamic mechanical properties of MRE under cyclic loadings and periodic magnetic field.

The influences of matrix, particle distribution, magnetic field on the dynamic mechanical

hysteresis are systematically investigated. It is found that all the normal force, magnetic

fields and shear strain would cause a hysteresis in the dynamic mechanical responses

of MRE. The continuous cycle tests reveal the hysteresis tended to be saturated after

several initial cycles. The hysteresis of MRE under the constant magnetic field can be

attributed to the rearrangement of particles, which causes a hardening effect of MRE

under the continuous dynamic tests. The periodic magnetic field causes a hysteresis

in the dynamic modulus which could be attributed to the irreversible movement of the

particles. Among them, the polymer matrix of MRE plays an important role in the dynamic

mechanical hysteresis, which suggests more stable molecular chain structures in the

matrix reducing the magnitude of hysteresis and improving its stability. Besides, the

saturation of the mechanical hysteresis had also been studied, and then relevant physical

mechanism was proposed for the qualitative explanation.

Keywords: magnetorheological elastomer, cyclic loading, periodic magnetic field, mechanical hysteresis,

viscoelasticity

INTRODUCTION

The fiber-rubber composites exhibit an appreciable change in their mechanical response resulting
from the previous maximum loading. This mechanical hysteresis, also known as Mullins effect, has
been recognized in polymer science and engineering (Ogden and Roxburgh, 1999; Hanson et al.,
2005; Qi and Boyce, 2005; Webber et al., 2007). The stress-strain curve demonstrates a marked
hysteretic response during the loading-unloading cycle, in which the stress under unloading is
significantly less than that under loading at the same strain (Dorfmann and Ogden, 2005). The
magnitude of the hysteresis can be represented by the area between the tension and relaxation
curves. Plenty of explanations and phenomenological models were reported for Mullins effect, and
these were mainly based on the concepts of slippage and disentanglement of polymer molecules,
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bond rupture between particle fillers and polymer matrix, and
breakdown of particle aggregation (Diani et al., 2009). Apart
from theMullins effect, the mechanical properties of fiber-rubber
composites under the cyclic loading can be used to evaluate
the stability of materials, which is a crucial performance index
for the engineering application. Consequently, improving the
stability of polymer composites is an urgent requirement, and the
mechanism study of mechanical hysteresis has continuously been
a research focus (Merabia et al., 2008; Drozdov, 2009; Machado
et al., 2012; Chai et al., 2013).

Magnetorheological elastomer (MRE) belongs to the group of
smart materials, which is stimulated to change its mechanical
behavior by an external magnetic field. The MRE consists of
micronized magnetic particles dispersed in a nonmagnetic elastic
matrix, such as polyurethane (PU), natural rubber and silicone
rubber (Gong et al., 2005; Stepanov et al., 2007; Li and Nakano,
2013; Wang et al., 2014; Jung et al., 2016; Qi et al., 2018b). As
an intelligent engineering material, the MRE exhibits excellent
magnetic-control properties as well as potentials for applications
in the fields of noise reduction, vibration attenuation, smart
sensing, electromagnetic shielding, etc. (Kashima et al., 2012;
Hoang et al., 2013; Xing et al., 2015, 2016; Fu et al., 2016;
Wang et al., 2016; Yu M. et al., 2016; Qi et al., 2018a). For the
magnetorheological (MR) materials, the magnetic particles are
inclined toward columns paralleled to the magnetic orientation.
When the magnetic field is removed, the magnetic particle
cannot return to its original position immediately. It will cause
the hysteresis in the viscoelastic properties of MR materials,
especially in the viscous matrix rather than in the elastic matrix.
The hysteresis behaviors of devices based on MR materials have
attracted the attention of many researchers (An and Kwon, 2003;
Dominguez et al., 2004; Yu Y. et al., 2016; Chen et al., 2018;
Xian-Xu et al., 2019). For the MRE, Gundermann et al. have
investigated the motion of particles in MREs by X-ray micro-
computed tomography (X-µCT) (Gundermann and Odenbach,
2014). They found that the process of particle motion was not
reversible. It reveals the possibility of mechanical hysteresis
behavior caused by the magnetic field in the MRE, which have
been ignored in most literatures. However, in the area of polymer
science and engineering, relevant researches on the dynamic
mechanical behavior of MRE under the repeated cyclic loading
or periodic magnetic field are comparatively rare.

The MR effect computed by the ratio of the magnetic-
induced modulus to the initial modulus is the most considerable
evaluation index ofMREs. Generally, in order to improve theMR
effect, the researchers enhanced the magnetic-induced modulus
by increasing the concentration of magnetic particles, interface
modification, incorporating additive, etc. (Li and Sun, 2011;
Qiao et al., 2012; Yang et al., 2013; Aziz et al., 2016). The
other defective method is decreasing the initial modulus by
adding vast plasticizer or reducing the crosslinking density of
MRE, which weakens the mechanical strength of MRE. These
viscous matrices are able to make the mechanical hysteresis
more serious in the MRE. As an engineering material, the
MRE has to suffer different cyclical loadings and magnetic fields
when under variable application conditions. The cyclic loadings
and the variable magnetic field will change the mechanical

performance of MRE, which leads the instability of the MRE-
based device. Therefore, it is necessary to study the mechanism
of the mechanical hysteresis, and improve the stability of MRE
for the engineering application.

Previously, An et al. (2012) found a stress hardening
phenomenon for the MR gel in the presence of stable
magnetic field under the cyclic loading. They also deduced
this phenomenon, which was opposite to the Mullins effect of
the conventional particle-filled polymer composite, was caused
by the rearrangement of particles under the external magnetic
field. Xu et al. (2016) have also proposed a magneto-induced
hardening mechanism to explain the transition from stress
softening to stress hardening under cyclic loadings. For the
elastomer reinforced by the magnetic particles, the hysteresis
in the dynamic mechanical responses was first reported in the
elastomer that contains hard magnetic particles, in which the
magnetic remanence of hard magnetic particles was the priority
consideration (Stepanov et al., 2012; Kramarenko et al., 2015; Yu
et al., 2015c). Sorokin et al. (2015) have studied the hysteresis in
dynamic modulus, loss factor and normal forces with regard to
the MRE. The influences of particle size and composition have
been studied, and they also discussed the possible mechanism
for the mechanical hysteresis. In addition, Sorokin et al. (2014)
further studied the Payne effect in the MRE using synthetically
cycling measurements; the Payne effect increased significantly
in the presence of an external magnetic field and varied with
the cyclic loading, which reached saturation after several cycles.
Thus, far, the study on the mechanical hysteresis of MRE is not
enough, and the deeper investigation about the saturation of the
mechanical hysteresis is eagerly needed.

PU has better degradation stability than natural rubber and
superior mechanical stability than silicone rubber (Wei et al.,
2010), and it has been widely used to be the matrix of the
MRE (Wu et al., 2010, 2012; Ge et al., 2015). In this paper,
two kinds of MRE based on the PU matrix and PU/epoxy
(EP) interpenetrating network (IPN) matrix were prepared,
respectively. The material properties and the details of the
process and principle of preparation could be obtained in our
previous work (Yu et al., 2015a,b). Several cycling tests have
been carried out to study the most critical influences on the
mechanical hysteresis of MRE, including the matrix, particle
distribution, magnetic field. The saturation of the mechanical
hysteresis has also been studied, and then relevant physical
mechanism is proposed to explain it qualitatively. This work
turns out that the material properties of MRE should be
characterized by the repeating test rather than merely single
test. More effective evaluation tests of MRE are of benefit to
the potential applications. In particular, the discussion on the
influences of matrix will provide guidance for improvement of
material preparation.

EXPERIMENT

Materials
The soft magnetic carbonyl iron powder (CIP) (Type: CN;
size distribution: 1–8µm) was provided by BASF in Germany.
PU matrix (Castor oil purchased from Sinopharm Chemical
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TABLE 1 | Detailed formation of MRE samples with different proportions of EP.

Sample Matrix (20 wt%) Plasticizer (10 wt%) CIP (70 wt%)

PU (%) EP (%)

ani-PU 20 wt 0 10 wt 70 wt

ani-IPN 15 wt 5 wt 10 wt 70 wt

iso-IPN 15 wt 5 wt 10 wt 70 wt

Reagent Co., Ltd., China; MDI (MDI: 4,4-∼50%, 2,4-∼50%)
purchased from Yantai Wanhua Polyurethanes Co., Ltd., China),
Stannous octoate (Sinopharm Chemical Reagent Co. Ltd., China)
was used as catalyst in the process of PU preparation. EP
based on diglycidyl ether of bisphenol-A was purchased from
Baling Petrochemical Co., Ltd., Hunan, China. The 2,4,6-
Tri(dimethylaminomethyl)phenol (DMP-30) acting as the curing
agent of EP was acquired from Wuhan Hongda Co., Ltd., China.
The Di-butyl phthalate (DBP) used as a plasticizer was bought
from Tianjin Bodi Chemical Holding Co., Ltd., China.

MRE Preparation
In order to study the influence of the matrix and particle
distribution on the hysteresis properties, we prepared different
kinds of MRE samples. The isotropic samples and anisotropic
samples were fabricated in the absence and presence of magnetic
field, respectively. The PU and IPN denote that the MRE samples
were based on PU matrix and PU/EP IPN matrix, respectively.
The detailed compositions of MRE samples are listed in Table 1.
Here the prefix of “ani” and “iso” denote the isotropic and
anisotropic sample, respectively. Details about the process and
principle of reaction of PU/EP IPN and PU can be obtained
from our previous works (Yu et al., 2015a; Yang et al., 2016).
The incorporation of EP would improve the crosslink degree
of PU, and the interpenetration and entanglement of molecular
chains in the PU/EP IPN would improve the structural stability
of the polymer. Therefore, it should be noticed that the PU-MRE
has higher viscous component, and the IPN-MRE has higher
elastic component.

Characterization
The morphologies of the particles in the MRE samples were
characterized via scanning electron microscopy (SEM; MIRA3
TESCAN). The microphotographs of MRE samples were taken
for the fractured surface, on which the gold powder was coated
prior to testing.

The cycling tests of MRE samples were implemented under
shear oscillation mode using an advanced commercial rheometer
(Model: MCR301, Anton Paar). A parallel-plate rotor and
magnetron device were installed in the rheometer. The testing
magnetic field of magnetron devices was generated by an
electromagnet. The magnetic flux density could be changed from
0 to ∼1.2 T by varying the drive current in the coil of the
electromagnet with a range of 0–5A. The details about this
rheometer could be obtained from our previous work (Yu et al.,
2013). In this study, the samples were prepared in disc forms with
20mm in diameter and 2mm in thickness. During the testing

process, the samples were secured between the lower stationary
plate and the upper movable plate that was connected to a forced
torsional oscillator.

RESULTS AND DISCUSSION

This work focuses on the influences of mechanical pressure,
magnetic fields and shear strain on the dynamic mechanical
hysteresis of MRE. Initially, the normal force cycling tests in the
absence and presence of magnetic field were carried out to study
the influences of themechanical pressure. Then theMRE samples
were tested under a triangular (periodic increase and decrease)
magnetic field, and the hysteresis in the dynamic modulus caused
by the magnetic field has been studied. Finally, the analysis of
the amplitude cycle tests at different magnetic field strengths
is presented.

Normal Force Cycling Tests
Compressive stress is a common loading when the MRE-based
device is working. In order to study the mechanical hysteresis
behavior of MRE under changing compressive stress, we tested
the dynamic modulus of MRE under a cyclic normal force
in the range of 5–30N. The strain amplitude of 0.1%, pre-
compression force of 5N and test frequency of 5Hz were
selected for these tests. Measurements were carried out in several
consecutive stages. Initially, the dynamic mechanical properties
were measured under an increasing normal force actuated from 5
to 30N. After reaching the maximum value, the normal force was
linearly reduced from 30 to 5N. These tests were conducted in the
absence and presence of magnetic field to study the influence of
magnetic field, and the number of cycles was set 5 for each test.

Figure 1 illustrates the dependence of dynamic modulus of
iso-IPN, ani-IPN, and ani-PU samples on the cycling normal
force, respectively. The color change of curves indicates the
process of the cyclic tests. As can be seen, the dynamic modulus
of all samples increases with the increasing normal force. This
phenomenon also has been reported by Feng et al. (2015). It
is attributed to the enhancement of the particle–particle and
particle–matrix interactions with the high normal force. After
the normal force declined linearly, an apparent hysteresis has
been observed in all curves, while the modulus tends to saturate
after several cycles. It indicated that the possibility of the balance
between destruction and reformation of the particle structures
which caused by the coupling effect of the cyclic mechanical
loading and magnetic field. It also can be seen that the storage
modulus increases with the increasing test cycle. It means that
the compressive loading in the initial cycle produces a hardening
effect of the MRE sample. The hardening effect is more obvious
when the samples under the magnetic field. Similar to the MR
gel and MR plastomer, this hardening effect in the magnetic
field can be attributed to the rearrangement of CIPs (An et al.,
2012; Xu et al., 2016). The qualitative comparative analyses of the
hysteresis were carried out in the following section.

The magnitude of the hysteresis can be represented by the
area between the ascending and descending curves. From the
qualitative compare we can deduce that the hysteresis is more
obvious in the presence of magnetic field than in the absence
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FIGURE 1 | The influence of the normal force on the dynamic viscoelastic properties of MRE samples. Dependence of storage modulus of ani-PU sample (A), ani-IPN

sample (B), and iso-IPN sample (C) on the normal force in the absence and presence of magnetic field. Dependence of loss modulus of ani-PU sample (D), ani-IPN

sample (E), and iso-IPN sample (F) on the normal force in the absence and presence of magnetic field. The color scale indicates the progress of the cycle tests.

of magnetic field. The hysteresis of PU sample also greater than
that of IPN sample, which indicated that the matrix played an
important role in the destruction and reformation of the particle
structures. To obtain a better understanding the influence of
matrix, particle distribution and magnetic field on the hysteretic
property, here we defined

λ = (Gn − G1) /G1 (1)

where Gn is the maximum value of dynamic modulus in
the nth cyclic curve, and the G1 is the maximum value of
dynamic modulus in the initial cyclic curve. The parameter λ can
commendably reflect the changes of dynamic modulus of MRE
in the cycles, as Figure 2 shows. As can be seen the parameter
λ of PU sample is significantly larger than that of IPN sample.
In addition, the saturation of IPN sample is more apparent than
that of PU sample, which indicates that the interpenetration
and entanglement of molecular chains in IPN matrix would
improve the stability of MRE. Comparing the curves in the
absence and presence of magnetic field, we can deduce that
the magnetic force between the magnetized CIPs intensifies the
motion of CIPs when the MRE suffers compressive loading.
The movement of CIPs and the enhancement of interaction
forces between the CIPs and matrix are going to cause a larger
hysteresis. Another phenomenon is that the parameter λ of

ani-IPN is greater than that of iso-IPN, which can be attributed
to the difference of the particle distribution. As can be seen from
Figures 3a,b, it is observed that the CI particles are uniformly
dispersed in the isotropic sample while they exhibited patterned
chain-like structure in the anisotropic sample. The deformation
and reagglomeration of the chain structure paralleled to the
normal force will be enhanced by the compressive loading. In
addition, the parameter λ of curves with magnetic field is greater
than that of curves without magnetic field. It indicates that the
magnetic field also causes a decrease in the stability of MRE when
the MRE suffers the compressive loading. Since the magnetic
field can enlarge the movement of particles in the process of
reagglomeration, another phenomenon that the parameter λ of
IPN samples has a slightly decrease in the presence of magnetic
field can be seen in the Figure 2B. The decrease of the loss
modulus can be attributed to the saturation of particle movement
in the IPN matrix. It’s contrary to the IPN sample, the loss
modulus of PU sample increases with the cycle number because
of the weaker restriction of the PU matrix. It revealed that the
particle movement in PU sample is not saturated in these five
cyclic tests.

Magnetic Field Cycling Test
The linear increasing magnetic field has been carried out by
many researchers to study the MR effect of MR materials (Xu
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FIGURE 2 | Dependence of the parameter λ (A: storage modulus G′; B: loss modulus G′′ ). on cycle number for the samples under the ascending and descending

normal force (The hollow symbol and solid symbol indicated the tests under 0 and 720 mT, respectively).

FIGURE 3 | SEM images of iso-IPN (a) and ani-IPN (b). The red arrow indicates the direction of the pre-structure magnetic field.

et al., 2011; Bica, 2012). In order to study the magneto-induced
mechanical hysteresis of MRE under the triangular magnetic
field, we tested the dynamic modulus of MRE under a
cyclic triangular magnetic field in the range of 0–1,100 mT.

The strain amplitude of 0.1%, pre-compression force of 5N

and test frequency of 10Hz were selected for this test.

Measurements were carried out in several consecutive stages.
The dynamic mechanical properties were initially measured
under the magnetic field increased from 0 to 1,100 mT. After
reaching the maximum value, the magnetic field was linearly
decreased from 1,100 to 0 mT, and the number of cycle also was 5
for each test.

Figure 4 shows the dynamic modulus as a function of

the triangular magnetic field. The color change of curves

indicates the direction of the cyclic test process. It can be

seen that the dynamic modulus of all samples increases with
the increasing magnetic field strength and decreases with the
decreasing magnetic field strength. An apparent magneto-
induced mechanical hysteresis has also been observed in these
curves. As can be seen the descending curves are above
the ascending curves, the similar phenomenon in MRE and
electrorheological elastomer (ERE) has been reported by Sorokin

and Niu, respectively (Niu et al., 2015; Sorokin et al., 2015).
Mainly it is because the particles and the particle chains
do not immediately revert to their original positions under
the cyclical magnetic fields. Previously, Shen et al. (2004)
proposed a mathematical model to estimate the magneto-
induced storage modulus. According to their study, the magneto-
induced modulus of MRE is determined by

G =
9φCm2

(

4− γ 2
)

8r30π
2a3µ0µ1

(

1+ γ 2
)7/2

(2)

where φ is the volume fraction of CIPs, a is the diameter of CIPs,
µ0 denotes the vacuum permeability, µ1 is the permeability of
MREs, r0 is the initial spacing between two adjacent dipoles, γ

is the shear strain, and m is the magnetic dipole moment. It
can be deduced by Equation (2), due to the space between the
magnetized particles r0 in the descent stage is smaller than that
in ascent stage, the larger magneto-induced modulus G causes a
larger storage modulus in descent stage. It should be emphasized
that the hysteresis of IPN samples tends to saturation after the
initial cycle, and the storage modulus returns to its initial value
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FIGURE 4 | Dynamic modulus (A: storage modulus; B: loss modulus) as a function of the triangular magnetic field. The change of loss modulus is denoted by the

direction of the black arrow in (B).

on the elimination of magnetic field in later cycles. Due to the
weaker restriction of PU matrix, the PU sample needs more
cycles to achieve the saturation. In the engineering applications
of MRE, due to the variable magnetic field and changing loads
upon the MRE-based device, the material properties of MRE in
the saturated region can make the device more effective.

Unlike the curve shape of storage modulus, Figure 4B shows
the loss modulus of descending curves is greater than that of
ascending curves under the low magnetic field strength, but
the contrary is under the high magnetic field strength. Since
the loss modulus is based on the energy dissipation which is
proportional to the relative movement of particles (Yang et al.,
2012), this phenomenon can be explained by the state of particle
motion. There is a critical magnetic field strength to keep the
balance between magnetic interactions (between the magnetized
particles) and elastic interactions (between the particles and
matrix), and the critical magnetic field strength can be reflected
by the intersection of loss modulus curves. Scheme 1 shows the
advance and return movement of CIPs under the ascending and
descending magnetic fields, and the cycle has been divided into
ascent stage (stage A and stage B) and descent stage (stage C and
stage D). Among them, the advance movement was caused by
magnetic interactions at the ascent stage, and return movement
was caused by elastic interactions at the descent stage. The energy

dissipation of MRE mainly depended on the friction between the
CIP and matrix (Li and Gong, 2008), and it could be expressed
with the following equation (Yu et al., 2013):

ED ∝FrS (3)

where Fr is the interfacial friction force between the CIP and the
matrix; this force is decided with the magnetic flux density and
elastic interactions. In addition, S represents the displacement of
interfacial slipping between the CIP and the matrix. As can be
seen from the Scheme 1, with the increase of distance between
the particles and its initial positions, the particles become
closer and the polymer molecular chain stretched longer. As a

consequence, the Fr of MRE in stage B and stage C is greater than
that of in stage A and stage D.When themagnetic field strength is
lower than this critical value, the elastic interaction is dominated.
The relative movement of CIPs has been restricted in the ascent
stage (stage A) and accelerated in the descent stage (stage D).
Correspondingly, when the magnetic field strength is higher than
this critical value, the magnetic interaction is dominated. The
relative movement of particles has been accelerated in the ascent
stage (stage B) and restricted in the descent stage (stage C).
Therefore, the displacement of interfacial slipping S in stage D
is greater than that of in stage A, and S in stage B is greater than
that of stage C. It leads to the descending curves of loss modulus
is greater than that of ascending curves under the low magnetic
field strength, and the contrary is under the high magnetic
field strength. In addition, as can be seen from Figure 6B, the
critical magnetic field of ani-PU is smaller than that of ani-IPN,
which can be attributed to the weaker elastic interactions in the
PU matrix.

Correspondingly, the parameter λ calculated from Equation

(1) has been plotted to study the stability of the magneto-

induced mechanical hysteresis. Figure 5 shows the dependence
of the parameter λ on the cycle number under the triangular
magnetic field. Similarly, the parameter λ of PU sample is also
significantly larger than that of IPN sample. This phenomenon
occurred mainly because the displacement of interfacial slipping
between the CIP and the matrix in PU sample is greater than
that in IPN sample. The interpenetration and entanglement
of molecular chains in IPN matrix would improve the elastic
interactions, which can accelerate the particles revert to their
original positions. In addition, the parameter λ of the iso-IPN
is greater than that of the ani-IPN. It is mainly because the
particles have formed the chain structure in the anisotropic
sample, while the particles are distributed randomly in the
isotropic sample, as shown in Figure 5. As the particles tend to
form a columnar paralleled to the magnetic field, the movement
of the particle in the isotropic sample is greater than that
in the anisotropic sample, which causes a greater variation of
the parameter λ.
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SCHEME 1 | The schematic of the movement of CIP under the ascending and descending magnetic field. (a) ascending stage with a smaller relative displacement;

(b) ascending stage with a larger relative displacement; (c) descending stage with a larger relative displacement; (d) descending stage with a smaller

relative displacement.

FIGURE 5 | Dependence of the parameter λ (A: storage modulus; B: loss modulus) on cycle number for the samples under the triangular magnetic field.

Amplitude Cycling Tests
Decreasing in storage modulus G′ with the increasing strain
amplitude, termed as Payne effect (Payne, 1962, 1967), has been
recognized in polymer science and engineering (Meera et al.,
2009; Papon et al., 2012; Ponnamma et al., 2013; Gan et al., 2016).
The Payne effect of MRE has been studied by many researches,
but the mechanical hysteresis caused by the shear strain has
been rarely studied (Sorokin et al., 2014, 2015). In order to
study the mechanical hysteresis of MRE under the ascending and
descending strain, we tested the Payne effect of MRE under the
cyclical amplitude in the absence and presence of magnetic field.
The strain amplitude ranges of 0.01–20%, pre-compression forces
of 10N and test frequency of 5Hz were selected for this test.
Measurements were also carried out in several consecutive stages.
The dynamic mechanical properties were initially measured
under the changing strain that increased from 0.01 to 20%.
After reaching the maximum value, the amplitude of strain

was decreased from 20 to 0.01%. Five consecutive cycles

were held for each sample in the absence and presence of
magnetic field.

Figure 6 shows that the dynamic modulus as the functions
of strain amplitude for iso-IPN, ani-IPN, and ani-PU samples
is measured in the absence and presence of magnetic field,
respectively. It can be seen that all samples demonstrate the
Payne effect: the storage modulus decreases with the increasing
strain (Payne, 1962, 1967). The loss modulus increased with
the increasing strain initially, and then decreased with the
increasing strain when it reaches its maximum. An apparent
hysteresis has been observed in all curves, and the MRE samples
show a strain hardening effect. The hysteresis is more obvious
in the presence of magnetic field than in the absence of
magnetic field, and the hysteresis of PU sample also greater
than that of IPN sample. It can be seen that the modulus
increased with the increasing test cycle, and the modulus tends
to saturation after the several cycles. A significant change can
be observed within the first cycle while only minor changes in
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FIGURE 6 | The influence of the shear strain on the dynamic viscoelastic properties of MRE samples. Dependence of storage modulus of ani-PU sample (A), ani-IPN

sample (B), and iso-IPN sample (C) on the shear strain in the absence and presence of magnetic field. Dependence of loss modulus of ani-PU sample (D), ani-IPN

sample (E), and iso-IPN sample (F) on the shear strain in the absence and presence of magnetic field. The color scale indicates the progress of the cycle tests.

the following cycles, which also has been reported by Sorokin
et al. (2014, 2015). In particular, under the magnetic field, the
Payne effect becomes much more pronounced, particularly for
the anisotropic MRE samples. The quantitative comparison of
Payne effect among these samples is discussed later using a
phenomenological model.

There have been many explanations and phenomenological
models are well reported for Payne effect, and they are mainly
based on the concepts of change in the microstructure of the
composites. Kraus model is based on the concepts of change
in particle–particle interactions, and the strain hardening effect
of MRE under the cycling strain tests is mainly caused by the
particle reagglomeration. Therefore, for the better understanding
of the hysteresis of Payne effect of MRE, Kraus model is adopted
to determine the influence mechanism of Payne effect. The
Kraus model is the first phenomenological model to represent
and explicate the Payne effect, which provides the relations for
the dynamic modulus and strain amplitude in Equation (3)
(Kraus, 1984),

G
′

γ − G
′

∞

G
′

0 − G
′

∞

=
1

1+ (γ /γc)
2m

(4)

where G′
∞ is the value of storage modulus at very large strain;

G′
0 is equal to the value of storage modulus at very small

strain; where γc and m are the fitting parameters, and γc is the

critical strain when G′
γ reaches the half value of G′

0 − G′
∞;

m is the shear strain sensitivity of the mechanism of particle-
particle contact breakage and defines the shape of the G′

γ

curve (Qu et al., 2014). To obtain a better understanding of the
influence of matrix, particle distribution and magnetic field on
the Payne effect, we fitted the G′

γ curves with the increasing
strain amplitude. The obtained values of G′

0, G
′
∞, γc, and m

for all samples are shown in Tables 2–5, respectively. It can be
seen that the Kruas model can be used to describe the Payne
effect of MRE samples felicitously, as shown in Figure 7. For
clarity, only the first curves of the samples are presented. The
dependences of the fitting parameters on the cycle number are
shown in Figures 8, 9. It can be seen from the Figure 8 that
both G′

0 and G′
∞ slightly increase with the cycle number in the

absence of magnetic field. It attributes to that the matrix becomes
stiffer for the subsequent measurement (Sorokin et al., 2015). On
the other hand, the G′

0 and G′
∞ increase evidently after the first

cycle and then tend to be saturated. The application of magnetic
field and increasing strain amplitude helps magnetic particles to
rearrange. The particles become closer to form stronger chains
structures under the magnetic field. The enhancement of MR
effect is caused by the increase of G′

0 and G′
∞ in the subsequent

cycles. In addition, the G′
0 and G

′
∞ of the sample in the presence

of magnetic field are both larger than that in the absence of
magnetic field. The increscent modulus is also caused by the
magneto-induced modulus.
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TABLE 2 | G′
0 (MPa) of the samples in the different cycles.

Sample-magnetic field Cycle

1st 2nd 3rd 4th 5th

iso-IPN-0mT 0.49 0.59 0.6 0.6 0.6

iso-IPN-720mT 0.85 1.01 1.02 1.03 1.04

ani-IPN-0mT 0.59 0.75 0.77 0.75 0.76

ani-IPN-720mT 2.1 2.87 2.99 3.05 3.03

ani-PU-0mT 0.199 0.22 0.215 0.218 0.219

ani-PU-720mT 1.25 3.2 3.5 3.66 3.77

TABLE 3 | G′
∞ (MPa) of the samples in the different cycles.

Sample-magnetic field Cycle

1st 2nd 3rd 4th 5th

iso-IPN-0mT 0.2 0.22 0.24 0.245 0.245

iso-IPN-720mT 0.29 0.31 0.32 0.33 0.325

ani-IPN-0mT 0.199 0.215 0.22 0.22 0.218

ani-IPN-720mT 0.21 0.237 0.266 0.266 0.267

ani-PU-0mT 0.143 0.143 0.144 0.144 0.144

ani-PU-720mT 0.268 0.28 0.285 0.288 0.29

TABLE 4 | Fitting parameter γc (%) of the samples in the different cycles.

Sample-magnetic field Cycle

1st 2nd 3rd 4th 5th

iso-IPN-0mT 8.9 8.76 7.98 7.78 6.05

iso-IPN-720mT 2.64 1.92 1.7 1.62 1.54

ani-IPN-0mT 3.52 2.5 2.42 2.35 2.2

ani-IPN-720mT 2.18 1.4 1.14 1.06 1.03

ani-PU-0mT 4.84 3.19 3.08 2.77 2.69

ani-PU-720mT 1.43 0.375 0.35 0.35 0.35

Figure 9 shows the cycle number dependence of the critical
strain γc and fitting parameter m. Similarly, the critical strain γc
and fitting parameter m decrease after the first cycle and then
tend to be saturated in the subsequent cycles.

The decrease of critical strain γc indicates that the particle
networks can be destroyed easily after the first destruction. It
also can be seen that the critical strain γc of samples in the
absence of magnetic field is larger than that in the presence of
magnetic field. The interaction force between the magnetized
CIPs would enhance the strength of particle networks, which
leads the decrease of γc. But the magneto-induced Payne effect
caused by the breakdown of the magnetic particle network is
more obvious. The decrease of γc caused by magneto-induced
Payne effect is larger than the increase of γc caused by enhanced
interaction force, thus the γc is smaller under the magnetic field.
The fitting parameter m is related to the particle agglomerate
structure (Heinrich and Kluppel, 2002). The decrease of m after
the first cycle indicates the destruction of particle networks in
high strain reduces the particle aggregates in the MRE. Besides,
the m of the sample in the absence of magnetic field is larger
than that in the presence of magnetic field. It’s mainly because

TABLE 5 | Fitting parameter m (a.u) of the samples in the different cycles.

Sample-magnetic field Cycle

1st 2nd 3rd 4th 5th

iso-IPN-0mT 0.58 0.53 0.53 0.52 0.518

iso-IPN-720mT 0.44 0.37 0.37 0.37 0.36

ani-IPN-0mT 0.496 0.37 0.36 0.35 0.365

ani-IPN-720mT 0.46 0.36 0.35 0.34 0.36

ani-PU-0mT 0.7 0.57 0.58 0.56 0.56

ani-PU-720mT 0.57 0.5 0.51 0.52 0.52

the particles tend to form a columnar paralleled to the direction
of the magnetic field when imposes on the MRE. Some particles
can overcome the restriction of matrix and begin to slip relatively
to the elastomer matrix. Thus, the movement of particles leads to
the increase in particle aggregates.

CONCLUSIONS

The dynamic mechanical hysteresis of MRE under the cyclic
loading and periodic magnetic field is studied in this paper. The
experimental results show that all the mechanical pressure, shear
strain and periodic magnetic field would cause a hysteresis in the
dynamic mechanical properties of MRE, and the hysteresis tends
to be saturated after several cycles. The conclusions can be drawn
as follows:

(1) The hysteresis in the dynamic mechanical properties of MRE
is caused by the coupling effect of the cyclic mechanical
loading and magnetic field. The saturation of the hysteresis
indicates that there is a balance between destruction and
reformation of the particle structures. In addition, the
magnetic field can cause an obvious hardening effect of MRE
under the mechanical pressure and high shear strain.

(2) The hysteresis of PU sample is greater than that of IPN
sample, which indicates that the viscidity and elasticity of
the matrix play important roles in the destruction and
reformation of the particle structure. A stable molecular
chain structure in the matrix would reduce the magnitude
of the mechanical hysteresis and improve the stability of the
hysteresis in the saturation stage.

(3) A significant increase of the storagemodulus can be observed
within the first cycle in each test, which means that the first
dynamic oscillatory shear tests would destroy the unstable
structure, making the matrix become stiffer.

(4) The periodic triangular magnetic field also caused the
hysteresis in the dynamic modulus which can be attributed
to the irreversible movement of the particles. The test result
of loss modulus can be explained by the relative movement
of CIPs. For the influence of the particle distribution, the
hysteresis of the isotropic sample is greater than that of
anisotropic sample in the presence of magnetic field, which
can be attributed to the optimization of particle structure in
the magnetic field.

This work turns out that the material properties of MRE should
be characterized by the repeating tests rather than merely single
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FIGURE 7 | Fitting of the first G′
γ curve with the increasing strain amplitude obtained in the absence (A) and presence (B) of magnetic field. (Symbols are

experimental date, and solid lines are the fitting curves).

FIGURE 8 | Cycle number dependence of the G′
0 (A) and G′

∞ (B). The hollow symbol and solid symbol indicated the tests under 0 and 720 mT, respectively.

FIGURE 9 | Cycle number dependence of the critical strain γc (A) and fitting parameter m (B). The hollow symbol and solid symbol indicated the tests under 0 and

720 mT, respectively.

test. More effective evaluation tests of MRE are of benefit to
the potential applications. The hysteresis caused by mechanical
loading and magnetic field is an intrinsic property of MRE and
should be taken into account in future studies. In future work, we

should not only explore the material preparation methods that
reduce the hysteresis characteristics of MRE, but also carry out
in-depth mechanismmodeling research. The results achieved are
important for fundamental understanding of material behavior
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of MRE, which would provide a guidance for the improvement
of material preparation and the development of MRE devices.
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