
Research Article
The Normal Force Characteristic of a Novel Magnetorheological
Elastomer Based on Butadiene Rubber Matrix Compounded with
the Self-Fabricated Silly Putty

Fei Guo,1 Chengbin Du ,2 and Guojun Yu3

1School of Civil Engineering and Architecture, Anhui Polytechnic University, Wuhu 241000, China
2Department of Engineering Mechanics, Hohai University, Nanjing 210098, China
3Faculty of Civil Engineering and Mechanics, Jiangsu University, Zhenjiang 212013, China

Correspondence should be addressed to Chengbin Du; cbdu@hhu.edu.cn

Received 15 October 2021; Accepted 29 November 2021; Published 14 December 2021

Academic Editor: Rotana Hay

Copyright © 2021 Fei Guo et al.(is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this paper, a novel magnetorheological elastomer (MRE) was prepared by dispersing carbonyl iron particles (CIPs) into a
composite matrix compounded by butadiene rubber (BR) and self-fabricated Silly Putty. (e rate-sensitive and magneto-induced
characteristics of normal force were experimental investigated to discuss the working mechanism. (e results demonstrated that
the normal force increased with the compression rate and the mass fraction of boron-silicon copolymer added to the composite
matrix due to the formation of the more and more B-O cross bonds which could be blocked in the C-C cross-linked network of
BR. Meanwhile, the magneto-induced normal force was positively correlated with the applied magnetic field strength and the
compression strain due to the decreased gap between the centers of soft magnetic particles and the increased particle intensity of
magnetization. Moreover, the magneto-induced normal force continued to enhance with the increase of compression strain
because the CIP chains fixed in the C-C cross-linked network could bend to a radian and CIP chains in B-O cross-linked network
could rupture to form more stable and intensive short-chain structures. Besides, a simplified model was deduced to characterize
the mechanism of the generation of the magneto-induced normal force. Furthermore, the normal force varied stably with the
oscillatory shear strain (less than 9%) at different magnetic induction intensities and suddenly reduced when the applied os-
cillatory shear strain was more than 9%.

1. Introduction

Magnetorheological elastomer (MRE) is an intelligent ma-
terial by dispersing micron-sized carbonyl iron particles
(CIPs) into traditional rubber or thermoplastic matrix
uniformly [1–3]. Different applied magnetic field strengths
can control the dynamic mechanical properties such as the
obtained MRE’s storage modulus and damping factor [4, 5].
Because of the exhibited magnetorheological effect, this
intelligent and safe material can be widely used in dampers
[6, 7], soft armors [8], impact absorbers [9–12], and other
applications such as shielding [13, 14], force sensing [15, 16],
and medical systems [17, 18]. However, due to the con-
tradiction between the magnetorheological effect and me-
chanical properties induced by cross-linking degree of

polymer rubber matrix [19], it is challenging to obtain MRE
samples with excellent magnetorheological effect. Besides,
MRE usually works in shear mode; the occurrence of shear
behavior is perpendicular to the magnetic induction line
direction, so the level of MRE shear modulus is far less than
the vertical modulus. Furthermore, vertical extrusion de-
formation is limited; the tiny deformation can produce an
excellent output strength. (erefore, it is essential to study
the mechanical properties and magnetorheological effect of
MRE in extrusion mode.

Silly Putty is a boron-silicon copolymer that can be
stimulated to generate significant non-Newtonian behavior
of shear stiffening performance. More nanocomposites
based on Silly Putty have been intensively researched and
discussed [20–22]. Xu et al. [23] fabricated a soft sandwich
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structure consisting of two-layer Kevlar face sheets and a
Silly Putty core. (e results displayed that the storage
modulus of Silly Putty, which was prepared by dispersing
CaCO3 particles into polyborodimethylsiloxane, increased
by two to three orders of magnitude with the increasing
shear frequency. (e higher CaCO3 content resulted in
better shear-hardening behavior, which further enhanced
the anti-impact performance of the sandwich structure.
However, when micron-sized carbonyl iron particles (CIPs)
are dispersed into Silly Putty, the properties of obtained
magnetorheological Silly Putty (MRSP) can self-adapt to
changes in the external stimuli environment and be con-
trolled by different applied magnetic field strengths [24]. As
a new kind of multifunctional material, it has aroused
worldwide concern in recent years. Wang et al. [25] firstly
prepared a novel multifunctional polymer composite (MPC)
with different magnetic particles (CIP and Fe3O4), poly-
dimethylsiloxane (PDMS), boric acid, and benzoyl peroxide
(BPO). Besides, the mechanisms of “cross bonds” from the
decomposition of cross-linking agent BPO and the magnetic
particle chains induced by the magnetic field were intro-
duced to describe the excellent multifunctional stimulus-
response properties. Yao et al. [26] developed a novel
magnet-induced aligning magnetorheological elastomer
(MIMRE) based on ultrasoft polymeric matrix compounded
of PDMS, boric acid, and chloroform to obtain the excellent
magnetorheological effect and healing performance. Goli-
nelli et al. [27] studied the behavior of magnetic Silly Putty
first under a quasi-static compression and shear loading and
second under dynamic shear loading; the results highlighted
a strong dependence on the deformation rate the influence
of the magnetic field was weak. However, in addition to
applying single boron-silicon as the matrix, Wang [28]
fabricated a novel magnetorheological shear-stiffening
elastomer (MSTE) by dispersing CIPs into the shear-stiff-
ening elastomer, which was synthesized by co-polymeriza-
tion of shear-stiffening gel (STG) and methyl vinyl silicone
rubber (VMQ).(e results indicated that the content of STG
could adjust the magnetic controllability and shear-stiff-
ening performance of MSTE.

Besides, the influence factors and mechanisms of mul-
tifunctional properties for MRSP have also been extensively
explored recently. Firstly, the rate-sensitive characteristic is
mainly determined by the number of the B-O “cross bonds.”
Liu et al. [29] prepared multifunctional magnetorheological
gel (MMRG) samples with the mass ratio of pyroboric acid
to PDMS varying from 0 to 0.6. (e results demonstrated
that the shear stiffening performance was positively corre-
lated with the number of “cross bonds,” and when the
numbers of molecular chains containing Si-O and Si-O-B
were close (the mass ratio of pyroboric acid to PDMS
reached 0.3), a substantial number of “cross bonds” were
formed to result in excellent shear stiffening performance.
Furthermore, the curing process, including temperature and
time, were considered important factors influencing the
shear stiffening performance [30]. In the study, curing
temperature of 120°C and curing time of 30min were se-
lected to obtain the best shear stiffening performance.
Moreover, additives such as CaCo3 [31], graphene [32], and

carbon nanotubes [33, 34] were invested in the promotion of
rate-sensitive characteristics. Simultaneously, the magne-
torheological effect of MRSP induced by the externally
imposed magnetic field is generally influenced by magnetic
saturation of particles, magnetic particle size and dispersion,
matrix properties, and additives similar to other magneto-
rheological materials [35–39]. (e mechanism of formed
chain or column structures [40–43] for magnetic particles
along magnetic induction lines was usually employed to
describe the magnetorheological effect.

(erefore, in this work, a novel MRE was prepared by
dispersing CIPs into the BR matrix with the addition of self-
fabricated Silly Putty. (e rheometer testing system studied
the normal force characteristic of the synthetic novel
composite MRE. (e testing results revealed that the de-
veloped novel MRE exhibited excellent magnetorheological
effect and rate-dependent performance in extrusion mode.
Furthermore, the content of Silly Putty played a pivotal role
in improving the axial deformation ability of the novel MRE.

2. Experimental Methods

2.1.Materials. PDMS, boric acid, and absolute ethyl alcohol,
purchased from Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China, were applied to fabricate the Silly Putty as
well as the silicon-boron copolymer. Butadiene rubber (BR),
vulcanization system including cross-linking agent benzoyl
peroxide (BPO), zinc oxide (ZnO), stearic acid (SA), and
accelerant, purchased from Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China, were applied to synthesize the
composite matrix of MRE with Silly Putty. CIPs with dif-
ferent average particle sizes of 3.15, 3.5, and 3.65 μm were
purchased from Jiangsu Tianyi Ultra-fine Metal Powder Co.
Ltd., Xuyi, China. Dioctyl phthalate (DOP), purchased from
Sinopharm Chemical Reagent Co. Ltd., Shanghai, China,
was used as the plasticizer. All the materials were analytically
pure, and multifunctional properties were tested by
MCR302 rheometer (Anton Paar Co., Austria).

MAT-3000S soft magnetic DC testing device was used to
characterize the soft magnetic property of CIPs. (e B-H
magnetizing curves of different average particle sizes are
displayed in Figure 1. It is shown that CIP with an average
particle size of 3.5 μm exhibits the best soft magnetic per-
formance, which presents lower coercivity Hc (only 93.61A/
m and testing magnetic field strength at 20,000A/m) and the
similar magnetization to CIP with an average size of 3.65 μm.
(erefore, in this work, CIP with an average particle size of
3.5 μm was selected as the filling particles of the novel MRE
samples to obtain the apparent magneto-induced property
and reduce the effect of remanent magnetism. (e perfor-
mance indexes of the selected CIP are shown in Table 1.

2.2. Preparation and Properties of the Novel MRE Samples.
(e process of preparing the novel MRE sample is shown in
Figure 2. (e first heating process led to the formation of
Silly Putty as well as the silicon-boron copolymer. (e
second step generates the composite matrix by mixing BR
and Silly Putty. (e last step formed the novel MRE sample
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Table 1: (e major performance indexes of the CIP.

Fe content (%) C content (%) N content (%) O content (%) Average particle size (μm) Apparent density Tap density
98.10 0.74 0.90 0.26 3.5 2.8 g·cm− 3 4.25 g·cm− 3
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Figure 2: (e preparation process of the novel MRE sample.
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Figure 1: (e testing B-H curve of CIPs with different average particle sizes.
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after the vulcanization process. (e specific preparation
steps were as follows:

(1) Firstly, the mixture of a certain amount of PDMS, boric
acid, and absolute ethyl alcoholwas stirred in a beaker at
room temperature until homogeneously. (en, the
mixture was heated at 200°C for 4hours and stirred
every 15min to keep the reaction adequate. During the
process, the Si-O bond was broken, and the Si-O-B
bond was formed. (e boron-silicon copolymer was
obtained after the viscous mixture was cooled to room
temperature.

(2) Next, the boron-silicon copolymer was mixed with BR
in a two-roll mill (Nantong Hailite Rubber Machinery
Inc., China; model XK-160) at room temperature.
Additives such as ZnO, SA, accelerant, CIPs, and cross-
linking agent BPO were added in sequence during the
mechanical mixing method. Besides, plasticizer DOP
was added in batches to improve the composite matrix
plasticity.

(3) Finally, the compound was vulcanized at 120°C for
20min in the thermal-magnetic coupling system
(TMCS) to form the novel MRE sample. (e TMCS
consisted of magnet exciting coils, temperature con-
troller (TC), external power source, heating plate, and a
relay. (e mixed unvulcanized MRE sample in the
mold was placed on the heating plate to be cured to
form the novel MRE between the magnetic induction
lines generated by the two magnet exciting coils when
the external current was input. (e previous research
demonstrated that prestructured MRE exhibited an-
isotropic characteristics and a more excellent magne-
torheological effect [44] due to an increasing number of
particle chains and columns formed in thematrix under
the applied magnetic field. During the curing process,
the magnetic induction intensity was constant at 1T.
(e MRE sample was prepared when the product
cooled down to room temperature.

In the preparation process, the amount of CIPs added to
the novel MRE is stationary. Before the magnetic saturation,
the higher the mass ratio of CIPs to the matrix, the more
pronounced the magnetorheological effect is, and the more
sensitive the material is to a magnetic field. However, ex-
cessive CIPs will increase the initial modulus of theMRE, thus
reducing the relative magnetorheological effect and the reg-
ulation range induced by the magnetic field. (erefore, in this
work, the mass fraction of CIPs remains at 75%. Four groups
of MRE samples are fabricated, and the compositions of the
four groups of MRE samples are listed in Table 2. According
to the proportioning principle of the traditional rubber
process, the composite matrix is set to 100 phr.(e percent of
Silly Putty to the composite matrix from MRE-1 to MRE-4 is
0%, 10%, 25%, and 40% in sequence, respectively. Hence,
MRE-1 is based on the pure BRmatrix. Besides, to the boron-
silicon copolymer, the mass fraction of PDMS, boric acid, and
the absolute ethyl alcohol is 80%, 15%, and 5%, respectively.

In this work, the Hitachi S4800 scanning electron mi-
croscope (SEM) was used to observe the internal

microstructure of the MRE sample. (e SEM images are
displayed in Figures 3(a) and 3(b). It can be obtained from
Figure 3(a) that CIPs are uniformly dispersed in composite
matrix approximately, and the MRE sample presents iso-
tropic feature when the prestructured magnetic field is in the
close state. However, when the prestructured magnetic field
is in the open state during the curing process, the CIPs are
arranged in ordered chain structures along magnetic in-
duction lines and MRE sample anisotropic feature from
Figure 3(b).

(e normal force characteristics of novel MRE samples
were carried out by the MCR302 rheometer. During the
testing procedure, a parallel plate PP20 with a diameter of
20mmwas used.(e novel MRE sample was placed between
the upper and lower plates. In this work, the normal force of
each novel MRE sample was obtained by testing at quasi-
static compression mode without magnetic field, quasi-static
compression mode with the magnetic field, and dynamic
oscillation shear mode. (e rheological property of the
fabricated boron-silicon copolymer is displayed in Figure 4.
(e fabricated Silly Putty exhibits apparent rate-sensitive
performance. When the external rate-stimuli varies from 0
to 100 rad/s, the storage modulus of the boron-silicon co-
polymer generates the enhancement of three orders of
magnitude.

3. Results and Discussion

3.1. 0e Normal Force at Quasi-Static Compression Mode
without Magnetic Field. Under the condition of no external
magnetic field and a constant compression rate, the normal
force of the novel MRE samples on the rheometer plate can
be detected. As for the fabricated four groups of the novel
MRE samples from MRE-1 to MRE-4, Figure 5 shows the
relationship between the normal force FN and the gap h of
parallel plates at the same compression rate of 100 μm/s. It is
indicated that the normal force of all the MRE samples can
reach the limit (50N) of the rheometer when the samples are
compressed to a specific state. Besides, as the mass fraction
of the silicon-boron copolymer added in the matrix grad-
ually increases, the compression deformation of the novel
MRE samples gradually increases when it reaches the
measurement limit of 50N. For instance, the compression
deformation ofMRE-1 without the addition of silicon-boron
copolymer is only 0.912mm at the measured normal force
limit of 50N. However, the compression deformation of
MRE-2 with the addition of 10% silicon-boron copolymer is
1.022mm, while the compression of deformation of MRE-4
with the addition of silicon-boron copolymer exceeds
1.4mm. It is because the modulus of the pure BR matrix is
higher than the modulus of the silicon-boron copolymer.
When the content of silicon-boron copolymer in the
composite matrix is enhanced, the overall modulus of the
novel MRE will reduce. (erefore, it depends on more
significant compression deformation to achieve the same
normal force. In addition, after each compression defor-
mation, the novel MRE samples can generally recover to the
initial deformation state. Hence, compared to the traditional
MRE-1, it can improve the axial deformation capacity of the
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novel MRE samples by adjusting the content of the silicon-
boron copolymer in the composite matrix.

Figures 6(a) and 6(b) show the relationship between the
normal force and the gap of parallel plates at different
compression rates of MRE-1 and MRE-4, respectively. (e
compression rate of 100, 200, 300, and 400 μm/s are applied
separately in sequence, and the starting-ending positions of
the compression range are the same. It can be observed from
Figure 6(a) that the normal force curves of MRE-1 almost
coincide under different compression rates. Furthermore,
MRE-1 based on pure BR matrix exhibit no prominent rate-

sensitive characteristic because the modulus of rubber only
appears weak variation trend within an extensive exerted
rate or frequency range. From Figure 6(b), MRE-4 exhibits
prominent rate-sensitive property from the obtained normal
force, increasing with the applied compression rate. When
the compression deformation is 0.46mm and the com-
pression rate is 100 μm/s, the normal force of MRE-4 is only
12.7N. However, when the compression rate reaches
400 μm/s, the normal force of MRE-4 can achieve 19.1N,

Table 2: (e composition of composite MRE samples (phr).

Samples BR Boron-silicon copolymer CIPs BPO Vulcanization system, accelerant ZnO SA DOP
MRE-1 100 0 645 5 5 3 2 100
MRE-2 90 10 645 5 5 3 2 100
MRE-3 75 25 645 5 5 3 2 100
MRE-4 60 40 645 5 5 3 2 100

S4800 3.0 kV 8.5 mm x300 SE (M) 100 um

(a)

S4800 3.0 kV 8.5 mm x300 SE (M) 100 um

(b)

Figure 3: Prepared MRE sample and SEM image of internal microstructure: (a) the prestructured magnetic field is in the close state and (b)
the prestructured magnetic field is in the open state.
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which increases by 6.4N dependently. While the com-
pression deformation increases to 0.9mm and the com-
pression rate are 100 μm/s, the normal force of MRE-4 is just
24.3N. As the compression rate increases to 400 μm/s, the
normal force of MRE-4 can achieve 36.5N, which increases
12.2N dependently. (erefore, the novel MRE-4 sample
with the addition of silicon-boron copolymer exhibits a
more obvious rate-dependent performance of the normal
force at more considerable compression deformation.
Overall, the rate-sensitive property of the novel MRE can
also reflect in the vertical normal force, not only in the
horizontal shear performance based on the rheometer
testing system.

From the working mechanism, the chain structure of
PDMS has different polymerization degrees. When the
PDMS reacts with boric acid, the Si-O bond breaks, and
boron (atom B) is simultaneously introduced into the chains
to form the silicon-boron copolymer with the Si-O-B bond.
(e molecular structure of the PDMS and the chains doped
with atom B that can assume three forms [25, 45] are shown
in Figure 7(a).

(e electron-deficient p orbital of atom B obtains
electrons from atom O in the Si-O bond [46] after forming
the silicon-boron copolymer. (erefore, from Figure 7(b),
the atom B from the Si-O-B bond in the chain structure of
silicon-boron copolymer and the atom O from the Si-O
bond in the chain structure of PDMS contribute to the
formation of the B-O cross bond together that stimulate the
rate-sensitive performance. In other words, the cross bond
can be described as a slight damper, including a pair of
piston and cylinder that can play an essential role in force
output at different rate stimuli.

Furthermore, to the MRE sample based on pure BR
matrix, the C-C cross bond can be formulated by adding
cross-linking agent BPO, illustrated in Figure 8. (e CIPs
with chain structures are fixed in the cross-linked network

formed by C-C cross bonds. However, when the silicon-
boron copolymer is added to the BR matrix, the B-O cross
bond will be blocked in the cross-linked network of BR [47]
due to the tremendous C-C bond energy exhibited in the
cube cell. As for the B-O cross bond, the B and O come from
the silicon-boron copolymer; therefore, the percent of sili-
con-boron copolymer determines the number of B-O cross
bonds. From Figure 8, when the percent of silicon-boron
copolymer increases gradually, the number of B-O cross
bonds will enhance dependently, exhibiting more obvious
rate-sensitive characteristics macroscopically. Besides, when
the lower compression rate is applied, more “pistons” from
atom O and “cylinders” from atom B are active freely
concerning a small amount of the B-O connected “damper.”
(erefore, the movement of chains is relatively free and
flowing. When the compression rate increases, more and
more “pistons” and “cylinders” are attracted to connect as
“dampers,” which generate more B-O cross bonds. Fur-
thermore, the movement of chains with Si-O-Si bond and Si-
O-B bond will be restricted due to gradually forming the B-O
cross-linked network. Hence, the axial modulus and normal
force will be improved with the applied compression rate.

3.2.0e NormalForceatQuasi-StaticCompressionModewith
theMagnetic Field. When there is an external magnetic field
and a constant compression rate applied, the normal force of
the novel MRE samples on the rheometer plate can be
detected by adjusting the magnetic field strength. (e var-
iation of normal force with the external magnetic field
strength is an essential indicator of the magnetorheological
effect of the novel MRE samples.

Figure 9 reveals the relationship between the normal
force and the magnetic induction intensity of MRE-1 and
MRE-4. (e compression strain of 10%, 20%, 30%, 40%, and
50% is applied, and the magnetic induction intensity varies
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Figure 6: (e normal force of the novel MRE samples as a function of the gap: (a) MRE-1 and (b) MRE-4.
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from 0 to 1.13 T continuously. It can be concluded that the
normal force of each curve gradually increases with the
enlargement of magnetic induction intensity, and when the
magnetic induction intensity reaches 0.9 T, the normal force
gradually tends to be stable due to magnetic saturation.
Besides, compared with the traditional MRE-1 without the
addition of Silly Putty, the overall normal force of MRE-4 at

each compression strain is lower. However, the adjustable
range of normal force for MRE-4 is more comprehensive
than MRE-1 due to the greater initial normal force of MRE-
1. For instance, when the compression strain is 30% and the
magnetic induction intensity varies from 0 to 1.13 T, the
normal force of MRE-4 can change from 14.2 to 18.9N, and
the relative rate is 33%, which is greater than 21% of MRE-1.
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(erefore, it is explicit that the addition of Silly Putty can
improve the adjustable range of normal force with magnetic
field for MRE samples.

Figure 10 shows the relationship between the magneto-
induced normal force ΔFN and compression strain of MRE-4
at different magnetic induction intensities. Obviously, on the
same compressive strain condition, the magneto-induced
normal force increases with themagnetic induction intensity
and tends to magnetic saturation when the magnetic in-
duction intensity attains 0.997 T. Meanwhile, the variation
trend between magneto-induced normal force and com-
pression strain at different magnetic induction intensities is
the same. When the compression strain is less than 20%, the
magneto-induced normal force at different magnetic in-
duction intensities is almost constant. Besides, when the
compression strain is more than 20%, the magneto-induced
normal force at different magnetic induction intensities
increases with the increase of the compression strain.
Furthermore, when the magnetic induction intensity attains
to 1.03 T and the compression strain is 10%, the maximum
magneto-induced normal force to magnetic saturation is
3.8N. By comparison, the maximum magneto-induced
normal force at the compression strain of 50% is more
remarkable than 5N.

Similar to the shear stress of MRE, the normal force is
derived from the composite matrix and the interaction
between the soft magnetic particles, which can be expressed
as ΔFN. (e saturation magnetization intensity is the ap-
parent property of soft magnetic particles. (erefore, when
the magnetic induction intensity increases gradually, the soft
magnetic particles are magnetized until they reach satura-
tion. Due to the apparent nonlinear property of the mag-
netized process, the magneto-induced normal force of novel
MRE samples exhibits evident nonlinear characteristics.

(e magneto-induced mechanism can be described in
Figure 11. To the prestructured MRE sample, the CIPs are
arranged in chain structures along the magnetic induction

line fixed in the composite matrix compounded by BR and
Silly Putty. When the external compression force F is
applied, the composite matrix can be compressed to de-
formation. Meanwhile, the gap d between the centers of
particles will reduce until the adjacent particles contact.
However, when the compression deformation continues
to increase to the particles fixed in the BR cross-linked
network, the particle chains will bend to a possible radian
due to compression force f. Still, to the particles in the Silly
Putty, the long particle chains probably tend to rupture to
form more intensive and stable short particle chains,
which can generate more obvious magneto-induced
normal force.

During the process of particle gap reduction, a simplified
model based on the magnetic dipole and coupling field
theory can be concluded to describe the magneto-induced
normal force ΔFN. In this model, CIPs are simplified to
spheres with the same radius r. For a dipole i in a chain, its
magnetic dipole moment can be expressed as follows [48]:

m
→

i �
4
3
πr

3μ0μ1M �
4
3
πr

3μ0μ1χHi, (1)

where permeability of vacuum μ0 � 4π ∗ 10− 7, μ1 is the
relative permeability of composite matrix, χ is the magnetic
susceptibility, andM is the magnetization of a soft magnetic
particle that can achieve magnetic saturation Ms during
nonlinear magnetization.

(e magnetic field strength at particle i can be expressed
as follows [49]:
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where H
→

0 is the external magnetic field strength, 􏽢dj is the
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j, and dj � jd. Substitute equation (1) into (2)
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Figure 9: (e normal force as a function of magnetic induction intensity at different compression strains: (a) MRE-1 and (b) MRE-4.
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Figure 10: (e magneto-induced normal force as a function of compression strain for MRE-4.
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m
→

i �
4
3
πr

3μ0μ1χ H0 + 2􏽘
n

j�1

3􏽢d 􏽢d · m
→

j􏼐 􏼑 − m
→

j

4πμ0μ1(j d)
3

⎡⎢⎢⎣ ⎤⎥⎥⎦, (3)

where assume A � 􏽐
n
j�1 1/j

3; when n is large enough,
A ≈ 1.202.

Moreover, the compression strain can be expressed as
follows:

ε �
d − d0

d
, (4)

where d0 is the initial distance between adjacent particles.
Because the stiffness of the soft magnetic particles is much
larger than that of the composite matrix, the deformation of
the particles can be ignored. Assume mi �mj �m, according
to equation (3),

m �
4
3
πr

3μ0μ1χH0
1

1 − (4/3)χA(r/d)
3􏼢 􏼣. (5)

(e magnetic interaction energy between the soft
magnetic particle i and other soft magnetic particles in the
same chain is

E �
− 1

4πμ0μ1
·
4Am

2

d
3 . (6)

(erefore, the magnetic interaction energy per unit
volume of the novel MRE can be expressed as follows:

Ed �
3ϕ
8πr

3 E, (7)

where ϕ is the volume fraction of the CIPs.
Hence, the magneto-induced normal stress can be

expressed as follows:

σ �
zEd

zε
�

zEd

zd
zd
zε

� d0
zEd

zd
. (8)

(e magneto-induced normal force can be expressed as
the product of the normal stress and the cross-sectional area
S as follows:

ΔFN � σS. (9)

When the soft magnetic particles reach the magnetic
saturationMs, according to equations (6)–(9), the maximum
magneto-induced normal force of the novel MRE based on
the composite matrix can be obtained as follows:

ΔFN �
2Sd0ϕAr

3μ0M
2
s

μ1d
4 . (10)

From equation (10), the magneto-induced mechanism
can be concluded that the magneto-induced normal force
will enhance when the distance d between the centers of soft
magnetic particles reduces with the increasing compression
strain. Furthermore, the magneto-induced normal force will
also enhance with the applied external magnetic field
strength until the magnetic saturation of particles.

3.3. 0e Normal Force at Dynamic Oscillation Shear Mode.
(emagnetic interaction between CIPs fixed in the matrix is
the source of generation for magneto-induced shear stress
and magneto-induced normal force. (e previous research
results reveal that in the process of shear deformation, the
elastic modulus in the direction of compression and the
torque applied to particle chains are two important influence
factors to the normal force of MRE [50, 51]. Besides, the
variation trends of the normal force caused by the two
influence factors are the opposite [52, 53]. On the low
magnetic field condition, the influence of elastic modulus in
compressive direction is more evident than the torque ap-
plied to particle chains, so the normal force decreases with
the increase of shear strain. However, the torque applied to
particle chains gradually increases with the enhancement of
the external magnetic field. Meanwhile, the enhancement of
normal force caused by the increase of the torque is higher
than the decrease of the normal force caused by the decrease
of the elastic modulus in the compressive direction. So the
normal force gradually increases with the enhancement of
the shear strain on the condition of a high magnetic field.

Figure 12 presents the relationship between the normal
force and oscillatory shear strain of MRE-4 at different
magnetic induction intensities when the angular frequency
of 10 rad/s is applied. (e normal force is stable at different
magnetic induction intensities when the oscillatory shear
strain is less than 9%. However, when the oscillatory shear
strain is more than 9%, the normal force sharply reduces
regardless of the magnetic induction intensity. Most particle
chains in MRE rupture suddenly, which can be replaced by
the failure of particle chains that is more likely to occur in the
oscillatory shear mode. Furthermore, the normal force
further decreases with the enhancement of oscillatory shear
strain due to the continuous fracture of particle chain
structures.
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Figure 12: (e normal force of MRE-4 at oscillatory shear mode.
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4. Conclusions

A novel MRE based on composite matrix compounded by
BR and self-fabricated Silly Putty was prepared. (e
normal force of MRE samples at quasi-static compression
mode without magnetic field, quasi-static compression
mode with the magnetic field, and dynamic oscillation
shear mode were tested.

(1) (e novel MRE samples with the addition of Silly Putty
exhibited greater axial deformation capacity than tra-
ditional MRE-1. It could improve the novel MRE
samples’ axial deformation capacity by adjusting the
silicon-boron copolymer’s content in the composite
matrix. Moreover, the normal force varied stably with
the oscillatory shear strain (less than 9%) at different
magnetic induction intensities and suddenly reduced
when the applied oscillatory shear strain was more than
9%.

(2) (e fabricated novel MRE-4 exhibited prominent
rate-sensitive characteristics, indicating that
normal force FN enhanced with the increased
compression rate than traditional MRE-1. (e
B-O cross bonds were formulated and blocked in
the C-C cross-linked network of BR with the
addition of silicon-boron copolymer. (e more
and more B-O cross bonds allowed the linear
molecular chains to form a B-O cross-linked
network structure that restricted the movement of
molecular chains, including Si-O and Si-O-B
bonds, resulting in an increase in the normal force
the compression rate and the mass fraction of
silicon-boron copolymer addition increased.

(3) Furthermore, compared to the traditional MRE-1,
the addition of Silly Putty to the novel MRE
samples could improve the adjustable range of
normal force with the applied magnetic field. (e
magneto-induced normal force ΔFN was obtained
and increased with the magnetic induction in-
tensity until magnetic saturation. Due to the
prestructured CIP chains fixed in the composite
matrix, the magneto-induced normal force was
obtained under the applied external magnetic
field. (e gap d between the centers of soft
magnetic particles reduced with the compression
deformation, resulting in a slight increase of
magneto-induced normal force. Moreover, when
the compression deformation continued to in-
crease, the CIP chains fixed in the C-C cross-
linked network possibly bent to a radian, and the
CIP chains in the B-O cross-linked network
tended to rupture to form more intensive and
stable short particle chains; therefore, the mag-
neto-induced normal force increased. Besides, a
simplified model was deduced to characterize the
magneto-induced mechanism during the process
of particles gap reduction. Furthermore, external
magnetic field strength, gap d between the centers
of soft magnetic particles, and magnetic

saturation Ms were the key factors influencing the
magneto-induced normal force ΔFN.
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