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A novel silicon carbide (SiC)-strengthened magneto-
rheological elastomers (MREs) was developed to
enhance its viscoelastic performance. The influences of
the size and weight content of the SiC particles on the
viscoelastic performance of the MREs were systemati-
cally studied. The shear storage modulus, damping
property, and magnetorheological effects were analyzed
to evaluate their dynamic properties. Under optimum
condition, the initial storage modulus (G0) of the MRE-
0.06-SiC-3 (SiC weight content 3.2 wt%, mean diameter
0.06 lm) is about 2.16 times larger than the MRE-0.06-
SiC-0 (nondoped MRE), whereas the magnetorheologi-
cal effect was almost kept constant. In addition, the
damping properties of the as-prepared MREs which
were obtained from the intrinsic damping, the magneto-
mechanical hysteresis, and the interface damping were
also analyzed. These results provided a meaningful
method for developing MREs with controllable storage
modulus and damping capacity. POLYM. ENG. SCI.,
53:2615–2623, 2013. ª 2013 Society of Plastics Engineers

INTRODUCTION

Magnetorheological (MR) materials have attracted a

wide variety of attention because of their controllable and

reversible mechanical properties under applying the exter-

nal magnetic field [1–4]. Magnetorheological elastomer

(MRE), which was usually prepared by dispersing micron-

sized soft magnetic particles into the nonmagnetic matrix,

was an important branch of MR materials [5–7]. During

the preparation, the magnetic particles were assembled to

form chain-like or column-like structures in the curing pro-

cess owing to the presence of the magnetic field, and thus

the as-formed MREs exhibited an anisotropic property. As

the magnetic particles were locked within the polymer

matrix, the sedimentation, instability, and leakage problem

can be avoided in the MREs. As a solid analogy of MR

fluids, the MREs have been proven to be the critical com-

ponents for their applications in damper [8], brake [9],

vibration control [10], isolator [11], and so on [12–14].

Coupling the magnetic field and strain field together in

the MREs has given rise to a series of interesting magneto-

mechanical properties, which were the key factors that

determine the application of MREs. To comprehensively

investigate the dynamic mechanical properties of MREs,

various efforts have been conducted to manufacture the

high-performance MREs [15–18]. The mechanical and mag-

netic properties of the MREs were substantially affected by

the matrix, size, and shape of the magnetic particles,

arrangement of magnetic particles, and the additives. Dem-

chuk et al. [19] systematically investigated the influence of

different types of matrix, different sized ferromagnetic fill-

ing particles, and the intensity of external magnetic field on

the MREs’ performance. Lokander and Stenberg [20]

observed that the MREs with larger iron particles exhibited

larger magnetorheological effect. Recently, Li et al. [21]

reported that prestructure process showed a significant influ-

ence on magnetorheological effect. To synthesize high-per-

formance MREs, Li and Zhang [22] introduced second kind

of magnetic particles into the traditional MREs and devel-

oped the bimodal magnetic particle-based MREs. In

comparison to the monomodal MREs, an enhanced magne-

torheological effect can be obtained. Very recently, by intro-

ducing the MRG and MRF component into the MRE

matrix, Zhang et al. [23] exploited a novel kind of hybrid

MREs, in which the MRG-based hybrid MREs exhibited

higher mechanical properties than the MRF-based one.

To date, the introduction of the additives into the MR

materials could also significantly improve their magneto-

induced properties. By using the Fe nanowires as the addi-

tives, Jiang et al. [24] developed a dimorphic MRF in which

the yield stress of the MRF was highly enhanced. Owing to

the entanglement of the nanowires, the as-prepared dimor-

phic MRF also exhibited a better sedimentation property

than the traditional one. Chen et al. [25] reported that the

carbon black could be employed as an effective additive to

improve the mechanical property of the MREs. The pres-
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ence of the carbon black was of benefit to generate a well-

bond microstructure, so that the MR effect could be

increased, the damping ratio was decreased, and the tensile

strength was improved. During the past decades, various

additives such as the FeSi, Fe3O4, c-Fe2O3, SrFe12O19,

BaCoxTixFe12-2xO19, magnetic metallic glasses, maleic an-

hydride, thermoplastic polymer polycaprolactone, and

intrinsically ferromagnetic pure polymers have been intro-

duced into the MRE matrix [26–29], and the mechanical

properties were enhanced relatively. However, the detailed

mechanism for the improvement of the dynamic property

has not been systematically investigated. Various problems

such as the influence of the content and the size of the addi-

tive on the mechanical behavior of the MREs still existed.

In this study, a novel kind of silicon carbide (SiC)-

strengthened MREs was developed to improve the

dynamic mechanical performance of MREs. The SiC par-

ticles have been widely used in rubber technology as they

bond well with the rubber matrix, and they can signifi-

cantly ameliorate the performance of rubber materials

[30–32]. To investigate their structure-dependent proper-

ties, a series of SiC-strengthened MREs with different

SiC weight fractions and sizes were synthesized. The per-

formance of these SiC-strengthened MREs was improved

under optimizing the manufacture process. To our knowl-

edge, this was the first report on analyzing how the size,

content, assembling structure of the additives affect the

viscoelastic performance of the MREs. The mechanism

for the SiC additive-dependent storage modulus and

damping was carefully investigated. This study is not only

helpful to understand the enhancing mechanism of the

additives but also provides a feasible way to synthesize

MREs with enhanced performances.

EXPERIMENTAL

Preparation of SiC-Strengthened MREs

In this experiment, SiC-strengthened MREs with differ-

ent contents and sizes of nonmagnetic SiC particles were

prepared, respectively. The matrix material was natural

rubber (NR) and the magnetic particles were carbonyl

iron (CI) particles (the average diameter is 6 lm, brought

from BASF). The SiC particles were of different diame-

ters, 0.06, 0.6, 6, and 60 lm, and they were brought from

Xuzhou Jiechuang New Material Technology, China. The

fabrication progress of the SiC-strengthened MREs con-

sisted of three steps: mixing, preconfiguration, and curing.

During the fabrication, the CI particles, SiC particles, and

other additives were mingled into the rubber matrix in a

double-roll mill so that all components were mixed homo-

geneously. Then, the product was compressed into a mold

for preforming under an external magnetic field of 1.3 T

generated by a self-developed magnetic-thermocoupling

device at 808C for 15 min. After this procedure, the mix-

ture was vulcanized at 1538C for 10 min under a pressure

of 1.5 atm. Finally, the fabrications of the MRE samples

were completed.

To optimize the SiC size, four MREs samples incorpo-

rating were fabricated different diametric SiC particles

(0.06, 0.6, 6, and 60 lm). The SiC particles’ weight con-

tent in these four groups of MREs was maintained 10%.

The as-prepared SiC-strengthened MREs were defined as

MRE-0.06-SiC, MRE-0.6-SiC, MRE-6-SiC, and MRE-60-

SiC accordingly. In addition, a series of SiC-strengthened

MREs with different weigh contents of 0.06 lm SiC were

denoted as MRE-0.06-SiC-1, MRE-0.06-SiC-2, MRE-

0.06-SiC-3, and MRE-0.06-SiC-4, in which the SiC parti-

cle contents were 0, 1.6, 3.2, and 4.8 wt%, respectively.

For all the samples, the weight ratios of the CI particles

to the NR matrix were kept at 150 wt%.

The Structure Characterization and the Mechanical
Properties of the SiC-Strengthened MREs

The microstructures of the samples were characterized

by environmental scanning electron microscopy (SEM,

Philips of Holland, model XL30 ESEM-TMP) with an

accelerating voltage of 20.0 kV. A rheometer (Physica

MCR 301, Anton Paar) was used to measure the dynamic

properties. The sample was placed between the rotating

disk and the base, both of them were made of nonperme-

able materials, and then a fixed oscillatory strain was

applied on the rotating plate. Testing temperatures were

controlled by a fluid circulator with water, and a magnetic

field strength was adjusted by controlling the current in

the electromagnetic coil. Each sample is 20 mm in diame-

ter and 1 mm in thickness. The MRE samples were tested

under different strain amplitudes (0.2, 0.4, 0.6, 0.8, and

1%) together with different magnetic fields (from 0 to

0.95 T), respectively. The shear frequency was 10 Hz. All

tests were operated at a constant temperature of 258C.

RESULTS AND DISCUSSIONS

The Influence of the SiC Particles on the Storage
Modulus of the SiC-Strengthened MREs and Their
Microstructure

Owing to their high compatibility, the SiC particles

were proven to be an ideal additive to strengthen the

polymer-based materials. After introducing the SiC par-

ticles into the traditional MREs, the dynamic mechanical

properties of the MRE materials changed significantly.

Figure 1 shows the magnetic-dependent shear storage

modulus (G) of the as-prepared SiC-strengthened MREs.

With increasing of the magnetic field, the storage modu-

lus increases, indicating all the SiC-strengthened MREs

exhibited a typical MR behavior. To optimize the

strengthening effect, SiC particles with diameters from

0.06 to 0.6, 6, and 60 lm were employed to synthesize

the SiC-strengthened MREs. In comparison to the tradi-

tional MREs, the SiC-strengthened MREs showed a

strengthening nature. First, as soon as the SiC particles
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were introduced into the MREs, the initial shear modulus

G0 increased, indicating the product became harder. Inter-

estingly, if the size of the SiC particles was larger or

smaller than 6 lm (similar to the size of the CI particles),

the G0 increased, whereas the 6-lm SiC-strengthened

MREs exhibited a similar G0 value (0.3016 MPa) to the

nonstrengthened MREs (0.2987 MPa). This result indi-

cated that the G0 depended on the size of the doping par-

ticles. Second, with increasing of the magnetic field, the

magneto-induced modulus (DG) was highly influenced by

the diameters of the SiC particles. For the 0.06-lm SiC-

strengthened MREs, the DG was 0.25 MPa and this value

was larger than the nonstrengthened MREs (0.12 MPa).

With further increasing the size of the SiC particles from

0.6 to 6 and 60 lm, the DG irregularly increased to be

0.08, 0.09, and 0.22 MPa, respectively.

When SiC particles were doped into the MREs, the in-

ternal CI aggregate structures were altered and formed

stronger particle chains. Therefore, a large resistance will

be yielded when a strain stimulus was applied. The SiC

particles could bond well with polymer matrix and these

particles would collaborate with the restrained polymer

around particle chains to form much stronger aggregate

structures. Thus, the SiC-strengthened MREs showed

higher storage modulus than the nondoped one. When

larger SiC particles were doped, the bonding will be

weakened, and thus the corresponding aggregate struc-

tures could be damaged much easier. To this end, with

increasing of the SiC sizes from 0.06 to 0.6 and 6 lm, a

decrement of the storage modulus was found. In addition,

SiC particles help to lock the aggregated structures in the

polymer matrix, and this reinforce the strength of aggre-

gated structures when SiC particles are small. With

increasing of the average diameter of SiC, the locking

effect will hinder the formation of the magnetic chains

and finally the obstructions even outweigh the enhance-

ment effect in sample MRE-6-SiC. Therefore, under

applying the magnetic field, the storage modulus of the

MRE-6-SiC was smaller than the nondoped MRE. If the

size of the SiC particles was further increased to 60 lm,

the SiC particles were too large to be integrated into the

CI chains. In this case, the SiC particles play a reinforced

effect on the polymer matrix, and thus the magnetic-

dependent modulus increased.

Owing to the increment of the G0, the relative MR

effects of the SiC-strengthened MREs were inevitably

decreased. The MR effect of the MRE-0.06-SiC was cal-

culated to be 38.9% and the value was smaller than the

nondoped MRE (40.6%). The G0 of the MRE-0.06-SiC is

about 2.16 times larger than the nondoped MRE, whereas

the MR effect of the nondoped MRE is only 1.04 times

larger than the MRE-0.06-SiC. In considering that fact,

the actual weight ratio of the CI was decreased after

introducing the SiC particles into the MRE, the low dec-

rement of the MR effect may be responsible for the

strengthening effect. The relative MR effects were influ-

enced by size of the SiC particles and the values for the

MRE-0.6-SiC, MRE-6-SiC, and MRE-60-SiC were 20.3,

29.9, and 38.2%, respectively.

The viscoelastic properties of the SiC-strengthened

MREs were also highly influenced by the content of the

SiC particles. As the better reinforcing behavior, 0.06-lm

SiC particles were chosen to optimize the enhancement

effect. By keeping other components as constant, the

weights of the SiC particles were varied from 0 to 1.6,

3.2, and 4.8 wt%. Figure 2 shows that the magnetic field

is dependent on the shear storage modulus for the SiC-

strengthened MREs with different SiC contents. In com-

parison to the nonstrengthened MREs, the DG of the

MRE strengthened with 1.6 wt% SiC particles increased

from 0.12 to 0.15 MPa. With further increasing the

weight fraction of SiC particles to 3.2 wt%, the DG
increased to 0.25 MPa. However, too much of SiC par-

ticles were detrimental to the strengthening effect and the

DG decreased to 0.11 MPa when the SiC particles further

increased to 4.8 wt%. Excitingly, the MR effects of the

MREs strengthened by the SiC particles also increased

though the initial G0 increased. If the SiC particles’ con-

FIG. 2. The storage modulus of MRE samples with different SiC con-

tents and the samples are tested at the stain amplitude of 0.2%.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIG. 1. The storage modulus of different diametric MRE samples. The

samples are tested at the strain amplitude of 0.2%. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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tent was 1.6 or 3.2 wt%, the MR effect was about 1.25 or

2.07 times larger than the traditional MREs without

strengthening by the SiC particles, whereas the MR effect

can keep only 94.6% for the MREs strengthened with 4.8

wt% SiC particles.

Based on the above analysis, the SiC-strengthened

MREs with high viscoelastic properties can be obtained

by optimizing the content and size of the SiC par-

ticles. Both the DG and the MR effect were improved

by adding proper content of SiC particles with defined

size. The incorporation of the SiC particles can

enhance the viscoelastic performance of the MREs;

however, too much of SiC additives are harmful for

the enhancement of the relative MR effect and the op-

timum SiC content was estimated to be 3.2 wt% of

0.06 lm SiC particles.

To better understand the influence of the SiC par-

ticles on the mechanical property of the MREs, the in-

ternal structures of the SiC-strengthened MREs were

investigated. Figure 3 shows the SEM images of the

MREs strengthened by SiC particles with different

sizes. In these samples, the content of the iron (60

wt%) and SiC particles (3.2 wt%) was kept under the

same value, whereas the diameters of the SiC particles

were varied from 0.06 to 0.6, 6, and 60 lm, respec-

tively. All the products exhibited typical chain-like

structures and the particles were well bonded to the

rubber matrix. It was observed that the particle chains

shown in Fig. 3a and d were more obvious and stouter

than the other two samples (Fig. 3b and c). In compari-

son to the MRE-0.06-SiC, the particle chains for the

MRE-0.6-SiC were slimmed and shorted. With increas-

ing of the size to 6 lm (Fig. 3c), the chains become

unclear which may be owing to the disturbance of the

SiC particles. The SiC and the iron particles cannot be

distinguished by using the SEM testing, and thus the

chain structure was indistinct for MRE-0.6-SiC and

MRE-6-SiC as the size of the SiC particles was similar

to the iron particles. When the SiC size was further

increased to 60 lm, the disturbance of the SiC

decreased, the particle chains become stout and strong

again and they were more obvious than those in sample

MRE-0.6-SiC and MRE-6-SiC. Therefore, the diameter

of SiC shows different effects on altering the micro-

structures of MREs.

Figure 4 shows the SEM images of SiC-strengthened

MRE with different contents of 0.06 lm SiC particles (0,

1.6, 3.2, and 4.8 wt%). For the nonstrengthened sample

(Fig. 4a), the CI particles assembled along the magnetic

field and chain-like microstructure can be clearly

observed. After doping 1.6 wt% SiC particles into the

MRE, the chain structure was well kept, which indicated

the presence of the SiC particles did not break this kind

of orderable structures. With increasing of the SiC content

FIG. 3. The SEM images of the four samples: (a) MRE-0.06-SiC, (b) MRE-0.6-SiC, (c) MRE-6-SiC, and

(d) MRE-60-SiC.

2618 POLYMER ENGINEERING AND SCIENCE—-2013 DOI 10.1002/pen



to 3.2 wt%, the particle chains became more obvious and

stouter (Fig. 4c). However, when the SiC weight content

further increased to 4.8 wt%, the particle chains were

disturbed. As shown in Fig. 4d, the particle chains in

MREs were shorter and less regular than those shown in

Fig. 4a–c. Therefore, the microstructures of CI particle

chains were altered by doping the SiC particles. When

the weight content of SiC particles reached 3.2 wt%, the

microstructures of CI particle chains were most regular

and obvious. However, further increasing of the weight

content of the SiC particles will hinder the chain’s for-

mation. With increasing of the SiC content, the G0 of

MREs increases, which means the increment of the stiff-

ness. Here, the increment of the DG may be responded

to the transformation of the microstructures. From the

SEM image (Fig. 4), we can find that the internal aggre-

gated structures of the iron particles changed accordingly

when the SiC particles were doped into the MREs. If

the SiC content was smaller than 3.2 wt%, the internal

aggregate structures were strengthened. The as-prepared

composites will yield greater resistance to the external

strain under applying an external magnetic field, thus the

DG of the MREs increases. However, when the SiC con-

tent exceeds 3.2 wt%, the internal friction of SiC par-

ticles will hinder the formation of aggregate structures.

As a result, a decrease of the DG was found in the

MRE-0.06-SiC-4.

The Influence of the SiC Particles on the Damping
Properties of the SiC-Strengthened MREs

Damping was a crucial parameter that evaluates a

material’s energy dissipation capacity. Usually, the damp-

ing capacity was evaluated by loss tangent (tan f), loss

factor (g), specific damping capacity (w), logarithmic dec-

rement (d), and inverse quality factor (Q21) [33]. The

relationship between these factors was as follows:

f ¼ tanf ¼ Z ¼ Q�1 ¼ d=p ¼ c=2p (1)

In this study, we use the loss tangent (tan f) to evaluate

the damping capacity of MRE samples.

The influence of the SiC particles on the damping

property of the MREs was studied to analyze the enhanc-

ing effect. Figure 5 shows the loss modulus of the SiC-

strengthened MREs, which were tested under the strain

amplitude of 0.2%. Under applying a magnetic field, the

loss modulus first increased and then turned to be level

off as soon as the magnetic particles were magnetically

saturated. In comparison to the traditional MREs, the

SiC-strengthened MREs exhibited higher loss modulus

when the 0.06 lm SiC particles were used. The initial

loss modulus is 0.164 MPa in 0.06 lm SiC-strengthened

MRE, which is larger than the nondoped one (0.071

MPa). When the size of SiC increased to 0.6 and 6 lm,

FIG. 4. The microstructure of the four samples: (a) MRE-0.06-SiC-1, (b) MRE-0.06-SiC-2, (c) MRE-0.06-

SiC-3, and (d) MRE-0.06-SiC-4.
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the loss modulus of the SiC-strengthened MREs decreased

to 0.086 and 0.070 MPa. However, the loss modulus

sharply increased when the diameter of SiC particles fur-

ther increased to 60 lm. Clearly, this phenomenon was

very similar to the magnetic-dependent storage modulus,

which may also be responded for the change of the or-

dered microstructures.

The loss modulus increased with the SiC content and

reached the highest value when the SiC content reached

3.2 wt%. However, when the SiC content increased to 4.8

wt%, the loss modulus sharply decreased. As shown in Fig.

6, the initial loss modulus of the SiC-strengthened MREs

increased from 0.071 MPa (MRE-0.06-SiC-1) to 0.164

MPa (MRE-0.06-SiC-3). However, with further increasing

of the SiC content to 4.8 wt%, the initial loss modulus

decreased to 0.050 MPa. Generally, the loss modulus of

SiC-strengthened MREs exhibited an enhanced nature till

the content of SiC particles reached a critical value.

As soon as the SiC particles were doped into the

MREs, the damping factor sharply increased in compari-

son to the nonstrengthened MRE. Figure 7 shows the

damping factor of the MREs strengthened with different

sized SiC particles, in which the damping factor

decreased with increasing of the magnetic field. Unfortu-

nately, the dependence of the SiC particles size on the

damping factor was irregular. With the SiC particles’ size

increased from 0.06 to 0.6 lm, the damping factor

increased. However, the further increasing of the SiC par-

ticles size to 6 and 60 lm lead to the decrement of the

damping factor. The MRE was a kind of special particle-

reinforced materials. After introducing SiC particles, the

friction between the particles and the interaction force

between the particles and the polymer matrix increased,

and thus the damping factor of the SiC-strengthened

MREs increased. As the microstructures of the SiC-

strengthened MREs varied with different kinds of SiC

particles, the damping property was highly influenced by

the SiC particle sizes. Similarly, an optimum SiC particle

content was also found to achieve the best damping prop-

erty. Figure 8 shows the damping factor of SiC-strength-

ened MREs with different SiC contents (0.06 lm). The

damping factor increased with increasing of the SiC con-

tent. As soon as the content increased to 3.2 wt%, the

damping factor decreased.

The Influencing Mechanism of the SiC Particles on the
Viscoelastic Properties of the SiC-Strengthened MREs

Based on the above analysis, the storage modulus of

MREs was classified into two parts: one is the intrinsic

storage modulus of each component and the other is the

magneto-induced storage modulus of the magnetic par-

ticles. For the intrinsic storage modulus, the particles are

treated as ellipsoid inclusions in the matrix and they can

enhance the overall storage modulus. By the Eshelby

inclusion theory, the overall storage modulus could be

written as [22, 34]

GC ¼ VmGm þ VpGp þ VnGn (2)

where GC denotes the initial shear modulus of MREs, Gm

denotes the shear modulus of matrix material, Gp is the

FIG. 6. The loss modulus of MRE samples with different SiC contents

and the samples are tested at strain amplitude of 0.2%. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 5. The loss modulus of MRE samples strengthened with different

SiC sizes and tested at strain amplitude of 0.2%. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIG. 7. The damping factor of different diametric SiC-doped MRE

samples and the samples are tested at the strain amplitude of 0.2%.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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shear modulus of CI particle, Gn is the shear modulus of

the SiC particle, Vm is the volume fraction of matrix, Vp

is the volume fraction of CI particle, Vn is the volume

fraction of SiC particles.

Shen et al. [35] had proposed a mathematical model to

estimate the magneto-induced storage modulus by consid-

ering all the dipole interactions in a chain and the nonlin-

ear properties of the host composite, which agreed with

the experimental data. Based on their study, the magneto-

induced storage could be written as [35]

DG ¼ 9
fCm2 4� t2ð Þ

r2
0p2d3m0m1 1þ t2ð Þ7=2

(3)

where f is the volume fraction of CI particles in MREs

and f ¼ Vp/(Vm þ Vp þ Vp), d is the diameter of the CI

particle, m0 denotes the vacuum permeability, m0 ¼ 4p �
10–7 H m1, m1 is the permeability of MREs, r0 is the ini-

tial spacing between the two adjacent dipoles, tis the

shear strain, and m is the magnetic dipole moment. For

simplicity, m is assumed to be the same in each particle

in a single chain.

Therefore, the overall storage modulus of the SiC-

strengthened MREs could be written as

GMRE ¼ VmGm þ VpGp þ VnGn þ 9
fCm2 4� t2ð Þ

r2
0p2d3m0m1 1þ t2ð Þ7=2

(4)

Therefore, from Eq. 4, it could be observed that the pa-

rameters that determine the overall storage modulus are

the volume fraction of each component, the strain ampli-

tude, and the mean diameter of CI particles. If the size of

the SiC particles, matrix content, and CI content was kept

constant, the storage modulus increased with increasing of

the SiC content under applying the same strain amplitude.

Owing to the incorporation of SiC particles, the initial

central distance between two adjacent magnetic CI par-

ticles r0 was shortened, which can be seen in microstruc-

tures change (Fig. 3). Therefore, the storage modulus of

MRE was changed with the SiC size and content.

From Eq. 4, it can be found that storage modulus

decreases with increasing of the strain amplitude, which

agreed well with the previously published literatures [36].

Moreover, the viscoelastic property of the SiC-strength-

ened MREs was dependent on the SiC size and can also

be explained by these equations. The SiC particles can

enhance the strength of magnetic particle chains. When

the size of the SiC particles increases, the bonding

between the particles and the matrix material is weak-

ened, and thus the contribution of intrinsic shear modulus

of SiC particles decreases. Therefore, the storage modulus

changes with the size of the SiC particles (Fig. 1).

The damping capacity of MREs can be approached by

referring to the method used in traditional particle-rein-

forced particles. As the CI particles are soft magnetic par-

ticles, the magnetic damping is minimal and thus it is

ignored in this study. Consequently, the damping of the

MRE was expressed in the following equation [36]:

DMRE ¼ DC þ DI (5)

where DC is the intrinsic damping of each component, DI

is the interface damping between the reinforced particles

and the rubber matrix.

It is worth noting that the intrinsic damping of rein-

forced particles, including the CI particles and the SiC

particles, is negligible compared with the intrinsic damp-

ing of rubber matrix. Then, the intrinsic damping of MRE

is simplified as

DC ¼ 1� fð ÞDm (6)

where f is the volume fraction of CI particle, Dm repre-

sents the damping property of matrix material.

The interfacial damping is mainly caused by internal

friction [37]. Figure 9 shows the scheme of internal fic-

FIG. 8. The damping factor of MRE samples doped with different con-

tents of 0.06 lm SiC and the samples are tested at the strain amplitude

of 0.2%. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIG. 9. The schematic diagram of interface damping.
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tion at the interfaces between the reinforced particles and

the matrix material, and ds denote the area increment

where the reinforcing particles and the matrix material

have a relative motion trend, s and r are the tangential

and normal stress at ds, dFs is the fiction increment at ds.

Assuming the interfacial condition between reinforced

particles and matrix materials is either strong or weak,

and thus the interface damping of MREs is expressed as

DI ¼ j
117

76p2
fþ 1� jð ÞK 3p

2

fsr

s0

Vf (7)

where j denotes the proportion of strongly interfacial

bonds, f is the frictional coefficient between the CI par-

ticles and the rubber matrix, s0 is the stress loaded upon

the MRE sample, sr is the corresponding stress at the sur-

face where the CI particles have a relative motion to the

rubber matrix.

Therefore, the nonmagnetic damping of MREs is

obtained as

DMRE ¼ 1� fð ÞDm þ fDp þ j
117

76p2
f

þ 1� jð ÞK 3p
2

fsr

s0

Vf (8)

As derived in Eq. 8, it is clear that the two main factors

collaborate to determine the total damping capacity: the

content of magnetic particles (f), the condition of the

interfaces (j). Large interfaces also lead to the increment

in the interface damping.

Therefore, the size-dependent damping capacity of the

SiC-strengthened MRE was mainly determined by the dif-

ferent interface dampings. The difference for the SiC par-

ticles’ sizes leaded to the different interface damping. As

the sizes of SiC particles increased, the interfacial bond-

age between the SiC particles and the matrix materials

changed accordingly. For the sample MRE-0.06-SiC, most

of the interfacial bondages were well bonded, whereas

most of the interfaces are weakly bonded for the sample

MRE-60-SiC. As indicated in Eq. 8, the interface damp-

ing is the summation of strongly bonded interfaces damp-

ing and weakly bonded interfaces. In the four samples,

with increasing of SiC particles’ sizes, the damping con-

tributed by strongly interfacial damping decreased and the

contribution owing to the weakly bonded interfaces

increased. Therefore, the damping of MRE-0.06-SiC was

smaller than the other ones of MRE-0.6-SiC and MRE-6-

SiC. However, it was worth noting that stress concentra-

tion coefficient rr/r0 decreased with the diameter of the

reinforced particles. Therefore, as the diameter of SiC

particles increased, the damping contributed by weakly

bonded interfaces was less significant than doping with

smaller diametric SiC particles. Consequently, the damp-

ing factor in MRE-6-SiC and MRE-60-SiC was lower

than the one in MRE-0.06-SiC. Furthermore, with increas-

ing of the SiC content, the damping factor of the SiC-

strengthened MRE increased. However, when the SiC

content exceeded the critical value 3.2 wt%, the SiC par-

ticles tended to be agglomerated and thus hindered the

formation of particle chain, and then the damping factor

decreased. Simultaneously, the condition of the interfaces

was affected by the strain amplitude, and thus the increas-

ing strain amplitude leads to an increasing interface

damping capacity, which agreed well with the experimen-

tal results (Fig. 8).

CONCLUSIONS

In this study, novel kind of SiC-strengthened MREs

was developed and their viscoelastic properties were stud-

ied. In comparison to the traditional MREs, the SiC-

strengthened MREs exhibited higher G0, DG, and damp-

ing property when the content of SiC particles increased

to an optimum value (3.2 wt%). Besides the content, the

size of the SiC particles was also proven to be a critical

role to dominate the viscoelastic property of the samples.

Based on the analysis, the enhancement mechanism of the

SiC particles on the viscoelastic properties was systemati-

cally investigated. Under the same condition, the storage

modulus increment in MRE-0.06-SiC-3 was almost 2.08

times of MRE-0.06-SiC-1, and MR effect remained

unchanged. As a result, this study supplied a useful

method to control the viscoelastic property of the MREs,

which may be applied in damper, vibration control, isola-

tor, and so on.
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