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Abstract

This work investigated the relationship between the impedance properties and dynamic
mechanical properties of magnetorheological elastomers (MREs) under fatigue loading. The
storage modulus and the impedance properties of MREs were highly influenced by the pressure
and magnetic field. Under the same experimental condition, the two characteristics exhibited
similar fatigue dependent change trends. When pressure was smaller than 10 N, the capacitance
of MRE could be divided into four sections with the increase of the cyclic numbers. The relative
equivalent circuit model was established to fit the experimental results of the impedance spectra.
Each parameter of circuit element reflected the change of fatigue loading, relative microstructure
of MRE, MRE-electrode interface layer, respectively. Based on the above analysis, the real-time
and nondestructive impedance method was demonstrated to be high potential on detecting the

fatigue of the MRE device.
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1. Introduction

Magnetorheological elastomers (MREs) are usually prepared
by dispersing ferromagnetic particles into the polymer matrix.
The particles were concentrated to column-like structure
[1, 2], thus the MREs displayed strong anisotropy in their
mechanical properties and electrical properties. In comparison
to the MR fluids, MREs possessed a lower MR effect. To this
end, most works on the MREs were focused on improving the
MR effects and damping capability. Due to their higher sta-
bility than the MRFs’, the MREs were broadly applied in
various absorbers [3, 4], sandwich beams [5, 6], isolators
[7, 8], etc.

The cycling mechanical property was critical for the
vibration device since the MRE would be injured during the
application. Carbon black was generally used to fill into the
epoxy composites to predict the fatigue life and postpone the
ageing problems [9—11]. In order to find out the fatigue life of
MRE, the dynamic stored energy criterion was usually pre-
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investigated. It was reported that the dynamic fatigue prop-
erties of elastomers at constant temperature and frequency
were dependent on the applied stress amplitude as well as
minimum stress [12], and the change of magneto-induced
modulus of MREs was related to the evolution of micro-
structure of filled networking [13, 14]. Zhou Y F et al [15, 16]
investigated the influence of stress amplitudes on the fatigue,
and thus developed a Wohler curve method to determine the
fatigue life in adaptive elastomeric materials. However, the
mechanical testing to predict the fatigue damage or fatigue
life is not real-time, and the above methods will damage the
microstructure of MRE during the test.

Recent years, the conductive MREs has drawn increasing
interests due to their impedance was variable to the inner
structure [17-21]. The conductive ferromagnetic particles in
the MRE were usually assembled to form column structure,
thus the relative electrical resistance was sensitive to the
externally applied magnetic field, strain or stress. Interest-
ingly, the special piezoresistivity and the magneto-
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piezoresistivity presented similar change trend with the
external stimuli to the mechanical properties. Therefore, the
impedance-mechanic coupling effects in the MRE became an
important subject [22, 23]. Recently, various experiments and
theoretical analysis were conducted to determine the rela-
tionship between the mechanics and the conductivity. Typi-
cally, Borin, D Y et al [24] showed that the composite based
on a silicon polymeric matrix with embedded magnetic par-
ticles coated with a polymeric dielectric shell was highly
sensitive to both magnetic and electric fields. In order to fully
understand the mechanism of field-dependent conductivity of
MR material, a simple theoretical model was also proposed to
predict the conductivity under the magnetic field [25]. Based
on an ideal assumption of perfect chain structure, the current
flowing through the chain structure consists of both tunnel
current and conductivity current, both of which depends on
external loadings [26].

The real-time impedance measurement for MRE could be
very easily achieved due to the simplicity of testing process.
Since the coupling effects between the impedance and
mechanic characteristic, the physical state of the MRE during
the application would be obtained by testing the conductivity
[27-29]. The influence of the external stimuli and cycling
loading on the impedance played a key role on the sensitive
performance of MRE. Unfortunately, the fatigue dependent
impedance of the MREs has not been intensively investigated.
Moreover, the relationship of the conductivity, mechanical
properties, and microstructure during the cycling loading was
still a critical problem. Previously, the SEM [30-33], syn-
chrotron radiation x-ray computed tomography [34, 35],
digital image methods were developed to investigate the inner
microstructures of MRE and studied their geometrical prop-
erties [36]. However, the above methods could not give out
the change of interface between the particles and the matrix.
The impedance was sensitive to the microstructure change by
displaying resistance or capacitance. Therefore, the impe-
dance spectra is estimated to be an effective method to detect
the structure change during the cycling loading.

In this paper, we investigated the impedance change of
the MRE samples under different fatigue loading. Same to the
mechanical characteristics, the electric properties of the MRE
varied with the loading cycles due to the change of the
microstructure [37-39]. The dependence of cycling loading
on both the mechanical and electrical properties was inves-
tigated and the detailed mechanism was discussed. Since the
simplicity of the testing process, the non-destructive impe-
dance spectrum method presented high potential in real-time
detecting the damage of the MRE microstructure and pre-
dicting the fatigue life in practical application.

2. Experimental section

2.1. Preparation of MREs

In this experiment, natural rubber (NR, type SCR WF, from
Hainan Rubber Group in China) based MREs with carbonyl
iron (CI, type CN, from BASF in Germany) particles weight

fractions of 85% were prepared. The average diameter of CI
particles was 6 um. Rosin glycerin ester was selected to
decreased the viscosity of rubber matrix, provided by West
Tech Chemical Co. Ltd in China [40]. Plasticizers were
composed of half dimethyl phthalate and half white vaseline,
and the vulcanizator was composed of sulphur. All the
reagents were analytical pure and were used without addi-
tional purification.

In order to keep simplicity and accuracy in building the
model and analyzing, and ensure a clear electrical feedback
after thousands of cyclic loading, no conductive materials
except CI particles was added in the MREs. All the compo-
nents were mixed homogeneously by using a two-roll mill
(Taihu Rubber Machinery Inc. China, Model XK-160), and
the mixture was compressed into molds. Then, the molds
were set under an external magnetic field of 1.5T to pre-
structure for 15 min and cure for 20 min The environmental
temperature of the pre-structure and cure process were 80 °C
and 153 °C, respectively. In this research, the dimensions of
MRE samples for dynamic mechanical tests were
10mm x 10 mm X 5 mm, and for electric tests the diameter
was 10mm and height was 20 mm. The direction of the
magnetic field was perpendicular to the bottom surface of the
sheet or cylindrical MREs. Therefore, the CI particles were
assembled to form chain-like structures in the matrix.

2.2. Test system and methods

The MREs were set into a cyclic loading tester (JC-1008,
JiangduJingcheng Test Instruments Co.) and loaded with
sinusoidal compression like most of the practical application
(figure 1(a)). The load direction was parallel to the direction
of particle chains. The frequency was 300 rad min~' and the
strain was set as the 20% of the height of samples. The
MREs’ mechanical and electric properties were tested after
loading 0, 2 x 10°, 4 x 10°, 6 x 10°, 8 x 10°, 10 x 10°,
12 x 10% and 14 x 10° cycles.

The mechanical performance was measured with a
modified dynamic mechanical analyzer (DMA, Triton Tech-
nology Ltd, UK, model Tritec 2000B). A self-made electro-
magnet was attached to the DMA, which could generate a
variable magnetic field from O to 800 mT. The testing fre-
quency swept from 4 to 19 Hz, and the shear strain amplitude
was set at 0.1%. The load direction was vertical to the particle
chains.

The morphology of MRE samples were characterized by
scanning electron microscopy (SEM, Philips of Holland,
model XL.30 ESEM-TMP), operating at 20.0 kV. Each sam-
ple was cut into flakes and coated with a thin layer of gold for
observation.

We set up an electrical test system (figure 1(b)) combined
with the Modulab material test system (MTS, Solartron ana-
Iytical, AMETEK advanced measurement technology, Inc.,
United Kingdom) and the Electromechanical universal Test-
ing Machine (Model 43, MTS System Corporation, China).
The cylindrical MREs were adhered to the polished copper
plates by the conductive adhesives (Type DAD-40, Shanghai
Research Institute of synthetic resins, China), and stayed for
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Figure 1. The cyclic loading tester (a) and the electrical test system (b).

24 h under a certain pressure at room temperature to finish
connection. It should be noted that the oxide layers on the
copper plates surface had a great influence on the impedance
spectra measurement.

The stress loaded on MRE was controlled by the
computer and the relationship between the force and dis-
placement was measured. During the stress loading, the sys-
tem generated excite voltage and measured the response
voltage or current. The alternating current (AC) voltage
amplitude was set at 2000 mV, so as to avoid some date jitter
caused by the power source. A teslameter (type HT20,
Shanghai Hengtong magnetic technology Co., Ltd, China)
was used to measure the magnetic field strength. The MREs
were loaded from O to 30 N, and once reached a certain value,
it was kept for 2 min until it became stable and then tested.
The frequency of AC was set to sweep from 1000kHz
to 1 Hz.

3. Result and discussion

To comprehensively understand the MRE microstructure
change after cyclic loadings, SEM images were used to
investigate the microstructure. As illustrated in figures 2(a)
and (b), the white spherical particles were CI particles, and
the fibers were NR rubber. All the MREs exhibited chain-like
structures which were parallel to the external magnetic field
direction, and they were bonded well with the NR rubber
matrix. During the prestructure process, the CI particles
moved from isotropic to anisotropic, thus the fibers were
almost paralleled to the magnetic field (figure 2(a)). Because
of the high content of iron particles, the particle chains were
close to each other. As shown in figure 2(b), after cyclic
loadings, the chain-like structures were disturbed and the
aligned structures became less regular than before. Especially,
most of the rubber fibers had the irregular shape and the
chain-like structure was shorter and more uneven. Obviously,

the inner structure of the MRE was partly broken by the
cycling loading. Although the micro cracks especially
between the particles and the matrix cannot be observed
through SEM images, it could be deduced that the mechanical
and electrical properties were changed regularly with the
fatigue of MRE:s.

The mechanic properties of the MREs after cyclic load-
ings were tested by the DMA. Keeping the shear frequency at
4 Hz, when the number of cyclic loading was 2000, the sto-
rage modulus increased from 9.3 to 21.6 MPa with increasing
of the magnetic field (figure 2(c)). If the cyclic loading
number reached 14 000, the storage modulus rose from 6.8 to
14.7 MPa. The magneto-induced storage modulus is defined
as AG = G — Gy. Here Gy, is the initial storage modulus, and
G is the storage modulus under different magnetic field.
When the cyclic loading number was 14 000 and the shear
sweeping frequency was at 4 Hz, 7Hz, 10Hz, 13 Hz, 16 Hz
and 19 Hz, the magneto-induced storage modulus varied
4.9 MPa, 4.8 MPa, 4.5 MPa, 4.7 MPa, 4.8 MPa and 4.4 MPa
respectively, and the MR effect decreased 19.4%, 18.8%,
15.2%, 18.5%, 19.9% and 15.5% respectively. Typically,
with increasing of the cyclic loading numbers, the sweeping
frequency had more impact on the shear storage modulus.
After loading for 2000 times, Gy rose 10.8% and the Gpax
rose 4.7% when the sweeping frequency increased from 4 to
19 Hz. And when loading 14 000 times, G, rose 14.7% and
the G rose 8.5%. Here, after the fatigue loading, the
deformation /ruptures of the rubber fibers (figure 2(b)) and the
destruction of the chain-like structure led to the decrease of
the storage modulus and the increase frequency effect on the
modulus. In addition, slippage was more easily to happen
between particles and matrix, which also resulted in the above
phenomenon.

Figure 3 showed the influence of cyclic loading times on
the initial modulus of the MREs under different shear fre-
quency scanning. When frequency was at 4 Hz, the storage
modulus fell with the cycling loading from 9.4 to 6.3 MPa
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Figure 3. The initial storage modulus of MRE: (a) under different shear frequencies; (b) after different cyclic loading numbers.

within 1 x 10* times loading. However, once after 1 x 10*
times, the modulus slowly rose, and gradually increased to
7.0 MPa until after 3 x 10* times loading. In this case, the
shear frequencies barely affected change. Before 1 x 10*

times loading, the change of the modulus was due to the
destruction of the microstructure and the slippage between the
matrix and the particles. With increasing of the cycle num-
bers, the plastic deformation became severer, led to the
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Figure 5. The capacitance of MRE after 4000 times cyclic loading.

decrement of the MRE sample height and the distance of
adjacent particles. This reason had more dominant effect with
the cycle loading increased, so the modulus rose gradually
after 1 x 10 times loading.

Because it was harmful and laggard for MRE to forecast
the life span of MREs or judge the change even damage of the
microstructure through measuring the shear storage modulus,
so we tested electrical performance to compensate these
defects. We conglutinated two copper polar plates on both
bottom surfaces of the cylindrical MRE with the conductive
adhesives and established a capacitor. Then, we measured the
capacitance change of MREs under different external magn-
etic field and pressure loading, which had endured different
degree of fatigue loadings. At high frequencies, the electrons
were sufficiently excited so that they can hop from one
conducting cluster to another because of the smaller inter-
particle gap [41].

As figure 4 shown, when pressure was smaller than 10 N,
the curves of capacitance could be divided into four sections
with the increase of the cyclic numbers. When MRE was
compressed before 2 x 10* times (stage I), capacitance was
stable at a small value. Then, the curves soon increased when
MRE was compressed between 2 x 10° and 4 x 10° times
(stage II). The stage III ranged from 4 x 10° to 8 x 10°
times, in which the change of capacitance came back to be
steady and rose slowly. Figure 5 showed the capacitance of
MRE after 4000 times cyclic loading, and the magneto-
mechanical coupling behavior was carried out. Finally, the
region when loaded over 8 x 10? times was stage IV and the
curves began to rise significantly. The greater the magnetic
field strength was, the more obvious these performances of
MRE would be. However, with the numbers of cycles further
increased, the sections of the capacitance curves began to be
uniform and showed a trend of rising gradually.

The capacitance of the MRE experienced a similar
change process to the mechanical performance during the
cycle loading. The platform segment of the curves correlated
to the yield stage of MRE. In the first stage, MRE was stable
and no structure destroy was happened. Under applying dif-
ferent magnetic field strength, little difference was found
since the good combing of particles and rubber matrix fibers.
In the second stage, the MRE began to appear a low fatigue,
and the deformation happened. In the third stage, materials
entered the yield stage. While the space between adjacent
particles continuously reduced, the structure was damaged. In
the last stage, intense plastic deformation occurred. The
decrease of interparticle spacing and the increase of the sur-
face contact became the dominant factor of the capacitance
change. The cyclic loading increased the distance that the
particles could move, so the capacitance rose gradually. With
increasing of the pressure, the platform segment of curves
(stage III) was fade away gradually and the yield stage was
skipped. When pressure was larger than 10 N, the decrease of
interparticle spacing caused by plastic deformation led to the
rising of the capacitance. So the division of the four stages
became less and less obvious. Based on the above analysis, it
was found that the platform segment disappeared earlier with
increasing of the magnetic field. This phenomenon was
responded for the larger magnetic contraction in the higher
magnetic field strength.

Figures 6(a)-(c) represented the impedance spectra of
MREs after different fatigue loading. If the pressure was O N,
resistance rose from 3.7 to 4.9 MQ2 when the number of
fatigue loading increased to 4000. After 4000 times, the
resistance began to decline, and gradually became stable.
With the increase of pressure (5 N), the resistance declined
directly and quickly once the cyclic mechanical loading
started, and leveled off earlier. When the testing pressure
continued to increase and reached 20 N, the resistance began
fell much more sharply once the degree of fatigue increased,
and the resistance when tended to be stable significantly
reduced. This was mainly due to the internal stress existed
during the pre-structure and vulcanization process. The dist-
ortion of structure caused by the internal stress was released
and recovered after a certain degree of fatigue loading.
Therefore, the resistance had a rising process. Under applying
the external pressure, the stress was much greater than the
internal stress, so the deformation caused by the external
pressure decreased directly. In addition, the greater the degree
of fatigue, the more micro structure would relax under the
pressure, and the faster to reach stable. In the absence of
pressure load, with increasing of the fatigue degree, the
impedance arcs tended to be more and more semicircular, and
the small section arcs at high frequencies gradually dis-
appeared. During the sample preparation, the distribution of
iron particles along the direction of chain structures was
unavoidably uneven in the most cases. While the number of
fatigue load increased, the plastic deformation and readjust-
ment of the internal structure led to the particle distribution
along the chain to be uniform gradually. Therefore, the small
section arcs attributed from the non-uniform dispersion dis-
appeared under long fatigue loading.
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Figure 6. The impedance spectra of MREs after different fatigue loading when tested in the absence of magnetic field or pressure loading: (a)
0mT-0N; (b) 0 mT-5N; (¢c) 0 mT-20 N; (d) 0 N-O times; (e) 0 N-6000 times; (f) 0 N-12000 times.

Figures 6(d)—(f) represented the impedance spectra of
MREs under different magnetic field strength. Without the
fatigue loading, the impedance quickly changed under
applying the external magnetic field. When the magnetic field
was increased from 100 to 300 mT, the change of the impe-
dance spectra was inconspicuous and gradually reached a
platform. However, when the fatigue loading was 6000 times,
the resistance decreased significantly with the increase of the
magnetic field intensity. When the fatigue loading numbers
reached 12 000 times, the resistance of MRE without apply-
ing any magnetic field decreased to 1.2 x 10° Q. However,
due to the relative slippage of the microstructure, the

increasing magnetic field still had a big influence on the
resistance.

If only pressure was present, the shape of the impedance
spectrum gradually changed toward a semicircle with the
increase of the pressure loading. However, when only applied
magnetic field, the shape of the impedance spectrum gradu-
ally consisted of two segment of arcs. Because of the
magnetic contraction, the particles gradually move towards
the sample center area under the magnetic field [38]. The area
around the bottom surface was more obvious instead where
particles were few (figure 7). At this point, when the impe-
dance spectrum consisted of two segments of arcs, it could be
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regarded that the specimen consist of two different compo-
nents: the MRE center area and the MRE-electrode interface
layer. This trend was not obvious if the fatigue loading
number was smaller than 6000 (figure 6(e)). At this stage,
particles and matrix still contacted well, so that the moving of
the particles caused by magnetic contraction was limited.
When the fatigue loading reached a certain degree, with the
increase of magnetic field strength, two peaks began to appear
in the impedance spectra of MRE.

The equivalent circuit model was established to fit and
analyze the electric response of MRE under external pressure
loading and magnetic fields. As shown in figure 8(a), the
equivalent circuit model was composed of the resistance Rj,
R,, and the constant phase angle element CPE;, CPE,. Two
groups of circuit elements in parallel represented the electric
properties of MRE and the MRE-electrode interface layer,
respectively. Through fitting the Nyquist plots, we obtained
the values of each circuit element parameter. Thus, the MRE
properties and the change of the microstructure under dif-
ferent cyclic loading could be obtained and analyzed.

The figures 8(a)-(c) showed the relationship between
the resistance elements R; and cyclic loading numbers under
5N(a), 15N(b) and 25N(c). The electron conduction
through the particles strongly dependent on the interparticle
distance and roughness on the particles surface [42]. It could
be considered that the R, represented the resistance of MRE
sample, while the R, represented the resistance of the MRE-
electrode interface layer [39]. When the pressure was 5 N, R,
firstly decreasing slowly and then the tendency accelerated
to decline. With increasing of the magnetic field, even the
tendency increased first and then decreased appeared. When
the magnetic field was at 300 mT, R, rose from 1.9 X 10° to
2.0 x 10°€Q, and then declined to 6.7 x 10*Q) directly.
When the pressure increased, this phenomenon disappeared
gradually. In addition, the descent rate would be faster
when the cyclic loading number was less than 4000, and
tended to be stable sooner. This was mainly because the

compression stress on the interface was much more obvious,
and a certain degree of fatigue made the microstructure
change more easily.

Differently, R, decreased more slowly than the R1 with
the increase of fatigue loading numbers (figures 8(d)—(f)).
Therefore, the place where fully compression happened first
when loading force was the MRE-electrode interface layer.
The particles’ concentration in the surface layer of specimen
was smaller than the inner, so the modulus was lower. With
increasing of the loading pressure, the influence of magnetic
field strength on the resistance became smaller. It was
attributed to the adjacent iron particles got close to each other
gradually when the pressure increase. The move range of the
CI particles was small and the magnetic contraction was also
greatly limited, so the magnetic field exhibited less effect on
the microstructure.

The resistance was difficult to reflect the damage degree
of MRE, especially under pressure, thus the CPE-T of the
constant angle element was investigated. CPE;-T repre-
sented the capacitance of the MRE-electrode interface layer
and each tiny damages caused by relative displacement
would play an important role in the capacitance. As shown
in figures 9(a)—(c), keeping the pressure at 5 N, CPE;-T was
stable before 10 000 times fatigue loading. Once after 12 000
times, CPE;-T increased. The increasing amplitude became
more and more obvious with the magnetic field. When
the magnetic field was larger than 300 mT, the huge
change indicated that the interface was damaged. The
microcracks reduced the dielectric constant of the medium
directly and magnetic contraction enlarged the microcracks,
which resulted in a sharply increasing of the capacitance.
Particles’ concentration at this place was small, so the
microstructure was steady under a certain numbers of
fatigue loadings (figure 7). When the pressure reached
15N, CPE,-T rose sharply once after 8000 times’ fatigue
loading. With the increase of pressure, the micro damage
on the MRE-electrode interface layer happened earlier.
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Figure 8. The relationship between the resistance elements and cyclic loading numbers under different testing conditions: (a) R-5 N; (b) Ry-

15N; (c) R;-25N; (d) R2-5N; (e) Rx-15N; (f) R-25 N.

When the pressure reached 25N, it could be seen that
without fatigue loading, there was a certain degree of
damage happened, thus CPE;-T increased at the beginning
of the test.

CPE,-T represented the capacitance of the main speci-
men. Because the particles content reached as high as 85 wt%,
the microstructure of MRE became to change once after 2000

times fatigue loading (figures 9(d)—(f)). When the MRE was
under 5 N, after a stable stage between 4000 times and 10 000
times’ loading, the CPE,-T rose greatly. This was similar to
the figure 5. In practice, we can detect the change even
damage of MREs real-time and nondestructive through this
method, predict the operation life, and judge the type and
degree of fatigue or damage.
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4. Conclusion

In this work, natural rubber based MREs with 85 wt% of iron
particles were prepared, and then endured 0-14 000 times’
fatigue loading. With increasing of the cyclic loading num-
bers, the sweeping frequencies have a greater impact on the
shear storage modulus. The modulus had a slow rise process
after 1 x 10* times cyclic loading. There were two reasons:
firstly, the destruction of the microstructure and the slippage

10

happened; Secondly, with the degree of the fatigue increased,
the plastic deformation was more and more obvious.

When pressure was less than 10 N, the curves of capa-
citance could be divided into four sections with the cyclic
loading numbers. The greater the magnetic field strength, the
more obvious these performance. A coupling effect was
found between the electrical performance and mechanical
performance. The platform segments of curves corresponding
to the yield stage of MRE. The distortion of structure caused
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by internal stress got released and recovered after a certain
degree of fatigue loading. The MRE without the fatigue load
was less affected by the external magnetic field. Due to the
Magnetic contraction, particles gradually move towards the
sample center area. It could be regarded that the specimen
consisted of two different components: the MRE center area
and the MRE-electrode interface layer. An equivalent circuit
model was established to fit and analyze the electric response
of MRE samples under different external stimuli. Thus, the
MRE properties and the change of the microstructure could be
obtained and analyzed. The place where fully compression
happened first when loading force was the MRE-electrode
interface layer. It could be considered that the interface had
been damaged after 12 000 times loading when pressure was
5 N. With the increase of pressure, the micro damage on the
MRE-electrode interface layer happened earlier. Pressure
loading and magnetic contraction had different influence on
the MRE and MRE-electrode interface layer. On account of
the application in vibration, this method can be used to detect
the MRE’s micro damage, and predict the service life.
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