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Abstract: In this investigation, a new silicone rubber-based MRE material was
prepared to be used as a forming medium in manufacturing thin-walled complex-
shaped Ni-based tubes through the bulging process. Thus, it is significant to
investigate the effect of magnetic field intensity, magnetic field loading time, and
angle on the mechanical properties of the prepared MRE material during the curing
process. The obtained results showed that increasing the magnetic field intensity
during the curing process can improve the orientation of the chain structure in the
elastomer matrix effectively. However, its mechanical properties are the best under
the corresponding magnetic field intensity of 321 mT. Besides, by extending the
magnetic field loading time in the curing process, the orientation of the chain struc-
ture was optimized, at the same time, the mechanical properties were also improved,
and the best loading time is about 20-25 min. By changing the loading angle of the
magnetic field during the curing process, the mechanical properties of the MRE were
improved. When the loading angle of the magnetic field is 90°, the elastomer
showed the best compression mechanical properties and excellent compression
reversibility. Besides, for the anisotropic MRE material, the performance with
magnetic compression is always better than that without magnetic compression.

Keywords: Magnetorheological Elastomer (MRE); magnetic field; curing process;
compression mechanical properties; chain structure

1 Introduction

Magnetorheological (MR) materials are new smart materials in which the magnetic field can control
their mechanical properties. Due to its unique MR-effect, fast response, good reversibility (after removing
the magnetic field, it can return to the original state). Besides, the mechanical properties of MR material
can change continuously with the change of the external magnetic field. Thus, in recent years it gains too
much attention in the applications of aerospace, automobile, architecture, and vibration control [1,2]. The
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addition-cure silicone rubber is one of the most critical silicone products [3]. Its composition generally
includes a vinyl base polymer, reinforcing material, hydrogen crosslinking agent, catalyst, inhibitor, etc.
[4-6]. The vulcanization can be obtained by mixing all the raw materials and curing under certain
conditions. Silicone rubber is a semi-inorganic and semi-organic polymer with Si-O-Si inorganic structure
as the main chain and organic group as the side chain. It has both the properties of organic and inorganic
compounds and excellent performance [7—10].

Magnetorheological Elastomer (MRE) is one of the MR materials used widely in the current few years.
The micro-scale magnetic particles are added to the polymer matrix to mix and solidify under the magnetic
field environment; thus, the magnetic particles in the matrix form a chain or column-like ordered structure
[11,12]. MRE can address the issues of the problems of magnetic particles in MR fluid, such as easy
leakage, easy settlement, environmental pollution, and poor overall stability. Besides, it does not need
special containers to store [13—15]. Therefore, in the recent few years, MRE has a wide range of application
prospects in the field of vibration control, such as automobile damping, building vibration isolation, anti-
impact devices [15]. There are several parameters to measure the performance of MRE, such as
magnetostrictive modulus, tensile strength, hardness, lagging heat generation, etc. The key parameter is the
magnetostrictive modulus part of MRE, which reflects the influence of the magnetic field on the material
properties and is manifested in the material properties under the coupling field of force and magnetism [16,17].

The magnetostrictive modulus of MRE is generally in a small controllable range, which hinders its
industrial application [17]. The mechanical and physical properties of MRE depend on the number and
size of the magnetic particles, the compatibility between polymer and magnetic particles, and the
interface interaction [18]. For instance, Boczkowska et al. [18] studied the polyurethane
magnetorheological elastomer composed of carbonyl iron powder with a volume fraction of 11.5% and
an average particle size of 1-70 pm. Their results showed that the rigidity of the magnetorheological
elastic element could be improved by optimizing the size, the shape, and the arrangement of the particles.
Winger et al. [19] compared the MR-effects of four kinds of iron particles MRE with different particle
sizes using laser diffraction and X-ray microscopy. Their results showed that the MR-effect depends on
the particle size fraction. Yao et al. [20] used an innovative synthetic approach to prepare a kind of
magnet-induced aligning magnetorheological elastomer (MIMRE) based on the ultra-soft polymeric
matrix, which makes the magnetic particles move and orientation in the elastomer matrix under the action
of room temperature magnetic field. Kukla et al. [21] introduced their research results of MRE in the
compression state and the effect of the magneto-static field. They introduced the attempt to describe
magnetorheological with a rheological model. Metsch et al. [22] investigated the magnetostriction
phenomenon of MRE wusing the continuum method (considering the constitutive and geometric
characteristics on the micro-scale) to predict the behavior of composite materials by the homogenization
method. From the perspective of macro magnetostriction, their research results are in good agreement
with the existing experimental and theoretical results. Bica [23] studied the preparation process of
anisotropic magnetorheological elastomer (MREs) based on silicon rubber and nano iron-based
anisotropic MRE. By using the approximation of magnetic dipole moment and the ideal elastomer model,
the tensions, the deformations field, and the elastic module of MREs function of magnetic field intensity
were determined at magnetic field values up to 1000 kA/m. Zhang et al. [24] established a Gaussian
distribution model of the field-induced properties of anisotropic MRE. The results obtained from their
investigation showed the reliability of their improvement in predicting the behavior of
magnetorheological elastomers accurately. Guan et al. [25] investigated the magnetostriction of MRE with
carbonyl iron particles based on silicone rubber. They proposed the mechanism of the MR-effect of
composite materials to explain this phenomenon. Chen et al. [26] prepared several MRE samples with
different carbon black mass fractions under a constant magnetic field. Their experimental results showed
that carbon black plays a vital role in improving the mechanical properties of MRE [26].
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Based on the aforementioned discussion, a new silicone rubber-based MRE material was prepared in
this study to be used as a forming medium in manufacturing thin-walled complex-shaped Ni-based tubes
through the bulging process. Thus, it is significant to investigate the effect of magnetic field intensity,
magnetic field loading time, and angle on the mechanical properties of the prepared MRE material during
the curing process.

2 Material Description and Experimental Procedures
2.1 Material Description

In this study, the addition cure silicon rubber of AS40 provided by easy composites brand was selected
as the matrix material to prepare the MRE material as depicted in Fig. 1.

N

Mass ratio

100 g T(C) t(hours)
u 20 24
Silicone 60 2
70 1 -

80 0.5
Silicone Rubber
Mixing stick

Catalyst
Figure 1: The use instructions of AS40 addition cure silicone

The selected magnetic particles in this investigation are carbonyl iron powder of MPS-MRF-15
produced by Jiangsu Tianyi ultrafine metal powder Co., Ltd., as listed in Tab. 1. The observation diagram
of SEM is shown in Fig. 2. To improve the movement ability of carbonyl iron powder in the matrix
material during the curing process of MRE, dimethyl silicone oil was added to the rubber in this
experiment. The main function of this oil is to coat the surface of carbonyl iron particles so that it can
move along the direction of the magnetic induction line under the effect of external magnetic force,
which leads to form a regular chain structure.
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Figure 2: SEM morphology of carbonyl iron particles
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Table 1: Performance parameters of MPS-MRF-15 carbonyl iron powder

Performance Units Value
Average particle diameter um 4.5
Compacted density g/em’® 4.24
Particle size distribution (D50) um 5.108

2.2 Experimental Procedures
2.2.1 Magnetic Field Generator

In the curing process of the magnetorheological elastomer and the subsequent testing of the elastic
physical properties to reflect the magnetorheological elastomer’s sensitivity to the magnetic force, it is
crucial to apply the magnetic field to the experimental environment by adding an external magnetic field
generator. The magnetic field generator involved in this study is depicted in Fig. 3. This device is
composed of two parts: electromagnet and high-precision DC excitation source supply. The magnetic
field generator can provide 600-700 mT magnetic field intensity by adjusting the external current and air
gap under the experimental conditions.

Glpi o (b)

Figure 3: Magnetic field generator: (a) Electromagnet, (b) High precision DC excitation source

2.2.2 Test Methods

To perform the compression experiment under a specific magnetic field condition, a magnetic field
generating device was added on the testing machine, as shown in Fig. 4. Since the upper and lower
pressing head of the material testing machine are magnetic conducting metals, nylon pads were added to
the experimental device as a transition to prevent them from affecting the accuracy of the mechanical test
results under the action of the magnetic field and eliminate the impact of the pressing head.

In the curing process, carbonyl iron powder forms a chain structure under the action of the magnetic
field. To study the difference of chain structure under different magnetic field conditions, the distribution
of carbonyl iron particles in magnetorheological elastomer was observed by SEM. The magnetic field
conditions mainly include three aspects: magnetic field intensity, magnetic field loading time, and
magnetic field loading angle. During the experiment, the composition of MRE kept constant. Firstly,
silicon and catalyst were added respectively in the mass ratio of 100:10 and stirred evenly. Afterward,
dimethyl silicone oil with a mass fraction of 25% was added. After stirring evenly, carbonyl iron powder
with a mass fraction of 50% was added for full stirring. After completing the aforementioned steps, the
liquid MR mixture was poured into the mold, and placed on the heat transfer stage that has been
preheated to 70°C for curing. At the same time, the magnetic field under different conditions is loaded
around it, as shown in Fig. 5. Tab. 2 introduced the experimental variables set for three magnetic field
conditions in this study.
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Figure 5: Curing environment of magnetorheological elastomer

Loéding rate :
Upper pressing head

10mm/min

Lower pressing head Magnetorheological

elastomer sample

Magnetic
field intensity

transfer block

Heat transfer
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Heating

Table 2: Experimental parameter settings

Conditions Units Value

Magnetic field intensity (B) mT 0 160 321 485 650
Loading time (t) min 10 15 20 25 30
Loading angle () ° 0 45 90
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3 Results and Discussion

3.1 Influence of Magnetic Field Intensity on the Properties of MRE in the Curing Process

To investigate the influence of different magnetic field intensity on the distribution of carbonyl iron
particles in MRE, five MRE samples were prepared with the magnetic field intensity of 0 mT, 160 mT,
321 mT, 485 mT and 650 mT as variables. During the preparation process, to maintain the controllability
of the variables, the air gap of the magnetic field generator is kept constant at 30 mm, and the
corresponding unique magnetic field intensity under the current was generated by adjusting the current
intensity. SEM analysis was carried out on the prepared MRE samples under the aforementioned
experimental conditions, as illustrated in Fig. 6. It is noticed from Fig. 6 that in case of applying zero
external magnetic fields, the magnetic particles in the elastomer are evenly distributed, and the elastomer
is isotropic as a whole. On the other hand, when the magnetic field intensity was gradually increased, the
chain structure distribution of magnetic particles in the magnetorheological elastomer was gradually clear,
and dimethyl silicone oil provides excellent support for the movement of magnetic particles. At this time,
the elastomer is an anisotropic state.

Figure 6: SEM observation of MRE samples under different magnetic field intensities (a) 0 mT; (b) 160 mT;
(¢) 321 mT; (d) 485 mT; (e) 650 mT

As shown in Fig. 7, the stress-strain curve of the MRE sample after non-magnetic compression was
obtained when the magnetic field intensity and the time of the curing process are 650 mT and 30 min,
respectively. The curve was divided into two parts: the elastic stage and the hyperelastic stage. In the
process of compression, it was assumed that the elastic sample was fully sliding and compressed
uniformly. The stress-strain relationship can be predicted by the Gaussian theory as follow:
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Figure 7: The stress-strain curve of MRE obtained by curing magnetic field intensity 650 mT and time 30 min
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where G is the shear modulus. Since rubber has a very high bulk elastic modulus, it can be regarded as
incompressible for most applications, so £ = 3G; X is the compression ratio, A = 1 — ¢, substituting £
and ) into Eq. (1), Eq. (2) can be written as:

E |3e—38+¢
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Under the condition of small strain, the & is ignored, thus:
E
o =2 3)
1—¢

Eq. (3) was defined as the elastic phase constitutive model shown in Fig. 7. However, it was seen
from Fig. 7 that the stress-strain relationship is more in line with the power exponent relationship in
the hyperelastic stage. After using the Hollomon model, it is found that the model has a significant
error when the strain is close to 25%. Considering that the MRE is different from the pure rubber, the
material parameter t reflecting the magnetorheological effect was introduced and refitted, and a good
result is obtained.

oc=Ke+ T" “4)

where K is the coefficient reflecting the plasticity of the material, T is the coefficient indicating the
magnetorheological effect, and n is the hardening coefficient.

The stress-strain curves of MRE samples prepared under different magnetic field intensities are obtained
through mechanical properties tests, as depicted in Fig. 8.

It was noticed from Fig. § that with the gradual increase of the magnetic field intensity during the curing
process, although the chain structure orientation in the elastomer is more precise, however, the stress under
the same strain does not increase in direct proportion. Under the same strain, the pre-structured MRE under
321 mT magnetic field intensity can withstand the maximum stress, followed by 160 mT and 0 mT. When the



1418 JRM, 2020, vol.8, no.11

magnetic field intensity is more than 321 mT and reaches 485 mT and 650 mT, the stress of the elastomer
decreases under the same strain, which is worse than that of the elastomer sample without magnetic field
(0 mT). The reason for this phenomenon is that when the magnetic field intensity increases from 0 mT to
321 mT, the magnetic field intensity increases gradually, and the magnetic particles in the elastomer also
produce a certain degree of chain aggregation. While maintaining the excellent elastic modulus of the
silicone rubber itself, the zero-field magnetostrictive modulus of the elastomer was also improved to a
certain degree. Nevertheless, when the magnetic field intensity increases more than 321 mT and reaches
485 mT and 650 mT, the magnetic particles in the elastomer gather excessively, the number of chain
structure is less, and the single-chain is thick and dense. Although this phenomenon can improve the
zero-field magnetostrictive modulus of the elastomer, it has a serious damage to the elastic modulus of
the silicone rubber basic body, which leads to the decline of the overall performance of the
magnetorheological elastomer.
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Figure 8: Stress-strain and constitutive curve of five samples without magnetic compression

One of the essential properties of MRE is that its mechanical properties can be changed under the action
of the magnetic field. In this investigation, the stress-strain curve of MRE under the condition of magnetic
compression was obtained by the compression experiment of MRE under the magnetic field intensity of
650 mT, as shown in Fig. 9. It was seen from this figure that the ordering relationship of the mechanical
properties of the five samples has not changed when the magnetic field intensity of the curing process is
321 mT, the stress of MRE is still the largest, followed by 160 mT, 0 mT, 485 mT, 650 mT.

Besides, by comparing the stress of each sample under the condition of magnetic and non-magnetic, it is
noticed that as long as the chain structure is formed in the elastomer, the compression performance under the
condition of magnetic compression is always better than that under the condition of non-magnetic. For the
elastomer prepared under the condition of non-magnetic (0 mT), due to the uniform distribution of
magnetic particles in the matrix, no chain structure has been formed. Besides, its compression
performance under the condition of magnetic compression is not significantly improved compared with
that under the condition of non-magnetic. It was seen that the performance control advantage of
anisotropic magnetorheological elastomer with the regular orientation of magnetic particles in the matrix
is higher than that of isotropic elastomer.
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Figure 9: Stress strain curve of MRE (prepared at 0 mT, 160 mT, 321 mT, 485 mT, 650 mT) under magnetic
(650 mT) compression

As depicted in Fig. 10, the magnetorheological effect and elastic modulus of MREs under different
curing magnetic field intensity were compared. It is seen that the MR-effect and elastic modulus of the
material with magnetic compression are higher than those obtained from nonmagnetic compression.
Furthermore, the MR-effect can be doubled by loading the magnetic field in the compression process. In
the case of magnetic compression, the increment of elastic modulus of anisotropic elastomer is
significantly larger than that of isotropic elastomer. Besides, the distribution control of magnetic particles
can effectively change the properties of the elastomer.

With magnetic compression - - ‘With magnetic compression
Nonmagnetic compression | Nonmagnetic compression

Magnetic field intensity (mT)
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Figure 10: Magnetorheological effect and elastic modulus of MREs with different curing magnetic field strength
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3.2 Impact of Magnetic Field Loading Time on the Mechanical Properties of MRE in the Curing Process

In this investigation, the impact of magnetic field loading time on the properties of MRE samples was
discussed under the conditions of magnetic field loading time of 10 min, 15 min, 20 min, 25 min, and 30 min,
respectively. After SEM analysis, the morphologies were obtained, as shown in Fig. 11.

Figure 11: SEM morphologies of the elastomer under different magnetic field loading time (a) 10 min;
(b) 15 min; (c) 20 min; (d) 25 min; (e) 30 min

According to Fig. 11, the orientation of the chain structure in the elastomer is more prominent, in which
the magnetic field loading time increased from 10 min to 30 min. Among them, when the loading time is
25 min and 30 min, the orientation degree of the chain structure is slightly different. The reason is that
under this curing condition, at 25 min, the liquid elastomer mixture has tended to solidify gradually, and
the relative position of the magnetic particles in the elastomer has tended to be fixed. Thus, when the
loading time is extended to 30 min, the chain structure showed no greater difference.

The stress-strain curves of MRE samples under different magnetic loading times were obtained by
compression test under the condition of no magnetic, as depicted in Fig. 12.

According to Fig. 12, with the increase of magnetic field loading time, the stress of elastomer under the
same strain condition increased gradually. Notwithstanding, when the loading time reaches 20 min, 25 min,
and 30 min, the increment of the stress decreased, which is in good agreement with the morphologies
obtained from SEM analysis. This is attributed to when the loading time exceeds 20 min, the chain
structure in the elastomer has formed, and the elastomer itself is close to the curing state at this time, the
movement ability of magnetic particles in the rubber matrix becomes slower.
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Figure 12: Stress-strain curves of samples under different magnetic loading times without magnetic compression

The stress-strain curves of the samples under different magnetic loading time are obtained by the
compression test of the above elastomer under the condition of the magnetic field (650 mT), as depicted
in Fig. 13. It is noticed from this figure that the elastic stage of the above-mentioned elastomers becomes
longer when they are compressed under the magnetic condition. Compared with the previous linear
deformation stage, when the strain is about 5%, the linear deformation stage under this test increases to
the position where the strain is about 7.5%.
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Figure 13: Stress-strain curves of samples under different magnetic loading times with magnetic
(650 mT) compression

As shown in Fig. 14, it is noticed that the variation law of magnetorheological effect and elastic modulus
is the same as that of the stress-strain curve. Besides, for observing the change rule of elastic modulus, it is
also found that when the magnetic field loading time is 10 min and 15 min, the amplitude of the magnetic
compression elastic modulus is small. On the other hand, when the loading time is more than 20 min, the
increase of the magnetic compression elastic modulus becomes larger.
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Figure 14: Magnetorheological effect and elastic modulus of MREs with different curing magnetic field
loading time

3.3 Effect of Magnetic Field Loading Angle on the Properties of MRE in the Process of Pre Structure
As shown in Fig. 15, to study the influence of the magnetic field loading angle on the properties of

MRE, three kinds of Al heat transfer blocks were designed and manufactured in this experiment, namely
0°, 45°, and 90°.

¥ J

Figure 15: Preparation method of MRE with different magnetic field loading angles (a) 0°; (b) 45°; (c) 90°

Three kinds of magnetorheological elastomers with different magnetic loading angles were prepared by
the above method, and their SEM micrographs were observed, as shown in Fig. 16. It is noticed that different
magnetic field loading angles have obvious effects on the formation of chain structure orientation of different
angles, which makes the magnetorheological elastomers show more abundant anisotropic properties.

The compression stress-strain curves of MRE under different loading angles are obtained by
compression experiments under the condition of no magnetism, as shown in Fig. 17.
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Figure 16: SEM morphologies of the elastomer under different magnetic field loading angles (a) 0°;
(b) 45°; (c) 90°

It is noticed from Fig. 17 that as the loading angle of the curing magnetic field changes from 0° to 45° to
90°, the stress limit of the elastomer under the same strain condition is significantly increased. When the
magnetic field loading angle is 90°, the stress of the elastomer reaches the maximum, especially in the
clastic stage, where the elastic modulus was significantly improved. On the other hand, there are some
serrations in the curve at this stage appeared, which means that there is an inevitable fluctuation in the
increase of stress during the gradual increase of strain. This attributed to the initial compression process,
where the magnetic particles in the chain structure are gradually compressed and relatively dislocated
under the action of the small compression force of the elastomer. When the adjacent magnetic particles
contact with each other, the overall stress of the elastomer increased. Besides, when the adjacent
magnetic particles are relatively dislocated, the overall stress of the elastomer decreased. This process is
repeated in the linear deformation stage, resulting in the zigzag phenomenon depicted in Fig. 17.

0.5

0.4 |

03

Stress (MPa)

01 0°
— 45°
— 90°

0.0 = 1 1 1 I
0.00 0.05 0.10 0.15 0.20 0.25

Strain

Figure 17: The Stress-strain curves of samples with different magnetic loading angles under the condition of
no magnetic compression
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The stress-strain curve of the prepared MRE samples mentioned above under different magnetic loading
angles is shown in Fig. 18 after compression under magnetic (650 mT) conditions. It is noticed from the
figure that when the curing magnetic field loading angle is 90°, the elastomer bears the maximum stress.
Besides, compared with the non-magnetic compression, the stress-bearing limit of each elastomer under
magnetic compression was also improved.
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Figure 18: The stress-strain curves of samples with different magnetic loading angles under the condition of
magnetic compression

As shown in Fig. 19, the magnetorheological effect and elastic modulus of magnetorheological
elastomer were affected by changing the magnetic loading angle during the pre-structure process. When
the magnetic field loading angle is 90°, the elastic modulus of the elastomer increases significantly, and
the increment is nearly double.
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Figure 19: The Magnetorheological effect and elastic modulus of MREs with different curing magnetic field
loading angles
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As a kind of reversible functional material, the key to the reversibility of MRE is whether the chain
structure of magnetic particles is destroyed under the condition of large strain. In this investigation, the
morphologies of MRE with and without magnetic compression under different magnetic loading angles
were observed by SEM. As depicted in Fig. 20, it is observed that the chain structure orientation of MRE
after compression is still clear, and the compression force has no effect on its structure. Therefore, the
elastomer based on this method is used for the bulging of complex curved components. Its compression
performance and reversibility are reliable.

(a) (b) (c)

Figure 20: The SEM morphologies of samples with different magnetic loading angles after the compression test

4 Conclusion

In this investigation, the mechanical properties and morphologies of anisotropic MRE with silicone
rubber as matrix and carbonyl iron powder as magnetic particles under different magnetic fields were
studied. According to the obtained results, the main conclusions can be deduced as follows:

(1) There are two parts in the stress-strain constitutive relation of the magnetorheological elastomer-
based on silicone rubber in the compression test. The first part is the elastic stage in which the
constitutive relation conforms to ¢ = E¢/(1 — ¢); the second part is the hyperelastic stage in
which the constitutive relation conforms to ¢ = Ke + T".

(2) In the process of elastomer preparation, with the increase of the magnetic field intensity, the chain
structure orientation of the magnetic particles in the matrix is gradually clear, and the material is
anisotropic. Its compression performance exhibits the best state when the magnetic field intensity
of sample preparation is 321 mT, and when the magnetic field intensity reaches 485 mT and
650 mT, its compression performance decreases. Besides, when there is magnetic compression, it
can improve the mechanical properties of anisotropic MRE.

(3) With the increase of the magnetic field loading time in the preparation process, the chain structure
orientation of the elastomer becomes more apparent, and its compression performance gradually
increased with the increase of the time. The best loading time is 20-25 min, and the magnetic
compression performance is better than the non-magnetic compression.

(4) With the change of the magnetic field loading angle during the preparation of the elastomer, the chain
structure in the elastomer matrix also presents the corresponding angle orientation. When the magnetic
field loading angle of sample preparation is 90°, the compression performance of the elastomer is the
best. At the same time, with magnetic compression, the overall performance of the elastomer can also
be improved. Besides, the elastomer shows good reversibility during compression.
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