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ARTICLE INFO ABSTRACT

Keywords: A novel magnetorheological shear-stiffening elastomer (MSTE) was prepared by dispersing carbonyl iron par-
Shear-stiffening ticles (CIPs) into the shear-stiffening elastomer, which was synthesized by co-polymerization of shear-stiffening
Magnetorheological gel (STG) and methyl vinyl silicone rubber (VMQ). The storage modulus of MSTE-80 (the volume ratio of STG
Self-healing

and VMQ is 80: 20, and 8.5 vol% carbonyl iron) increased 13100% when the frequency increased from 0.1 Hz to
100 Hz in the oscillation shear measurement. Under applying a magnetic field of 960 mT, the storage modulus of
MSTE-80 was further strengthened by 425%. Since the reversible interactions of B—O bonds, the extensibility of
the dissected MSTE-60-d recovered to 423% (the initial extensibility = 1050%) after self-healing at 180 °C for
2 h. Meanwhile, constitutive models based on the standard linear solid model were used to describe the shear-
stiffening performance and the viscoelastic nature of MSTEs. Finally, possible mechanisms were proposed to
explain the shear-stiffening, magnetorheological, and self-healing properties of MSTEs. It was found that the
breakage and reconstruction of B—O bonds played a major role in shear-stiffening and self-healing performance.
The magnetorheological effects were attributed to the magnetic attraction between the CIPs in the magnetic

Constitutive models
Mechanisms

field.

1. Introduction

Shear-stiffening material is a kind of intelligent materials with
prominent rate-dependent rheological and mechanical properties. The
common shear-stiffening materials are shear-thickening fluids (STF)
and shear-stiffening gel (STG). STF is a type of non-Newtonian fluid that
widely exists in concentrated colloidal suspensions [1,2]. The viscosity
of STF increases dramatically when the external mechanical stimuli
exceed a critical shear rate [2-5]. Because of the reversible shear
thickening behavior, STF has attracted considerable interests in soft
armor [6], dampers [4,5], impact absorbers [1] and control devices.
Nevertheless, as a suspension of particles, STFs meet the problems of
sedimentation and volatilization [7]. STG is a lightly cross-linked sili-
cone polymer whose mechanical characters, such as the storage mod-
ulus, stiffness, and viscosity increased dramatically when the strain rate
increased, and they returned to the original values as soon as the stress
was unloaded [8,9]. Comparing to STF, STG is more stable with no
sedimentation and volatilization problems. Because of the unique
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shear-stiffening properties, STG has drawn increasing attention in both
fundamental research [10-12] and practical applications in body armor
[13,14], shock transmission [15], battery [16], and sensitive sensors
[17,18]. STG is a highly viscoelastic material under ambient conditions
thus it often exhibits a cold-flow behavior due to the liquid-like nature
[19]. Recently, some polymer elastomers which showed similar shear-
stiffening performance have been also developed [20,21]. Because of
the elastic characteristic, these shear-stiffening elastomers (STE) can
recover to its original state after removing the external forces. Good
formability of STE will make it a promising material in applications of
body armor, impact resistance, and shock transmission. However, the
in-depth study on the STE is scarce, and the shear-stiffening perfor-
mance of the existing STE is not satisfied enough.

In recent years, magnetorheological materials have attracted in-
creasing attention due to their magneto-controllable mechanical prop-
erties in the external magnetic fields. One of the most common mag-
netorheological materials was the magnetorheological elastomer (MRE)
composed of magnetic particles and polymer matrixes [22,23]. The
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mechanical properties including elastic modulus, storage modulus, and
damping could be controlled by the magnetic field [24,25]. Models and
theories have been developed to understand the mechanisms and time
response of magnetorheological effects of MREs [26,27]. The interfacial
interactions of nanoparticles and polymer matrix improved the MR
property and reduced the loss factor [27]. Magnetorheological shear-
stiffening gels (MSTGs) whose modulus was controlled by the sy-
nergistic action of the external stimuli and the magnetic field have been
reported [28-30]. Due to the strong interactions between the particles
under applying the magnetic field, the mechanical properties of MSTGs
were strengthened signally [29]. To further developing the STE, mag-
netic particles were dispersing into the STE matrix to achieve magneto-
controllable mechanical properties.

During the STG preparation, B—O bonds were formed between the
polymer chains [18,31,32]. Because of the breakage and reconstruction
of B—O bonds, the nanocomposite based on STG showed excellent self-
healing ability [17]. The self-healing was achieved through reversible
interactions including hydrogen bonding, dynamic borate ester
bonding, magnetism, or coordination [33,34]. Self-healing materials
were able to repair the mechanical damage automatically and have
been studied thoroughly recently [34-37]. Due to the self-healing
ability, materials had long service lives and great prospects in the en-
gineering applications [38]. To this end, the new STE prepared by using
STG as a raw material would exhibit self-healing properties due to the
presence of B—O bonds.

In this work, a novel magnetorheological shear-stiffening elastomer
(MSTE) was prepared by dispersing carbonyl iron particles (CIPs) into
the STE matrix which was compounded by STG and methyl vinyl sili-
cone rubber. The influencing factors, including volume fraction, strain
rate and magnetic field on the mechanical properties of MSTE were
studied and analyzed. Self-healing abilities were studied and the tem-
perature effects were discussed. MSTE had larger initial hardness than
MSTG and had no cold flow problem. Comparing to traditional STE,
MSTE exhibited advantages of magnetic controllability and self-healing
ability. Meanwhile, constitutive models and possible mechanisms were
proposed to explain the shear-stiffening, magnetorheological, and self-
healing properties of MSTEs.

2. Materials and methods
2.1. Preparations

Boric acid (from Sinopharm Chemical Reagent Co. Ltd, Shanghai,
China) was mixed with hydroxyl silicone oil (PDMS, 500 mm?/s, AR
degree, from Jining Huakai Resin Co., Ltd) at 50 mg/ml. This mixture
was stirred in a ceramic dish at room temperature until homogeneous.
Then, the mixture was heated at 180 °C for 2h and was stirred every
20min to keep the reaction adequately. During the process, the
polymer mixture formed cross-linking, viscous, silky paste. After the
paste was cooled to room temperature, the shear-stiffening gel (STG)
was obtained.

Next, the STG and the methly vinyl silicone rubber (VMQ 110-2,
from Shenzhen Muwei Technology Co., Ltd.) were mixed together in a
double-roll mill (Taihu Rubber Machinery Inc., China, Model XK-160).
Benzoyl peroxide (BPO, from Sinopharm Chemical Reagent Co. Ltd,
Shanghai, China) was added as the vulcanized agent at 4.0 wt% of the
rubber mixture. Carbonyl iron particles (CIPs) (Type CN, from BASF,
Germany) were also mixed into the mixture at different volume frac-
tions. The diameter of CIPs was about 6um. The final mixture was
pressed into a 1 mm deep aluminum mold and vulcanized at 100 °C,
20 MPa for 15 min. The magnetorheological shear-stiffening elastomer
(MSTE) was prepared when the final product cooled down. The sche-
matic of the preparation procedure was shown in Fig. 1. When the
volume ratio of STG and VMQ was X: (100-X), the specimen was named
as MSTE-X (e.g. MSTE-20 means the volume ratio of STG: VMQ is 20:
80). When the CIPs fraction of MSTE-60s changed, the samples were
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named as MSTE-60-y (y from a to e). The volume ratios and the CIPs
fractions of the samples were listed in Table 1.

2.2. Rheological and tensile tests

Rheological measurements were carried out using an Anton Paar
MCR 302 rheometer with a PP20, 20 mm diameter parallel plate geo-
metry (Fig. 2 a, b). All samples were cut into $20 mm x 1 mm coins. By
setting the normal force at 1 N, the gap was kept at approximately 1 mm
to ensure all the materials were under the same situation during mea-
surements. Prior to tests, the samples were pre-sheared for 1 min at low
amplitude (0.1% strain amplitude at 0.1 Hz). Oscillation shear tests
were performed at 0.1% strain amplitude. The oscillation shear mag-
netic sweep tests were done at 0.1% strain amplitude at 1 Hz.

Tensile measurements with low strain were also obtained using the
rheometer. The samples were cut into 25mm X 5mm rectangular
shapes with a thickness of 1 mm. A pair of clamps was designed to
clamp 5 mm length at the both ends of the specimens (Fig. 2 c), i.e. the
effective tensile lengths of the samples were 15 mm. The clamps and the
samples were glued together and reinforced with bolts. Tensile mea-
surements with large strains were performed using a Material Test
System (MTS) (MTS criterion 43, MTS System Co., America).

3. Results and discussion
3.1. Rheological properties of MSTEs with different STG volume fractions

First, the rheological properties of MSTE with different volume
fractions of STG were studied. The volume fractions of CIPs in MSTEs
were maintained at 8.5vol%. The initial storage moduli
(w= 0.628 rad/s) of MSTE-20 and MSTE-80 were 55.6kPa, and
3.59 kPa, respectively (Fig. 3 a). When the volume ratio of STG: VMQ
increased, the initial storage modulus decreased. Meanwhile, the shear-
stiffening performance and the final modulus showed an increasing
trend. The relative shear-stiffening performance could be expressed by
Ref. [31].

G~ G 100%
G/ (€]

RST =

where G; and G; are the initial modulus and the final modulus. The
results were listed in Table 1. When the volume ratio of STG and VMQ
was varied from 0: 100 to 100: 0, the relative shear-stiffening perfor-
mance increased from 3.23% to 1.25 X 10°%. MSTE was synthesized
from STG and VMQ. STG is a plastic material with small initial mod-
ulus, and vulcanized VMQ is an elastic material with large initial
modulus. Therefore, when the STG content increases, MSTE shows
more plastic characters and better shear-stiffening performance. Rela-
tively, when the VMQ content increases, MSTE shows elastic properties
and the shear-stiffening performance is reduced. Thus, MSTE-0 has the
largest initial modulus and MSTE-100 has the best shear-stiffening
performance (Fig. 3). In other words, the enhancement of stiffness was
based on sacrificing the shear-stiffening performance. The data (Fig. 3
a) was fitted by a hybrid equation S6 (See in Supplementary). The
hybrid equation described the storage modulus curves very well.

The rheological properties of the MSTE were affected by the ex-
ternal magnetic field. The storage modulus of MSTEs in the magnetic
field of 240 mT were shown in Fig. 3 b. The magnetic field showed a
small effect on the modulus of the samples. The initial modulus and the
final modulus were a little larger than those without magnetic field.
Then, taking the MSTE-60 as an example, the enhancement of the
magnetic field on the rheological properties were studied. The storage
modulus under applying different magnetic fields were shown in Fig. 3
c. When the magnetic field was increased, both the initial strength and
the final strength became larger. The specific relationship between
storage modulus and magnetic flux density (B) was shown in Fig. 3 d.



‘ CIPs

Composites Science and Technology 168 (2018) 303-311

Pressing -
I
l Mixing / /
] STE

~N

Heating

4

Fig. 1. Schematic diagram of the preparation procedure for MSTE and STE.
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Table 1

Volume ratios and CIPs fraction of the samples.

Samples Volume ratio of STG: VMQ Volume fraction of CIPs
MSTE-0 0: 100 8.5vol%
MSTE-20 20: 80 8.5vol%
MSTE-40 40: 60 8.5vol%
MSTE-60-a 60: 40 0vol%
MSTE-60-b 60: 40 3.4vol%
MSTE-60-c 60: 40 5.6 vol%
MSTE-60-d 60: 40 8.5vol%
MSTE-60-e 60: 40 12.2vol%
MSTE-60-f 60: 40 17.2vol%
MSTE-80 80: 20 8.5vol%
MSTE-100 100: 0 8.5vol%

The samples were pre-structured in the 960 mT magnetic field for 3 min
before the oscillation shear tests. Moreover, the STG concentration also
influenced the mechanical properties. With larger STG volume fraction,
the samples had smaller initial moduli and better magnetorheological
(MR) effects. The MR effects were attributed to the magnetic attraction
between the CIPs in the magnetic field [39]. The relative magne-
torheological effects (RME) could be expressed as equation (2) [31].
u X 100%

G/ 2

RME =

The relative shear performance and relative magnetorheological
effects results were listed in Table 2.

The cross-link density of the matrix played an important role in the
magneto-controllability of MSTE [40]. CIPs in relatively low cross-
linked MSTE could be easily moved in the magnetic field to form chain-
like microstructures. The chain-like structures could promote the
magneto-induced storage modulus. In the preparation of MSTE, the
cross-links were mainly formed by the VMQ and BPO. Thus, MSTE with
larger STG volume fraction showed higher magnetorheological

performance.

To further comprehend the viscoelastic mechanical characters of
MSTE, the creep behaviors were studied under a constant stress of
50 Pa, and the curves were plotted in Fig. 4 a. The viscous flow strain
was produced in the secondary creep, which was an irreversible com-
ponent of strain [41]. After unloading, the maximum strain of MSTE-0
and MSTE-20 was merely 0.075% and returned to zero. In the recovery
section, the unrecoverable strain of MSTEs increased while the volume
fraction of STG increased. However, MSTE-100 could hardly recover
from the 78.1% plastic strain thus showed the cold flow phenomenon.
The pictures of MSTE samples demonstrated that the cold flow only
occurred in MSTE-100 (Fig. 4 b).

The creep results were fitted to equations S6 and S8 (in Supple-
mentary) (the blue imaginary lines in Fig. 4 a). The SLS model de-
scribed the first creep section well, while it failed in the recovery sec-
tion. Then, the SLS model was optimized to SLSX model (Fig. S3 in
Supplementary). As shown the black solid lines in Fig. 4 a, the SLSX
model agreed well with the creep behavior results. The fitting corre-
lation coefficients of SLSX model was much higher than the SLS model.

Tensile measurements and steady shear tests were carried out to
further study the rate-dependent viscoelastic properties of MSTEs. The
MSTE-60-d was chosen as the samples. As the strain rate increased, the
modulus obviously increased, indicating the typical rate-dependent
mechanical property (Fig. 5). When the shear rate changed from 0.004
s7! to 0.1 s~ 1, the shear modulus of MSTE-60-d increased from 43 to
343 kPa. The rate-dependent mechanical properties were attributed to
the breakage and reconstruction of B—O bonds during the deformation,
which would be discussed in the following section. The results were
fitted to the SLS model and were well described (solid lines in Fig. 5).
The SLS model was sufficient to describe the stress-strain curves of

MSTE-60-d.

Fig. 2. Rheological and tensile measure systems. (a), (b), and (c) The MCR 302 rheometer, the PP20 parallel plate, and the tensile fixture. (d), (e) The Material Test
System and the matched tensile fixture. The fixtures in (c) and (e) were made out of PLA plastic by 3D printing.
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Fig. 3. Rheological properties of MSTEs. (a) Storage modulus (G’) in oscillation shear tests. Solid lines are fits to equation S6. (b) G’ of MSTEs in the 240 mT magnetic
field. (¢) G’ of MSTE-60-d in different magnetic fields. (d) G’ as a function of B. The insert was the results for MSTE-100.

3.2. Mechanical properties of MSTE-60-d with different CIPs volume
fractions

Next, the mechanical properties MSTE-60 with different CIPs vo-
lume fractions were investigated. Rheological measurements were
shown in Fig. 6. The storage moduli increased with increasing angular
frequency, demonstrating the shear-stiffening performance (Fig. 6 a).
The presence of CIPs in MSTE-60 promoted the initial moduli and re-
duced the shear-stiffening performance. When the volume fraction of
CIPs changed from 0 to 17.2 vol%, the relative shear-stiffening perfor-
mance decreased from 5190% to 1650%. CIPs occupied the inter-
molecular gaps and hindered the movement of the MSTE molecules.
This led to a reduction in the relative shear-stiffening performance.

The oscillation shear tests were carried out under applying the
magnetic field (Fig. 6 b). Comparing the results of Fig. 6 a and b, the
storage modulus in the magnetic field was larger. The maximum storage
modulus of MSTE-60-e was 0.29 MPa and 0.71 MPa in the magnetic
field of 0 and 240 mT, respectively. The magnetic field showed no effect
on the MSTE-60-a. That the curves of MSTE-60-b showed drops at last
was because of the slipping between the rheometer rotor and the
samples. Then, the oscillation shear tests were performed in an in-
creasing magnetic field to study the magneto-induced storage modulus
(Fig. 6 c). Obviously, the magnetic field exhibited a larger effect on the
storage modulus of samples with larger volume fractions. The re-
lationship between the storage modulus G’ and the magnetic flux den-
sity B was deemed as following.

where G, is the initial storage modulus, AG is the magneto-induced
storage modulus, and A is a constant related to the volume fraction of
CIPs. The experimental results were well described by equation (3). As
reported in previous work [42,43], the relation between AG and the
volume fraction of CIPs ¢ was a quadratic function.

A = ag? G

where a was a constant coefficient. The fitting results gave
a = 0.73 kPa-T~! (Fig. 6 d). Thus, AG of MSTE could be expressed as the
following equation.

AG = a¢’B = 0.73¢°B 5)

The experimental results and equation (5) demonstrated that the
MSTE showed a good magneto-controllable mechanical property. By
changing the magnetic field, mechanical properties of MSTE could be
adjusted to the specific application situations.

3.3. Self-healing performance of MSTE

The B—O bonds formed between the polymer chains of MSTE could
break and reform during the deformation, resulting in good self-healing
properties [29,31]. Tensile tests were performed to study the self-
healing properties of MSTE with different STG volume fractions. Sam-
ples (25mm X 5mm X 1 mm) were cut in half and spliced in the
healing measurements. The effective tensile length was Ly, = 15 mm,
and the tensile velocity was dL/dt = 500 um/s. Thus, the tensile strain
rate was 0.033 s~ . Tensile stress-strain curves for original MSTE-O,

G' = Gy=1B=AG (3)  MSTE-20, MSTE-40 and MSTE-60-d were plotted in Fig. 7 a. The results
Table 2
Relative shear-stiffening performance (RST) and relative magnetorheological effects (RME) of MSTE.
MSTE-0 MSTE-20 MSTE-40 MSTE-60-d MSTE-80 MSTE-100
RST (%) 5.93 14.8 580 2.92 x 10° 1.31 x 10* 1.25 x 10°
RME (%) 0 18.9 21.6 62.0 355 1520
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Fig. 4. Creep behaviors of MSTE. (a) Strain curves of MSTEs in the creep measurements with 50 Pa constant stress. Insert graph is the curves of MSTE-0 and MSTE-20.
The blue imaginary lines are fits to the SLS model. The black solid lines are fits to the SLSX model. (b) Cold flow phenomena of MSTE samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

were well described by the SLS model (black solid lines in Fig. 7 a). The
areas enveloped by tensile hysteresis curves showed the viscoelastic
nature of MSTE were deemed as the absorbed energy. MSTE-0 sample
broke at about 110% strain, and did not show self-healing ability in the
experiments. Tensile stress-strain curves for self-healing MSTE-20,
MSTE-40 and MSTE-60-d samples were plotted in Fig. 7 b. With smaller
volume fraction of STG, MSTE had larger elastic modulus manifesting
as steeper increasing trends of the tensile stress and had better healing
performance showing as larger extensibility.

Then, the spliced samples were heated at 100 °C (the vulcanization
temperature) for 2 h. The thermal-healing curves were compared with
3 min self-healing curves (Fig. 7 b). The healing performance was im-
proved by about 30%. In addition, by comparing the stress-strain curves
(Fig. 7 b) and the fitting lines in Fig. 7 a, the healing samples showed
virtually the same mechanical behaviors as the original samples within
the fracture strains. Spontaneously, the healing performance of samples
with longer time and higher temperature were studied (Fig. 7 c). The
healing time had a little effect on the self-healing performance, and the
temperature played an important role in thermal-healing performance.
After thermal-healing at 180 °C for 2h, MSTE-60-d recovered to 423%
extensibility. When MSTE samples were heated at 180 °C (the fabrica-
tion temperature of STG), the fracture edges approached melting, and B
and O atoms could fully contact and form B—O bonds to repair the
broken materials.

Besides, the self-healing properties were also studied with oscilla-
tion shear tests (Fig. 7 d). A 1 mm thick sample of MSTE-60-d was cut
into four pieces and spliced together. Two 1 mm thick samples were
superimposed into a 2 mm thick sample. The oscillation shear curves of

a go
o 004s'  MSTE-60-d
o 0.01s"
60 ]
©
o
X 40 ]
g
20 ]
0 1
0 20 40 60 80 100
£(%)

the four samples were almost identical, demonstrating the self-healing
properties of MSTE-60-d.

Finally, the self-healing properties of MSTE-60-d samples with dif-
ferent CIPs fractions were studied. The tensile breaking strains of ori-
ginal samples were shown in Fig. 8 a. When the CIPs fraction increased,
the breaking strain almost unchanged. The extensibilities were about
1050%. The breaking strains of samples after 3 min self-healing were
plotted in Fig. 8 b. All the samples with different CIPs showed similar
self-healing properties while the healed extensibilities were about 90%.
The minor difference between the samples was attributed to the acci-
dental error during the preparation procedure. It could be concluded
that the CIPs fraction had little effect on the self-healing properties.

4. Mechanisms
4.1. Mechanisms of MSTEs' shear-stiffening performance

The ATR-FITR spectroscopy demonstrated that the Si—O—Si bonds
constituted the polymer chains of MSTE (Fig. S1 in Supplementary).
Therefore, the backbone of MSTE was shown in Fig. 9 ¢ [31]. Boric acid
was added to the formulation to introduce boron into the MSTE mo-
lecule. As reported by Houston [32], the electron-deficient p orbital of
the B atom could obtain electrons from the O in the Si—O structure (Fig.
S1 in Supplementary) to form B—O bonds (Fig. 9 ¢). The B—O bond was
a reversible interaction which could self-reforming after breaking [31].

When low-rate shear was applied, MSTE slightly deformed and the
molecule chains gradually moved. A small amount of B—O bonds pro-
vided some resistance to shearing motion. Comparing to the damping

b 30
MSTE-60-d
251 1
o 018!
s 20 004s' v 001§
o - © 0.004s' <1 0.001s'
% 15. ]
w
b 101 o oo i
54 .
0 ]
20 40 60 80 100 120
7 (%)

Fig. 5. Rate-dependent properties of MSTE-60-d. (a) Tensile stress-strain curves with different strain rates. The black solid lines are fits to equation S2. (b) Steady
shear stress-strain curves with different shear rates. The black solid lines are fits to equation S3.
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Fig. 6. Rheological properties of MSTE-60. (a) Frequency sweeping curves at 0.1% strain amplitude. (b) Frequency sweeping results in the magnetic field of 240 m T.
(c) G’ as a function of B. The solid lines are fits to equation (3). (d) The relationship between the fit parameter 1 and the volume fraction ¢.

force of the matrix, the disruptive force of B—O bonds was much
smaller. The storage modulus of MSTE mainly depended on the matrix.
As the shear rate increased, the MSTE molecule chains moved rapidly.
Large amounts of B—O bonds took action to resist the deformation of
MSTE. The effective B—O bonds were broken quickly and the active B
and O atoms reformed B—O bonds again. The disruptive force of B—O
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Specimens

bonds grew to be larger than the matrix's damping force, leading to the
sharp increment of the storage modulus. After the stress was unloaded,
the deformation of MSTE gradually recovered due to the elasticity of
the matrix. The mechanical properties returned to the original state in
the meantime.

—s=— 3min self-healing
A —o— 2h thermal-healing

g
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Fig. 7. Self-healing and thermal-healing properties of MSTE. (a) Tensile stress-strain curves at 0.033 s~ *. The solid lines are fits to the SLS model. (b) Tensile stress
strain curves after cutting and healing. The solid lines are fitting lines in figure a. (c) Breaking strains ¢, of healing samples with different conditions. Insert graph is
the breaking strain of original samples. (d) Oscillation shear results of original samples and healing samples.
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Fig. 8. Self-healing properties of MSTE-60-d samples with different CIPs fractions. (a) and (b) are the breaking strains of original samples and samples after 3 min

self-healing, respectively.

4.2. Mechanisms of the magneto-controllable mechanical properties of
MSTEs

It was known that the aggregation of nanoparticles reduced the
creep resistance of nanocomposite [44]. The creep resistance had an
important effect on the construction of chain-like microstructures,
which induced the MR effect [40]. At normal state, CIPs were evenly
distributed in the cross-linking matrix (Fig. 9 a). In shearing, the CIPs
increased the friction force between the molecule chains. Therefore, the
greater volume fraction, the greater initial storage modulus of MSTE.
Magnetized CIPs could be modelled as magnetic dipole moments, when
an external magnetic field was applied [42]. The magnetic dipole

moment r_n’J was respectively subjected to the attractive force F; and F;
from the magnetic dipole moments ; and my (Fig. 9 a). At the same
time, the attractive force F; and Fj traced back to m; and M. The at-
tractive force between the magnetic dipoles tended to align the CIPs to
form chain-like microstructures with the external applied magnetic
field, leading to the magnetostriction of the MSTE [45,46].

When the shear stress was applied to the MSTE, the distance be-
tween the CIPs increased. The magnetic-attractive force between the
CIPs resisted the shearing motion and hindered the deformation of the
matrix. The increase of the resistance of deformation further increased
the storage modulus of MSTE. The larger the volume fraction, the
smaller the average distance between the CIPs. The relationship

Magnetic field
applied

>

Original samples 4

b Original samples ¥

CHs CHs

. Carbonyl iron

particles

CH,

—ésli—oan—

Backbond (|:H3

CH,

Fig. 9. The mechanism schematic diagrams of MSTE and chemical structures of the B-O bonds. (a) Mechanism diagrams of the magneto-controllable mechanical
properties. (b) Mechanisms of self-healing properties. (¢) Chemical structures of B-O bonds and the backbond.
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between the magneto-induced storage modulus and the volume fraction
was a quadratic equation [42,43].

4.3. Mechanisms of the self-healing properties of MSTEs

B—O bonds connected the long molecular chains together to re-
inforce the cross-linking structure in MSTE samples (Fig. 9 ¢). When the
MSTE was cut in half, some B—O bonds and molecular chains were
broken (Fig. 9 b). The two parts of the sample were then brought into
contact and laid aside for about 5 min. The active B and O atoms at the
interface contacted and reformed B—O bonds. The molecule chains
were bound and the dissected sample was self-healed. When the sam-
ples were heated, the B and O atoms became more active and the
healing performance was promoted consequently.

5. Conclusion

In conclusion, a new magnetorheological shear-stiffening elastomer
(MSTE) was synthesized from STG, VMQ and CIPs. The mechanical
properties of MSTE were highly dependent on the strain rate and could
be controlled by the magnetic field. In the oscillation shear measure-
ment, the storage modulus of MSTE-80 showed a maximum increase of
13100% when the frequency increased from 0.1 Hz to 100 Hz, in-
dicating the excellent shear-stiffening performance. When a magnetic
field of 960 mT was applied to the MSTE-80, the storage modulus was
strengthened by 425%, showing the magnetic controllability. The re-
lation between the magnetic field, the magneto-induced modulus, and
the volume fraction of CIPs was expressed as an equation that was
consistent with the experimental results. In addition, due to the re-
versible interaction of B—O bonds, MSTE exhibited a good self-healing
ability that the dissected MSTE-60-d recovered to an extensibility of
423% after healing. Meanwhile, constitutive models based on the
standard linear solid model were used to describe the mechanical
properties of MSTEs. All the experimental results agreed well with the
constitutive models. Possible mechanisms were proposed based on the
experimental results. The breakage and reconstruction of B—O bonds
played a major role in shear-stiffening and self-healing performance.
The magnetorheological effects were attributed to the magnetic at-
traction between the CIPs in the magnetic field. The unique properties
of MSTE will make it a promising material for applications in body
armors, and impact resistance, etc.
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