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A smart composite with both rate-sensitive and magnetic-sensitive properties was prepared by dispersing
carbonyl iron powder (CIP) into a silicon—boron copolymer matrix. In addition to following the common
preparation procedure, a curing process used in the rubber industry was considered. Several groups of
samples were prepared with and without including this curing process. For the samples that underwent
the curing process, the absolute shear thickening effect was reduced by less than half compared to the
samples that did not undergo the curing process, however, the relative shear thickening effect was
increased by up to 6717.50%. In total, 16 groups of samples were tested under different curing
conditions, such as different curing times and curing temperatures, to investigate the performance
improvement. The results showed that to obtain a better relative shear thickening effect, a curing time of

at least 20 min was needed. When the curing temperature was set to 120 °C, the absolute shear
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Accepted 18th March 2020 thickening effect was maximized. The influences of pyroboric acid and CIPs on the properties of the

materials were also studied. Interestingly, the relative magnetorheological effect did not always increase
with increasing CIP content. An increase in the amount of pyroboric acid increased the absolute shear
thickening effect and decreased the relative shear thickening effect.
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Introduction

Rate-sensitive and magnetic-sensitive gel (RMG) belongs to
a family of smart materials. The properties of these materials
can self-adapt to changes in the external environment or be
controlled in different working environments. Rate sensitivity is
a kind of non-Newtonian performance in which the viscosity of
the materials increases significantly during a high-speed
impact.””> Under normal conditions, the materials with this
property are relatively soft, once a shock or rapid load is applied
to the materials, the stress region will stiffen in a short period of
time.>* This performance also has excellent reversibility; the
materials are restored to the initial state when the external
stress is removed.>” In addition, under a magnetic field, the
carbonyl iron powder (CIP) particles in the RMG are attracted to
each other and resist the shear stress, and the properties of the
materials will change rapidly within milliseconds, with
considerable and continuous reversibility.*® Recently, this type
of stimuli-responsive smart material has been attracting
increasing interest and has been widely used in dampers,
vibration controllers, body armors and isolators.***¢
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RMG is obtained by uniformly dispersing CIP into a shear
thickening matrix; therefore, the shear thickening effect and
magnetorheological effect are two major properties of the gel.

Due to the different carrier phases, the materials with mag-
netorheological effect can be approximately divided into mag-
netorheological fluids (MRFs),"”** magnetorheological gels
(MRGs)*? and magnetorheological elastomers (MREs).”*?*>
MRGs not only retain the excellent magnetorheological effect of
MRFs, but also greatly improves the settlement stability
compared with that using MRFs.?*?*

The properties of materials with magnetorheological effect
can be controlled by an electrical field or a magnetic field. In the
case of a circuit fault, a device made of magnetorheological
materials will not work. Shear thickening materials can
passively respond to external stimuli, and it is necessary to
combine the advantages of these two types of materials. The
most studied shear thickening (ST) materials are ST fluids
(STFs) and ST gels (STGs). STFs were first proposed by
Freundlich and Roéder in 1938, and are currently used to
improve the protective abilities of Kevlar,®** Twaron,?®
UHMWEPE,**® glass fibre** and HMPP.** However, the further
application and development of STF was limited by its insta-
bility, encapsulation problems and complicated preparation
process.*** More recently, STGs such as Silly Putty and D30 have
attracted increasing attention worldwide. The elastic and
viscous properties,> temperature-dependent relaxation,*
protective ability,***” composite materials**** and shear
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thickening mechanism***! of STGs have been studied in recent
decades. A smart composite that exhibited both a shear thick-
ening phenomenon and magnetorheological effect was first
reported in 2014,*” and some studies have been conducted on
improving its performance** and studying the influencing
factors of its properties.***

In earlier related studies, most researchers focused on the
change in performance caused by including other materials, such
as CaCos,™ graphene,” and carbon nanotubes (CNTs),*** and
the properties of the prepared samples.***”* However, few
researchers have studied the improvement and influence of the
preparation process. In this work, a curing process commonly
used in the rubber industry was introduced into the preparation
of RMG. Several groups of samples with and without considering
this process were tested. Furthermore, during the preparation
process, 16 groups of samples were prepared under different
curing conditions and some of the parameters are more
reasonable for improving the shear thickening performance.
Finally, the influences of pyroboric acid and CIP on the shear
thickening effect and magnetorheological effect are studied. The
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change rules of the performance indexes are also summarized for
the performance improvement. Due to tunable and controllable
properties, RMG will be a candidate material in many fields.

Materials and preparation
Raw materials

Boric acid, polydimethylsiloxane (PDMS), absolute ethyl alcohol
and cross-linked agent benzoyl peroxide (BPO), purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China, were
used to prepare the silicon-boron copolymer matrix. CIP with
an average particle size of 3.5 um was purchased from Jiangsu
Tianyi Ultra-fine Metal Powder Co., Ltd., Xuyi, China. All the
materials were analytically pure, and the rheological properties
were tested by an MCR series rheometer (Anton Paar Co.,
Austria).

Preparation process and the properties

The RMG preparation process and the raw materials are shown
in Fig. 1. The shear thickening and magnetorheological

Pyroboric acid

Fig. 1 The RMG preparation process and the raw materials.
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Fig. 2 The image of the material (a) as prepared, and (b—d) kneaded into several shapes, and the changes in the material under (e and f) rapid

stimuli, (g and h) slow stimuli, (i) a magnetic field and (j) the SEM image.
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properties and the scanning electron microscope (SEM) image
of the RMG prepared are show in Fig. 2.

The prepared RMG sample is shown in Fig. 2(a). It can be
easily kneaded into any shape desired, such as a cylindrical
shape, U shape or disk shape, as shown in Fig. 2(b-d). If a rapid
impulsive load or shock is applied to the RMG, it will stiffen to
resist the external force, as shown in Fig. 2(e) and (f). In contrast,
if a slow stimulus is applied to it, it will be easily drawn into a fine
filament, as in Fig. 2(g), or squeezed to form a deep hole, as in
Fig. 2(h). Under a magnetic field, its shape will quickly change
along the magnetic induction line, as demonstrated in Fig. 2(i).
The added CIPs are uniformly dispersed in the matrix, as shown
in Fig. 2(j). The light or deep in black is concerned with the CIP
content added in the preparation procedure. In addition,
whether the CIPs can move easily in the matrix is directly related
to the magnetorheological effect of the sample.

The importance of the curing process

According to recent studies, the B-O cross-linked bonds
between different molecular chains play a key role in the shear
thickening property.*»*>**** The cross-linked bonds cause the
single linear chains to form a net structure, similar to their
function of the curing process used in the rubber industry. To
study the influence of the curing process on this gel with shear
thickening performance, several samples were prepared and
tested. In the preparation process in Fig. 1, the CIP is merely
related to the magnetorheological effect and will not be
considered in the following comparative experiments.

To evaluate the shear thickening performance, the relative
shear thickening effect (RSTE) and absolute shear thickening
effect (ASTE) are used,***>** as defined in eqn (1) and (2) as
follows:

/ /

RSTE = G'“G;Gm x 100% 1)

ASTE = G;nax - G;nin (2)

where G, is the maximum shear storage modulus excited by
the loading frequency and G, . is the initial shear storage
modulus.

In the experiment, the other preparation conditions and the
size of the specimen are all the same whether it is cured or not.
Three groups of samples were prepared under two conditions.
The shear storage modulus, ASTE and RSTE values, and the
relaxation in a natural state are shown in Fig. 3.

The shear storage modulus of six groups of specimens under
different curing conditions are demonstrated in Fig. 3(a). It is
obvious that the shear storage modulus increases with the
increasing angular frequency. To compare the properties of the
samples, the average RSTE, ASTE values under different curing
conditions and their changing rules are shown in Fig. 3(b). The
RSTE reflects the adjustable ability of the material under the
excitation of a variable shear rate and the ASTE indicates the
overall mechanical properties. After the curing process, the
ASTE is less than a half of that before curing, but the RSTE is
dozens of times greater than that before curing, which

n
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Fig. 3 (a) The shear storage modulus of the continuously changing
angular frequency from 0.1-100 rad s~%; (b) the average ASTE and
RSTE of three samples and the change rules and (c) the relaxation of
the sample in a natural state.

demonstrates that the materials have a better ability to resist
the external high-speed load. For the samples that underwent
the curing process, the relative shear thickening effect is
increased by up to 6717.50%. As a result, the RSTE, that is, the
ability to resist the external shock or impulsive load, of RMG is
greatly improved by this curing process. After the curing
process, the relaxation of the sample in a natural state in shown
Fig. 3(c).

In the preparation process, when the PDMS reacts with
pyroboric acid, the Si-O bonds in the PDMS break, and boron is
simultaneously introduced into the chains to form poly-
borondimethylsiloxane (PBDMS).*>** In the curing process of
the sample, the linear molecular chains are inclined to form
a three-dimensional network structure by forming cross-linked
bonds between the PDMS and PBDMS. The performance
advantages of the materials, structures, the possible forms of
the PBDMS and the molecular chains before and after the
curing process are shown in Fig. 4.

In the curing process, curing temperature and time are two
major parameters. Whether the selection of a parameter is

RSC Adv, 2020, 10, 12197-12205 | 12199
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reasonable is directly related to the shear thickening perfor-
mance. To achieve a better property, 16 groups of samples
under different curing conditions were prepared and tested.

The parameter optimization in the curing process

In the experiment, the parameters selected in the curing process
are approximate. For parameter optimization, the samples are
divided into 16 groups according to the different curing
temperatures and time. All the samples are 2 mm in diameter
and 1 mm in thickness. The results are shown in Fig. 5.
During the testing procedure, the maximum shear storage
modulus was relatively stable, and the initial shear storage
modulus was relatively small and thus was easily affected by the
environment and the experimental error. Therefore, the RSTE
value is greatly affected by the initial storage modulus and
shows a large fluctuation range. The conditions corresponding
to the four largest values in the RSTE are 807 353.42% at 100 °C
for 45 min, 758 874.36% at 120 °C for 45 min, 758 874.36% at
130 °C for 30 min and 753 523.19% at 120 °C for 20 min. Clearly,
to obtain a better RSTE, a curing time of at least 20 min is
needed. When the curing time is 10 min, the RSTE is at rela-
tively weak at any curing temperature, as shown in Fig. 6.
Compared with the RSTE, the ASTE is more related to the
maximum shear storage modulus. Fig. 6 demonstrates that the

12200 | RSC Adv,, 2020, 10, 12197-12205

ASTE is at a relatively high value for a curing time of 30 min at
110 °C, 120 °C and 130 °C. When the curing time is more than
30 min, the ASTE decreases, even if the temperature is 100 °C.
The mean ASTE value of the four groups of samples reached
a maximum at a curing temperature and time of 120 °C and
30 min. Therefore, to obtain a better ASTE, the curing temper-
ature is set to 120 °C, and the curing time is selected to be
30 min.

The RSTE is more easily affected by the initial shear storage
modulus, and the change rules are more complicated than
those of the ASTE. However, in the right half of Fig. 6, the red
line remains low in the plot and it is obvious that a curing time
of at least 20 min is necessary for a better RSTE. In addition,
considering the average results, a curing temperature of 120 °C
is reasonable.

After parameter optimization for the curing process, the
shear thickening performance shows a satisfactory result, with
the storage modulus increasing from 10" or 10> to 10° Pa. The
RSTE and ASTE reached maximum values of 1 349 380.97% and
1.170 MPa, respectively. The storage modulus of the shear
thickening composites prepared by Wang et al. in recent years
was increased from 10” to 10° Pa.*> The modulus of Silly Putty
prepared by Martin et al. exceeded 10° Pa at high frequencies.*
The magnetorheological Silly Putty fabricated by Guo et al
displayed a maximum ASTE value of 0.805 MPa at 10 °C and

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The shear storage modulus of the continuously changing
angular frequency from 0.1-100 rad s~ at (a) 100 °C, (b) 110 °C, (c)
120 °C and (d) 130 °C for different curing times.
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a maximum RSTE value of 6600% at 60 °C.>* The shear storage
modulus of Silly Putty prepared by Xu et al. changed by four
orders of magnitude.*® The storage modulus of a rate-
dependent and self-healing conductive shear stiffening nano-
composite fabricated by Wang et al. increased by 4 orders of
magnitude under external shear stimuli, and the maximum
shear storage modulus exceeded 1 MPa.*® In the preparation
process of RMG, the cross-linked density is the number of the
cross-linked bonds formed in the composite and is directly
related to the performance of the sample. For the B-O cross-
linked bonds (B from pyroboric acid and O from PDMS), the
cross-linked density can be adjusted by changing the mass ratio
of pyroboric acid to PDMS.

In the recent study, the curing process and the cross-linked
density were proved to be related to the storage modulus.” In
this paper, the samples with or without the curing process
obviously possess different cross-linked densities. The shear
storage modulus of the material shows a better performance at
a curing temperature of 110-120 °C and for a curing time at 20—
30 min, respectively. The results indicate that the cross-linked
density can be improved by optimizing the parameters in the
preparation process and the storage modulus of the sample
attains the values in the range of 1.3-1.7 MPa.

The change rules of the properties

The influence of the pyroboric acid content. In the B-O
cross-linked bonds, the B atom is from the pyroboric acid (PA),
and the O atom is from PDMS. Therefore, several groups of
experiments were prepared and tested by only changing the
mass ratio of PDMS to PA.

To evaluate their magnetorheological properties, the relative
magnetorheological effect (RMRE) and absolute magneto-
rheological effect (AMRE) are defined as follows:

Gmax - Gl

RMRE = =~ 0 100% 3)

AMRE = Gpox — Giin (4)
In these equations, Gpmax is the maximum shear storage
modulus at magnetic saturation, and G, is the initial zero-
field shear storage modulus. The shear thickening and mag-
netorheological properties of the different compositions are
shown in Fig. 7.

In the experiment, the angular frequency of the rheometer is
positively correlated with the shear rate. With increasing
magnetic flux density, the CIP gradually forms a chain structure
in the matrix, which leads to an increasing storage modulus and
magnetorheological effect.

The change rules of the performance indexes are shown in
Fig. 8. In general, the ASTE values of all the samples range from
1.5 MPa to 2.0 MPa, and the RSTE values decrease several orders
of magnitude with increasing PA content. In addition, all the
AMRE values are less than 1.0 MPa. The RMRE values decrease
obviously with increasing PA content, but the extent of the
decline is less than that of the RSTE values.

RSC Adv, 2020, 10, 12197-12205 | 12201
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flux density from 0-1000 mT of different ratios of PDMS to PA.

When m(PDMS) : m(PA) is 85 : 10, the ASTE and RSTE values
indicate that the material is relatively soft due to the small ASTE
and has a larger adjustment range because of the high RSTE.
With an increasing amount of B atoms in the matrix, the
available space for the movement of the molecular chains
decreases, resulting in the hardening of the matrix and an
increase in the ASTE. Similarly, the RSTE decreases with
decreasing available movement space of the chains. The more B
atoms in the matrix, the more difficult it is for CIP to move freely
to form an ordered structure, therefore resulting in a decrease
in the RMRE. Obviously, the RSTE and RMRE decrease signifi-
cantly with the decreasing m(PDMS) : m(PA), and ASTE and
AMRE are less affected by this ratio. That is to say, in the field of
application, adding more PDMS in the preparation process is
useful to the ability to resist the external load.

The influence of the CIP content. The chain structure
formed by magnetic particles in a magnetic field is the mech-
anism of the magnetorheological effect. To study the influence
of CIP on the shear thickening effect and magnetorheological
effect, six groups of specimen of different CIP contents were
tested. In the experiment, the quality of the CIP is the only
variable. The results are shown in Fig. 9.

12202 | RSC Adv, 2020, 10, 12197-12205

For the samples without the CIP, ie., the silicon-boron
copolymer, the RSTE value reaches a maximum of
1 349 380.97%, which is much higher than that of the other
samples.

The ASTE and AMRE values increase with increasing CIP
quality, and the rate of increase in the AMRE values is higher
than that of the ASTE values. With increasing CIP, there is
a rapid increase in the initial zero-field shear storage modulus.
Therefore, the RMRE values first increase and then decrease.
After CIP is added to the matrix, the RSTE values gradually
decrease from 760 538.00% to 357 042.86%. The performance
indexes and the change rules are shown in Fig. 10.

According to the results shown in Fig. 10, there is a rapid rate
of increase in the AMRE when the CIP content is less than
60 wt%. Interestingly, when the CIP content is 60 wt%, the
RMRE can reach a maximum value of 630.43%. Furthermore,
the increase rate of AMRE will also slow down after the CIP
content is more than 60 wt%. Therefore, to improve the mag-
netorheological performance, 60 wt% CIP content is preferred
composition.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

As a kind of smart material with stimuli-responsive perfor-
mance, the properties of RMG will change under a external
magnetic field or a rapid shear stimuli. In the presence of
a magnetic or electrical field, the property of this materials can
be actively adjusted. Once in the case of a circuit failure, the
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materials can passively respond to the external rapid shear
stimuli and harden in a short time. Because this kind of
materials possess tunable properties, they are candidates for
applications in vibration control, shock transmission unit,
damping and body armor.

In this work, a type of rate-sensitive and magnetic-sensitive
gel was prepared by uniformly dispersing CIP into a silicon-
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boron copolymer matrix. In the preparation process, a curing
process used in the rubber industry was included. After the
curing process, when the absolute shear thickening effect drops
by less than half, the relative shear thickening effect can be
increased by 6717.50%. The parameters considered in the
curing process were also optimized. To obtain a better shear
thickening effect, a curing temperature of 120 °C, and a curing
time of 30 min were selected. With an increasing
m(PDMS) : m(PA), the adjustability decreases, but the
mechanical properties improve. Finally, to improve the mag-
netorheological effect, 60 wt% CIP content should be selected in
the preparation process.
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