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The paper tests the influence of mass fractions of carbonyl iron particles (CIPs) on the
rheological properties of magnetorheological (MR) gels. Polyurethane-based MR gels
with different weight fraction of CIPs, i.e., 40, 60, and 80%, were firstly prepared by
mechanical mixing, respectively. The changes of shear stress and viscosity with shear
rate under different magnetic flux density were tested and analyzed. It was found that the
shear stress increases with mass fraction under magnetic flux density. The viscoelastic
properties of MRGs were achieved by oscillatory shear measure. The effects of strain
amplitude and frequency on viscoelastic of MRGs under different magnetic flux density
were measured and analyzed. The study results shown that the elastic characteristics
become more obvious with the increase of CIPs mass fraction. However, it has opposite
effect on the viscous properties of materials.
Keywords: magnetorheological gel, rotation shear, oscillatory shear, Payne effect, loss factor, linear
viscoelasticity

INTRODUCTION
MRG is a new generation of MR smart materials with soft magnetic particles uniformly suspending
in non-magnetic carriers. Fast and reversible magnetorheological effect will occur under the applied
of magnetic field (Gan et al., 2017). It was more than two decades when Shiga et al. first reported
silicone-based MR gel for solving the problem of particle settling in 1995 by dispersing the CIPs
into silicone polymer colloid uniformly and since then MR gel has been considered as a momentous
member of MR intelligent materials (Shiga et al., 1995). MR gels bring out larger MR effect than
MR elastomer while overcoming the sedimentation issue associated with MR fluids, which can be
regarded as an intermediate product between MR fluid and MR elastomer (Wilson et al., 2002; Wei
et al., 2010; Zhang et al., 2010; Xu et al., 2013; Miao et al., 2014). MR gel is normally composed
of micron or submicron soft magnetic particles (such as CIPs and pure iron powders), crosslink
polymer liquid (such silicone resin and polyurethane), and additives (Ju et al., 2013). Notably,
the MR gel shows a colloidal with a certain shear yield stress without magnetic field due to its
matrix. Once the magnetic field is applied, the MR gel will transform into a solid state in a
very short time (within milliseconds) and will exhibit a higher degree of shear yield stress. This
process has a continuous and reversible characteristic (Hu et al., 2010; An et al., 2012). The above
characteristics indicate that MR gel carries the basic rheological properties of the MR material and
has larger magnetorheological effect and better settlement resistance, which offers a reliable and
simple solution to design brakes (Wilson et al., 2002), dampers (Yang et al., 2015), and isolators
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developed PU-based and silicone-based MR gels, respectively.
It was found that rheological property can be qualitatively
controlled of as-developed MR products by adjusting the ratio
of reactants and diluents. The PU and silicone polymers have
three existing states, that is solid, gel, and liquid forms, according
to the crosslinking and dilution (Wilson et al., 2002). Xu et al.
developed a novel high-performance PU-based MR material.
The dynamic properties of the MR material were systematically
measured and the influences of the PU contents were analyzed. It
was found that the material with 20% PU matrix weight fraction
shows a high dynamic property (Xu et al., 2011). Fuchs et al.
developed polyurethane (PU)-based and silicone-based MR gels,
respectively. In this work, tunable rheological properties and
settling rate were investigated. The results show that PU-based
has the better particle settling resistance and has a high shear yield
stress (23 kPa at 350 mT). Both dynamic and static shear stress
values of the samples were found to be similar in magnitude:
the dynamic and static shear stress of both PU and siliconebased produces with 84.5% weight mass CIPs under 120 mT
range from 5 to 8 kPa (Fuchs et al., 2004). PU have attracted
the attention of researchers among the various polymer matrixes
due to better degradation stability than natural rubber and
superior mechanical properties compared with silicone rubber.
Interestingly, it is found that PU can be tuned from flow-able
liquid to semi solid (gel like) depending upon the degree of
crosslinking (Mordina et al., 2016). Accordingly, an appropriate
carrier should be selected to prepare stable MR gels for obtaining
a suitable modulus and wider magnetorheological effect. In
addition, MRG based on PU has better sedimentation resistance
and particle aggregation resistance (Wilson et al., 2002; Yang
et al., 2015). The above characteristics can greatly simplify the
sealing structure in the device structure design with MRG as the
medium, thus reducing the cost, and is of certain significance to
improve the stability of the device.
To this point, this research is to investigate the influence
of the CIP fractions on their rheological properties with
commercially available PU matrix. PU-based MR gels with CIP
mass fractions of 40, 60, and 80% are freshly developed and the
magnetic properties and microstructure were tested and analyzed
accordingly. Then the magneto-mechanical features of MR gel
under continuous shear with different CIP weight fractions are
measured and discussed. Finally, the viscoelastic properties of
MRGs were achieved by oscillatory shear measure. The effects
of magnetic flux density, shear rate, strain amplitude and driving
frequency on the dynamic properties of MR gel with different CIP
weight fractions were discussed comprehensively.

(Xu et al., 2013). However, the research on MR gel-like material
is still in its early stage and much work are to be conducted. The
researchers in the field were initially from chemistry with focus
on heat flow and conversion of the polymeric matrix, and it is
now gradually shifting to the stage with more engineers involved.
From an application point of view, the mechanical properties of
the material under influence of magnetic field, such as shear yield
stress, viscosity, storage modulus, loss factor and MR effect, are
of great interest and hence should be carefully investigated.
Owing to its great potentials, understanding its rheological
properties holds the key to unlock reliable and efficient usage
in engineering applications. Among the main composition, the
soft magnetic particles play the key role to activate the MR effect
and hence their impact should be carefully investigated. The
influences of CIP contents on magneto-mechanical performances
of MR materials have been tested by different researchers. Fuchs
et al. prepared two silicone-based MR gel samples with different
CIP contents. Variable magneto-induced features were examined
by rheometer sweeping of shear rate from 20 to 6,000 s−1 . It was
found that the silicone-based MR gel with 84.5 wt% CIPs has a
stable shear yield stress over a wide range of shear rate (Fuchs
et al., 2004). Xu et al. prepared several MR gels consisting plastic
polyurethane matrix swollen by non-volatile solvent in different
weight fractions of CIPs and their MR properties (both shear
yield stress and modulus) were tested and analyzed. It was shown
that the carrier has little effect on the linear viscoelastic (LVE)
region of MRGs, though the magnitude the storage modulus G’
can be greatly changed by the solvent content (Xu et al., 2013).
The dynamic magneto-induced properties of the shear-stiffening
gel under compression was measured by Wang et al. It was found
that CIP contents have great influences on dynamic properties
(Wang et al., 2016). Xu et al. developed MR gels with different
weight fractions and the stress evolution characteristics of MRGs
under stepwise shear loading are tested. It was found that the
mass fraction of CIPs has a significant effect on the rheological
properties of prepared materials. The dynamic modulus and the
plain modulus increase along with CIPs weight fraction (Xu
et al., 2017). These results indicate that the CIP weight fraction
has a significant impact on the magneto-mechanical features of
MR materials.
In addition, the basic carrier has a great impact on the
rheological properties of MR materials (Xu et al., 2011).
Mitsumata et al. firstly prepared carrageenan/iron oxide MR gels
and the reversible rheological properties were tested. It was found
that great variety of the storage modulus was almost not exhibited
when the carrageenan concentration was 2 wt%; however, the MR
effect appeared on reduced concentration. The limit variation
in the relative storage modulus was 24 when the carrageenan
concentration was 0.6 wt% (Mitsumata and Abe, 2011). Zhang
et al. developed silicone-based MR gels by with 30, 50, and
70 wt% CIPs and the rheological properties were systematically
tested, respectively. It was found that the content of silicone
has a great influence on the zero-field viscosity, shear stress and
response rate, and MR gel with 30 wt% silicone has the best MR
effect (Zhang et al., 2018). Wilson et al. self-developed series of
PUs and silicones matrix by controlling the weight of reactants
and the content of modifier (reacting or non-reacting) and then
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MR GELS PREPARATION
In this study, the synthesis of the MR gels was carried out
by mixing CIPs (type: JCF2-2, JiLin Jien Nickel Industry Co.,
Ltd, China, with an average particle size of about 5 µm) into
a commercial PU (Shanghai mile Chemical Technology Co.,
Ltd, China). The several important physical properties of PU
employed in the study are exhibited in Table 1. The CIPs mass
fraction of MR gels are selected as 40, 60, and 80%, respectively.
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TABLE 1 | Properties of the PU used in this paper.
Technical name

Technical property

State

Solution-colloid

Appearance

Transparent

Viscosity (room temperature: 25◦ C)

5000 ± 100 mpa.s

Solid content

100%

Particle size (µ m)

<0.001

There are three-prongs in the development of MR gels.
Firstly, weighing the exact quantity of the PU and CIPs. Placing
PU matrix into three 250 ml beakers. Secondly, the carrier
(PU) was mechanically stirred at 400 rpm for 30 min in the
environment of a constant temperature (65◦ C) in order to make
the CIPs dispersed more uniformly. Finally, the CIPs with 40, 60,
and 80% weight fractions were added into the accommodating
matrix and were stirred at 750 rmp until the PU matrix and
CIPs were fully and evenly mixed. In this paper, the three
MRG samples were named as MRG-40, MRG-60, and MRG80, respectively.

FIGURE 1 | Magnetization curve of MR gels and CIP at room temperature.

RESULTS AND DISCUSSION
PROPERTIES CHARACTERIZATION

Magnetic Properties
The magnetic hysteresis properties of pure CIP and MR gels
with different CIP content, i.e., 40, 60, and 80 wt%, were
investigated by VSM. Figure 1 display the magnetic properties
of as-developed MR gels with various weight fraction of
CIPs, which indicated that the samples exhibits obvious soft
magnetic property. The moment increases linearly with the
increase of magnetic field and then goes to saturation value.
For CIP, the yielding starts around 5,000 Oe and when the
external magnetic field strength increases to 8,000 Oe, CIP
reaches a magnetic saturation state with a saturation moment
of 206 emu/g. For MR gels, the CIPs weight fraction has
great influence on saturation moment. MR gel with higher
CIP weight fraction have higher saturated moment, i.e.,
about 54 emu/g for MRG-40, 91 emu/g for MRG-60, and
107 emu/g for MRG-80.

The magnetic hysteresis characteristic of CIP and MR gels
with CIPs weight fraction of 40, 60, and 80 % were measured
by using the vibrating sample magnetometer (VSM, Lake
Shore 7407, USA) at the temperature of 25◦ C. A commercial
rheometer (Physica MCR 302, Anton Paar Co., Austria) with
plate (the diameter is 20 mm) was employed to measure
the magnetic-induced mechanical properties of MR gels by
continuous shear and oscillatory shear tests. The magnetic
field generated by the coil can be controlled by regulating
the current through the coil. The gap between the plate
and the base was maintained at 1 mm so as to emerge
symmetrical magnetic flux density range from 0 to 1,200 mT
through the samples by adjusting the current in the coil
from 0 to 5 A.
Rotational and oscillatory shear test are the most frequently
used testing methods to investigate the rheological properties of
materials. Scanning test of magnetic flux density (changing from
0 to 1,200 mT) was carried out under a constant shear rate of 50
s−1 during shear rotation test. The shear stress and viscosity of
the products were tested under different magnetic flux densities
(0, 240, 480, 720, and 960 mT), with shear rate from 1 to 100 s−1 .
The dynamic properties of samples were captured by mean of
oscillation shear. The amplitude changes from 0.01 to 10% under
the strain amplitude sweeping at a constant frequency of 5 Hz.
The oscillation frequency changes from 5 to 100 Hz for scanning
of frequency measurements at a constant strain amplitude of
0.01%. Both the scanning measurements of strain amplitude
and frequency were carried out under the four magnetic flux
densities, which are 240, 480, 720, and 960 mT. In order to ensure
the comparability of the test data, the pre-shearing process with
a shear rate of 50 s−1 for 3 min was carried out before each step
was measured.

Frontiers in Materials | www.frontiersin.org

Magnetic Field Sweep
The magnetic flux density dependence of shear stress for
different samples in small strain (linear viscoelastic range)
was shown in Figure 2. The magnetic flux density has a
significant influence on the mechanical properties of samples.
Shear stress increases with the enhancement of the magnetic
flux density under the constant shear rate. When the magnetic
flux density is very small, i.e., B < 100 mT, the shear stress
of the samples changes slightly. With the increase of the
magnetic flux density, the shear stress of the materials changes
approximately linear at moderate magnetic field. When the
magnetic flux densities are 700 and 900 mT, the shear stresses
of MRG-40 and MRG-60 reach saturation value, 8 and 20
kPa, respectively; however, when the magnetic flux density
increases to 1,200 mT, the shear stress of MRG-80 does not reach
the saturation value, but its growth rate decreases obviously.
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FIGURE 2 | (A) Shear stress as a function of magnetic flux density at γ = 50 s−1 for samples; (B) microscopic chain structure (red solid line represents polyurethane
polymer, and solid small circle represents CIPs).

FIGURE 3 | Internal chain forming process (red solid line represents polyurethane polymer, and hollow small circle represents CIPs). (A) no magnetic field; (B) applying
a weak magnetic field; (C) magnetic field enhancement and (D) further strengthening of magnetic field.

Rheology Properties in Rotational Shear

Therefore, the change is roughly divided into three kinds
of growth: the initial growth (from Figures 3A,B), the linear
growth (from Figures 3B,C), and the saturate tendency (from
Figures 3C,D). The change of magnetic-induced micro-structure
of samples can be interpolated as the process that the CIPs inside
material attempt to overcome the internal friction resistance
(mainly the resistance of the polymer matrix). At the initial
stage, the intertwined polymer chains are flexible along the
moving direction under the drive of particles, and the damping
force to restrict particles motion weakens slightly. Therefore,
the chain forming process is also slow, and the change of
microstructure is as shown from Figures 3A,B. With the increase
of magnetic flux density, the particle chain presents a linear
growth process in the flexible polymer chain environment as
shown from Figures 3B,C. Further enhancing the magnetic
field, the free particles combine into chains and become scarce
as shown from Figures 3C,D, which leads to the saturated
shear stress with the increasing of magnetic flux density. This
phenomenon coincide with the hysteresis curve of samples
in Figure 1.

Frontiers in Materials | www.frontiersin.org

The shear stress and viscosity curves along shear rate of MR gels
with various CIP weight fractions under different magnetic flux
densities are exhibited in Figures 4, 5, respectively. As shown
in Figure 4A, in the absence of an external magnetic field,
the shear stress increases linearly along with shear rate, which
shows Newtonian fluid characteristics. With the influence of the
magnetic flux density, the MR gel behaves as non-Newtonian
fluid which needs to overcome a certain amount of the stress
(named as yield stress) to become fluidic state, i.e., Bingham
plastic behavior. It is shown that the yield stress increases with
weight fraction at a given magnetic flux density. The magnetic
flux density has a great impact on the yield stress of prepared
MR materials, which changes from 2 to 10 kPa for 40 wt% MR
gel and from 5.6 to 45 kPa for 80 wt% MR gel sample. This is
due to the stronger interaction in chain-like structure at higher
magnetic flux density level. After the yield stress, the shear stress
has a slight increase along shear rate for the magnetic flux density
below saturated magnetic flux density, which should be below 960
mT as under such conditions the MR gel has distinct saturation
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FIGURE 4 | Shear stress vs. shear rate under different magnetic flux densities (A: B = 0 mT; B: B = 240 mT; C: B = 480 mT; D: B = 720 mT; E: B = 960 mT).

960 mT, the MRG-80 has a viscosity of 503 Pa.s at the
shear rate of 100 s−1 ; with lower fraction of CIPs as 40
wt% the viscosity of the sample has significant reduction to
139 Pa.s.

yield stress. It implies that the better damping property at lower
magnetic flux density levels. Under the magnetic flux density of
960 mT, the MR gel presents a slight shear thinning behavior,
especially for 80 wt% sample, which has slight decreasing shear
stress against shear rate.
The viscosity of the MR gel decreases along shear rate at
low shear rate level, i.e., below 20 s−1 , shown in Figure 5.
Such behavior is more distinct under the influence of the
magnetic flux density. The CIP content has considerable impact
on the viscosity of the MR gel with and without magnetic
flux density. For example, at the magnetic flux density of

Frontiers in Materials | www.frontiersin.org

Rheological Properties Under Oscillatory
Shear
Storage modulus and loss modulus are the key mechanical
parameters used to reveal the dynamic properties of materials
(Xu et al., 2013). Among them, the storage modulus is an
important parameter to characterize the elastic properties of
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FIGURE 5 | Viscosity vs. shear rate under different magnetic flux densities (A: B = 0 mT; B: B = 240 mT; C: B = 480 mT; D: B = 720 mT; E: B = 960 mT).

can be seen in Figures 6B–E, MR gels exhibit obvious linear
viscoelastic region at the small strain range, which was the same
as the dynamic properties of MR grease (Wang et al., 2019).
It should be noted that the data is plotted with logarithmic
horizontal axis to clear present the linear region. The shear
strain amplitude has great impact on the storage modulus of
samples. Firstly, the storage modulus of the material does not
change with the increase of strain amplitude at small shear strain,
indicating the linear viscoelasticity (LVE). Further increasing
with the strain amplitude, the storage modulus decreases with
the strain amplitude, which is called Payne effect (Arief and
Mukhopadhyay, 2015), i.e., the impact of the applied strain
amplitude on the storage modulus. Above an approximately 0.1%
strain, the storage modulus decrease rapidly along with applied

materials, which can show the ability of materials to store energy
(have the feature that all the energy completely available after
the external load is removed) after shear deformation (Zhang
et al., 2011). The storage modulus of the samples was studied by
scanning shear strain amplitude change from 0.01 to 10% under
the condition of constant strain frequency of 5 Hz at different
constant magnetic flux density of 0, 240, 480, 720, and 960 mT,
respectively. The results are shown in Figure 6.
As shown in Figure 6A, in the absence of an external magnetic
flux density, storage modulus decreases rapidly along shear
strain amplitude and then tends to stabilize beyond certain
strain. It can be concluded that the ability of energy storage
for PU matrix decreases with the increase of shear strain
amplitude. With the influence of the magnetic flux density, as

Frontiers in Materials | www.frontiersin.org
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FIGURE 6 | Storage modulus of samples as a function of strain under different magnetic flux densities. (A: B = 0mT; B: B = 240mT; C: B = 480mT; E: B = 720mT; E:
B = 960mT).

and magneto-induced storage modulus at the same time. It
increases with the increase of magneto-induced storage modulus
and decreases with the increase of zero-field modulus. The
specific expressions are as follows (Xu et al. 2011):

strain amplitude. This threshold strain is called the critical strain
amplitude of the material and is dependent on the fillers of the
content in the matrix. The critical strain increases along with
magnetic flux density and mass fraction of the CIP content for
MRG and the critical strain values of samples under different
magnetic flux density is shown in Table 2.
The linear viscoelastic properties of the MR gels have special
physical meaning: in the linear viscoelastic region, the internal
structure of the material is elastic deformation under shear strain.
Once withdrawn, the structure is restored to its original shape,
and the change has a continuous and reversible property.
Another important measure of the MR material is the MR
effect. The MR effect is related to the zero field storage modulus

Frontiers in Materials | www.frontiersin.org

MR effect(%) =

G′ B − G′ B=0
× 100,
G′ B=0

where G′ B is storage modulus under magnetic field, G′ B=0 x is the
storage modulus without applied magnetic field, G′ B − G′ B=0 is
magneto-induced storage modulus.
The magnetic flux density dependence of storage modulus for
the materials is shown in Figure 7. It is found that the storage
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TABLE 2 | The critical strain amplitude of samples under different field.
Samples

240 mT (%)

480 mT (%)

720 mT (%)

960 mT (%)

MRG-40

0.0238

0.0422

0.0471

0.0564

MRG-60

0.0316

0.0512

0.0981

0.1127

MRG-80

0.1012

0.1102

0.1287

0.1341

moduli of materials increase with the increase of CIP content
under the same magnetic flux density. Interestingly, the MR
effect of the 60 wt% MR gel is higher than that of 80 wt% MR
gel (as shown in Figure 8). The MR effect of the samples with
different mass concentrations of CIPs under different magnetic
flux densities are shown in Figure 8. It should be noted that the
MR effect was calculated based on the storage moduli measured
at maximum strain value of linear viscoelastic range at saturated
magnetic field flux density 960 mT and zero magnetic field. As
indicated in Figure 6 and Table 2, the strain value used for MR
effect calculation is 0.02% below which is the strain to define
linear viscoelastic range of the MR gel for all magnetic field levels.
Each measurement was repeated five times to ensure accuracy of
data and then the average values and standard error were taken.
Among three samples, the 60 wt% MR gel has demonstrated the
highest MR effect. In addition, it was shown that the MR effect
does not increase along with the CIPs content. For instance, for
MRG-60 and MRG-80, the MR effect at the magnetic flux density
of 240, 480, 720, and 960 mT decreases as shown in Figure 8. Such
behavior attributes to the off-state modulus of the samples, with
MRG-80 has highest off-state modulus (Xu et al., 2011). The MR
effect is determined by two factors in the LVE region, which are
(i) the induced storage modulus of MR samples under magnetic
field due to inter-action between the CIP particles, and (ii) the offstate storage modulus of the samples. Higher CIP content may
increase the formation of the chain structure in the sample and
lead to higher storage modulus. However, the high off-state shear
modulus due to the high particle concentration compromises the
relative increase of the modulus.
The storage properties and loss behavior of the samples were
studied by scanning strain frequency from 5 to 100 Hz under
different magnetic field at shear strain amplitude of 0.01%, which
is within the linear viscoelastic range for all samples. The results
are shown in Figures 9, 10, respectively.
Figure 9 shows the characteristic curves of storage modulusfrequency of the samples under different magnetic flux densities.
At low frequency (<10 Hz), the shear frequency has a great
influence on the storage modulus and increases with the increase
of the storage modulus. However, the frequency dependence
of storage modulus disappears when the frequency is beyond
10 Hz. This interesting phenomenon may be caused by changes
in the internal microstructures of PU-based MR gels: PU-based
matrix polymers in MR gels intertwined with each other initially.
The orientation of these polymer chains distributes along the
shear direction under the action of shear oscillation (Zhang
et al., 2018). Therefore, the resistance of particles moving in
the matrix decreases under the application of magnetic flux
density, which makes the storage modulus of MR gels increase

Frontiers in Materials | www.frontiersin.org

FIGURE 7 | The magnetic flux density dependence of storage modulus for the
samples with different mass concentration of CIPs.

FIGURE 8 | The MR effect of the samples with different mass concentration of
CIPs under different magnetic flux density.

firstly. This phenomenon is more obvious at the higher magnetic
flux density. However, further increasing the shear frequency,
the storage modulus no long changes, which indicates that
the weakening of the storage modulus caused by molecular
chain winding is compensated under low shear frequency. From
Figure 9, in addition, it was shown that elastic performance
(storage modulus) is also strongly dependent on CIPs mass
fraction, which increases along CIPs mass fraction under the
magnetic field.
The loss factor is an important parameter that was determined
by both the storage and loss modulus of materials. The specific
influence mechanism is explained by the following definition:
the loss factor can be defined as the ratio of loss modulus
to storage modulus. Therefore, the loss factor characterizes
the damping performance of materials (Chandra et al., 1999).
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FIGURE 9 | Storage modulus as a function of angular frequency. (A: B = 240mT; B: B = 480mT; C: B = 720mT; D: B = 960mT).

FIGURE 10 | Loss factor as a function of angular frequency. (A: B = 240mT; B: B = 480mT; C: B = 720mT; D: B = 960mT).

Frontiers in Materials | www.frontiersin.org
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growth and the saturate tendency. In the absence of an external
magnetic flux density, the shear stress increases linearly with
the increase of the shear rate, which showing Newtonian fluid
characteristics. The shear stress of the samples increases with the
increment of the CIPs percentage. The shear strain amplitude
has different influence on the storage modulus of the materials
under different magnetic flux density, and the amplitude of
LVE critical strain increases with the increase of magnetic
flux density and CIPs mass fraction. It was found that the
relative MR effect does not increase with the increasing of
CIPs content. Storage modulus is also strongly dependent on
CIPs mass fraction, which increases along CIPs mass fraction
under the magnetic flux density while loss factor has the
opposite trend.

When the frequency is <20 Hz, loss factor of samples shows a
downward trend along with strain frequency. However, when the
frequency is higher than 20 Hz, the frequency dependence of loss
factor nearly disappears for both samples under the magnetic
flux density. As we all know, the loss factor has something
to do with the ability of energy dissipation for the material.
This is mainly due to the interaction of different structures
within the materials. That is to say the energy dissipation of
as-prepared MR gels primarily determined by the interaction
between CIPs and PU-based matrix. The position of CIPs
changes under low frequency shear. During this process, the
movement of CIPs are hindered by PU-based polymer chains
and energy dissipation occurs. However, when the frequency
increases to the threshold, the segment with strong partial
bound has not yet been cut off, so the loss factor decreases
along with applied shear frequency and finally tends to a
stable state.
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