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a b s t r a c t

The dynamic mechanical properties of magnetorheological plastomers (MRPs) were investigated by
using a Split Hopkinson Pressure Bar (SHPB) equipped with an electromagnetic accessory. Both the SHPB
and rheological test indicated the mechanical properties of MRPs increased with strain rate, which
demonstrated the typical rate dependent stiffening performance. With strain rate increased from 1580
s�1 to 7900 s�1, the maximum stress of MRPs increased from 31MPa to 66MPa. MRPs also exhibited a
magnetic strengthening behavior due to the MR effect. Keeping the strain rate at 6500 s�1, the maximum
stress increased 19.8MPa as the magnetic flux density increased from 0 to 480mT and the increase rate
of maximum stress reached to 34%. Moreover, a high-speed camera was also used to capture the
deformation of MRPs in both low and high strain rates. Based on the above results, a possible mechanism
was proposed to investigate the dynamic mechanical properties of the MRPs. The synergistic effect
between the magnetic field dependent particle structure evolution and polymer chain deformation were
responded for the MR behavior and strain rate stiffening characteristic, respectively.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetorheological (MR) materials are a class of intelligent
composite materials prepared by dispersing micron or nanoscale
magnetic particles within differentmatrixes. Because of the famous
MR effect, their mechanical properties can be significantly influ-
enced by external magnetic field. The MR materials have been
attracted increasing research interests due to their high control-
lable and sensitive mechanical properties. During the past decades,
many efforts have been conducted to apply them in the aspect of
vibration control. These active dampers and vibration absorbers
exhibited wide potential in vehicles [1,2], machineries [3,4], bridges
[5,6], buildings [7,8], and other fields.

Depending on the matrix, the MR materials can be classified as
magnetorheological fluids (MRFs), magnetorheological elastomers
(MREs), and magnetorheological gels (MRGs). Recently, novel
plastic MR materials named as magnetorheological plastomers
(MRPs) were developed by doping ferromagnetic particles in the
low cross-linking gel-like polyurethane (PU) [9]. Different from the
MREs, the ferromagnetic particles inside MRPs were movable and
they could change their position to form chains when an external
magnetic field was applied. Because of their good stability, rapid
response and high MR effect [10,11], the MRPs have received more
and more attention. Till now, the mechanical properties of the
MRPs under low strain rate, such as the compression performance
[12], shear performance [13], creep and recovery [14], and shear
dependent electrical performance have been intensively investi-
gated [15,16]. Recently, a MRP based energy absorber was also
developed and it was found that the MRP exhibited high perfor-
mance in shock absorbing [17]. As we know, the dynamic proper-
ties of MRPs under high strain rate were fundamental for its
application in shock absorbing. However, few work focused on the
magnetic field dependent dynamic property of the MRPs was
reported.

The split Hopkinson pressure bar (SHPB) played a key role in
testing the dynamic mechanical properties of materials [18e20]. It
can provide a dynamic load with a strain rate range of 102 s�1 to 104

s�1 [21,22]. The SHPB technology has been used to measure dy-
namic stress-strain curves in a variety of materials, such as metal
foam [23,24], fiber [25,26], polymer [27,28], and composite
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materials [29e31]. As a special particle strengthened composite,
the dynamic mechanical property of MR materials should be also
affected by the external magnetic field. Therefore, a modified SHPB
equipped with electromagnet was developed and the dynamic
compressive properties of both the MRF and MRE have been
investigated [17,32]. It was also reported that the yield behavior of
the magnetic shear thickening gel could be studied by the above
SHPB [33]. Here, to further understand the detail working mecha-
nism of MRPs based damper during the shock adsorbing, using
SHPB to investigate the dynamicmechanical properties of theMRPs
under high strain rate is necessary.

In this work, the dynamic mechanical properties of MRPs were
tested by using a modified SHPB equipped with an electromagnetic
accessory. The dynamic stress-strain curves of MRPs containing
various weight fraction iron powders particles were measured
under different strain rates. Moreover, the magnetic field response
of MRPs at high strain rate compression testing was also investi-
gated. The high-speed camera captured the deformation of MRPs in
the high-strain-rate impact. Additionally, the microscopic evolu-
tion mechanism of MRPs under different magnetic flux density at
various strain rates was also proposed.

2. Experiments

2.1. Materials and preparation

The raw materials of MRPs include polypropylene glycol (PPG-
1000, Sinopec Group Co. Ltd, China), toluene diisocyanate (TDI, 2,4-
TDI at B80%, 2,6-TDI at B20%, Tokyo Chemical Industry Co. Ltd,
Japan), Diethylene glycol (DEG, Sinopharm Chemical Reagent Co.
Ltd, Shanghai, China), carbonyl iron powders (CIPs, type CN, BASF
aktiengesellschaft, Germany).

Firstly, TDI and PPGwere added to the flask with a molar ratio of
3:1 at 80 �C for 2 h. Then, DEG was added into the reactor and the
temperature was reduced to 60 �C. After 30min, the homemade PU
matrix was synthesized. The whole reaction was carried out under
a continuous agitation. Before the matrix was cooled down,
different amounts of CIPs were added into the matrix by vigorously
stirring until they were mixed well. Then, the final MRPs with
different CIP contents were obtained. For simplicity, the samples
Fig. 1. Schematic of modified SHPB syst
contained 20wt%, 40wt%, 60wt%, 80wt% CIPs that were named
MRP-20, MRP-40, MRP-60, MRP-80 respectively.
2.2. Rheological tests of MRPs at different shear frequencies

The rheological tests of MRPs (F20� 1mm) at different shear
rates were performed by a commercial rheometer (Physica
MCR301, Anton Paar Co., Austria) equipped with a magneto-
controllable accessory MRD180. In this experiment, shear fre-
quency increased from 1Hz to 100 Hz and strain was kept at 0.1%.
The MRD180 provided a variable magnetic flux density from 0 to
480mT during test the magnetically responsive properties. The
measurements were carried out at 25 �C.
2.3. Dynamic compression tests of the MRPs

A modified SHPB used for dynamic compression tests is illus-
trated in Fig. 1. The device consists of two parts. One part is tradi-
tional SHPB setup whichmainly includes striker (F14.5� 200mm),
incident bar (F14.5� 1000mm), transmission bar
(F14.5� 800mm), absorption bar (F14.5� 600mm) and dashpot.
The striker and the bars are made of aluminum. To reduce the
dispersion of incident wave and modify the shape of the pulse, a
pulse shaper was placed in the interface of the incident bar and the
striker.

The other part is electromagnetic accessory which contains iron
cores and magnetic coils. As the current increased from 0 A to 2 A,
the magnetic flux density increased from 0 to 480mT corre-
spondingly. The sample was placed in the center of the magnetic
device where the magnetic flux density was almost uniform.

According to the 1-D elastic wave propagation theory, the dy-
namic stress, the dynamic strain, and the strain rate can be
expressed as:

ss ¼ EbAb

As
εt (1)
em for dynamic compression tests.
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εs ¼ 2Cb
ls

Zt

0

ðεi � εtÞdt (2)

_εs ¼ 2Cb
ls

ðεi � εtÞ (3)

where, ss, εs and _εs are the dynamic stress, the dynamic strain and
the strain rate respectively; εi and εt are the incident pulse and
transmitted pulse, respectively. Ab and As are the cross-sectional
areas of the samples and the bars respectively; Eb is the elastic
Fig. 2. The SEM images of MRPs (a), (c), (e), (g) without pre-
modulus of the bar material. Cb is the propagation velocity of the
elastic wave in the bar; ls is the length of the sample.
3. Results and discussion

As shown in Fig. 2a, c, e and g were MRP-20, MRP-40, MRP-60
and MRP-80, the CIPs (20wt%, 40wt%, 60wt% and 80wt%,
respectively) were uniformly dispersedwithin thematrix.When an
external magnetic field was applied, the CIPs were assembled to
form chain-like microstructures along the direction of themagnetic
field (the blue arrow). This formation process of the CIPs chain-like
structures in MRPs was named pre-configuration (Fig. 2b, d, f and
configuration and (b), (d), (f), (h) after pre-configuration.
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h). Clearly, the higher the weight fraction of the CIPs was, the
denser the particles and the chains.

The mechanical properties of MRP were tested by a rheometer.
Fig. 3 showed the storage modulus (G0) of the homemade PU with
the shear frequency sweeping from 1 to 100Hz. The G0 significantly
increased from 9� 102 Pa to 7� 105 Pa, which improved three
orders of magnitude. When frequencies were set at 1 Hz, 10 Hz,
100 Hz, G0 were maintained at 9� 102 Pa, 5� 104 Pa, 7� 105 Pa,
respectively. With increasing of the shear frequency, the storage
modulus of the PUmatrix increased, demonstrating a typical shear-
stiffening performance. Here, the shear stiffening effect must be
responded for the more tightly PU molecular chains wound with
higher shear frequency.

The storage modulus of MRPs with different contents of CIPs
under shear oscillation mode was measured. As shown in Fig. 4,
similar to the PUmatrix, with increasing of the frequency, the G0 of
all MRPs increased, which exhibited the shear-stiffening perfor-
mance. Here, the initial storage modulus of the MRPs increased
with the CIP content, which must be originated from the particle
strengthening effect. Although the final storage modulus also
increased, their shear thickening effect decreased due to the higher
increase of the initial storage modulus. For example, the G0 of MRP-
20 increased from 2 kPa to 630 kPa with shear frequency rising
from 1Hz to 100 Hz, which increased about 30000%, but the G0 of
Fig. 3. The storage modulus of the matrix (PU) with the shear frequency sweeping.

Fig. 4. The shear frequency sweeping tests of MRPs with different content
MRP-80 increased from 0.3MPa to 2.9MPa, which increased only
about 900% (Fig. 4a). As shown in Fig. 4b, the external magnetic
field highly influenced the shear thickening behavior. Under
applying the magnetic field, the particles in the MRPs assembled to
form chain-like microstructure, which exhibited a higher
strengthening effect than the uniformly dispersed CIPs. Therefore,
the initial storage modulus of the MRPs was increased much faster
than the final storage modulus. In this case, G0 of MRP-80 increased
from 3.1MPa to 3.2MPa (increased about 3%) when the shear fre-
quency was raised from 1Hz to 100 Hz. Moreover, the low shear-
stiffening property of the MRPs with high CIPs content under the
magnetic field was because that the dense CIPs chains blocked the
PU chains movement during the shear deformation.

To further investigate the MR property of the MRPs, the storage
modulus of MRPs with different CIP contents under the different
magnetic flux density wasmeasured. As shown in Fig. 5, the storage
modulus of MRPs increased with the magnetic flux density. For the
low shear frequency (1 Hz), the G0 of MRP-60 increased from
0.05MPa to 1.9MPa with the magnetic flux density increased from
0 to 480mT (Fig. 5a). The relative MR effects reached as high as
3800%. Besides the magnetic flux density, the storage modulus was
also highly dependent on the content of CIPs. When the content of
CIPs increased from 20wt% to 80wt%, the G0 of MRPs increased
from 0.004MPa to 0.29MPa without magnetic field and
0.04MPae3.02MPa with a 480mT magnetic field. Fig. 5b showed
the magnetic field dependent rheological property of the MRPs
under high shear frequency (100Hz). Clearly, the storage modulus
of MRPs with different CIP contents were higher than the ones
under low shear frequency. Nevertheless, the relative MR effects
decreased due to the increase of initial storage modulus.

The dynamic compression properties of the MRPs under the
different strain rates weremeasured using amodified SHPB system.
Fig. 6a showed the stress-strain curves of MRP-60 at various strain
rates. The compressive stress-strain curve was roughly divided into
four parts: the elastic deformation region, the plastic beginning
deformation region, the plastic instability deformation region, the
unloading region. In elastic deformation region, the stress almost
linearly increased with the strain. Secondly, the stress grew non-
linearly with the strain and the slope suddenly decreased, and it
was named as the plastic beginning deformation region. When the
increase trend of the stress slowed down, the sample reached the
plastic instability deformation region and then the sample was
unloaded. In the interior of the sample, the CIPs introduced the
local stress concentration, so the sample exhibited plastic insta-
bility in the plastic deformation region [34]. It was also found that
the compressive stress of the MRPs was highly dependent on the
s of CIPs: (a) without magnetic field; (b) with 240mT magnetic field.



Fig. 6. (a) Dynamic compressive stress-strain curves of MRP-60 at different strain rates; (b) stress equalization analysis; (c) the typical pulse-shaped and (d) the stress-strain curves
of primary sample and reshaped sample.

Fig. 5. The storage modulus of MRPs under the different magnetic flux density. The shear frequency was (a) 1 Hz and (b) 100Hz, respectively.
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strain rate. As shown in Fig. 6a, the stress increased from about
31MPa to 66MPa with the strain rate increased from 1580 s�1 to
7900 s�1, which clearly represented the rate sensitivity and the
stiffening property.

Stress equalization was important for polymer materials in dy-
namic compression test [27]. According to the wave propagation
theory, the incident pulse εi, reflected pulse εr and transmitted
pulse εt followed a relationship as shown: εi þ εr ¼ εt . As Fig. 6b
shown, the theoretical εr was consistent with the reflected wave
signal collected by the strain gauge. The sample reached the stress
equalization in dynamic compression tests with SHPB system. The
repeatability of MRPs under high strain rate test were also studied.
After the first test, the sample was removed and kneaded back into
the test area for the second test with the strain rate of about 5800
s�1. Fig. 6c and d respectively showed the pulse-shape and the
corresponding stress-strain curves. The waveforms and stress-
strain curves obtained by repeated experiments were very similar.

In order to further analyze the deformation of MRPs under dy-
namic compression, a high-speed camera was used to capture the
deformation of MRPs. MRP-60 with a thickness of 2mmwas placed
between the incident bar and the transmission bar (Fig. S1). As
shown in Fig. 7, the sample underwent a slight deformation at a
lower strain rate. When the strain rate reached 7900 s�1, a large
radial deformation was observed in the test sample. No obvious



Fig. 7. The dynamic compression process of MRP-60 recorded by high-speed camera.
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cracks were observed in high-speed photography due to the high
viscosity of the matrix and good interfacial properties [35]. How-
ever, there may also be many minor crazings in the interior of the
matrix that have not developed into cracks [36]. These minor
crazings formed a plastic zone which contributed to the impact
toughness [27].

Fig. 8a showed the effect of strain rate on the dynamic
compression stress-strain curves of MRPs with different CIP con-
tents. Here, the CIP contents were varied from 20wt% to 40wt%,
Fig. 8. (a) The stress-strain curves of MRPs at the different strain rates; (b) the stress of MRP
and strain rates.
60wt%, and 80wt%, and the strain rates were set at about 1500 s�1,
3500 s�1, and 6500 s�1. With increasing of the CIP contents and
strain rates, the stress increased. As shown in Fig. 8b, when the
content of the CIP increased from 20wt% to 80wt%, the stress of
MRPs with a 10% strain rose from 13MPa to 56MPa at the strain
rate of about 1500 s�1, from 23MPa to 69MPa at the strain rate of
about 3500 s�1, and from 26MPa to 75MPa at the strain rate of
about 6500 s�1. The particle enhancement effect was higher under
a larger CIP content, which further strengthened the MRPs.
Otherwise, at higher strain rate, the PU molecular chains were
tightly wound together with the CIPs, which produced a synergistic
effect on the enhancement of the stress. Fig. 8c and d showed the
evolution of the strain rate over the time. The strain rates rose
rapidly at about 30 mm due to the impact of the bullet. Then the
strain rates were almost stable until the sample was unloaded. The
deformation of samples was uniform at low and medium strain
rates, whereas accelerated at high strain rates.

The dynamic compression tests of MRPs with different CIP
contents under a 240mT magnetic field were measured. The strain
rates were about 2200 s�1 and 5500 s�1. Fig. 9a clearly showed that
the stress increased with the CIP content. Under the strain rate of
about 2200 s�1, the stress increased from 13MPa to 68MPa at the
one strain (10%) with the CIP content increased from 20wt% to
80wt%. When the strain rate reached about 5500 s�1, the stress
increased from 20MPa to 73MPa (Fig. 9b). Under applying an
external magnetic field, more CIPs were assembled to form denser
chain-like structures, which further enhanced the mechanical
properties.

The influence of magnetic field on dynamic compression stress
was carried out. Fig. 10a and b showed the stress-strain curves of
MRP-60 at the strain rate of about 2200 s�1 and 6500 s�1. The
s at 10% strain; (c) and (d) the strain rate vs times of MRPs with different CIP contents



Fig. 10. The dynamic compression stress-strain curves of MRP-60 with different magnetic field at the strain rate of about (a) 2200 s�1 and (b) 6500 s�1. (c) The maximum stress and
the increase rate of maximum stress of MRP-60 (d) The plastic instability deformation region of dynamic compression stress-strain curves of MRP-60.

Fig. 9. (a) The dynamic compression stress-strain curves of MRPs under the magnetic field; (b) the stress of MRPs at 10% strain.
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dynamic compression stress increased with strain rate and mag-
netic flux density. Fig. 10c showed the maximum stress and the
increase rate of maximum stress of MRP-60. Due to the limited
length of the bullet in the SHPB device, the duration of the loading
pulse was fixed and limited, which resulted in the sample being
unable to load into the fracture at the current loading rate [27].

By increasing the magnetic flux density from 0 to 480mT, the
maximum stress increased 4.3MPa and 19.8MPa at the strain rate
of about 2200 s�1 and 6500 s�1. The increase rate of maximum
stress under a lowermagnetic field (120mT)was 5% at 2140 s�1 and
4% at 6560 s�1, indicated a decreasing nature. Inversely, under a
higher magnetic field, the increase rate of maximum stress at about
6500 s�1 was larger than the one at about 2200 s�1. As soon as the
magnetic flux density reached 480mT, the increase rate of
maximum stress was 34% at the strain rate of 6610 s�1, and only 13%
at the strain rate of 2310 s�1. With themagnetic field increasing, the
chain-like structures were stronger, which strengthened MRPs.
Moreover, the matrix was also stiffened due to the entanglement of
the polymer molecular chains at the high strain rate, which also
contributed to the increase of stress (Fig. 3). In case of lower strain
rate, the polymer molecular chains were stretched and the matrix
was soft so that the CIPs could move freely. Conversely, at high
strain rates, the molecular chains of the matrix were tightly
entangled with the CIPs thus the particles were subjected to great
resistance to the movement. Given that, CIPs were easy to form
chain-like structures at a lower strain rate, and macroscopically the



Fig. 11. The microstructure evolution of MRPs in dynamic compression process.
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greater the increase rate of stress was. As for a higher strain rate, the
increase rate of stress was greater only if the magnetic field force
was larger enough to make the CIPs overcome the entanglement of
the matrix molecular chain.

Fig. 10d showed the plastic instability deformation region of
dynamic compression stress-strain curve of the MRP-60 with a
480mT magnetic field at the strain rate of 6610 s�1. The stress
increased from 73MPa to 78MPa firstly, and then decreased to
71MPa. In plastic instability deformation region, the stress
decreased 2MPa. It was found that only when the MRPs were
stayed in higher magnetic field and higher strain rate, the stress
could decrease in the plastic instability deformation region
(Fig. S3).

Fig. 11 proposed a possible microstructure evolution of MRPs in
dynamic compression test. The orange balls represented the CIPs.
The blue lines represented the PUmolecular chains [9,37]. At lower
strain rate, the stiffening performance of matrix was not significant
(Fig. 3), and the CIPs were easily assembled to form chains in a
magnetic field (Fig. 11a). With increasing of magnetic flux density,
the spacing between CIPs reduced and the chain-like microstruc-
tures became more obvious (Fig. 11b) [37]. In other words, the
magnetic field can improve the mechanical properties of MRPs
(Fig. 10a).

At a higher strain rate, the CIPs were tightly entangled by the PU
molecular chains (Fig. 3) [38], and they were difficult to aggregate
to chain-like microstructures under the low magnetic flux density
(Fig. 11c). Therefore, the increase rate of maximum stress with
higher strain rate was smaller than the one with lower strain rate
under a low magnetic field (such as 120mT, Fig. 10c). When mag-
netic flux density increased, the CIPs overcame the matrix con-
straints and then aggregated to form chains along the direction of
magnetic field (Fig. 11d). That was why the increase rate of
maximum stress was improved under the higher magnetic flux
density (such as 240mTe480mT, Fig. 10c).

Otherwise, the sample underwent a minor strain at a lower
strain rate. The slight compression deformation promoted the CIPs
more closely (Fig. 11a). However, at higher strain rates, the defor-
mation ofMRPswas serious. The chain-likemicrostructures formed
under high magnetic flux density were damaged due to the large
strain (Fig. 11d). It exhibited a negative effect on mechanical
properties, so the stress of MRPs decreased in plastic instability
deformation region at large magnetic field and high strain rate
(Fig. 10d).
4. Conclusions

In this study, the dynamic compression properties of MRPs were
studied by a modified SHPB. The stress of MRPs increased 35MPa
with the strain rate increases from 1580 s�1 to 7900 s�1, which
indicated that MRPs had a stiffening property on the impact. When
an external magnetic field was applied, the stress of MRPs
increased with the magnetic flux density. The increase rate of
maximum stress reached to 34%, demonstrated an excellent MR
effect. The possible microstructure evolution of MRPs under
different strain rates and magnetic flux density was discussed.
Under a high magnetic flux density, the CIPs within MRPs were
easily to overcome the constraints of polymer molecular chain and
form tight chains, which enhanced mechanical property. However,
the particle chains could be broken under a big deformation.
Therefore, the storagemodulus of MRPs slightly decreased with the
high strain rate and high magnetic flux density.
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