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ABSTRACT: The highly filled isotropic polyurethane
(PU) elastomer with a magnetorheological (MR) effect was
prepared through an in situ polycondensation method. The
carbonyl iron particles were treated by coupling agents and
then the dispersions of polyol/carbonyl iron particles was
prepared by a ball milling process. The dispersion problem
of magnetizable particles at a high content in PU matrix
was tried to overcome by the combination of surface modi-
fication, ball milling, and in situ polymerization. The micro-
structure and properties of the composite were examined in
detail. With increasing the content of carbonyl iron par-
ticles, the degree of phase separation of PU increased and
the glass transition temperature (Tg) of PU soft segment
decreased. Highly filled carbonyl iron particles led to the
decrease in the thermal stability of PU matrix, especially in
the heating air atmosphere. The MR effect appeared when

the content of carbonyl iron particles was higher than 50 wt
%, and became relatively pronounced at a 70 wt % of car-
bonyl iron content. The mechanical properties of PU MR
elastomers were deteriorated significantly at a high content
of carbonyl iron. Surface modification of carbonyl iron par-
ticles can improve the mechanical properties to some
extent; however, it was also found that surface modification
led to a decrease in the MR effect because of the improved
interfacial adhesion. The MR test showed that the maxi-
mum absolute MR effect and relative MR effect of PU com-
posite were � 0.31 MPa and � 8.1% at 1 Hz and 400 mT
with 70 wt % of carbonyl iron, respectively. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 114: 901–910, 2009
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INTRODUCTION

Magnetorheological (MR) materials belong to a
family of so-called smart material whose rheological
properties can be controlled rapidly and reversibly
by the application of external magnetic field. MR flu-
ids are the most famous MR material whose research
history could be traced back to as early as 1948.1

The MR fluid comprised magnetizable particles and
a nonmagnetic carrier medium. The rheological
properties of MR fluid can be controlled continu-
ously, rapidly, and reversibly by external magnetic
field, which makes MR fluid commercially available
for a variety of applications, such as vehicle seat

vibration control2 and primary automotive suspen-
sions.3 However, the MR fluid has some shortcom-
ings: (i) the particles tend to settle out in the
suspension over a period because of the density mis-
match between the particles and the carrier medium
and (ii) the appropriate seals are needed to prevent
any leakage of the MR fluid during the service.4

To solve those problems, the MR elastomers in a
solid state were developed firstly by Shiga et al.5

Since then, it has attracted the scientific and practical
interests.6–18 MR elastomers are similar to MR fluids
in structure except that an elastic matrix replaced
the fluid carrier. The obvious advantage of using
elastomers is that the particles are not able to settle
with time and that there is no need to use containers
to keep the MR material in its place. According to
the orientation of the magnetizable particles, MR
elastomers can be divided into isotropic and aniso-
tropic MR elastomers. The matrix for MR includes
soft silicon rubber,5–9 natural rubber,10,11 nitrile
rubber,12,13 isobutylene and isoprene rubber,14 and
polyurethane.15–18 The conventional procedure to
prepare MR elastomers was directly mixing the
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rubber with the magnetizable particles and then con-
ducting the vulcanization the same as the manufac-
turing process of carbon black-filled rubber. One
problem is the dispersion of magnetizable particles
at a high content up to 70% in the rubber matrix,
and another problem is the aging of rubber under
the influence of carbonyl iron.

Recently, polyurethane-based MR elastomers have
attracted much attention.15–18 Typical PU elastomers
are (AB)n-type multiblock copolymers comprised
alternating soft polyether or polyester segments and
hard segments based on isocyanate and chain
extender. The properties of PU elastomers such as
tensile strength, stiffness, friction coefficient, and
chemical resistance can be easily adjusted by chang-
ing polyol type, hard segments content, etc.19 PU
elastomers have the potential for MR application in
practice because of its versatility.

In this article, we prepared highly filled isotropic
polyurethane elastomers with magnetorheological
effect through in situ polymerization method. The
dispersion problem of magnetizable particles at a
high content in PU matrix was tried to overcome by
our procedure. PU elastomer, with a hard segment
content of 26% using the flexible polytetramethylene
ether glycol (PTMEG) as the soft segments, was
used as the matrix for MR elastomer. The interaction
between the carbonyl iron and PU matrix were
investigated. The effect of carbonyl iron on the
microstructure, thermal, mechanical, and MR prop-
erties were studied in detail.

EXPERIMENTAL

Materials

4, 40-methylene-di (phenylene isocyanate) (MDI),
supplied by Yantai Wanhua Polyurethanes Co., Ltd.,
China, was used as received without further purifi-
cation. Polytetramethylene ether glycol (PTMEG, Mn

¼ 1000, provided by Mitsubishi Chemical Holdings
Corporation) was dehydrated in a vacuum oven at
120�C for 1 h before use. 1, 4-butanediol (BDO), pro-
vided by Chengdu Kelong Chemical Factory, China,
was redistilled to remove water before use. Polyoxy-
propylene glycol (PPG, Mn ¼ 3000) was obtained
from the Third Petrochemical Factory, Tianjin Petro-
chemical Inc., China. The spherical carbonyl iron
particles (FTF-1), with a size range of 3–5 lm, was
purchased from Hebao Nanomaterial Co., Ltd,
China. The catalyst Dabco-33LV was obtained from
Air Products and Chemicals. The antifoam agent
BYK-535 was provided by Sino Composite Co., Ltd.,
China. 3-aminopropyltriethoxysilane (KH-550) and
3-glycidoxypropyltrimethoxysilane (KH-560) were
purchased from Chenguang Chemical Co., Ltd.,
China. Aminoethylamino-propyltrimethoxysilane (Z-

6020) was kindly provided by Dow Corning. The
chemical structure of KH-550, KH-560, and Z-6020
were shown in Figure 1.

Surface treatment of carbonyl iron

Silane coupling agent (2.5 g), 22.5 g of distilled
water, and 225 g of ethanol were added into a three-
necked flask equipped with a condenser and a me-
chanical stirrer, the pH value of the mixed solution
was adjusted with acetic acid to � 4.0. The mixed
solution was stirred for 5 min to assure the hydroli-
zation of the silane coupling agent. Then 250 g of
carbonyl iron particles was added. The mixture was
stirred for 4 h at 80�C, and filtered and washed with
ethanol. Finally, the surface-treated carbonyl iron
was dried in vacuum for 4 h at 110�C.

Preparation of PU-carbonyl iron
(PU-Fe) composites

1. Preparation of the polyol-carbonyl iron disper-
sion: Typically, 70.00 g of melted PTMEG and
141.89 g of carbonyl iron were added to the jar,
and mixed by ball milling for 1 h to obtain pol-
yol-carbonyl iron dispersion.

2. Preparation of PU-Fe composites: The PU-Fe com-
posites were prepared by a one-step in situ poly-
condensation method in which diisocyanate,
polyol, and chain extender were reacted together.
The hard segment content of PU matrix was 26%.
The ANCO/OH ratio was kept at 1.1 : 1 for each
sample. Typically, 181.62 g of polyol-carbonyl iron
dispersion was blended with 19.96 g of MDI, 1.12
g of BDO, 0.03 g of Dabco-33LV, and 0.05 g of
BYK-535 at room temperature for � 2 min, and
then the mixture was vacuum degassed for 3–5
min to remove the bubbles. At last, the viscous
prepolymer was poured into an O-ring metal
mold and cured at 120�C for 24 h, then was cooled
to room temperature and kept for two weeks to
obtain the PU-Fe composite elastomer at a 60 wt %
of carbonyl iron content. As a contrast, PU-Fe
composite with different content of carbonyl iron
were prepared with the same procedure.

Figure 1 The chemical structure of silane coupling
agents: (a) KH-550, (b) KH-560, and (c) Z-6020.
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Characterization

Tensile test

The tensile test was performed on the dumbbell-
shaped specimens with an Instron 5567 universal
testing instrument at room temperature. The speci-
mens were stretched until break at a crosshead rate
of 500 mm/min. The stress–strain curves were
recorded. The tensile strength, elongation, and stress
at 100, 200, and 300% strain were the average values
of five specimens.

Fourier transform infrared spectra

Fourier transform infrared spectra (FT-IR) spectra
measurements were performed on a Nicolet 560 FT-
IR spectrometer by a ATR mode, the spectra were
collected from 4000 to 400 cm�1, with a 4 cm�1 reso-
lution over 32 scans.

Scanning electron microscope

A JEOL JSM-5900LV scanning electron microscope
(SEM) instrument was used to observe the morphol-
ogy of the fractured surfaces and the dispersion of
carbonyl iron particles in the matrix using an accel-
eration voltage of 20 kV. The samples were cryogeni-
cally fractured in liquid nitrogen. The fractured
surfaces of the specimens were sputter coated with a
thin gold layer before SEM observation.

Thermal conductivity

The thermal conductivity of PU and PU-Fe compos-
ite were measured on a Hot Disk 2500 thermal con-
stant analyzer, which was based on a transient
technique. The measurements were performed with
specimens (50 mm � 50 mm � 3 mm) by putting
the sensor (3 mm in diameter) between two similar
slabs of material. The sensor supplied a heat pulse
of 0.03 W for 20 s to the sample at room tempera-
ture, and the associated change in temperature was
recorded. The thermal conductivity of the samples
were obtained.

Differential scanning calorimeter (DSC)

DSC was used to investigate the thermal properties
of PU-Fe composite on a NETZSH 204 DSC instru-
ment in nitrogen atmosphere. About 5–10 mg sam-
ples were first cooled to �100�C with liquid
nitrogen, and then heated to 150�C at a heating rate
of 10�C min�1.

Thermogravimetric analysis (TGA)

TGA was performed on a TGA Q600 equipment (TA
Instrument) in the nitrogen and air atmosphere,

respectively, to characterize the thermal stability of
samples at different carbonyl iron contents. The sam-
ples were heated from 30�C to 700�C at a heating
rate of 10�C min�1.

The magnetorheological effect analysis

Test of MR effect were conducted on a modified
dynamic mechanical analyzer (DMA) (Triton Tech-
nology Ltd., UK, model Tritec 2000B) at room tem-
perature.20 A shaft connects the sample and the
motor in DMA. The motor drive the shaft and the
sample moves at given amplitude and frequency.
The stress in the sample is measured with the sen-
sor, and the strain is taken as the displacement am-
plitude. The shear modulus is computed from the
data of strain and stress. During the test, a testing
magnetic field, which can vary from 0 to 400 mT
was applied to the sample. The MR effect test sam-
ples have dimensions of 10 mm � 10 mm � 3 mm.
The dynamic strain amplitude was set as 0.3%. The
MR effect was test at three different frequencies, i.e.,
1, 5, and 10. Hz.

RESULTS AND DISCUSSION

The stability of polyol-Fe dispersion

As the curing of the prepolymer is a slow process,
the stability of the polyol-carbonyl iron dispersion
has a direct influence on the dispersion of carbonyl
iron in polyurethane matrix. Because of the incom-
patibility and big difference in density between car-
bonyl iron and polyol, it is difficult to attain the
good dispersion of carbonyl iron in polyol by direct
mixing. In this article, we tried to combine the ball
milling method and the surface modification to
improve the dispersion stability of polyol-carbonyl
iron dispersion. As the PTMEG is a waxy solid at
room temperature, we choose the polyoxypropylene
glycol (PPG) as dispersion medium to observe the
stability of polyol-Fe dispersion for that PPG is a
low-viscous liquid at room temperature and has
similar structure to PTMEG. Figure 2(a,b) shows the
dispersion stability of polyol-carbonyl iron disper-
sion with 25 wt % of iron mixed by conventional
stirring (a) and ball milling (b), respectively. For
untreated raw iron particles, it is clear that even af-
ter ball milling the dispersion stability of iron par-
ticles in polyol is nearly as poor as that after
conventional stirring. This should be attributed to
the big difference in density of carbonyl iron (� 7.8
g/cm3) and polyol (� 1 g/cm3). Hence, it is neces-
sary to modify the carbonyl iron to enhance the
interaction between carbonyl iron and polyol. Three
kinds of silane coupling agents, i.e., KH-550, KH-
560, and Z-6020, were selected to modify the
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carbonyl iron. The dispersion effects were shown in
Figure 2(c–e). It is clear that the effect of silane cou-
pling agent KH-560 on the stability of carbonyl iron
in polyol was better than others. Even after � 70 h
deposition, the color of the carbonyl iron-polyol dis-
persion was only slightly changed, and the amount
of the settled carbonyl iron was little. This can be
attributed to the strong interaction between modified
carbonyl iron and polyol. After surface modification,
silane coupling agent can be bonded to the surface
of carbonyl iron through the condensation reaction
of silanol groups and hydroxyl groups on carbonyl
iron.21,22 From the molecule structure of the three sil-
ane coupling agents (Fig. 1), we can know that KH-
550 and Z-6020 have amino end group, whereas
KH-560 have epoxy group and more ether bondings
compared with KH-550 and Z-6020. It is the struc-

ture similarity of KH-560-treated carbonyl iron and
polyol that improved the stability of polyol-Fe dis-
persion. Consequently, relatively stable carbonyl
iron-polyol dispersion can be obtained by the combi-
nation of the surface modification with KH-560 and
the dispersion effect of ball milling.

The dispersion of carbonyl iron in PU matrix

A good dispersion of carbonyl iron particles in pol-
yol is the prerequisite for the preparation of well-
dispersed PU-Fe composite elastomer. The disper-
sion of carbonyl iron particles in PU matrix was
characterized. SEM photos of the cryogenically frac-
tured surface of PU-Fe composites at 5 wt % of
unmodified and modified carbonyl iron particles are
shown in Figure 3, respectively. The raw carbonyl
iron agglomerated seriously in the matrix [Fig.
3(a,b)]. The dispersion of modified carbonyl iron
particles [Fig. 3(c–h)] is greatly improved compared
with the unmodified one. The improved dispersion
of modified carbonyl iron in PU matrix should be
attributed to two points: (i) the relatively stable pol-
yol-carbonyl iron dispersion can reduce the settle-
ment and agglomeration of carbonyl iron in the
process of curing and (ii) the amino groups of KH-
550 or Z-6020-treated carbonyl iron can react with
isocyanate groups of MDI, the epoxy groups of KH-
560-treated carbonyl iron can react with isocyanate
groups of MDI in the presence of tertiary amine (cat-
alyst Dabco-33LV),23 this further enhance the interac-
tion between the carbonyl iron and PU molecules.
The carbonyl iron particles modified with KH-560
[Fig. 3(g,h)] has the best dispersion effect for the
best stability of KH-560 on polyol-Fe dispersion. Fig-
ure 4 shows the dispersion of carbonyl iron in PU-
Fe composite with a higher content of carbonyl iron.

Figure 3 SEM of cryogenically fractured surface for PU-Fe composite, the carbonyl iron content was 5 wt %. (a) Raw car-
bonyl iron, (c) carbonyl iron treated with Z-6020, (e) carbonyl iron treated with KH-550, (g) carbonyl iron treated with
KH-560. (b,d,f,h) were the corresponding photos of (a,c,e,g) with higher magnifications.

Figure 2 The dispersion of carbonyl iron particles in pol-
yol obtained by conventional stirring for 3 h (a), and ball
milling for 3 h (b–e). (a) and (b) raw carbonyl iron; (c) car-
bonyl iron treated with KH-550; (d) carbonyl iron treated
with KH-560; and (e) carbonyl iron treated with Z-6020.
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Figure 4(a–d) are PU-Fe composite at the 20 wt % of
untreated and KH-560 treated carbonyl iron par-
ticles, respectively. It can be seen that the dispersion
of carbonyl iron in PU matrix improved greatly after
the surface modification. Figure 4(e–h) are PU-Fe
composite at the 60 wt % of raw carbonyl iron and
KH-560 treated carbonyl iron, respectively. A good
dispersion at higher content of carbonyl iron in PU
matrix was observed as shown in Figure 4 (e,f), even
though the carbonyl iron was not modified. The rea-
son maybe is that the higher viscosity for PU-Fe pre-
polymer at a higher carbonyl iron content prevented
the settlement of carbonyl iron during the polycon-
densation. The interface between the untreated car-
bonyl iron and PU in the fractured surface is very
clear, which indicates that the interaction between
the carbonyl iron and PU matrix is weak. After the

modification, the interface between the treated car-
bonyl iron particles and PU matrix in the fractured
surface became more blurry (Fig. 4h), which pro-
vided an indirect proof that the compatibility was
improved and the interface interaction was stronger.

FT-IR

FT-IR spectra of the PU and PU-Fe composite are
shown in Figure 5(a), and the attributions of main
peaks are shown in Table I. It was found that the
positions for the characteristic peaks were identical
in both pure PU and PU-Fe composite, which means
that the segmented structure of PU was not affected
by the presence of carbonyl iron. The characteristic
peak of ANCO group at � 2270 cm�1 in IR spectra
was not observed, indicating that the reaction of

Figure 5 FT-IR spectra of PU and PU-Fe composites (a) wavenumbers range: 500–3500 cm�1 and (b) wavenumbers
range: 1660–1800 cm�1.

Figure 4 SEM of cryogenically fractured surface for PU-Fe composite, the carbonyl iron content was 20% in (a–d), and
60% in (e–h). Here, (a,b,e,f) with raw carbonyl iron, (c,d,g,h) with carbonyl iron treated by KH-560. And (b,d,f,h) were the
corresponding photographs of (a,c,e,g) with higher magnifications.
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ANCO group was complete. Hydrogen bonding in
polyurethane resulted in the phase separation of
hard and soft segments. Hydrogen bonding in poly-
urethanes has been extensively studied using infra-
red spectroscopy.24–27 The formation of hydrogen
bonding (NH- - -O¼¼C) by AC¼¼O group can be
determined by examining the peak position at
� 1707 cm�1 for hydrogen bonded AC¼¼O and at
� 1731 cm�1 for free AC¼¼O [Fig. 5(b)]. By meas-
uring the peak intensity ratio of these two carbonyl
groups, it is possible to give an estimate of the
degree of hydrogen bonding. The hydrogen bonding
index, R, can be defined as the ratio of absorption
peak A1707/A1731. The peak was fitted by Origin soft-
ware, and the area of peak at 1731 cm�1 and 1707
cm�1 was given, and thus, the hydrogen bonding
index R, the degree of phase separation DPS (DPS ¼
R/(R þ 1)), and the degree of phase mixing DPM
(DPM ¼ 1 – DPS) were calculated.27 The results are
shown in Table II. It is evident that with increasing
the carbonyl iron content, the hydrogen bonding
index and the degree of phase separation increased
and thus the degree of phase mixing decreased.
Conversely, compared with the blank PU, the inter-
action between the hard segment and the soft seg-
ment decreased as the content of carbonyl iron
increased.

Thermal properties

Figure 6 shows the thermal conductivity of PU and
PU-Fe composite with different carbonyl iron con-
tent. The thermal conductivity of PU-Fe composite

increased as the carbonyl iron content increased. The
thermal conductivity of PU-Fe composite with 60 wt
% of carbonyl iron was � 1.8 times as that of the
blank PU. This is the direct result of incorporation of
carbonyl iron with a high thermal conductivity.
The DSC curves for PU and PU-Fe composites are

shown in Figure 7, and the results are given in Table
III. Glass transition temperatures (Tg) of the soft
segment chain for blank PU was observed at around
–41.0�C. With increasing the carbonyl iron content,
the Tg of the soft segment chain decreased. When
the carbonyl iron content arrived at 60 wt %, the Tg

of soft segment decreased to –49.8 �C. The decrease
in the Tg of soft segment should be attributed to the
increase in the degree of phase separation, which
weakened the interaction between hard and soft seg-
ments, and thus make the motion of soft segment
easier.
Thermogravimetric analysis (TGA) of PU and PU-

Fe composite with different carbonyl iron contents

TABLE II
Hydrogen Bonding Index R, the Degree of Phase
Separation (DPS) and the Degree of Phase Mixing

(DPM) for PU and PU-Fe Composites

Fe content (%) R (A1707/A1731) DPS DPM

0 1.33 0.57 0.43
5 1.39 0.58 0.42
20 1.46 0.59 0.41
40 1.60 0.62 0.38
60 1.61 0.62 0.38

Figure 6 The thermal conductivity of PU-Fe composite
with different carbonyl iron contents.

Figure 7 DSC curves of PU and PU-Fe composite.

TABLE I
FT-IR Data of PU and PU-Fe Composites

Wavenumbers
(cm�1) Attributions

3300–3400 m NAH stretching
2941, 2856 Asymmetric and symmetric CH2 stretching
1731, 1707 Free and hydrogen bonding C¼¼O stretching
1597 Breathing vibration of phenyl ring
1533 Amide II m CAN and d NAH vibration
1221 m CAO of ether function from polyether

backbone
1107 m CAOAC of polyether backbone
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in the nitrogen and air atmosphere are shown in Fig-
ure 8, respectively. In general, the thermal degrada-
tion of polyurethane occurs in two stages: the initial
degradation Stage I is primarily the decomposition
of the hard segment, which involves the dissociation
of urethane to the original polyol and isocyanate,
which then forms a primary amine, alkene, and car-
bon dioxide. Stage I is influenced by the hard seg-
ment content. The consequent Stage II proceeds by
the depolycondensation and polyol degradation
mechanisms and is affected by the soft segment con-
tent.28 The thermal decomposition temperature of
PU and PU-Fe composites in the nitrogen and air
atmosphere are shown in Table IV. Tonset represents
the temperature at which the degradation PU matrix
starts, Tmax1 and Tmax2 are the temperature at the
maximal thermal degradation rate in Stage I and
Stage II, respectively. In the nitrogen atmosphere,
the mass of carbonyl iron particles was kept constant
during heating and so the mass loss of MR elasto-
mers was entirely due to the thermal degradation of
PU. Although in the air atmosphere, the mass of the
carbonyl iron particles increased to � 142% during
heating because of the oxidation of carbonyl iron to
ferric oxide. From Table IV, it can be seen that in

both atmosphere with the incorporation of carbonyl
iron particles, Tonset and Tmax1 decreased. The reason
could be that the increase in the thermal conductiv-
ity of composites leads to the faster degradation of
PU matrix. The Tonset and Tmax1 decreased more in
the air atmosphere at the same iron content than
that in the nitrogen atmosphere. The possible expla-
nation is that carbonyl iron was oxidized to ferric
oxide, and the formed iron ions can catalyze the
decomposition and thereby accelerate the oxida-
tion.29 As Tmax2 is affected by the soft segment con-
tent, the carbonyl iron has little effect on the Tmax2.
In summary, highly filled carbonyl iron will
decrease the thermal stability especially in the heat-
ing air atmosphere, which is in agreement with the
results for natural rubber-based MR elastomers by
Lokander et al.29

Mechanical properties

Generally, the content of magnetizable particles in
MR elastomers should be higher than 50 wt % to
obtain a good MR effect. The deterioration of me-
chanical properties is a key issue that affects the
practical application of the MR elastomers. The me-
chanical properties of PU and PU-Fe composites
with 50, 60, and 70% of raw and treated carbonyl
iron are shown in Table V. From Table V, it can be
seen that the mechanical properties deteriorated
dramatically as the iron content increased from 50
to 70%. The tensile strength of PU-Fe composite
decreased from 9.58 to 1.89 MPa, and the elongation
at break decreased from 984% to 357%. The deterio-
ration of the mechanical properties of PU-Fe com-
posite should be related to a poor load transfer and
the decrease in the degree of phase mixing at a high
content of carbonyl iron. From Table V, it can also

Figure 8 TGA curves of PU, carbonyl iron, and PU-Fe composite: (a) in the nitrogen atmosphere (b) in the air
atmosphere.

TABLE III
The Glass Transition Temperature (Tg) of PU and PU-Fe

Composite from DSC Curves

Iron content (%) Tonset/
�C Tmid/

�C Tend/
�C

0 �49.2 �41.0 �32.8
5 �49.9 �41.4 �33.0
20 �50.1 �41.6 �33.1
30 �51.6 �43.2 �34.9
40 �53.3 �45.9 �38.5
60 �57.7 �49.8 �41.8
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be noted that after the surface modification of iron
particles with KH-560, the mechanical properties of
PU-Fe composite can be improved to some extent.
The tensile strength of PU-Fe composites at 50 and
70% treated carbonyl iron contents increased by
� 26 and � 24%, respectively, compared with that
for unmodified carbonyl irons. This is because the
surface modification can improve the interfacial
interaction between the treated iron particles and PU
matrix, and lead to an increase in the mechanical
properties.

MR effect

The isotropic PU magnetorheological elastomer was
obtained by in situ polycondensation in the absence
of magnetic field. When the isotropic PU magneto-
rheological elastomer are subjected to the magnetic
field, carbonyl iron particles tend to align in the
direction of the magnetic field for that carbonyl iron
can be magnetized easily and soft PU matrix can be
deformed. The field-induced magnetic forces
between the carbonyl iron particles provide an abil-
ity of antideformation, resulting in the change of
shear modulus. This should be the origin of the
magnetorheological effect.

The variation in the shear modulus of PU magne-
torheological elastomer with the contents of un-
treated and treated carbonyl iron particles under a
magnetic field are shown in Figures 9 and 10,
respectively. Here, G0 is the zero-field shear modu-
lus, DG is the increment of field-induced shear mod-

ulus, i.e., absolute MR effect, DG/G0 � 100% is
relative MR effect. Figures 9(a) and 10(a) showed the
zero-field shear modulus at 1, 5, and 10 Hz with dif-
ferent content of untreated and treated carbonyl
iron. It can be seen that G0 increased with the iron
content and the test frequency. After surface modifi-
cation, G0 was a little higher than that of with raw
carbonyl iron at the same iron content and test fre-
quency probably because of the stronger interact
between the particles and PU matrix. The field de-
pendence of shear modulus is shown in Figures 9
and 10(b–d). The MR effect appeared when the con-
tent of carbonyl iron particles is higher than 50 wt
%, and become relatively pronounced at a 70 wt %
of iron particles content. It is very surprised that
that the MR effect of PU elastomer containing KH-
560-treated carbonyl iron was lower than that of
samples containing raw carbonyl iron. The reasons
may be that: (i) after the surface treatment, the inter-
action between the iron and PU matrix is stronger
[this was supported from Fig. 4(h)], so the iron par-
ticles are difficult to close to each other in the mag-
netic field compared with the raw carbonyl iron and
(ii) the raw carbonyl iron particles tend to aggregate
to form larger irregularly shaped particles, thus the
interaction of raw carbonyl iron is stronger.12 It can
be noted that the MR effect was higher at a lower
test frequency, this is because PU molecular chains
have the adequate time to move at a lower fre-
quency, and thus the carbonyl iron particles can
move closely easier under a magnetic field, whereas
at a higher frequency, the PU molecular chains tend

TABLE IV
The Thermal Decomposition Temperature of PU and PU-Fe Composite in the

Nitrogen and Air Atmosphere from TGA Curves

Iron content (%)

Tonset/
�C Tmax1/

�C Tmax2/
�C

Nitrogen Air Nitrogen Air Nitrogen Air

0 301.0 300.0 347.8 334.4 411.8 387.0
5 288.8 277.4 344.1 328.0 415.4 390.1

20 285.7 279.0 338.5 312.4 414.2 378.9
40 282.5 276.7 336.9 310.2 413.3 400.1
60 272.6 268.5 335.5 311.0 409.3 399.1

TABLE V
Mechanical Properties of PU and PU-Fe with Raw and Treated Carbonyl Iron Particles

Iron
content (%)

Tensile strength/
MPa

Elongation at
break/%

Stress at 100%
strain/MPa

Stress at 200%
strain/MPa

Stress at 300%
strain/MPa

Raw Treated Raw Treated Raw Treated Raw Treated Raw Treated

0 9.54 466 1.78 2.33 3.26
50 9.58 12.07 984 971 1.86 1.92 2.03 2.18 2.32 2.65
60 6.93 7.63 1129 1152 1.66 1.79 1.80 1.97 2.04 2.24
70 1.89 2.34 327 417 1.92 2.23 2.00 2.30 1.99 2.27
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to be rigid chains for the lack of adequate time to
move, so the distance between the iron particles are
larger than that at a lower frequency and this results
in smaller interaction between carbonyl iron par-
ticles, consequently the MR effect is lower. The sam-
ple at a 70 wt % of untreated carbonyl iron content
has maximum absolute MR effect and relative MR
effect, i.e., 0.31 MPa and 8.1%, respectively, at 1 Hz
and 400 mT. The absolute MR effect for 70 wt % PU-
Fe composite elastomers is a little higher than that
for 75 wt % Fe/silicon rubber composites developed
by Wang et al.22 This suggests that PU can be a
good matrix for MR elastomer.

CONCLUSIONS

In this article, the highly filled isotropic polyur-
ethane magnetorheological elastomers were pre-
pared by in situ one-step polycondensation process.
The influences of carbonyl iron particles contents on
the microstructure, thermal, mechanical, and MR
properties of PU elastomers were investigated.

1. By using the surface modification of carbonyl
iron particles and ball milling, the dispersion of
carbonyl iron in PU matrix was improved. The
surface modification also enhanced the interac-
tion between the carbonyl iron and PU matrix.

2. With the introduction of carbonyl iron particles,
the hydrogen bonding index and the degree of
phase separation of PU increased. The Tg of PU
soft segment decreased with increasing the car-
bonyl iron content. Highly filled carbonyl iron
particles will reduce the thermal stability espe-
cially in the air atmosphere.

3. At high contents of carbonyl iron particles, the
mechanical properties of PU MR elastomers
were deteriorated significantly, after surface
modification, the mechanical properties can be
improved to some extent. PU can be a good
matrix for MR elastomer. The maximum rela-
tive MR effect of 8.1% was obtained at a 70 wt
% of unmodified carbonyl iron content. After
the surface modification of carbonyl iron par-
ticles with KH-560, the MR effects decreased
compared with the unmodified one. It was

Figure 9 G0 and magnetic field-induced shear modulus increment of PU MR elastomer prepared with raw carbonyl iron
particles tested at different frequencies: (a) G0, (b) 1 Hz, (c) 5 Hz, and (d) 10 Hz.
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attributed to the stronger interaction between
the carbonyl iron and PU matrix. From the
viewpoint of practice use, both mechanical and
magnetorheological properties are very impor-
tant during the long-term service, a balance
between two properties should be considered.
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