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Magnetic nanoparticles from magnetic colloidal suspensions were incorporated in the ure-
thane/urea elastomer (PU/PBDO) by swelling fully crosslinked elastomer samples with a toluene
and ferro�uid mixture. It is shown that ferro�uid grains can be e¢ ciently incorporated into the
matrix of elastomers. The dependence of the birefringence of both the pure and ferro�uid-doped
elastomer samples on strain is linear. The ratio of birefringence to strain of the ferro�uid-doped
samples is greater than that of the pure elastomer samples, indicating that ferro�uid grains are
oriented by the strained polymer network. We propose that this is strain-induced orientation is due
to the shape anisotropy of the nanoparticles.

PACS numbers: 61.41.+e, 83.80.Va, 75.50.Mm, 61.25.Hq

INTRODUCTION

Complex soft solids, such as liquid crystal elastomers [1] and ferrogels [2] are distinguished by their ready response
to even modest stimuli. Because their sensitivity and responsivity makes them well suited for sensor and actuator
applications, they are the subjects of considerable current interest.
Polypropylene oxide based urethane/urea elastomers have been widely used as pervaporation membranes. Their

versatility allows the possibility of the design and realization of a wide variety of microstructures [3]. Recently, it was
found that mechanical stress induces the formation of a variety of di¤erent patterns in these materials [4][5], and that
the microstructures formed at the surfaces, revealed by atomic force microscopy (AFM), can be tuned by varying the
magnitude and direction of the externally applied mechanical �eld [6].
Ferro�uids, or magnetic �uids [7][8][9], are colloidal suspensions of small magnetic grains, with typical dimensions

of the order 10 nm, dispersed in a liquid carrier. Ferro�uids, in the absence of external �elds, are optically isotropic,
and possess large magnetic susceptibility. However, �elds which orient the grains, such as magnetic [10] and surface
[11, 12] �elds, induce birefringence in ferro�uids. Two di¤erent types of ferro�uids are available. Surfacted and ionic
ferro�uids di¤er in the physical processes used to avoid agglomeration of the grains. Surfacted ferro�uids (SFF )
consist of grains, usually magnetite (Fe3O4), coated with surfactants, consisting of amphiphilic molecules (e.g., oleic
acid and aerosol sodium di-2 ethylhexyl-sulfosuccinate) to prevent their aggregation. Steric repulsion between grains
acts as a physical barrier [13] which keeps the grains in the solution, stabilizing the colloid. If the grains are dispersed
in a polar medium (e.g., water), two layers of surfactant are needed to form an external hydrophilic layer. Surfactant
molecules with polar heads can be cationic, anionic or nonionic. On the other hand, when grains are dispersed in a
nonpolar medium (e.g., light mineral oil, toluene, octane, hexane, cyclohexane), a single surfactation is enough, with
the polar head of the surfactant attached to the surface of the grains and the carbonic chain in contact with the
carrier �uid. In the case of ionic ferro�uids [14], repulsive interaction is maintained by electrostatic forces.
Elastomers swollen with ferro�uid particles, known as ferrogels, have received considerable attention [15],[16]. They

are usually formed either by precipitation of the magnetic particles in the polymer material before, during or after
the cross-linking process [17], or by mixing the polymer solution and the fully formed magnetic sol together, and
subsequently polymerizing [18]. Another possible way to introduce magnetic particles in the elastomer is be to sweel
the fully cross-linked material with a solvent containing ferro�uid particles, and then remove the solvent. The magnetic
particles are expected to di¤use into the elastomer together with the solvent, and then remain trapped in the network
once the solvent is removed by evaporation during drying.
In this paper, we describe the process of producing ferrogels in this way, and discuss characterization of the

material and its response by using atomic force microscopy (AFM) and electric permittivity and magnetic susceptibility
measurements. Optical birefringence measurements as function of strain are used on both pure and doped samples to
study strain induced orientational order. Our main interest is to investigate the orientational order produced in these
materials as consequence of mechanical strain.
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EXPERIMENTAL

Sample preparation

The urethane/urea elastomer was prepared by the reaction of the end groups of the tri-functional polypropylene
oxide-based isocyanate prepolymer (PU) (Fig.1a) with molecular weight of 3500, and polybutadiene diol (PBDO)
(Fig.1b) with molecular weight of 2800, catalyzed by dibutyltin dilauryate (DBTDL).

Fig. 1: Chemical structures of: a) tri-functional polypropylene oxide-based isocyanate prepolymer (PU), n=20; b)
polybutadiene diol (PBDO), n=50.

The PU and PBDO prepolymers, in a molar ratio of 3 : 2 (PU: PBDO), were dissolved in toluene, under nitrogen
atmosphere according to the procedure described in ref. [19]. Following a 30min period during which reaction was
allowed to proceed, the solution was simultaneously cast and sheared by moving a calibrated Gardner casting knife
with speed of 5mm=s, onto a coated glass plate, at room temperature. After curing in an oven at 75oC for 3:5h, the
elastomer was exposed to air. The reaction of water from atmospheric moisture with excess of ocyanate groups in PU
yields urea linkages. The colorless elastomer �lm, approximately 150�m thick, was removed from the glass substrate,
and was studied subsequently as a free standing �lm.

Ferro�uid doping

The SFF used to dope the elastomer was obtained from Ferrotec Corp. [20]. The ferro�uid is from the EMG
911 series, consisting of magnetite (Fe3O4) grains in a mineral oil carrier. The typical grain diameter is 10nm, the
saturation magnetization is 11mT , and the viscosity is below 5mPa � s. The volume fraction of magnetite in the
ferro�uid is between 3 to 15%. Although ferro�uid grains are typically referred to as spheres, in fact,they have
irregular, somewhat elongated shapes, resembling potatoes. This shape anisotropy can be seen in AFM experiments
on dried ferro�uids [21], and is responsible for the ability of ferro�uids to mechanically orient liquid crystals [22]. In
addition to this grain shape anisotropy, small scale aggregation usually occurs in ferro�uids, resulting in the formation
dimers and trimers [23], which are again elongated in shape.
A mixture of ferro�uid in toluene with volume ratio 4 : 1 was prepared to swell the elastomer and to allow the

magnetic grains to di¤use into the sample. No agglomeration of magnetic grains was observed in the mixture. The
solution was stable, remaining homogeneous during the 6days of monitoring. Elastomer samples of varying sizes were
cut from the 150�m thick sheets. To dope with ferro�uid, elastomer samples were immersed in the toluene-ferro�uid
solution and were allowed to stand undisturbed for 8hrs. After rinsing in toluene to remove any excess ferro�uid
from the surfaces, samples were placed in a vacuum oven for drying for 8hrs. All of above the processes were carried
out at room temperature. After drying, the elastomer samples, which were initially transparent, have now a brown
color due to the presence of magnetite grains.

Atomic force microscopy

Atomic force microscopy (AFM) was carried out on freshly cut surfaces of pure (undoped) and doped (ferrogel)
samples. Fig. 2 shows the AFM pictures of undoped and ferro�uid doped elastomer. The surfaces studied were
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edges of the elastomer �lm, formed by cutting perpendicular to the largest sample surfaces, in the x� y plane of the
laboratory frame (see Fig. 2a).

Fig. 2a: Atomic force micrographs of elastomer samples in tapping mode: orientation of elastomer sheet in the
laboratory frame.

Fig. 2b: Atomic force micrographs of elastomer samples in tapping mode: undoped elastomer, cross section in the
YZ plane.

Fig. 2b shows the typical surface structure of the undoped elastomer sample on the 200nm scanning scale. The
pattern is rather featureless, indicating an essentially �at surface. On the other hand, the pattern of the ferro�uid
doped sample (Fig. 2c)
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Fig. 2c: Atomic force micrographs of elastomer samples in tapping mode: ferro�uid doped elastomer, cross section
in the YZ plane.

presents a di¤erent topography, characterized by peaks and valleys. The peaks, with typical widths in the range of
� 20 to � 50nm, correspond to the ferro�uid grains and small-scale aggregates incorporated in the elastomer matrix.

Optical measurements

In order to study strain induced order, we determined the di¤erence in the optical phase shift for light polarized
parallel and perpendicular to the stretching direction. The experimental geometry is shown in Fig. 3.

Fig. 3: Sketch of the optical setup. The laser beam propagates along the x axis, P and A are the directions of the
axes of the polarizer and analyzer. The sample is stretched in the direction indicated by the arrows.

A HeNe laser beam (� = 632:8nm), polarized along the z direction after passing through polarizer P , propagates
along the x axis and is normally incident on a sample, which is stretched in the direction indicated by the arrow.
The transmitted light passes through analyzer A parallel to the y axis and its intensity is measured by a photodiode.
The sample can be stretched along the direction ~30o from the z axis. Without the stretching, the sample is
isotropic and the measured intensity of transmitted light is zero. As the sample is stretched, it becomes birefringent.
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We have measured the transmitted intensity as a function of sample strain. The maximum sample elongation was
�l = l � lo ' 1mm; typical sample dimensions were 100�m � 4mm � 7mm, and elongation was along the direction
of longest sample dimension lo = 7mm.

Paramagnetic susceptibility measurements

A ferro�uid doped sample with the same dimensions as above was placed in a magnetic �eld gradient, and the force
on the sample was measured using an Entran force sensor. The ferrogel sample, suspended from the arm of the entran
sensor by a light thread, was placed near the poles of an electromagnet, where the �eld gradient measured with a Hall
probe, was found to be � 1kG=cm in the x direction, as shown in Fig. 4.

Fig. 4: Sketch of setup used to measure the magnetic force on the ferro�uid doped elastomer sample.

The Entran force sensor uses a piezoelectric crystal whose ampli�ed output voltage is proportional to the force on the
sensor arm. The output of the ampli�er was measured with an oscilloscope.

Electric permittivity (") measurements

We determined the dielectric permittivity of both pure and ferro�uid doped elastomer samples via capacitance
measurements. We constructed parallel plate capacitors by placing our samples between glass plates coated with
indium tin oxide. The capacitance was measured at 1 and 5kHz using a GenRad 1615 Capacitance Bridge, with
an external Hewlett-Packard Signal Generator and a Stanford Research lock-in ampli�er as detector. The relative
dielectric constant "r is obtained from the capacitance via

"e =
Cd

"oA
(1)

where d and A are the sample thickness and area, respectively.

RESULTS AND DISCUSSION

Swelling behavior

The urethane/urea elastomer was swelled with six di¤erent pure solvents: chloroform, toluene, acetone, isopropanol,
ethanol and methanol. Samples were placed between two glass plates separated by 400�m spacers to avoid bending
of the elastomer during the swelling process. Solvents were introduced between the glass plates to swell samples, and
sample lengths (along the x-axis) and widths (along the y-axis) were measured as function of time. Typical sample
dimensions are: 100�m� 3mm� 3mm. We de�ne the percent relative expansion, a function of time, as

�l(t)

lo
=
l(t)� lo
lo

� 100
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where l(t) is the length of the swelled sampl, measured at the time t, and lo is the length of the unswelled sample.
Figures 5a and 5b show typical results of the swelling process, with chloroform and methanol, respectively.

Fig. 5a: Relative expansion (�l=lo) as function of time in the swelling experiment: (�) length and (�) width of the
sample in the solvent chloroform.

Table 1 presents a summary of the characteristic swelling times (obtained �tting an exponential function to the
di¤erent percent relative expansion curves) and the relative expansion.

characteristic times (s) relative expansion (%)
solvent in length in width in length in width

chloroform 35:5� 3:2 17� 2 80 80

toluene 23:3� 1:3 20:2� 1:6 75 70

acetone 31:1� 1:8 20:2� 2:3 25 25

isopropanol 182� 48 86� 15 12 12

ethanol 151� 13 156� 16 12 12

methanol 148� 14 85:0� 0:5 8 8

Table 1: Characteristic swelling times and relative expansion of the PU/PBDO elastomer with di¤erent solvents.

These results indicate that the swelling is nearly isotropic in the x � y plane. Chloroform and toluene were the
most e¢ cient solvents, with the smallest characteristic times and largest relative expansions. Toluene was therefore
chosen as the solvent for the ferro�uid doping procedure.
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FIG. 1: Fig. 5b: Relative expansion (�l=lo) as function of time in the swelling experiment: (�) length and (�) width of the
sample in the solvent methanol.

Ferro�uid doped samples

Magnetic susceptibility measurements were used to determine the density of grains in the sample. A sample with
dimensions of 100�m � 4mm � 7mm, placed in a �eld gradient of 1kG=cm experienced a force of � 4 � 10�4N .
Assuming [24] that the typical value for the magnetic moment of a grain is 104�B , where �B is the Bohr magneton,
the calculated number density of grains in the sample is � 1:5 � 1017cm�3. This corresponds to a concentration of
� 10% (by volume) of magnetic grains, which is in reasonable agreement with the topographs indicated by AFM in
Fig. 2c.
An interesting observation obtained with a freshly prepared ferro�uid doped elastomer sample (after drying) is the

sample is similarly attracted by small permanent magnets with �elds of � 100G.
Using the optical setup described in the experimental section, we measured the transmittance T of the sample as

a function of the stretching �l. The optical phase shift �� can be calculated from the values of the normalized
transmittance TN = T=TM , where TM is the maximum transmittance

�� = 2arcsin(
p
TN );

where we have assumed that the stretching does not modify signi�cantly the sample thickness Fig. 6 shows �� as a
function of �l for a pure elastomer sample, and for an elastomer swelled with toluene and ferro�uid and subsequently
dried.
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Fig. 6: Strain-induced optical phase shift (��) as a function of the sample stretch (�l) at � 25oC for pure and
ferro�uid doped elastomer.

For both pure and ferro�uid doped samples, the induced phase shift, and hence the birefringence, are proportional
to the strain and hence the stress, as expected from the stress-optic law [25]. The results clearly demonstrate the
in�uence of the presence of magnetic grains in the elastomeric matrix, which increases the stress-induced optical phase
shift compared to the values obtained in undoped samples. We note that although it is recognized in the literature
[2],[16] that the stress in the network is coupled to the magnetization, the origins of this coupling have not been
identi�ed. We propose that the coupling, and this stress-induced optical phase shift, originates in the mechanical
orientation of anisometric grains (and small scale aggregates of grains). In this picture, the long axes of grains and
aggregates become parallel to the direction of elongation of the elastomer in order to reduce the free energy of the
deformed elastomer. It is interesting to note that the shape anisotropy of both grains and small scale aggregates on
the average, has quadrupolar symmetry, while the corresponding magnetic moment is of dipolar. Ferro�uids therefore
combine dipolar and quadrupolar symmetry when incorporated into the elastomer matrix.
We have estimated the optical anisotropy [23] of our ferro�uid doped samples assuming perfectly aligned ferro�uid

particles. The particles are considered as prolate ellipsoidal particles with axes of length 2a and 2b, (a > b), and
aspect ratio b=a = 0:93969, which corresponds to a shape anisotropy of about 5%. The volume fraction of particles
is 10%, and we obtain the birefringence at saturation [23] �n ' 8� 10�4: In our experiment above, we note that the
maximum phase shift increase due to the presence of the ferro�uid particles is 0:4rad, and for 100�m thick samples
and � = 632:8nm, �n = 4 � 10�4. There is therefore reasonable agreement between theoretical estimates and
experimental observations.
In all the cases studied, a small hysteresis was observed in a cycle increasing and after decreasing �l. We have

also veri�ed that the ferro�uid doped sample, not stretched but subjected to a magnetic �eld up to 13kG, does not
exhibit a �eld-induced phase shift. At this relatively large �eld, it is expected that the magnetic moments of the
grains align parallel to the �eld in a Néel-type rotation of the magnetization [26], without physical rotation of the
grains, which remain �xed in the elastomer structure.
Capacitance measurements were carried out to determine the dielectric constant of elastomer samples, both undoped

and doped with ferro�uids. The results were independent of frequency, between 1 and 5kHz. The dielectric constants
of the doped and undoped samples were found to be 14:1 and 10:5, respectively. We can make a crude estimate of
the expected value of the dielectric constant "e of the elastomer doped with ferro�uid using simple e¤ective medium
theory. The e¤ective dielectric constant "e of a mixture consisting of volume fraction (1 � p) of component U with
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dielectric constant "U and volume fraction p of component F with dielectric constant "F is [27]

(1� p) "U � "e
"U + 2"e

+ p
"F � "e
"F + 2"e

= 0: (2)

Assuming that at low frequencies the dielectric constant of the metal magnetic particles j"F j >> "e, we get, using
p = 0:1,

"e =
"U

3p� 2 = 15:0 (3)

in reasonable agreement with the measured value of 14:1.

CONCLUSION

We have shown that ferro�uid grains can be e¢ ciently incorporated into the matrix of PU/PBDO elastomers by
swelling fully crosslinked elastomer samples with a toluene and ferro�uid mixture. The magnetic particles remain
embedded in the elastomer after the solvent is removed. The presence of ferro�uid particles is evidenced by AMF,
magnetic susceptibility and dielectric measurements. The dependence of birefringence of both pure and ferro�uid
doped elastomer (ferrogel) samples on strain is linear, as expected. The ratio of birefringence to strain of the ferrogel
samples is greater than those of the pure elastomers, indicating that ferro�uid grains are oriented by the strained
polymer network. Although the mechanism of the coupling between the orientation of grains and clusters and the
network has not yet been clearly identi�ed, we propose it is due to shape anisotropy.
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