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ABSTRACT: Flexible, elastomeric, and superparamag-
netic substrates were prepared by electrospinning a solution
of elastomeric polyurethane containing ferrite nanoparticles
(�14 nm) of Mn–Zn–Ni. The flexible mats were character-
ized in terms of fiber morphology and magnetic properties.
Field emission scanning electron microscopy (FESEM) indi-
cated that the diameter of these composite fibers was �300–
500 nm. Furthermore, the back-scattered electron FESEM
images indicated agglomeration of the nanoparticles at
higher wt % (ca. 17–26 wt %) loading in the electrospun
fibers. The induced specific magnetic saturation and the

relative permeability were found to increase linearly with
increasing wt % loading of the ferrite nanoparticles on the
submicron electrospun fibers. A specific magnetic saturation
of 1.7–6.3 emu/g at ambient conditions indicated super-
paramagnetic behavior of these composite electrospun sub-
strates. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 100:
4935–4942, 2006
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INTRODUCTION

The ability to produce one-dimensional magnetic
nanostructures in the form of fibers is very attractive,
as these are expected to exhibit interesting magnetic-
field-dependent properties. These materials could be
used as active components for ultra-high-density stor-
age applications,1 as well as in the fabrication of sen-
sors.2,3 Other potential applications include magnetic
filters4 and future generations of electronic, magnetic,
and/or photonic devices ranging from information
storage, magnetic imaging to static and low frequency
magnetic shielding, and magnetic induction.5–8 One of
the commonly used methods to produce one-dimen-
sional nanostructures is based on the electrodeposi-
tion of magnetic materials on porous membranes.9

This technique has been applied to fabricate metallic
nanowires that have displayed anisotropic magnetic
properties. However, such a technique is limited,

when applied to oxide-based magnetic materials (e.g.,
ferrite), because of the technical difficulties involved
in the formation of oxides through the electrochemical
deposition process.

Ferrites are widely used in many industrial appli-
cations because of their spontaneous magnetization.
Therefore, the development of new and cost-effective
techniques for fabricating nanostructures based on fer-
rites is of great commercial and scientific interest. In
particular, soft ferrites10–12 of Mn–Zn, Ni–Zn, and
Mg–Mn are well known for their high magnetic per-
meability.13 Current research efforts14 have been fo-
cused on synthesizing nanometer-sized (5–20 nm) fer-
rite particles to minimize energy losses associated
with bulk systems. Below a diameter of �100 nm,
particles of mixed15 ferromagnetic materials (such as
ferrites of Mn–Zn–Ni) do not exhibit the cooperative
phenomenon of ferromagnetism found in the bulk, as
the thermal vibrations are sufficient to reorient the
magnetization direction of the magnetic domains.16

As a result, such nanoparticles display paramagnetic
behavior at ambient conditions, thereby imparting a
superparamagnetic behavior. When incorporated in
submicron (200–500 nm) polymeric fibers, flexible su-
perparamagnetic materials can be produced in a rela-
tively convenient (in comparison to the electrochemi-
cal deposition process) and cost-effective fashion. In
the present investigation, we report the processing of
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such substrates where nanoparticles of a mixed ferrite
of Mn–Zn–Ni were incorporated in submicron (200–
500 nm) fibers of an elastomeric polymer, Estane® (a
polyester based segmented polyurethane), via electro-
spinning.

Electrospinning is a unique process to produce sub-
micron polymeric fibers in the average diameter range
100 nm–5 �m.17–20 Fibers produced this way are at
least one or two orders of magnitude smaller in diam-
eter than those produced by conventional fiber pro-
duction methods like melt or solution spinning.21 In a
typical electrospinning process (Fig. 1), described ex-
tensively in the literature,22–26 a jet is ejected from the
surface of a charged polymer solution when the ap-
plied electric field strength (and consequently, the
electrostatic repulsion on the surface of the fluid) over-
comes the surface tension. The ejected jet travels rap-
idly to the collector target located at some distance
from the charged polymer solution under the influ-
ence of the electric field and becomes collected in the
form of a solid polymer filament as the jet dries.
During its flight to the target, the jet undergoes a series
of electrically driven bending instabilities27–31 that
gives rise to a series of looping and spiraling motions.
To minimize the instability caused by the repulsive
electrostatic charges, the jet elongates to undergo large
amounts of plastic stretching that consequently leads
to a significant reduction in its diameter. These ex-
tremely small diameter electrospun fibers possess a
high aspect ratio that promotes a larger specific sur-
face. As a result, they have potential applications
ranging from optical32,33 and chemo-sensor materi-
als,34 nanocomposite materials,35 nanofibers with spe-
cific surface chemistry36 to tissue scaffolds, wound
dressings, drug delivery systems,25,26,37–44 filtration,
and protective clothing.45

Very recently, magnetic ceramic nanofibers of nickel
ferrite were produced by postelectrospinning calcina-

tion of PVP/metal alkoxide precursors. The substrates
displayed significant magnetic hysteresis that could
significantly hamper its response in certain high-fre-
quency (MHz) magnetic applications.13,14 In compari-
son, electrospinning of a solution containing well-dis-
persed superparamagnetic nanoparticles of soft and
mixed ferrites leads to the formation of substrates that
have very small energy losses because of the absence
of the large-scale cooperative magnetic phenomena
that is characteristic of bulk ferromagnetic materials.46

An interesting application of flexible superparamag-
netic substrates could be based on their response to
high-frequency (MHz) magnetic fields. This becomes
relevant where attenuation of the radio signal inten-
sity is required to facilitate better communication in
the radio frequency (RF) domain. Such an application
is particularly important where radio antennas are
embedded in a textile material. In uneven terrain, the
signal intensity received by the radio antenna could
become very poor, thereby leading to inferior commu-
nication.47 As a result, the need to produce flexible
superparamagnetic materials that could potentially
serve as RF waveguide and antenna materials be-
comes very relevant. In the present investigation, we
report our attempts to process such ‘smart’ (flexible,
elastomeric, and superparamagnetic) materials by electro-
spinning a polymer solution of an elastomeric poly-
mer, Estane®, (a polyester based segmented polyure-
thane), containing nanoparticles of a mixed ferrite of
Mn–Zn–Ni. A similar approach was used by Wang et
al.,16 where superparamagnetic composite polymer/
magnetite nanofibers based on water-soluble poly(eth-
ylene oxide) (PEO) and poly(vinyl alcohol) (PVA)
were produced. In contrast, Estane® is elastomeric and
nonwater-soluble in comparison to PEO and PVA,
therefore, it is expected that for certain applications
where flexibility might be critical in high-humidity
surroundings, superparamagnetic composite fibers of

Figure 1 Schematic of the electrospinning apparatus used to electrospin Estane�-MnZnFe–Ni solutions. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Estane® will be able display better structural integrity
than those based on PEO and PVA. The materials
developed by Wang et al.16 were suggested to be used
for reinforcement and nanocomposite applications,
whereas the suggested applications of the substrates
discussed in the present investigation are different.

EXPERIMENTAL

Materials

Estane® 5750, a polyester-based segmented polyure-
thane supplied by Noveon Inc., in the form of pellets
was used for this study. Molecular weight data for
Estane® 5750 could not be obtained, as the information
was deemed proprietary, but the generalized chemical
structure is depicted in Figure 2. N,N-dimethylacet-
amide (DMAc) was procured from Sigma Aldrich and
was used without any further purification. Estane®

was dissolved in DMAc at a concentration of 20 wt %
by constant stirring for 4 h at 65°C. Superparamag-
netic ferrite nanoparticles (�14 nm) based on MnZn-
Fe–Ni, which were dispersed in ethanol at a concen-
tration of 5 and 10 wt %, were procured from
NanoSonic Inc. A transmission electron micrograph
(TEM) of the nanoparticles is shown in Figure 3. The
dark spots that represent the nanoparticles indicate
the size to be �14 nm. The solution of ferrite nano-

particles was mixed with Estane® solution at different
ratios to make four solution-blends (Table I). These
were subsequently used for electrospinning to make
composite electrospun substrates that had various
amounts of loading of the nanoparticles on the Es-
tane® fibers. It should be noted that ethanol and
DMAc are compatible solvents; as a result, the two
solutions were easily mixed to obtain the four-compo-
nent solutions. However, because of an extremely
large ratio of the densities of the polymer and the
magnetic nanoparticles (�1 : 7), the heavier nanopar-
ticles in the solution were observed to settle down due
to gravity within a period of 48 h, if left undisturbed.
Therefore, these solutions were stirred vigorously be-
fore electrospinning to achieve sufficient dispersion of
the nanoparticles. Each sample was electrospun over a
period of �30 min to obtain a mat thickness of �170–
200 �m.

Electrospinning and characterization

Prior to electrospinning, the viscosities of these solu-
tions were measured with an AR-1000 Rheometer, TA
Instruments Inc. The measurement was performed in
the continuous ramp mode at room temperature
(25°C), using cone and plate geometry. The sample
solution was placed between the fixed Peltier plate
and a rotating cone (diameter: 4 cm, vertex angle: 2°)
attached to the driving motor spindle. The changes in
viscosity and shear stress with change in shear rate
were measured. A computer interfaced to the equip-
ment recorded the resulting shear stress versus shear
rate data. All the solutions investigated in this study
displayed shear thinning behavior at high shear rates
(viscosity-shear rate curves not shown). The initial
slope of the shear stress-shear rate behavior where
Newtonian behavior was observed gave the zero
shear rate viscosity, �o. The zero shear viscosities of
the four solutions investigated in this study are sum-
marized in Table I. An Oakton® conductivity tester,
model TDStestr 20 was utilized to measure the con-
ductivity of the polymer solutions. Prior to its use, the
conductivity tester was calibrated by standard solu-
tions procured from VWR Scientific®. The conductiv-
ity of the four solutions investigated in the present
study is also summarized in Table I.

Electrospinning of these solutions was done on an
apparatus depicted in Figure 1. The syringe containing

Figure 2 Chemical structure of Estane�.

Figure 3 TEM of MnZnFe–Ni nanoparticles.
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the polymer solution was connected to a Teflon needle
(0.7 mm internal diameter). A platinum electrode,
placed in the syringe that was immersed in the poly-
mer solution, was connected to a high voltage DC
supply at a positive polarity. A syringe-pump con-
nected to the wide-end of the syringe controlled the
flow rate emanating out of the Teflon needle tip. Elec-
trospun materials were collected on a grounded steel
wire mesh that served as the target kept at �15 cm
from the Teflon tip. The diameter of the steel wire
mesh was �0.5 mm with a mesh count of 20 � 20 (20
steel wires per 1 in. each in the horizontal and vertical
axes). All solutions were electrospun at 25°C, 17–20
kV, and 3 mL/h with a 14–15 cm separation distance
between the target and Teflon tip (Table I). The fibrous
mats were subsequently dried in a vacuum oven for
8 h at 60°C, to minimize any residual solvent.

A Leo® 1550 field emission scanning electron micro-
scope (FESEM) was used to visualize the morphology
of the composite electrospun fibers. All the images
were taken in the back-scattered mode, as the back-
scattered detector is more sensitive to the electron
density differences arising due to the presence of dif-
ferent chemical species, viz. ferrite nanoparticles and
the polymer. A Cressington® 208HR sputter-coater
was used to sputter-coat the electrospun fiber samples
with a 10 nm Pt/Au layer to minimize the electron
charging effects.

Magnetic properties of composite electrospun sub-
strates were characterized at ambient by using a Lake-
Shore 7300 vibrating sample magnetometer (VSM). A
sample of �0.05 g was placed between two coils of an

electromagnet that produced a uniform magnetic field
gradient. The applied magnetic field induced the mag-
netic domains to directionally align along the mag-
netic field. During this induced alignment of the do-
mains, the motion of the ferrite particles produced an
electrical signal in a set of stationary pick-up coils that
was proportional to the magnetic moment, vibration
amplitude, and vibration frequency of the ferrite par-
ticles. The magnetic field was ramped from 8000
Gauss to �8000 Gauss and back to 8000 Gauss over a
period of 30 min. The magnetic moment of each mag-
netic sample was measured with a sensitivity of 0.1
emu/g. The specific magnetic saturation values of the
composite electrospun substrates were calculated for
each electrospun substrate by dividing the saturation
magnetization with its mass. Table II lists the specific
magnetic saturation in addition to absolute permeabil-
ity and relative permeability of composite electrospun
substrates.

RESULTS AND DISCUSSION

As discussed earlier, four different solutions were
made by mixing the Estane® solution (at 20 wt % in
DMAc) with the MnZnFe–Ni nanoparticles solutions
(at 5 and 10 wt % in ethanol). The total solids concen-
tration of these solutions along with the zero shear
viscosity and conductivity of the four solutions are
summarized in Table I. The conductivity of the solu-
tions in the present investigation (54–203 �S/cm) was
lower than those reported by Wang et al.16 (329–515
�S/cm) in their investigations. In contrast, the viscos-

TABLE I
Characterization of Solutions, Electrospinning Conditions and wt % Loading of Ferrite Nanoparticles on Solid,

Dry Composite Fibers

Total solids (polymer
and nanoparticles)

concentration in
solution, (wt %)

Zero shear rate
viscosity

(Pa s)
Conductivity

(�S/cm)

Electrospinning conditions
(potential drop, flow rate,

and target distance)

Loading of MnZnFe–Ni on
solid, dry

Estane�-MnZnFe–Ni fibers
(wt %)

17.0 3.0 � 0.02 54 17 kV, 3 mL/h, 15 cm 6
17.7 3.6 � 0.07 63 18 kV, 3 mL/h, 15 cm 11
16.7 1.9 � 0.05 97 20 kV, 3 mL/h, 14 cm 18
15.6 1.1 � 0.18 203 17 kV, 3 mL/h, 14 cm 26

TABLE II
Magnetic Saturation, Absolute and Relative Permeability of Estane-MnZnFe–Ni Composite Submicron Fibers

Fiber samples
Magnetic saturation

(emu/g)
Absolute permeabilitya

(�) (H/m)
Relative permeability

(�r)

Estane� w/6% MnZnFe–Ni 1.71 2.26 � 10�6 1.80
Estane� w/11% MnZnFe–Ni 2.99 3.84 � 10�6 3.06
Estane� w/18% MnZnFe–Ni 4.38 5.88 � 10�6 4.68
Estane� w/26% MnZnFe–Ni 6.33 8.23 � 10�6 6.55
Pure MnZnFe–Ni 25.47 3.45 � 10�5 27.46

a Vacuum permeability 1.257 � 10�6 H/m.
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ity of the solutions in the present investigation (1–4 Pa
s) was in the same order of magnitude as that mea-
sured by Wang et al.16 (0.8–8 Pa s) in the similar range
of concentrations of the solutions investigated. Re-
turning to the data in Table I, it can be seen that the
zero shear viscosity follows the same trend as the total
concentration solids in ethanol and DMAc when plot-
ted as a function of the wt % loading of nanoparticles
on Estane® fibers [Fig. 4(a) and (b)]. Furthermore, the
conductivity of the solutions was found to increase
with an increase in the loading of the nanoparticles, as
was expected (Fig. 4(c)). Electrospinning of these four
solutions resulted in four flexile substrates that had
different wt % loading (6, 11, 17, and 26 wt %) of
MnZnFe–Ni nanoparticles on the Estane® fibers. Inter-
estingly and not surprisingly, all the four flexible com-
posite substrates did not display any electrical con-
ductivity. This result might be useful for certain ap-
plications, where magnetic behavior may be desired
but without any electrical conductivity, thereby indi-
cating no percolation of the conductive nanoparticle
phase.

The backscattered FESEM images of the four sub-
strates, as shown in Figure 5, indicated the electrospun
fiber diameter to be �300–500 nm. This diameter
range is slightly higher than that observed by Wang et
al.16 (150–400 nm). This could be explained by the
higher conductivities, and consequently higher net
charge density of the electrospun jet, of the solutions
used in their study. A higher net charge density causes
the electrospun jet to experience stronger electrostatic

Figure 4 Characterization of solutions. (a) Total solids con-
centration, (b) Zero shear rate viscosity, and (c) conductivity
as a function of wt % of ferrite nanoparticles.

Figure 5 Backscattered SEM images of electrospun Estane�-composite fibers at different concentrations of MnZnFe–Ni
nanoparticles. Note the distinctive change in fiber surface contrast at higher loading of nanoparticles. The lighter (high
electron density) regions are rich in MnZnFe–Ni nanoparticles.
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forces and as a result higher amounts of plastic
stretching.18

Although no formal tensile recovery tests were per-
formed on these mats, the composite mats displayed
full recovery to small strains (�50%) when stretched
between a set of tweezers, thereby indicating the elas-
tomeric nature of these mats. Returning to the data in
Figure 5, the high electron density ferrite nanopar-
ticles appeared as whiter spots in these images, which
became more apparent at higher wt % loading of the
nanoparticles. The increased fiber roughness and
larger white spots at higher wt % loading indicated
some agglomeration of the nanoparticles in the fibers.
However, the agglomeration of the nanoparticles did
not affect the overall magnetization behavior of these
substrates. This was apparent in Figure 6 where mag-
netization curves recorded at ambient conditions in-
dicated superparamagnetic behavior of these sub-
strates. The magnitude and direction of the induced
specific magnetization varied accordingly with the
magnitude and direction of the applied magnetic field.
To better observe any magnetic hysteresis, the region
close to the origin is enlarged in the inset in Figure 6.
It can be clearly seen that these flexible substrates have
very little magnetic hysteresis with a small residual

magnetization at zero magnetic field. The observed
values of the specific magnetic saturation (1–6 emu/g)
of the electrospun substrates were very low in com-
parison to that of bulk materials (�150 emu/g for
Fe-Co46); however, it is important to note that the bulk
materials have relatively larger hysteresis than that
observed in ferrite nanoparticles because of the large
scale cooperative association of the magnetic do-
mains.15,46 It is believed that the very little hysteresis
in the electrospun substrates investigated in this
study, might be critical in governing the magnetic
behavior in a high frequency application. As expected,
the specific saturation magnetization increased with
increasing wt % loading of the nanoparticles as shown
in Figure 7(a). A linear correlation between the satu-
ration magnetization and the wt % loading of nano-
particles with a very high regression (R2 � 0.999) was
observed. Likewise, the relative permeability, which is
the ease with which a magnetic flux can be induced in
a material, was also plotted with the wt % loading of
the nanoparticles on Estane® fibers. Again, a linear
correlation with a high regression coefficient was ob-
served (R2 � 0.999).

These investigations indicate that flexible, elasto-
meric, and superparamagnetic substrates were suc-

Figure 6 Specific magnetic saturation vs. magnetic field of electrospun Estane�-MnZnFe–Ni composite fibers at different wt
% of MnZnFe–Ni nanoparticles. The inset shows the specific magnetization at/and near zero magnetic field region. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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cessfully processed via electrospinning. It would be
desirable to conduct further characterization to deter-
mine the high frequency (RF, 3–300 MHz) response of
these composite mats.

CONCLUSIONS

Flexible, elastomeric, and superparamagnetic sub-
strates were prepared by electrospinning a solution of
Estane®, a segmented polyester-based segmented

polyurethane, containing ferrite nanoparticles (�14
nm) of mixed Mn–Zn–Ni. The flexible mats were char-
acterized in terms of fiber morphology and magnetic
properties. FESEM of the electrospun substrates indi-
cated that the diameter of these composite fibers was
�300–500 nm. Furthermore, the back-scattered elec-
tron FESEM images indicated agglomeration of the
nanoparticles at higher wt % (ca 17–26 wt %) loading
on the electrospun fibers. The induced specific mag-
netic saturation and the relative permeability were

Figure 7 (a) Magnetic saturation (Ms) and (b) relative permeability of electrospun Estane�-MnZnFe–Ni composite submi-
cron fibers as a function of wt % of MnZnFe–Ni nanoparticles. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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found to increase with increasing wt % loading of the
ferrite nanoparticles on the submicron electrospun fi-
bers. A specific magnetic saturation of 1.7–6.3 emu/g
at ambient conditions indicated superparamagnetic
behavior of these composite electrospun substrates.

The authors thank Prof. Chip Frazier, Wood Science Depart-
ment, Virginia Tech, for allowing the use of AR-1000 Rheo-
meter for viscosity measurements.
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