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ABSTRACT: Novel flexible polyurethane (PU) composite films containing nano-barium hexaferrite (BaF) and nano-barium titanate

(BT) have been synthesized and characterized. The PU nanocomposites were synthesized from fullerenol and prepolymer of hexam-

ethylene diisocyante and polytetramethylene glycol by adding 1–3% each of BaF (high permeability) and BT (high permittivity). The

incorporation of the nanopowders was confirmed by X-ray diffraction (XRD), transmission electron microscopy, and energy disper-

sive X-ray diffraction (EDX). Study of thermal properties by thermogravimetric analysis and dynamic mechanical analysis revealed

enhanced thermal stability of the nanocomposites. Study of mechanical properties showed that the tensile strength had increased

remarkably in the nanocomposites. The electromagnetic-absorbing properties were studied by measuring the complex permeability

and permittivity in the frequency range of 8.2 to 12.4 GHz. The good reflection loss of the nanocomposites at such low filler content

suggests its potential applicability as a radar absorber. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Shielding against electromagnetic (EM) radiation has drawn

more attention recently due to the increasing use of gigahertz

(GHz) EM waves in commercial, military, scientific, electronic,

and communication systems. Microwave absorbers have been

used since long to minimize EM reflection from structures such

as aircraft, ships, tanks etc due to the fact that they can absorb

radiation energy from microwave generated from an electric

source. In general, EM wave absorption characteristics of a ma-

terial depend on their complex permittivity (er ¼ e0�je00),

complex permeability (lr ¼ l0�jl00), EM impedance match,

and microstructure of the absorber.1–3

Barium Titanate BaTiO3 (BT) is one such ferroelectric material

exhibiting high dielectric constant. Extensive research has been

conducted on the synthesis, morphology, ferroelectricity, and

permittivity properties of BT.4,5 The characteristic feature of BT

is that the Ba2þ and O2� ions form a face centered cubic (fcc)

lattice with Ba2þ at the corners and O2� at the face centers. The

Ti4þ ions sit in the octahedral interstices formed by six O2�

ions. At room temperature, there is possibly minimum energy

position for the Ti4þ ion, which is off-centered and therefore

gives rise to permanent electric dipoles formed with six O2�.

Studies on EM wave absorbers of BT and its complex materials

are of current interest; however, its low permeability limits its

microwave-absorbing character.6–8

In recent years, hexagonal ferrites like barium hexaferrite

BaFe12O19 (BaF) have displayed a promising application as a ra-

dar-absorbing material9,10 in the GHz range where spinel ferrites

do not work well due to a drop in the complex permeability as

given by snoek’s limit.11 Nanosized hexagonal BaF has a single

magnetic domain, because of which it has excellent magnetic

properties12 and it also helps reduce eddy current losses.13

Its large magnetization and magnetocrystalline anisotropy,

high stability, excellent frequency response, unusually large coer-

civity14–16 make it a potential good magnetic loss material in

high frequency band,17,18 but its poor dielectric loss confines its

application.

For attaining good microwave absorption, composite materials

with lossy fillers (dielectric/magnetic) into the polymer matrix

that does not absorb in microwave region have long been the

focus of attention. The fabrication of such ceramic-polymer

nanocomposites combines the low temperature processing of

polymers and the high dielectric/magnetic properties of the

nanofillers.19–21 A review on polymeric nanocomposites for EM

wave absorption by Huo et al.22 summarizes the approach to

design the ideal absorber and covers a range of polymeric hosts

and several dielectric and magnetic materials contributing to

EM absorption. Studies on effect of nano-BT/nano-BaF incor-

poration into poly(ether ether ketone)/polyurethane (PU) com-

posites have been performed by our group.23–26
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Keeping this in view, in the present communication, the effect

of two lossy fillers, BT for its dielectric and barium ferrite for

its magnetic contribution have been investigated on PU matrix

by varying each of their concentration from 1–3%. The free-

standing flexible PU films have been synthesized in our labora-

tory from fullerenol (hydroxyl fullerene) as a hypercrosslinker.27

Fullerenol was preferred as a crosslinker owing to its several re-

active exo hydroxy groups, which would facilitate the formation

of a three-dimensional crosslinked network with enhanced me-

chanical properties.28 Also, fullerene-derived PU elastomers

based actuators are reported to operate at low voltage.29 Hence,

fullerenol was incorporated with a primary objective to improve

mechanical properties and owing to its dielectric nature was

expected to improve microwave absorption too.

EXPERIMENTAL

Materials

Fullerene C60 (CMer, 99.9%), hexamethylene diisocyanate

(Acros) (HDI), Dibutyltin dilaurate (Aldrich) (DBTDL), nano-

BaFe12O19 (BaF), nano-BT, and Triton-X114 were procured

from Sigma Aldrich. Polytetramethylene glycol (PTMG) (Mw ¼
2000) was dried in vacuum for 2 days to ensure complete re-

moval of moisture. Methanol, dimethyl formamide (DMF),

and tetrahydrofuran (THF) have been dried by known meth-

ods30 and stored over molecular sieves (4 Å) before use.

Synthesis of BaF and BT Incorporated Fullerene Containing

PU Flexible Freestanding Nanocomposite Film (B-PU)

Synthesis of PU nanocomposite has been performed by first

preparing prepolymer and then incorporating nanofillers (BT

and BaF) and crosslinker (fullerenol) to form highly

crosslinked PU film.

Synthesis of Fullerenol and Prepolymer of PTMG and

HDI. Fullerenol containing 12–13 hydroxy groups was synthe-

sized by Chiang et al. method.31 PTMG and HDI (NCO index

4) were stirred in a three-necked round bottom flask at 70�C

for 2 h in an inert atmosphere and synthesis of prepolymer was

confirmed by the appearance of urethanic carbonyl at 1720

cm�1 and suppression in 2200 cm�1 peak intensity due to iso-

cyante linkages, in the infrared (IR) spectrum.27

Synthesis of B-PU Nanocomposite. In a separate round bot-

tom flask, variable concentrations of BT and BaF (0.01 weight

% TritonX as dispersant) were sonicated in THF and added to

the three-necked flask containing prepolymer (synthesized as

above) with vigorous stirring. Fullerenol, dispersed in anhydrous

mixture of THF and DMF (3 : 1), was added to the above reac-

tion mixture along with a dilute drop of DBTDL catalyst. The

temperature was raised to 60�C and inert atmosphere was

maintained throughout the reaction. The reaction viscosity

began to increase, as expected by the crosslinking effect of full-

erenol, and at an appropriate viscosity, that is just before turn-

ing into a gel, the contents of the flask were poured onto a glass

plate or petridish and left overnight to obtain flexible freestand-

ing B-PU nanocomposite films (Scheme 1).

Characterization

Fourier transform IR (FTIR) spectra were recorded on a Nicolet

Magna IR 750 spectrometer, using KBr pellets. Thermogravi-

metric measurements were performed by a Hi-Res TGA 2950

thermogravimetric Analyzer (TA instruments) attached to a

thermal analyst 2100 (DuPont Instruments) thermal analyzer,

under nitrogen from room temperature to 600�C, with a heat-

ing rate of 10�C/min. About 7 6 0.2 mg of sample was heated

at 10�C/min for comparative thermogravimetric analysis (TGA).

Dynamic mechanical analysis (DMA) was performed by GABO

EXPLEXOR 150 N at a heating rate of 2�C/min from �100�C

to �20�C. X-ray diffractograms (XRD) were acquired at room

temperature on an ARL XTRA X-ray diffractometer (Thermo

Electron Corporation) with Cu Ka radiation in the 2h range

from 10 to 80�, by a step of 0.02�. Energy dispersive X-ray spec-

trogram (EDX) was recorded on Genesis 1000 attached with

Carl Zeiss Scanning Electron Microscope. The size and mor-

phology of fillers used in the composite were confirmed by

Technai G2 U-Twin High Resolution Transmission electron

microscope and EDX of the nanocomposite was recorded on

EDX attached with TEM instrument. Sintech Universal Mechan-

ical Testing Unit was used to measure the tensile properties of

polymers. All the given values are means of six measurements

(6 standard deviation). The standard dumb-bell shaped sam-

ples (ASTM D638) were used in measurement with a constant

stretching rate of 50 mm/min 6 10. Agilent PNA Series vector

network analyzer E8364B (110–50 MHz) at X band (8.2–12.4

GHz) of microwave region was used to determine the real and

Scheme 1. Schematic of synthesis of nanocomposite.
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imaginary permittivity and permeability (e0, e00, l0, l00). The val-

ues were measured by Agilent X-Band (WR-90) waveguide kit

using the material measurement software 85701.

RESULTS AND DISCUSSION

FTIR Spectrum

The FTIR spectrum of BT is shown in Figure 1(a). Figure shows

absorption between 580 and 460 cm�1, which are characteristic

stretching (str) of TiAO bonds. 4 In Figure 1(b), which shows IR

spectrum of B-PU nanocomposite, the bands at 3334 and 1478

cm�1 can be attributed to NAH str, while the urethanic carbonyl

is evident at 1720 cm�1. The broad bands at 2900–2800 cm�1 can

be accounted to CAH str, at 1108 to CAOAC str, while at around

1625 to C¼¼C str, respectively. Hence, the synthesis of PU is clearly

evidenced by IR. However, as the characteristic bands of BT and

BaF are found between 550 and 400 cm�126,32 and these bands are

already present in the fullerene-derived PU, nanofiller incorpora-

tion can not be affirmed by IR. Following analytical techniques

have been used to prove the nanocomposite formation.

X-Ray Diffraction (XRD)

Figure 2(a,b) plot the XRD diffractograms of BT and B-PU

nanocomposite, respectively. The XRD spectrum in Figure 2(a)

shows cubic symmetry with reflection peaks at 2h values of

22.32, 31.69, 39.05, 45.49, 51.15, 56.39, and 66.01 corresponding

to (100), (110), (111), (200), (210), (211), and (220) sets of dif-

fraction planes, respectively and can be indexed to JCPDS#05-

0626 (Joint Committee on Powder Diffraction Standards). The

peaks in XRD spectrum of BaF26 are in accord with the magne-

toplumbite structure of hexagonal BaF (JCPDS #84-0757).

The average particle size of BaF and BT is estimated from the

line broadening of corresponding X-Ray diffraction peaks using

the Scherrer formula.33

d ¼ 0:9lk
bcosh

where, d is the primary particle size, k is the wavelength of Cu

Ka radiation (1.5405 Å), h is the diffraction angle, and b is the

line width at half maximum height. The average particle size of

Figure 1. IR spectra of (a) BT (b) B-PU nanocomposite.

Figure 2. XRD spectra of (a) BT (b) B-PU nanocomposite.
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BaF is calculated to be 49 nm and that of BT to be 65 nm. Fig-

ure 2(b) shows a broad peak between 18 and 23 2h that can be

attributed to PU matrix, all sharp peaks at 31.6, 39.07, 45.45,

and 57.5 can be attributed to the presence of BT and the peaks

at 32.1, 34.2, 37.2, 40.3, and 63.1 can be accounted to BaF.

Hence, the XRD spectrum of the nanocomposite clearly proves

the incorporation of nanoparticles into the PU matrix.

Transmission Electron Microscopy

Figure 3(a) shows the TEM micrograph of BT nanoparticles.

Most of the particles are irregular in the size range of 50–100

nm, with few reaching cubic shape. TEM image of BaF26 also

shows a mixture of spherical and hexagonal particles in the

same range. The TEM micrograph of B-PU nanocomposite

[Figure 3 (b)] shows that about 80–90% of the particles are

ranged from 50 to 100 nm and all shapes, that is, spherical,

cubic, and hexagonal are evident suggesting the incorporation

of both BT and BaF nanofillers. Agglomeration between hexago-

nal ferrite particles may be attributed to the magneto dipole

attraction and the smaller spherical particles evident in the

micrograph are probably of fullerene moiety.

Energy Dispersive X-Ray Diffraction (EDX)

Table I describes the EDX analysis of BT and BaF nanoparticles.

Both the atomic and weight % values are in accordance with

expected values. Figure 4 shows the EDX spectrum of B-PU

nanocomposite. As this spectrum was obtained from carbon

coated copper grid, the weight % values cannot be used to

quantify the filler incorporation, but the spectrum certainly

does provide an evidence for BaF and BT incorporation

into PU matrix.

Thermal Properties

Figure 5 shows the TGA thermogram of PU and its nanocom-

posites. From the plot of percent decomposition versus temper-

ature, it appears that onset of degradation has shifted from

approximately 306�C for PU to 320�C for PU-3 showing the

enhanced thermal stability of nanocomposite of BT and BaF,

over fullerene-derived PU. This increase in stability is more

clearly evident from the first derivative curve, which shows peak

shift from 417�C for PU to 429�C for PU-3. This improvement

in thermal stability with increasing filler concentration may be

explained by increased surface area available for interfacial

interaction between polymer and nanoparticle. Both the nano-

particles used are oxides and hence are expected to interact by

polar bond interaction with the isocyanate and ether groups of

PU matrix, resulting into better thermal properties.34 As the

loading of filler increases, so does the interfacial interaction

leading to improvement in thermal properties.

The variation in storage modulus (E0) and tan d obtained from

the DMA measurements are shown in Figure 6. The variation

of E0 and tan d with temperature suggests the existence of two

transitions for all the samples (marked as arrows in Figure 6).

From the E0 plot for PU (i.e., without nanofiller), it is evident

that the first drop in modulus (although not significant) occurs

at approximately �80�C that corresponds to the glass transition

temperature (Tg) of fullerene-derived PU.28 The next significant

drop in modulus occurs at approximately �57�C. Earlier

Figure 3. TEM micrograph of (a) BT (b) B-PU nanocomposite.

Table I. EDX Data of BaF and BT

Weight % Atomic %

Barium titanate Ba 62.12 20.5

Ti 19.05 18.05

O 21.75 61.37

Barium hexaferrite Ba 12.91 3.49

Fe 63.5 41.9

O 23.59 54.5
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differential scanning calorimetry studies on fullerene-

derived PU reveal that the flexible polytetramethylene (PTMG)

chains have a tendency to recrystallize at approximately �34�C

on cooling from melt.28,35,36 These recrystallized chains are

expected to soften beyond Tg. It is hereby proposed that such a

softening of the crystalline segments occurs at approximately

�57�C which results to the observed drop in E0 value. Corre-

sponding to these two transitions, two maxima are also

obtained in the tan d versus temperature plot.

The DMA plots of the nanocomposites (PU-1 to PU-3) also

show these two transitions. The plots of storage modulus versus

temperature show a decrease with increase in temperature for

all the nanocomposites. The first (less significant) transition at-

tributable to Tg does not show significant change compared to

PU, whereas the next transition (marked by rapid drop in mod-

ulus) is found to shift toward higher temperature as we move

from PU-1 to PU-3. It is suggested that with higher loading of

filler, the particle–matrix interfacial area increases leading to

better interaction. This improved interaction will thereby cause

the crystallized PTMG chains to soften at a higher temperature.

Hence, the storage modulus drops at a higher temperature com-

pared to PU. This effect could also be interpreted from the tan

d maximum in the region �48 to �36�C.

Mechanical Properties

Table II shows the enhancement in tensile strength with increas-

ing concentration of the filler. The linear PU using butanediol

as chain extender in place of fullerenol was also synthesized and

found to have a tensile strength of 5 MPa while the fullerene

containing PU has tensile strength of 12 MPa.26 Addition of 1–

3% of each nanofiller raises its tensile strength upto 29 MPa 6

standard deviation. This significant enhancement in tensile

strength with increasing filler content may be explained due

to uniform dispersion of filler leading to increased interfacial

particle–matrix interaction. The percent elongation was found

to decrease with increasing filler concentration. Hence, the

Figure 4. EDX spectrum of B-PU nanocomposite.

Figure 5. TGA thermograms of PU and 1, 2, and 3% B-PU

nanocomposites.

Figure 6. DMA thermograms of PU and 1, 2, and 3% B-PU

nanocomposites.
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nanofiller imparts remarkable mechanical strength to the

nanocomposite.

Microwave-Absorbing Properties

Figure 7(a) plots the real (e0) and imaginary (e00)
permittivity versus frequency while Figure 7(b) plots the tan de
curve of PU and its nanocomposites. It is clear from Figure 7(a)

that addition of nanofillers raises e0 for PU from approximately

2.3 to a maximum of 4.2. It is also clearly evident from the fig-

ure that addition of nanofiller is responsible for a significant in-

crement in e00, thereby incorporating absorption characteristics

to the nanocomposites. This is also evident from sharp rise in

tan de peak of B-PU nanocomposites with 2 and 3% filler con-

tent [Figure 7(b)]. The resonance peak rises from 0.08 for PU

to 0.29 for PU-3 at 10.3 GHz, which may be due to inherent

dielectric property of BT nanoparticles.

Figure 8(a) plots the real (l0) and imaginary (l00)
permeability versus frequency for PU and its nanocomposites.

As expected by the dielectric nature of PU, l0 is around 1 and

l00 � 0. The nanocomposites show an increase in both l0 and

l00 due to incorporation of BaF. From the tan dl versus fre-

quency plot [Figure 8(b)], it is evident that loss factor (tan dl)

is a maximum for 2% BT and 2% BaF composition (PU-2) in

the X band region.

For a microwave-absorbing layer backed by a perfect conductor,

the normalized input impedence related to the impedence in

Table II. Tensile Properties of B-PU Nanocomposites

S.Name
%
BT

%
BaFe

Tensile
strength
(MPa)

Standard
deviation

% Elongation
(Eb)

PU 0 0 12.4 2.1 800

PU-1 1 1 13.5 2.2 780

PU-2 2 2 21.1 2.9 670

PU-3 3 3 29.2 3.5 600

Figure 7. Plot of (a) real (e0) and imaginary (e00) permittivity versus fre-

quency and (b) tan de versus frequency of PU and B-PU nanocomposites.

Figure 8. Plot of (a) real (m0) and imaginary (m00) permeability versus fre-

quency and (b) tan dm versus frequency of PU and B-PU nanocomposites.
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free space, Zin and reflection loss (RL) related to the normal

incident plane wave are given by the theory of absorbing wall,

Zin ¼
ffiffiffiffiffi
lr

er

r
tanh j

2pfd
c

ffiffiffiffiffiffiffiffi
lrer

p
� �

(1)

RL ðdBÞ ¼ 20 log
Zin � 1

Zin þ 1

����
���� (2)

where RL is a ratio of reflected power to incident power in dB,

er and lr are the complex permittivity and complex permeabil-

ity of the composite medium, respectively, d is the thickness of

the absorber, and c and f are the velocity of light and the fre-

quency of microwave in free space, respectively. The impedence

matching condition representing perfect absorbing properties is

given by Zin ¼ 1.

B-PU nanocomposite films having thickness 2 and 3 mm were

used for measurement of reflection loss. Figure 9(a,b) shows the

reflection losses of PU and B-PU nanocomposites as a function

of frequency. It is clear from the figures that PU does not give

any reflection loss in the measured frequency band. As shown

in Figure 9(b), PU-1 shows a maximum reflection loss of �8.9

dB at 9.1 GHz, PU-2 shows �11 dB at 9.3 GHz and PU-3

shows �8.7 dB at 8.9 GHz. As observed, sample PU-2 shows a

maximum absorption in comparison to PU-3. It appears that

when doping of BT and BaF is 2% (PU-2), the composites have

good compatible dielectric and magnetic properties. As dis-

cussed above, for wave to enter into the material there should

be good impedance matching at air and material interface. It is

quite possible that sample PU-2 exhibits better impedance

matching at the interface and therefore gives better absorption.

The enhanced microwave properties of B-PU nanocomposite at

such low filler content may also be attributed to the nanometer

size of the particles, which provide large surface area and

increased number of dangling bond atoms and unsaturated

coordination on the surface.

CONCLUSIONS

Flexible novel nanocomposite films of fullerene containing PU

with BT and BaF as lossy fillers have been prepared and charac-

terized. The effect of incorporating lower content of lossy fillers

into PU matrix has been studied by the study of their morphol-

ogy, mechanical, thermal, and microwave-absorbing properties

(X band). The films show enhanced thermal stability and

marked improvement in tensile strength. Incorporation of

nanofillers enhances the reflection loss of the PU matrix sug-

gesting them potentially applicable as microwave absorbers.
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