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ABSTRACT: In this work, two types of hybrid composite materials were elaborated. The first based on polyaniline (PANI) doped Cam-
phor Sulfonic acid (CSA), Carbon-Coated Cobalt (CCo), and FeNi nanoparticles dispersed in polyurethane. A value of 10* S/m of
conductivity and a 90 dB of shielding effectiveness in multilayer structure were obtained over the 8-18 GHz frequency band. The sec-
ond type, based on PANI doped para-toluene sulfonic acid (PTSA), dispersed in epoxy resin with FeNi nanoparticles. A thick material
with moderate conductivity and high attenuation of electromagnetic waves was obtained. It was found that a PANI-PTSA/FeNi/epoxy
resin composite with thicknesses of 9.7 and 6.5 mm had, respectively, reflection loss values of —22 dB at 9.52 GHz, and —20.7 dB at
14.7 GHz. The electromagnetic properties of the elaborated structure hybrid materials can be optimized to increase the electromag-
netic reflection—absorption properties. Thus, the obtained structure can be used in shielding and radar absorbing materials applica-
tions. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000000, 2012
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INTRODUCTION

Over the past few decades, as the use of electronic devices work-
ing in the microwave frequency band has rapidly grown, the
electromagnetic interferences (EMI) have drastically increased.
Thus, large perturbations were produced in electronic systems
of civil and military telecommunication. In the civil domain,
the electromagnetic interferences can have dramatic consequen-
ces by disrupting and reducing the life time and the efficiency
of electronic systems fitted to planes or automobiles. To avoid
these problems, it is necessary to protect electronic equipments
against the aggression of electromagnetic waves. One way is to
confine the electronic circuits in a shielding package that per-
mits to reduce the impact of the electromagnetic coupling with
incident waves.

Extensive studies have been carried out to develop new and
high efficient shielding materials that can reduce the impact of
the EMI and increase the lifetime of electronic devices.'™ Vari-
ous materials have been used such as conductive metal powders,
ferrites, carbon products, chiral materials, synthetic organic
fibers, and conjugated polymers.*™ Typically, metallic materials
have been widely used for EMI shielding, since they can effec-
tively reflect the incident electromagnetic wave.'®'' However,
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they have some drawbacks including a susceptibility to corro-
sion and a complex and uneconomic processing. In addition,
their high density is incompatible with aeronautic applications
and ground transportations where the weight gains are sought.
In addition, metals almost reflect totally the incident radiations
and cannot be used in applications where the generated waves
in turn generate disturbances or are used for the detection of

aircrafts.'>1?

The interaction between an electromagnetic wave and a material
can be modeled by three phenomena: reflection, absorption,
and multiple reflections inside the material. These phenomena
depend on the physical properties of the material, like the con-
ductivity, the dielectric permittivity, the magnetic permeability,
and the thickness. Extensive studies have been carried out dur-
ing the last decade with the aim to control and modulate these
physical parameters in order to control the reflection or the
absorption of the electromagnetic wave.*'*™'¢

In this context, intrinsically conductive polymers (ICPs) have
inspired much interest due to their lightweight, good process-
ability, and the possibility to modulate easily their conductiv-
ity." In particular, Polyaniline (PANI) has a special status
among other conducting polymers due to various advantages: it
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presents a good thermal and chemical stability, low cost and its
conductivity can be reversibly controlled either electrochemically
(oxidation/reduction process) or chemically (protonation/depro-
tonation process). However, PANI presents poor mechanical
properties, so it can be blended with thermoplastic or thermo-
setting matrix to improve its elasticity.'®. Then the resulting ma-
terial combines the electronic properties of PANI and the me-
chanical properties of the matrix and a very low percolation
threshold can be obtained. Due to theses unique properties,
PANI-based composites had been used to make new materials
with wide field of applications as electromagnetic shielding,'*™>'
gas sensors,”” rechargeable organic batteries,”** corrosion pro-
tection, and photovoltaic cells.>>™’

Our previous work®® demonstrated that a multilayered material
is more efficient than a mono layer for electromagnetic shield-
ing and that an optimized multilayered PANI composite can
show a shielding effectiveness superior to 40 dB or 80 dB over
the 50 MHz-18 GHz frequency band, depending on the applica-
tion. These composites materials were highly conductive, and
then the high SE is due to the reflection phenomena.

In this work, to improve the shielding effectiveness (SE) and
reflection loss (R;p), composites with multilayered structures
were elaborated. Magnetic nanoparticles were added to PANI
composites to increase their electromagnetic performances and
to study their effect on the reflection and the absorption of elec-
tromagnetic waves. Thus, two types of PANI-based composites
were prepared. The first base on PANI with Polyurethane (Pu),
where carbon coated cobalt (CCo) and FeNi nanoparticles were
dispersed. The second is based on PANI and epoxy resin matrix,
in which, FeNi nanoparticles were dispersed. The morphology
of the samples was investigated by Scanning electron micros-
copy (SEM). The influence of the fillers content on the electro-
magnetic properties of composites has been investigated. Micro-
wave shielding and microwave absorption of the composites at
different thicknesses were investigated in X and Ku band using
a Vector Network Analyzer (VNA). The results show that with
the first process of transformation of PANI, very high SE are
obtained with thin films, principally by the reflection of the
electromagnetic waves, while the second process provides thicker
materials with magnetic properties and moderate conductivities,
so they are able to absorb electromagnetic waves in the micro-
wave band.

EXPERIMENTAL

Materials

Polyurethane (Elastollan 117) was given by BASF, Commercial
medapoxy (DGEBA/DGEBF) was obtained from the Algerian
Granitex company. Polyaniline Emeraldine Base (PANI-EB) with
a molecular weight of 65000, Camphorsulfonic acid (CSA),
Dichloroacetic acid (DCAA), Carbon-coated cobalt (CCo) with
a particle size of about 50 nm and a conductivity of about
1,6.10” S m™", (FeNi) Alloy ( iron: 55% and nickel: 45%) with
a particle size of 100 nm, Tetrahydrofuran (THF), BF; — com-
plex, Hexahydrophtalic anhydride (HHPA) and Polyaniline
doped para-toluene sulfonic acid (PANI-PTSA) with a conduc-
tivity value of 600 S m™', were purchased from Sigma-Aldrich.
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Table I. Composition, Conductivities, and Thicknesses of PANI/
Polyurethane/CCo Composites

Composite Composite
multilayer 1 multilayer 2
Composition (%)  Layer 1 Layer 2  Layer 1 Layer 2
PANI-CSA 20 20 20 3
Pu 60 70 75 97
CCo 20 10 05 00
G (S/m) 1400 1200 870 5
Thick (um) 470 520 640 210

Composites preparation

PANI-CSA/Polyurethane/CCo and FeNi Composites: Codisso-
lution Method. PANI-EB was doped with CSA and dissolved in
DCAA which was used as solvent and secondary doping agent.
The PANI-EB was slowly added to CSA-DCCA solution during
10 min under regular stirring to avoid the formation of aggre-
gates. The resulting solution was then stirred at 65°C during 3
days. The mass of each component is calculated to obtain a
fully protonated PANI. During the protonation, the solution
color changes from blue to green, and the conductivity increases
considerably. In these conditions, the maximum obtained con-
ductivity is about 10* S m~".** Pu was separately dissolved in
DCAA for 03 h using a magnetic stirrer. Then it was added to
the PANI-CSA solution and was stirred for 24 h to obtain a ho-
mogeneous mixture. CCo and FeNi, particles were independ-
ently dispersed in DCAA using an ultrasonic bath at room tem-
perature for 4 h, then mixed with the PANI/Pu solution and
stirred for 24 h at room temperature. The resulting solution
was heated at 80°C under vacuum until the complete evapora-
tion of the solvent. Finally, free standing films were obtained
with a thickness varying from 100 to 650 um. The codissolution
method provided thin materials with high conductivity. Then,
multilayered structures were fabricated using different composi-
tions for each layer as it is resumed in Tables I and II.

In the Table I, composites were prepared with PANI-CSA/CCo/
Pu. Multilayer 1 have a 0.99 mm of total thickness and the
same amount of PANI-CSA in both Layers 1 and 2; however, in
the composite multilayer 2, the PANI-CSA amount was 20 and
3% in each layer.

In the Table II, all composites of PANI-CSA/FeNi/Pu were made
with the same amount of 3% of PANI-CSA in all layer compo-
sites. Composite multilayer 1 and composites multilayer 2 have
total thicknesses of 0.97 and 0.93 mm and conductivities of
1077 Sm " and 107> S m', respectively.

PANI/FeNi/Epoxy Resin Composites: Dispersion Method. Conducting
PANI-doped PTSA and FeNi were dispersed separately using
THF as solvent at room temperature using an ultrasonic. The
epoxy resin matrix was added to the above mentioned colloidal
solutions to prepare composites with different loading PANI
and FeNi under continuous magnetic stirring and heating at
65°C to improve the dispersion’s quality and to remove solvent
residues. The weight contents of PANI and FeNi in composites
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Table II. Composition, Conductivities, and Thicknesses of PANI/Polyurethane/FeNi Composites
Composite multilayer 1 Composite multilayer 2
Composition (%) Layer 1 Layer 2 Layer 3 Layer 1 Layer 2 Layer 3
PANI-CSA g 3 3 3 3 3
Pu 87 82 77 92 67 57
FeNi 10 15 20 05 30 40
c (S/m) 1073 1073 1073 1073 1072 1072
Thick (um) 340 330 300 260 280 390

were: 1, 5, 10, 15, and 20 wt %. After the evaporation of the
solvent, the curing system was added. The mixtures were
poured immediately in appropriate moulds, to obtain a speci-
men for different analysis and were subjected to cross linking
steps. This method provides thick materials with moderate con-
ductivity and their composition characteristics are presented in
Table III. In this table, the single layer composites have an con-
ductivity of 107> S m™' and thicknesses of 1.5, 9.7, and 6.5
mm, respectively, however, composites made in Multilayers 1
and 2 have a conductivity of 107> S m™' and a total thickness
of 3 mm.

Characterization

The morphological analysis were carried out using a scanning
electron microscope type Hitachi S-4300 SE/N operating
between 5 kV and 20 kV and 35 pA to 50 pA. To avoid the
effects of electric charge on the surface and to facilitate the flow
of electrons, samples were coated with a thin layer of gold. The
static conductivity measurements were carried out on the films
using the Van Der Pauw method.*® Four probes were placed at
the corners of the films (square shaped with thickness in order
of 650 um and a length of 13 mm. The method of measure-
ment permits to verify if the samples are homogeneous and iso-
tropic. A current (Keithley 220 current source) is sent through
the sample and eight voltages are measured (DMM Keihtley
196) following the procedure described in the Keithley applica-
tion note.”" The conductivity is extracted using a standard algo-
rithm.”> The measurement range varies from 107> to 10°
Sm . Scattering parameters (S;;, S,;) of composites at differ-
ent thicknesses and different amounts of fillers were carried out
using a Vector Network Analyzer (VNA) type Agilent technolo-
gies, E8362B working from 10 MHz to 20 GHz. In this fre-
quency domain, two sets of wave-guides were used: a WR-90

for the X band and a WR-62 for the Ku band. The wave-guides
were linked to the VNA with two cables in APC7 standards.
The sample was clamped between two flanges of the input and
output wave guides through four holes. The calibration of the
VNA was made according to the TRL (Through-Reflect-Line)
method following the procedure given by the manufacturer.
Microwave absorption properties were measured using the same
instrument but the rear face of the sample was terminated by a
short—circuit that is a perfect conductor. All measurements
were repeated several times to ensure the repeatability of data.

RESULTS AND DISCUSSION

Morphology

Figure 1 shows the SEM morphology of composites. It was
revealed that, PANI-doped CSA forms fibers structure as it is
shown in micrograph (a). It is homogeneously distributed in
the Pu matrix (images b). However, in micrographs (c), and
(d), a homogeneous dispersion of crystalline particles is
observed presenting the nanoparticles of CCo and FeNi dis-
persed in PANI/Pu matrix, respectively. Micrographs (e) and
(f), show the FeNi particles and the epoxy resin composites.
FeNi forms agglomerates due to interactions between particles.
Consequently, it is poorly dispersed in the matrix. The white
regions characterized the fillers particles. In addition, the PANI,
CCo, and FeNi nanoparticles were consistently dispersed in the
Pu matrix, indicating a homogeneous mixture of phases.”**

Shielding Effectiveness and Reflection Loss

The electromagnetic shielding effectiveness (SE) of materials is
defined as the ratio between transmitted powers (P,) through the
material to the incident power (P;) of an electromagnetic wave.

SE = =20 log ‘521‘ (1)

Table III. Composition, Conductivities, and Thicknesses of PANI/FeNi/Epoxy Resin Composites

Single layer composite

Multilayer composite 1 Multilayer composite 2

Composition (%) Composite 1 Composite 2 Layer 1 Layer 2 Layer 1 Layer 2
PANI-PTSA 10 15 10 00 00 00

ER 75 80 90 85 90 85
FeNi 15 05 00 15 10 15

c. (S/m) 102 102 103 103 103 103
Thick. (mm) 1.5 9.78&6.5 1.5 1.5 1.5 1.5
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Figure 1. SEM micrograph composites of: PANI-CSA (a), PANI-CSA(3%)/Pu (b), PANI-CSA(3%)/FeNi(10%)/Pu (c), PANI-CSA(20%)/ CCo/Pu(10%)

(d), FeNi powders (e), and FeNi (20%)/epoxy resin (f).

Experimentally, SE is directly given by the network analyzer by
the parameter S,,.° In order to increase the electromagnetic
properties; multilayered structures were studied using a theoreti-
cal model of shielding effectiveness based on transmitted wave
matrix in the far field regime.”> This model shows that the
reflection and transmission coefficients depend on the intrinsic
physical properties of each layer. The use of PANI composites
makes possible to tune the electronic properties of the compo-
sites from insulating to conducting states and to control the
thickness. Then, it is possible to optimize each layer of the
structure to obtain values of the SE compatible with current
standards and to control the reflection and the absorption
coefficients.
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The reflection loss was obtained from the measurement of the
S11 coefficient given by the network analyzer:

Ry =20 10g |S]1| (2)

The variation of the reflection loss in function of frequency
presents dips indicating the occurrences of absorption or mini-
mal reflection of the electromagnetic wave. The intensity and
frequency at R; minimum are depending on the electronic
properties and thickness of samples.”®

PANI-CSA/Polyurethane/CCo and FeNi Composites. Multilayered
shielding structures were prepared, as shown in Tables I and II.
The optimization of these structures was done in function of
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Figure 2. SE of PANI-CSA/Pu/CCo composite Multilayers 1 and 2 (a) and reflection loss of PANI-CSA/FeNi/Pu composite Multilayers 1 and 2 (b) in X
and Ku bands. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

conductivity, dielectric permittivity and material thickness.
These parameters are directly linked to the composition of the
composite materials. Thus, the mass fraction of PANI, Pu, CCo,
and the FeNi nanoparticles were precisely controlled in compo-
sites. The final goal of the optimization is to make light and
thinner materials that meet the shielding standards (military
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standard SE > 80 dB, civil standard SE > 40 dB) with a large
reflection loss coefficient. Figure 2(a) shows the shielding effec-
tiveness of the optimized multilayered materials. It is worth
noticing that the multilayer materials 1 and 2 present a low
thickness (<1 mm), and a shielding effectiveness superior to 80
and 40 dB in the X and Ku bands. Besides, the measured SE for
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Figure 3. SE and reflection loss of PANI/FeNi/epoxy resin composites single layer at different thicknesses of: composites 1 (a) and composites 2 (b) in X
and Ku bands. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the multilayer 1 (about 90 dB) corresponds to the limit of the sys-
tem of measurement, thus the real SE of the Multilayer 1 can be
estimated higher than 90 dB.*” Figure 2(b) shows the reflection loss
of two optimized multilayer structures of the PANI-CSA/FeNi/Pu
composites Multilayers 1 and 2. We obtained reflection loss values
of —6 dB and —12.2 dB at 14.2 GHz and 17.8 GHz in Ku band

PANI/FeNi/Epoxy Resin/Composites. The PANI/FeNi/ER com-
posites frequency dependence of reflection loss and shielding ef-
ficiency in X and Ku bands at different thickness are shown in
Figures 3 and 4. As expected, the reflection loss is dependent on
the thickness and on the nature of the absorber. The structure
based on PANI-PTSA(10%)/FeNi(15%)/epoxy resin composite,
with a thickness of 1.5 mm, showed a R; of —15.3 dB and a SE
of 4.5 dB at 18 GHz.

However, for the same thickness in multilayer structure of
PANI-PTSA (10%)/FeNi(15%) composite, a value of —24 dB at
11.5 GHz and —17.7 dB at 13.4 GHz were observed. Moreover,
a 1.5 mm of a composite 10% FeNi/15%FeNi multilayer indi-
cate a value of —15 dB at 12.4 GHz and —26 dB at 13.5 GHz.>®
At higher thicknesses (4/4 in X and Ku band) corresponding to
9.7 and 6.5 mm, respectively, of PANI-PTSA/FeNi/epoxy resin
composite samples, reflection loss values of —22 dB at 9.52
GHz, and —20.7 dB at 14.7GHz were observed with a SE of
around 7 dB. Microwave absorption is caused by the interaction
between electric dipole or magnetic dipole in the material and
the electromagnetic field. At a matched thicknesses and a deter-
minate value of the conductivity, the material with high permit-
tivity and permeability has high microwave absorption. These
results obviously demonstrate that the intensity and the fre-
quency of the microwave energy absorption for the composite
also depend on the rate of the polyaniline and nonmagnetic
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content in the matrix.”® Thus, microwave absorption properties
of composite are improved by the dielectric and magnetic losses
when the weight fraction of the nanofillers increases.

CONCLUSIONS

Electromagnetic composites based on polyaniline-doped CSA
and PTSA dispersed in polyurethane and epoxy resin matrix
with the presence of magnetic nanocharges were successfully
prepared by two different methods: Codissolution and disper-
sion. The SEM observations showed a fiber structure of PANI,
and a homogenous dispersion of magnetic charges of CCo and
FeNi in the matrix. The codissolution method provides thin
materials with high conductivity. A shielding effectiveness supe-
rior of 40 and 80 dB in the X and Ku band was obtained using
a three layers structure, this value is mostly due to reflections.
In addition, we obtained a reflection loss value of —12.2 dB at
17.8 GHz with an optimized multilayered composite. The dis-
persion method provides thicker materials with moderate con-
ductivity. It was found that values of —24 dB at 11.5 GHz and
—17.7 dB at 13.4 GHz were observed in multilayer composite
with thicknesses of 1.5 mm. For a thickness of 9.7 mm of
PANI-PTSA/FeNi/epoxy resin composite, reflection loss values
are —22 dB at 9.52 GHz, and —20.7 dB at 14.7 GHz. These
results encourage further development of multilayered shielding
and absorbers for broadband applications.

ACKNOWLEDGMENTS

The authors would like to express grateful acknowledgement to all
researchers of E.M.P, Algeria and Département Chimie—Environ-
nement, at Ecole des Mines de Douai, France, for their experimen-
tal assistance and discussions.

@WILEY i ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

SCIENCE

REFERENCES

1.

Lee, C. Y;; Song, H. G;; Jang, K. S.; Oh, E. J.; Epstein; Joo,
A.J. ]. Synth. Met. 1999, 102, 1346.

2. Luo, X.; Chung, D. D. L. Compos. B, Eng. 1999, 30, 227.
3. Kim, H. M.; Kim, K.; Lee, C. Y.; Joo, J.; Cho, S. J.; Yoon, H.

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

MA‘“\TE‘JB WWW.MATERIALSVIEWS.COM
]

S.; Pejakovic, D. A.; Yoo, J. W.; Epstein, A. J. Appl. Phys.
Lett. 2004, 84, 589.

. Cao, J; Fu, W. Y,; Yang, H. B; Yu, Q. J; Zhang Y. Y.

J. Phys. Chem. B 2009, 113, 4642.

. Tang, N. J.; Zhong, W.; Au, C.; Yang, Y.; Han, M. G.; Lin,

K. J. Du, Y. W. J. Phys. Chem. B 2008, 112, 19316.

. Wojkiewicz, J. L.; Fauveaux, S.; Miane, J. L. Synth. Met.

2003, 135, 127.

. Soto-Oviedo, M. A.; Aradjo, O. A.; Faez, R;; Rezende, M.

C.; De Paoli, M. A. Synth. Met. 2006, 156, 1249.

. Fox R. T.; Wani V,; Howard K. E; Bogle A.; Kempel L.

J. Appl. Polym. Sci. 2008, 107, 2558.

. Oviedo, M. A. S.; Aratjo, O. A.; Faez, R;; Rezende, M. C;

De Paoli, M. A. Synth. Metal. 2006, 156, 1249.

Huang, C. Y,; Mo, W. W,; Roan, M. L. Surf. Coat. Tech.
2004, 184, 163.

Osawa, Z.; Kuwabara, S. Polym. Degrad. Stab. 1992, 35, 33.
Stonier, R. A. SAMPE ]. 1991, 27, 9.

Chandrasekhar, P. Conducting Polymers, Fundamentals and
Applications; Kluwer Academic Publishers: London, 1999,
p 330.

Singh, K.; Ohlan, A.; Bakhshi, A. K.; Dhawan, S. K. Mater.
Chem. Phys. 2010, 119, 201.

Meena, R. S.; Bhattachrya, S.; Chatterjee, R. J. Magnet.
Magn. Mater. 2010, 322, 2908.

Tang, N. J.; Zhong, W.; Au, C.; Yang, Y.; Han, M. G.; Lin,
K. J; Du, Y. W. J. Phys. Chem. B 2008, 112, 19316.

Yuping, D.; Shunhua, L.; Hongtao, G. Sci. Technol Adv.
Mater. 2005, 6, 513.

Aleshin, A. N.; Kwanghee, L.; Lee, J. Y,; Kim, D. Y.; Kim, C.
Y. Synth. Met.99, 1999, 27.

Kim, B. R.; Lee, H. K.; Kim, E.; Lee, S. H. Synth. Met. 2010,
160, 1838.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

38.

39.

WILEYONLINELIBRARY.COM/APP

ARTICLE -

Folgueras, L. C.; Alves, M. A.; Rezende, M. C. J. Aerospace
Technol. Manage. 2010, V2, N.1.

Wang, Z.; Bi, H.; Liu, J.; Sun, T.; Wu, X. J. Magnet. Magnet.
Mater. 2008, 320, 2132.

Chabukswar, V. V.; Pethkar, S.; Athawale, A. A. Sens. Actua-
tors 2001, 77, 657.

Mandic, Z.; Rokovic, M. K.; Pokupcic, T. Electrochim. Acta.,
2009, 54, 2941.

Akajima, T.; Kawagoe, T. Synth. Met. 1989, 28, 629.
Mollahosseini, A.; Noroozian, E. Synth. Met. 2009, 159,
1247.

Petitjean, J.; Tanguy, J.; Lacroix, J. C.; Chane-Ching, K. L;
Aeiyach, S.; Delamar, M.; Lacaze, P. C. J Electroanal. Chem.
2005, 581, 111.

Fan, B.; Mei, X.; Sun, K.; Ouyang, J. Appl. Phys. Lett. 2008,
93, 143103.

Hoang, N. H.; Wojkiewicz, J.-L.; Miane, J.-L.; Biscarro, R. S.
Polym. Adv. Technol. 2007, 18, 257.

Mac Diarmid, A. G.; Epstein, A. J. Synth. Met. 1995, 69, 85.
Van Der, P. Philips Tech. Rev. 1958, 13, N°1, 1.

Keithley, application note n°7065-901-01, Available at:
www.keithley.com.

Buehler, M. G.; Thurber, W. R. Solid-State Electron. 1977,
20, 403.

Yongbao, E; Tai, Q. J. Alloys Compounds 2012, 513, 455.
Kuo-Chi, Y.; Chen-Chi, M. M.; Chih-Chun, T.; Yuan-Li, H,;
Siu-Ming, Y.; Shu-Hang, L.; Shie-Heng, L.; Ching-Chih, C.
J. Alloys Compounds 2011, 509, 8427.

Kong, J. A. Electromagnetic Wave Theory; Wiley: New York,
2000.

Phang, S. W, Daik, R.; Abdullah, M. H. Thin Solid Film
2005, 477, 125.

. Dhawan, S. K; Singh, N.; Venkatachalam, S. Synthetic Met-

als 2002, 129, 261.

Belkacem, B.; Jean Luc, W.; Saad, L.; Noureddine, El. K;
Tuami, L. J. Alloys Compounds 2012, 527, 137.

Abba, S. M.; Chatterjee, R.; Dixit A. K. et al. J. Appl. Phys.
2007, 101, 074108.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38036

7


http://www.materialsviews.com/
http://onlinelibrary.wiley.com/



