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Abstract

Development of RADAR absorbing materials (RAMs) is the most important research area in camouflage
application mainly in Defence. Aniline was polymerized in presence of dodecylbenzene sulphonic acid (DBSA)
as a functionalized protonic acid in water medium to form DBSA-doped polyaniline (PANI). NijsZngsFe,O4
(NZF) nanoparticles were synthesized by co-precipitation method along with Bariun Titanate (BaTiO3) particles
to form BaTiOs-NigsZngsFe,O4 nanoparticles. Both DBSA-doped PANI and BaTiO;-NigsZngsFe,Oq
nanoparticles were thoroughly mixed in different ratios and the mixtures were dispersed in Epoxy Resin
(LY556) matrices to produce RAMs. The spectroscopic characterization of the composite materials were
examined by using X-ray diffraction (XRD), scanning electron microscope (SEM), Energy-dispersive X-ray
spectroscopy (EDX), High resolution transmission electron microscopy (HR-TEM). The microwave absorbing
properties return loss (dB) and important parameters such as complex relative permittivity (g, - je,”"), complex
relative permeability (i, - ju,””) were measured in different microwave frequencies in X-band (8.2-12.4 GHz)
region. The composite materials showed that a wider absorption frequency range and showed maximum return
loss of -15.78 dB (>97% power absorption) at 10.8 GHz. The mechanism of microwave absorption occurs
mainly due to the dielectric loss rather than magnetic loss.

Keywords: DBSA-doped PANI, Barium titanate/Ni-Zn-ferrite, Return loss, Relative complex permittivity,
Permeability

1. Introduction

Development of RADAR absorbing material started in 1930s but commercial production started in 1950s. Radar
absorbing materials (RAMs) are widely used in commercial as well as military applications (Wen et al., 2008;
John et al., 1988). Microwaves have two components, electric field and magnetic field perpendicular to each
other. So it is required to cancel out both the component to get effective absorption when materials will be
exposed to Microwave i.e. reduction of Radar Cross Section (RCS). The RAMs are prepared with the
compounds having high loss energy. The excellent RAMs show the microwave absorbing properties over a wide
frequency range and the materials should be lightweight and thin. From the literature survey, it has been
concluded that the various types of absorbers such as ferroelectric (Chen et al., 2007) and ferromagnetic
materials (Maeda et al., 2004) and also conducting materials (Fan et al., 2006; Wojkiewicz et al., 2003;
Soto-Oviedo et al.,2006) are utilized for this purpose. Soft ferromagnetic materials are used as microwave
absorbing materials due to their high specific resistance, high magnetic saturation and low coercivity. Soft
ferromagnetic materials like spinel ferrites have been utilized as the absorbing materials in various forms.
Recently, it has been shown that magnetic nanocomposites are more useful due to their advantage with respect to
light weight, design flexibility and better absorbing properties over pure ferrites (Singh et al., 2000). On the other
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hand, ferroelectric materials have permanent dipoles. Due to this polarization, microwave absorption occurs.
Microwave absorbing properties of Ferromagnetic-conducting polymer (Ting et al, 2011) or
ferroelectric-conducting polymer composite (Abbas et al., 2005) materials have been reported by using different
types of ferromagnetic and ferroelectric fillers. In the present research work, there is an interest in the use of
magneto-electric based absorbing materials that provide absorption over a wide frequency range.
Magneto-electric composite materials are established by using both the magnetic and electric media.
Magneto-electric composite materials show the magneto-electric effect and electromagnetic properties that are
absent in their constituent phases (Burke et al., 2002; Kadam et al., 2005; Fetisov et al., 2004; Kanai et al.,
2001). Magneto-electric effects of ferroelectromagnet are the magnetic polarization on applying the electric field
or generate electric polarization on applying magnetic field. These effects are due to the interaction between
magnetic and electric dipoles (Burke et al., 2002; Kadam et al., 2005). Based on our knowledge, barium titanate
(BaTiO;) and Nig sZn, sFe,O4 were utilized as the ferroelectric and ferromagnetic materials respectively. Among
the conducting polymers, poly-aniline (PANI) was most widely studied due to its unique properties (Li et al.,
2007; Mathur et al., 2001). It has high conductivity, high resistance to air, light weight, low cost, good electrical
properties and good processibility (Li et al., 2008; MacDiarmid and Epstein, 1995; Aphesteguy and Jacobo,
2004). It has also used as electromagnetic interference (EMI) shielding, electro-catalyst, rechargeable battery,
chemical sensors, and microwave absorption (Moghaddam and Nazari, 2008; Sarac et al., 2008). PANI exhibits
better electronic and physical properties in its protonated state and it also shows magnetic properties due to high
spin density. PANI was protonated by DBSA to form DBSA-doped PANI (Babazadeh, 2009) and on the other
hand BaTiOs-NiysZnysFe,O, particles (magneto-electric materials) were prepared by the co-precipitation
method (Testino et al., 2006). Both DBSA-doped PANI and magneto-electric materials were ground to get fine
powder of sub-micron size and the powder was thoroughly mixed separately in three different ratios, 3:1, 1:1,
and 1:3 respectively. RAMs were developed by dispersing these mixed powder particulates in epoxy resin
matrices, keeping the pigment to volume concentration (PVC) constant as ~25% in all the samples. The
ferroelectric phase, ferromagnetic phase and conducting phase coexist in one material; magneto-electric
properties and the other coupling are expected due to interaction between magnetization and electric
polarization. The developed RAMs showed the absorbing properties in a wide frequency range.

2. Experimental Work
2.1 Materials

Aniline (99.5%) was purchased from Sigma-Aldrich and Dodecylbenzene sulphonic acid (DBSA), ammonium
per sulfate (APS, 98.5%) were purchased from Merck (India). Nickel nitrate (Ni (NOs),, 6H,0), zinc nitrate (Zn
(NO3),, 6H,0), ferric nitrate (Fe (NOs);, 9H,0), barium titanate (BaTiO;) and sodium hydroxide (NaOH) of
analytical reagent grade were obtained from Loba chemie (India). All reagents were used without further
purification. Distilled water was used in all the experiments.

2.2 Preparation of DBSA-doped PANI

In a 1000 ml-flat bottom flask as a reactor, DBSA (90 mmol) was taken with 400 ml distilled water and aniline
(90 mmol) was poured into the flask to form a homogeneous white milky dispersion of anilinium-DBSA
complex. The flask was placed into ice-bath containing salt and cooled to 0-5°C. Then 90 mmol of APS was
dissolved in 200 ml of distilled water and added into the flask during 2 min. at the mentioned temperature. After
24 hours, a dark-green suspension of DBSA-doped PANI was precipitated with 500 ml of acetone. This
precipitation was filtered and washed several times with distilled water and dried at 60°C for 48 hours. The
formed product was grounded to get powder.

2.3 Preparation of BaTiO3-NiysZnysFe;0y

The molar ratio of BaTiO; and NZF was taken as 1:1. Suitable combination of ferroelectric and ferromagnetic
materials would give the better magnetoelectric property. It has been shown by the earlier worker (Testino et al.,
2006) that with increasing the concentration of BaTiO;, the magnetic property was decreased for xBaTiO3-(1-x)
NigsZngsFe,04 (x= 0.5, 0.6, 0.7) composites. Hence we have used 50% of both BaTiO; and NZF as the best
composition. Due to the equal concentration of both ferroelectric and ferromagnetic materials, there should be
better interfacial interaction between them. BaTiO; particles were dispersed in the NaOH solution by the
sonication and vigorous staring. The nitric cation solutions were added quickly to the alkaline solution in the
same concentration and the molar ratio of OH/NZF was taken 8. This solution was heated to 100°C for 1 hr. to
complete the reaction. The resulting suspension was washed with water several times and twice with acetone.
The powder was recovered by filtration and dried at 60°C for 12 hr and then this powder was calcined at 900°C
for 1 hr. to form the NZF phase. The product was manually milled to form the fine powder.
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2.4 Preparation of Microwave Test Plate

DBSA-doped PANI and BaTiO3-NigsZng sFe,O, nanoparticles were mixed separately in three different ratios,
3:1, 1:1 and 1:3. The prepared mixed powder was dispersed in epoxy resin matrices at 80°C with the help of
mechanical stirrer for 1 hour and cured at 75°C for 30 minutes. The composite samples were prepared by
dispersing these mixed powder particulates in epoxy resin matrices and designated as RAM-I, RAM-II, RAM-III
respectively. The pure BaTiO;-NigsZngsFe,O4 nanoparticles were dispersed in epoxy resin and designated as
RAM-IV. Particulate to binder volume ratio was kept as ~25% in all four samples and thickness of all the
samples were taken approximately 2 mm. All the four samples were cut into desired rectangular shape of size 0.4
in x 0.9 in to fit into X-band waveguide for microwave measurements.

3. Characterization

The products were characterized by X-ray diffraction (XRD), which was conducted on a Rigaku X-ray
Diffracrometer, ULTIMA III with Cu Ko radiation (A=1.5418 A) Scanning electron microscopy (SEM), it was
obtained on a VEGA, TESCAN. Energy-dispersive X-ray spectroscopy (EDX) attached to SEM, while EDX
analysis was performed to understand their chemical constituents. Transmission electron microscopy (TEM) was
obtained on a JEOL JEM-2100 microscope. The scattering parameters (S;; & S,;) were measured employing
Agilent vector network analyzer (ENA E5071C).

4. Results and Discussion
4.1 Structure Characterization

Fig.-1 show that XRD patterns of BaTiO; and BaTiO3;/NZF composite. The main peak of barium titanate are at
20= 22.23° 31.51°, 38.90°, 45.36° 51.08° 56.02°, 56.28° 65.78° 70.38°, 75.07° and 79.43°, which exhibit
tetragonal perovskite structure. The main peak of NZF are at 26= 30.05°, 35.40°, 37.03°, 43.02°, 53.37°, 56.89°,
62.47° and 70.87°, which exhibit the typical spinel structure. Both the XRD patterns of BaTiO; and NZF are
perfectly matched with the reference XRD patterns (JCPDS, PDF no. 04-009-3215 & 01-072-6799 respectively).

Fig.-2(a) & 2(b) represent the SEM images of DBSA-doped PANI and BaTiO;/NZF composite. Fig. - 2(a)
showed that the DBSA-doped PANI has smooth surface. The SEM image of BaTiO3/NZF showed that the
particles were almost spherical and BaTiO3; & NZF particles were closely associated with each other due to the
interaction between dielectric and magnetic phases. Fig. - 2(c), 2(d), 2(e) & 2(f) represent the SEM images of
RAM- I, II, III & TV respectively. From Fig. - 2(c) to 2(f), it was shown that the concentration of BaTiO3;/NZF
composite increases (RAM- I to RAM- V) and the fillers were uniformly dispersed into the polymeric matrices.
Fig.-3(a) & 3(b) show the EDX patterns of DBSA-doped PANI and RAM- II respectively. Nitrogen was not
detected in the EDX analysis because the SEM was run with nitrogen gas purging during the analysis and the
detector is not standardized to detect Nitrogen. Fig. - 3(a) showed that sulfur (s), oxygen (o), carbon (c) were
present in DBSA-doped PANI and Fig.- 3(b) showed that the all components were present in the composites.

Fig. - 4(a) & 4(b) represent the HR-TEM images of DBSA-doped PANI and BaTiO3;/NZF composite. From
TEM images it was shown that, the particles were almost spherical and particle size was approximately 30nm.
Fig. - 4(c) represents the HR-TEM image of RAM- II and showed that the nanoparticles and PANI were
uniformly dispersed in the polymeric matrices.

4.2 Microwave Absorbing Properties

From the scattering parameters S;; & S,;, we have calculated the reflection coefficient (I') with the help of the

following equations (24)-
[=x+4/(x*=1); Ir<1
Where x = (S1,> =S, >+1)/2S1,

Reflection loss (in dB) = -20log[ I ]

Fig. - 5 represent the measured absorption spectra of RAM- I, II, IIl & IV. The prepared RAMs showed the
absorbing properties in a wide frequency range in the X-band region. RAM- I, II, III & IV showed the maximum
reflection loss of -14.86 dB at 10.89 GHz, -13.87 dB at 9.95 GHz, -15.78 dB at 10.89 GHz & -13.43 dB at 10.85
GHz respectively. RAM- I, II, III & IV contain 75%, 50%, 25% & 0% PANI respectively. The content of PANI
decreases from RAM- I to IV. RAM- III showed the maximum reflection loss i.e. better absorption than the other
RAMs. As the concentration of PANI decrease, the absorbing properties decrease except RAM- III. With
increasing the concentration of PANI, the conductivity of the composite materials increase and these contribute
to the high permittivity. When the weight ratio of BaTiO3/NZF is 75% (RAM-III), the dielectric properties have
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perfectly matched with the magnetic properties. Due to this, RAM-III showed maximum dielectric loss than the
other RAMs. For the current composite materials, the dielectric loss is higher than magnetic loss. RAM- I also
showed better absorption properties. The mechanism of microwave absorption was clearly described with the
help of real and imaginary parts of permittivity and permeability.

4.3 Relative Complex Permittivity and Permeability

To investigate the possible mechanism of microwave absorption, we determined the real and imaginary parts of
complex permittivity (g,’, & ) and permeability (y,", p.”") from the scattering parameters with the help of
Nicolson- Ross- Weir (NRW) method (Paula et al., 2011). Fig. - 6(a) & 6(b) show the real and imaginary parts
of complex relative permittivity spectra respectively. Fig.- 6(c) & 6(d) show the real and imaginary parts of
complex relative permeability. The real part of permittivity (g,) is a measure of how much energy from an
external electric field is stored in a material. The imaginary part of permittivity (g,”") is known as loss factor and
is a measure of how much energy dissipated or lost. The values of real parts of permittivity (g,”) for RAM-I lie
from 3.81 to 5.11. The g, for RAM- II is highest and the values lie from 4 to 5.56. The values of ¢," for RAM-
IIT lie from 3.54 to 4.91 and for RAM-IV, 3.81 to 4.67 i.e. an increasing trend with increase in frequency. With
decrease in PANI concentration, dielectric constant (g;") decreases except RAM- II. Orientation polarization and
interfacial polarization are the two main contributions for g;". In case of RAM- II, PANI and BaTiO3;/NZF are in
1:1 ratio so that the interfacial polarization should be higher. The values of €,"" for RAM- I lie from 0.22 at 8.22
GHz to 0.34 at 12.4 GHz and for RAM- II lie from 0.18 to 0.41. The ¢,"" for RAM- III is highest and the values
lie from 0.22 to 1.15 i.e. a increasing trend with increasing frequency. The values of &,” for RAM- IV lie from
0.22 to 0.05 i.e. a decreasing trend with increasing frequency. In case of RAM-III, the composites have good
compatible dielectric and magnetic properties. The dominant polarization and the conductive losses may be
higher for RAM-III. The values of real parts of permeability (p,”) for RAM- III & I are almost same and values
lie from 4.02 to ~3.25. The values of u,” for RAM- II & IV lie from 3.79 to 3.09 and 3.47 to 2.93 respectively.
The imaginary parts of permeability p,”” for all the RAMs are almost zero. From the permittivity and
permeability data, it can be concluded that the dielectric loss is more important than magnetic loss.

BaTiO; has face centered cubic (fcc) structure in which the Ti*" ions have six-fold coordination, surrounded by
an octahedron of O ions and Ba*"ions have 12-fold cub-octahedral coordination. BaTiOj; has permanent dipoles
and it absorbs electrical energy. Nickel-zinc ferrite (NZF) is a typical soft ferromagnetic material. NZF have
inverse spinel structure in which Ni*" & half of Fe*" ions occupy the octahedral hole and Zn** & rest of the Fe’*
ions occupy in the tetrahedral hole. Interfacial polarization may occur at the interface between BaTiO; & NZF.
Interfacial polarization may also occur between PANI & BaTiO; and PANI & NZF. The electric field loss is
caused by the dielectric relaxation effect associated with permanent & induced molecular dipoles. An applied
electric field creates a torque on electric dipole and the dipole rotate to align with the electric field i.e. orientation
polarization occurs. At microwave frequencies i.e. at higher frequencies, the electric field energy changes
quickly. There occurs a lack of alignment due to viscosity of the composite material. The friction accompanying
the lack of alignment leads to energy dissipation in a form of heat. Magnetic field loss occurs due to hysteresis
loss, eddy-current loss and residual loss (Zaag and P.J., 1999). PANI is protonated with DBSA, possesses
permanent electric dipoles. Joule-heating loss is occurring due to the finite conductivity of doped PANI. The
permanent & dominant polarization and also the associated relaxation phenomenon contribute to the loss
mechanism (Abbas et al., 2005). Further, the prepared composites are a heterogeneous mixture in which PANI
and BaTiO;/NZF are mixed into the non-conducting epoxy resin matrices. Thus the additional dielectric
performance of heterogeneous mixture arises due to interfacial polarization.

5. Conclusions

The composite absorbers based on DBSA-doped PANI and BaTiO3;/NZF have been successfully prepared in
epoxy resin matrices. XRD, SEM, EDX and HR-TEM have established the formation of composites. The
complex relative permittivity, permeability and their relationship with microwave absorption were investigated.
It is found that the absorption properties increase with increasing the concentration of PANI. RAM- III has
shown maximum reflection loss of -15.78 dB at 10.89 GHz. In RAM- 111, the weight ratio of DBSA-doped PANI
and BaTiO3/NZF has 1:3. The dominant polarization and the dielectric loss are higher for RAM- III. For the
present composites, magnetic losses are less important and dielectric loss and the joule-heating loss has major
contribution to the loss mechanism.
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Figure 5. Absorption characteristics of prepared radar absorbing materials at 8.2-12.4 GHz
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Figure 6. (a) Real (g,") and (b) imaginary (g,”") parts of relative complex permittivity, (c) real (u,) and (d)
imaginary (p,”") parts of relative complex permeability of prepared RAMs
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