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Abstract 

In this article, we have synthesized the Polypyrrole/ Ba0.6Sr0.4Fe12O19 (PBSF) composite 

via in-situ polymerization technique. The synthesized samples were further characterized for 

structural, electrical, magnetic and microwave absorbing characterizations. The X-ray diffraction 

patterns reveal the formation of pure hexagonal ferrite phase whereas the Fourier transform 

infrared spectrums and X-ray photoelectron spectroscopy confirms the formation of 

polypyrrole/BSF composite structure. The microwave absorbing and shielding properties were 

studied in the frequency range 8-18 GHz. Using X and Ku band. The magnetic properties were 

studied using VSM and the PBSF37 composite shows the highest magnetic moment 59.58 

emu/gm rather than the other PBSF composites and pure BSF ferrite. The PBSF37 shows the 

maximum microwave absorption of 89% over the broadband frequency range 8-18 GHz. The 

maximum shielding effectiveness 37.49 dB at 15.2 GHz corresponding maximum microwave 

properties were also observed for the same sample.  

Keywords: Composite materials; electromagnetic properties; in-situ polymerization; magnetic 

moment; XPS 
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1. Introduction 

Recently, conducting polymer composites have received tremendous attention due to 

their electrical and ferromagnetic properties. Thus the study on this kind of composite  materials 

has become a most active and promising research area [1–3]. Since conducting polymer 

composites have potential applications in batteries [4], supercapacitors [5], electrochemical 

display devices [6], molecular electronics [7], electromagnetic shields [8], microwave absorbing 

materials etc [9].  Now a day’s number  of  communication  devices  utilizing  GHz-range  

microwave radiation  has  increased  considerably  because  of their  high rate of data transfer. As  

a  consequence,  however,  electromagnetic  interference  (EMI)  has  become  a  serious  issue.  

So to prevent this problem, microwave  absorbers[10] using  hexagonal-type  ferrite [11,12] or  

metallic  magnetic  materials [13–15] or polymeric materials [16–19] are  now  widely  used. So 

the polymer  magnetic composites  containing  ferromagnetic nanoparticles  are studied  as 

promising  for  different applications [20]. 

In microwave applications, ferrites serve as better electromagnetic interference (EMI) 

suppressors than their dielectric counterparts on account of their excellent magnetic properties. 

Ferrite materials exhibit various electrical and magnetic properties of which complex 

permeability and complex permittivity, in particular, are important in determining their high-

frequency characteristics[21]. Whereas conducting polymers serve as a good electrical conductor 

with high dielectric loss factor. So the composite these two electric and magnetic component 

materials play a crucial role in the microwave absorbing material applications. Owing to their 

advantages in respect to lightweight, low cost, design flexibility, and microwave properties over 

intrinsic ferrites and polymer [22]. 

In this paper, we prepared a relatively simple (B0.6S0.4Fe12O19)BSF/Ppy nanocomposite to 

develop a new EM absorbing composite material. BSF nanoparticles were chosen as magnetic 

components, for their high microwave absorbing properties. While the Ppy was chosen as the 

electrical component, for its good conductivity and high dielectric loss. BSF/Ppy 

nanocomposites were prepared via an in-situ oxidation polymerization in an aqueous dispersion 

of BSF powder. The BSF powder was prepared by a simple auto combustion procedure. The 

prepared BSF powder was dispersed steadily in a nonpolar phase. However, it was hard for BSF 

powder to composite with Ppy under this condition due to their poor dispersity in the aqueous 

phase. Therefore, BSF powder was hydrophilically modified. After hydrophilic 
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functionalization, the composition of BSF powder with polypyrrole was carried out by the 

oxidative polymerization of pyrrole in aqueous media. On the basis of some measurements, it is 

found that this BSF/Ppy nanocomposite has a good electromagnetic wave absorbing performance 

with a wide frequency range 8-18 GHz. 

2. Experimental 

2.1 Synthesis of Ppy powder 

For the synthesis of polypyrrole powder, the starting materials used were pyrrole 

monomer, H2SO4 and K2S2O8. The simple chemical bath deposition technique was used. The 

detailed procedure of synthesis of Ppy discussed in our previous report[17]. 

2.2Synthesis of BSF nanoparticles 

The starting material was used as Fe(NO3)3·9H2O,Sr(NO3)2·6H2O, Ba(NO3)2·6H2O and 

citric acid for the synthesis of BSF nanoparticles.  By using the simple and cost effective auto 

combustion technique the BSF nanoparticles were synthesized. The detailed procedure of the 

auto combustion technique and the synthesis of BSF powder were discussed in our previous 

report [23]. 

2.3 Synthesis of BSF/Ppy nanocomposite 

The PPY/BSF  composites were  synthesized by in situ chemical oxidative 

polymerization in the  presence  of  optimized  BSF  nanoparticles, with  potassium persulphate 

(K2S2O8)  as the  oxidant and  H2SO4as the  dopant. A detail preparation process for PPY/BSF 

composites is as follows: BSF powder was added to 0.1 M H2SO4 with DBSA under 

ultrasonication for 30 min to obtain a uniform suspension, and  then the pyrrole monomer was 

added under ultrasonication for another 30 min to form a pyrrole/ H2SO4 mixture containing 

BSF.  In the polymerization reaction the, sulfuric acid plays an important role. Since it produces 

H+ ions and SO4
-- ions and which takes the part in the polymerization reaction. The mixture was 

cooled in an ice-water bath for 1 h before a precooled K2S2O8 aqueous solution was added for 

oxidative polymerization for 24 h under vigorous mechanical stirring, with the temperature 

controlled at 0-5°C. The precipitated powder was centrifuged and washed with distilled water 

and anhydrous ethanol until the filtrate became colorless and then was dried  at 80 °C for 24 h. 

Throughout the  experiment, the molar ratio of pyrrole to H2SO4([pyrrole]/[H2SO4]) and to 

K2S2O8([pyrrole]/[K2S2O8]) was retained at 1:1. The possible reaction mechanism of Ppy/BSF is 

as follows –  
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In the polymer reaction, the polymerization technique plays an important role for 

determining morphology, molecular weight, chain linearity and internal defects in the material. 

Here we have used the in-situ polymerization technique for the synthesis of polymer ferrite 

composite. Here the water is the continuous phase whereas the DBSA as a surfactant acts as the 

discontinuous phase. In typical aqueous solution the dispersed ferrite particles forms the globular 

or spherical nanoparticles. Generally in emulsion polymerization, there are chances of formation 

of macroscopic particles and that can be prevented by adding the steric stabilizers like polyvinyl 

alcohol, poly-(N-vinylpyrrolidone), cellulose ethers, but in this case the DBSA itself acts to 

prevent the formation of macroscopic precipitations. When monomer solution along with the 

dopant is added into the ferrite DBSA and into the oxidant solution, the sulphonate ions are 

formed around the ferrite particles and the polymerization takes place at the interface of 

boundary.  During this reaction the ferrite particles are trapped in polypyrrole porous matrix. The 

four different mass ratios of the pyrrole monomer to BSF nanoparticles at 1:9, 3:7, 5:5, and 9:1 

were prepared respectively. These powders were compressed into small pellets using the 

hydraulic press. The 10-ton pressure was used for the compression of powder and further these 

pellets were used for the various characterizations. The schematic of the preparation of Ppy/BSF 

composite is illustrated in Fig.1.  

3. Result and discussion 

3.1 X-ray diffraction patterns 

The X-ray diffraction patterns of pristine polypyrrole (Ppy), pristine BSF, and Ppy/BSF 

composites are presented in Fig.2. From fig. it is seen that the peaks observed in pristine BSF are 

also observed in Ppy/BSF composites. The main peaks of BSF have been observed at 19.08o, 

30.52o, 32.30°, 34.32°, 35.74o, 37.29°,40.49°, 42.51°, 50.39o, 54.25o, 55.20°, 56.75°and 

63.15°corresponding to the (102), (110), (107), (114), (108), (203), (205), (206), (209) (217), 

(2011), (220) and (317) reflections, respectively. All the observed peaks were matches with the 

JCPDS card no.00-051-1879 having an M-type hexagonal crystal structure. This indicates that 

presence of BSF nanoparticles in the prepared Ppy/BSF composites. The diffraction peaks 

observed in Ppy/BSF composite diffraction patterns were observed at the same diffraction angle 

position that of the observed in pristine BSF, this indicates that the structure of BSF was not 

altered after the in-situ polymerization reaction of Ppy and BSF. With the increase in the content 

of ferrite nanoparticles in Ppy medium, the intensity of all the diffracted peaks was increased. 
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This shows that the formation polymer composite having higher crystallinity. On the other hand, 

the intensity of the all diffracted peaks in the BSF/Ppy composite diffraction patterns were 

observed to be weak as compared to the intensity of peaks observed in the pristine BSF. This 

indicates that BSF nanoparticles were get coated with Ppy. From the most intense and prominent 

peak i.e. (114) the crystallite size for Ppy/BSF nanocomposite particles was calculated. The 

crystallite size can be calculated by line broadening using Sherrer’s formula[24]equation (1) 

θβ
λ

Cos

k
D =

       ----------------------------------- (1)
 

Where λ is the X-ray wavelength, 

D is the crystallite size in angstroms,  

 Θ the Bragg angle in degrees, and  

β is the line broadening FWHM measured in radians.  

k the shape factor, 

The value of k is often assigned as 0.89 which depends on several factors including the Miller 

index of the reflecting plane and the shape of the crystal. 

The average crystallite size for Ppy/BSF nanocomposite has been calculated using the equation 

(1) and estimated as 48 nm. 

3.2 X-ray photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a widely used surface analysis technique 

because it provides valuable quantitative and chemical state information from the surface to a 

depth of approximately 10 nm. To study the surface components and the valences of the 

elements of the composite, the samples were further characterized by XPS. The low resolution 

(survey scan) spectrum of Ppy/ BSF composite consists of 8 peaks: C ls at 284.6 eV, N ls at 

399.8, O ls at 532.01 and the oxidation state of iron was inferred from the XPS core-level spectra 

of Fe 2p. Although a large number of XPS studies approached the iron oxides, to unambiguously 

discern between them remains a difficult task. According to the wide scan spectra (Fig. 3(a)), Fe 

peak is not clearly observed and there is a weak peak at 399.8 eV corresponding to the pyrrole 

nitrogen (-NH-) and the other two peaks of C 1s and O 1s exhibit stronger intensities[25,26]. The 

C1s core level spectrum (Fig. 3(b)) of the composite mad of three sub peaks at binding energies 

284.6, 287.1 and 288.7 eV respectively, which can be attributed to C-C/C-H, C-N and C-O. Also 

from the wide scan spectra, (Generally in polymers polypyrrole and polyaniline) the N atom of 
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polypyrrole have three different nitrogen species, namely the imine-like (=N–) with binding 

energy 398.3 eV, amine-like (–NH–) with binding energy 399.8 eV, and positively charged 

nitrogen (N+) structure with corresponding binding energy 401.5 eV [26]. This is shown in Fig. 

3(c).  In addition, The Fe 2p spectrum contains the doublet Fe 2p3/2 and Fe 2p1/2 with binding 

energy values of 710.49 and 724.06 eV, typical for magnetite (Bhargava et al., 2007). Each peak 

from Fe 2p spectrum can be deconvoluted into two components corresponding to Fe3+ and Fe2+ 

ions from magnetite. One can observe the contribution of the Fe 2p3/2 satellites located at 

713.98 eV and 727.17 eV which correspond to Fe2+ and Fe3+ species (Brundle et al., 1977). The 

XPS peak of Fe2+ is observed at 710.49 eV shown in Fig.3(d), which agrees with the results of 

previous articles [27,28]. Fig.(e) shows deconvoluted spectrum of O 1s peak of PPy/BSF, in 

which the peak at 532.01 eV is corresponding to the C–O, C=C and –OH. The deconvoluted 

spectrum of S2P signal is shown in fig. (f). In which the sulfur located at four places as 163.69, 

165.02 and 168.90 which corresponding to  Ppy-SO4 and Ppy-S2O8 group [29,30]. This is 

obtained due to the use of surfactant at the time of reaction. The above mentioned analysis 

confirms the successful preparation of Ppy/ BSF composite. These results are in also agreement 

with the XRD data. 

3.3 FT-IR Spectroscopy 

The FT-IR spectra of the pristine Ppy, BSF and Ppy/BSF composites were recorded using 

a Perkin Elmer IR spectrophotometer in the range 350-2000cm-1 which is depicted in Fig.4. 

From Fig. it is seen that the Ppy/BSF composite sample contain the characteristic absorption 

bands of both pristine Ppy and BSF. In ferrites, the metal ions are usually situated in two 

different sublattices, designated as tetrahedral and octahedral sites according to the geometrical 

configuration of the oxygen nearest neighbors[9]. 

In Fig.4 it is seen that the two intense absorption bands observed at ~600 cm-1 and ~420 

cm-1 are of the BSF which are identified as the metal–oxygen stretching vibrations of BSF. The 

characteristic absorption bands of Ppy occur at 795, 909, 1046, 1094, 1182, 1294, 1479, 1554 

and 1706 cm-1. The principal absorption bands observed in the FT-IR spectra of Ppy, with and 

without BSF are given in Fig.4. From the IR spectrums it is clearly seen that as the Ppy content 

increases in BSF, the intensity of all the bands which corresponds to Ppy were increased. The 

peak observed at 1046 cm-1 is due to the N-H in-plane deformation, whereas the peak occurred at 

908 cm–1 is due to the C-H out of plane deformation. The band located at 795 is the C-H out of 
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plane ring deformation. The band at 1554 cm-1 corresponds to the C-C stretching vibrations in 

pyrrole ring[22, 23]. 

There are also some bands found in the region from 1250 to 1100 cm-1 that correspond to 

the breathing vibration of the pyrrole ring.  The peak of the S=O stretching vibration of sulfonate 

anion (expected at 1183 cm-1 is observed at 1182 cm-1. The band attributed from 1400 to 1250 

cm–1 is attributed to C–H or C–N in–plane deformation modes and has a maximum at 1294 cm-1. 

The band at 1479 cm-1 is assigned to C–N stretching of the quinoid ring, which arises due to the 

protonation of Ppy by the dopant [33]. These bands at 1554 and 1479 cm-1 are the characteristic 

bands of the nitrogen benzenoid and quinoid forms and are present due to the conducting state of 

the polymer. The peaks attributed in the region 800–900 cm-1 are the characteristic peaks of para 

substitution of the aromatic ring and which reveal that the polymerization has proceeded via a 

head-to-tail mechanism[23–25].A small band observed at 1706 cm-1 which correspond to the 

presence of carbonyl group of prepared polypyrrole composite. From this, it confirms that the 

Ppy/BSF composite was formed successfully. 

3.4 Scanning electron microscopy 

The morphology of the obtained Ppy/BSF composite has been studied using scanning 

electron microscopy. The Fig. 5 shows the scanning electron microscopic images of pristine Ppy, 

BSF and Pp/BSF composites with different weight ratios. The fig. 5 (a) shows the pristine Ppy. It 

indicates that the Ppy nanoparticles have uniformly distributed. After the 10weight percent 

mixing of BSF nanoparticles in the Ppy nanoparticles medium (PBSF91) there is no drastic 

change in morphology was observed but at the 50 weight percent mixing of BSF nanoparticles in 

Ppy medium the good dispersion of BSF nanoparticles were observed. Also, the slight 

agglomeration was started. After 70 weight percent mixing the strong agglomeration between 

Ppy and BSF nanoparticles were observed and the bunches of Ppy/BSF nanocomposite were 

formed. In 70-30% nanocomposite sample, Ppy has enwrapped the BSF nanoparticles 

effectively, and composite particles are irregular in shape with a rough surface which creates the 

bunches of composite nanoparticles. Further increasing the concentration of BSF nanoparticles at 

PBSF19 (e), it indicates the non- uniform distribution of composite nanoparticles. 

3.5 DC electrical conductivity 

The room temperature electrical resistance of Ppy, BSF and Ppy/BSF composite pellets 

was measured using two-point probe method. 
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 The resistivity and DC conductivity were calculated using the equation (2) 

l

RA=ρ
 ------------------------------- (2) 

Where R is the resistance of the film 

           A is the area of the film 

           L is the length of the film 

Table 1 depicts the variation of resistance with Ppy/BSF ratio. From this table, it is observed that 

the pristine Ppy shows the maximum conductivity of 49.70 x10-3 S/cm while the pure BSF pellet 

shows the maximum resistivity. As ferrite content increases from 10-90% in the Ppy the 

resistivity increases and conductivity decrease from  0.0484 x 10-6 to 49.70 x10-3 The increasing 

resistance of nanocomposite may be attributed to the insulating and magnetic behavior of the 

BSF nanoparticles which acts as core and partial blockage of the conductive path also resistance 

increased by increasing Ms of nanoparticles. Also, there were so many factors for interpreting 

conductivity such as a dopant, doping level, crystallinity, the length of conjugate chain, the 

interaction between conjugate chains, and molecular weight, etc. It was known that the Ppy was 

a conducting polymer while the ferrite particles were insulators, so the conductivity of the 

composites may decrease with the ferrite content. The introduction of the ferrite particles would 

affect the crystallinity of the Ppy, further resulted in destroying the conjugated degree, 

continuity, and regularity of the chains. Besides, the interaction between the ferrite particles and 

Ppy chain, and possible bonding effect between the metal cation and the Ppy made the electronic 

density of the polymer chain reduce and hence resulted in the decrease of the conductivity [36–

38]. 

3.6 Magnetic Properties 

Magnetic properties of pure Ppy, BSF and its composite with Ppy were studied using 

Vibrating Sample Magnetometer (VSM).Fig.6 depicts the magnetization (M) versus applied field 

(H) for pure BSF and Ppy/BSF composites with a different weight ratio of polymer with BSF. 

The magnetic properties of BSF and Ppy/BSF composites were analyzed at room temperature 

with an applied field −10kOe ≤ H ≤ 10kOe. 

The magnetic parameters such as coercivity (Hc), saturation magnetization (Ms), 

remanence (Mr) and squareness of the loop (Mr/Ms) calculated from hysteresis loops for Ppy, 

BSF and different composites of Ppy/BSF were tabulated in Table 1. The BSF and all 
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composites of Ppy/BSF show the ferromagnetic behavior and magnetically they are hard at room 

temperature. The single-phase-like smooth hysteresis loops implying that the existence of the 

exchange coupling phenomena in the Ppy/BSF composite[27,28].The value of saturation 

magnetization and coercivity of pure BSF is as expected high i.e. 95.59 emu/gm and 3812 Oe 

respectively. In the case of Ppy/BSF composites, as the BSF content increases in the Ppy 

medium the value of Ms, Mr and Hc increases as expected up to 30-70% ratio of Ppy to BSF. The 

Ms, Mr and Hc vary from 37.31 to 59.85emu/gm, 22.97 to 33.16emu/gm and 3400 to 4487 Oe 

respectively. The increase in saturation magnetization is due to the high polydispersivity of the 

BSF in Ppy matrix that arises due to the functionalization of nano ferrites particles with the 

surfactant DBSA and also the BSF have ferromagnetic nature[22][41]. After the 30-70% at 10-

90% the value of all Ms, Mr and Hc were drastically decreased and it was observed to be 49.72 

emu/gm, 30.11 emu/gm and 3419 Oe respectively. Magnetization and coercivity exhibit 

monotonous increasing functions with the content of BSF nanoparticles in Ppy/BSF 

nanocomposite. After the weight ratio increased up to 30-70%, the dipolar interaction is 

suppressed by the exchange-coupling interaction and it will dominate in nanocomposite ferrite 

systems. The increase of effective anisotropy will result in a decrease in exchange length Lex 

according to eq. (3) 

2/1










><
=

K

A
Lex ----------------------------------- (3) 

Where A is exchange stiffness constant  

〈K〉 is the effective anisotropy and  

Lex is the exchange length 

The exchange-coupling interaction deteriorates, which leads to the coercivity reduction. 

Therefore, the Hc value is lower than 10-90% K and its difference has achieved a maximum 

value for the nanocomposite with a mass ratio of 30-70%, which implies that the hard BSF and 

nonmagnetic Ppy grains are sufficiently exchange-coupled. Also when the metal cations at the 

surface layer of nanoparticles are coordinated with ligands, the spin-orbital coupling is reduced, 

and consequently the surface anisotropy decrease, which causes the reduction of the coercivity of 

composites [42,43].  
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In polymer ferrite nanocomposite the magnetic properties strongly depend on magnetite 

or ferrite particles that have been believed to be highly dependent on the highly dependent on the 

sample shape, crystallinity, and the value of magnetic particles, so that they can be adjusted to 

obtain optimum property[9].The squareness ratio of the BSF and its composite with Ppy lies in 

between 0.5 to 0.6 and which reveals the Ppy/BSF nanocomposite exhibit the single magnetic 

domain characteristic. Usually, the  lower  values  are  associated  with larger  particles  and  

domain-wall  formation,  and  higher  values  with  texture [44].  

According to Stoner-Wolfarth [45] theory the coercivity, Hc, of nanoparticles is 

determined by magnetocrystalline anisotropy constant K and saturation magnetization Ms (eq. 4) 

s
c M

K
H

οµ
2=

----------------------------- (4) 

 

Where µo is the universal constant of permeability in free space, 4π x 10-7H/m. Thus, K can be 

calculated combining the product of Hc and Ms, and it can be easily deduced that the value of K 

is also a monotone increasing function with the content of BSF nanoparticles in Ppy/BSF 

nanocomposites, that is, the more Ppy coating on the BSF nanoparticles produces samples with 

smaller K. In M-type barium ferrites, lowering the anisotropy field results in lower natural 

resonance frequency. Because the observed magnetic properties of nanoparticles area 

combination of many anisotropy mechanisms, the Ppy coating on the BSF nanoparticles will 

likely affect the contributions of the surface anisotropy, shape anisotropy, and interface 

anisotropy to the net anisotropy, K. Therefore, in polymerization of pyrrole with BSF 

nanoparticles, hard magnetic materials with alternative conductivities and magnetic properties 

can be produced [46,47]. 

4. Microwave properties  

4.1 Transmittance and reflectance 

The fig.7 depicts the transmittance and reflectance versus frequency of pristine Ppy, BSF 

and Ppy/BSF composites with different weight ratios. From fig.6 it is clear that as the ferrite 

content increases in the polymer, the transmittance of the composite decreases and the PBSF37 

composite shows the minimum transmittance. The average transmittance of the composite is 

about 2.9 % in the 8-18 GHz frequency range. Whereas in the case of reflectance, with an 

increase in ferrite content reflectance increases and the PBSF55 shows the highest reflectance 
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and the average reflectance of PBSF55 is about 20%. This may be due to the morphology of 

composite. Since the polypyrrole has a globular morphology and the BSF have nanoparticles 

with spherical morphology. The interconnected nano globule was combining with the BSF 

nanoparticles and forms the denser morphology. This results into the decrease in transmittance of 

the PBSF37 composite[48]. On the other hand, the magnetic nanoparticles of the ferrite are more 

responsible for increasing the reflectance of that composite. The PBSF37 composite shows the 

lower transmittance and lower reflectance than the other composites. 

4.2 Microwave absorbance 

The plot of absorbance versus frequency present in the Fig.8 The absorbance of the 

composite was calculated from the data of transmittance and reflectance using the eq. (5)  

RTA −−= 1 or 100)1( xRTA −−= ---------------------------------- (5) 

In conductive materials, absorption can also arise from resistive losses which consist in 

transforming the electromagnetic energy in heat by Joule effect [49]. It is seen from fig. the 

absorbance of the composite varies with the frequency and it varies irregularly with the ferrite or 

polymer content. The PBSF55 shows the minimum absorption 70% whereas the PBSF37 

composite shows the highest absorbance 89% which is high as compared to the other composite. 

Since it can be seen from the data of transmittance and reflectance the composite PBSF37 shows 

the minimum transmittance and minimum reflectance and hence the absorbance of the PBSF37 

composite increases. Also, the surface of the PBSF37 is compact and dense which is also 

responsible for the increase in absorbance of the composite since the denser morphology is more 

suitable for the microwave absorption. In the composite PBSF37 the Ppy and BSF are formed the 

strongly interconnected network of the cauliflower and magnetic nanoparticles and which will 

increase the resultant absorption of the material.     

4.3 Shielding effectiveness (S.E.) 

Electromagnetic shielding effectiveness is described as the attenuation of electromagnetic 

radiation by reflection or absorption in a material. In polymer composites, shielding mechanisms 

are more complicated than those for homogeneous conductive materials because of the huge 

surface area available for reflection and multiple-refection. The first reflection of an EM wave 

from a conductive material surface should be distinguished from the multiple 

reflectionmechanisms which is the re-reflection of the waves already reflected [50]. The plane 
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wave shielding theory developed by Schelkunoff[12] and Schultz et al.[51] defines the shielding 

effectiveness SE as- eq. (6) 

SE = A + R + B         -------------------------------------- (6) 

Where B is a term which takes into account the loss caused by multiplereflections inside the 

shield, R is the reflection loss, and A is the absorption loss. 

The EMI shielding effectiveness (SE) of a material is defined as the ratio of transmitted power to 

incident power. Fig.9 shows the variation of SE with frequency in the frequency range 8-18GHz. 

The SE of the composite varies from 20.40 dB 37.49 dB. The minimum shielding effectiveness 

is observed 20.40 dB at 8.2 GHz while the maximum shielding effectiveness observed 37.49 at 

15.2 GHz. From fig. it also observed that as the ferrite content increases the polymer the SE 

decreases continuously but at composite PBSF37 it shows the maximum value. The SE of 

materials depends on the level of the conductivity and permittivity of the materials and their 

variation with frequency. This may be due to that, at certain level or at particular composition 

(PBSF37) the total internal reflections in the materials get increased and these increased internal 

reflections were attenuate the microwave radiation or which will compel to absorb the 

microwave radiations and hence the SE of the material increases , which results into the increase 

in absorption.  

4.4 Real and imaginary part of complex permittivity 

The VSWR slotted section was used to measure the permittivity of the sample. From the 

position of minima and from the reflection coefficient the complex permittivity was calculated 

using the  Chapman [52] eq.(7)  








 ∆+=
d360

1'
φλοε and 









 ∆=
dπ
εφλοε

686.8

'
"  ------------------------------- (7) 

Where φ∆ is the difference of the phase shift with and without sample 

λo is the wavelength of the corresponding frequency and 

d is the thickness of the sample 

The plot of real and imaginary part of permittivity versus frequency is presented in fig.9. It is 

seen from the real and imaginary part both decreases with the frequency.  This may be due to the 

different polarizations occurred in the polymer ferrite composite. 

In polypyrrole strong polarization occurs due to the presence of polaron/bipolaron and 

other bound charges, which leads to a high value of ɛ’ and ɛ”. As frequency increases the dipole 
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present in the system cannot reorient themselves along with the applied electric field, as a result, 

dielectric constant decreases. It is observed from graph also. The real part of permittivity varies 

from 59.40 at 8.2GHz to 7.60 at 18 GHz whereas the imaginary part varies from 41.57 at 8.2 

GHz to 2.08 at 18 GHz. In a complex hexagonal structure of hexaferrites, positive and negative 

ions of different valences are separated at the varying bond lengths it generates different 

strengths dielectric moments which give rise to dipolar polarization. Also, in polycrystalline 

ferrites, low resistive grains are separated by highly resistive grain boundary, which creates 

heterogeneity and it gives the interfacial polarization. Both the phenomena contribute to the 

dielectric constant (ɛ’). The dielectric loss (ɛ”) in the ferrites, however, depends on the number 

and nature of the different ions present to exhibit relaxation behavior. The presence of ferrous 

Fe2+ ion and ferric Fe3+  ion in ferrites also contributes to the values of ɛ’ and ɛ” due to enhanced 

conduction and electron hopping mechanisms[53]. Moreover, when the frequency of electron 

hopping between Fe3+ to Fe2+ ions matches that of the microwave, a dielectric resonance 

phenomenon occurs, which is responsible for the high dielectric loss[54]. In present ferrite–

polymer composite, the contribution to dielectric constant and dielectric loss also occur due to 

interfacial polarization and its relaxation as the semiconducting ferrite particles separated by 

insulating matrix molecules giving rise to heterogeneity. Different relaxation frequencies of 

various dipoles formed in the ferrite structure, hopping of electrons and the relaxation due to 

interfacial polarization all are responsible for the oscillatory behavior of absorption in the 

samples. However, as the ferrite content in the composite is increased high and smooth loss 

curves are obtained[54]. This can be attributed to the overlapping of individual relaxation peaks 

of different dipoles and dominance of relaxation due to interfacial polarization [55]. 

In polypyrrole composite both the phenomenon’s happen together hence resulting in high 

SE value. The polypyrrole composite PBSF37 has lower dielectric constant but the higher 

dielectric loss which corresponds to enhanced value of SE due to absorption [22]. 

4.5 Microwave conductivity 

The microwave conductivity is directly related to the imaginary part of permittivity so the 

microwave conductivity of the Ppy/BSF composite can be calculated using the eq. (8). 

"2 εοεπσ f=  ------------------------------ (8) 

The graph of microwave conductivity versus frequency is shown in fig.11. From the graph of 

microwave conductivity, it is seen that microwave conductivity increases with frequency. The 
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microwave conductivity varies between 2.09-27.84. The increase in the content of ferrite in 

composite increases the interaction of electrons with lattice ions through long-range forces and 

the resulting interaction produces lattice polarization, which acts as a potential well. This hinders 

the movement of an electron and, hence, decreases the mobility of the material. This indicates 

the loss of polaron type of conduction, which supports the dielectric loss in microwave 

region[41].The PBSF37 composite shows the highest value of microwave conductivity and 

which support to the high microwave absorption. 

Here the microwave conductivity is larger than DC conductivity of the composite. This is 

may be due to low protonation. This supports a metallic island model for conduction with a 

combination of hopping and electronic conduction occurring depending on dopant level. For 

higher protonation levels, microwave conductivity approaches the DC conductivity at room 

temperature[56]. As seen from the graph of transmittance and reflectance, the transmittance 

shows much lower value than the reflectance and also the microwave conductivity is quite high. 

There might be a collapse of electric field component of the microwave radiation occurring when 

it impinges on the high conductivity film. The composite materials are very promising materials 

for their microwave applications. Since those  materials  exhibit  good  complementarities  

between  dielectric  loss  and  magnetic  loss,  the  microwave  absorbing  properties are  closely  

related  to  the  structure. 

5. Conclusion 
The Ppy/BSF nanocomposites were successfully synthesized via in-situ polymerization 

technique. XRD patterns and XPS study shows the formation of BSF/Ppy composite with intense 

peaks of BSF ferrites. With increasing polymer content in ferrite, the intensity of diffraction 

peaks decreases. In FT-IR spectrum, the peaks present at ~400 cm-1 and ~600 cm-1 in the ferrite 

sample are also observed in the BSF/Ppy composite sample which confirms the formation of 

BSF/Ppy composite. The surface morphology of BSF/Ppy sample shows the porous structure 

with increasing polymer content in the ferrite sample and the grain boundaries are clearer at 30-

70% composite sample. The magnetic study reveals the highest saturation magnetization 

(59.85emu/g) and coercivity (33.02emu/gm) was observed at 30-70% composite sample. While 

the squareness ratio of 30-70% sample shows the 0.55 which confirms Ppy/BSF nanocomposite 

exhibits the single magnetic domain characteristic. The 30-70% composite sample shows the 

minimum transmittance and higher reflectance in the whole X and Ku-band frequency range. 
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The 30-70% composite shows the good SE value (37.49 dB) with high microwave absorption 

about 89%. The real and imaginary part of permittivity decreases with increase in frequency and 

the microwave conductivity is much greater than the DC conductivity.  
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Table Captions: 

Table 1 Resistivity and conductivity of pristine Ppy, pristine BSF, Ppy/BSF composite pellets 

with different mass ratios 

Table 2 Variation of Ms, Mr, Hc and squareness ratio with Ppy to BSF ratio 

 

 

 

Table 1 

 

 

Table 2 

Sample Ms (emu/gm) Mr (emu/gm) Hc (Oe) Mr/Ms 

Ppy 0.018 0.011 3705 0.61 

PBSF19 49.72 30.11 3414 0.60 

PBSF37 59.85 33.02 4494 0.55 

PBSF55 53.49 32.61 4368 0.60 

PBSF91 37.49 22.97 3653 0.61 

BSF 95.59 56.92 3818 0.59 

 

 

Samples Resistivity (Ω cm) Conductivity (S/cm) 

BSF 20.63 x 106 0.0484 x 10-6 

PBSF19 9.45 x105 0.1058 x10-5 

PBSF37 10.3 x105 0.0970 x10-5 

PBSF55 8.21 x105 0.1218 x10-5 

PBSF91 5.65 x104 0.1769 x10-4 

Ppy 2012 x103 49.70 x10-3 
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Figure Captions: 

Fig. 1 Schematic of preparation of Ppy/BSF composite 

Fig. 2 X-ray diffraction patterns of pristine Ppy, BSF and Ppy/BSF composites. 

Fig. 3 XPS Spectrum (a) Wide survey scan spectra of PBSF (b) and decovoluted (c), (d), (e) and 

(f) XPS spectra of PBSF 

Fig. 4 FT-IR spectra of pristine Ppy, BSF and Ppy/BSF composite 

Fig. 5 SEM images of pristine Ppy, BSF and Ppy/BSF composites with different weight ratios of 

Ppy to BSF 

Fig. 6 Magnetic hysteresis loops of pure BSF and Ppy/BSF composites 

Fig. 7(a) Transmittance and (b) reflectance of Ppy thin films with different oxidants 

Fig. 8 Microwave Absorbance of Ppy/BSF composite  

Fig. 9 Shielding effectiveness of Ppy/BSF composites 

Fig. 10(a) Real and (b) imaginary part of complex permittivity of Ppy/BSF composite 

Fig. 11 Microwave conductivity of Ppy/BSF composite 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 (a)  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 (b) 
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Fig. 7  
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Highlights: 

 

� Simple and cost effective In-situ chemical polymerization technique has been used for synthesis 

� First time studied the microwave properties of divalent substituted hard ferrite, polymer 

composite 

� Maximum microwave absorption, shielding effectiveness and magnetic moment obtained for 

30:70 % composition i.e.  for PBSF37 sample  

� The final composition can be used for the application of stealth technology as a coating for 

aircraft 


