
HAL Id: hal-01538478
https://hal.science/hal-01538478v1

Submitted on 13 Jun 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Substitution effect of Me = Al, Bi, Cr and Mn to the
microwave properties of polyaniline/BaMeFe 11 O 19 for

absorbing electromagnetic waves
Tayssir Ben Ghzaiel, Wadia Dhaoui, Frédéric Schoenstein, Philippe Talbot,

Frédéric Mazaleyrat

To cite this version:
Tayssir Ben Ghzaiel, Wadia Dhaoui, Frédéric Schoenstein, Philippe Talbot, Frédéric Mazaleyrat.
Substitution effect of Me = Al, Bi, Cr and Mn to the microwave properties of polyaniline/BaMeFe 11
O 19 for absorbing electromagnetic waves. Journal of Alloys and Compounds, 2017, 692, pp.774-786.
�10.1016/j.jallcom.2016.09.075�. �hal-01538478�

https://hal.science/hal-01538478v1
https://hal.archives-ouvertes.fr


1 
 

Substitution effect of Me = Al, Bi, Cr and Mn to the microwave properties of 

polyaniline/BaMeFe11O19 for absorbing electromagnetic waves 

Tayssir BEN GHZAIEL
a,b

,
 
Wadia DHAOUI

a,*
, Frédéric SCHOENSTEIN

c
, 

Philippe TALBOT
d
, Frédéric MAZALEYRAT

b
 

a
 Université de Tunis El Manar Faculté des Sciences de Tunis, UR11ES18 Unité de Recherche de Chimie 

Minérale Appliquée, 2092, Tunis, Tunisie 

 b 
SATIE, ENS Cachan, CNRS, Université Paris-Saclay, 61 av du Président Wilson, F-94230 Cachan, 

France 

c Université Paris XIII, Sorbonne Paris Cité, Laboratoire des Sciences des Procèdes et des Matériaux, 

LSPM, CNRS-UPR 3407, 99 Avenue J.B. Clement, 93430 

d 
Lab-STICC UMR CNRS 6285, Université de Bretagne Occidentale, CS 93837, 6 avenue Le Gorgeu, 

29238 Brest Cedex 3, France 

*Corresponding author. Tel. +216 53 35 55 74 

E-mail address: wadia.ammar@planet.tn 

 

 

 

 

 

 

 

 

mailto:wadia.ammar@planet.tn


2 
 

GRAPHICAL ABSTRACT 

 

 

 

 

 

 

 

 

 

10 12 14 16 18 20 22 24 26 28 30 32 34 36

2

4

6

8

10

12

14

16

18

 

F
re

q
u

e
n

c
y
 (

G
H

z
)

Thikness (mm)

 Pani

 Pani/BaFe
12

O
19

 Pani/BaAlFe
12

O
19

 Pani/BaBiFe
12

O
19

 Pani/BaCrFe
12

O
19

 Pani/BaMn
12

O
19



3 
 

Abstract 

Polyaniline/substituted barium hexaferrites (abbreviated Pani/BaMeFe11O19, where 

Me=Al, Bi, Cr and Mn) composites are investigated to be potential electromagnetic 

wave absorber from 1 to 18 GHz frequency range. Solid-Based Polymerization method 

is used to prepare the samples with 10 % volume fraction of hexaferrite. The effects of 

iron substitution in hexaferrite composites by trivalent ions Al
3+

, Bi
3+

, Cr
3+

 and Mn
3+

 on 

permittivity, permeability and microwave absorption properties are studied. Structural 

and morphological investigations confirm the presence of Polyaniline and barium 

hexaferrite phases, which are in interaction in the composites regardless the substitution. 

Thermogravimetric analysis exhibits an improved thermostability when small ions (Al
3+

 

and Cr
3+

) are used to substitute Fe
3+

 in hexaferrite compared to the large cations 

substitution (Bi
3+

 and Mn
3+

), since these latter interfere between the ferrite and 

intermolecular interaction between Pani macromolecules. Magnetic studies show a 

ferromagnetic behaviour for all the composites. Saturation magnetization is mainly 

related to the substituting cations nature in hexaferrite which is determined using 

measured magnetic data. Coercivity values increase slightly due to the Pani matrix that 

precludes the movement of the domain wall. The EM parameters ε׳, ε׳׳, µ׳and µ׳׳ are 

measured using a Vector Network Analyzer. It is found that the dielectric constant 

increases with the addition of hexaferrite. The maximum of the magnetic losses 

diminishes and shifts to higher frequencies with Fe
3+

 doping. These measured EM 

parameters are used to determine the reflexion loss for different composites. 

Pani/BaFe12O19 composite shows two minimum reflection losses (RL) in Ku-band. The 

properties of these ferrites arise from exchange interactions between the oxygen and 

metallic ions occupying particular positions in its crystalline structure. For the 
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substituted ferrite composites, the minimum RL shifts from in Ku-band to X-band when 

substituting Fe
3+

 in hexaferrites by means of the variation of ferromagnetic resonance 

frequency which influences the microwave absorption properties. 

Keywords: Polyaniline; A Composite Materials; B Solid State Reactions; C 

Magnetisation; D Thermal Analysis 

1. Introduction 

The increasing demand for high performance electromagnetic (EM) wave absorbing 

materials with high absorbing efficiency, wide absorption frequency range and light 

weight has aroused great interest in the development of the applications of 

electromagnetic wave at the high gigahertz (GHz) ranges including wireless 

telecommunication systems, radar, local area network, medical equipment,…[1-3]. 

Based on the magnetic loss or dielectric loss, a variety of absorbing materials have been 

designed such as conducting polymers, carbon nanotubes, ferrites,…[4-8]. Since single 

material can hardly satisfy these requirements, organic-inorganic conductive-magnetic 

composites are explored in order to develop new functional material joining the 

characteristics of the individual constituent which may enhance the absorption 

efficiency. 

One of the most prevalent types of these composites is composed of Polyaniline (Pani) 

as conducting polymer and barium hexaferrite (BaFe12O19) as magnetic material [9, 10]. 

Due to the unique electrical conductivity, low density, easy preparation and good 

environmental stability, Polyaniline is considered as a promising candidate for 

electromagnetic wave absorbers [11, 12]. Nevertheless, pure Polyaniline presents a high 

complex permittivity and low complex permeability, resulting in a poor absorbance. 
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Therefore hexaferrites are often introduced in Pani to fabricate enhanced 

electromagnetic wave absorbers. Among ferrites, BaFe12O19 is a hard ferrimagnetic 

material which has interesting properties such as resonance absorption of moving 

magnetic domains, spin relaxation in the high-frequency alternating electromagnetic 

fields and thermal stability [13]. 

Intensive efforts have been devoted to develop techniques for the synthesis of 

nanocomposites; some of them, in situ polymerization [14], ultrasonic synthesis [15], 

emulsion polymerization [16] etc. However, only limited approaches have been used to 

develop simple, mild and efficient route to tune the properties of ferrite/Pani 

nanocomposites. Recently Solid-Based polymerization has emerged as a useful strategy 

for the fabrication of polymer-inorganic nanocomposites [17]. The solventless 

technique allows control of both structure and magnetic properties. 

Barium hexaferrite-polymer composites, if formed by Solid-Based Polymerization 

route, have better compositional homogeneity and narrow particle size distribution 

compared to the composites obtained by standard Aqueous-Based Polymerization 

method as shown in our previous work [18]. 

From electromagnetic application point of view, the substituted barium ferrites are 

promising materials when they are used in polymer composites [19, 20]. Ion 

substitution in barium hexaferrite is interesting because of excellent magnetization, 

anisotropy, Curie temperature and the thermal stability. However, it is found that no 

much work has been reported on the dielectric and magnetic properties of trivalent iron 

substitution in barium ferrite-polymer composites in the high frequency region [21, 22]. 
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The present work reports the synthesis of Polyaniline composites using Solid-Based 

Polymerization by incorporation of substituted barium ferrite particles BaMeFe11O19 

(Me is an element in a trivalent state; Me
3+

 = Al
3+

, Bi
3+

, Cr
3+

 and Mn
3+

) in Pani matrix. 

Substituting iron by Al, Bi, Cr and Mn is an effective way to vary the properties of 

barium ferrite. The reason for choosing those substituting ions is their different 

magnetic properties of their ferrites, according to our recently published study [23]. 

Complex permittivity, permeability and microwave absorption performance of the 

composites are studied in 1 - 18 GHz frequency range. The effects of iron substitution 

on ferrite and exchange coupling effect with Pani in the composites on the dielectric and 

magnetic losses are investigated by different measurement techniques to ensure the 

fabrication of the proper material for electromagnetic applications. 

2. Experimental 

2.1. Materials 

BaMeFe11O19 hexaferrites (Me= Al, Bi, Cr and Mn) powders are prepared according to 

the previously reported method [18]. Aniline chloride (AnCl), ammonium 

peroxydisulfate ((NH4)2S2O8, APS) and hydrochloric acid (HCl) are all of analytical 

purity purchased from commercial sources, and used directly without further 

purification. 

2.2. Preparation of Pani/BaMeFe11O19 

Pani/BaMeFe11O19 composites are synthesized by Solid-Based Polymerization 

(solventless medium) according to the experimental procedure described elsewhere 

[18]. Initially, An-Cl and ferrite particles are ground in an agate mortar for 10 min. 

Subsequently, APS is added to the mixture and ground for 20 min until the colour 
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turned dark green. The molar ratio of aniline to APS is maintained at 1.25. The 

polymerization lasted for 24 h to complete the polymerization reaction at room 

temperature. The dark green product is washed by HCl (0.2 M) several times, filtered 

and then dried in a vacuum at 60 °C for 24 h. Since the effect of volume fraction has 

already been studied previously [18], we have fixed the volume fraction of ferrite at 10 

%. Here, we are more interested to investigate the effect of the substitution iron on the 

properties of the composite. Pure Polyaniline is also synthesized under similar 

conditions as above. 

2.3. Characterization 

X-ray powder diffraction patterns are recorded using PANalytical X’Pert Pro 

diffractometer with Cobalt K radiation (λ = 1.79026 Å) at diffraction angle 2θ from 10 

to 80° with 0.02° increment. The refining of X-Ray patterns was performed by Rietveld 

analysis [24] using MAUD software [25]. The morphology of the particles is observed 

by a Hitachi S-3400N Scanning Electron Microscopy (SEM). Fourier Transform 

Infrared spectra are collected on a Thermo Electron Corporation Nicolet Nexus 670 FT-

IR Spectrometer over the range of 4000 - 400 cm
−1

 using KBr pellets. Thermal 

behaviour of the samples is examined by thermogravimetric analysis (TGA) using 

Perkin Elmer Pyris 6 TGA analyser at a heating rate of 10 °C. min
-1

 in nitrogen 

atmosphere. Magnetic properties of the composites are measured on vibrating sample 

magnetometer (VSM) Lake Shore 7400 model at room temperature. A vector network 

analyzer (Agilent network analyzer N6230A) is employed to determinate the values of 

the complex permittivity and permeability of the composites in a frequency range of 1 - 

18 GHz by using coaxial reflexion/ transmission technique [26]. All the samples are 

compressed in the form of 7 mm outer diameter and 3 mm inner diameter rings. 
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3. Results and discussion 

3.1. X-ray diffraction analysis 

Fig. 1 (a - f) shows XRD patterns of pristine Pani and Pani/BaMeFe11O19 composites. 

Polyaniline (Fig. 1 a) reveals two broad diffraction peaks at 2 θ = 23.7° and 29.4° which 

are ascribed to the parallel and perpendicular periodicity of the polymer chains, 

respectively [27, 28]. The diffraction patterns for Pani composites, in Fig. 1 (b - f), 

present the characteristic peaks of Pani as well as those associated to barium 

hexaferrite. Independently of the nature of substituting ion, X-Ray diffraction analysis 

of all samples confirmed the presence of hexagonal M-type phase within space group 

P63/mmc according to our previous work [18]. Furthermore, the major peaks values of 

this phase are indexed using JCPDS cards 74-1121 which proves that the substitution 

ions have occupied the crystal sites in the hexaferrite. The crystal phase of magnetic 

particles seems to be well maintained after the synthetic process of composites, based 

on the fact that there is no change in peak position between BaFe12O19 and the 

composites. It should be noted that the intensity of characteristic diffraction peaks of the 

polymer in the composites is weaker compared to the pristine Polyaniline, which can be 

attributed to the interactions between ferrite and Pani. 

Lattice parameters (a and c) and crystallite size (D) of the substituted hexaferrites in 

Pani composites are obtained from Rietveld investigation and their values are listed in 

Table 1. It can be seen that the magnetic ferrites in the composites have kept the same 

volume cell and crystallite size as those of the hexaferrite alone [18]. The XRD analysis 

shows that Al
3+

, Bi
3+

, Cr
3+ 

and Mn
3+

 ion are arranged within the hexagonal 

magnetoplumbite structure to maintain the formation of single phase which indicates 
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that the Solid-Based Polymerization preserves the crystalline characteristics of the 

magnetic particles [29, 30]. 

3.2. SEM for powder 

SEM images of Pani and Pani/BaMeFe11O19 (Me = Al, Bi, Cr and Mn) prepared by 

Solid- Based Polymerization are shown in Fig. 2. The micrograph of Polyaniline reveals 

a uniform morphology with a rod-shaped particles with an average size of 1 ± 0.1 µm 

(Fig.2 a). These particles tend to form a connected network that favors the transport of 

electrons [31]. Fig. 2 (b - f) presents the SEM images of composites samples. As seen 

from these figures, the particles are agglomerated to form a cauliflower polymer 

composite where barium ferrite particles are encapsulated inside the Pani matrix. Here, 

with the Solid-Based method, Pani/BaMeFe11O19 powders can be obtained through a 

solventless medium without any organic phases and further surfactant contribution [32]. 

During polymerization, aniline in the presence ferrite particles reacts with APS to form 

the Polyaniline. Then, the growth of Pani continues on hexaferrite and favors the 

dispersion of the particles. 

3.3. FTIR Spectra 

Fig. 3 shows the FTIR spectra of pure Polyaniline and its composites obtained by Solid-

Based Synthesis. The main wavenumber and assignments of the detected absorption 

bands are given in Table 2.  

The characteristic peaks of Polyaniline are well observed, indicating the formation of 

Pani emeraldine salt [33]. These bands are assigned as follows: 

The band at 1567 cm
-1 

can be mainly associated to the characteristic C=N stretching 

vibration of quinoid diimine unit N=Q=N, while the band near 1488 cm
-1

 is assigned to 
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the C-C aromatic ring stretching of benzenoid diamine unit N-B-N. The bands at 1297 

and 1243 cm
-1

 correspond to π-electron delocalization induced in the polymer through 

protonation and asymmetric C-N-C stretching modes of benzenoid and C-N
+
 stretching 

vibration of the polaron structure, respectively [34]. The wide band around 1125 cm
-1

 

which is called conduction band, is attributed to the vibration mode of B-NH
+
=Q or B-

NH
+
-B in the protoned emeraldine base form [35]. It refers to a clear delocalization of 

electrons in Pani [36]. The absorption band at 810 cm
-1

 corresponds to C-H out of plane 

vibration of the p-disubstituted benzene ring.  

Compared to Pani FTIR spectrum (Table 2), the main absorption peaks observed for the 

composites and assigned above (Fig. 3) are shifted to higher wavenumber [37]. The 

relative oxidation level (Q/B) may be estimated from the ratio of quinoid and benzenoid 

band intensities [38]. These ratios are 0.86, 0.78, 0.84, 0.83, 0.84 and 0.82 for Pani, 

Pani/BaFe12O19, Pani/BaAlFe11O19, Pani/BaBiFe11O19, Pani/BaCrFe11O19 and 

Pani/BaMnFe11O19 samples, respectively. Polyaniline shows the highest oxidation ratio, 

which indicates the presence of more emeraldine salt form. This ratio decreases slightly 

with the addition of ferrite. Knowing that this ratio is related to the used oxidant and 

amount of H
+
 in the medium [39], the observed decrease may be due to the hydrogen 

bonding, between the hydrogen associated with amine groups in the Polyaniline 

backbone and the oxygen atom of the metal oxide in ferrite, thus, creating an 

electrostatic force between magnetic particles and the polymer [40]. 

In addition, Pani composites spectra indicate the presence of absorption bands in the 

range of 400 to 800 cm
−1

 which are a common feature of the hexaferrite (Table 2) [41]. 

The lower frequency absorption band ν1 between 400 and 510 cm
−1

 is assigned to Fe-O 

bending vibration of octahedral site and the higher frequency absorption band ν2 lying 
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in the range of 550 to 600 cm
−1

 is related to Fe-O stretching vibration in the tetrahedral 

site (Fig. 4) [42]. These absorption peaks blue shift compared to pure substituted 

hexaferrite. It can be explained by the fact that aniline initially is adsorbed in the surface 

of these magnetic particles [43]. When the APS is added, the polymerization process 

take place leading to the adhesion of the Pani on the hexaferrite particle to form these 

composites, as confirmed previously by the DRX study and SEM images. 

3.4. TGA measurements 

Among the key properties of polymer composites is their thermostability. It depends on 

the nature of the composite compounds, their interactions… Thermogravimetric curves 

of Pani composites are displayed in Fig. 5. All the samples present three major weight 

losses. Thermal degradation weight loss percentages for each composite are given in 

Table 4. 

For Pani, a first weight loss of 9.2 % is observed up to 100 °C, which is most probably 

due to the evaporation of water and moisture. The second sharp weight loss in the range 

of 160 – 350 °C is attributed to the removal of the dopant anions bound to the polymer 

chain and degradation of oligomers. The slow and gradual third major loss above 430 

°C is attributed to the complete decomposition of the Pani backbone [44, 45, 18].  

Comparing with the thermal stability of Pani, the thermal behaviour of the 

Polyaniline/BaFe12O19 composite is found to increase. Initial weight loss of 5.5 % is 

observed up to 100 °C which may be associated to the loss of water molecules 

entrapped in the polymer matrix. From 220 to 380 °C, weight loss observed is 10 %, 

which is due to the partial leaching of the dopant from the polymer matrix. A weight 

loss of 38 % has been noted from 380 to 800 °C, which is attributed to the degradation 

of the polymer. This enhancement in the thermal stability can be due to the ionic 
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interactions of BaFe12O19 with amine group of aniline. These interactions limit the 

freedom of the polymer chains by improving the thermal degradation of this latter [18]. 

In other side, substituted ferrite composites exhibit greater thermal behaviour than 

Polyaniline. The composites synthesized hexaferrites substituted with small cations : 

Al
3+

 (ionic radius = 57 pm) and Cr
3+

 (ionic radius = 64 pm) have an improved thermal 

stability compared with Polyaniline/BaFe12O19 where Fe
3+

 having a radius of 67 pm 

(Table 3). In the case of iron substitution with cations whose ionic radius is larger than 

that of iron : Mn
3+

 (ionic radius = 70 pm), Bi
3+

 (ionic radius = 96 pm), one can see a 

smooth and gradual decline of TG curves and less weight losses than those of 

BaAlFe11O19 and BaCrFe11O19 (Table 4) [18]. This can be associated to the interactions 

between ferrite particles and the polymer matrix which are strongly influenced by lattice 

parameters of the ferrite [18]. 

3.5. Magnetic properties 

Room temperature M–H hysteresis loops of Pani/BaMeFe11O19 composites (Me = Al, 

Bi, Cr and Mn) are shown in Fig. 6. The magnetization under applied magnetic field up 

to 1.8 T for all samples exhibits large hysteresis loops, demonstrating the ferromagnetic 

behaviour. The values of saturation magnetization (Ms), coercivity field (Hc), and the 

remnant magnetization (Mr) obtained from the curves are summarized in Table 4.  

As listed in Table 4, saturations magnetization of Pani/BaFe12O19, Pani/BaAlFe11O19, 

Pani/BaBiFe11O19, Pani/BaCrFe11O19 and Pani/BaMnFe11O19 are 8.76, 7.82, 6.46, 7.39 

and 8.32 Am². kg
-1

, respectively. In addition, their coercivity increased compared to 

pure substituted ferrite. 
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According to the physical point of view, the magnetic properties of a material are 

related to the magnetic polarization J proportional to the magnetization [46]. Generally, 

the measuring methods to determinate the magnetic properties of the sample are in 

terms of moment per unit mass (M). So, the magnetic polarization is written following 

the relation 

J = µ0 ρ M (1) 

with µ0 is the magnetic permeability of the vacuum with numerical value 4 π 10
-7

 H. m
-1

 

and ρ is the volumic mass of the sample. 

In case of a composite formed by a mixture of two phases, J depends on the volume 

fraction and the magnetic polarization of each phase. For Polyaniline/hexaferrite, the 

magnetic polarization of the composite JC may be expressed as 

JC = ØHF JHF + (1- ØHF) JP (2) 

with ØHF and JHF are the volume fraction and the magnetic polarization of hexaferrite, 

respectively, and JP is the magnetic polarization of Pani. 

As reported in the literature, the magnetic polarization is strongly dependent to the real 

particles loading in the formed composite. Actually, the used initial loading to prepare 

the samples can change after the polymerizations synthesis due to partial loss or 

dissolution during the fabrication as we have demonstrated in our previous study [18]. 

Considering that, real weight fraction wrHF of the samples are determined by using 

measured Ms in Table 4 as follow : 

 wrHF =
MsC

MsHF
 (3) 

Where MsC and MsHF are the magnetization saturation of the composite and hexaferrite, 

respectively.  
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The volume fraction is deduced using the real weight fraction wrHF of hexaferrite in the 

composites and the volumic mass of the corresponding hexaferrite and Polyaniline by 

the following equation: 

ØHF =  
ρC

ρHF
   wrHF   (4) 

To determine the hexaferrites loading in the composites theoretical and real weight 

fractions are used:  

Loading =
wrHF

wtHF
 × 100  (5) 

The calculated values of real weight fraction and the loading of ferrites in the 

composites are presented in Table 5. Thus, the real weight fraction of hexaferrite in the 

composites is about 14 ± 1 % close to that theoretical one (16.4%) with global loading 

between 80 and 90 %. These results are explained by a lower loss of ferrite particles 

during formation of composites in a solventless medium [18]. 

The coercivity values of composites increased slightly in comparison to substituted 

ferrite as observed in Table 5. The increase in Hc can be explained by the pinning of the 

domain walls. It can be due to the Pani matrix that precluded the movement of the latter 

causing the increase of Hc in the composites. In fact, an interfacial effect between ferrite 

particles and Pani surface layers may exert an additional resistance for the alignment of 

magnetic moment during the magnetization process under the external applied magnetic 

field [47]. 

3.6.Complex permittivity and permeability microwave spectrometry 

In this subsection, we briefly discuss the method for measuring the complex permittivity 

(ε
*
) and permeability (µ

*
) which are a special relevance to isotopic materials in the 
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microwave region of the electromagnetic spectrum. The effective complex permittivity 

ε∗  =  ε′ –  j ε′′ and permeability µ∗  =  µ′ –  𝑗 µ′′ of the composite samples are measured 

using the Transmission/Reflection (T/R) method based on the Nicolson and Ross [48, 

49], Weir [50], and Baker-Jarvis and al. [51, 52] algorithms for the characterization of 

isotropic solid materials. This experimental technique is based on the measurement of 

the scattering parameters (S parameters) of a toroidal (or rectangular) sample of the test 

material which is machined in order that the geometrical dimensions fit well those of 

the used coaxial line (or rectangular waveguide) to avoid the presence air gaps between 

the sample and the line walls. The geometry of the cell, including the sample of the 

material to be tested, is illustrated in Fig. 7 a. 

The method enables to calculate simultaneously the permittivity and the permeability of 

the material from the measurement of the transmission S21 and reflection S11 

parameters, i.e. Fig. 7 b, of a coaxial line that contains it. The electromagnetic analysis 

of the propagation line allows us to write: 

𝑆21(𝜔) =
(1− Г2) 𝑇²

1− Г2  𝑇²
  (6) 

𝑆11(𝜔) =
(1− 𝑇2) Г²

1− Г2  𝑇²
  (7) 

Where  is the reflection coefficient at the interface between the air-filled transmission 

line and dielectric and permeability-filled line when the length of materials is infinite, 

and T denotes the transmission coefficient in the material (of finite length). 

Equation (6) and equation (7) allow  and T to be derived by measuring S11 (ω) and S21 

(ω). These values can then be used to calculate µ
*
 and ε

*
 as follows: 
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µ∗ =  µ′ −  𝑗 µ′′ =
(1 +  Г)

(1 − Г)
 
𝑗 ln(𝑇)

2 𝜋 𝑑
 
𝑐

𝐹
  (8) 

𝜀∗ =  𝜀′ −  𝑗 𝜀′′ =  
(

𝐽 ln(𝑇)
2 𝜋 𝑑

 
𝑐
𝐹)

µ∗
 

(9) 

Where c denotes the velocity of light in free space, d is the thickness of the material 

sample and f = ω/2 is the frequency of the wave, respectively. 

In this coaxial line, the measurement uses the fundamental transverse electromagnetic 

TEM mode, which is the only mode that propagates in the coaxial line. The dimension 

of the sample is adapted to the internal (3.04 mm) and external (7 mm) diameter of the 

coaxial line (Z0 = 50 Ω). An error analysis indicates modest uncertainties in ε ´and µ´ (< 

5%) for the data. An Agilent N6230A network analyzer setup is used to S parameters 

measurement of the cell containing the material sample under test over a wide range of 

frequencies (100 MHz – 18 GHz) (Fig. 8). We apply the Short-Open-Load and Thru 

(SOLT) calibration to the measurement since this method permits error correction over 

a wide frequency band.  

Fig. 9 shows the variation of the real (ε´) and imaginary (ε´´) parts of complex 

permittivity and the real (µ´) and imaginary (µ´´) parts the complex permeability for the 

Pani and Pani/BaMeFe11O19 (Me
3+

 = Al
3+

, Bi
3+

, Cr
3+

 and Mn
3+

) composites in the 

frequency range of 100 MHz to 18 GHz.  

As shown in Fig. 9 a, the real part ε´ spectra of all samples display an almost constant 

value over the frequency range from 100 MHz to 4 GHz which increases rapidly with 

increasing frequency up to 18 GHz. The ε´spectrum for Pani is the lowest and its values 

lay from 7.4 at 100 MHz to 7.6 at 3 GHz, with an almost constant behaviour. Then a 

resonance peak at 3 GHz is observed. The real ε´ spectrum for Pani/BaFe12O19 
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composite shows the highest values from 8.1 at 100 MHz to 7.9 at 4.5 GHz, a 

decreasing trend with increasing frequency, meanwhile, the spectra of ε´ for the other 

composites are between those Pani and Pani/BaFe12O19 with a decreasing trend. The 

resonance behaviour observed previously for Pani shifts to a higher frequency for the 

composites at 6 GHz. This shift is due to the heterogeneity of the material as ferrite 

particles are imbibed in the Polyaniline matrix. In particular, it is associated to the 

orientation polarization mechanism sustained by the presence of relaxation behaviour in 

the ε´´ plot [53].  

In other hand, the dielectric loss ε´´ presents an increasing trend towards high 

frequencies (Fig. 9 b). The ε´´ spectrum of Polyaniline shows a resonance peak with a 

value of 1.2 at 4.5 GHz, which, decreases for the composites to 0.4 at 5.6 GHz. At room 

temperature, the conducting Polyaniline in its emeraldine salt form possesses permanent 

electric dipoles which give rise to permanent electric dipoles. Therefore, orientation 

polarization is the dominant polarization and the resulting relaxation behaviour 

constitutes the loss mechanism [54]. In addition, the phenomena of polarization in 

Pani/hexaferrite can be attributed to presence of Ba
2+ 

and Fe
3+

 cations at their respective 

position in the crystallographic lattice in BaFe12O19 They form an electric dipole with 

the surrounding O
2-

 ions contributing to the real part ε´ evolution through dipolar 

polarization and to the imaginary part ε´´ by dipole relaxation [55]. In the case of 

substituted hexaferrite, the ions substitution of Fe
3+ 

by diverse trivalent ion Me
3+

 with 

different valence leads to a different coordination with O
2-

 ions, to form dipoles with 

modified strength. These dipoles contribute to decrease ε´ and ε´´. So, the behaviour of 

complex permittivity towards composition changes, takes place by means of a 
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mechanism similar to the conduction process by electron exchange in ferrite causing 

electric polarization. 

Fig. 9 c and d show the spectra of real (µ´) and the imaginary (µ´´) parts of the complex 

permeability for the Polyaniline composites. It is worth noting that the plots of µ´ 

present a gradual decrease with increasing frequency for all the composites (Fig. 9 c), 

meanwhile, those of µ´´ show a large resonance loss peak at high-frequency regions 

(Fig. 9 d). The values of the real (µ´) decreased from 1 and 0 in the whole frequency 

range for the different samples. Those of the imaginary (µ´´) are around 0.4 and 0. As 

expected, the permeability of the composites is higher than that of Polyaniline alone. 

And the resonance frequencies have moved to higher frequencies. In fact, the effect of 

incorporating the hexaferrite into the polymer matrix increases the real part µ´ above 

unity at low frequencies and lowers µ´ at high frequencies. At the same time, it 

increases the imaginary part µ´´ above zero through the whole frequency range. A 

closer look at the logarithmic plot indicates a resonance peak at approximately 3.5 GHz. 

This peak can be attributed to the interaction of magnetic material and conducting 

polymer. Pani exhibits a low wall resonance due to its paramagnetic properties, the 

addition of ferromagnetic ferrite contributed to the variation of the permittivity in the 

composites. On the other hand, this behaviour is due to a possible charge transfer 

between the ferrite surface and the Polymer. This latter may change the electron density 

at the ferrite surface and thus affect magnetic relaxation processes in the system [56]. 

Besides, it is known that the resonance frequency mainly depends of the microscopic 

demagnetizing fields in the composite which is associated to the modifications of the 

dipolar interactions and the particles arrangement of the ferromagnetic fillers [57]. In 

our composite materials, the resonance frequency fr can be given by the relation [58]: 
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𝑓𝑟 = (
𝛾

2𝜋
) (𝐻𝑎 + 𝐻𝑑) (10) 

𝐻𝑎 = (
2

3

2 𝐾1

µ0 𝑀𝑠
) (11) 

Where γ the gyromagnetic ratio, Ha the magnetic-field anisotropy and Hd the 

demagnetizing field. The latter quantity is strongly affected by the structural disorder in 

the ferrite, by both the crystallographic and the geometrical structure. 

Generally, BaFe12O19 with its large anisotropic field exhibits a ferromagnetic resonance 

peak at 47.6 GHz [59]. Besides to the contribution of Pani, this resonance peak can be 

shifted to any frequency region due to the Fe
3+ 

substitution [60]. In the present polymer 

ferrite compositions, the substitution of iron by trivalent ion lowers the magnetic field 

anisotropy and influences the spin rotation resonance in composite materials. The Pani 

composites display great dielectric loss and magnetic loss which may be candidates for 

broadband and highly efficient microwave absorbing materials. 

The reflexion loss (RL, dB) plotting as a function of frequency in the range of 1 - 18 

GHz for pure Pani and its composites are given in Fig. 10. Measured values of ε´, ε´´, µ´ 

and µ´´ (Fig. 9) are used to determine RL of the electromagnetic radiation under normal 

wave incidence in the composite samples based on a model of single-layered lane wave 

absorber [61]. RL is calculated using the transmission line theory based on the complex 

permittivity and permeability of the sample as: 

𝑅𝐿 (𝑑𝐵) = 20 log |
𝑍𝑖𝑛 − 𝑍0

𝑍𝑖𝑛 + 𝑍0
| (12) 

where Zin is the input impedance at the materials interface and the free space: 
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𝑍𝑖𝑛 = 𝑍0 √
µ∗

𝜀∗
tanh [ 𝑗

2 𝜋 𝑓 𝑑

𝑐
√µ∗ 𝜀∗] (13) 

and Z0 is the characteristic impedance of the free space: 

𝑍0 = √
µ0

𝜀0
 (14) 

where µ
*
 and ε

*
 the complex permeability and complex permittivity of the composite 

absorber, respectively, c the velocity of light in free space, f the frequency and d the 

thickness of the sample. The reflexion loss is calculated from computer simulation using 

equations (12) and (13) for various values of complex permittivity and permeability of 

the samples.  

Fig. 10 a shows eight reflection dips for pristine Polyaniline which appeared in Ku-band 

and X-band. Their bandwidth increased with decreasing thickness of the material from 

10.97 GHz to 16.02 GHz. For barium hexaferrite composite, two absorption peaks can 

be seen at a frequency of 14.14 GHz and 16.25 GHz with reflexion losses of -101.46 dB 

and -93.94 dB, respectively (Fig. 10 b). This behaviour can be attributed to domain wall 

resonance and natural ferromagnetic resonance in the hexaferrite [62].  

As shown in Fig. 10 c - f, the substituted hexaferrite composites have one maximum 

absorption peak with an RL of -101.12, -88.31, -80.58 and -91.81 dB for 

Pani/BaAlFe11O19, Pani/BaBiFe11O19, Pani/BaCrFe11O19 and Pani/BaMnFe11O19, 

respectively. Their resonance frequency corresponding to the maximum reflexion peak 

(fr) are 16.05, 14.14, 16.23, 15.70 GHz, associated to the calculated matching thickness 

is 20, 25, 27, 31 and 29 mm, respectively. The presence of this major reflexion loss is 

due to iron Fe
3+

 substitution with trivalent ion with lower magnetic moment into to 

barium hexaferrite structure modifying the magneto-crystalline anisotropy of the 
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material along c-axis [63]. As a result, the anisotropy constant decreased and the 

reflection dip frequency is located at Ku-band range based on the equations (8) and (9). 

Knowing that this anisotropy is the effective coupling of the spins of the magnetic ions 

and the crystalline electric fields influencing the ions via spin-orbit coupling, with such 

substitutions the resonance frequency can be shifted to lower frequency [64]. 

The evolution of the bandwidth (reflection loss > - 20 dB) of Polyaniline composites is 

presented in Fig. 11. The absolute value of RL higher than 20 dB means that the 

material absorbs 99% of the input power. It is observed that reflexion loss values for all 

the samples are above 40 dB. These results can be related to promising shielding 

properties. The samples show excellent absorption properties in a relatively wide 

bandwidth in the frequency region from 8 GHz to 18 GHz. The bandwidth plot of 

Pani/BaFe12O19 spreads the Ku-band, meanwhile, it expands to X-band for the 

substituted composites. The tendency of the microwave absorption properties after Fe
3+

 

substitution may be ascribed to the follow changes: the distribution, the magnetic 

moment, the exchange of ions and the magneto-crystalline anisotropy changes after the 

trivalent ion entering the lattices of barium hexaferrite [63]. In fact, BaFe12O19 is an M-

type hexaferrite, and its Fe
3+ 

is located in the center of the oxygen in three octahedral 

sites and one tetrahedral site and one bipyramidal site. The properties of this ferrite arise 

from exchange interactions between the oxygen and metallic ions occupying particular 

positions in its hexagonal crystalline structure. In case of magnetic ion substitution by 

Cr
3+

 and Mn
3+

, the magnetic properties are not altered because both have the same 

magnetic moment as Fe
3+

. For non-magnetic Al
3+

 and Bi
3+

 doping will reduce the whole 

magnetic properties of barium ferrite because they have low magnetic moments. So, the 
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ferromagnetic resonance frequency varies, resulting in the variation of microwave 

absorption properties. 

Furthermore, the coating of hexaferrite by the polymer increased the complex 

permittivity. So, dielectric loss becomes the main absorbing mechanism of the 

composite in low frequency, and the electromagnetic waves are absorbed drastically in 

X-band as shown in Fig. 11 [65]. These two factors together (substitution and coating) 

result in a shift of the microwave absorption properties of Pani/BaFe12O19 composite to 

the low frequencies from the Ku band to the X-band for substituted hexaferrite’s 

composites. 

4. Conclusion 

Polyaniline/BaMeFe11O19 (Me is an element in a trivalent state; Me = Al, Bi, Cr and 

Mn) composites with 10 % volume fraction are successfully obtained by Solid-Based 

Polymerization then the influence of iron substitution in hexaferrite’s composites is 

studied. XRD confirms that Al
3+

, Bi
3+

, Cr
3+ 

and Mn
3+

 ions are arranged within the 

hexagonal magnetoplumbite structure to maintain the formation of a single phase of 

ferrite which shows that the Solid-Based Polymerization preserves the crystalline 

characteristics of the magnetic particles. The results of the FTIR analysis reveal that 

there are interactions among Pani matrix and hexaferrite particles. SEM images clearly 

show that solid-based polymerization (solventless medium) reveals a less agglomerated 

particles with cauliflower morphology due to a strong interaction between hexaferrite 

and Pani. The thermal stability of composite Pani/BaFe12O19 increases when small ions, 

(Al
3+

 and Cr
3+

) substituted Fe
3+

 in hexaferrite compared with large cations substitution 

(Bi
3+

 and Mn
3+

). The magnetic properties determined by VSM indicate that all 
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composites exhibit a clear hysteretic behaviour. Magnetization saturation Ms is found to 

be related to the ferrite weight fraction. However, there is an increase of coercivity field 

compared to that of pure hexaferrite due to the Pani matrix that precluded the movement 

of ferrite domain walls. The complex permittivity ε
*
, permeability µ

*
 and their 

relationship with microwave absorption properties are then investigated in the            

100 MHz - 18 GHz microwave frequency range. Pani/BaFe12O19 shows the highest 

complex permittivity compared to the substituted hexaferrite composites. Its resonance 

peak shifts to higher frequencies from 4.5 GHz to 5.6 GHz. In other hand, the 

permeability of the Polyaniline/BaMexFe12-xO19 is greater than that of Polyaniline and 

manifests a large resonance loss peak at 3.5 GHz. Different mechanisms can contribute 

to changes in the permittivity and permeability of the composites upon the addition of 

ferrite particles in the conductive polymer. In fact, such variations are due to the 

formation of dipoles between iron substituting ion and surrounding O
2- 

in the ferrite that 

are responsible for ferromagnetic resonance and magneto-crystalline anisotropy and to 

exchange interaction with the polymer. In addition, it may be associated to the pinning 

of surface domain walls that are formed by Pani chains growing on the surface of a 

ferrite particles. Measured values of ε
*
 and µ

*
 are used to determine RL of the 

electromagnetic radiation under normal wave incidence in the composite samples. The 

Pani/BaFe12O19 powder shows better absorption bands than substituted hexaferrite 

polymer composites at the X-band. On the other side, among the 1 - 18 GHz range, the 

maximum reflexion loss band for the substituted hexaferrite samples (below -20 dB) 

reaches Ku band. This shift in microwave-absorbing properties is due to the substitution 

in ferrite and to Pani coating. This in turn focuses the importance of substituted ferrite 
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composites as their RL values are above 40 dB, they can be considered as microwave 

absorbers. 
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Figures Captions 

Fig. 1. XRD patterns of (a) Pani, (b) Pani/BaFe12O19, (c) Pani/BaAlFe11O19, (d) 

Pani/BaBiFe11O19, (e) Pani/BaCrFe11O19 and (f) Pani/BaMnFe11O19 

Fig. 2 SEM images of (a) Pani, (b) Pani/BaFe12O19, (c) Pani/BaAlFe11O19, (d) 

Pani/BaBiFe11O19, (e) Pani/BaCrFe11O19 and (f) Pani/BaMnFe11O19  

Fig. 3. FTIR absorption spectra of Pani and Pani/ BaMeFe11O19 composites 

Fig. 4. Zoom scanning of the FTIR spectra for the vibrations regions related to Fe-O 

group  

Fig. 5. TG curves of Pani and Pani/BaMeFe11O19 composites 

Fig. 6. Magnetic hysteresis loops for Pani/BaMeFe11O19 composites at room 

temperature. 

Fig. 7. Principle of measurement of the effective permittivity and permeability of 

toroidal material sample: a) a schematic diagram of the experimental setup showing its 

different parts and b) measurement of the S parameters. The thickness of the material 

sample having effective (relative) permittivity ε
*
 and permeability µ

*
 is d 

Fig. 8. Experimental device for the measurement of the scattering parameters (S21 and 

S11) vs frequency of the transmission coaxial loaded by composite toroidal samples. 

Fig. 9. Complex permittivity and permeability of Pani composites 

Fig. 10. The reflexion loss curves of (a) Pani, (b) Pani/BaFe12O19, (c) Pani/BaAlFe11O19, 

(d) Pani/BaBiFe11O19, (e) Pani/BaCrFe11O19 and (f) Pani/BaMnFe11O19 

Fig. 11. Evolution of the bandwidth of different composites as function of thickness 
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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. 6.  
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Fig. 7. 
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Fig. 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.  
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Fig. 10.  
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Fig. 11.  
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Tables 

Table 1 Lattice costants, unit cell volume and crystallite size of the substituted 

hexaferrites in the samples dermined using rietveld method 

Table 2 FTIR spectra adscription of of Pani and Pani/ BaMeFe11O19 composites 

Table 3 Ionic radii and molar mass of different used cations for barium ferrite 

substitutions ferrite substitutions 

Table 4 Details of % weight loss at different temperature of prepared Pani composites 

Table 5 Magnetic properties of Polyaniline composites 
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Table 1 

Sample a (nm) c (nm) Crystallite size (nm) 

Pani/BaFe12O19 0.58944 2.3231 294 

Pani/BaAlFe11O19 0.58917 2.3181 183 

Pani/BaBiFe11O19 0.58929 2.3185 229 

Pani/BaCrFe11O19 0.58824 2.3212 252 

Pani/BaMnFe11O19 0.58924 2.3193 215 
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Table 2 

Vibrational 

assignments  

Pani Pani/ 

 BaFe12O19 

Pani/ 

BaAlFe11O19 

Pani/ 

BaBiFe11O19 

Pani/ 

BaCrFe11O19 

Pani/ 

BaMnFe11O19 

ν C=C (cm
-1

) 

 (quinoid rings)  

1563 1567 1564 1562 1563 1565 

ν C=C (cm
-1

) 

(benzenoid rings) 

1484 1488 1487 1485 1484 1485 

ν C-N (cm
-1

) 1294 1297 1295 1296 1295 1297 

ν N-H (cm
-1

) 1241 1243 1244 1241 1244 1247 

ν N=Q=N mode (cm
-

1
)  

1125 1127 1129 1133 1132 1128 

ν C-H  

out of plane (cm
-1

) 

803 810 806 807 808 810 

ν2 (cm
-1

) ____ 594 597 593 596 593 

ν1 (cm
-1

) ____ 503 504 504 505 501 
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Table 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ion Ionic radius (pm) Molar mass (g. mol
-1

) 

Fe
3+ 

 67 55.8 

Al
3+

 57 27.3 

Bi
3+

 96 209.0 

Cr
3+

 64 52.0 

Mn
3+

 70 54.9 
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Table 4 

Sample 1
st
 weight loss 

(%) 

2
nd

 weight loss 

(%) 

3
nd

 weight 

loss (%) 

Pani 9.2 11 31 

Pani/BaFe12O19 5.5 10 37 

Pani/BaAlFe11O19 5.3 13 40 

Pani/BaBiFe11O19 6.2 11 38 

Pani/BaCrFe11O19 5.2 15 35 

Pani/BaMnFe11O19 7.1 12 36 
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Table 5 

Sample µ0 Hc 

(T) 

Mr  

(Am². 

kg
-1

) 

Ms at 

1.8 T  

(Am². 

kg
-1

) 

Density  

(g. cm
-3

) 

wtHF wrHF Loading 

(%) 

BaFe12O19 0.241 33.95 61.84 5.286 ---- ---- ---- 

Pani/BaFe12O19 0.243 6.25 8.76 ---- 0.164 0.146 86 

BaAlFe11O19 0.329 30.05 52.86 5.150 ---- ---- ---- 

Pani/BaAlFe11O19 0.420 4.17 7.82 ---- 0.164 0.147 90 

BaBiFe11O19 0.481 25.43 47.72 6.063 ---- ---- ---- 

Pani/BaBiFe11O19 0.488 3.31 6.46 ---- 0.164 0.136 83 

BaCrFe11O19 0.345 29.22 55.61 5.278 ---- ---- ---- 

Pani/BaCrFe11O19 0.365 3.87 7.39 ---- 0.164 0.138 81 

BaMnFe11O19 0.431 28.45 51.68 5.295 ---- ---- ---- 

Pani/BaMnFe11O19 0.456 4.67 8.32 ---- 0.164 0.157 98 

 

 


