
 
 

 

 

 

 

          Karaj branch 

        Journal of Applied Chemical Research, 16, 4, 63-80 (2023) 

 

Synthesis, characterization and Microwave Absorption Properties of Novel 

Hard-soft Ferrite and Polyaniline-loaded Nanocomposite 
 

5, Parviz Aberoomand Azar4, Abbas Ahmadi 3, Saeid Shokri 2,*Yousefi, Mohammad 1Tolou Pourashraf  

1Department of Chemistry, Science and Research Branch, Islamic Azad University, Tehran, Iran 

2Department of Chemistry, Faculty of Pharmaceutical Chemistry, Tehran Medical Sciences, Islamic 

Azad University, Tehran, Iran 

3Digital Transformation Center, Research Institute of Petroleum Industry (RIPI), Tehran, Iran 

4Department of Chemistry, Faculty of Science, Karaj Branch, Islamic Azad University, Karaj, Iran 

5Department of Chemistry, Science and Research Branch, Islamic Azad University, Tehran, Iran 

 (Received 08 Feb. 2023; Final revised received 26 May 2023) 

 

Abstract 

Nanocomposites of hard-soft ferrites (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x with x = 0.2, 0.4, 0.6, 

and 0.8 are synthesized by the auto-combustion sol-gel method. In-situ polymerization is used to 

create polyaniline and hard-soft ferrite nanocomposites. X-ray powder diffractometers (XRD), field 

emission scanning electron microscopes (FESEM), Fourier transform infrared spectra (FTIR), 

vibrating sample magnetometers (VSM), and vector network analyzers (VNA) have all been used to 

evaluate the structure, morphology, magnetic properties, and microwave absorption of 

nanocomposites. FT-IR spectra are used to confirm and validate the existence of both tetrahedral 

and octahedral complexes, as well as the interactions between polymer chains and hard and soft 

nanoparticles, which show that ferrite nanocomposites are coated with polymers. In hard-soft and 

polymeric nanocomposites, XRD analysis reveals the presence of pure hard and soft phase 

characteristics as well as PANI characteristics. SEM images show that the particles agglomerate in 

hard-soft composites as the soft phase rises as a result of being magnetic, and images for polymeric 

composites show cohesive PANI particles that surround the hard-soft ferrite particle's surface. 

These findings demonstrate that PANI and hard-soft ferrites can be properly connected. VSM 

analysis revealed that by adding polymers, the magnetic properties of hard-soft composites dropped 

Journal of
A p p l ied
C hemical
R esearch

jacr.kiau.ac.ir



M. Yousefi, J. Appl. Chem. Res., 17, 4, 63-80 (2023) 

 

64 
 

significantly due to the nonmagnetic effects of PANI. The VNA test shows that 

PANI/(SrFe12O19)0.4/(Ni0.4Mn0.2Zn0.4Fe2O4)0.6 exhibits optimized reflection loss from -1.84 to -16.53 

in the X-Band (8-12.5 GHz frequency range) when compared to 

(SrFe12O19)0.4/(Ni0.4Mn0.2Zn0.4Fe2O4)0.6 with a matching thickness of 3 mm. 

Keywords: Hard-soft nanocomposites, Hexagonal ferrite, Polyaniline, Magnetic properties, 

Microwave absorption. 
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       Introduction 

Magnetic nanocomposites with hard and soft phases are difficult to design in the scientific world. 

The two phases of magnetic nanocomposites are usually ferro- or ferromagnetic, with magnetic and 

structural variations [1, 2]. The key features of hard-soft composites are high coercivity in the hard 

phase and high saturation and residual magnetization in the soft phase [3, 4]. In recent years, 

researchers have been working on improving the properties of one of the hard-soft composite 

designs, combining hexagonal ferrite as the hard phase and spinel ferrite as the soft phase. The hard 

and soft phases are each suitable for some demands. The spinel phase is used for microwave 

applications, and the hexagonal ferrite is used for high anisotropy and high resonant frequency 

applications. Thus, by developing a hard-soft composition, it is possible to create a composite with 

both properties that can be employed for both high and low anisotropy demands [5-7]. The special 

properties can be greatly enhanced by changing the synthesis processes, incorporating impurities, or 

replacing them in composite structures [8].  

The microwave absorption and magnetic characteristics of hard-soft composites, with a focus on 

exchange coupling, have been reported as one of the most challenging issues in hard-soft 

composites. NiFe2O4/SrCo0.2Fe11.8O19 [9], (Ba0.5Sr0.5Fe12O19)1_x(CoFe2O4) x [10], 

Mn0.6Zn0.4Fe2O4/Sr0.85Ba0.15Fe12O19 [11], Ni0.5Zn0.5Fe2O4/SrFe12O19 [12], SrFe12O19/Ni0.5Zn0.5Fe2O4 

[13], SrFe12O19/Ni0.7Zn0.3Fe2O4 [14], BaFe12O19/Ni0.8Zn0.2Fe2O4 [15], BaFe12O19/Y3Fe5O12[16], 

SrFe12O19/NiFe2O4/ZnFe2O4  [17], SrFe10Al2O19/Co0.8Ni0.2Fe2O4 [18], and 

SrFe12−xVxO19/(Ni0.5Mn0.5Fe2O4) y [19] are examples of hard-soft composites that have been 

considered. Investigations were conducted on the aforementioned composites' magnetic and 

microwave properties as well as the effects of phase ratio and various hard and soft phase 

compositions. 

Pahwa et al. synthesized the hard-soft (BaFe12O19/NiFe2O4) composites using two different 

processing methods: single-step technique and physical mixing. The nanocomposites were studied 

at various weight ratios. The results showed that when the NiFe2O4 concentration increased, 

microwave absorption characteristics declined at 12–18 GHz. Furthermore, it was demonstrated that 

single-step composites with higher frequency reflection loss (RL) peaks are better suited to 

construct exchange-coupled systems [20]. Another study looked at the microwave properties of 

exchange-coupled BaFe12O19/Ni0.5Zn0.5Fe2O4 nanocomposites with different weight ratios. The RL 

frequency was discovered to be dependent on soft phase content, with the largest loss occurring at 

13.8 GHz. The obtained results revealed that the exchange-coupling greatly affected RL frequency 

and levels [21]. The investigation on microwave absorption of (Ba0.5Sr0.5Fe12O19)1-x/(NiFe2O4) x (x 
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= 0.1-0.4) was presented by Mathews et al. in [22]. It was discovered that the minimal RL for 

sintered composites was higher than that for pure hard and soft phases. 

Han et al. investigated the microwave absorption characteristics of Ni0.5Zn0.5Fe2O4/SrFe12O19 

composites with respect to the mass ratio variation. Microwave absorption characteristics in the 2–

18 GHz range were shown to be strongly reliant on both soft and hard phase mass ratios, as well as 

sample thickness. It was also discovered that the fraction of SrFe12O19 in the compound increased 

real permittivity, which is usually caused by strontium hexaferrite's high uniaxial anisotropy and 

coercivity. They reported that the exchange-coupling effect and microwave properties of the 

compound were determined by the mass ratio of the hard and soft phases [12].  

A variety of hard-soft nanocomposites (SrFe12O19/MCe0.04Fe1.96O4; M = Cu, Zn, Mn, Co, and Ni) 

were studied in another study on the microwave characteristics of the composite and the 

composition of the soft phase. Spinel ferrites made of Mn and Ni exhibited the strongest 

electromagnetic absorption. The ones chosen in the soft phase have various electronic shell shapes 

and ionic radii, which may be the cause of this issue [23]. 

According to the literature, magnetic properties and exchange coupling are closely related to 

microwave absorption properties. It is feasible to improve microwave properties by modifying the 

exchange coupling, followed by the magnetic properties. Due to complex synthesis techniques and 

microstructural issues, the exchange coupling concept in hard-soft ferrites has been difficult to 

realize [24]. New challenges also appear when working with polycrystalline nanocomposites [25]. 

The difficult-to-quantify and control grain morphologies, size distribution, and relative crystallite 

orientations all have a significant contribution [16, 26]. 

These problems and limitations emphasize the necessity for additional study on hard-soft 

nanocomposites. In the current work, novel hard-soft compositions in different phase ratios were 

investigated for their microstructural, magnetic, and microwave properties. To that end, hard-soft 

composites with novel compositions (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x were synthesized 

using the sol-gel auto-combustion procedure. After that, in-situ polymerization was used to form the 

composite PANI/(SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x (x = 0.2, 0.4, 0.6, 0.8) with the purpose of 

enhancing microwave absorption properties. These components are unique and can have remarkable 

electric and electromagnetic capabilities, resulting in materials with interesting features. 

 

Experimental 

Materials 

Ammonium peroxydisulfate ((NH4)2S2O8, APS), iron nitrate nonahydrate (Fe(NO3)3.9H2O), 

strontium nitrate (Sr(NO3)2), zinc nitrate tetrahydrate (Zn(NO3)2.4H2O), nickel nitrate hexahydrate 
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(Ni(NO3)2.6H2O), manganese nitrate hexahydrate (Mn(NO3)2.4H2O), citric acid (C6H8O7.H2O), and 

aniline monomer were utilized without any further purification. 

 

Preparation of (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4)  

The auto-combustion sol-gel method was used to synthesize (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) 

x ferrite composites. Two batches each of spinel ferrite and hexaferrite solutions were prepared 

using this method. In this way, iron nitrate and strontium nitrate were first dissolved in 

stoichiometric ratios in deionized water, and the temperature was raised to 80 °C until a clear 

solution was obtained. Citric acid was added to the solution in a 1:1.5 ratio so that it did not 

precipitate, and the mixture was then cooled at room temperature. The spinel ferrite solution was 

then poured over the hexaferrite solution and heated. Citric acid was added again in the same ratio 

and vigorously mixed, and ammonia was added to the solution to adjust the pH. At this point, the 

solution's color had changed to green. The temperature was increased to 180 °C after the pH was 

adjusted. Furthermore, as the temperature rises, auto-combustion occurs, and the solution turns into 

a black powder. The powder obtained during the two stages of the calcination process (one hour at 

500 °C and two hours at 1200 °C) will be annealed in the furnace. 

 

Preparation of PANI/(SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4)  

In-situ polymerization was used to synthesize polymer composites (PANI/(SrFe12O19) (1-

x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x). For this, 5 g of ammonium peroxydisulfate was dissolved in 30 cc of 

hydrochloric acid in a beaker. In another beaker, 0.3 g of pre-prepared hard-soft ferrite, 1 cc aniline, 

and 64 cc hydrochloric acid were stirred for 30 minutes. At a low speed, an ammonium 

peroxydisulfate solution was added to the aniline-ferrite solution. The solution was placed in an ice 

bath for 24 hours and stirred at a constant speed to complete the polymerization process. After the 

polymerization process was completed, the polymer was filtered and washed with acid and 

deionized water.  

Characterization 

Fourier-transform infrared spectroscopy (FTIR, Tensor 27 Bruker) with a KBr tablet was used to 

identify compounds. The structure of nanocomposites was examined using X-ray diffraction (XRD) 

(Model: XPERT-MPD, Philips) in the 2θ range of a 10- to 80-degree angle with a step size of 0.5 

and Cu Kα radiation (λ = 1.5418). To observe the morphology of the materials, a field emission 

scanning electron microscope (FESEM, SIGMA, VP-500, ZEISS model) was used. A Lake Shore 

7307 vibrating sample magnetometer (VSM) was employed to analyze the magnetic characteristics 

and hysteresis loops. In the X-band frequency range (8–12 GHz), microwave absorption was 

evaluated using a vector network analyzer (VNA, Agilent 8510C). Composites and paraffin were 
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combined in a 70/30 mass ratio to suit compounds for tests of electromagnetism absorption. The 

samples were formed using a rectangular mold that had dimensions of 22.86 by 10.16 by 1 mm3.  

 

 

Table 1 clearly shows the specimen codes of the samples. 

 

Characterization 

Fourier-transform infrared spectroscopy (FTIR, Tensor 27 Bruker) with a KBr tablet was used to 

identify compounds. The structure of nanocomposites was examined using X-ray diffraction (XRD) 

(Model: XPERT-MPD, Philips) in the 2θ range of a 10- to 80-degree angle with a step size of 0.5 

and Cu Kα radiation (λ = 1.5418). To observe the morphology of the materials, a field emission 

scanning electron microscope (FESEM, SIGMA, VP-500, ZEISS model) was used. A Lake Shore 

7307 vibrating sample magnetometer (VSM) was employed to analyze the magnetic characteristics 

and hysteresis loops. In the X-band frequency range (8–12 GHz), microwave absorption was 

evaluated using a vector network analyzer (VNA, Agilent 8510C). Composites and paraffin were 

combined in a 70/30 mass ratio to suit compounds for tests of electromagnetism absorption. The 

samples were formed using a rectangular mold that had dimensions of 22.86 by 10.16 by 1 mm3.  

 

 

Table 1. Specimen’s codes of samples. 

Number Sample Sample code 

1 (SrFe12O19) (0.8)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.2) 20% Soft 

2 (SrFe12O19) (0.6)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.4) 40% Soft 

3 (SrFe12O19) (0.4)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.6) 60% Soft 

4 (SrFe12O19) (0.2)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.8) 80% Soft 

5 PANI/(SrFe12O19) (0.8)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.2) 20% + PANI 

6 PANI/(SrFe12O19) (0.6)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.4) 40% + PANI 

7 PANI/(SrFe12O19) (0.4)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.6) 60% + PANI 

8 PANI/(SrFe12O19) (0.2)/(Ni0.4Mn0.2Zn0.4Fe2O4) (0.8) 80% + PANI 
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Results and Discussion 

XRD Analysis 

Figure 1 depicts the X-ray diffraction (XRD) of the synthesized samples. In this way, the XRD 

patterns of (SrFe12O19)/(Ni0.4Mn0.2Zn0.4Fe2O4) x (Figure 1a), PANI/ (SrFe12O19)/ 

(Ni0.4Mn0.2Zn0.4Fe2O4) x (Figure 1b), pure soft (Figure 1c), and pure hard (Figure 1d) were 

displayed. The observed peaks were analyzed using their matching Miller indices. The intensity and 

positions in the obtained XRD peaks of pure hard were validated with a standard file (reference 

code: 96-152-7076, a = b = 5.7800, c = 22.9800, and Vcell = 667.85, space group P63/mmc). The 

resulted XRD peaks for pure soft were also validated with a standard file (Reference code: 96-154-

1590, a = b = c = 8.3420, and Vcell = 580.51, space group Fd-3m), which confirms cubic structure. 

From the XRD data of the synthesized samples, in the soft ferrite (cubic ferrite), a = 8.236, while in 

the hard ferrite (hexagonal ferrite), a = 5.448 and c = 23.023. Both samples' (pure hard and soft 

ferrites) lattice parameters are properly close to the numbers reported. The comparison of Figure 1a 

to Figure 1c and Figure 1d clearly shows that the characteristic peaks for soft and hard ferrites are 

visible in all composites (SrFe12O19)/(Ni0.4Mn0.2Zn0.4Fe2O4) x with different contents of soft and 

hard ferrites. The peak at 2θ = 35.57 corresponds to the 311 plane for soft ferrite 

(Ni0.4Mn0.2Zn0.4Fe2O4). As shown in Figure 1d, hard ferrite (SrFe12O19) has a characteristic peak at 

2θ = 34.38 for the 114 plane. Small changes in the relative intensity and position of the diffraction 

peaks for ferrites were observed as a result of the substitution. 

In all composites, the hard and soft phase XRD patterns match, indicating that the peaks of both 

phases are well formed and placed together [27, 28]. The XRD pattern of hard-soft nanocomposites 

with polyaniline conductive polymer (PANI/ (SrFe12O19)/ (Ni0.4Mn0.2Zn0.4Fe2O4)) in Figure 1b 

demonstrates that all peaks of the prepared samples match up to the hard and soft phase 

characteristics. The peak corresponding in 2θ = 25.4 is related to polyaniline formation. In general, 

the amorphous peak of polyaniline is apparent in the XRD pattern of polymeric nanocomposite, in 

addition to the XRD pattern of ferrites. Furthermore, the intensity of the peaks of polymer 

nanocomposites is higher than that of pure ferrite nanocomposites. That is due to the polymer 

coating influencing the ferrite structure, verifying the formation of this nanocomposite [29]. 
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Figure 1. (a):  XRD patterns of (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x, (b): XRD patterns of PANI/(SrFe12O19) (1-

x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x, (c): XRD patterns of pure soft (Ni0.4Mn0.2Zn0.4Fe2O4), (d): XRD patterns of pure hard 

(SrFe12O19). 

IR Spectra 

The FTIR spectra of nanocomposites are depicted in Figure 2. Figure 2a displays nanocomposites 

of (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x with varying soft phase weight percentages.  

The stretching vibration of iron and strontium bonds with oxygen is represented in FTIR in the 

range of about 536–610 cm-1 and 440-500 cm-1. These bands are due to metal-oxygen stretching 

bonds (Fe-O) in the tetrahedral and octahedral, respectively. The bands at 1049 cm-1 and 1115 cm-1 

observed in 60% and 80% of soft phases are related to the C-N bond formation that occurs during 

the synthesis process of strontium ferrite composites. In the FTIR spectra of all percentages of soft 

phases, the typical bands of 400–800 cm-1  were observed that are related to metal-oxygen 

absorption bonds, which confirms the hexagonal structure of SrFe12O19 for all samples [30]. 

Figure 2b represents the FTIR spectrum of the PANI/(SrFe12O19) (1-x)/ (Ni0.4Mn0.2Zn0.4Fe2O4) x 

nanocomposite. The absorption bands at about 430 and 580 cm-1 correspond to stretching vibrations 

of the Fe-O bond in octahedral and tetrahedral cavities, respectively. Polyaniline has the following 



M. Yousefi, J. Appl. Chem. Res., 17, 4, 63-80 (2023) 

 

71 
 

characteristic bands: 1620 cm-1 (stretching vibration of the C=C bond in the quinonide ring), 1562 

cm-1 (stretching vibration of the C=C bond in the benzenoid ring), 1296 cm-1 (vibration of the C-H 

bond in the benzoid ring), 1125 cm-1 (stretching vibration N = N of the quinoid ring), and 800 cm-1 

(bending vibration of the C-H bond in the polyaniline chain) [31, 32]. When polymer is coated on 

ferrite nanocomposites, the polymer's characteristic bands in the composite are similar to those of 

pure polyaniline, but their location is slightly shifted, as shown in Figure 2b. The interaction of hard 

and soft nanoparticles with polymer chains is indicated by these displacements [33]. 

 

  

Figure 2. (a):  FTIR spectra of (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x, (b): FTIR spectra of PANI/(SrFe12O19) (1-

x)/(Ni0.4Mn0.2Zn0.4Fe2O4).  

 

Morphology 

SEM was employed for morphological studies. Figure 3 depicts SEM images of (SrFe12O19) (1-

x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x composites calcined at 1200°C, while Figure 4 depicts PANI/(SrFe12O19) 

(1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x composites. The presence of two sizes of particles in the images 

indicates the coexistence of both phases. The hard ferrite grains are distributed uniformly 

throughout the volume and appear to be absorbed on the surface of the composite's soft ferrite 

particles. The hard ferrite particles are evenly distributed and surrounded by soft ferrite particles, 

resulting in a good composite system with good grain bonding [34]. Furthermore, the particles 

agglomerate as the soft phase of the material increases due to magnetism. 

Figure 4 shows FESEM micrographs of the PANI/(SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4)  

composite phases that are proportionately dispersed. The granular particles are cubic spinel 

particles, whereas the plate-like particles are hexagonal. A consistent layer of polyaniline is formed 

on the top of hard-soft particles after coating them with PANI [35]. Figure 4 shows unified PANI 

particles that are completely covered by the composite's surface. Due to the harsher surface of 
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polymer-hard-soft composites compared to just hard-soft, PANI coated the surface of (SrFe12O19) (1-

x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x [36]. 

 

 

Figure 3. FESEM micrograph of hard-soft ferrite ((SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x) nanocomposites with 

different weight ratios of soft ferrite. 
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Figure 4. FESEM micrograph of hard-soft ferrite/PANI (PANI/(SrFe12O19) (1-x)/ (Ni0.4Mn0.2Zn0.4Fe2O4) x) 

nanocomposites with different weight ratios of soft ferrite. 

 

Magnetic Properties 

The hysteresis loops of soft-hard ((SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x) vs. polymeric 

nanocomposites (PANI/(SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x) are depicted in Figure 5. The blue 

dashed line represents soft-hard ferrites, and the solid red line represents polymeric composites. 

The hysteresis loop in hard-soft nanocomposites is smooth and unbroken, denoting that the phases 

have good exchange coupling. Magnetism is dependent on the hard and soft phases. In the presence 

of a magnetic field, magnetic materials with hard and soft phases can exchange four types of 

energy: exchange energy, magnetostatic energy, anisotropy energy, and magnetic exchange. Soft 

magnetic phases are dominated by magnetostatic energy, while hard magnetic phases are dominated 

by anisotropy energy. The exchange of forces in soft and hard phases can be weak or powerful 

based on both phases' inherent properties, including grain size, particle shape, and distribution [30, 

37]. According to the VSM results of hard-soft composites, high amounts of soft phase weaken the 

exchange force on the soft grains and increase the dipole interaction. In low nuclear fields, inverse 

domains in the soft phases can easily nucleate. This will result in less residue in all composites. 
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When nonmagnetic PANI was placed in the hard-soft phase, the saturation magnetization decreased 

with increasing soft phase. Lessening the magnetic portion of ferrite resulted in a decrease in 

saturation magnetization, according to the Ms = φ. ms equation [38], in which Ms is referred to as 

the volume fraction of the particles (φ) and the saturation moment of a single particle [29]. The 

nonmagnetic PANI was revealed to split the magnetic grains, resulting in a boost in diamagnetic 

power effects and a decrease in magnetic properties. The presence of PANI in composites causes a 

greater separation of magnetic grains. All of this results in a bigger and more powerful demagnetic 

effect and a weaker magnetic effect in the composites. The composites' coercive force has not 

changed dramatically. Coercivity is influenced by a variety of factors, including crystalline 

structure, grain shape, content, and scalability. PANI is accumulated on the ferrite surface and 

crystallite boundary during polymerization, which decreases the magnetic surface anisotropy of 

particles. Charge transfer, on the other hand, can occur on the particles' surfaces between ferrite and 

PANI, where it varies the charge density and impacts the system's electronic spin mechanism. All of 

these things reduce the domain wall movements that have resulted in a decrease in the coercive 

force of composites [39]. First, during the polymerization, PANI is accumulated on the surface and 

crystallite boundaries of the hard-soft composites, resulting in an interaction influence between the 

PANI and (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x, and thus the surface anisotropy of the polymeric 

composites decreases [38]. Second, decreasing the anisotropy field in hexagonal strontium ferrites 

causes a lower resonance frequency [40, 41]. The PANI covering on hard-soft composites will most 

likely influence the anisotropy of surface, shape, and interface to net anisotropy [42]. As a result, 

polymeric composites have less coercivity than hard-soft ones. 

 

 

Figure 5. Magnetic hysteresis loops of (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x vs. PANI/ (SrFe12O19) (1-x)/ 

(Ni0.4Mn0.2Zn0.4Fe2O4) with varying soft ferrite weight ratios. 
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Microwave Absorption 

The reflection loss was used to describe the microwave absorptivity of synthesized composites. Eq. 

1 is frequently used to determine the normalized input impedance of a microwave absorptive layer 

using transmission line theory. Where Z0 denotes the intrinsic impedance, ε and μ denote the 

complex relative permittivity and permeability, f the wave frequency, d the thickness, and c the 

velocity of light in vacuum [43, 44]. Eq. 2 presents the RL as a function of the normalized input 

impedance [45]. 

                        (1) 

( 2) 

Figure 6 depicts the frequency dependence of reflection loss and absorption percentage in hard-soft 

and polymeric composites for each weight percentage. Figure 6a reveals that the reflection loss for 

the synthesized hard-soft nanoparticles is not desirable at all frequencies ranging from 8 to 12 GHz. 

However, at 9.145 GHz, the composite with 60% soft phase has the highest percentage of 

absorption and the lowest RLmin, with values of 34.63 and -1.8460, respectively. Based on the 

results, it is clear that the composite SrFe12O19/Ni0.4Mn0.2Zn0.4Fe2O4 with an 80% soft phase does 

not absorb correctly in the X band. Waves can be absorbed more effectively by reducing the soft 

phase in the X band. Figure 6b also shows that the polymeric composite samples have more than 

50% absorption throughout the X band. The sample that has 60% soft phase at 9.75 GHz, yielded 

the best results, with an absorption percentage of 76.4% and a reflection loss of -16.53. The slope of 

the diagram at the end of the X band of RL and the absorption percentage at the frequency of 12.4 

GHz are notable in these diagrams, especially in composites with 20% soft phase, where they are -

17.9% and 92.5%, respectively. Another important point in the 60% soft phase 

PANI/SrFe12O19/Ni0.4Mn0.2Zn0.4Fe2O4 composites is that the absorption percentage is between 64 

and 77 across the X bandwidth, whereas in the 20% soft phase 

PANI/SrFe12O19/Ni0.4Mn0.2Zn0.4Fe2O4 composite, the absorption percentage is between 58 and 92.5. 

According to the findings of microwave absorption in polymeric composites, the electrical 

conductivity of polyaniline was found to improve absorption properties when compared to hard-soft 

composites. The conclusion is that this composite, with its moderate absorption and broad 

bandwidth, can be used as an absorbent material for microwaves in the X-band range. 
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Figure 6. Frequency dependence of reflection loss and absorption percentage of (a): (SrFe12O19) (1-

x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x and (b): PANI/(SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x. 

 

Conclusions  

Hard-soft ferrite (SrFe12O19) (1-x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x) was successfully developed by auto-

combustion sol-gel. After that, three-component composites with PANI (PANI/(SrFe12O19) (1-

x)/(Ni0.4Mn0.2Zn0.4Fe2O4) x) were prepared by in-situ polymerization. The simplicity of obtaining the 

initial materials and the lack of demanding steps required in the preparation process are the two 

most important benefits of the auto-combustion sol-gel approach. This approach has shown its 

ability to produce nanocomposites with a variety of compositions and can operate in an open 

environment. Overall, nanocomposites of polymeric hard-soft ferrites and hard-soft ferrite were 

created using a straightforward and affordable method. The composites' morphological and 

structural characteristics demonstrate how they were formed. In addition, unlike the hard-soft 

composites that did not have excellent absorption in the X band frequencies, all polymeric 

composites in this study had better absorption percentages (lower RL). Therefore, it is reasonable to 

conclude that the produced composites are suitable for EMI shielding. 

One technique to improve the qualities of ferrites is to substitute cations in particular places in their 

structure. However, there are issues with replacing certain cationic sites, which are usual in many 

doped oxides. This matter should be thoroughly investigated in future research. In the study of 

novel compounds, more precise information regarding the mechanical and thermal resistance of 
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ferrites will be helpful. In addition, because ferrites are widely used in high-frequency applications, 

future research should concentrate on establishing a new way of power loss analysis. 
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