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Abstract

:

Electromagnetic waves show rapid development in electronics, telecommunications, and the military. One of the efforts to overcome the effects of electromagnetic interference is by developing microwave-absorbing materials. Barium hexaferrite is the best candidate for development as an absorber material. Microwave absorption in barium hexaferrite can be increased through Mg-Al doping and reducing the particle size. This study aimed to analyze sonication parameters to reduce the particle size by combining destruction methods using mechanical alloying followed by high-power ultrasonic irradiation. Barium hexaferrite was synthesized through mechanical alloying by mixing stoichiometric BaCO3, Fe2O3, Al2O3, and MgO (Sigma-Aldrich p.a 99%) (Mg-Al 0.4%wt). The samples continued the sintering process at 1200 °C for 2 h to grow crystal embryos. The optimal parameters for ultrasonic destruction were using a transducer:reactor diameter ratio of 1:10, a particle density of 5 g/250 mL, and adding a non-ionic surfactant of 0.01% at an amplitude of 55% and a sonication time of 8 h. These methods resulted in the saturation magnetization of 18.50 emu/g and a coercivity of 0.08 Tesla. The reduction in the particle size of BHF doped with Mg-Al was successfully up to 21 nm, resulting in a reflection loss of up to −40.8697 dB at 11.896 GHz (x-band, 8–12 GHz). The BHF nanoparticles doped with Mg-Al effectively absorbed up to 99.99% electromagnetic waves.
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1. Introduction


Electromagnetic interference (EMI) continues to be a problem for electronic devices, radar, communication systems, and human health. For example, EMI can cause the device’s performance to degrade or even be damaged. Furthermore, it can also endanger human health. Therefore, using microwave-absorbing materials is imperative to minimize the electromagnetic reflection caused by EMI [1]. Barium hexaferrite (BaFe12O19/BHF) is a ferrite-based magnetic material widely used as a microwave absorber. High magnetization, remanence, coercivity, and electrical resistivity are all advantages of barium hexaferrite [2].



Furthermore, as a permanent magnet, BHF can be used as a microwave-absorbing material by modifying its crystal structure by substituting other ions to replace some of the positions of the Ba/Fe ions, resulting in soft magnets. The cations generally used to replace Ba2+/Fe3+ ions are Mn, Al, Mg, Co, Ni, Ti, and Zn [3]. The element and dopant concentration affect the quality and performance of the absorber material. For instance, BHF with Mn-Ti dopants is successfully synthesized using the top-down method with 90% microwave absorption [4]. On the other hand, in the bottom-up approach, BHF with Mg-Al dopants is synthesized in 99.97% microwave absorption with a reflection loss of −36.4 dB at 10.6 GHz [5].



BHF-based absorber material synthesis methods include solid state [6,7], ceramic route [8], hydrothermal [9,10], coprecipitation [3,11,12], sol–gel [13,14,15], sol–gel and auto-combustion [16,17,18], sonochemistry [19,20,21], a combination method including citric acid, sol–gel, auto-combustion, and sonochemistry [22], a combination technique comprising coprecipitation, hydrothermal, sol–gel, and microemulsion [23], carboxylation-induced polyaniline [24], and mechanical alloying combined with ultrasonic irradiation [4]. Among these methods, mechanical alloying is an interesting method with easy implementation and without producing chemical waste. The basic principle of mechanical alloying is making a homogeneous and amorphized material. The mixing of powder materials through the stages of repeated cold welding processes, fractures, and re-welding occurs in a high-energy ball mill. The heat treatment of the cystic embryo at 1200 °C produces a single phase of BHF. The bottom-up synthesis of nanoparticles produces higher microwave absorption than the top-down synthesis. However, the bottom-up synthesis is quite complex, requires high costs, produces acid waste, and is challenging to implement on a large scale. Therefore, ultrasonic irradiation is an attractive option because it has low costs, generates no waste, and can be applied on a large scale. For the sonication process to occur optimally, it is necessary to control the parameters with a comprehensive analysis.



In this study, we investigated the effect of a combination method, namely mechanical alloying followed by ultrasonic irradiation. We aimed to create an absorber material with ~100% absorption that can be used as a coating on fighter aircraft to prevent radar detection in the 8–12 GHz (x-band). Some studied parameters include the ratio diameter transducer to the reactor, the density, the types and concentration of surfactants, the amplitude, and the sonication time on the effectiveness of the particle size reduction. The effects of Mg-Al dopant substitution on BHF and the presence of surfactants in preventing agglomeration were comprehensively analyzed.




2. Materials and Methods


The precursors for this study were BaCO3, Fe2O3, MgO, and Al2O3, standard research grade from Sigma-Aldrich (Saint Louis, MO, USA), with a purity of 99%. These precursors were mixed in a planetary ball mill to form BaFe11.2Mg0.4Al0.4O19. The ball-to-powder ratio, speed, and milling time were 10, 300 rpm, and 20 h, respectively. The vial and the ball were made from stainless steel to prevent powder contamination. Moreover, ethanol was used to enhance the dispersion during the milling process. The milled samples were dried at the temperature of 100 °C for 2 h, followed by sintering at 1200 °C for 2 h, so that the crystal embryos grew to form the desired sample of BaFe11.2Mg0.4Al0.4O19. The sintered pellet was ground and re-milled using the same parameters to reduce the particle size of Mg-Al-doped BHF before entering the high-power ultrasonic destruction stage. The Mg-Al-doped BHF sonication was performed using a ½¨ probe Qsonica Sonicator Q500 at 20 kHz frequency (Newtown, CT, USA). The amplitude of ½¨ probe at 100% is approximately 120 µm. The parameters of sonication were the ratio of the transducer diameter (d) to the reactor diameter (D) (d/D = 1:6; 1:8; and 1:10), the particle density (5 g/100 mL; 5 g/150 mL; 5 g/200 m; and 5 g/250 mL), as well as variations in the use of surfactants (anionic; cationic; non-ionic; and amphoteric). The addition of 2 drops of non-ionic surfactants with various concentrations of 0%, 0.01%, 0.1%, and 1% was also analyzed to observe the best parameters for preventing the agglomeration of nanoparticles.



Moreover, the effect of the amplitude and sonification time were also thoroughly investigated in this study. Briefly, 5 g of the sample was dissolved in 250 mL of distilled water, and ultrasonic destruction was carried out with amplitude variations of 35%, 45%, and 55% and variations in sonication time of 0, 2, 4, 6, and 8 h. Table 1 shows the details of the samples and their parameters. Figure 1 summarizes the research design in a schematic illustration.



X-ray diffraction (XRD, Miniplex 600, Rigaku, Tokyo, Japan) was used to confirm the formation of BHF after sintering and for its structural analysis. The particle size distribution of BaFe11.2Mg0.4Al0.4O19 was measured using a particle size analyzer (PSA, Beckman Coulter), and the sample’s magnetic properties were characterized using a vibrating sample magnetometer (VSM, OXFORD type 1.2H). The absorption of the reflection loss was observed using a vector network analyzer (VNA, PNA-L N5232A, Keysight). A VNA works by firing electromagnetic waves at a test sample with a thickness of 2 mm at a wavelength of 8.2–12.4 GHz. The VNA characterization results are permeability, permittivity, and parameter S values, which determine the transmission and reflection levels. The reflection loss was computed using the Nicholson–Ross–Weir (NRW) method [25], and the results of the measurement of the transmission signal (S21) and reflection signal (S11) were determined according to Equations (1) and (2).
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where the characteristic impedance of samples is Z, the complex relative permittivity ( ε ), the complex relative permeability (μ), the light velocity (c), the frequency of the electromagnetic wave (f), and the thickness of the samples (d) are also calculated. The sample morphology was characterized using Zeiss Scanning Electron Microscopy. The research design for the fixed and free variables is summarized in Table 1.




3. Results and Discussions


3.1. Synthesis of BaFe11.2Mg0.4Al0.4O19 through Mechanical Alloying


Figure 2 shows the XRD patterns of the sintered BHF without and with Mg-Al dopants. The single phase of BHF was successfully synthesized using a top-down method, as shown in Figure 2. According to COD#98-006-0986, these patterns were matched and belonged to BaFe12O19. Interestingly, Mg-Al doped was synthesized as a single phase without secondary phase



Furthermore, using the Rietveld refinement method, we analyzed those patterns and their fitting, which are presented in Figure 3.



Table 2 shows the detailed fitting results. The model data were relatively fitted against the standard data, as indicated by the value of the goodness of fit < 1.2. Indeed, adding Mg-Al decreased the cell volume due to the difference in the ionic radius of Mg-Al and Fe, as shown in Table 2. The shrinkage of lattice parameters a and c occurred due to the substitution process between Fe3+ ions with Mg2+ and Al3+ ions. Magnesium and aluminum have an ionic radius of 0.72 Å and 0.51 Å, respectively, while Fe3+ ions have an ionic radius of 0.64 Å [12]. The substitution of a smaller ions size causes a small substitution phenomenon characterized by the shrinkage of the lattice parameters. With a constant mass, the decrease in the value of the lattice parameter causes a decrease in the unit cell volume, thus causing an increase in the density value.




3.2. Scanning Electron Microscopy Results


SEM characterization was carried out to determine the morphology of the synthesized material using the combined destruction method. Figure 4 displays the morphology of BaFe11.2Mg0.4Al0.4O19 as a result of SEM characterization. At 30,000 times magnification, the material BaFe11.2Mg0.4Al0.4O19 had an irregular crystal shape.



Based on the XRD characterization shown in Table 2, the Mg-Al ion substitution did not affect the barium hexaferrite’s hexagonal crystal structure, which is in accordance with the findings of previous studies [12]. Based on the results of previous researchers, the nanoparticles produced using the top-down method have high aggregation, resulting in a heterogeneous and difficult-to-control morphology and the possibility of crystal defects [26]. The heterogeneous shape of the particles is an advantage, as it can more perfectly reflect electromagnetic waves in all directions. The irregularity of particle morphology is caused by the top-down synthesis method through which a bulk sample is broken down into small particles. The ultrasonic destruction process causes the hexagonal crystal structure to become irregular because high-power ultrasonic waves split the particles. Previous researchers also confirmed this condition on BHF Eu-Nd dopants [20].




3.3. High-Power Ultrasonic Irradiation Process Parameters


High-power ultrasonic irradiation causes cavitation bubbles to form. Cavitation is the process of bursting bubbles in a liquid. The cavitation process is bridged by the presence of the air dissolved in a sonication medium. The air, with the help of ultrasonic irradiation, forms clusters so that larger bubbles are formed and continue to grow. Then, the bubble will burst if it reaches the excess surface tension limit. The bursting of the bubble causes a spontaneous release of energy that produces atomic heat (~5000 K), high pressure (~1000 atm), heating rate (>109 K/s), and liquid velocity (~400 km/h) [27,28]. This explosion causes extensive energy propagation in the liquid so that the particles dispersed in this liquid undergo particle destruction, thereby reducing the size of the nanometer particles.



Several process parameters affect the success of ultrasonic irradiation, including the ratio of the transducer diameter to the reactor diameter, the particle density in the reactor, the amplitude, the ultrasonic time, the temperature and pressure in the ultrasonic reactor, and viscosity. Each parameter must be controlled and adjusted to the nature of the material processed. The existence of the type and concentration of surfactants prevents the agglomeration of the resulting nanoparticles. Combining two destruction models via milling and ultrasonic irradiation will significantly reduce particle size.



3.3.1. Effect of d/D Ratio on Particle Size Reduction


The d/D ratio is known to affect the effectiveness of particle size reduction during the ultrasonic irradiation process. The larger the d/D ratio, the more effective it will be to produce the smaller particles [29]. Table 1 shows the analysis of the effects of the d/D ratios of 1:6, 1:8, and 1:10 on the effectiveness of the particle size reduction. Samples A, B, and C in Figure 5 shows the inverse relationship between sedimentation rate and d/D ratio.



Figure 6 presents the narrowing results of the particle size distribution as the d/D ratio increased, making the sample more homogeneous. The average particle size at a d/D ratio of 1:6 was 619 nm. At the ratio of 1:8, the particle size was 561 nm (reduced by 9.4%), and the particle size at a ratio of 1:10 was 270 nm (reduced by 52%). Ultrasonic irradiation is most effective in reducing particle size at a d/D ratio of 1:10. The larger the surface area of the reactor, the more the particles will spread over the entire surface so that the particles do not accumulate and cover the path of the bubble cavity formation. When the particle density increase, the initiation of bubble cavity formation is limited, so the particle size reduction is not maximal.




3.3.2. Effect of Sonication Process Particle Density on Particle Size Reduction


The results of samples C, D, E, and F listed in Table 1 are presented in Figure 7 and Figure 8. Particle density affects the effectiveness of particle size reduction during ultrasonic irradiation. The decrease in particle density is directly proportional to the decrease in particle size [30]. Figure 7 shows that the particle density was directly proportional to the deposition rate.



The sample with the lowest particle density produced a solution with the lowest settling velocity with a narrow particle size distribution so that the particles were more homogeneous. Figure 8 shows the decrease in the particle density on ultrasonic irradiation, effectively reducing the particle size up to 24.4%.




3.3.3. Effect of Surfactant Type in Preventing Agglomeration


Barium hexaferrite is a magnetic material. When the particles are reduced, they have a high chance of agglomeration. Surfactants are surface-active agents that play influential roles in preventing the agglomeration of nanoparticles. Based on the results of samples C, G, H, I, and J listed in Table 1, the use of surfactants affected the particle size and its distribution, as shown in Figure 9. Without the surfactants, the samples had an average particle size of 270 nm. The amphoteric surfactant is a type of surfactant that has an alkyl part with a positive and negative charge. The addition of an amphoteric surfactant almost did not significantly change when considering the 267 nm particle size. The anionic and cationic surfactants decreased the average particle size by 215 nm and 191 nm, respectively. Meanwhile, the non-ionic surfactants with no charge were the most effective in reducing the particle size by up to 142 nm.




3.3.4. Effect of Surfactant Concentration on Preventing Agglomeration


An appropriate amount of surfactant is effective in preventing the agglomeration of nanoparticles. Figure 9 shows that the selected surfactant was non-ionic, a surfactant that did not contain cations and anions. As shown in Table 1, samples K, L, M, and N were analyzed for the effectiveness of the non-ionic surfactant at concentrations of 0%, 1%, 0.1%, and 0.01%, the results of which are shown in Figure 10. Using the non-ionic surfactant of 0.01% was most effective in preventing agglomeration, resulting in the slightest mean particle size of 21 nm with a deviation of 3.9.



In general, the smallest particles are unstable due to their high electrostatic forces. The smallest ultrasonic-crushed particles must mix with a surfactant as a surface-active agent. The right type and concentration of a surfactant are needed to prevent agglomeration. The non-ionic surfactant of 0.01% and BaFe11.2Mg0.4Al0.4O19 nanoparticles size 21 nm successfully interacted to form a sol.



The non-ionic surfactant surrounded and protected BaFe11.2Mg0.4Al0.4O19 particles from the interactions between the particles through Coulomb repulsion between the surfaces of BaFe11.2Mg0.4Al0.4O19 particles, as shown in Figure 11.



Based on previous research, the use of surfactants with low concentrations was successful in preventing agglomeration. Excessive surfactant concentrations causes critical micelle concentration (CMC). The excessive use of surfactants tends to increase the likelihood of individual stable particles recombining to form clusters [31].




3.3.5. Effect of Amplitude on The Effectiveness of Particle Size Reduction


The amplitude of the ultrasonic destruction process describes the intensity of the acceleration to produce cavitation bubble. As shown in Table 1, samples N, O, and P were analyzed via ultrasonic irradiation with amplitude variations of 35%, 45%, and 55%. Figure 12 shows that increasing the amplitude decreased the average particle size. Using a 55% amplitude for sonication resulted in the lowest particle size reduction of 21 nm.



Transducer and amplitude have a linear relationship in producing cavitation bubbles with different effects. As the transducer power increased, the cavitation bubbles were more intensively crushed along with the BHF sample [32,33]. Equation (3) is used to calculate the probe power required for the transducer to vibrate an ultrasonic wave [34], which shows that the dissipation energy (Pdissipation) is proportional to A2.


   P  d i s s i p a t i o n   =  1 2     A 2     (  2   f   π  )     2  S   Z    (  W a t t  )   



(3)




where Z = acoustic impedance in water, S = probe surface area (m2), f = frequency (Hz), and A = amplitude (m). As shown in Equation (4), the power (E) is required for the transducer to vibrate the wave.
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where k = constant (N/m), and the relationship between the power and the amplitude squared is linear, i.e., P~A2, which shows that the amplitude plays a significant role in reducing the particle size. The larger the amplitude, the more the number of cavitation bubbles that are formed and the greater the dissipation energy generated to break the BaFe11.2Mg0.4Al0.4O19 particles into nanometer size.




3.3.6. Effect of Sonication Time on Particle Size Reduction


The absorption of EM waves in the absorber material can be increased by reducing the particle size. The smaller particle size causes the higher absorption of electromagnetic waves with a wider absorption range. As shown in Table 1, samples S, R, Q, and N were studied with variations in the sonication time of 0, 2, 4, and 8 h, the results of which are shown in Figure 13. A successive increase in the ultrasonic irradiation time (0, 2, 4, and 8) h resulted in a very significant reduction in the particle size (373.3, 249.7, 195.2, and 21 nm). The increase in the ultrasonic irradiation time of 8 h resulted in the smallest particle size and more homogeneous particles with a narrow size distribution. The increase in the ultrasonic irradiation time allowed the particles to continue to be fragmented into smaller ones, in agreement with the findings of previous studies [30]. In previous studies mechanical alloying followed by ultrasonic irradiation revealed that Mn-Ti doped BHF had a particle size of 95 nm after 12 h of sonication [4]. The advantage of this study is that the 8 h sonication time effectively reduces particle size to 21 nm. This shorter nanoparticle synthesis time proves the importance of properly controlling the sonication process parameters. Increasing the sonication time does not always result in finer particle size [19].





3.4. Analysis of Vector Network Analyzer


The vector network analyzer characterization was carried out to determine the reflection loss. The BaFe11.2Mg0.4Al0.4O19 nanometer samples were expected to have the lowest RL with the maximum absorption. Figure 14a shows that the d/D ratio at 1:10 produced BaFe11.2Mg0.4Al0.4O19 measuring 270 nm with an RL of −12.9232 dB (94.99% absorption). Figure 14b shows the lowest particle density variation of 5 g/250 mL resulting in an RL of −12.9232 dB (94.99% absorption). Figure 14c shows that the non-ionic surfactants effectively reduced the particle size of BaFe11.2Mg0.4Al0.4O19 to 142 nm, resulting in a reflection loss of −19.0789 dB (98.74%). The decrease in the reflection loss was generally affected by a reduction in particle size.



Figure 14d shows the reflection loss curve for variations in surfactant concentration. The ultrasonic irradiation process without surfactant and adding 1% surfactant showed an absorption trend equal to RL −10.43 dB at 10.888 GHz (90% absorption). The surfactant concentration of 0.1% resulted in a lower RL of −27.8449 dB at 10.804 GHz (99.84%). The surfactant concentration of 0.01% resulted in the lowest RL −40.8697 dB at 11.896 GHz (maximum absorption of 99.99%). The top-down method in this study is more eco-friendly, free of waste with maximum absorption of the electromagnetic waves. This study showed that microwave absorption Mg-Al doped BHF significantly improved than Mn-Ti doped BHF, with RL of −19.75 dB at 13.6 GHz (90% absorption) [4]. The reflection loss for the amplitude variation shows in Figure 14e. Ultrasonic irradiation with 35% and 45% amplitude showed the same absorption trend with RL close to −10 dB (absorption < 90%). In comparison, the 55% amplitude variation produced the lowest RL of up to −40.8697 dB at 11.896 GHz frequency. The reduction in particle size is directly proportional to the square of the amplitude, according to Equations (3) and (4). Increasing the amplitude effectively reduced the particle size so that the reflected electromagnetic waves could be canceled. Figure 14f shows the curve of the effect of the sonication time on the reflection loss. The ultrasonic destruction from 0 to 4 h showed the same absorption trend of RL −10 dB. The sonication of BaFe11.2Mg0.4Al0.4O19 for 8 h resulted in the smallest average particle size of 21 nm with the lowest RL of −40.8697 dB, and 99.99% absorption at 11.896 GHz. Many factors contributed to a reduced particle size of barium hexaferrite as a radar-absorbing material, so it enhanced the absorption of electromagnetic waves, increasing it from 90% [4] found in a previous study to 99.99% in this study. The element substituted for barium hexaferrite had a significant impact. Previous studies used Mn-Ti, while this study used Mg-Al. The technical parameters of sonication can be controlled very well at present. This study proved that the shorter sonication time of 8 h effectively reduced the particle size to 21 nm with a reflection loss of −40.8697 dB (99.99%). In the previous study, 12 h of sonication were only able to reduce the particle size to 95 nm, with a reflection loss of −19.75 dB (90%). Significant changes in decreasing the RL and increasing the absorption of electromagnetic waves indicated success in controlling the sonication parameters. Sonication with optimal parameters effectively results in particle size reduction. Smaller particles increase the interface’s polarization and the absorption of electromagnetic waves [35,36].




3.5. Magnetic Properties of Mg-Al-Doped Barium Hexaferrite


The VSM characterization produced a magnetic hysteresis curve (M–H) to analyze the effect of Mg-Al substitution on the magnetic properties of barium hexaferrite. The hysteresis loop, coercivity, saturation, and remanence magnetization of BHF doped with Mg-Al are shown in Figure 15. The substitution resulted in interactions between domains, and the type of coordination in BHF changed because the Mg-Al ion radius was different from the Fe ion radius. The material of BaFe11.2Mg0.4Al0.4O19 was synthesized using mechanical alloying and ultrasonic irradiation methods. In BHF doped with Mg-Al, the magnetic remanence (Mr) decreased from 29.28 emu/g to 18.50 emu/g, and the coercivity reduced from 0.12 T to 0.08 T. The Mg-Al dopants changed BHF from a hard magnetic material into a soft magnetic one. This manifested in its decreased coercivity and magnetic remanence and narrowed hysteresis loop [6,11,37].



Figure 15 shows that Mg-Al-doped BHF slightly increased the saturation magnetization. This effect can be evaluated by analyzing the effect of Mg-Al substitution on the crystal structure of BHF, as shown in Figure 16.



It is well-known that there are five different sites in the unit cell of BaFe12O19 in which Fe3+ ions are distributed on five Wyckoff positions, namely 12k, 4f2, 4f1, 2b, and 2a, which are based on its coordination with O2− ions. These five Wyckoff positions are grouped as three octahedral sites (12k, 4f2, 2a), one tetrahedral site (4f1), and one bipyramidal site (2b) with the abundances of 6, 2, 1, 2, and 1, respectively [38]. Table 3 show the ionic radi for Fe3+, Mg2+ and Al3+ as a function on their complex coordination with oxygen, which can be use to identify the partial substitution of Fe3+ ion inside the BaFe12O19 crystal structure. The magnetic spins of Fe3+ ions are arranged upward at 12k, 2b, and 2a and downward at 4f1 and 4f2 sites. Therefore, the net magnetization originates from Fe3+ ions with upward spins. The substitution of the Fe3+ ions may result in different variations in the magnetic properties of the substituted Ba hexaferrite.



The polyhedral volumes of Fe3+ ion in BaFe12O19 crystal structure after Rietveld refinement are 10.1505 Å3, 7.2462 Å3, and 3.6346 Å3 namely octahedral, trigonal, and tetrahedral, respectively. Based on the ionic radii in Table 3, the octahedral substitution site is more likely to be occupied by Mg2+, and the tetrahedral site is more likely to be occupied by Al3+, while both can occupy the trigonal site. This hypothesis can be validated using the VSM result, where the increase in magnetic saturation (Ms) is evidence that Mg2+ partially occupies the downward octahedral site (4f2), and Al3+ partially occupies the downward tetrahedral site (4f1). The significant decrease in coercivity (Hc) is evidence of the partial substitution of Fe3+ ions upward in the bipyramidal site (2b), which gives the most values of the anisotropy constant (K1) [40]. It also decreases the upward spin due to the non-magnetic ion substitution as a consequence of a slight increase in Ms.





4. Conclusions


BaFe11.2Mg0.4Al0.4O19 nanoparticles were successfully synthesized using mechanical alloying and high-power ultrasonic irradiation methods. The d/D ratio of 1:10 and particle density of 5 g/250 mL effectively reduced the particle size of BaFe11.2Mg0.4Al0.4O19 up to 270 nm. The most effective non-ionic surfactants prevented agglomeration and reduced the particle size to 142 nm with a reflection loss of −19.0789 dB and an absorption of 98.74%. The reduction in the particle size was directly proportional to the decrease in the reflection loss. An ultrasonic irradiation time of 8 h, with 55% amplitude, and the addition of 0.01% non-ionic surfactant were the best parameters for ultrasonic irradiation to reduce the particle size by up to 21 nm. The minimum reflection loss achieved was −40.8697 dB at 11.896 GHz, which indicates a microwave absorber level of up to 99.99%.
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Figure 1. Schematic illustration of the combined destruction process. 
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Figure 2. X-ray diffraction pattern of BHF and Mg-Al doped BHF. 
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Figure 3. Rietveld analysis of BaFe11.2Mg0.4Al0.4O19. 
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Figure 4. Micrograph SEM BaFe11.2Mg0.4Al0.4O19: (a) re-milling; (b) sonication at 8 h. 
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Figure 5. Effect of d/D ratio on sedimentation rate of BaFe11.2Mg0.4Al0.4O19. 
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Figure 6. Effect of d/D ratio on the particle size distribution. 
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Figure 7. Effect of particle density on sedimentation rate of BaFe11.2Mg0.4Al0.4O19. 
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Figure 8. Effect of particle density on the particle size distribution of BaFe11.2Mg0.4Al0.4O19. 
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Figure 9. Effect of surfactant type on particle size distribution of BaFe11.2Mg0.4Al0.4O19. 
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Figure 10. Effect of surfactant concentration on particle size distribution of BaFe11.2Mg0.4Al0.4O19. 
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Figure 11. Particle stabilization mechanism. 
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Figure 12. Effect of amplitude on particle size distribution of BaFe11.2Mg0.4Al0.4O19. 
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Figure 13. Effect of sonication time on particle size distribution of BaFe11.2Mg0.4Al0.4O19. 
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Figure 14. Reflection loss of BaFe11.2Mg0.4Al0.4O19 toward (a) d/D ratio, (b) particle density, (c) surfactant type, (d) surfactant concentration, (e) amplitude, and (f) sonication time. 
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Figure 15. The hysteresis loop of BHF and Mg-Al doped BHF. 
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Figure 16. Crystal structure of (a) BaFe12O19 with the five different Fe3+ sites and (b) BaFe11.2Mg0.4Al0.4O19 with most likely site occupancy. Polyhedral color code: grey, 12k; green, 4f2; blue, 2a; yellow, 4f1; pink, 2b; atomic color code: green, Ba; red, O; navy, Fe; orange, Mg; yellow, Al. 
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Table 1. Parameters of the sample treatment process.
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Sample

	
A

	
R

	
D

	
S

	
SC

	
ST




	
Code

	
Amplitude

	
Ratio d/D

	
Density

	
Surfactant

	
Surfac. Conc.

	
Sonic. Time






	
A

	
55

	
1:06

	
5/250

	
0

	
0

	
6




	
B

	
55

	
1:08

	
5/250

	
0

	
0

	
6




	
C

	
55

	
1:10

	
5/250

	
0

	
0

	
6




	
D

	
55

	
1:10

	
5/200

	
0

	
0

	
6




	
E

	
55

	
1:10

	
5/150

	
0

	
0

	
6




	
F

	
55

	
1:10

	
5/100

	
0

	
0

	
6




	
G

	
55

	
1:10

	
5/250

	
non-ionic

	
0

	
6




	
H

	
55

	
1:10

	
5/250

	
amphoteric

	
0

	
6




	
I

	
55

	
1:10

	
5/250

	
cationic

	
0

	
6




	
J

	
55

	
1:10

	
5/250

	
anionic

	
0

	
6




	
K

	
55

	
1:10

	
5/250

	
non-ionic

	
0

	
8




	
L

	
55

	
1:10

	
5/250

	
non-ionic

	
1

	
8




	
M

	
55

	
1:10

	
5/250

	
non-ionic

	
0.1

	
8




	
N

	
55

	
1:10

	
5/250

	
non-ionic

	
0.01

	
8




	
O

	
45

	
1:10

	
5/250

	
non-ionic

	
0.01

	
8




	
P

	
35

	
1:10

	
5/250

	
non-ionic

	
0.01

	
8




	
Q

	
55

	
1:10

	
5/250

	
non-ionic

	
0.01

	
4




	
R

	
55

	
1:10

	
5/250

	
non-ionic

	
0.01

	
2




	
S

	
55

	
1:10

	
5/250

	
non-ionic

	
0.01

	
0
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Table 2. Fitting results of BHF and Mg-Al doped BHF.
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	Description
	BHF
	Mg-Al Doped BHF





	Goodness of fit
	1.16
	1.26



	Chemical formula
	BaFe12O19
	BaFe12O19



	Calculated density (g/cm3)
	5.29
	5.31



	Crystal system
	Hexagonal
	Hexagonal



	Space group
	P63/mmc
	P63/mmc



	Crystallite size (Å)
	956.2
	950.9



	Lattice parameters (Å)
	
	



	a, b
	5.89
	5.87



	c
	23.21
	23.19



	α, β (deg.)
	90
	90



	γ (deg.)
	120
	120



	Volume of cell (Å3)
	696.52
	695.39
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Table 3. Crystal radius of Fe3+, Mg2+, and Al3+ as a function of coordination complex [39] *.
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Ionic

	
Electronegativity

	
Ionic Radius (Å)




	
IV

(Tetrahedral)

	
V

(Trigonal)

	
VII

(Octahedral)






	
Fe3+

	
1.83

	
0.49

	
0.58

	
0.65




	
Mg2+

	
1.31

	
0.57

	
0.66

	
0.72




	
Al3+

	
1.61

	
0.39

	
0.48

	
0.353








* Reproduced with permission of the International Union of Crystallography.
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